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This paper proposes a multiobjective model to solve the mathematical problem of optimizing reliability-
centered maintenance planning of an electric power distribution system (EPDS). The main goal is to
minimize the preventive maintenance costs while maximizing the index of reliability of the whole system.
In the proposed model, the limits of the indices, such as SAIDI and SAIFI, are considered as constraints
of the maintenance programs. The reliability indices of the EPDS components are evaluated and updated
by a fuzzy inference system. A NSGA-II algorithm was proposed to solve the multiobjective model that
provides an optimized Pareto frontier. The results obtained from applying the proposed methodology to
a system with three feeders and 733 components are presented, showing its robustness and quality for
maintenance planning in EPDS.
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1. Introduction

Electric power distribution utilities must offer power supply
services that have quality, appropriate voltage levels and a low
interruption rate. To achieve these goals, specifically quality,
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regulatory agencies establish power quality indicators for supply
services as well as targets and thresholds to be achieved by
electric utilities. These companies usually carry out preventive
maintenance (PM) programs to improve system reliability by
establishing better working conditions to extend the useful life of
their equipment [1,2,22].

Distribution system reliability is one of the most important
indices for evaluating the service quality of electric power distribu-
tion companies [3].In particular, for a given distribution system and
for each year of the regulatory period, regulatory agencies specify
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Nomenclature ) o Lo
dicyeqrmin limit value of yearly indicator DIC for the set
Sets of customers supplied by distribution transformer
E set of components and devices on the network ewr € Err
under study ) FIC interruption frequency individual per customer unit
Ef set of components and devices on the network con- ficunmin limit value of monthly indicator FIC for the set
strained to feeder f € F of customers supplied by distribution transformer
Etr set of distribution transformers ew € Err
Evr set ofvoltage regulators ficimmin limit value of quarterly indicator FIC for the set
Ecp set of capacitor banks of customers supplied by distribution transformer
Eswp set of protection and maneuver switches ewr € EmR
Epc set of ngtwprk cables ficyeqrmin limit value of yearly indicator FIC for the set of cus-
Ecp set of circuit breakers tomers supplied by distribution transformer ey €
Evrlms; set of voltage regulators constrained to macro- Etr
section ms; j monthly update rate of the cost of maintenance task
F set of feeders of the EPDS under study max {m € Me} the highest level of maintenance defined for
PH monthly period sets of ph, i.e, PH = {1,2,...,ph} equipment e ¢ E
PHQ quarterly period sets of ph, ie, PHQ= ph planning horizon
{1, 2,..., [Pha} } Ueasibley time of maintenance teams (in hours) to perform
PHY yearly period ~sets of ph, ie, PHY= scheduled maintenance tasks ) .
phy UT'max maximum supported value for the failure probabil-
{]7 2, [ 2} } ity (Unreliability) of capacitor banks
M. set of maintenance tasks defined for equipment e Ws active power loads fed by sections € S
E
My set of maintenance tasks defined for distribution Fuzzy outputs
transformers CE;scl (t) reliability of network cables set of the macro-section
Msecle,, set of macro-sections between the distribution ms;, With i € Msecle,, at time t
transformer e and substation distribution Cewi(t) reliability of protection switch esw € Eswp of macro-
S set of system sections under study section ms;, contained in Msec|e,, at time t
X set of maintenance plans for equipment e € E, i.e,, Ce () reliability of equipment e € E at time t
X= {X(te,m)}’ Ve € E, Yt € PH and Ym € M, Cewi(t) reliability of voltage regulator err € Egr constrained
) to macro-section ms; € Msecle,, at time ¢
Indices o ] Ce, (t)  reliability of capacitor banks at time t
etr distribution transformers index of Erg Ce,, (t) reliability of voltage regulator ey, € Eyg at time t
evr voltage regulator index of Evg Ce, (t)  reliability of distribution transformer ey € Erg
ecp capacitor bank index of Ecp Cs(t)  reliability of section s € S at time t
esw switches index of Eyp
f feeders index of F Variables
m maintenance tasks index of M, and/or Mir al apparent age of equipment e ¢ E at time t
q time quarterly index of PHQ P(t) failure probability at t € PH
s section index of S x(fe m  binary decision variable to perform (or not) the
t time monthly index of PH maintenance task m at time t on the equipment e
y time annually index of PHY
Constants
ai, ..., as, and by, by coefficients to control the number of . . . .
1 5 5 P B2 . . the values of these indices based on historical values. In this sce-
maintenances along the planning horizon 0. the planni tiond " t (POD) of the utiliti
artee,  average response time in an emergency on the nario, the p’anning operation departmen ( . )9 _ne utiities can
equipment eq € Erg propose different strategies to improve the reliability performance
I . . . . .
atde average time to dispatch maintenance crews to per- of :he”ldlsm_bltltlon syste?s. Sotme actlonts Eonrtm onlytadgptte((ijare
form a maintenance task on equipment e € E network maintenance actions to prevent fauft events, mtroduc-
. . tion/reinforcement of control and automation devices, adoption of
ate m) average time to perform/execute the maintenance . . L
’ . new network management paradigms (island mode operation in
task m € M, on equipmente < E . ; . . o
. . . the restorative state), and reallocation or installation of additional
atpe,my average planning time of maintenance crews for switches alone the distribution svstem. However. achieving this
performing the maintenance task m € M on the wi alons cistributl ystem. However, achieving thi
equipment e ¢ E goal may involve an increase in planning and operating costs. With
costie,my cost of maintenance action m for equipment e the cc;{npefltlv;pess (t)f thi deimcflttli’ martket, a reducF 10:11 mht.hﬁ
DIC individual interruption duration per customer unit operationaland Investment costs ot the systems 1S required, whic
di . . therefore requires reducing the costs of PM programs [27]. These
icmeymin  limit value of the monthly indicator DIC for the set ¢ titute the 1 ' f ‘es in thi "
of customers supplied by distribution transformer costs constitute the largest expense 1or companies in this sector
ew < Erp [2]. Thus, the optimization of PM programs has become critical for
dicyimmin limit value of quarterly indicator DIC for the set _dlStrlbc:ltl(.m ct(;mpamest_to ﬁlllﬁl:jt.hese ttwo ionﬂictmgd (_)bjectl\{es,
of customers supplied by distribution transformer L.€., reducing the operational and Ivestment costs and 1mproving
e ¢ E the electric power distribution reliability. In this context, reliability
tr = FR centered maintenance (RCM) is presented as an efficient methodol-

