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ouinKu pu3uxy eunuxnenns asapiinoi cumyauii 6 EEC. Ilopiensnvruil
ananis pe3yabmamie panicy8ants eaeKmpoodiaoHants Ha 0CHOBI Oui-
HOK 3HAMYW0CMI eNeKmpPoo0IaOHAHH MA PUSUKY GUHUKHEHHS A8apili-
noi cumyauii ¢ EEC niomeepous eucoxy egexmusnicmo suxopucman-
HSL NPpU PO36’I3aHHI 3a0au NPe6eHMUBHO20 YNPACTIHHS | NIIAHYBAHHS
pescumie EEC. Pospoonena modeav 0yoe euxopucmana 0as noodajiv-
w020 00CaiONCeHHA | PO3POOKU anzopummy npuiinamms edexmusnux
plwens wpdo npesenmuenozo ynpasuinns pesxcumom EEC. Ompumani
pe3ynvmamu Komnaexcnozo mooentosanus pexcumy EEC i poznodiny
eumpam Ha NPoBeOeHHs MEXHIMH020 00CAY208YEAHH MA PEMOHMY
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1. Introduction

An analysis of the current state and further ways of develop-
ment of the electric power industry shows that its reformation
is carried out in a number of contradictions between economic
relations and operation reliability of electric power system [1].

The efforts of owners of electrical engineering companies
to maximize the use of the available resource of electrical
equipment conflicts with the need to ensure its operation
reliability and to minimize the number of emergencies due
to electrical equipment failures.

The growth of the rate of technological failures and severi-
ty of the consequences of them is due to fixed assets aging and
resource exhaustion of electrical equipment, adverse changes
of climatic conditions in the external environment, organiza-
tional reasons, requiring a corresponding set of measures [2].

One of the ways to increase the electricity supply reli-
ability is to create complex expert systems for managing pro-
duction costs and decision-making support, risk assessment
for reducing the reliability of consumers’ electricity supply in

the event of technological failure of electrical equipment [3].
The great importance under solving these problems is issues
of cost distribution for maintenance, repair and replacement
of outdated electrical equipment.

The problem solution of efficiency increasing and cost
reducing of maintenance and repair, as well as the replace-
ment of electrical equipment can be carried out in two
stages. At the first stage, justified allocation of expenses
for units and groups of electrical equipment is carried out
taking into account the complex of operational factors, in
particular, the emergency risk. This approach provides a
rational allocation of costs within the allocated repair and
maintenance fund. But it does not contain a mechanism
that stimulates the energy company to save money. The
second stage of problem solution involves a reasonable
choice of maintenance and repair strategy of electric
equipment by analyzing and comparing the options under
several performance criteria.

The lack of a methodical approach to actual cost
analysis of the energy company does not allow assessing




the adopted strategy effectiveness of service management
equipment and developing ways to correct it [4].

In this regard, the development of new models for assess-
ing the technical condition of electrical equipment, main-
tenance and repair management, emergency risk analysis
in the electric power system (EPS) during scheduled and
emergency out of service is an urgent task.

2. Literature review and problem statement

Objectively, the significant wear and tear of electrical
equipment lead to an increase in accidents and costs for the
year of its maintenance and repair. The low level of invest-
ment in the modernization of electric networks and power
plants, as well as the limited costs, forces the management
of energy companies to find internal reserves to save costs
in maintaining the capacity of the equipment. This requires
the choice of a rational strategy for servicing and efficient
use of allocated costs, taking into account the consequences
of possible constraints in EPS operation management [5].
Currently, there are a number of works devoted to issues of
optimal distribution and cost management in EPS. The EPS
state simulation to determine the quantitative indicators of
emergency risk under electrical equipment failures is consid-
ered in [6]. But the issue of the priority of electrical equip-
ment out of service on the basis of technical condition assess-
ment and EPS state analysis was not sufficiently considered.

The approach research results for making informed deci-
sions to ensure reliable operation of EPS are presented in [7].
But it is necessary to take into account the probability of
electrical equipment failure, the EPS stochastic state, possible
scenario of an emergency situation, economic and environmen-
tal consequences, incompleteness and obscurity of information.

The risk is an integral indicator of the EPS operation state,
which comprehensively takes into account the above-men-
tioned factors and most completely and sufficiently characteriz-
es the technical condition of electrical equipment and the EPS
state [8]. The most appropriate and effective method for esti-
mating the probability risk component for EPS, in particular,
which features are a large number of elements, complexity of the
structure and a significant wear rate of electrical equipment, is
the use of statistical simulation methods [9].

The evaluation results of technical condition of electrical
equipment and their application in the mathematical failure
models for problems solving of determining the EPS subsys-
tem reliability are presented in [10]. But the issue of reliability
assessment of electrical equipment failures is not considered,
and no estimation of possible losses is given. In addition, the
significance level of electrical equipment in terms of the prior-
ity of out of service or repair is not quantified.

The comprehensive approach to the cost management of
EPS subsystems with minimization of total costs of operation,
maintenance and repair is presented in [11]. But the issue of
taking into account the incompleteness of statistical informa-
tion about failures, the fuzziness of initial information of tech-
nical condition parameters of the electrical equipment is not
considered. In addition, the issue of optimizing the replace-
ment of individual units and groups of electrical equipment in
the face of limited investment costs remains open.

