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Abstract Electrical distribution system reconfiguration is
frequently addressed as a multi-objective problem, typically
taking into account the system losses together with other
objectives, among which reliability indicators are widely
used. In the multi-objective context, Pareto front analysis
enables the operator handling conflicting and even non-
commensurable objectives without needing the use of addi-
tional hypotheses or weights. This paper provides advances
on the application of Pareto front analysis to multi-objective
distribution network reconfiguration. Starting from previous
results in which genetic algorithms were effectively adopted
to find the best-known Pareto front, a version of the multi-
objective binary particle swarm optimization (MOBPSO)
customized for distribution network reconfiguration has been
developed by exploiting the internal ranking of the solutions
(based on a multi-criteria decision making method in the
selection of the local best) and the network topology. Fur-
thermore, the Pareto front mismatch metric (already used by
the authors to compare different methods for small networks
for which the complete Pareto front can be calculated) has
been generalized to be used with large systems for which
only the best-known Pareto front is found. Applications to a
test network and to a real urban distribution network are dis-
cussed, showing the consistent superiority of the customized
MOBPSO version with respect to the application of genetic
algorithms and of a more classical version of the particle
swarm optimization method.
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Introduction

In the analysis of electrical distribution systems with recon-
figurable structure and radial operation, for large networks
the number of possible radial network configurations (cal-
culated from the Kirchhoff’s matrix tree theorem) may be
so high to make exhaustive search of all the possible radial
configurations practically infeasible. As such, many deter-
ministic and probability-based methods have been exploited
to find out the configurations leading to pseudo-optimal solu-
tions for a given objective function or for multi-objective
functions [1-3]. In particular, multi-objective approaches
have been applied to address distribution system reconfigu-
ration by taking into account the trade-off among conflicting
objectives. Starting from early contributions [4,5], differ-
ent combinations of objectives have been considered by
various authors. The systems losses have been typically
used in combination with other objectives such as load bal-
ancing, reliability indices, number of switching operations,
branch current loading, emissions, and voltage deviations.
Multi-objective reconfiguration is an effective analysis and
decision-making tool for choosing the best configuration that
can be operated by considering a given set of load and gen-
eration patterns.

The multiple objectives have been handled with different
approaches, including:'

1" For each approach, an early paper introducing the method for optimal
distribution network reconfiguration is indicated. A complete review of
multi-objective methods is outside the scope of this paper.
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o the weighted sum of the individual objectives, using per-
unitized individual objectives in order to deal with non-
commensurable quantities [4]; limitations on the use of
the weighted sum approach are indicated in [6];

e the use of membership functions in the fuzzy domain,
maximizing the fuzzy satisfaction of the optimization of
the individual objectives [7];

e Pareto front analysis, based on the notion of non-
dominated solutions for which no other solution exists
with better values for all the individual objectives [8];

e Grey correlation analysis, with the identification of
problem-independent superior and inferior solutions for
each objective [9].

Among these approaches, the Pareto front analysis is par-
ticularly effective because it handles non-commensurable
objectives without requiring additional hypotheses or
weights. The Pareto front is formed by the non-dominated
solutions related to the conflicting objectives considered
in multi-objective optimization. The Pareto front approach
is used in many applications of stochastic optimization in
different domains [10]. With reference to distribution net-
work reconfiguration, specific techniques operating in the
Pareto-based framework include the e-constrained method
[5] and a number of heuristics that construct and update the
best-known Pareto front in an iterative way. A number of
these techniques are based on genetic algorithms (GA) and
evolutionary computation, such as the widely adopted Non-
dominated Sorting Genetic Algorithm II (NSGA 1II) [11]
applied in some contributions [12—-14], the non-dominated
sorting evolutionary programming [15], and the micro-
genetic algorithm [16]. Further approaches use an artificial
immune systems hybridized with ant colony optimization
[8] or with graph theory-based techniques [17], the Multi-
Objective Binary Particle Swarm Optimisation (MOBPSO)
[18], and a branch-and-bound technique driven by non-
dominance concepts [19].