ogy to relate equipment maintenance with system reliability [4,5].
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A large number of methods for PM optimization in power systems
focusing on RCM can be found in literatures [6-8]; some works
focused on component maintenance in a medium voltage EPDS net-
work [2,3,9-14]. In these studies, the main differences are related
to: (1) the number and nature of objective functions considered in
the model; (2) the decision variables considered during modelling;
(3) the methodology for assessing the reliability index of each piece
of equipment; (4) the types of maintenance that can be scheduled;
(5) the methodology for assessing the impact of maintenance on
reliability; and (6) the technique for solving the model. The follow-
ing works are briefly described to highlight the aforementioned
aspects.

Reference [9] proposes a binary programming model to iden-
tify the optimal maintenance level for each system component.
The goal is to minimize the System Average Interruption Frequency
Index (SAIFI) of a main feeder. The model constraints are the avail-
ability of financial and human resources to perform maintenance
tasks. Different levels of maintenance and failure rates are consid-
ered for each feeder branch. The model is tested using a fictitious
feeder. In the first test, a constant failure rate is considered, and
in the second test, these rates and the impact factor of main-
tenance tasks in each element of the network are modelled as
fuzzy sets.

Reference [2] proposes a heuristic method for comparing the
effect of different maintenance tasks on the reliability of an EPDS.
Equipment failure rates are considered in two ways: constant
and varying as a function of time and maintenance measures.
The impact of each maintenance task in the network is evaluated
through the variation produced in a cost function that considers the
costs of failures, PM and interruptions. The relationship between
PM tasks and the reliability of system components is not a straight-
forward relationship. The methodology is tested using an 11kV
system composed of underground cables. The planning horizon
considered is 15 years, and the maintenance tasks are allocated
annually.

References[10,15] propose a multiobjective optimization model
for the EPDS maintenance problem. This model considers the
expected yearly customer interruption cost and the maintenance
cost of the network (both corrective and preventive). However, the
objective functions are combined into a single function. The power
quality indicators imposed by regulatory agencies are not consid-
ered in the modelling. Furthermore, the study does not extend the
analysis of failure behavior over time and with maintenance meas-
ures. Equipment failure rates are considered to be constant. The
connection between component and system reliability is assessed
using an index that corresponds to the expected total customer
interruption cost caused per component over a yearly time inter-
val. Three maintenance measures for each component are adopted,
namely: maintain the current PM level; improve the PM level;
and decrease the PM level. Multipliers were utilized to change the
failure rates of the components as a function of the maintenance
tasks that were performed. The impact of each maintenance task
on maintaining the reliability of the components was also not fully
analyzed. The model was tested on a system composed of 178 com-
ponents, including circuit breakers, cables, transformers, busbars
and fuses. A Metaheuristic Particle Swarm method was used to
solve the proposed model.

