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Abstract: The article proposes a method for selecting options for reconstruction of power supply
system based on the criteria of decision-making theory. The reconstruction process is considered
as a sequential game with two players: active and passive. The probability of possible states of the
system is determined basing on the fuzzy sets theory. The main criterion for the choice of
reconstruction option is the value of damage from the power supply interruption. The application
of the proposed method is considered on the example of a large metallurgical enterprise.
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Introduction

The increasing complexity of technology and consolidation of production has led to the
need to apply various mathematical calculations for solving management problems. One of the
issues that require application of a rather complex mathematical apparatus is planning of
development and reconstruction of power systems in general, networks of main and territorial grid
companies, and power supply systems of large industrial enterprises. The latter are characterized
by a radical change in the scheme with complete replacement of equipment of any segment of
electrical networks when replacing large energy-intensive technological equipment or introducing
a new technological process (in particular, for metallurgical enterprises it is steelmaking and
finishing of steel in electric arc furnaces, construction of new energy-intensive plants for flue gas
cleaning, etc.). At the same time, during the process of construction and commissioning of new
facilities, the terms of financing may change, the actually purchased equipment may not be as
planned, there may be schematic changes, the actual load will differ from the design. This
indicates the uncertainty in a number of factors; no statistical information is available, especially
when introducing new technologies. The most convenient approach to accounting for such
uncertainty is application of the fuzzy sets theory, which is quite a powerful strategic tool for
managing complex systems. As noted in [1], in practice it is constantly necessary to make
decisions in the context of incomplete information, and, since the mathematical apparatus of the
fuzzy sets theory allows us to model human reasoning, the technologies and algorithms developed
within this theory are universal in their applicability. Also the theory of fuzzy sets has found
application for solving various problems in the field of energy: for making decisions in managing
the reconstruction of power facilities; in determining the strategy for restoring power supply after
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an accident; when diagnosing damage in networks, etc. [2]. In work [2] it is concluded that the use
of fuzzy sets when choosing options for reconstruction power output schemes of power stations
makes it possible to formalize this operation having information uncertainty and with inconsistent
rules and criteria. In [3] an algorithm for solving multi-criteria optimization problems with
uncertain information is presented on the example of choosing the optimal variant of efficiency
increasing of overhead power lines operating in extreme environmental conditions. It is concluded
that when making decisions, an integrated approach is needed to formulate and apply principles for
evaluating the efficiency of investments in reconstruction projects (such as the domination
principle, Pareto-optimal alternatives, formation of complex indicators, selection of the main
indicator and transition of the rest to the category of restrictions, selection of non-dominant
alternatives, additive convolution). In [4], the application of the fuzzy sets theory to assess
production risks for an industrial power supply system was demonstrated. In [5], an algorithm was
developed for selecting the optimal parameters of power supply systems, which allows one to
solve planning problems in a multi-criteria formulation taking into account several uncertain
factors. Discounted undersupply of electricity to consumers due to potential outages and net
present value were taken as the criteria for efficiency and reliability. In addition, the work
substantiates a rational set of uncertain factors and a method for obtaining additional information,
which increases the efficiency of taking into account the uncertainty of the initial information in
SES optimization problems and solving them using statistical methods, in particular, the Bayes
criterion. The method of multi-criteria analysis of the models for development of power supply
systems under conditions of uncertainty, presented in article [6], makes it possible to exclude
subjectivity connected with the choice of the most probable value of power consumption and
consider many options from the predicted range. A system of criteria for evaluating development
models has been developed, which shows economical, technical, and architectural and town
planning aspects (total discounted costs, technical losses of electricity, undersupply of electricity,
length of transmission lines) and their mathematical models have been developed taking into
account the information uncertainty. To assess the effectiveness of investment programs for
reconstruction, the use of reliability models based on homogeneous Markov chains, which,
however, requires detailed information on the results of reconstruction, is proposed in [7]. The
work [8] is devoted to evaluating risks of a secure nature when planning the development of
distributed generation taking into account uncertainty in load, generation, energy prices. In [9], a
method is proposed for assessing such a risk during cascade development of an accident under
conditions of extensive use in distribution networks of block-modular substations and other
modern equipment based on the theory of D-S evidence. The use of method of sequential
equivalence to assess the reliability is considered in [10].

When comparing options for reconstruction of the factory electrical network in case of
production expansion, taking into account the damage from a power failure, uncertain (or
partially uncertain) values include the following:

1) Deviation of actual load increase from the design value;

2) Nature of the emergency;

3) Disconnection time, taking into account finding the damage location.

This paper considers the first of these factors.

Methods for selecting options for reconstruction of power supply system

Large-scale reconstruction is accompanied, as a rule, by a stepwise commissioning of
production facilities and individual sections of power supply system. During the process of
commissioning of new and reconstructed facilities, it may become necessary to adjust decisions
on implementation of the next stage. In this regard, it is necessary to consider the task of
planning in such conditions as dynamic one. We represent this process as a sequential game [11]
with participation of two players: an organization performing a complex of reconstruction works
(active player A), and “nature” (passive player P).

