
applied  
sciences

Article

Maintenance Management of a Transmission Substation
with Optimization

Peter Kitak 1,* , Lovro Belak 2, Jože Pihler 1 and Janez Ribič 1
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Abstract: The paper deals with the reliability-centered maintenance (RCM) of a transmission substa-
tion. The process of the planning and actual performance of maintenance was carried out using an
optimization algorithm. This maintenance procedure represents the maintenance management and
included reliability of the power system operation, maintenance costs, and associated risks. The orig-
inality of the paper lies in the integrated treatment of all maintenance processes that are included in
the pre-processing and used in the optimization process for reliability-centered maintenance. The op-
timization algorithm of transmission substation maintenance was tested in practice on the equipment
and components of an existing 400/110–220/110 kV substation in the Slovenian electricity transmis-
sion system. A comparison analysis was also carried out of the past time-based maintenance (TBM)
and the new reliability-centered maintenance (RCM), on the basis of the optimization algorithm.

Keywords: reliability-centered maintenance; optimization; transmission substation; condition monitoring

1. Introduction

Maintenance is a combination of technical, administrative, and managerial actions
during the lifetime of a device, the purpose of which is to keep it in, or bring it back to,
the condition that enables performing of its functions. It is, therefore, a usual process
needed by every device for normal operation. The maintenance in transmission substations
(TS) is crucial for secure and reliable operation of the electric power system (EPS). The
maintenance terminology covers two types of maintenance: preventive and corrective.
In the field of electricity transmission devices, preventive maintenance still prevails [1].
This type of maintenance can be either time-based maintenance or related to the state
of devices, condition-based maintenance (CBM) [2]. From 2009 onwards, the health in-
dex [3–5] has been used in the field of condition-based maintenance to evaluate indicators
of maintenance.

However, new trends in the field of maintenance, i.e., reliability -centered mainte-
nance (RCM), are being introduced in the wider area of engineering [6,7], as well as in
the field of maintenance of devices in the electricity transmission system [1,8–10]. These
trends are also accelerated by the standardization in the field of maintenance and asset
management [11,12].

The reliability of operation and associated maintenance is, in the majority of cases,
based on the reliability calculation using the Markov model [9,13–15]. An adequate ef-
ficiency of the determination of system criteria for maintenance can be achieved with
the selection of various algorithms, such as the best–worst method (BWM) [16], where
numerous possibilities are assessed on the basis of determination with regard to various
attributes, and the best maintenance criteria are selected.

In the maintenance process, authors have also included optimization procedures
dealing with economy and reliability [10,17–19]. The authors usually deal with individual
elements, such as overhead lines [5,20] and transformers [21,22]. References [9,23] deal
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with maintenance of devices in a TS. The authors describe a maintenance method that is
based on the technical condition of the devices. Certain authors have also investigated time
scheduling of maintenance tasks [14,24] or determination of the optimal inspection interval
of equipment in the TS, taking into account its age [25]. The authors of the presented paper,
in [26], discussed the strategic maintenance of switching substations where reliability
indices were not optimized.

The contribution of this paper is in the calculations of reliability indicators using the
failure effect analysis (FEA) method, and not with the calculations of Markov chains for an
individual device. In this method, any change in the state of an individual device affects
the entire TS, which can, consequently, change the state of other devices as well. The
maintenance processes of the devices in the substation are closely related to the reliability
indicators (one of them is importance) for the entire TS, and, at the same time, to the
condition of the individual devices, which is one of the article’s contributions.

The novelty presented in the present paper lies in the integrated treatment of TS
maintenance based on the RCM concept, using an optimization algorithm. The modified
differential evolution optimization algorithm with self-adaptation (SA) of the control
parameters was used to select the optimal maintenance period of TS devices (revisions
are carried out every year, every two years, or every three years), while the maintenance
is carried out when the significant operational state of the EPS is the most suitable for
it. This state is defined by generation, consumption, and power flows in the EPS. The
method of EPS elements’ maintenance used until now is TBM, where their maintenance
periods are defined by the TSO’s internal rules. The main objective of this approach is to
reduce maintenance costs while keeping the operational reliability level and improving
the maintenance system constantly. This procedure is possible only with the inclusion of
optimization algorithms in the maintenance process. Devices that are less important in the
system, however, affect maintenance processes with reduced intensity.

The maintenance processes can be influenced by computation of the importance and
technical condition of EPS elements, which is based on historical data of operation, events,
and monitoring of EPS elements’ technical condition. This represents the main hypothesis
of this article. The inclusion of optimization processes in the analysis of maintenance pro-
cedures enables a reduction of maintenance costs, which represents the second hypothesis.

The methodology of computation of frequency of EPS elements’ maintenance influ-
ences the maintenance processes and is based on available historical operation data and
statistics of events on EPS elements. For the entire EPS, we computed the availability of
elements in connection with the transmissioned energy. The availability of elements and
transmissioned energy to final customers are reliability indicators. The values of these indi-
cators for individual elements were then compared with the reliability indicators of similar
elements operated by other system operators. The importance of elements were computed
on the basis of these data. In connection with the technical conditions of elements that
are performed in practice through monitoring, it is possible to influence the maintenance
processes on the basis of the RCM maintenance concept.

The optimization process that uses all possible data on historical events of operation
and maintenance costs yields the results that can be used to manage the maintenance
processes in the future. This represents the main originality of this paper. The existing
method of assessing the technical condition of EPS elements was upgraded and included
actively in the optimization process, where we predicted a dynamic changing of the
technical condition of elements due to the interventions to the existing maintenance process.

The significant states in the system are determined on the basis of EPS operation data
that include generation, nodal loads, and load flows between the nodes. Their inclusion
in the optimization process enables that maintenance activities are performed in the most
suitable significant state. Thus, the maintenance activities have the least impact on the
EPS operation. Indirectly, this also influences operational reliability and maintenance
costs. The optimization process in our article affects the frequency of transitions between
maintenance processes.
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The past data on the operation of transmission elements that are covered by statistics
of events were the basis for calculation of reliability indicators of these elements and their
unavailability. The values of these indicators for individual elements were compared with
reliability indicators of similar elements operated by other system operators.

The paper consists of six sections. Section 2 presents the RCM concept-based main-
tenance model. A switching bay was represented with an index of technical condition
and an index of importance. The costs of the existing maintenance concept were analyzed
in detail. Section 3 provides the basic data for the optimization model. The key data
in the RCM maintenance process were the values of technical condition and reliability
indicators for every EPS element. The data are also given on the expected costs of outages
and maintenance costs for the example presented in this article. Section 4 presents the link
between the maintenance model and the optimization algorithm. Three objective functions
and one penalty function were defined to reach the optimal RCM maintenance concept.
The results of the optimization process are given in Section 5. The optimal method and
period of maintenance were defined accurately for each EPS element. A comparison was
also given of maintenance costs with the existing time-based maintenance and with the new
RCM maintenance concept. Section 6 provides the discussion and outlines the future work.

