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Abstract: This study proposes and applies an evolutionary-based approach for multiobjective recon guration in
electrical power distribution networks. In this model, two types of indicators of power quality are minimised: (i)
power system s losses and (ii) reliability indices. Four types of reliability indices are considered. A microgenetic
algorithm (mGA) is used to handle the recon guration problem as a multiobjective optimisation problem with
competing and non-commensurable objectives. In this context, experiments have been conducted on two
standard test systems and a real network. Such problems characterise typical distribution systems taking into
consideration several factors associated with the practical operation of medium voltage electrical
power networks. The results show the ability of the proposed approach to generate well-distributed Pareto
optimal solutions to the multiobjective recon guration problem. In the systems adopted for assessment
purposes, our proposed approach was able to nd the entire Pareto front. Furthermore, better performance
indexes were found in comparison to the Pareto envelope-based selection algorithm 2 (PESA 2) technique,
which is another well-known multiobjective evolutionary algorithm available in the specialised literature.
From a practical point of view, the results established, in general, that a compact trade-off region exists
between the power losses and the reliability indices. This means that the proposed approach can recommend
to the decision maker a small set of possible solutions in order to select from them the most suitable radial
topology.

1 Introduction area of research was created with the aim of nding radial
topologies with smaller power losses levels by using

The recon guration of the distribution network is a process algorithms with reduced simulation times.

that alters the feeder topological structure, changing the

open/close status of sectionalisers and switches in an Several works on this topic have been analysed in a survey

electrical ~distribution system, with the objective of developed by Sar et al. [2]. From this review, new

minimising some system operating variable in the medium methodologies to face this optimisation problem have been

and long term. The rst publication about the developed, based mainly on arti cial intelligence techniques:

recon guration problem, in which the importance and the genetic algorithms [3, 4], dynamic programming [5],

potential of this research line was observed, was presented exhaustive search [6], simulated annealing [7] and ant

by Merlin and Back [1]. Starting from this work, a new colony optimisation [8].
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Research in minimal loss recon guration has been guided
in several ways; for example, a recon guration model for
unbalanced distribution systems is developed in [9]. The
work presented in [10] uses economical objective functions.
In [11] the on-line recon guration is evaluated, taking into
account the variability of demand through the characteristic
load curves. In [12] the minimisation of the energy
purchase cost is approached. On the other hand, the
protection coordinations are considered as constraints in
the recon guration problem studied in [13]; nevertheless,
this work considers the recon guration problem from the
perspective of systems abnormal operation, a problem that
is known as service restoration.

Other important approaches based on reliability have been
previously developed. For example, recon guration models
that minimise a weighted sum of the reliability index, the
expected interruption cost and the energy not supplied
(ENS), are developed in [14, 15]. In general, these works
show that the networks recon guration is an effective
approach to increase the worth of distribution systems
reliability without extra costs, providing customers quality
and nancial bene ts.

For these reasons, the aim of this work is to use the topology
like a control variable to optimise two very important indices in
primary distribution networks: (i) an index related to the
ef cient transport of energy and (ii) an index based on the
quality of the client supply continuity. This problem can be
solved through a multiobjective recon guration process using
a multiobjective optimisation technique (an evolutionary
algorithm, in our case). In this situation, the solution consists
of nding the non-dominated solutions to the problem (such
non-dominated solutions represent the best possible trade-
offs between the two objectives considered). Such non-
dominated solutions constitute the so-called Pareto optimal
set. The image of the Pareto optimal set (i.e. the objective
function values corresponding to the contents of the Pareto
optimal set) is called the Pareto front.

There is also previous related work that considers
multiobjective versions of the recon guration problem. For
example, in [16] ve objectives are minimised: the feeder
losses, the load balancing among supply transformers, the
worst voltage drop, the service interruption frequency and the
balance service of important customers. All these goals are
combined into one equation using weighting factors. On the
other hand, in [17], several objectives are modelled with fuzzy
sets so that they are evaluated in a single equation as well. The
objectives considered include power losses, margin of feeders,
margin of transformer, deviation of bus voltage, switching
operation, branch current loading and feeder load balancing.