The action of “nature” is determined by deviation of actual load of the object from the
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design, the change in electricity prices in comparison with the forecast, the possibility of
emergencies of various types and various time of their liquidation. Depending on the current
situation, it is possible to take various decisions on further reconstruction, and therefore it is
advisable to consider the reconstruction process as a game in mixed strategies, the number of
moves in which is 2N (N is the number of stages). The probability of one or another state of
“nature” (player P move) will be determined on the basis of the fuzzy sets theory, considering the
actual load resulting from reconstruction of power supply system as a one-sided fuzzy number.
For this we will use numbers with membership function specified by the Cauchy curve
parametrized at a level of 0,5 [12]. In this case, it has the following form:

b(P)=———— (1)

2
l+[ P- H)n \J
Pav - Pon
where P is actual load as a result of reconstruction; B, is boundary value of load corresponding
to the right boundary of the fuzzy interval core; as a boundary value we will take the design value
of the calculated load; P,y is load corresponding to a 10 % excess of the actual load over the
design value (an error of 10% corresponds to the definition of design loads by the method of
design factors which is now used in design practice (see, for example, [12]); Py =1,1Ry,.

It is necessary to minimize the loss of player A. We will accept the damage from violation
of reliability of power supply during implementation of any option as the player A loss. Then the
role of payment function will be played by player A loss after the next move.

The structure of the game graph for two stages of reconstruction is shown in Fig. 1.
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Fig. 1. General view of the game graph, corresponding to two-stages reconstruction of power supply system

Here KL-1 ... KL-5 are elements of the strategy being implemented — the input sections of
the power supply system; Pi;, P, and P,;, Py, are possible load values of the reconstructed
segment at the first and second stages, respectively, with probabilities pi1, P12, P21, P22- D11 - D14
are loss values corresponding to implementation of two options (construction KL-1 or KL-2) of
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the first stage, when load is Py; or Py,; Doy ... Doy are similar values for subsequent construction
of KL-3 or KL-4 and load P,; (Py,). As loss D, we will use the reduced costs, taking into account
the damage.

As a decision criterion, we take the Bayes criterion, which allows one to operate with
subjective probabilities of the states of nature. As probabilities, we will use the values of
membership function (MF) from expression (1). In this case, the loss at the i-th stage of
reconstruction will be determined as follows:

N
Lis(i) = 2_Miai)Pis(ijai) - @
i=1
where (i) is number of the selected strategy; a(i) is the state of nature at the i-th stage; Hia(i) is

MF value for the state a(i); Dis(i)a(i) is loss, which includes investments, reduced to one year,

and damage from power supply interruption when implementing strategy s s(i) and state of nature
a(i).

When taking into account the degree of confidence of player A to the accepted distribution,
the Hodge-Lehmann criterion can be used, which is a combination of Bayesian and Wald criteria.
The expression for loss in this case will be the following:

N
Lis(i) = 2_Hia(i)Pis(i)ai) * (1) max (Dis(i )a(i)) ! ®)
i=1 =
where Ae[0;1] is degree of confidence.
In the absence of any preferences (for A=0) we obtain the Wald criterion:
A D:o/ivarin | .
I-|s(|) ]gl‘i),(\l( |s(|)a(|)) (4)

When using any of the specified criteria, the final version of the reconstruction will be

selected by the criterion of minimum loss min LNs(N) at the last stage.

Practical implementation

As an example, the reconstruction of a large metallurgical enterprise is considered. It is
planned to construct aspiration units, for power supply of which the construction of a new 110/10
kV PS-11 substation is envisaged. PS load will be S;= 80 MVA. It is planned to carry out external
power supply of PS-11 110kV from PS-60 and central electric station (CES); to provide more
reliable power supply, construction of additional lines from substations is planned — 30, 62, 85.

Variants of PS-11 connection diagrams are shown in fig. 2

Connection with PS 500/220 kV
PS 30 = — PS 60
110 kv [Iﬁ 110 kv
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2.
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. '
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PS 87 PS 23 PS 96
PS 85
ces I [;] ; rth
110 kv T

Fig. 2. Possible variants for PS-11 connection
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For the proposed circuit solutions, a game graph is constructed (Fig. 3).