2. Maintenance Model Based on the RCM Concept

RCM is a maintenance concept that, in addition to the basic maintenance method-
ologies, is focused on reliability. The objective of the RCM concept is management of
maintenance costs and associated risks, having in mind the provision of adequate reliabil-
ity of operation of the EPS. It is important not to treat reliability at the level of individual
elements, but at the level of the entire system. Maintenance tasks carried out during
maintenance are as follows: periodical inspection of elements performed on the energized
state of the equipment; revision intended to retain elements’ functionality, performed on
the de-energized state of equipment; and repair or replacement of elements. Elements
with lower importance and good technical condition are maintained in the RCM concept
using TBM in a longer time period. The main aim of RCM in this paper was to determine
the maintenance periods of EPS elements with regard to their importance and condition,
considering reliability and costs. This is the main change with regard to the TBM concept,
where maintenance periods are determined in advance. The RCM concept in the paper is
based on [1], while the basic concept uses the standard [11].

Section 2 is dedicated entirely to the RCM concept and consists of seven subsections.
The elements are defined in Section 2.1 EPS. This includes a general set of elements and
the term switching bay. The structure of the model of input data for optimization in the
maintenance process is presented in Section 2.2. Since we wished to include ecology in
the optimization process, Section 2.3 defines the characteristic variable of diagnostics of
drops in pressure of the SF6 insulation gas. One of the key parameters in the RCM process
is the index of technical condition. For each type of EPS element, there is a methodology
for assessing their technical condition, which is described in Section 2.4. The next key
parameter in the RCM concept is the index of importance of an EPS element, which is
described in detail in Section 2.5. The cost-related part of our concept is dealt with in
Sections 2.6 and 2.7.

2.1. Definition of EPS Elements

The subject of our analyses is the EPS. It comprises generation units, lines, and substa-
tions. In substations, there are disconnectors, circuit breakers, power transformers, and
other elements. The elements of the EPS represent a set of elements Sel = {elk; 1 ≤ k ≤ nel;
k ∈ N}, where nel is the number of elements in the entire EPS, el is the element in the EPS,
and k is the counter of the EPS elements. All these elements form a database with charac-
teristic variables, such as estimation of technical condition, economic indicators, reliability
indicators, and indicator of importance. A set of elements Skel = {kelr; 1 ≤ r ≤ nkel; r ∈ N}
is created, where nkel is the number of kinds of elements used in the EPS, kel is the kind of
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elements used in the EPS, and r is the counter of kinds of elements used in the EPS. Data
on the entire EPS are needed for the computation of the reliability indicators of the EPS,
technical condition of elements, and maintenance costs. From the set of elements Sel, only
those elements were observed that are a part of the TS.

The model enables scheduling of maintenance tasks with regard to the state of the
system, taking into consideration economic effects and reliability of operation of individual
switching bays in the TS.

The analysis includes only switching bays and transformers that are elements of
the observed TS. A switching bay is a set of elements in the substation that belongs to
the main element (transformer or transmission line). A switching bay is an assembly
of switchgear elements (disconnectors, circuit breakers, etc.), and can be either line bay,
transformer bay, or bus coupler bay [27]. Bays in the TS form a set of bays SSB = {SSB,l;
SSB,l ⊂ Sel; 1 ≤ l ≤ nSB; l ∈ N}, where nSB is the number of switching bays. The lth bay in
the TS comprises a certain number of elements and forms the set of elements of the lth
bay SSB,l = {elSB,lm; 1 ≤ m ≤ nSB,l; m∈N}, being a subset of the set of elements Sel, where
nSB,l is the number of elements in the lth bay of the TS and m is the counter of elements
in the TS bay. A switching bay can be considered as a new EPS element. The reason
for this is that, during revision, the entire bay is always in a de-energized state and is
maintained as a whole. The analysis of a TS also includes power transformers. The set of
bays in the TS is, thus, case extended to the number of transformers nT. It is defined as
ST = {TRll; 1 ≤ ll ≤ nT; ll ∈ N}, where ll is the counter of transformers in the TS. The set
of TS elements, therefore, consists of switching bays and transformers, and is defined as
SSU = {SSU,q; SSU = SSB ∪ ST; 1 ≤ q ≤ nSU; q∈N; nSU = nSB + nT}, where q is the counter of
switching bays and transformers and nSU is the number of observed switching bays and
transformers of the TS.

2.2. The Structure of the Model

Figure 1 shows a block diagram of the preparation of input data for the optimization
of maintenance tasks in transmission substations.
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Figure 1. Block diagram of the RCM concept-based maintenance model.

The following data are needed for this optimization: drop in pressure of SF6 in circuit
breakers (CB), estimation of the technical condition of substation elements, financial data
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on switching bays’ maintenance, and reliability indicators for elements of switching bays
and transformers.

2.3. Diagnostics of the Density of SF6 Gas

Diagnostics of the EPS devices is performed as a part of regular maintenance activities
of EPS elements, and includes inspections, measurements, etc. One of the tasks of diagnostic
activities are measurements of drops in pressure ∆p of the SF6 insulation gas in circuit
breakers. Circuit breakers in the switching bays are a part of the set of all SF6 circuit breakers
in the EPS: SSF6 = {CBSF6,kk; CBSF6,kk ⊂ Sel; 1≤ kk≤ nSF6; kk ∈N}. The characteristic variable
of the set of circuit breakers SSF6 is the vector of drop in pressure in the SF6 circuit breakers
∆pSF6 = [∆pkk], where kk is the counter of SF6 circuit breakers and nSF6 is the number of SF6
circuit breakers in the TS.

If there is an SF6 circuit breaker in the lth bay (e.g., the kkth element), the drop in
pressure ∆pkk can be considered as the characteristic variable of this element. In this case,
we can write ∆pl = ∆pkk, otherwise ∆pl = 0. All the bays in the TS form a vector of drops in
pressure in circuit breakers ∆pSB = [∆pSB,l]. The vector of drops in pressure of SF6 for all
TS elements is, thus, defined as ∆p = [∆pq], where ∆pq = ∆pSB,l for 1 ≤ q ≤ nSB, l = q and
∆pq = ∆pT,ll = 0 for nSB + 1 ≤ q ≤ nSB + nT and ll = q − nSB. These are the input data for the
optimization procedure.

2.4. Index of Technical Condition c

Diagnostics of the EPS devices are also the basis for estimation of the technical condi-
tion of the EPS devices. For each kind of EPS element, there is an adopted methodology
for estimation of the technical condition of devices ck [26]. The index of the technical
condition is determined on the basis of the Slovenian transmission system operator internal
application for determination of technical condition ck, which contains a set of 18 criteria
with an adequate weighting factor (from 1 to 10), and each rating factor (from 1—good to
10—bad). The rating factor is determined by the engineer responsible for monitoring the
switching substation for each corresponding criterion of the element.