References [13,14] propose a practical framework for imple-
menting the RCM procedure in EPDS. In the methodology proposed,
a heuristic procedure is used for choosing optimal maintenance
strategies that satisfy predetermined desired targets. A weighting
table is used for failure rate modelling as in [11]. The maintenance
strategies are prioritized based on the benefit-cost ratio, and they
are centered on expert’s experiences and operator’s knowledge. In
[10,15], restrictions involving quality indicators imposed by regula-
tory agencies, such as System Average Interruption Duration Index

(SAIDI) and SAIFI, are not considered. The methodology is tested
using a network with 20 components.

This paper presents a multiobjective methodology for the opti-
mization of PM programs in EPDS focused on RCM. The proposed
methodology differs from other references found in the literature
in the following aspects: (1) the optimization model proposed is
multiobjective and comprises real variables and decision binary
variables. The first objective function evaluates the cost of main-
tenance actions and the second evaluates EPDS reliability over a
considered planning horizon. The constraints considered in this
model are: (i) the expected values of SAIFI and SAIDI service con-
tinuity indicators for each set of customers; (ii) the time (hours)
availability of maintenance crews; and (iii) the limit of mainte-
nance tasks for each type of equipment considering the complexity
of each type of maintenance task. A dedicated Nondominated
Sorting Genetic Algorithm (NSGA-II) is developed to solve the
multiobjective optimization model [18]. (2) The reliability index
of each piece of equipment is provided by a fuzzy inference
system that considers: (i) the failure rates of the equipment pro-
vided by their probabilistic failure models; (ii) the set of factors
(dynamics or static, such as age, operational effort, loading, time
between maintenance tasks, operation number) that affects the
functionality of the equipment; and (iii) maintenance tasks allo-
cated over the considered planning horizon. (3) Each measure of
PM is related to equipment reliability through the operation con-
dition and equipment age. (4) The impact of PM programs on the
reliability of the system under study is evaluated using an unreli-
ability pseudo-index that considers the system reliability over the
time for each sub-period of the planning horizon. This work consid-
ered a planning horizon of two years with monthly sub-periods of
time.

The modelling was focused on the medium voltage components
of an EPDS. The proposed methodology was tested in an EPDS of a
company located in the state of Sdo Paulo, Brazil. The distribution
system consists of 733 components derived from three overhead,
radial and independent feeders of 13.8 kV. The components con-
sidered are distribution transformers (TR), voltage regulators (VR),
circuit breakers (CB), capacitor banks (CP), protection and maneu-
ver switches (SWP), and primary cables (PC).

This work is composed of this introductory section on plan-
ning maintenance, with a focus on reliability, and the following
sections. Section 3 presents a description and details about the opti-
mization model and the methodologies for obtaining the reliability
indices and performing the impact assessment of the maintenance
tasks. Section 4 presents the solution technique used to solve the
multiobjective mathematical model. Section 5 presents the results
obtained from implementing the proposed methodology. Section
6 presents the contributions and conclusions about the proposed
methodology.

2. Mathematical model

The mathematical model proposed in this paper is multiobjec-
tive, combinatorial, binary, dynamic, nonlinear and restricted and
is given by Egs. (1)-(13). The objective function f; represents the
costs of scheduled maintenance actions, while f, considers a global
pseudo-index of unreliability produced by the tasks’ maintenance
programs. This pseudo-index is the arithmetic mean of the unrelia-
bility partial index obtained for each monthly sub-interval of time,
t, of an annual planning horizon ph. The pseudo-index obtained in
f> is the average of the fault probabilities for each system section,
weighted by the active power loads ws fed by section s € S. The
lower this value, the better the expected system reliability. This
concept was used because the target of RCM is to improve the reli-
ability index of equipments and consequently the reliability of all
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distribution system, but could be used the concept of not supplied
energy to quantify this objective function. In function f;, the cost
of each m maintenance action cost(e, ;) for each piece of analyzed
equipment e € E is updated monthly through rate j.