The most promising approach for cost optimization of
electrical equipment is as follows. It provides an opportunity
to determine the technical condition, the failure probability
at the observation time interval, significance quantitative

characteristics, taking into account the most important
operational factors, the impact of out of service and replace-
ment of electrical equipment on EPS reliability. This re-
quires the development of the optimal distribution method-
ology of costs between groups of the same type of electrical
equipment of the energy company, taking into account the
most important operational factors. Solving this problem is
possible through EPS complex simulation.

3. The aim and objectives of the study

The aim of the present research is to develop a model and
algorithm for making decisions on optimizing costs for main-
tenance, repair and replacement of electrical equipment.

To achieve this aim, the following objectives were set:

— to develop a mathematical model of aggregated estima-
tion of the significance degree of groups of electrical equip-
ment in terms of cost distribution for maintenance and repair;

—to develop a mathematical model and algorithm of
optimal cost distribution for technical maintenance, repair
and replacement of electrical equipment of power companies;

—to carry out the complex simulation of the techni-
cal condition of electrical equipment and EPS states for
making decisions of optimal cost distribution for technical
maintenance, repair and replacement of electrical equip-
ment of power companies.

4. Materials and methods for model development for
optimal cost distribution for technical maintenance
and repair

4. 1. Experimental research base

The study was carried out using the statistical informa-
tion about failures of power and switching electrical equip-
ment, which was registered in Ukraine’s power grid and real
data of the productive assets value and load level for the
energy company objects.

4. 2. Mathematical model of aggregated estimation of
the significance degree of groups of electrical equipment
in terms of cost distribution for maintenance and repair

The task of allocating investments between individual
groups of electrical equipment of the energy company, as
mentioned, relates to a class of optimal decision making
tasks in the presence of several criteria and uncertainties.

The choice of the optimal variant of admissible solutions
or the ordering of a plurality of solutions is possible provided
that there is an adequate model for technical condition as-
sessment of electrical equipment, the model justification for
adoption and evaluation of decision [12].

At present, there is a sufficiently large number of meth-
ods for formalizing goal setting and decision-making with
regard to uncertainty [13].

Let the function of total energy costs of a number of
factors be given S i=LN,, where Nyis the number of op-
erational factors.

It is expedient to determine the cost level for mainte-
nance and repair of electrical equipment using appropriate
equity participation coefficients.

Normalized equity participation coefficient of electrical
equipment for cost formation to maintain in an operational
state for the i-th group of electrical equipment is determined
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where Lyis the number of objects in the j-th group of electrical
equipment; k, ; ( f]) is the normalized equity participation co-
efficient of electrical equipment for cost formation to maintain
in an operational state for the j-th electrical equipment.

Expert analysis has shown that the most important fac-
tors affecting the cost quantitative characteristics for mainte-
nance and repair are listed below.

1. Value of production costs of electrical equipment in
monetary equivalent V. This factor characterizes the object
in terms of complexity and labor intensity of operation.

The distribution coefficient by the value of production
costs by groups and objects
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where V#, V¢ Zng are the values of production costs for the

i
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i-th electrical équipment, the j-th group of electrical equip-

ment and in total of the energy company objects, respective-

ly; N is the number of electrical equipment group.

2. Object load level E by electricity during the year, kWh.
This factor characterizes the demand of the i-th object in
the process of transmission and distribution of electricity by
electrical networks of different voltage classes for the esti-
mated year. In addition, this factor indirectly characterizes
the wear rate of electrical equipment.

The distribution coefficient by the load level for the elec-
trical equipment group and the object is determined
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where Ej;, ZEj are the load levels by electricity for the i-th
=1
electrical e]quipment, the j-th group of electrical equipment
and in total of the energy company objects, respectively.

3. The failure probability Ap of the object at the obser-
vation time interval, which is its reliability index and allows
you to indirectly take into account the quality of repair and
maintenance service.

The distribution coefficient by the failure probability at
the observation time interval for individual electrical equip-
ment and groups of electrical equipment is determined
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where Apj, ZApf are the ratios of equity participation

coefficients in failure probability at the observation time
interval for the i-th electrical equipment, the j-th group of
electrical equipment and in total of the energy company
objects, respectively.

4. Technical emergency risk under failure, out of ser-
vice, replacement of a specific unit of electrical equipment
or unit of the electrical equipment group. This factor char-
acterizes the equity participation coefficients of electrical
equipment, groups of electrical equipment for cost forma-
tion to maintain in an operational state and replacement.

It is necessary to distribute optimally the costs for
maintenance, repairs and investment costs for replace-
ment of electrical equipment between groups of electrical
equipment.

The quantitative assessment of the significance degree
of electrical equipment in cost formation, taking into ac-
count the most important operational factors is required
for making decisions on optimal allocation of costs for
maintenance, repair or replacement of electrical equipment.

The choice of the optimal variant of cost distribution
for maintenance, repair and investment in the upgrade is
associated with the presence of various uncertainties in the
options for evaluating decision variants, the inadequate rea-
sonableness of the decision makers. For this goal, the most
effective is to use the theory of fuzzy sets [14].

