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Abstract-Reconfiguration of a power distribution system
consists in changing the functional links among its elements and
represents one of the most important actions for the
improvement of system performance in operation. In the last
few years, some authors have proposed approaches based on
Pareto optimality for problem formulation of reconfiguration,
with active power losses and reliability indices as obj ectives. The
study highlights the optimization importance of reliability
indices which refer to the interruption frequency, especially
because, in the context of smart grids, the fastness of the
reconfiguration method contributes, by itsef, to reduce the
duration of interruptions. There is no unique recognition
concerning which approach is the most suitable to be used in
order to solve the reconfiguration as a Pareto-optimal problem.
The most important aspect is the way in which the specific
information of the problem field is modeled in the
implementation. Also, the dimension of a Pareto-front can vary
widely from atest system to another.

Index Terms--power distribution system. reconfiguration.
multi-objective optimization. Pareto optimality, genetic
algorithm.

. INTRODUCTION

Usually, power distribution systems are operated in radial
configurations. Reconfiguration of a power distribution
system consists in changing the functional links among its
elements and represents one of the most important actions for
improvement of system performance in operation. There are
also other measures which can improve the distribution
system performance in operation (e.g., variation of the
reactive power flow through the system using bank capacitors
or power generators; variation of the voltage by using on-load
tap-changers for power transformers, etc) but the
reconfiguration still represents an important and difficult one,
especialy, due to its combinatorial nature.

Ever since 1975, when Merlin and Back [1] have
demonstrated the effectiveness of reconfiguration for power
loss reduction, a lot of researchers have proposed various
methods and algorithms to solve this problem. Moreover,
nowadays, the reconfiguration is specified in some strategies
for smart grids, e.g. those of the International Electrotechnical
Commission [2] and the European Commission [3]. In smart
grids, equipped with control, protection, automation and
power quality monitoring complex systems [4, 5], the
reconfiguration can be automated without the disconnection
of consumers during the manoeuvres (using the parallelism
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during the loads are transferred between feeders). In this
context, the manoeuvres for parallelism are preceded by
studies which verify their feasibility [6, 7, 8]. Not least, in the
context of smart grids, intra-day system reconfiguration can
also be performed [9].

The optimization of power distribution systems through
reconfiguration, as a single objective problem with
congtraints, was the most investigated. Typically, active
power losses (4P) were adopted as the objective function.
Also, usually, bounds for currents flowing through lines,
bounds for voltages in each node and radial configuration
were imposed as constraints [10-19].

Nevertheless, in 1993, Tsai [20] demonstrated the
effectiveness of reconfiguration for improving the reliability
of distribution systems. Furthermore, in [21] a method, based
on reconfiguration for the minimization of the interruptions
frequency in power supply of consumers, was proposed. In
that approach, interruptions frequency was adopted as the
objective function (main criterion) and active power loss was
treated as a constraint.

On the other hand, some authors have introduced, at the
same time, active power losses and the interruptions in the
objective function, using aggregation functions [22-24]. They
converted the multi-objective problem into a single objective
one that assumes a sum of the selected criteria In such
approaches, the major difficulty consists in the
incompatibility between criteria. In order to create an
aggregation function, the criteria must be converted into the
same measurement unit. In this case, the solution consists in
the conversion of the criteria into costs, often, a disputable
and an inaccurate solution for practical applications[23, 24].

Consequently, the existence of a tool which gives the
possibility to take into account more criteria in the objective
function is of great interest. In order to eliminate the rigidity
caused by the aggregation functions, in recent years, some
authors have proposed approaches based on Pareto optimality
for problem formulation of reconfiguration, with active power
losses and reliability indices as objectives [26-31]. Pareto
optimality is based on a non-dominated solution as central
concept. A non-dominated solution must satisfy two
conditions: (i) there is no other solution that is superior at
least in one objective function; (ii) it is equal or superior with
respect to other objective function values. In such approaches,
typically, the result consists of a set of acceptable optimal
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solutions named Pareto optimal. The set of Pareliatisns
forms the Pareto front associated with the probldine
Pareto front allows an informed decision to be mage
visualizing a wide range of options; it containe golutions
that are optimal from an overall standpoint.

In this paper, the authors present a comparativeysof
Pareto optimal approaches for distribution

represents another critical issue because of itsbewtorial
nature (Fig. 1).

Generally speaking, for a power distribution systgith a
meshed structure (as illustrated in Fig. 1), a mégaration
method/algorithm must obtain the optimal radial ragienal
configuration. A proper meaning for the optimizatio

systeproblem must be established in advance in orddetelop a

reconfiguration. Section Il highlights the most ion@ant searching algorithm for the optimal configuratidn. other
attributes of a Pareto optimal approach (problestdgtion) words, the first issue consists in the problem {ideation.

and identifies the most relevant reliability indic& he most
promising ways which must be followed for a propelving

of this problem are presented in Section Ill. SectiV

presents some illustrative numerical test caseslllyj the

comparative study is concluded in Section IV.