The values of the technical condition of an element can lie in the range 0 ≤ ck ≤ 100.
The higher the value is, the worse the technical condition of the EPS element. The technical
condition of all EPS elements is evaluated in this way and is included in cs = [ck]. The lth
switching bay of the TS contains a certain number of elements nSB,l and forms the set of
elements of this bay. The characteristic variable of the set SSB,l is the vector of technical
condition of the elements of this set, which is defined as cSB,l = [cSB,lm]. The technical
condition cl of the lth bay can be defined as the maximum estimated value of technical
condition of this bay’s elements, i.e., as cl = max(cSB,l). The vector cSB = [cl] can be defined
for all the bays in the substation. The values of technical condition for power transformers
are defined as cT = [cT,ll]. The vector of technical condition for the entire TS, including both
bays and transformers, c = [cq], is obtained using the identical procedure, as described in
Section 2.3.

2.5. Index of Importance i

To calculate the importance of the EPS elements, the reliability indicators need to
be calculated first. The first step in this calculation is a detailed analysis of the EPS as a
whole. For the calculation of reliability indicators, we used a powerful program tool for
steady-state calculations in the EPS, Neplan [26]. The Neplan program tool for calculation
of reliability indicators requires data on outages of all EPS elements, as well as hourly data
on generation and consumption for all EPS nodes. The analysis begins with a statistical
survey of hourly data on generation and consumption in all EPS nodes, as well as an
analysis of power flows in certain parts of the EPS in a certain period (one year or more). A
clustering approach is used on the basis of historical data. Average values of power (µP)
and deviations from the average value (σP) are calculated for generation, consumption, and
power flows. Combinations of strings of hourly data for the total power PSYS are selected,
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which is defined as the total power of generation, consumption, and power flows for the
entire EPS. The nSS sets of significant states (SS) are selected for generation, consumption,
and power flows for the combinations that appear most often. SS are states in the EPS with
a certain quantity of generation, load flows, and consumption. Significant states are each
a static snapshot that combines generation, consumption, and transmission. SS can be a
variable (SS).

SSS = {hSS,j; 1 ≤ j ≤ nSS; j ∈ N}, where hSS,j is the characteristic hour from the selected
jth set of states. Table 1 presents 9 selected SS for generation, consumption, and power
flows that, to a certain extent, reflect the state of the EPS in the observed period. This is
important in deciding when to implement maintenance of the TS elements.

Table 1. Selected significant states for EPS.

PSYS (MW) SS1 SS2 SS3 SS4 SS5 SS6 SS7 SS8 SS9

Power generation + − + ++ + ++ ++ + ++
Consumption − − + + + − − − −
Power flow − + − − − + − ++ −

wSS,j 0.315 0.086 0.029 0.020 0.167 0.221 0.079 0.001 0.003
Legend: + mean PSYS > Pavg; ++ mean Ppeak; −mean PSYS < Pavg.

It is also possible to calculate the shares of frequency of occurrence of SS that are
characterized by generation and consumption in the selected hours of the observed period.
Thus, the vector of shares of selected states in the EPS wSS = [wSS,j]; 0 < wSS,j < 1 is calculated
(Table 1). The weight wSS,j depends on the share of hours in an individual set SSS,j of the
whole set of hours.

For a certain past period, the data on outages of EPS elements are collected and
modified in the reliability model of the Neplan program tool. In the model, it is also
necessary to make possible changes of the EPS configuration. For each chosen jth SS
reliability indicators are calculated in Neplan using the failure effect analysis (FEA) [28].
For the subsequent calculations, the costs are used of expected long duration outages of the
EPS elements. The data on energy not supplied to the consumers Wins,jk in the case of an
outage of a certain EPS element are included in the matrix wins = [wins,jk], while the matrix
wing = [wing,jk] contains data on energy not produced in the generation units Wing,jk. Wins,jk
and Wing,jk for every significant state and every certain element of EPS are calculated with
FEA in the program tool Neplan. They are reliability indicators.

For each element r from the set of elements Sel, the subset Sel,jrv is created for each
significant state j, kind of elements r, and a certain voltage level v Sel,jrv = {Wins,jkrv, Wing,jkrv;
1≤ k≤ nkel; 1≤ v≤ 3; k, v ∈N}. For each significant state j and kind of elements r, Winmax,rv
is determined, which is the maximum value from the set Sel,jrv, and for a certain voltage
level v from the set SVL; SVL = {110 kV, 220 kV, 400 kV}. On the basis of these data, we
are able to calculate the importance of the kth EPS element for the jth SS using kind of
element r, and certain voltage level v is calculated as

ijk,rv =
0.8 ·Wins, jkrv + 0.2 ·Wing, jkrv

Winmax,rv
(1)

which is based on experiences of the transmission system operator (TSO) ELES, and foresees
that energy not supplied contributes 80% to the importance, while energy not produced
contributes the remaining 20%, where v is a counter of voltage levels between 1 ≤ v ≤ 3.
Thus, the matrix of importance ISSEPS = [ijk] is determined for all SS and the entire EPS.

The matrix of importance for the lth switching bay of the TS can be created for
all significant states as ISB,l = [iSB,ljm]. From the matrix ISB,l for the jth SS, the vector
iSB,jl = [iSB,jlm]; 1 ≤ m ≤ nSB,l is created, and, for the jth SS, the total importance of the lth
bay is determined using the equation ijl = max(iSB,jl). From these vectors, the matrix of
importance for all significant states ISB = [ijl] is created for all TS bays. In a similar way,
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the matrix of importance is created for power transformers in the TS IT = [iT,jll]. The total
importance of all TS elements is obtained by joining the matrices ISB and IT to I = [ijq],
where ijq = iSB,jl for 1 ≤ j ≤ nSS, 1 ≤ q ≤ nSB and l = q, and ijq = iT,jll for 1 ≤ j ≤ nSS and nSB +
1 ≤ q ≤ nSB + nT, and ll = q − nSB.

2.6. Past Maintenance Cost

It is necessary to perform a detailed financial analysis of the entire EPS for the deter-
mination of maintenance costs, which includes analysis of incomes, maintenance costs,
and replacements of TS elements. This analysis is carried out by a unified information
system (IBM Maximo). From the database, it is possible to obtain revision costs for all
EPS elements CrEPS = [Cr,k] for the past period in EUR/year. For the lth bay of the TS, it is
possible to create the vector of revision costs, defined as CrSB,l = [CrSB,lm]. The total annual
revision costs for the lth bay are defined as the sum of costs for all its elements:

Cr,l = ∑nSB,l
m=1 CrSB,lm (2)

Using (2), the vector is obtained of all revision costs by switching bays CrSB = [Cr,l].
The vector of revision costs for power transformers CrT = [CrT,ll] is obtained in a similar
way. The total revision costs for all TS elements Cr are obtained using the above-described
procedure for determination of the vector ∆p.