For finding generalized aggregated estimates, signifi-
cance degree of units and groups of electrical equipment,
taking into account the main operational factors and objec-
tively existing uncertainties, it is effective to use a fuzzy in-
ference system, first of all, to determine the ratings of groups
of electrical equipment A={A;}.

The inputs of the fuzzy inference system are linguistic
variables Ci (i=1,4), which meet the following criteria and
have the following term sets:

— value of production costs for the group of electrical
equipment C, = {T:,,Té,T;},

—load level by electricity for the group of electrical
equipment C, = T,f,Tcz,TBQ},

— failure probability at the observation time interval for
the group of electrical equipment C, = é]ﬁ,TCg,T; },

— technical emergency risk in EPS C, = {T,ﬁ,Tf,T;},
where T}, T, T; are “low”, “medium”, “high” values of the
i-th parameter.

All inputs of the fuzzy inference system have 3 member-
ship functions, the basic forms and parameters of which are
presented in Fig. 1, respectively.

To account for the objectively existing tolerance of
the recognizable class to change of importance degree
for groups of electrical equipment in a certain range (for
example, from [0...1] for Cy), the triangular membership
functions were used.

These data are sent to the fuzzy inference system to ob-
tain the result. For this purpose, a Mamdani fuzzy inference
system has been used.

The output of the Mamdani fuzzy inference system is the
importance degree for groups of electrical equipment Ai with
the following term set:

A ={T, T, T},
where T, T, T, are “low”, “
parameter.

The output linguistic variable of the fuzzy inference
system has 3 membership functions, the basic forms and
parameters of which are presented in Fig. 2.

81 fuzzy inference rules for the output set A; are sug-
gested in Table 1.

medium”, “high” values of the



Table 1

Schematic codes in the fuzzy inference system
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Fig. 1. Membership functions: @ — input variable of Cy; b — input
variable of C,; ¢ — input variable of C3; d— input variable of Cy

1 (A)
A

A;

0 0.5 1.0

Fig. 2. Membership functions of term sets for the output
linguistic variable A;

The above rule base of the fuzzy inference system is the base
and the only one for determining the aggregate estimates for
each of the groups of electrical equipment.

An important task is also to determine the weight of the
criteria and to take them into account in determining the
estimates of A; and the cost distribution for maintenance and
repair of units and groups of electrical equipment. Weights are
determined on the basis of Saati’'s method and the Fishburn’s
preferences system.

4. 3. Model of optimal cost distribution of technical
maintenance and repair of electrical equipment on the
basis of Boolean programming

Let the set of the electric equipment group of the ener-
gy company be given X={x;}, i=1,n and the set of aggregat-
ed estimates of the electric equipment group of the energy
company A={A;}, i=1,n. The cost of allocated investments
to finance the maintenance of electrical equipment of
the energy company Bro;p and replacement of electrical
equipment By, is known. Also the volume of investments
for replacement of certain groups of electrical equipment
of the energy company B/, i=1,n is known.

It is necessary to optimally allocate financial resourc-
es between groups of electrical equipment in order to
maximize the usefulness of distribution implementation
taking into account the importance of the above criteria.

The task of distributing the allocated costs of the en-
ergy company for maintenance and repair Bro;p is solved
by their distribution between groups of electrical equip-
ment in proportion to the normalized value of indicators
of aggregated significance assessment A={A;}. The task of
distributing investments between groups to replace the
electrical equipment Bj,, with a view to maximize the
result is formulated as a Boolean programming. For each
element of the set of electrical equipment X={x;}, we as-
sign a value of 1 or 0 depending on whether the investment
costs B;,, are allocated or not allocated.

1, if costs are allocated for group x, Bino,
" 10,if costs are not allocated for group x; Binv.

The problem of Boolean programming is formulated
as follows

n
z A, x, > max,

i=1

with restrictions
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Y B"<B, xe{A}

i=1

It is necessary to determine separately the weight coef-
ficients Wy, j=1,n of the criteria Cy, t =1,4 for each group of
electrical equipment based on the Saati’s method [15] and
the Fishburn’s preferences system under working out the
cycles of the fuzzy inference system. It is important to take
into account the importance of the criteria in the very rules
of the fuzzy inference system.

The reference rule base in the applied fuzzy inference sys-
tem is the same for each of electrical equipment groups, and
the importance (and, consequently, the weight coefficients)
is assumed to be the same. Next, the process of adjusting the
fuzzy inference system taking into account the investment
values of criteria weight coefficients is performed. Weight
coefficients should be normalized.

The above criteria for which it is necessary to allocate
costs for maintenance and repair or investment costs for
modernization of electrical equipment have different signif-
icance levels and are not the same for all groups of electrical
equipment. Therefore, it is necessary to reassess these crite-
ria expertly for each group of electrical equipment and deter-
mine the relevant weight coefficients Wj, for the i-th group of
electrical equipment. The most appropriate approach is the
method of pairwise comparison of objects, which is widely
used in various methods of expert evaluation.
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4. 4. EPS state simulation for cost distribution as-
sessment of maintenance and repair

In this article, we considered the influence of accidental
changes in the electrical network topology associated with
the planned or emergency out of service of the electrical
equipment or group of electrical equipment on the emer-
gency risk under electrical equipment failure, in particular,
the technical risk assessment of disturbance of dynamic
stability.