It is important to note that in all these works the objective
functions are aggregated (i.e. they are combined into a single
scalar value) and, therefore, the problem is solved through a
single-objective optimisation technique. Consequently, the
recon guration problem is not really tackled as a truly

multiobjective optimisation problem, which leads to a loss
of important technical and economical information that
arises from analysing the trade-offs among the selected
objectives. In contrast, in this paper, we do provide a truly
multiobjective treatment of this problem, since instead of
using an aggregating function, we adopt the de nition of
Pareto optimality (which aims to nd the best possible
trade-offs among all the objectives) for selecting solutions.

Itis worth noting, however, that there exists previous work in
electrical distribution network design, in which a real
multiobjective treatment is adopted. For example, in [18] the
non-dominated sorting genetic algorithm-I1 (NSGA-II),
which is a well-known multiobjective evolutionary algorithm,
is used as the search engine to nd the trade-off region
between the cost of the network (investment cost and energy
losses) and the cost associated to the occurrence of faults
(number of faults and non-delivered energy). The same
problem is solved in [19], but in this case, the construction
cost of the network and the non-supplied energy are
considered as the objective functions. The problem is solved
using two multiobjective evolutionary algorithms: the original
non-dominated sorting genetic algorithm (NSGA) and the
Pareto archived evolution strategy (PAES). Since both of
these papers are focused on distribution network design, the
objective functions associated to the power losses and
reliability costs are evaluated in an approximated way.

As can be seen from the previous discussion, virtually no
research has been carried out until now on the proper
multiobjective  recon guration of distribution power
systems, incorporating the Pareto optimal criterion from a
medium- and long-term planning perspective, as it is
performed in this work.

This paper presents a multiobjective approach based on a
microgenetic algorithm (mGA) that properly deals with the
trade-offs between the power losses and the reliability
indices, in order to obtain radial topologies of electrical
distribution systems within a Pareto front. In this context,
we have conducted our investigation on two standard test
systems and a real primary 15 kV network. The protection
and manoeuvre schemes, which play a very important role as
constraints of this problem, were suitably considered because
of the in uence on the system s reliability. The performance
of the mGA is assessed by comparing its obtained results
(for the proposed electrical model) with respect to those
found via exhaustive search and via another multiobjective
evolutionary algorithm called Pareto envelope-based
selection algorithm 2 (PESA 2). MATLAB was adopted for
all the simulations reported in this paper.

2  Establishing the multiobjective
problem of recon guration

Let us consider the 23 kV meshed network, which is provided
with sectionalisers fuses (SF) in lines 1, 2 and 5, and

826

& The Institution of Engineering and Technology 2009

IET Gener. Transm. Distrib., 2009, Vol. 3, Iss. 9, pp. 825 840
doi: 10.1049/iet-gtd.2009.0009

Authorized licensed use limited to: Universidad Pablo de Olavide. Downloaded on October 13, 2009 at 02:39 from |IEEE Xplore. Restrictions apply.



sectionalisers in lines 3 and 4 (S) as shown in Fig. 1. The
universe of radial topologies is formed only by four
possibilities (topologies). The data of line impedances, node
powers and failure rates, are shown in Table 1. The repair and
manoeuvre times are considered to be 1 and 0.5h,
respectively. For each topology, it is possible to calculate the
power losses (PL), as the addition of the N, square value of
each current (i,) multiplied by their respective resistance (Ry)
(1) and the reliability indices according to (2) (5), namely F
(systems average interruption frequency index), T (system
average interruption unavailability index), D (system average
duration interruption index) and ENS (non-supplied energy),
which are functions of the active (kW;) and apparent (kVA;)
power values of the N, system loads, as well of the failure rate
(I), repair time (r;) and unavailability (U;) for each load
point. Table 2 shows these results. The reliability indices
adopted by the Chilean law are de ned by the Inter-
American Committee of Regional Electricity-CIER

PL.. R, i} 1)
b..1
PN A T
F.—pi— )
i..c.lkVAi
PN A, U
T.—pL— 3)
i..c.lkVAi
3
ENS.. kw,; U, (4)
i.1
-
D..r (5)
Ui I, (6)

These results show that the third radial topology presents the
smallest value for the PL index. However, the fourth radial
topology presents the smallest value for the ENS, F and T
indices and the second radial topology presents the smallest
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Table 1 Data for the test system

Line | Node | R jX, p.u. | I, f/yr | MW MVAF?
Ly 12003 jo.03| 0.2 34 14
L, 1 3002 jo.02| 0.3 10.0 4.0
Ls 2 41002 jo.02] 0.2 6.7 2.7
Ls 4 51001 joo1| o0.1 10.0 4.0
Ly 341001 jo0o1| 0.2
4Power at the end of the line.
Table 2 Result test system
Loss, p.u. | F, f/yr | T, h/yr | ENS, MWh/yr | D, h/f
1] 0.0028 0.73 0.49 14.71 0.67
2| 0.0053 0.63 0.40 12.04 0.63
3| 0.0022 | 050 | 0.38 11.53 0.77
41 0.0025 0.40 0.28 8.36 0.69

values for the D index. Through these results, it is possible to
observe that a commitment level exists between the objectives
associated to the power losses and the reliability indices.