2.7. Expected Costs of Outages

The computation of the reliability model in the Neplan program tool yields as the
final result FEA for each element k and each SS j the total anticipated costs of outage of
all consumers by power CinP,jk in EUR/year, caused by an outage of the element k in SS
j (which are affected by outage of the element k in SS j). The expected costs depend on
individual contracts between the TSO and each consumer, the power of consumption, and
the duration of each customer’s outage that is affected by an outage of element k in SS j.
Following the FEA procedure, the maximum value of reliability indicators is obtained as a
result. This method captures all possible changes in the state of devices in the TS.

The scaled costs of total energy not supplied due to an outage of the element k in SS
j as CinWs,jk = cinWs·Wins,jk (EUR/year) are also computed, where cinWs are specific costs
of energy not supplied, which are defined by the TSO (cinWs = 5000 EUR/MWh). The
last scaled costs are the costs of energy not generated due to an outage of the element k
in SS j as CinWg,jk = cinWg·Wing,jk (EUR/year), where cinWg are specific costs of generated
energy, defined by the TSO (cinWg = 60 EUR/MWh). The total costs of expected outages
due to an outage of the element k in SS j are calculated as the sum of costs Cin,jk = CinP,jk +
CinWs,jk + CinWg,jk (EUR/year). They are, for all significant states, collected in the matrix
Cins = [Cin,jk].

For the lth bay of the TS, the matrix of expected outage costs could be created for
all significant states CinSB,l = [CinSB,ljm]. The total expected costs of outages are calculated
using (3).

Cin, jl = ∑nSB,l
m=1 CinSB,l jm (3)

The matrix of costs of expected outages CinSB = [Cin,jl] could be created for all signifi-
cant states and TS bays. The matrix of costs of expected outages for power transformers is
CinT = [CinT,jll]. The matrix of costs of expected outages for all TS elements Cin = [Cin,jq] is
obtained using the same procedure as described above for the calculation of importance I.

3. Data for the Maintenance Model of an Existing 400/110–220/110 kV
Transmission Substation

The optimization of maintenance tasks is shown on a practical example of a Slovenian
transmission substation. The analysis included all primary devices on 400, 220, and 110 kV
levels in the substation. There were altogether nSB = 26 bays, 7 of them on 400 kV, 5 on
220 kV, and 14 on a 110 kV level. In addition to the bays, there were also nT = 5 power trans-
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formers, two of them 220/110 kV, one 400/110 kV, and two components of a 400/400 kV
phase-shifting transformer. The TS model therefore comprised nSU = 31 elements.

3.1. Data on Technical Condition c and Importance i

Table 2 shows the calculated data on the importance of individual significant states of
the RCM model of the TS ijq, average importance of bays by various significant states iq,
technical condition (technical indicator) cq, and average deviation dq for all bays, calculated
using (5).

Table 2. TS elements technical and reliability indicators.

q Code
Voltage

Level (kV)
Importance iqj Average Importance

iavg,q

Condition
cq

Distance
dqSS1 SS2 SS3 SS4 SS5 SS6 SS7 SS8 SS9

Switching bay arrangements

1 T401 400 0.96 0.68 0.49 0.94 1.55 0.75 0.16 0.14 10.29 0.86 24.78 18.13
2 L401 400 4.44 0.60 0.53 0.91 2.06 3.65 2.60 100 100 3.24 60.22 44.87
3 L402 400 4.61 0.53 1.13 0.73 2.15 4.07 2.22 0.10 1.36 2.98 24.78 19.63
4 L403 400 0.96 0.68 0.49 0.95 1.55 0.75 0.22 0.14 11.14 0.87 24.78 18.14
5 C401 400 5.99 0.71 1.00 0.94 5.24 2.12 4.73 100 1.50 3.82 25.65 20.84
6 T402 400 4.60 0.60 0.52 0.91 2.12 4.05 0.72 100 5.46 2.95 17.39 14.39
7 T403 400 4.60 0.60 0.52 0.91 2.12 4.05 0.72 100 5.46 2.95 17.39 14.39
8 T201 220 42.31 100 0.34 0.76 2.36 0.24 0.38 4.83 0.43 22.43 30.65 37.54
9 T202 220 42.31 100 0.34 0.76 2.36 0.24 0.38 4.83 0.43 22.43 41.74 45.38
10 L201 220 42.31 100 0.34 0.76 12.16 0.24 0.38 4.83 0.43 24.07 20.87 31.78
11 L202 220 69.13 100 0.34 0.76 9.09 0.24 0.38 4.83 0.43 32.01 20.87 37.39
12 L203 220 42.31 100 0.34 0.76 17.91 0.24 0.38 4.83 0.43 25.03 20.87 32.46
13 T101 110 0.02 1.87 4.89 2.64 0.24 0.02 2.35 100 0.00 0.69 42.39 30.46
14 T102 110 0.02 1.76 4.75 2.51 0.24 0.02 2.37 100 0.00 0.68 50.43 36.14
15 L101 110 0.02 1.91 5.46 2.96 0.70 0.03 1.81 100 0.00 0.75 52.17 37.43
16 T103 110 0.01 0.35 0.97 0.58 0.01 0.02 0.06 100 0.00 0.18 42.83 30.41
17 T104 110 0.02 1.64 4.71 2.46 0.04 0.02 2.29 100 0.00 0.63 49.78 35.64
18 L102 110 0.02 2.24 5.84 3.10 3.37 0.02 0.83 99.99 0.04 1.16 53.04 38.33
19 L103 110 0.02 2.36 6.00 3.24 3.37 0.02 0.85 99.99 0.04 1.18 53.04 38.34
20 L104 110 0.02 1.91 4.94 2.68 0.29 0.02 2.29 100 0.00 0.70 43.7 31.39
21 L105 110 0.02 1.81 4.79 2.55 0.29 0.02 2.31 100 0.00 0.69 48.26 34.61
22 T105 110 0.02 7.31 9.71 8.47 3.35 0.05 2.82 100 0.01 1.98 22.61 17.39
23 L106 110 0.02 2.24 4.95 3.04 0.65 0.04 1.85 100 0.00 0.77 38.7 27.91
24 L107 110 0.02 2.50 5.19 3.45 0.82 0.06 1.61 100 0.00 0.82 40.65 29.32
25 L108 110 0.02 2.42 5.12 3.25 0.72 0.05 1.76 100 0.00 0.80 48.26 34.69
26 C101 110 0.01 0.45 1.07 0.70 0.02 0.09 0.06 100 0.00 0.22 24.13 17.22

Transformers

27 Tr211 220/110 88.01 69.22 16.54 13.60 63.83 8.73 29.52 13.38 100 49.66 49.29 69.97
28 Tr212 220/110 100 83.41 26.44 19.53 90.99 11.90 21.84 19.61 86.64 59.66 38.69 69.54
29 Tr411 400/110 63.43 100 100 100 100 73.31 17.00 1.57 87.78 67.99 29.29 68.78
30 Tr441 400/400 100 38.31 75.34 37.09 1.82 100 100 100 100 68.42 6.67 53.10
31 Tr442 400/400 100 38.31 75.34 37.09 1.82 100 100 100 100 68.42 6.67 53.10

The average importance of TS bays by each SS is determined in a similar way with (4).

iavg = I ·wT
SS (4)

The common index d is defined on the basis of the index of technical condition c and
index of importance iavg. It represents the uniform participation of technical condition
and importance of c and iavg of the device. The index d encompasses the bays and power
transformers of the TS and is defined by (5).

d =
c + iavg√

2
(5)
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The average value of costs of expected outages by each SS for all TS bays is calculated
using (6) as the vector of costs of expected outages Cin,avg.