The mathematical model and algorithm for emergency
risk assessment under electrical equipment failure are de-
scribed in detail in [16].

The algorithm of EPS complex simulation for cost dis-
tribution assessment for technical maintenance and repair
of electrical equipment or group of electrical equipment is
presented in Fig. 3. It differs in that it takes into account
emergency risk assessment in EPS under electrical equip-
ment failure to rank the electric equipment park requiring
out of service.

To determine the probabilistic risk component accord-
ing to a given model of EPS functioning, the developed
RISK-ST, RISK-EPS software was used. With the help
of statistical simulation, the random process of changes
in the electric network state, which is determined by the
state of elements efficiency and load change at the esti-
mated time interval of observation is simulated.
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Fig. 3. Algorithm of EPS complex simulation for cost distribution assessment for technical maintenance and
repair of electrical equipment or group of electrical equipment



5. Test results of decision-making on optimal cost
distribution for maintenance and repair of electric
equipment of energy companies

Fig. 4 shows an equivalent test scheme of electric
connections of the integrated power system of Ukraine
with a voltage level of 35-750 kV was considered for the
quantitative indicators determination of risk failure of in-
dividual elements and instability of EPS normal state. The
test scheme contains TPP No. 1 with a total capacity of
210 MW, TPP No. 2 with a total capacity of 500 MW, TPP
No. 3 with a total capacity of 250 MW, TPP No. 4 with a
total capacity of 700 MW, TPP No. 5 with a total capacity
of 1800 MW, HPP No. 1 with a total capacity of 444 MW.
The presented test scheme of the EPS model is meshed, has
a limited throughput capacity of overhead transmission
lines and designed for operation at a centralized electricity
supply, which corresponds to the characteristics of Ukraine
electric networks.

Table 2 presents the calculation series results for post-
fault steady-state load flow parameters of the EPS test
model.

Table 2 shows the results, which indicate the possible
consequences in planning maintenance and repair of elec-
trical equipment at a given observation time interval [17].

The analysis of probable deviations of voltage at
control nodes and current overload of EPS subsystem
elements was used in Monte Carlo simulation [18], the
results of which are summarized in Table 3.

Analyzing the simulation results of emergency risk in
the EPS subsystem, one can identify the most probable
scenarios of power system instability and eventually pro-
vide for preventive measures [18].

A set of electrical equipment was created on the ba-
sis of regular technical diagnostics results of electrical
equipment, which requires out of service for the purpose
of maintenance or replacement.
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Determination of cost distribution for maintenance and
repair by groups and units of electrical equipment is carried
out according to the following criteria:

— value of production costs;

—load level by electricity for the object;

— failure probability at the observation time interval.

This energy company includes six groups of power objects:
electric substation 35 kV (ES35kV), electric substation 110 kV
(ES110kV), overhead transmission line 35 kV (OTL35kV),
overhead transmission line 110 kV (OTL110kV), electrical
cable 35 kV (EC35kV), electrical cable 110 kV (EC110kV).

In turn, each of the groups has the following number of
power objects: electric substation 35 kV — 9 units; electric
substation 110 kV — 24 units; overhead transmission line
35kV — 6 units; overhead transmission line 110 kV — 30 units;
electrical cable 35 kV — 28 units; electrical cable 110 kV —
8 units. The total number of objects on the balance sheet of
the energy company is 105 units, the parameters of which are
presented in Tables 4, 5.
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Fig. 4. Calculation scheme of the EPS test model




Table 2

Monitoring of drops of voltage levels at control nodes and loads of EPS
electrical equipment

Small-disturbance

Experi- | voltage instability ) o - .
ment No. | of nodes for the EPS Overload security of EPS electrical equipment
test model
Electric substation 330 kV /110 kV No. 18:
1 none Current load of AT-1 is 103 % of Inom
Current load of AT-2 is 103 % of Inom
Voltage level is
2 110.26 % of Unom at none
nodes 110 kV No. 20
3 none none
7 hon Electric substation 330 kV /110 kV No. 24:
one Current load of AT-2 is 138 % of Inom
8 Electric substation 330 kV /110 kV No. 24:
none Current load of AT-1 is 139 % of Inom
Small-disturbance
24 voltage instability of none
nodes 110 kV No. 3
30 Electric substation 330 kV /110 kV No. 24:
none Current load of AT-2 is 129 % of Inom
40 none Electric substation 330 kV /110 kV No. 24:
Current load of AT-1is 131 % of Inom
Small-disturbance
46 voltage instability of none
nodes 110 kV No. 3
47 Electric substation 330 kV /110 kV No. 24:
none Current load of AT-2 is 128 % of Inom
48 Electric substation 330 kV /110 kV No. 24:
none Current load of AT-2 is 144 % of Inom
Voltage level is
49 111.4 % of Unom at none
nodes 110 kV No. 20
50 none none
51 Hone Electric substation 330 kV /110 kV No. 18:
Current load of AT-1 is 135 % of Inom
58 Hone Electric substation 330 kV /110 kV No. 24:
Current load of AT-1is 142 % of Inom
59 Hone Electric substation 330 kV /110 kV No. 24:
Current load of AT-2 is 128 % of Inom
65 one Electric substation 330 kV /110 kV No. 9:
AT-2 124 % of Inom
94 Electric substation 330 kV /110 kV No. 24:
none Current load of AT-2 is 132 % of Inom
95 Hone Electric substation 330 kV /110 kV No. 9:
Current load of AT-1is 123 % of Inom
1000 none none