Furthermore, from a practical point of view, in this problem,
it is necessary to consider an appropriate operation of the system
regarding other electrical and topological variables such as

)

Iy 'maxlj

V vV YV

min max (8)
These are parts of the operational constraints of the proposed
optimisation model. Equation (7) corresponds to the feeder
thermal limits and to the maximum capacity of the

substations, so that the system currents (i,) do not exceed

»’®/s

Figure 1 Radial topologies for the test system
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their maximum  values (iyq, ). Equation (8) considers
voltage constraints in each node where these must be kept
between their minimum (Vnin) and maximum (Ve
allowable values.

3  Optimisation method for
the proposed multiobjective
recon guration problem

Nowadays, the inherent advantages of evolutionary
multiobjective optimisation are exploited in order to nd the
Pareto optimal set for the problem of our interest. In contrast
with conventional techniques, an evolutionary algorithm is
able to nd more than one element of the Pareto optimal set
in a single run, because of their population-based nature.
Traditional mathematical programming techniques tend to
generate Pareto optimal solutions one at a time. Furthermore,
evolutionary algorithms are less susceptible to the shape or
continuity of the Pareto front, whereas these are serious
concerns when adopting mathematical programming
techniques.  Evolutionary  multiobjective  optimisation
techniques can be roughly classi ed as follows [20]:

Techniques not based on Pareto optimality: linear and non-
linear aggregating methods, vector-evaluated genetic
algorithm (VEGA), lexicographic ordering, hybrids with
the 1-constraint method and so on.

Techniques based on Pareto optimality: multiobjective genetic
algorithm (MOGA), NSGA, NPGA, mGA, PAES,
NSGA-I11 and SPEA2, among others.

Among these techniques, we decided to use the mGA
proposed in [21] to solve the multiobjective optimisation
problem of our interest. This technique was developed by
one of the co-authors of this paper and its performance has
been previously compared to other techniques that are
representative of the state-of-the-art in evolutionary
multiobjective optimisation.

3.1 Microgenetic algorithm

This technique improves the ef ciency of the optimisation
process, in comparison with other evolutionary algorithms,
because it applies the concept of Pareto dominance to a
very small set of possible solutions (a maximum of ve
individuals are used in the main population).

Fig. 2 shows a block diagram that describes the inner
workings of the mGA. First, a set of solutions is randomly
generated. This random population (which is called
population memory) is divided into two parts: a replaceable
portion (RM) and an irreplaceable one (IRM). The
irreplaceable portion never changes during the evolutionary
search, since it constitutes the source of diversity of the
approach. In contrast, the replaceable portion is modi ed
after each cycle of the mGA.

l Random Population l

AN

Replaceable =X | 2~ Irreplaceable
Memory Memory

Initial
Population

le
| il

Selection
(Tournament)

v

Crossover
(Two point)

‘ External Memory ‘
[}

Mutation
(Uniform)

| New Population |

yes
Convergence

Figure 2 mGA block diagram

Filter

The population of the mGA at the beginning of each of its
cycles is taken (with a certain probability) from both portions
of the population memory (i.e. the replaceable and the non-
replaceable portions).

During each cycle, the mGA applies the conventional
operators of a simple genetic algorithm: tournament
selection, crossover, mutation and elitism. The mGA is run
for a certain (pre-de ned) number of iterations, which
de nes the so-called nominal convergence. After this, two
non-dominated solutions are chosen from the nal
population of the mGA and they are compared to the
contents of the replaceable memory. Here, the aim is to
replace two individuals from the replaceable memory that
are dominated by these two solutions from the main
population of the mGA. Over time, the replaceable
memory will tend to have more non-dominated solutions,
some of which will be used in the initial populations of
the mGA.

The de nition of Pareto dominance for two decision
vectors X,y [ F (F refers to the feasible region) is shown
next.