Minimize f(X)= {fi (X).f2(X)) (1)
subject to,
[Mir |
t
Z [atc(emm).x(etnm) + artce,,.. (1 — Ceons; (t))}
m=2

< dic_month,,;,; VYVt € PH and Vey € Emr (2)

3q ‘Mtr|
Z {Z [atc(etr,m).x(temm) + artcey, - (1 — Ceons; (t))] }

t=1+3(g-1) \m=2

< 1.5 x Dic_trimy,;,; Vq € PHQ and Vey € Erg 3)

12y |Mtr |
Z {Z [ALC(eye )Xoy my + ATtCers - (1= Ceons; (1)) ] }

t=1+12(y-1) {m=2

< 3 x Fic.yearp, Yy € PHY and Vey € Er (4)
[Mir|
Z [x(tet,-,m) + (1 — Ceons; (t))} < fic-monthy,;, (5)
m=2

3q [Mgr| ‘

Zt:1+3(q—1) {Zm:Z [Xeqmy + (1= Ceons (t))]}

< 1.5 x fic_trimy;, Vq € PHQ and Vey € Emr (6)

12y |Mtr|

t=1+12(y-1) {m=2

< 3 x fic.yearpyy, Yy € PHY and Vey € Eg (7)

ph
2(11 X )+ 02X, 3y +03.X, 4y < b1 Ve e {Elr UEvr UEcs} (8)
t=1
ph

2‘14'x(te,2) +as ~X([e,3) <by Ve e {EcpUEswp U Epc} (9)
=1

B
ZZ (atc(eﬁm) + atpee,m) + atd(e,m)) X X([e,m) = tfeasiblef

e=1 m=2

Vt € PH and Vf € F (10)
[1 - Cecp (t)] < Urmax Vecp € Ecp (11)
[Me|
foe,m) =1 VtePH and Ve € E (12)
m=1
x([e’m) Vt € PH,Ve € E and Ym € M. (13)

where,
ph |E| |Me|
fi(X)= ZZZcosqe,m) x (1) % Xy (14)
t=1 e=1 m=2
I | S -Gl xws
f2 (X) - ﬁ =1 [ lszllws (15)
G(t)= HCconsi (t) (16)
i=1
Ceons; (1) =Cee () [ Cimsi (0) (17)

Cims; (t) = Comi (£) x Cg¥i (£) x

esw Epc

I co (18)

evr € EVR\msl-

Constraints (2)-(7) consider the indices of the continuity of
power supply service, DIC and FIC, for each set of system custom-
ers. These indices, used in Brazil, are directly related to the indices
SAIDI and SAIF], respectively, internationally used as indicators of
continuity of power supply [19]. Constraints (8) and (9) restrict the
number of PM tasks allowed for each component. The constants ag,
ay, as, by and b, are chosen based on the company investment pol-
icy for maintenance. Constraint (10) considers the time availability
of each maintenance crew for each feeder f € Fin each time period
t € PH. For each scheduled maintenance task, the average planning
time, crew displacement driving time and task execution time of
scheduled maintenance are considered. For maintenance actions
that are performed offline, several days of execution time can cor-
respond to the changeover time of faulty equipment. Constraint
(11) considers the maximum acceptable probability threshold for
capacitor banks. Because this type of equipment failure mostly does
not interrupt the power supply, the reliability of such equipment
does not affect the overall continuity reliability index of the sys-
tem. Thus, the reliability of such equipment is handled separately
as a constraint of PM programs. Constraint (12) establishes that
only one of the m € M, maintenance tasks should be chosen for
each piece of equipment e € E in each time period ¢ of the planning
horizon. The solution of this model is a set X containing the main-
tenance plan for each piece of equipment e € E along the planning
horizon.

2.1. Evaluation of reliability indices

The evaluation of equipment reliability takes an important role
in this work. The methodology for assessing the reliability consists
of two steps [16,17]. In the first step, the historical database of the
system under study is analyzed and probabilistic fault models P (t)
foreach componente < E are obtained using specific stochastic pro-
cesses[20,21].Inthe second step, factors such as equipment failures
are identified and modelled through fuzzy sets. Then, a fuzzy infer-
ence system is modelled, taking into account failure factors (that
depend on each piece of equipment) and the probability of equip-
ment failure that was obtained in the first step. The system outputs
are the reliability indices Ce (t) of each piece of equipment e € E in
each time period t € PH.

Modeling of fuzzy inference system rules was carried out with
the assistance of operators and engineers who had extensive expe-
rience in the area. More details about the fuzzy inference system
can be found in [16,17]. The reliability index Cs (t) in each section
s € Sin Eq. (16) is the probability that no interruption will occur in
any set of customers connected to them.
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Fig. 1. Outline of a distribution network partitioned in sections.

A network section is a part of the network that can be isolated
from the feeder by switching operations. Fig. 1 shows a distribution
network with three sections defined by three switching devices and
the formation of two macro sections. A set of sections protected
by the same protection switch defines a network macro-section.
The protection switches of distribution transformers are not con-
sidered in this work; only protection and maneuver switches are
considered.