Cin,avg = Cin·wT
SS (6)

All these values from Table 2 are input data of the optimization process, and the basis
for the c − iavg diagram for all 31 bays (Figure 2b). In the c − iavg diagram, the x-axis
represents the index of importance i, and the y-axis the index of technical condition c. For
both indexes c and i to be considered equally, the line x needs to be rotated by the angle
β = 45◦. The point on the c − iavg diagram represents a couple c and iavg for the switching
bay qs.
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Figure 2. (a) c − i diagram for all bays and transformers in all significant states; (b) c − iavg diagram for all bays and
transformers with average value of importance.

The RCM diagram in Figure 2 represents a graphical representation of the main
data, which are the importance and technical conditions of elements from Table 2. The
importance of elements was averaged, due to the need for a better visualization and request
for a uniform solution for the determination of maintenance frequency of elements.

The bay code in Table 2 consists of one letter and three digits. The letter represents the
type of bay: line bay (L), transformer bay (T), or bus coupler bay (C).

The first digit indicates the voltage level of the bay (1–110 kV, 2–220 kV, and 4–400 kV).
The last two digits represent the sequence number of the bay. The code for power trans-
formers consists of two letters (Tr) and three digits. The first digit indicates the voltage
level of the primary winding, the second is the secondary winding, and the third is the
sequence number of the transformer.

Figure 2a shows the c − i diagram with the condition of all elements in all significant
states of the index ijq, while Figure 2b shows the c − iavg diagram with the average index of
the element iq. In comparison to the diagram in Figure 2a, the diagram in Figure 2b shows
only one point on the c − i diagram for the TS elements. d1 and d2 are bounds between the
areas of action and are defined by the TSO. These areas represent risk of failures on devices.

The colors in the c − i diagram describe the kind of maintenance tasks. In the green
area, there are prescribed regular inspections of HV devices; in the yellow area, there are
maintenance interventions that require equipment revision; and in the red area, there are
the cases where the equipment needs to be replaced. The deviation dq defines as to which
area an individual TS element belongs [1,26].

From the diagram (Figure 2b), it is evident that 110 kV bays were in the green-yellow
border area (110 kV circuit breakers). The 220 kV bays were in the same area, only their
importance was higher. The 400 kV bays were, due to their importance in the transmission
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system and recent replacement, in the green area. The transformers were in the yellow-red
area, due mostly to their age and importance for the EPS. Their replacement was planned
for the near future. ∆p was negligible for all SF6 SB in TS. It was set to ∆p = [∆pq = 0].

3.2. Costs

Table 3 contains the data on expected costs of outages and maintenance costs for the
example presented in this paper. The nine columns for SSs present the costs Cin,jq of long
duration outages for all significant states, defined in Section 2.7. The last two columns
contain total costs Cin,q of outages for each element, calculated using (3), and revision costs
Cr,q for each element defined in Section 2.6.

Table 3. TS elements’ costs.

q Code
Voltage

Level (kV)

Costs of Expected Outages of the EPS Element Cin,qj (EUR/Year) Averaged Outages
Costs Cin,q

Revision
Costs Cr,qSS1 SS2 SS3 SS4 SS5 SS6 SS7 SS8 SS9

Switching bay arrangements

1 T401 400 6.02 8.52 8.68 15.17 21.66 10.88 1.57 57.53 6.03 9.40 693.45
2 L401 400 30.45 7.76 9.45 14.94 277,083 56.29 37.42 1,848,919 262,999 48,937 2779
3 L402 400 31.49 2.40 4.32 1.63 9.34 62.31 33.67 69.09 19.39 28.40 6000
4 L403 400 6.63 8.22 8.39 14.76 22.08 10.84 1.65 59.73 6.27 9.64 4005
5 C401 400 41.41 8.80 16.76 9.90 9566 81.07 3663 17,688 9079 1964.30 1108
6 T402 400 60.30 9.65 12.78 15.60 19,132 115.5 3609 35,472 18,162 3616.28 445.05
7 T403 400 60.30 9.65 12.78 15.60 19,132 115.5 3609 35,472 18,162 3616.28 469.2
8 T201 220 0.68 5.61 1.82 5.67 1.87 1.66 2.55 24.05 2.77 1.78 1669
9 T202 220 0.68 5.61 1.82 5.67 1.87 1.66 2.55 24.05 2.77 1.78 2656
10 L201 220 0.69 5.62 1.83 5.68 1.98 1.71 2.58 24.38 2.80 1.81 4052
11 L202 220 0.73 5.67 1.89 5.77 1.87 1.68 2.57 24.18 2.78 1.81 4390
12 L203 220 0.69 5.87 1.92 5.92 1.91 1.70 2.63 24.97 2.85 1.83 3065
13 T101 110 12.20 0.09 0.03 0.09 0.04 0.09 0.07 0.03 0.15 3.88 2089
14 T102 110 6.39 0.03 0.03 0.03 0.03 0.03 0.03 0.04 0.04 2.03 1277
15 L101 110 6.26 0.07 0.24 0.40 0.10 0.12 0.28 0.09 0.12 2.06 2835
16 T103 110 0.23 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.07 895.85
17 T104 110 6.28 0.08 0.03 0.09 0.02 0.08 0.03 0.02 0.11 2.01 1392
18 L102 110 5.76 0.30 0.78 0.50 1.95 0.02 1.54 0.98 3.65 2.34 2458
19 L103 110 5.55 0.31 0.79 0.52 1.96 0.02 1.54 0.99 3.67 2.28 2459
20 L104 110 6.17 0.01 0.01 0.02 0.01 0.01 0.02 0.02 0.01 1.95 1336
21 L105 110 6.38 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 2.01 4303
22 T105 110 12.14 2.52 2.51 3.45 2.31 1.02 0.11 0.36 0.24 4.80 991.3
23 L106 110 6.31 0.31 0.34 0.47 0.16 0.28 0.26 0.16 0.29 2.14 2063
24 L107 110 6.07 0.42 0.49 0.72 0.25 0.44 0.39 0.27 0.42 2.15 2899
25 L108 110 6.09 0.37 0.40 0.55 0.19 0.32 0.31 0.19 0.34 2.10 2930
26 C101 110 0.45 0.00 0.01 0.01 0.01 0.00 0.01 0.02 0.01 0.14 1779