A vector X ... (X1, X9, ..., X) is said to dominate (in a
Pareto sense) another vector y ... (1, Y5, ..., Yyx) (denoted
by x__y) if and only if

8IiL@ ...k, x; Vi L@A ....K:X% Y
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Figure 3 Examples of encodings and genetic operators

In words, a vector dominates another one (in a Pareto sense)
when it is less or equal (assuming minimisation) with
respect to all of its components and it is strictly less with
respect to at least one of them. Note that if a solution x does
not dominate another solution y, and y does not dominate x,
then both are non-dominated with respect to each other (in
other words, they are incomparable). For example, if we
consider the minimisation of f; and f, and we have
three vectors whose objective function values are the
A..(21),B..333),C..(1,2, we can
say that A dominates B (A B) because fi(A) , fi(B)
and fy(A) , fx(B). In the same way, we can say that C
fi(C) , fi(B) and
fi(C) , fi(A) and
f2(A) , f2(C), we can say that these two solutions do not

following:

dominates B
f2(C) 5 f2(B).

(C B) because
However, as

dominate among them.

Also, the mGA adopts an external archive

which the non-dominated solutions found along the
evolutionary process are stored. This external archive is
also used to spread the non-dominated solutions found.
Further details of the mechanisms of the mGA can be

found in [21].

4 Proposed approach

In this paper, a proper multiobjective

ENS or D) (as quality indicators
continuity). The mGA technique

sake, an ef cient encoding and

considered.

distribution
system recon guration model is proposed. This approach
takes into account the power losses of the system (index of
the energy transport ef ciency) and reliability indices (F, T,
client supply

is adapted to the
proposed multiobjective recon guration model. For this
specialised  genetic
operators developed in some of our previous work were
adopted [3]. In order to evaluate the objective functions
and to verify the operational constraints of the network,
specialised radial load ow and reliability algorithms are

Bits selected
for mutation

FL1: I:-i 5 8 9 11 1?] ¢

Ch1: [5 10 7]

choose a bit
from the loop
vector 2

U
£ et

Feasible
individual

4.1 Encoding and genetic operators used

A great variety of encodings and genetic operators to solve the
recon guration problem are available to be used with an
evolutionary algorithm [3, 4]. However, not all of these
proposals reach ef cient results in the search of the best
topologies.

The encoding and genetic operators adopted in this paper
are based on some of our previous work presented in [3].
Such a proposal takes into account the fundamental loops
vectors of a network, de ned as a set of elements that form a
closed-loop in a circuit, not containing any other closed-
loop, in order to create a radial topology. These fundamental
loops are obtained through a small routing algorithm that
considers the system data. A string of integers (called
chromosome) whose cardinality is the total number of lines
to be disconnected from the network represents an
individual of our mGA. To create radial topologies, one
should select from the group of fundamental loop vector
those elements that are to be disconnected (one per loop). In
this technique, each position (gene) of the string represents
a randomly selected element from each fundamental loops
vector. These considerations allow limiting the generation of
infeasible individuals used in the mGA, reducing the
combinatorial search space. This methodology is very
ef cient and robust when applied to the large distribution
systems [3, 4], for example, if we consider the system in
Fig. 5a, it can be noticed that the number of fundamental

Radial

Topology Cuts Sets

) ® » Load Point
Reliability Index

' s

MP,
Modes of
Failures
SP,

Figure 4 Reliability block diagram

System Reliability
Indexes
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Figure 5 System topologies

a Civanlar
b Baran

loops (FL) is 3, which can be obtained by the branches number 4.2 Objective function evaluation
minus the buses number plus one. These grids are composed

by the following lines In order to make better decisions in the optimisation process,

the objective functions and constraints de ned in this work
(power losses and reliability indices) will be evaluated using
Flywo b b Ly ks Ly Lo Ly Ly specialised high-accuracy algorithms for each candidate that
FL,.. Ly Ly Lg Ly Lz Ly Lig is selected by the evolutionary process.
FL3 Ll L3 L4 LG I-7 L13 I-15 L16 I—19
9) First, a radial load ow based on a power summation
method is used to evaluate the power losses of the systems.
From these vectors, the lines that cannot be open must be This load ow allows the evaluation of the system active
discarded; among them are L;, Ly, L3 and Liz so (9) is losses and both voltage and current constraints.
reduced to (10)