Definition of distribution coefficients
by the load level for electrical equipment
groups

B k](_)TLBSkV 1T E1OTL351<V 7
kz)TLMOkV EQOTLMOkV
kECSSkV EECSSkV N -1
k]l_écuokv = Ef:cnokv X ;Ezg =
kLEsssw ESESSSkV
kfsnokv i Eé—:suokv |
[ 56940 | [0.021]
706932 0.265
378432 . 0.142
= x[2670048] " = .
189216 0.071
176076 0.066
| 1162452 | 10.435 ]

Definition of distribution coefficients
by the failure probability at the observa-
tion time interval for groups of electrical
equipment

B kgﬂ;Lsskv 17T Ap1onsskv ]
ké)A'/lI"LMOkV Apg)TLMOkV 1
k}?ﬁ%kv _ Ap;:CBSkV X|: i Ap5:| _
kg}\(;nokV Apfcmkv - i
kgls\jskv Apsﬁssskv
kEAb/IMOkV | | Ap(lJ::SMOkV
[0.0697674 ] [0.0441921]
0.2986919 0.1891975
1.0 - 0.6334203
= x[1.579] ' = :
0.2093023 0.1325763
0.0004845 0.0003069
| 0.0004845 | | 0.0003069 |

On the principle of dominance, the
maximum value of the coefficient of fail-
ure probability at the observation time
interval for the group of electrical equip-
ment is

ki = kpe PR = 0.63342.

Table 6 shows the results of cost dis-
tribution coefficients for maintenance
and repair by groups of electrical equip-
ment.

Table 7 shows the results of cost dis-
tribution coefficients for maintenance
and repair by individual objects.

Allocated costs By for distribution
on maintenance and repair of the energy
company amounted to 95000 000 USD.
We assume that the weight of the distri-
bution coefficients is the same r=ry=r3=
=0.33. Then the distribution of allocated
costs By between groups and objects has
the following form



[ kOTLBSkV 7
F
LOTLI10KY
F
BEC33RY
F
'B<)TL35kv T nx k£C110kv +
1
BOTLI10KY k§535kv
;EC35kV kESMOkV
3 =B, % - o - N
B4hC110kV k?TLsskv kg/lflsskv
B;ESWN JOTLI10kV BOTLI10kV
L EM
B 551 10KV BEC3SKV BEC33KY
L EM
1 X BECT10KY T X BECH0KY
L ' M '
k;ssskx k;\slssl\v
| kfsﬂokx k;s/’nokv
[0.006]
0.207
0.362
0.333x +
0.064
0.315
0.046
=95000000 x T g _ =
0.021 0.0442
0.265 0.1892
0.142 0.6334
+0.333 % +0.333x
0.071 0.1326
0.066 0.0003
0.435 | 0.0003 |
[ 2252412 ]
20917062
B 35981649
| 8465526 |
12062426
15225926 |

Table 8 shows the results of cost distribution assessment
for maintenance and repair by groups of electrical equip-
ment.

An analysis of calculation results of cost distribution in
Table 8 provides for the largest amount of allocated costs for
maintenance and repair and is 35981649 USD for the group
of electrical equipment EC35 kV.

Table 9 shows the results of cost distribution assessment
for maintenance and repair by objects.

Analyzing the results of Table 9, it is possible to allocate
the object electric substation ES24 with the largest amount
of allocated costs for maintenance and repair 820010 USD.

The next step is to determine the cost distribution of
electrical equipment replacement with limited cost. In
Tables 10-12, a list of the most important electrical equip-
ment in terms of ensuring the reliability of power supply and
electric power system stability on the basis of calculation
results of EPS emergency risk under electrical equipment
out of service is formed. The total volume of allocated costs
for the energy company aimed at replacement of electric
equipment is 21000000 USD.

The analysis of calculation results of replacement cost of
electrical equipment of energy companies in Table 10 showed
that the highest cost of replacing the high-power auto-trans-
former AT61 is 12500000 USD.

We create the following system on the basis of received
priorities of electrical equipment and its replacement cost:

0.048-n, +0.139-n, +0.047-n, +0.04-n, +

+0.206- 1 +0.37 15 +0.044 -1, +0.106- 1, = 0;
7100000- 7, +4500000- 7, +12500000- 72, +600000- 72, +
+750000- 72, +900000- 72, + 85000072, +

|+700000- 7, < 21000000.

Table 3

Simulation results of emergency risk assessment in the EPS
subsystem with TPP at the observation
time interval At=12 months

Branch|Branch | Branch ?ﬁ?tra(f_f oneszl;\(/)af— Emergency risk

No. | name |clement lation | tion start | RI(At)|Ro(At)|R(At)
L1 1960 2010

1 28-29| B2 1960 2010 0.01 0 0.01
B3 1960 2010
AT4 1977 2010

2 15-20| B5 1982 2010 0.04 0 0.04
B6 1982 2010
AT7 1982 2010

3 15-20| BS 1982 2010 0.03 0 0.03
B9 1982 2010
AT31 | 1983 2010

11 | 18-21| B32 | 1983 2010 0.01 | 0.01 | 0.02
B33 | 1983 2010
AT34 | 1984 2010

12 | 18-21| B35 1984 2010 0.01 | 0.01 | 0.02
B36 1984 2010
AT187 | 1985 2010

63 24 B188 | 1985 2010 0.03 | 0.06 | 0.09
B189 | 1985 2010

Table 13 shows the system solution results by the binary
integer programming method, which indicate for the re-
placement of what object investments will be allocated.