Transformers

27 Tr211 220/110 2.65 1.71 0.08 1.57 0.25 1.61 1.28 0.09 3.24 1.52 1099
28 Tr212 220/110 3.03 2.05 0.84 2.16 0.46 2.11 0.72 0.51 2.74 1.81 1368
29 Tr411 400/110 1.03 3.27 3.26 4.51 2.91 1.15 0.37 0.67 0.48 1.56 1496
30 Tr441 400/400 1.67 1.22 1.96 1.58 0.47 1.50 2.03 21.21 0.92 1.31 46,969
31 Tr442 400/400 1.67 1.22 1.96 1.58 0.47 1.50 2.03 21.21 0.92 1.31 47,590

4. Optimization Process of Maintenance Activity

The concept of optimization is based upon seeking for the minimum maintenance
costs in the observed period, which is usually one year with regard to the TSO, and taking
into consideration the reliability of operation.

A block diagram of the optimization process and analysis of the optimal data is shown
in Figure 3. The diagram is linked to the diagrams in Figure 1 through the connections A–F.
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Figure 3. Algorithm of the optimization process of maintenance.

4.1. Objective and Penalty Function

The maintenance model is linked to the optimization algorithm with objective and
penalty functions. Three objective functions and one penalty function were defined to
achieve the reliability-based maintenance concept. Since the objective functions are related
to different quantities, they are normalized in the optimization process to enable merging
of criteria.

The first objective function f 1 is related to the expected costs of outage during the
maintenance for all significant states. Figure 4a shows the fuzzy function (bell-shaped
membership function) used to normalize the expected costs of non-transmitted energy
Cin,q. The concept of normalizing is such that the costs of non-transmitted energy, which
in “usual” significant states lie between xl = 5 and xu = 300 EUR/year, represent 90%
variability of the normalized value. The costs of expected outages Cin,q that occur several
times per year amount to approximately EUR 1,000,000 per year (Table 3) and have no
more impact on the value of the objective function.
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Figure 4. (a) Presentation of normalization of the objective functions f 1 (expected costs of outages)
and f 3 (c-i indices); (b) presentation of normalizing of the penalty function pk (leaking of SF6).
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The second objective function f 2 in the optimization process that represents the re-
vision costs for a certain TS element Cr,q for all tasks that require de-energizing of an
individual bay. Since the range of these costs is smaller than for the first objective function,
there is no need for the use of fuzzy function-based normalization. The normalization is
performed using (7)

f2 =
nSB

∑
q=1

Cr,q

yq
/

nSB

∑
q=1

Cr,q; nSB = 31; y ∈ {1, 2, 3} (7)

where the objective function encompasses the total costs of all the 31 transmission substa-
tion bays and transformers, where the revision time period (1, 2, or 3 years) is taken into
consideration for each bay separately.

The third objective function f 3 is related to the indices of the RCM maintenance
concept. In the block diagram of input data (Figure 3), the RCM indices c and i are included
in the common index d. In the denotation of the vector, the weighting factor wSSj needs to
be taken into consideration. For the determination of the objective function f 3, the common
part dq is used, which includes all the above-mentioned factors. An easier insight into the
situation is enabled by the c − iavg diagram, shown in Figure 2b. If the value of dq is lower
than 35.3 (green area), this objective function yields f 3 = 0. If the value of dq lies between
35.3 and 70.7 (yellow area), the value of the objective function f 3 is linear between 0 and 1.
If the value exceeds 70.7 the value of the objective function is f 3 = 1. The third objective
function is illustrated graphically in Figure 4a.

Penalty function pk is related to the variations of pressure of the greenhouse SF6
gas in the circuit breakers. The penalty function describes that the leaking of SF6 in
the period ∆t is the reason for more frequent maintenance interventions. The higher
the change of pressure in the period ∆t, the steeper is the penalty function pk, i.e., the
sooner it approaches the value of 1 (Figure 4b). If the pressure drops below the factory-set
value a, the protection disables operation of the HV device, which requires a maintenance
intervention—replacement of the element. The equation of the penalty function (8) can be
derived from Figure 4b.

pk =

{
1;
(
∆pq > a

)
⇒ replacement

2
∆pq

a − 1; ∆pq < a
(8)

The optimization algorithm for maintenance of transmission substations, designed in
the above-described way, is referred to as a multiobjective optimization algorithm. The
most commonly used approach for solving the multiobjective optimization problem is the
use of the weighted sum method f = γ1 · f 1 + γ2 · f 2 + γ3 · f 3 + pk, where the optimization
algorithm finds an unambiguous solution with regard to the selected weights γ1, γ2, and γ3
of the objective function. Weights are chosen empirically: γ1 = 0.25, γ2 = 0.25, and γ3 = 0.5.
The highest weight is assigned to the third objective function, due to the higher importance
of the RCM concept. Equal weights are assigned to the first and the second objective
functions that deal with maintenance and operation costs. The reason for this decision is
in the final reduction of overall costs, since we believe that performing of maintenance
activities based on the RCM concept contributes significantly to the reduction of associated
risks and rational use of financial funds.

4.2. Optimization Parameters

In the optimization procedure, two optimization parameters are selected for each
bay nSU. The first optimization parameter represents the periods of revision that are
performed on every TS bay. Three periods were selected: every year, every two years, and
every three years. The vector of revision pr, which is defined by pr = [pr,q]; pr,q ∈ {1,2,3},
can be created for all bays and transformers. The second parameter of the optimization
procedure represents the SS-based maintenance (Table 1). This parameter defines for
each TS bay and transformer the most suitable SS for performing of revision. The vector
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of maintenance by SS pSS is created for all TS bays and transformers. The codomain of
this vector is the significant states themselves. The parameter is defined by pSS = [pSS,q];
pSS,q ∈{j; 1 ≤ j ≤ nSS}; 1 ≤ q ≤ nSU; j,q ∈ N.

4.3. Optimization Process with the Modified Differential Evolution Algorithm

The modified differential evolution algorithm, which belongs to the group of evo-
lutionary computation methods, is used in the optimization process. In the process of
seeking the optimal solution of the objective function, which represents the maintenance
model of a substation on the basis of the RCM concept, we introduced a modification of the
algorithm, representing self-adaptation (SA) of the control parameters CR in F [29,30]. The
following three possibilities were analyzed: optimization without SA (basic DE algorithm),
optimization with CR and F self-adapted for the entire population, and optimization with
CR and F self-adapted for each individual in the population.

These improvements ensured adequate robustness of the algorithm since the opti-
mization problem is extremely complex and comprehensive (62 optimization parameters).