As noted above, the choice of final version of reconstruction is carried out based on the
criterion of minimum total loss according to the accepted criterion (Bayes, Hodge-Lehmann,
Wald) minLjg at the last stage. In this case, the damage, as a component of the loss, is determined

as follows:

yOTR is (5)
where yq is specific damage from undersupply of consumer electricity, determined by the time of
interruption and the nature of production, rub./kW-h (for enterprises of ferrous metallurgy
yo =18.3 rub./kW-h [14]); TR is recovery time; ARgs is power, unsupplied to the consumer due

to a power failure, taking into account the MF value Wjj when working with this value of Rg

(ARs =|R. — Rs| pis , Where P1=64 MW is design load).
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Fig. 3. The game graph corresponding to the construction of PS-11
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For the proposed schemes, we estimated the capital investments K, and using the KATRAN
software [15, 16], the reliability indicators (failure rate parameter ® and recovery time Tg ) were
calculated. The results are presented in Table. 1. In all considered options, we adopt construction
of 110 kV power lines on metal poles using ASU-400 wires. Construction of 1 km of these wires
will cost 0.55 million rub./km [17], its failure rate is ® = 0.0128 1/year per 1 km [17].

To correctly compare the obtained values, the capital investments were taken into account
(the values are given in Table 1) in each of the reconstruction projects. Thus, the loss, which is
reduced cost, taking into account damage Y;s, will be determined as follows:

Lis =Yis + KisEn (6)
where E, is capital investment efficiency ratio K (Ey =0.12).

Table 1
PS-11 connectivity options and the corresponding investments and reliability indicators
Total capital
Strate Constructed lines Total investments, o, 1/year Tr, year
gy length, km '
min rub.
PS-60 — PS-11 5.2 2.86 0.000010 0.003948
1 PS-60 — PS-11; PS-30 — PS-11 115 6.33 0.080650 0.000801
PS-60 — PS-11; PS-85 — PS-11 12.3 5.45 0.060170 0.000801
PS-60 — PS-11; PS-62 — PS-11 9.9 6.77 0.090890 0.000801
CES - PS-11 2.8 1.54 0.000005 0.003256
5 CES — PS-11; PS-30 — PS-11 9.1 5.01 0.080645 0.000768
CES — PS-11; PS-85 — PS-11 9.9 4.13 0.060165 0.000768
CES — PS-11, PS-62 — PS-11 7.5 5.45 0.090885 0.000768
The results of loss calculation are shown in Table 2.
Table 2
The results of total loss calculation from the game graph
Strateg | Description of MF | Loss D;s, min | Total loss at | Total loss at
Load Pj,
y move value ps rub. Pi; P,
1A: Construction of —
OHL-1 (from PS-60) Pu=1.2Py 0.2 10,064 10,064 34,364
1P: Load growth P,,=1,05P; 0,8 34,364
From | P»=1,15P; 0,31 3,667 13,731 38,031
_ PS-30| P,=1,3P; 0,1 1,828 11,892 36,192
1 |2A:Construction ['crom [ p,,=1 1P, 05 5,173 15,237 39,537
of OHL-3,4,5 _ —
PS-85| P»=0,85P, - — - _
(from PS-30, 62, —
85) From | Pps=1P, - — — -
2P: Load growth | 7562 P2s=0.9P, - = = -
From |_P2=0,8P; - - - -
PS-85| Pg=1,2P, 0,06 1,331 11,395 35,695
3A: Construction of P15=1,2P, 0,2 8,201
OHL-2 (from CES) 8,201 4,527
3P: Load growth P1,=1,3P; 0,1 4,527
From | Pye=1,1P, 0,5 4,933 13,134 9,46
C ) PS-30 P2_1g:1P1 — — — —
2 |4A:Construction e o T 5, 08P, | - - -
5(from PS-30, 62, PS-85 P2,12:1L15P1 0,31 3,283 11,484 7,81
85) Fféogé sz'la_llgs o1 1678 5,879 T
- = 6,205
4P: Load growth 2147 =271 d d d :
g From | P,45=1,1P; 0,2 2,492 10,693 7,019
PS-85 P2.15:O,95P1 — — — —
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As follows from Table 2, the best strategy, characterized by least loss, is construction of an
overhead line from CES, and at the second stage from PS-62.

Conclusions

The article presents an improved method for selecting options for multi-stage
reconstruction of the power supply system based on the game theory approaches, which differs
from the existing methods of taking into account the probabilities of possible states of an object as
a result of implementation of each stage.

It is proposed to determine the probability of possible states of an object on the basis of
fuzzy sets theory using numbers with the membership function defined by the Cauchy curve. The
reconstruction process is represented as a sequential game involving an active player (the service
responsible for planning reconstruction work) and a passive player (“nature”), which allows one to
take into account all possible changes in external factors and combinations of decisions taken at
each stage. The value of costs was chosen as the main criterion for selection of reconstruction
option, taking into account the damage caused by loss of the power supply reliability. It is
proposed to choose it based on the criterion of the minimum loss at the last stage. The technique
allows correction of the adopted strategy based on the results of the implementation of any of the
stages.

As an example, we considered two stages of reconstruction of power supply system of a
large metallurgical enterprise during construction of a new energy-intensive consumer. The
calculations based on the game graph, allowed us to choose the option characterized by the lowest
loss value.
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