18 120
o = 1Y 15, fi1

16 121,
/ -
o /112 1223 23l

FLi.. Ly Ls Lg Ly Ly Ly
FL, .. Lg Ly Lis Ly (10)
Flg.. Ly Lg Ly Lis Lig Lyo

T125

126
9 91474 127,128,129
2 L0

131

|
o
I L3

From here, it is only necessary to select an element from each
FL to form a radial network. In Fig. 3, an example of the
encoding and the genetic operators used is shown. P1 and
P2 are parents created by the previously described method;
in this example, the crossover between both parents is done

in a random selected position (second bit), to create two [
children (Chl and Ch2) as shown in Fig. 3. It can be "";8 L
noticed that both children are feasible individuals because 80,79 | 76 |

they have not lost the radiality and connectivity conditions. Wﬁg_

For the mutation, in this example, the second bit of Ch1 has '84:'_52 = ;g

been randomly chosen to be modi ed; it is important to = I

note that this second bit is not changed for any other [J: sectionatiser - Fuse

element, but for some other that belongs, in this case, to the
systems second loop. Finally, a new individual has been
created (Ch1°) which is still feasible. Figure 6 Real system topology
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Table 3 Results of Civanlar systems
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Topologies Case 1 Case 2 Case 3 Case 4
PLLMW | Ff/yr | PL,MW | T, h/yr | PL, MW ENS, MWh/yr PL, MW [ D, h/f
10-11-19 0.466 5.612 0.466 3.741 0.466 109.315 0.466 0.666
7-10-11 0.479 3.662 0.479 107.415 0.479 0.647
10-17-19 0.484 5.470 0.484 106.975
10-11-16 0.493 3.636 0.493 106.500 0.493 0.638
7-10-17 0.498 3.591 0.498 105.075
10-16-17 0.508 3.566 0.508 104.160
11-14-19 0.512 0.608
7-11-14 0.518 0.596
7-14-17 0.540 0.595
11-14-16 0.548 0.589
14-16-17 0.567 0.589
7-9-14 0.684 0.547
9-10-16 0.776 0.546
9-14-16 0.775 0.541
4-9-14 2.857 0.536
individuals IRM 40 40 40 50
cycles of process 60 60 60 100
400,
125 350 0.7
3300 A
L = 0.65F ﬁ .
i ©a00f o, v
) e -
= 115f 190 <= . Initial Topolo:
< 100 \ £ 06} %ﬂ-‘. ':... g 1
w (O] 2 LOSS‘:M'-'-'I ® a . ‘-‘° woy ®
E 110k 3. ".";".
A ossk &va.e T L. ]
A A o . 5 - *
X Initial Topology
108} A 55
046 048 05 052 054 056 058 06 062 0 2 4 6 8
Loss (MW) Loss (MW)
a b

Figure 7 Civanlar s system

a Results for Case 3
b Results for Case 4

There are several alternatives for evaluating reliability
indices in distribution systems. One of them is the
algorithm presented in [15]. This approach uses the
concept of main and secondary paths, in order to evaluate,
ef ciently, the basic reliability indexes. This method de nes
the main path (MP) of a load point as the group of all the

existent elements among the source (main SS/EE) and the
load point under study. On the other hand, the secondary
path (SP) is conformed by all the elements taking part in
the failure modes of the load point, except for the elements
that belong to MP. In the MP and SP, it is necessary to
carry out all the considerations, for the failure modes, in
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terms of the existent switching and protection elements.
These considerations determine all order cut sets taking
part in the reliability diagrams. Using the cut set, it is
possible to calculate ghe failure rate (1 ... :\_'_Cl I,) and the
unavailability (U ... :\.'_‘_31 I; r;) of each load point. With
these load point indicators, it is possible to determine the
system indicators as in (2 (5) [22]. This algorithm allows a
quick evaluation of any reliability index of the distribution
networks, considering, in detail, the effect of the protection
and manoeuvre elements. The block diagram of Fig. 4
shows the commented algorithm.

4.3 Description of the algorithm

The input data for the multiobjective recon guration
program are the power system parameters: lines, loads, the
location and rated values of capacitors banks, and the
reliability parameters: failure rates, the repair times and
time of the manoeuvres.