Analysis of determination results of priority cost allo-
cation for objects in Table 13 showed that in the presence of
such an investment, the high-power auto-transformer AT61
will not be replaced at this observation time interval.

A comparative calculations analysis of dynamic sta-
bility of EPS under out of service of the considered power
transformers according to the developed model [19] con-
firmed the coincidence with the characteristics of emer-
gency situations that arose during the actual operation of
power grids for the energy company.

The determination results of priority of cost alloca-
tion for objects were used to simulate the EPS state by
conducting calculations of EPS dynamic stability during
electrical equipment out of service presented in Table 13
according to the developed model [19].



Input parameters of the overhead transmission line

Table 4

Name of trans- Type of Year of Power
No. e ! o . Voltage level, kV Length, km . . Cost size, USD transmission,
mission line transmission line installation
MW /year

1 | ES14-ES27 overhead 35 1.24 2001 894805.2 7008
transmission line

2 ES22- ES28 overhead 35 13 1970 623225.9 23652
transmission line

3 | ES37-ES34 overhead 35 5.06 1958 865922.7 7008
transmission line

72 ES 37- ES 15 electrical cable 110 2.188 1977 2552830 35040

Table 5

Input parameters of electric substations

Name of electric Total nominal . . . Power transmission,
No. substation Voltage level, kV capacity, MVA Year of installation Cost size, USD MW /year
1 ES 27 35 2x10 1994 3439251 3504
2 ES 28 35 2%25 2013 8523043 24528
3 ES 29 35 2x25 1982 6113128 35916
33 ES 38 110 1x63 1984 8870000 56064
Table 6 Table 8

Definition of cost distribution coefficients for maintenance
and repair by groups of electrical equipment

Results of cost distribution assessment for maintenance and
repair by groups of electrical equipment

Group name of electrical equip- e B B
ment F L EM
overhead transmission line 35kV | 0.006 0.021 | 0.04419
overhead transmission line 110 kV | 0.207 0.265 0.1892
electrical cable 35 kV 0.362 0.142 | 0.63342
electrical cable 110 kV/ 0.064 0.071 | 0.13258
electric substation 35 kV 0.315 0.066 | 0.00031
electric substation 110 kV 0.046 0.435 | 0.00031
Table 7

Definition of cost distribution coefficients for maintenance
and repair by individual objects

No. Object name kY K kS,
1 {ransmission Hn 0.0009 | 0.003 | 0.00734
2 ”aESS‘;‘;S_S]f:OS"Z;i“e 0.0007 | 0.009 | 0.00735
3 tragssrgés_séos%f“ 0.0009 | 0.003 | 0.00757
4 ranspission Jn 0.0016 | 0.003 | 0.00635
5 ransmission Jne 0.0021 | 0.002 | 0.00331
105 ransmission Jine 0.0009 | 0.004 | 0.00437

The amount of
planned cost for

No. Group name maintenance and
repair, USD
1 overhead transmission line 35 kV 2252412
2 overhead transmission line 110 kV 20917062
3 electrical cable 35 kV 35981649
4 electrical cable 110 kV 8465526
5 electric substation 35 kV 12062426
6 electric substation 110 kV 15225926
Table 9

Results of cost distribution assessment for maintenance and

repair by objects

The amount of planned cost

No. Object name for maintenance and repair,
USD

t RSl 20080

2| TEmEsy B

3 | ESmEsu e

A traEsSI;l;S_s]i:OsrgiinC 290011

105 | electric substation ES24 820010




Table 10

Results of determination of replacement cost of electric
equipment of the energy company

Replacement cost of
No Name of electrical equipment electric equipment,
USD
1 | High-power auto-transformer AT31 7100000
2 | High-power auto-transformer AT34 4500000
3 | High-power auto-transformer AT61 12500000
4 High-voltage circuit breaker B8 600000
5 High-voltage circuit breaker B9 750000
6 High-voltage circuit breaker B62 900000
7 High-voltage circuit breaker B63 850000
8 High-voltage circuit breaker B185 700000
Table 11

The results of comparing the importance criteria by the
Saati’s method

1&‘;;{;‘1 . kf | kL kEM W Wn
kf 1 1/5 1/7 0.253 0.043
kL 5 1 1/5 0.76 0.13
kEM 7 5 1 3.201 0.549
Total: 13 6.2 1.34 4214 0.722
Table 12
Determination results of the priority vector X for objects
Object \ \ \ Name of | Value of the
Hame ' I EM the.vector vector vari-
variable X | able X, p. u.
AT31 0.315| 0.066 | 0.00031 X4 0.048
AT34 0.046 | 0.435 | 0.00031 Xy 0.139
AT61 0.315| 0.066 | 0.00031 X3 0.047
B8 0.006 | 0.021 | 0.00442 Xy 0.04
B9 0.207 | 0.265 | 0.1892 X5 0.206
B62 0.362 | 0.142 | 0.6334 X6 0.37
B63 0.064 | 0.071 | 0.13258 X7 0.044
B185 0.207 | 0.265 | 0.1892 Xg 0.106
Table 13
Prioritization results of cost allocation for objects
AT31 AT34 AT61 B8 | B9 | B62 B63 B185
1 1 0 1 1 1 1 1