II. PARETOOPTIMALITY PROBLEM FORMULATION

The reconfiguration problem, as an optimization ,oise
arduous from two points of view. First, the forntida of the
problem represents a critical issue, because thenere than
one objective. Second, the searching for the optsoktion

Meshed distribution system

Basically, there are three possibilities to fornwlahe
objective function

» choosing the main criteriomminimizes the active power

losseq4P) [10-19]:

min [4P]. (D)

* building an aggregation functioa: sum of active losses

cost and interruptions cof23, 24]:

min [COSI\ctiveLosses"‘ Costmerruption;-

@)

What is the optimal operational
configuration?
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Fig. 1. An illustrative example regarding the camalorial nature of the reconfiguration problem][11



using Pareto optimality [26-30]:
min [4P, Reliabilitylndex] 3)

Usually, as constraints, bounds for voltages irheaade,
limits for currents flowing through lines, and
configuration are imposed [29].

vimin <V VM0 x

|ij sliE“aX,DijDE (4)
> Ai. =n-p
joE Y

where:
Vi — nodes voltages;
lij — electric current through a brangh
n — the number of electric system nodes;
p — the number of connected components;
X — the set of power system nodes;
E — the set of power system lines (branches).

In this case, the solution is not unique and césisiba set
of acceptable optimal solutions, named Pareto f(Big. 2).
The essential characteristics of interruptions hie power
supply of customers are the frequency and the idurat
While duration is predominantly influenced by
distribution system structure (radial, meshed, weashed)
and the existing automations, frequency is mostfjuénced
by the operational configuration and can be mingdiby the
suitable choice of configuration. Otherwise, thkatslity of
a distribution system can be considered from twifedint
points of view [29]:
that of a particular customer;
that of the entire supply system.

It is obvious that reliability indices which refer theentire
supply systemmust be taken into consideration for th
objective function. The existing approaches, basedPareto
optimality for problem formulation of reconfigurati,
besides active power losses, different reliabilitgices have
proposed as objectives. In what follows, the rdliighindices

y

Reliability Index

\4

Active Power Losses
Fig. 2. A Pareto front for bdbjective reconfiguration problem with t
objectives: active power losses and a reliabifityeix.

radi

the

used in Pareto based approaches for optimal repaation,
are presented:
system average interruption frequency inde&lE1 [25])
[26, 27, 28, 29, 30];
system average interruption unavailability indeX][2
system average duration interruption ind&AIDI [25])
[27];
non-supplied energ\ENS[25]) [27, 31].
SAIFI represents the most used reliability index for
distribution system reconfiguration problems antas to be
minimized. The most important arguments are:
The problem of reconfiguration is relevant for megh
systems where, in general, the restoring of supply
performed after the fault isolation through manoeay
Consequently, in most cases, minimization SAIFI
implies also the minimization GAIDI andENSbecause
the time required to restore service is similath® time
necessary to isolate a fault [20]. In practice, the
differences between these two time intervals is
negligible;
The duration of an interruption cannot be estimated
accurately. Only the fact that the restoration tereeeds
three minutes can be accurately estimated [30Jaumex
the automatic manoeuvres performed by the auto-
reclosers are not taken into account. However, just
sustained interruptions are taken into accountrdeioto
estimate SAIFI. Moreover, in [27] constant and equal
values for restoration times were used for eachmdira
(repair time = 1 h, manoeuvre time = 0.5 hours
Also, in [27], four pairs of Pareto-fronts are dhed
(4P, a reliability index) and it is difficult for thdecision
maker to work with this amount of data. It is imamt to
establish a minimum number of indices (in practice)
Consequently, the minimization oBAIFI is the most
important aim in order to prevent the occurrence of
(ianterruptions. In other words, through reconfigioaf it is
important to improve those reliability indices whicefer to
the interruption frequency [30]. l.e., a configimat with a
minimal SAIFlI ensures minimization of interruption
occurrences at the minimum possible. Moreover, he t
context of smart grids, where the manoeuvres aily fu
automated, the fastness of the reconfiguration oakth
contributes, by itself, to reduce the durationrdéiruptions.

PROBLEM SOLVING

Regardless of the problem formulation, the searctior
the optimal solution represents another criticaliésbecause
of its combinatorial nature. To generate the entitverse of
potential solutions in order to choose the best oeguires a
prohibitive execution time. Moreover, in such apguioes,
linear programming cannot be used because thersoig
than one objective function. Consequently, in order
minimize the computation burden, the following noeth
have been proposed:
heuristic rules [28, 29];
microgenetic [27];



(NSGA) [26];
(NSGA-II) [30, 31];
Generally speaking,
problems, there are several
proposed in literature:
Multi Objective Genetic Algorithm — MOGA [32];
Niched Pareto Genetic Algorithm — NPGA [33];
Non-dominated  Sorting  Genetic  Algorithm
NSGA/NSGA-II [34];
Strength Pareto Evolutionary Algorithm - SPEA/SPEA-
[35].