In order to start the evolutionary multiobjective optimisation

process, the algorithm begins by giving a random population to
the irreplaceable (or non-replaceable) memory. Regarding that,

Table 4 Results of Baran systems

most of the CPU time spent by the algorithm is associated with
the objective function evaluation and the veri cation of the
constraints, for which a database was provided. The aim is to
store the candidates that have been already evaluated.
Therefore the objective function values are read from this
memory if the procedure calls the candidates again, in order
to avoid repeated calculations. In cases where the candidates
do not meet the constraints, these are punished and later
discarded by the evolutionary process.

The population size and the number of iterations to reach
nominal convergence within the multiobjective technique
were 5 and 3, respectively. The percentage of the irreplaceable
memory and the replaceable memory in the initial population
in all simulations was 70 and 30%, respectively.

5 Applications

In this section, the proposed multiobjective method will be
evaluated considering four multiobjective cases: (i) the PL
and F index, (ii) the PL and T index, (iii) the PL and
ENS and (iv) the PL and D index. Two networks called
Civanlar and Baran systems are used as test systems [3].

Topologies Case 1 Case 2 Case 3
PL, MW F f/yr PL, MW T, h/yr PL, MW ENS, MWh/yr

7-9-14-32-37 0.1396 3.136 0.1396 1.799 0.1396 6.645
7-10-14-32-37 0.1402 3.123 0.1402 1.792 0.1402 6.616
7-11-14-32-37 0.1413 3.110 0.1413 1.779 0.1413 6.566
7-11-14-36-37 0.1435 6.546
7-9-14-17-37 0.1476 3.078 0.1476 1.767 0.1476 6.478
7-10-14-17-37 0.1479 3.065 0.1479 1.760 0.1479 6.449
7-11-14-17-37 0.1484 3.052 0.1484 1.747 0.1484 6.399
7-10-14-16-37 0.1523 3.045

7-11-14-16-37 0.1527 3.032 0.1527 1.736 0.1527 6.352
9-14-32-33-37 0.1600 3.026

10-14-32-33-37 0.1637 2.997

11-14-32-33-37 0.1676 2.970 0.1676 1.720 0.1676 6.319
10-14-17-33-37 0.1692 6.314
10-14-16-33-37 0.1724 6.301
11-14-17-33-37 0.1727 2.955 0.1727 1.709 0.1727 6.238
11-14-16-33-37 0.1759 2.952 0.1759 1.707 0.1759 6.225
11-13-16-33-37 0.1874 2.947

individuals IRM 100 100 100

Cycles of process 700 700 700
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Solution Topologies Case 4 Solution Topologies Case 4

PL, MW D, h/f PL, MW D, h/f
1 7-11-14-23-28 1.3484 0.5314 24 7-14-27-30-35 0.1806 0.5583
2 14-19-23-35-28 1.0787 0.5335 25 7-8-14-27-30 0.1780 0.5588
3 8-14-20-23-29 0.7177 0.5337 26 7-31-34-35-37 0.1772 0.5600
4 7-23-29-34-35 0.4217 0.5349 27 7-8-14-28-30 0.1758 0.5600
5 7-8-14-23-29 0.3515 0.5372 28 7-14-25-31-35 0.1712 0.5601
6 7-14-23-29-35 0.3368 0.5379 29 7-14-27-31-35 0.1642 0.5609
7 7-11-14-23-29 0.3062 0.5410 30 7-14-28-31-35 0.1616 0.5621
8 7-10-14-23-29 0.3017 0.5423 31 7-8-14-27-31 0.1599 0.5623
9 7-9-14-23-29 0.2973 0.5424 32 7-8-14-28-31 0.1572 0.5636
10 7-23-30-34-35 0.2704 0.5445 33 7-14-27-32-35 0.1554 0.5640
11 7-14-23-30-35 0.2439 0.5469 34 7-14-17-28-35 0.1549 0.5654
12 7-8-14-23-30 0.2413 0.5479 35 7-14-28-32-35 0.1521 0.5654
13 7-14-23-31-35 0.2382 0.5504 36 7-11-14-27-31 0.1501 0.5657
14 7-11-14-23-30 0.2266 0.5509 37 7-11-14-28-31 0.1474 0.5670
15 7-10-14-23-30 0.2244 0.5524 38 7-9-14-27-31 0.1470 0.5673
16 7-9-14-23-30 0.2223 0.5525 39 7-11-14-31-37 0.1458 0.5681
17 7-25-30-35-34 0.2131 0.5544 40 7-9-14-28-31 0.1443 0.5686
18 7-27-30-34-35 0.2071 0.5550 41 7-9-14-31-37 0.1427 0.5697
19 7-28-30-34-35 0.2050 0.5561 42 7-11-14-28-32 0.1418 0.5706
20 7-35-34-37-30 0.2032 0.5566 43 7-11-14-37-32 0.1413 0.5721
21 7-25-31-34-35 0.1883 0.5575 44 7-9-14-28-32 0.1401 0.5722
22 7-14-25-30-35 0.1865 0.5576 45 7-9-14-32-37 0.1397 0.5738
23 7-27-31-34-35 0.1814 0.5581
individuals IRM 500
cycles of process 2000