The reliability of each set of customers Ceons; (t) in Eq. (17) is cal-
culated using the technique of network diagrams [5,24] and takes
into account the reliability of the distribution transformer C,, (t)
and the reliability of each macro-section Cps, () between this trans-
former and the substation. Specifically, the reliability of any set of
customers in a section must take into account the probability of
failure of all of the components present in that section, such as
distribution transformers, network cables, voltage regulators, and
switching devices, as well as the probability of component failures
belonging to the remaining upstream sections of the macro-section.

2.2. Update of reliability indices

The reliability index Ce (t) of each equipment e € E is a predic-
tive index that takes into account the probability P (t) of equipment
failure and the operating conditions of the equipment, such as the
age, operational effort, loading, time between maintenance tasks,
and operation number. These factors depend on time and the main-
tenance tasks that are scheduled throughout the considered time
interval [17]. Programming a level of maintenance activity m to
equipment e in time ¢ € HP changes the expected values of the
probability indices P(t) and the expected conditions of t for equip-
ment failure factors for t > t. Therefore, the fuzzy inference system
should be updated, and the reliability index of equipment for all
t >t should be re-evaluated. This feature makes the problem of
maintenance task allocation a dynamic problem. Fig. 2 shows a
flowchart for updating and evaluating reliability indices Ce (t).

In this work, two to four types of maintenance tasks were
adopted; these are defined depending on their structural com-
plexity, namely: does not perform maintenance (1m;); minimal
maintenance (my); average maintenance (ms); and complete
maintenance (my4). Each m-level of each maintenance task allo-
cated at time t impacts the input data of the fuzzy inference
system differently. Then, each variable (failure factor) is updated
depending on the allocated maintenance task. Eq. (19) updates the
variable age of each component e at time t, depending on the real
age of the component a2 and the scheduled maintenance tasks.
The restoration index R(fe!m) is responsible for repositioning each
device e € E on the timeline of the apparent lifetime (apparent
age). Table 1 presents the values defined for the restoration index

R(te m) of distribution transformers considering a useful life period

t

Evaluate Cq(t)

no—

no—» Evaluate C.(t)

Update fuzzy inference
system to all t > t

.

Evaluate C(t)

yes

yes

Fig. 2. Algorithm for evaluating and updating reliability indices C (t).

of 20 years [23]. R(fe m) for the other equipment found in electrical
distribution systems are described in [17].

[Me|
t—1 t t if at
at={ % ~ Z (Xem) * Riem) » if @ >0 (19)

m=1
0, otherwise

For instance, the maintenance tasks defined for the PC compo-
nents aim to restore the reliability of cross-arms and insulators of
the allocated cables and not the cables themselves.

3. Solution technique

The methodology used to obtain the reliability index of equip-
ments after each maintenance task makes the use of classical
optimization techniques impracticable because of the amount
and nature of the variables implicitly involved in the model.

Table 1
Indices of maintenance impact on distribution transformers.

Age R{, (vear) Age R}, m)(vear)

t (year) m; m; ms my t (year) m, m, ms my
1 0 1 1 1 12 0 5 10 12
2 0 2 2 2 13 0 5 10 13
3 0 3 3 3 14 0 5 10 14
4 0 4 4 4 15 0 5 10 15
5 0 5 5 5 16 0 5 10 16
6 0 5 6 6 17 0 5 10 17
7 0 5 7 7 18 0 5 10 18
8 0 5 8 8 19 0 5 10 19
9 0 5 9 9 20 0 5 10 20
10 0 5 10 10

11 0 5 10 11
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Fig. 3. Two chromosomes for NSGA-II considering |E| equipment.

Some of them have a fuzzy nature, as described earlier. Thus, a
multiobjective evolutionary algorithm, NSGA-II, was developed as
the solution technique that allowed for a better fit to the model
characteristics [25].

The NSGA-II proposed uses a dedicated codification system and
specific mutation and recombination operators. In this algorithm,
the number of genes in each chromosome is equal to the num-
ber of decision variables in the model. Specifically, each gene of
the chromosome is a decision variable x(fe’m). For each equipment, a
gene chain represents the maintenance program along the planning
horizon. In the recombination process, two cut off points are cho-
sen to define the gene chain (maintenance programs) that will be
interchanged to generate two new chromosomes. Fig. 3 illustrates
this process, showing the chromosome representation.

The proposed mutation operator uses two steps of random
selection. In the first step, one element of the chromosome is
selected considering a constant mutation rate. In the second step,
a gene of the maintenance program of the selected element in the
previous step is selected randomly and then changed. Fig. 4 illus-
trates the mutation process considering element selected in the
first step.