Comparisons among different techniques to address multi-
objective network reconfiguration have been presented in
[18]. In particular, a GA procedure based on NSGA-II con-
cepts and a version of MOBPSO have been tested, the
GA procedure showing better performance. From further
research carried out by the authors, the MOBPSO has been
largely improved by further customizing it with respect to
the specific problem addressed, providing results (shown in
this paper) significantly better than the ones of the methods
previously used.

Furthermore, in order to compare the results obtained
from different methods using Pareto front analysis, a proper
metric based on the points of the best-known Pareto front
has to be exploited. Some metrics have been defined in
terms of the location of the Pareto front points, such as
the quality factor used in [20], depending on the number
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and location of the points forming the Pareto front, and the
Pareto front mismatch [12], a geometrical indicator depend-
ing on the location of the Pareto front points, based on the
concepts of hyper-volume calculation [21]. In order to com-
pute the hyper-volume, a reference point is needed. In [21]
the coordinates of the reference point are the worst values
of the objective obtained on each dimension for the solu-
tions found so far (including the dominated points). In this
paper, the coordinates of the reference point are the worst
values obtained for each dimension from the points of the
best-known Pareto front found so far (excluding the dom-
inated points). The rationale of this choice is that in the
problem under analysis the worst solutions from dominated
points could be very far from the region containing the
points forming the Pareto front. This would generate large
hyper-volumes and lead to obtain similar values for the hyper-
volume when the Pareto front changes. In the solution used,
the region of analysis is limited to the one defined by the
Pareto front points, emphasizing the differences among the
solutions with different Pareto fronts.

On these bases, the specific contributions of this paper are:

1. to extend and generalize the definition of the Pareto front
mismatch metric in order to apply it to real networks for
which the complete Pareto front cannot be formed and
only the best-known Pareto front is available;

2. to illustrate the rationale and the details of the improve-
ments introduced in the customized MOBPSO version,
in which the specific knowledge on the distribution net-
work topology is used to modify the formulation of the
solution procedure;

3. to show a set of significant and consistent results obtained
on different distribution systems, including a test system
and a real system.

The next sections of this paper are organized as follows.
Section “Objective Functions and Constraints” summarizes
the objective functions and constraints used in this paper. Sec-
tion “Generalized Metrics to Compare the Results of Pareto
Front-Based Optimization Methods” contains the formula-
tion of the generalized metric used to assess the effectiveness
of the Pareto front-based methods. Section “Binary PSO:
Concepts and Notation” introduces the notation used for the
binary PSO and illustrates the characteristics of the novel
MOBPSO version used for multi-objective distribution net-
work reconfiguration. Section “The Multi-Objective Binary
PSO (MOBPSO)” contains the discussion of the results
obtained in the case study applications. The last section con-
tains the concluding remarks.

Objective Functions and Constraints

Let us consider a distribution network with N nodes, Y phys-
ical branches (including the ones that are kept open during
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the system operation) and S supply points. The number of
branches that have to remain open for obtaining a radial net-
work is A = Y — N+ S5 [22]. The identification of the best set
of A branches to open (i.e., the identification of the most suit-
able configuration to be operated) depends on the objective
function defined by the user.

In this paper, the two typical conflicting objective func-
tions energy losses and energy not supplied (ENS) are
considered for multi-objective optimization. The conflicting
nature of these two objectives strongly depends on the values
of failure rates of the branches. For a given time interval with
h=1,..., H time steps of duration t each, the energy losses
in the network are computed from the energy losses t Ry, [ y2h
atbranchy =1,...,Y as:

H Y
Wiosses = T Zh:l Zy:l Ryhl)zvh (D

The power losses Ry, 1 3}, are calculated by solving at each
time step 4 a power flow based on the backward-forward
sweep method [23], particularly suitable for radial distribu-
tion networks.