Fig. 5 shows these networks, with their protection and
manoeuvre schemes. Tables 8 and 9 show the data of these
systems. The repair and manoeuvre times are considered to
be 1 and 0.5 h, respectively.

The Civanlar system has an installed power of 28.47 MW
and 5.9 MVAR. The initial operating condition considers
the opening of lines 17, 18 and 19. The power losses
indicator and the reliability indicators (F, T, ENS and D)
are 0.511 MW, 5.740 f/yr, 3.828 h/yr, 112.43 M\Wh/yr
and 0.667 h/f, respectively.

The Baran system has an installed power of 3.715 MW
and 2.3 MVAR. The initial operating condition considers

the opening of lines 33, 34, 35, 36 and 37. The power
losses indicator and the reliability indicators (F, T, ENS
and D) are 0.2028 MW, 3.177 f/yr, 1.819 h/yr,
6.695 MWh/yr and 0.5728 h/f, respectively.

On the other hand, a section of a real distribution
network of a city, shown in Fig. 6, of 15kV with 174
nodes, 163 lines, 8 sub-feeders and 75 sectionalisers is used
to validate the proposed algorithm. The installed power of
the system is 26 MVA. The topology adopted before for
the recon guration process (open lines 163-164-165-166-
167-168-169-170-171-172-173-174) has the power loss
and ENS index of 0.183 MW and 140.6 MWh/yr,
respectively.
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The algorithm was implemented in MATLAB and the
simulations were carried out in a PC with a Pentium IV
processor, running at 1.7 GHz, and with 1 GB of
RAM. The number of cycles (nominal convergence) as
well as the other parameters for the mGA are speci ed
according to the systems size. With the goal of
assessing the global effectiveness and to validate the
solutions that were found by the proposed algorithm in
the search of the ef cient solutions belonging to the
Pareto front, an exhaustive evaluation (EE) process was
carried out. This process was feasible only for the
Civanlar and Baran systems.

Figure 8 Baran s system

a Results for Case 3
b Results for Case 4

Table 6 Results of real system for Case 3

On the other hand, with the purpose of illustrating the
effectiveness of the optimisation technique adopted,
another evolutionary multiobjective optimisation technique,
called Pareto envelope-based selection algorithm 2 (PESA
2) [23], was implemented using the same type of encoding
and genetic operators adopted by our proposed approach.

5.1 Civanlar system

The obtained numerical results of the multiobjective cases for
the Civanlar system, using the proposed model, are shown in
Table 3. The results show that 2, 5, 6 and 12 radial topologies

Topologies PL, MW ENS, MWh/yr
1 6-70-78-99-163-164-166-168-171-172-173-174 0.1685 140.012
2 7-70-78-99-163-164-168-171-172-173-174-166 0.1685 138.420
3 7-70-78-100-163-164-166-168-171-172-173-174 0.1687 137.926
4 7-70-78-101-163-164-166-168-171-172-173-174 0.1691 137.377
5 7-78-101-163-164-166-167-168-171-172-173-174 0.1704 136.970
6 70-78-101-163-164-166-168-169-171-172-173-174 0.1795 132.706
7 78-101-163-164-166-167-168-169-171-172-173-174 0.1808 132.299
8 7-70-78-101-136-163-164-166-168-172-173-174 0.1908 128.795
9 7-78-101-136-163-164-166-167-168-172-173-174 0.1921 128.388
10 70-78-101-166-139-163-164-168-169-171-173-174 0.2665 115.698
11 78-101-139-163-164-166-167-168-169-171-173-174 0.2678 115.291
12 70-78-101-136-163-164-166-168-169-172-173-174 0.2687 113.349
13 78-101-136-163-164-166-167-168-169-172-173-174 0.2700 112.942
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