The penalty method [18] is used to address infeasible con-
straints. Classic methods of penalty use a high penalty factor to
increase the objective function of solutions that violate the model
constraints (minimization problems). In this paper, penalties calcu-
lated for violating the constraints (2)-(7) follow the rule applied by
the regulatory agencies to calculate fines. These fines are applied in
the form of compensation to be paid by utilities to customers who
were affected by interruptions above the established limits. With
this strategy, there are two goals: decreasing the penalty of solu-
tions that violate constraints (2)-(7) and considering the payment
of compensation as a planning strategy in the planning of PM.

4. Results and discussion

The proposed methodology was tested on an EPDS composed by
three feeders referred by SYS3A. All of the feeders are considered

before after
my | my | my my; | m, | my
t;| 0 1 0 Mutation ty | O 0 0
t, | 1 0 0 — t, | 1 1 0
t3 | 0 0 1 t; |0 0 1
Equipment 1 Equipment 1

Fig. 4. lllustration of the mutation process for selected Equipment 1.

Table 2

Number of equipment pieces in each distribution feeder.
Feeder P3-Al P3-A2 P3-A3
Circuit breaker 1 1 1
Voltage regulator 0 0 1
Cables 260 179 125
Transformers 42 32 22
Switches 23 19 26
Capacitor banks 0 0 1

to be independent and they are feeding by the same substation P3.
Table 2 presents the number of devices composing each of them.

The three feeders constitute an EPDS with 71 sections and
supply energy to 96 sets of customers. Considering a planning
horizon of 24 months and 733 components (Table 2), the optimiza-
tion model is composed of 55,176 decision variables and 24,168
constraints. A set X of PM programs that best represents the main-
tenance costs and reliability indices is expected as a result. The
following subsections present the test results.

4.1. Input data

The evolutionary algorithm that is proposed as the solution
requires making adjustments in the control parameters. These
adjustments were performed through trial and error, and the best
results obtained for these parameters are: number of the popula-
tion’s individuals, 800; mutation rate for the genes, 0.07; crossover
rate, 0.9; number of individuals by tournament, 3; and stopping cri-
terion, 50,000 generations. A database with the historical records
of failures for 11 years was used to model the equipment reli-
ability indices. For each piece of equipment in the same class, we
adopted an equal cost for maintenance tasks of the same type,
independent of model, power or other characteristics. Table 3
presents the costs cos t(e m), which are the mean values that were
adopted in December 2013. The ratio dollar/euro in that period
was 1/1.37.

The constants appearing in the model, aq, a, as, a4, as, b; and
b,, are defined considering that only the maintenance activity on
the high end, m4, or at most two maintenance activities on the low
end, my and ms, can be allocated to each piece of system equip-
ment along the planning horizon that was considered. The values
adopted for these constants are: a; =4, a, =5, a3=6, az=4, as=5
and b1 = bz =9.

The monthly time available, Ueasible;» of each maintenance crew
in hours for feeders P3-A1, P3-A2 and P3-A3 are 36.96, 18.48 and
18.48 h, respectively. The limit values for the DIC and FIC inter-
ruption indices used in constrains (2)-(7) are considered to be
equal for all feeders. The monthly, quarterly, and yearly DIC val-
ues in minutes are 116.64, 233.28 and 466.56, respectively, and
the monthly, quarterly, and yearly FIC values in minutes are 1.524,
3.008 and 6.018, respectively. These values correspond to 15% of the
limit set up by the regulatory agencies in Brazil. These percentages
were adopted based on the results of studies regarding component

Table 3
Cost of maintenance tasks by equipment class.

System components Costs of maintenance tasks (US$)

m; my ms my
Transformers 0 120 300 1974.50
Voltage regulators 0 120 1,500 12,500
Capacitor banks 0 200 500 -
Circuit breakers 0 200 300 12,500
Cables 0 8 100 -
Switches 0 15 50 -
Switches oil/vacuum/SF6 0 50 400 -




D. Piasson et al. / Electric Power Systems Research 137 (2016) 41-50 47

0421 £ | Extreme solution f{x, )
ol “8 | cost=uss9g7452
% Unreliability = 0. 409693
038l

e
8
T

f2: Unreliability index
o o
8 @
T T

o
w
T

©  1,876,78 < compensation (US$) <4.167.72

©  4.167.72 < compensation (US$) < 6,458,67
6,458 87 < compensation (US$) < 8,749,62
8,749,62 < compensation (US$) < 11,040.57

Extreme solution f(xz):

Cost = US$ 68,466.07
Unreliability = 0.262654

028} /
026} - Yo ¢
1 1 1 1 1 1 J
0 1 2 3 4 5 8 7
f1: Cost of maintenance programs x10°

Fig. 5. Pareto Frontier of system SYS3A.

failures on overhead distribution systems [26]. The maximum
supported value adopted for the failure probability (unreliabil-
ity) urmax of capacitor banks in equation (11) is 0.30 for all
ecp € Ecp.