The ENS is a reliability indicator calculated on the basis
of rated power of the network loads and duration of supply
interruptions, by considering a multi-stage service restora-
tion process after the identification of the fault [24]. By
considering the set ®, containing all the faults ¥ € @,
which affect a given node n, the ENS formulation for node n
is:

Ey
ENSy = Cy Zﬁegn Ao Z&-:l wvgsn)tzgg) 2

where Ey indicates the number of restoration stages for fault
7, rlgf) is the duration of the £th stage of the restoration pro-
cedure, Ay is the failure rate, C, is the reference power of
node n, and wl(fn) is a Boolean variable indicating whether
node n is supplied during the £™ stage of fault ¥, namely,
wégn) = 0 if node n is supplied, otherwise wl(fn) = 1. The
overall reliability indicator for the entire network is calcu-
lated by summing up the contributions coming from all the
nodes:

N
ENS=) _ ENS, ©)
The multi-objective optimization formulation is
min {Wiosses, EN S} (4)
subject to the constraints referring to the thermal limits of the
network branches and the lower and upper limits of the node

voltage magnitude (V,,;;, = 0.9 pu and V,,,, = 1.1 pu).
Moreover, the topology constraint is handled in the solution

process in order to guarantee that any network configuration
formed during the solution procedure is radial [12].

Generalized Metrics to Compare the Results of
Pareto Front-Based Optimization Methods

Basic Concepts

The comparison among Pareto fronts requires to set up a
reference Pareto front, such that the points located on this
front cannot be dominated by any point of any other Pareto
front used in the analysis. The definition of the reference
Pareto front is straightforward when it is possible to deter-
mine the complete Pareto front. However, in distribution
network analysis, this happens only for small-size networks
and microgrids, for which it is possible to generate all the
radial configurations and calculate the objective functions
from exhaustive search in reasonable computational time. In
these cases, the metric defined in [12] can be used.

For the general case in which the network size makes
exhaustive search impracticable, the complete Pareto front is
not available. Hence, the extension and generalization of the
Pareto front mismatch metric provided in this paper is based
on using as reference Pareto front the generalized best-known
Pareto front obtained in an alternative way.

In particular, probability-based optimization methods are
run several times with different seeds for random num-
ber extraction, from which a certain number of best-known
Pareto fronts are found for all the compared methods. All
the points of the best-known Pareto fronts obtained from
the compared methods are then taken simultaneously. From
these points, the generalized best-known Pareto front is con-
structed by excluding all the dominated solutions appearing
in the best-known Pareto fronts of the individual methods
once considering all the points together.

Once the reference Pareto front has been defined, it is
possible to calculate some metrics for comparing the Pareto
front solutions. Some examples are provided below.

Quality Factor

The quality factor Q r metric [20] is based on the percent-
age of solution points found from the optimization method
under analysis forming the best-known Pareto front. Let us
define with nr the total number of points of the reference
Pareto front and with ng the number of points of the Pareto
front found by the solution method under analysis that are
located on the reference Pareto front. Then, the quality factor
is expressed in per cent as:

QrF =100— )

no
nr
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Fig. 1 Areas used in the 4 N a
definition of the generalized
best-known Pareto front
mismatch metric. a reference o~ Srer o~ «~
area Syr. b solution area S;. ¢ % // ) ié 2
difference area Sy % é 4 -_“8—’ g
reéﬂce Pareto front ®
objective 1 i objective 1 g objective 1 g
(a) (b) (c)
Generalized Pareto Front Mismatch cle) belonging to a swarm by computing the velocity of each
particle.