To ensure successful operation of the DE optimization algorithm, we selected the
control parameters of differential evolution that are presented in Table 4. The control pa-
rameters have a significant impact on performance of the search process in DE (convergence
of the optimization process and accuracy of computation of the optimal solution).

Table 4. Control parameters of DE.

Control Parameter Value Description

VTR 1 × 10−3 value-to-reach
D 62 number of parameters

NP 600 population size
Strategy 7 strategy DE/rand/1/bin

CR 0.7/self-adaptive crossover probability
F 0.6/self-adaptive differential weighting factor

itermax 1000 maximum number of iterations

5. Results of Optimal RCM Maintenance

The use of an adequate optimization tool can ensure preservation of the existing level
of maintenance quality, despite the cost reduction achieved by the use of the modified
differential evolution algorithm.

5.1. Optimization Process

The progress of optimization process versus iterations is shown in Figure 5. It can be
seen that the optimization process converged to the optimal solution after approximately
700 iterations.

Seeking an optimal solution in the optimization process is conditioned by the values of
individual objective functions and their weights. Individual objective functions, of course,
cannot converge to their own optimums, since the optimization process is oriented to the
common criterion that represents the correlation of individual criteria.

Ten independent calculations of optimization algorithm runs were performed for
each SA variant. The average value and standard deviation of the objective function were
computed on the basis of these runs (Table 5). The use of an optimization algorithm
without SA indicates a dispersion of the results of 10 independent runs. The results of
both other variants with the use of SA, on the other hand, indicate the reliability and
robustness of the optimization algorithm, since there was no dispersion of the results of
10 independent optimization runs (standard deviation equals zero). All results are related
to the optimization with SA.
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Figure 5. Progress of the optimization process of common objective function and partial objective
functions.

Table 5. Mean values and standard deviation of objective function for variants of SA.

No. Without SA F and CR for the
Whole Population

F and CR for Each Individual
in the Population

Value of
objective function

1 0.410812 0.400430 0.400430
2 0.409546 0.400430 0.400430
3 0.407953 0.400430 0.400430
4 0.409546 0.400430 0.400430
5 0.407953 0.400430 0.400430
6 0.409546 0.400430 0.400430
7 0.407953 0.400430 0.400430
8 0.409546 0.400430 0.400430
9 0.407953 0.400430 0.400430
10 0.409179 0.400430 0.400430

Mean value of
objective function 0.408999 0.400430 0.400430

StD of
objective function 0.000573 0 0

5.2. Optimal Maintenance for the Observed TS

The optimization was performed to obtain optimal parameters representing the fre-
quency of maintenance activities pr,OPT and the optimal SS pSS,OPT, in which the mainte-
nance should be carried out. The maintenance of each TS bay is, therefore, conditioned by
two optimization parameters.

Figure 6 shows the results of optimal maintenance for the observed TS, where Figure 6a
shows the optimization parameters from the vector pr,OPT (in years) for the revision per-
formed in each individual switching bay or power transformers (the existing TBM mainte-
nance methodology—red line, proposed optimal methodology—blue histogram). Figure 6b
shows the optimal data of the second set of optimization parameters pSS,OPT, which repre-
sents the proposal for maintenance. It provides the information about the selected SS of
the EPS (possible future combination of generation, consumption, and power flows in the
TS) when it would be most suitable to de-energize the TS elements and perform revision.



Appl. Sci. 2021, 11, 11806 15 of 20

Appl. Sci. 2021, 11, x FOR PEER REVIEW 16 of 21 
 

Figure 6 shows the results of optimal maintenance for the observed TS, where Figure 
6a shows the optimization parameters from the vector pr,OPT (in years) for the revision per-
formed in each individual switching bay or power transformers (the existing TBM mainte-
nance methodology—red line, proposed optimal methodology—blue histogram). Figure 
6b shows the optimal data of the second set of optimization parameters pSS,OPT, which rep-
resents the proposal for maintenance. It provides the information about the selected SS of 
the EPS (possible future combination of generation, consumption, and power flows in the 
TS) when it would be most suitable to de-energize the TS elements and perform revision. 

 
Figure 6. Results of optimization. (a) Period of maintenance works (the existing TBM concept—red 
line, proposed optimal methodology—blue histogram); (b) proposal of maintenance in possible sig-
nificant states. 

The summaries of optimal parameters are in the form of histograms, shown in Figure 
7. They show that it would be most suitable to perform revision on 10 elements every year, 
on 13 every two years, and on 8 every three years. With the proposed maintenance meth-
odology, only approximately one-third of switchyard elements kept yearly frequency of 
maintenance activities. For the existing TBM concept, all 31 elements were found to have 
the frequency of maintenance activities every year. Despite the optimally selected mainte-
nance periods, it would be necessary to perform revision on 10 elements every year. A 
comparison of the selected significant states in Table 1 and the histogram of the most suit-
able significant states led to the conclusion that the most suitable significant states for de-
energizing state are the TS elements.  

0 5 10 15 20 25 300

1

2

3

Switching bays and transformers

Fr
eq

ue
nc

y 
of

   
   

 
m

ai
nt

en
an

ce
 (y

ea
r)

0 5 10 15 20 25 300

2

4

6

8

Switching bays and transformers

Pr
op

os
al

 fo
r  

  
m

ai
nt

en
an

ce
 (S

S)

(b)

(a)

Proposed methodology
Existing TBM concept

Figure 6. Results of optimization. (a) Period of maintenance works (the existing TBM concept—red
line, proposed optimal methodology—blue histogram); (b) proposal of maintenance in possible
significant states.

The summaries of optimal parameters are in the form of histograms, shown in Figure 7.
They show that it would be most suitable to perform revision on 10 elements every year,
on 13 every two years, and on 8 every three years. With the proposed maintenance
methodology, only approximately one-third of switchyard elements kept yearly frequency
of maintenance activities. For the existing TBM concept, all 31 elements were found to
have the frequency of maintenance activities every year. Despite the optimally selected
maintenance periods, it would be necessary to perform revision on 10 elements every year.
A comparison of the selected significant states in Table 1 and the histogram of the most
suitable significant states led to the conclusion that the most suitable significant states for
de-energizing state are the TS elements.
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Figure 7. Histogram of existing TBM concept and proposed optimal maintenance methodology.

The optimization results of RCM maintenance methodology are presented in the c
− iavg diagrams in Figure 8. The c − iavg diagram after the optimization (Figure 8a) was
compared with the c − iavg diagram before optimization (Figure 2b). The comparison of
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both c − iavg diagrams showed that the points only moved vertically. Differences between
the values of technical condition index c before and after the optimization for individual
switching bays ranged between 0 and 18.
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Figure 8. (a) c − iavg diagram after optimization; (b) c − iavg diagram with changed maintenance areas.