The values of the constants atee ), atpe,my and atde ,y were
extracted from the historical failure records of each equipment e ¢
E provided by the distribution company owner of the system under
study. Other values utilized in fuzzy modelling of reliability indices
can be found in [17]. In test 1, the proposed methodology is tested
considering the penalization strategy described in Section 4; in test
2, all constraints are treated equally through the penalty functions
that use high values of the penalty parameters.

4.2. Test 1

The Pareto front obtained by testing the proposed methodol-
ogy is composed of 115 non-dominated solutions, i.e., 115 equally

important maintenance programs that balance the PM planning
costs with the system reliability. Fig. 5 shows this frontier, along
with two other highlighted solutions.

The costs of the maintenance programs include the costs of
the compensation payment resulting from violations of constraints
(2)-(7). These violations were already expected because of the
relaxation of the penalization factor. All of the other constraints
were fully satisfied. The Pareto solutions are classified according to
the expected value of the compensation payment. It can be seen
in Fig. 5 that these values are low, not exceeding, on average, US$
115.00, with a compensation payment per set of customers consid-
ering the maintenance plan of the extreme solution f (X,) (greater
cost).

The values of the compensation payments are generated by vio-
lating the limits of the continuity indices, depending on the number
and execution time of maintenance in the distribution transform-
ers. These values eventually exceed the limits set by constraints

Table 4
Number of maintenance tasks by section provided by f (Xz) in Fig. 5.
Sections P3-A1 P3-A2 P3-A3
Load (W) PM M.a/M.d (%) Load (W) PM M.a/M.d (%) Load (W) PM M.a/M.d (%)

1 2,248,074 4 100 1,741,870 4 100 960,565 4 100

2 2,248,074 2 100 1,741,870 2 100 960,565 2 100

3 2,248,074 32 100 1,741,870 30 51.72 960,565 16 100

4 67,918.66 9 75 1,699,326 56 79.50 960,565 8 100

5 2,180,156 48 100 - 235,908 1 3.85
6 44,725 5 83.33 - 41,377 3 50

7 1,360,349 21 95.45 50,053 4 66.67 4729 4 66.67
8 20,691 0 0 - 4729 9 90

9 1,137,700 61 98.38 1,266,298 59 98.3333 54,197 8 66.67
10 951,800 22 52.38 - 407 0 0

11 79,852 10 100 - 724,656 36 52.94
12 61,329 3 75 42,544 0 0 4398 1 50

13 302,184 30 46.87 304,968 52 86.67 814 0 (0]
14 276,708 20 100 - 814 0 0
15 276,708 40 46.51 598,993 12 375 407 1 25

16 64,087 3 75 303,903 1 2.63 407 2 100

17 44,725 6 75 42,544 2 50 330,482 16 53.34
18 44725 6 75 200,793 19 43.18 463 7 87.50
19 652,791 54 90 142,18 42 87.50 463 0 0
20 345,508 37 92.50 42,544 2 50 1908 32 100

21 192,099 2 33.33 1373 4 66.67
22 64,033 6 50 535 1 50
23 118,452 14 100 535 0 0
24 118,452 40 90.90 - - -
25 60,604 0 0
26 407 3 75

27 2779 1 16.67
Total 2,248,074 475 77.27 1,741,870 285 66.28 960,565 159 50.31
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(3)-(8) when added to the expected values according to the failure
probability of the network components. Three different aspects of
the proposed methodology can explain this fact: (a) to improve
the overall reliability index, the search methodology allocates
periodic preventive maintenance for the distribution transform-
ers, reducing the continuity indices of each set of customers
; (b) the limits of the continuity indicators (terms independent of
the constraints (2)—(7)) consider only interruptions because of fail-
ures of system components, while the expected values for these
indicators also consider interruptions because of the scheduled PM;
and (c) the values of ate,,,m,,) and artee, are relatively high com-
pared to the limits of DIC and FIC in the customer set. Thus, PM
programs that have greater reliability are more likely to violate
constraints (2)-(7). Regardless, this result shows the importance of
accurately calibrating these constraint limits.