In Fig. 3, a generalized logical diagram of a gienet

algorithm dedicated to the reconfiguration of a pow
distribution system is given. Genetic encoding espnts the
key action in order to approach any optimizatiombem
through a genetic algorithm. Different encoding noefs are
proposed in the literature for such problems: statd
switches [14], [16], Prufer number [15] or set ohdlamental
loops [27]. The representation Waanches list§36] and the
binary codification ensures the minimal
necessary to represent the entire topology of #ilalision
system [26, 30].

The implementation of the selection operator regmes
another key action. The selection must ensure anbal
between reproduction for the best chromosomestanaveak
chromosomes in order to increase the diversity of
population. Using the ecological niche method [84$ aim
is achieved [30].

Different procedures for the crossover operatorehiagen
proposed in accordance with the chromosome encdding,
using Kruskal's algorithm [16]). By choosing thenmoer of
cut points equal to theyclomatic number — 130], other
suitable chromosomes are frequently obtained, gidine
variety of the population. Such implementation doex
ensure only valid chromosomes because, in somes,casa-
radial chromosomes are obtained. However, in coatizin
with the mutation operator, this disadvantage cam
transformed in a significant advantage due to #ut that the
diversity of the population is increased and newezofrom
the research universe are covered. Also, the iiorers
operator, randomly applied to the chromosomes,exguand
the search space sufficiently in order to find gapdlity
results [30].

In graphs theory, for a distribution system witredeeder
(p = 1, one connected component), the result must be
optimal tree. Also, for a system with more than ¢eeder p
> 1) the result must be an optimal forest; the nundferees,
connected components, is equal to that of feedarsn if a
system contains more than one feeder, by a propdeling,
the problem can be condensed to an optimal treladieg
real feeders by a single compact fictitious so(it&. In this
case, a radial configuration will be validated asee, if the
graph satisfies two conditions: it contaimd branches and it

Non-dominated Sorting Genetic Algorithm
Non-dominated Sorting Genetic Algorithm — Il

for Pareto based multi-objectiv
strong genetic proeedul
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Fig. 3. A generalized logical diagram of a genatgorithmdedicated to tt
reconfiguration of a power distribution system.

is connected. The condition of connectivity can fdreven
using theunion-findprocedure.

Consequently, there is no unique recognition camogr
which approach is the most suitable to be usedrderoto
solve the reconfiguration as a Pareto-optimal bl The
most important thing is how the specific informatiof the
problem field is modelled in the implementation.

IV. NUMERICAL TESTCASES

The final index which can measure the value of a
reconfiguration algorithm consists in the quality the
obtained result and this index can be establisidydtbrough

xperimental results. An extensive numerical colspat
among the existent Pareto based reconfiguratiorhadst
cannot be made because they was tested on diffezent
systems.

Nevertheless, some remarks can be made. A well4know
test system (Fig. 4) [11] contains one source ael [bops
and was used in numerous reconfiguration simulatitirthis
system is reconfigured considering only power Ilssss
objective function, for the obtained configuration,

= 139.55 kW19]. The same system, if it is reconfigured
with the microgenetic algorithm, the result corsish a
Pareto front withL4 optimal solutions (Table 1) [27].

In contrast, another test system is analysed &if8]. In
this system, there are eight distributed genergf@€ units)
installed on node&’, 12, 19, 28, 34, 71, 7&d79. When the
system is reconfigured considering, just power dessis
objective function, for the obtained configuration,
AP = 380.656kW [30]. If the same system is reconfigured



with a NSGA-Il based algorithm, the Pareto fronhsists
of 4 optimal solutions (Table 1) [30]. Consequentifet
dimension of a Pareto-front can vary widely fromtest
system to another.

B1

Fig. 4. Baran’s test distribution system [11].

TABLE |

A PARETO FRONT FORBARAN’ STEST SYSTEM [27]

Active power losses\P [kW] Sf;:Te?]\Srﬁ%ethggﬂg“On
139.6 3.136
140.2 3.123
141.3 3.110
147.¢ 3.078
147.9 3.065
148.4 3.052
152.3 3.045
152.7 3.032
160.0 3.026
163.7 2.997
167.6 2.970
172.7 2.955
175.9 2.952
187.4 2.947

TABLE Il

A PARETO FRONT FORWU’ S TESTSYSTEM [30]

In this paper, a comparative study of Pareto optimg]
approaches for distribution system
presented. Through
reliability
interruption frequency, and a configuration withrénimal
SAIFI ensures maintaining interruptions occurrence at th

improve those

V. CONCLUSION

reconfiguration, it is

indices which refer

reconfiguratiomas
importatut
to eth

B2 .
Fig. 5. Wu's test distribution system [38].

minimum possible. Moreover, in the context of snaitls,
where the manoeuvres are fully automated, the dastof the
reconfiguration method contributes, by itself, educe the
duration of interruptions.

There is no unique recognition concerning whichrapph
is the most suitable to be used in order to solve t
reconfiguration as a Pareto-optimal problem. Thestmo
important thing consists in the way in which theedfic
information of the problem field is modelled in the
implementation. Also, the dimension of a Paretovfroan
vary widely from a test system to another.
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