The overall disturbance risk of EPS dynamic stability
at the current observation time interval was characterized
by a high level R(At)=0.635. On the basis of simulation
results of the EPS state, taking into account the technical
condition assessment, probability of electrical equipment
failure, recommendations were given to conduct the main-
tenance and repair according to the forecast dispatch
schedule of the EPS maximum load in the coming summer
period with R(A?)=0.09. The obtained result confirms
the coincidence with the characteristics of emergency
situations that arose during the real operation of electric
networks of the energy company.

6. Discussion of the results of complex simulation of
the EPS state and cost distribution for maintenance
and repair

A comprehensive approach to the optimal cost distribu-
tion for maintenance, repair and replacement of electrical
equipment, which, on the one hand, allows fulfilling the con-
ditions for ensuring the necessary level of electrical capacity
of electrical equipment in the conditions of limited financial
resources is proposed. On the other hand, it provides the op-
portunity to minimize the blackout risks of electricity supply
to consumers under electrical equipment failure and cascade
of EPS accidents.

Such solution of the problem permits, first of all, to assess
the technical condition and to determine the probability of
electrical equipment failure on the basis of the developed
mathematical models based on the use of available operative
quantitative and qualitative diagnostic information.

The fuzzy mathematical model of quantitative assess-
ment of the importance degree of electrical equipment in
the formation of investment costs is based on the consider-
ation of the most important operational factors, in partic-
ular, takes into account objectively existing uncertainties
of information. This makes it possible to more objectively
determine the priority of the primary out of service or re-
placement of electrical equipment.

The questions of choice simulation for optimal distribu-
tion of limited costs for different groups of electrical equip-
ment by means of Boolean programming are considered.

The complexity of applying risk assessment at enter-
prises now consists in the absence of information about
real losses in case of violation of power supply to consumers
and electric supply companies. With the development of
economic and legal aspects of the electricity market, this
disadvantage will be less noticeable.

The advantages of this development in comparison with
other analogues are as follows:

— the probability of failure of electrical equipment and
overhead power lines is determined on the basis of techni-
cal condition assessment, taking into account the predicted
type of defects by means of the developed mathematical
models adapted to the real operation conditions;

— the priority of out of service or replacement of electrical
equipment is formed on the basis of a complex assessment of fa-
cility significance taking into account the EPS emergency risk;

— the optimal cost allocation for replacement of electri-
cal equipment between the units of the energy company on
the basis of aggregated significance indicator;

— the consequences of electrical equipment failure for the
consumer and electric supply company are taken into account;

— the possibility to form preventive decisions concerning
maintenance of operational reliability of electrical equipment
and EPS security on the basis of the resulted calculations.

The cost allocation for replacement of electric equip-
ment with limited investments gives grounds to assert
that the application of this approach is justified in choos-
ing the maintenance and repair strategy of electrical
equipment of the energy company.

Fuzzy inference models for priority and importance es-
timation of each object group are developed. The practical
value lies in the fact that on the basis of the offered models it
is possible to objectively assess the technical condition and
to determine which of the above elements are the priorities
for repair or replacement.



For further research, it is necessary to accumulate infor-
mation about models of the technical condition assessment of
electrical equipment with more objects in different regions of
the power system. This obviously requires the mobilization
of significant organizational and technical measures with
power supply companies. The results can be implemented at
power plants and electric supply companies.

The application of the proposed methodology at enter-
prises will increase the efficiency, objectivity in assessing
the real situation and, as a consequence, increase the life-
time of electrical equipment.

7. Conclusions

1. The mathematical model of aggregated estimation of
the significance degree of groups of electrical equipment in
terms of cost distribution for maintenance and repair was de-
veloped on the basis of using the theory of fuzzy sets, Saati’s
method, which has a high degree of consistency of ratings for
various experts.

2. The mathematical model and algorithm of optimal
cost distribution for technical maintenance, repair and re-

placement of electrical equipment of power companies were
developed, which take into account emergency risk assess-
ment in EPS under electrical equipment failure to rank the
electric equipment park requiring out of service.

The proposed algorithm allows making decisions of dis-
patching, operational-technological and repair character in
the conditions of limited financial resources, which provide
sufficient reliability of consumer power supply and economic
efficiency of the power company.

3. The complex simulation of technical condition of elec-
trical equipment and EPS states was carried out for making
decisions of optimal cost distribution for technical main-
tenance, repair and replacement of electrical equipment of
power companies. The analysis of cost distribution between
objects with real funds allocated for maintenance and repair
confirms the high convergence with the results of electrical
equipment repairs and modernization of the energy compa-
ny. Carrying out calculations of emergency risk assessment
without replacement of electrical equipment and taking into
account the replacement allowed reducing the EPS emergen-
cy risk by 10 %. This confirms the acceptable efficiency of
the applied approach when drawing up schedules of mainte-
nance of electric equipment of power companies.