The sections that feed larger loads receive a greater number
of maintenance tasks proportionally to the limit of maintenance.
It can be seen in Table 4 that the method seeks to allocate the
maximum number of maintenance activities for the components
of the sections fed a higher load. According to this table, the
maintenance task numbers per feeder also follows the required
demand.

Some discrepancies observed in Table 4, for example, in network
sections 6 and 10, occur because of the difference in the number of
cable sections. According to Eq. (18), the reliability of the cables has
a significant influence on the composition of the reliability indices
for the sets of customers. Consequently, the MOGA algorithm pri-
oritizes the allocation of maintenance in this type of component in
relation to others that have less influence. Table 5 shows this priori-
tization, mainly for program maintenance provided by the extreme
solution f (X3).

It should be emphasized that the methodology has been pro-
grammed so that if the heuristic choice allocates maintenance
activity for cables in one section, all of the cable parts in the sec-
tion should receive maintenance activity. However, the greater the
number of cable portions that receive maintenance, the higher
the cost. Thus, the methodology balances the cable section num-
ber with the number of maintenance tasks allocated to these
components. In addition, the methodology prioritizes the system
reliability index as a whole as well as the total cost of the main-
tenance program, without prioritizing particular sections. In the
specific case of network section 6 and 10, the methodology allo-
cated two PMs for a single cable portion of the section and one

Table 5
Distribution of the number and type of allocated preventive maintenance.

Maintenance programs Components Maintenance task
m; ms my
Provided by extreme solution f (X;) CB 2 0
TR 4 10
SWP 4 11 0
VR 1 0 0
CP 1 0 0
PC 103 21 -
Total of allocated maintenance 160
Provided by extreme solution f (X2) CB 4 2 0
TR 33 23 8
SWP 45 23 0
VR 0 0 0
CcP 1 0 0
PC 559 221 -
Total of allocated maintenance 919

Table 6
Maintenance program of one section of the SYS3A system provided by the extreme
solution f (Xz).

Feeder-Section Component Maintenance task
(type)-(month)
P3-A1-11 SWP 3.4
PC 3-3 2-24
PC 3-3 2-24
PC 3-3 2-24
TR 2-13 2-24

PM to 37 parts of network section 10, resulting in the discrepancy
presented in Table 4.

Maintenance programs can also be evaluated in terms of the reli-
ability indices expected for the feeders. Fig. 6 shows these indices
as a function of PM programs provided by the extreme solution
f(X2) and by the program without any maintenance tasks sched-
uled. Fig. 7 shows the reliability indices expected for feeder P3-A1
as a function of the extreme solutions f (X7) and f (X3).

Table 6 shows a partial output of the proposed methodology to
one section provided by the maintenance program of the extreme
solution f (X3 ). The maintenance type, planning horizon month and
maintenance quantity are shown for each piece of equipment.

—e—P3-Al
09r- —&—P3-A2
—5—P3A3
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Fig. 6. Expected behavior for the feeder’s reliability depending on the PM program of the extreme solution f (X>).
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Fig. 8. Pareto curves of tests 1

4.3. Test2

Test 2 considers high levels of penalties factors on the vio-
lated constraints. All of the penalty functions have the same
weighting factor. In this test, the Pareto front is composed of 35 non-
dominated solutions. Fig. 8 shows the Pareto frontiers obtained
in the two tests, where it can be observed that the cost of com-
pensation payments decreased. However, the unreliability index
increased. The deterioration of the system reliability indices is also
reflected on the reliability indices expected for all feeders.

Another important effect observed in test 2 is the reduction of
the non-dominated solution number on the Pareto front.

5. Conclusions

The proposed methodology is able to obtain optimized solutions
of good quality for preventive maintenance programs for EPDS. The
versatility of this methodology allows the decision maker to obtain
optimal maintenance plans for a system composed of several feed-
ers. Moreover, it can also achieve optimal plans for each feeder
independently, without having to change the optimization model.

The methodology for assessing the reliability of the components
allows for the implementation of different factors that affect the
component reliability, improving the reliability indices that were

(squares) and 2 (circles).

obtained. Although generalized costs are used (Table 3), the quality
of the maintenance plan can be improved if specific maintenance
costs for each component are considered. In addition, the quality of
the component database also contributes to the solution quality.

The proposed methodology preferentially allocated mainte-
nance tasks that have less impact on the reliability of the
components, i.e., type m; and mj3 in tests 1 and 2. These activities
have the lowest maintenance cost and also have a smaller impact
on the reliability of the equipment. However, the initial condition
of the equipment makes it impossible to allocate higher impact
maintenance tasks.
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