The Pareto front mismatch has been defined in [12] to In the optimization problem addressed in this paper,
introduce a more detailed metric based on geometrical con-  the swarm is composed of j = 1,..., J particles, each
siderations, taking into account not only the number of points ~ of which represents a network configuration and contains
located on the Pareto front (as in the quality factor) but also b = 1, ..., B decision variables (binary values identifying
their location. the states of the branches, 1 = closed and 0 = open). The PSO

In [12] the reference Pareto front is the complete Pareto  is solved through an iterative process, with the generic itera-
front obtained by performing exhaustive search of all the  tion indicated with the letter k and the j = 1, ..., J particles
feasible network configurations. In this paper, the general-  denoted as X;") — { xﬁ.],?

ized best-known Pareto front becomes the reference Pareto
front. In practice, the generalized best-known Pareto front
is formed by taking the non-dominated solutions extracted
from merging all the best-known Pareto fronts (the final ones
obtained by repeating the optimization procedure for a given
number of times with different initial seeds for random num-
ber extraction).

Each particle changes its trajectory by following some
leaders that drive the direction of variation of all the particles.
In the presence of local leaders, the variation depends on
the behavior of particle j itself or of the nearest particles,
with different possible neighborhood topologies [26,27]. The
global leader affects the direction of variation of all particles,
taking into account the whole history of the entire swarm.

The pseudo-optimal solutions of the individual objec- By considering the behavior of the leaders, at iteration k of
(k=1)

tive functions appearing on the reference Pareto front are . iterative process the change of configuration from x"
used to define the upper limits for the other dimensions, ) /
hence the reference area S, is calculated as indicated in to X;
Fig. 1a. Then, taking the Pareto front under analysis, the cor-
responding solution area S5 (Fig. 1b) and the difference area x;.k) = x;.k_l) + v;”‘) (7
Sa = Srey — Sy (Fig. 1¢) are determined. The Pareto front

mismatch metric associates a performance value y; with a
solution method, resulting in a given Pareto front:

is expressed as

in which the velocity V;k) of particle j at iteration k is for-
mulated as:
Vs = Sd/Sref (6) _ _ _
V0 = Oy g (pE ) |
The metric (6) is used to compare different Pareto fronts, k) pk) (<k—=1) (k=1
. . + B (x —X; )
with better Pareto fronts corresponding to lower values of J J
ys. In our case, the metric (6) has been computed for all the
best-known Pareto fronts obtained by running the procedures ~ Where
with different seeds for random number extraction.

®)

° pgk_l) represents the local (or personal) best, i.e., the
configuration of the particle j with the best objective
Binary PSO: Concepts and Notation function found so far;
o xk=D represents the global best, i.e., the configuration
Basic Formulation of the PSO and Related Notation of the particle that provided the best objective function
in the previous k — 1 iterations;
The PSO introduced in [25] is a fast meta-heuristic method ° A(/.k) and B;k) are two learning factors that weigh the
based on tracking the behavior of each element (called parti- terms depending of the local and global best, respectively;
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o '® and r”® are random numbers belonging to the range
[0,1], applied to the whole population;
o w® is the inertia weight.

Adaptive Stop Criterion

The iterations proceed until the stop criterion is satisfied.
An effective and adaptive stop criterion is to conclude the
iterations when only changes in the objective function lower
than a user-defined threshold oy occur after a given number
N; of successive iterations® [28].

Considerations on the Solutions Found

For any heuristic method driven by probabilistic choices,
there is no proof that the global optimum can be reached in a
finite time. In the practical application of the discrete/binary
heuristic methods like MOBPSO, the possible solutions are
a countable number of points, and there is no restriction to
reaching any of these points, among which the global opti-
mum, in a finite (but not predictable) time. The evidence of
this fact may be also indicated with a proof by contradiction:
if there would exist a solution point that cannot be reached
during the evolution of the method, the method would not be
correctly formulated. However, during the execution of these
heuristic methods on large systems (for which exhaustive
search cannot be run because of the excessive computation
time needed) there is no certainty that the global optimum
has been found.