References

1. A study of Electrical Security Risk Assessment System based on Electricity Regulation / Dahai You A., QingQian Chen B., Xiang-
gen Yin C., Bo Wang D. // Energy Policy. 2011. Vol. 39, Issue 4. P. 2062—2074. doi: https://doi.org/10.1016/j.enpol.2011.01.050
2. Wallnerstrom C. J., Hilber P. Vulnerability Analysis of Power Distribution Systems for Cost-Effective Resource Allocation // TEEE
Transactions on Power Systems. 2012. Vol. 27, Issue 1. P. 224—232. doi: https://doi.org/10.1109/tpwrs.2011.2165226
3. Benefits of reliability centred asset management / Hilber P, Babu S., Wallnerstom J., Westerlund P, Rosenlind J. // 22nd International
Conference and Exhibition on Electricity Distribution (CIRED 2013). 2013. doi: https://doi.org/10.1049/cp.2013.0668
4. Ciapessoni E., Cirio D., Gagleoti E. A probabilistic approach for operational risk assessment of power systems // CIGRE. 2008. P. C4—114.
5. Review on Risk Assessment of Power System / Shiwen Y., Hui H., Chengzhi W.,, Hao G., Hao F // Procedia Computer Science.
2017. Vol. 109. P. 1200—1205. doi: https://doi.org/10.1016/j.procs.2017.05.399
6. Louit D., Pascual R., Banjevic D. Optimal interval for major maintenance actions in electricity distribution networks // International
Journal of Electrical Power & Energy Systems. 2009. Vol. 31, Issue 7-8. P. 396—401. doi: https://doi.org/10.1016/j.ijepes.2009.03.021
7. Moradkhani A., Haghifam M. R., Abedi S. M. Risk-based maintenance scheduling in the presence of reward penalty scheme //
Electric Power Systems Research. 2015. Vol. 121. P. 126—133. doi: https://doi.org/10.1016/j.epsr.2014.12.006
8. Multiple failure modes analysis and weighted risk priority number evaluation in FMEA / Xiao N., Huang H.-Z., Li Y, He L., Jin T. //
Engineering Failure Analysis. 2011. Vol. 18, Issue 4. P. 1162—1170. doi: https://doi.org/10.1016/j.engfailanal.2011.02.004
9. Yssaad B., Khiat M., Chaker A. Reliability centered maintenance optimization for power distribution systems // International Jour-
nal of Electrical Power & Energy Systems. 2014. Vol. 55. P. 108—115. doi: https://doi.org/10.1016/j.ijepes.2013.08.025
10. Transmission expansion planning: A discussion on reliability and “N—1" security criteria / Leite da Silva A. M., Rezende L. S., Man-
so L. A. F, Anders G. J. // 2010 TEEE 11th International Conference on Probabilistic Methods Applied to Power Systems. 2010.
doi: https://doi.org/10.1109 /pmaps.2010.5528652
11. Handschin E., Jurgens L., Neumann C. Long term optimization for risk oriented asset management // 16th Power Systems Compu-
tation Conference. Glasgow, 2008.
12.  Goerdin S. A. V., Smit J. J., Mehairjan R. P. Y. Monte Carlo simulation applied to support risk-based decision making in electricity
distribution networks // 2015 IEEE Eindhoven PowerTech. 2015. doi: https://doi.org/10.1109/ptc.2015.7232494
13. Wang B, Li Y., Watada J. A New MOPSO to Solve a Multi-Objective Portfolio Selection Model with Fuzzy Value-at-Risk // Lec-
ture Notes in Computer Science. 2011. P. 217-226. doi: https://doi.org/10.1007 /978-3-642-23854-3 23
14. Bardyk Ye. I. Modelling and assessment of chances of failure of power systems electrical equipment taking into account the after
repair resource restoration level // Visnyk of National Mining University. 2014. Issue 3. P. 82-90.
15. Saaty T. L. Decision making with the analytic hierarchy process // International Journal of Services Sciences. 2008. Vol. 1, Issue 1.
P.83-98. doi: https://doi.org/10.1504/ijssci.2008.017590
16. Kosterev N. V,, Bardyk E. I., Litvinov V. V. Preventive risk-management of power system for its reliability increasing // WSEAS
TRANSACTIONS on POWER SYSTEMS. 2015. Vol. 10. P. 251-258.
17.  Bardyk E. I. Models of reliability assessing of electricity supply of auxiliary NPP from external sources with fuzzy defined parameters of
failures of equipments // Proceedings of the Institute of Electrodynamics of National Academy of Sciences of Ukraine. 2014. P. 34—38.
18. Bardyk E., Bolotnyi N. Parametric identification of fuzzy model for power transformer based on real operation data // Eastern-
European Journal of Enterprise Technologies. 2017. Vol. 6, Issue 8 (90). P. 4-10. doi: https://doi.org/10.15587 /1729-4061.2017.118632
19. Bardyk E., Bolotnyi N. Development of a model for determining a priority sequence of power transformers out of service // East-
ern-European Journal of Enterprise Technologies. 2018. Vol. 3, Tssue 3. P. 6—15. doi: https://doi.org/10.15587,/1729-4061.2018.133570