In the optimization procedure, we also took into consideration the fact that the bound-
aries between maintenance areas of the bays on the c − iavg diagram could also be changed
by varying the distances d1 and d2 or the angle β (Figure 8b). The determination of bound-
aries of individual areas in the c − iavg diagram depends on risks (outages of TS elements,
financial risks) that the transmission system operator is willing to accept. Changing the
boundaries and angle β in Figure 8b influences the maintenance concept. Any change of
boundaries in the c − iavg diagram also influences boundary conditions of the optimization
and requires a new run of the optimization tool.

The optimization process is performed with a feedback loop, which enables correction
of new parameters of technical condition (index c) with regard to the period of the mainte-
nance works, characteristic maintenance states, and performance of tasks. This ensures
feedback to the input parameters through the index of technical condition c and a feedback
loop to the optimization model.

The time window in the optimization model is three years, although the optimization
is performed every year. This means that the time window is, every year, shifted by one
year to the future. In the case of major investments to the TS the model is updated, and
a new optimization run is performed. If there are no extraordinary events, the state of
elements in principle does not change; otherwise, a correction is made that is considered in
the optimization model for the time window of the next three years.

The purpose of introducing the optimization procedure in maintenance is not only
to optimize costs by providing the highest reliability possible, but also in planning of
maintenance tasks for the whole year.

5.3. Postprocessing of the Results

A comparison analysis of maintenance costs with the existing time-based maintenance
and with the new RCM maintenance concept (Table 6) showed that the costs of the existing
maintenance method amount to EUR 568,423, to which inspections contributed the main
share. The optimization also influenced the revision activities in the three-year period.
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Table 6. Revision and total costs with and without optimization.

Maintenance Tasks Year
Without

Optimization
(EUR/Year)

With
Optimization

(EUR/Year)

Saving
(EUR/Year)

Saving
(%)

Revisions
x 159,574 14,429 145,145 90.96

x + 1 159,574 52,933 106,641 66.83
x + 2 159,574 121,069 38,505 24.13

Inspections 405,935 405,935 colspan="2" −
Replacements 2914 2914 − −

Total
x 568,423 423,278 145,145 25.53

x + 1 568,423 461,782 106,641 18.76
x + 2 568,423 529,918 38,505 6.77

The savings were the highest in the first year, and amounted to 90.96% of the antici-
pated revision costs, or 25.53% of the total maintenance budget for the observed TS. In the
second year, the savings were lower, and amounted to 66.83% of the anticipated revision
costs, or 18.76% of the total maintenance budget for the observed TS. In the last year of
the three-year period, the savings were the lowest, amounting to 24.13% of the anticipated
revision costs, or 6.77% of the total maintenance budget for the observed TS.

The costs and savings shown above depend on the selection of weights γ1, γ2, and γ3
in the objective function. The selection of weights can provide more importance, either to
the introduction of RCM maintenance or costs, i.e., reliability, or savings. The TSO needs
to decide which aspect is more important. Table 6 shows the costs and savings for the
selection of weights, described in Section 4.1 (γ1 = 0.25, γ2 = 0.25, and γ3 = 0.5), where
higher importance is given to RCM maintenance, i.e., reliability. For comparison, Table 7
shows costs and savings for the following selection of weights: γ1 = 0.5, γ2 = 0.25, and
γ3 = 0.25.

Table 7. Revision and total costs with and without optimization for changed objective function weights in the optimiza-
tion process.

Maintenance Tasks Year
Without

Optimization
(EUR/year)

With
Optimization

(EUR/Year)

Saving
(EUR/Year)

Saving
(%)

Revisions
x 159,574 7347 152,227 95.40

x + 1 159,574 28,520 131,054 82.13
x + 2 159,574 131,054 28,520 17.87

Inspections 405,935 405,935 − −
Replacements 2914 2914 − −

Total
x 568,423 416,196 152,227 26.78

x + 1 568,423 437,369 131,054 23.06
x + 2 568,423 539,903 28,520 5.02

The selection of weights in Table 7 brings in the first year a 95.50% saving of predicted
revision costs and 26.78% of the total maintenance budget of the substation. In the second
year, the savings were lower, amounting to 82.13% of the predicted revision costs and
23.06% of the total maintenance budget. In the third year, the savings were the lowest,
amounting to 17.87% of the predicted revision costs and 5.02% of the total maintenance
budget. The maximum difference between savings in the revision costs from Tables 6 and 7
was 15.3%.
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6. Discussion

In the field of maintenance of electric power system devices and networks, time-based
maintenance (TBM) is still used widely. Nevertheless, a large number of companies are
gradually introducing condition-based maintenance (CBM). An upgrade of such mainte-
nance system is RCM, wherein the frequency of maintenance interventions is defined with
regard to the state and importance of the EPS element. RCM maintenance methodology
considers the reliability of the entire system and not only individual elements, which is the
key advantage of this maintenance methodology.

An RCM model was developed and tested for transmission substations. For this
purpose, in the first step, input data were defined for the indicators of operational relia-
bility, technical condition of devices, and maintenance costs. These data were obtained
on the basis of results of diagnostics and monitoring of elements, as well as from the
calculations of parameters for the entire Slovenian EPS. The RCM model was upgraded
with an optimization algorithm that enables it to find the optimal maintenance costs at
the guaranteed reliability of operation and the most suitable combination of generation,
consumption, and power flows (SS). Improper maintenance of the EPS elements causes
various risks. These risks can be managed by the introduction of maintenance optimization.
For the maintenance costs to be reduced, it is necessary to know the limit of acceptable
risks. The maintenance optimization mode presented in this paper was tested practically
in one of the Slovenian transmission substations. The developed algorithm is universal
and can be used for any TS and included in the entire process of EPS maintenance, i.e., in
the asset management of any transmission system operator.

A limitation of use of the proposed algorithm can, in the case of very large maintenance
systems (e.g., a few thousands of elements), be problematic. In such a case, the use of
conventional optimization algorithms, such as the one used in this paper, could jeopardize
the stability of the optimization process and the accuracy of the obtained solutions.

With the proposed new algorithm for calculating maintenance periods using the opti-
mization process, we confirmed the hypothesis that analyzing the past data of operation,
events, and maintenance costs enables a direct impact on maintenance process for the
future periods. With this maintenance concept, we maintain the reliability of operation of
EPS elements and of their technical condition. At the same time, we reduce maintenance
costs. A comparison of the existing (TBM) maintenance concept and the proposed one
confirms savings. The proposed computations showed 25.53% saving in the first year,
18.76% in the second year, and 6.77% in the third year. This was the confirmation of the
second hypothesis.

Further research work in the field of EPS elements’ maintenance enables extensions of
the optimization model on all substations and all transmission lines in the transmission
system. Testing with different maintenance periods could be performed for more extensive
comparisons. It would also be possible to perform research of the use and testing of
different optimization algorithms, as well as introduction of new approaches, such as the
deep learning maintenance process.
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