Discrete and Binary PSO Representations for
Single-Objective Optimization and Adaptability to the
Distribution System Reconfiguration Problem

Discrete and Binary PSO Coding

The principles of PSO operating with discrete values have
been indicated in [29]. Different types of representations
can be used in discrete PSO, for example based on binary
entries or on integer encoding strategies [30]. The treatment
of the discrete values depends on two user-defined thresh-
olds, denoted here as y and E. In practice, once the new
velocity termis calculated as areal number from (8), the prob-
ability of particle evolution for each entry b = 1, ..., B of
each particle j = 1, ..., J is calculated through the expres-
sion S (vﬁlz)) =1/ (l + e_X). Then, if S (vy,?) < E the

entry xyl? is not changed, otherwise itis changed. The change

depends on the integer or binary representations:

2 In addition, a last-resource large number of iterations N émax) is
included to avoid infinite loops (generally the convergence occurs by

satisfying the adaptive stop criterion before reaching N émax) iterations).

(a) For the integer encoding strategies, rounding the veloc-
ity results to integer values is considered in [31] and the
enhanced integer coded PSO method [32] has been used
to minimize the total branch losses by maintaining the
radial network structure and without violating the con-
straints. In these cases, the change can be implemented
by searching for a feasible configuration represented by
the integer coding used, for example adjacent to the con-
figuration that has to be changed. In particular, in [32] the
notion of local best is replaced with the so-called local
optimal list (LOL), which is updated at each iteration if
a good solution is found and provides a list of feasible
configurations that can replace the configuration to be
changed.

(b) In the binary case, the change of the entry is from 0
to 1, or vice versa. Applying this type of change to the
particles is appropriate for problems in which all the pos-
sible sequences of binary values are acceptable. However,
the application of these principles to distribution system
reconfiguration is not straightforward, as the mechanism
of changing 0’s to 1’s or vice versa may create particles
whose representations do not satisfy the radiality con-
straint [33]. This situation can be handled by generating
in any case all the configurations, checking their feasi-
bility and if infeasible generating a fictitious value of the
objective function such that these configurations will be
discarded in the successive part of the solution process
[34]. However, in this way the generation of many infea-
sible solutions may occur, with a drastic increase in the
solution time. Another possibility is to take the infeasi-
ble configurations and changing them in order to obtain
feasible configurations [35]. In [36] a dedicated shift
operator is applied to modify the chromosome structure.
The Priifer number encoding is used in [37] to generate
only radial configurations for GA applications. The solu-
tion adopted in [38] and in this paper (based on binary
coding) automatically generates only feasible network
configurations, as described below.

Binary PSO Coding Preserving Radial Configurations

A dedicated version of the discrete PSO that benefits from
the distribution network representation has been reported in
[38] for the single-objective case. In this formulation, the

update of the velocity vector (8) for particle j at iteration k
is formulated as:

k) _ (k) (k=1) 1(k) 4 (k) (k) (k) k) (k)
Vit =why; +r Aj e; +r Bj g O]
where, by denoting with & the logical operator NAND:

A;k) = max {O; f (x;k_l)) - f (pgk_l))} (10)
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0 0 Table 1 Example of binary PSO operations on the 14-node network
(k=1) (k—1) ck=1) (k) (k)
Branch from/to X; p; X; e; g;
7
0 3 1 1 1 0 0
3 4 1 0 0 1 1
3 8
4 10 0 1 1 1 1
4 10 11 8 01 1 1 0o o0
8 11 1 1 1 0 0
e g 7 1 1 1 0 0
0 1 1 1 0 0
Fig. 2 Layout of the 14-node system 7 1 1 0 0 1
9 13 0 0 1 1 1
k) X (k—1) <(k—1) 12 13 1 1 1 0 0
B! _max{O, (x. )— (x )} 11)
’ AN f ( 0 12 1 1 1 0 0
e = (Xﬁ."—”& p;k_l)) (12) 1 21 1 1 0 0
W D) s (it 1 2 1 1 1 0 0
g = (Xj &zt )) 13) 6 0 1 1 1 1
5 6 1 1 1 0 0
3 5 1 0 0 1 1

In practice, the values A;k) and B;k) indicated in (10) and
(11) depend on the values of the objective function calcu-
lated in the current configuration and in the configurations
corresponding to the local and global best. In addition, the
velocity vector terms are not applied to each branch, but only
to a subset of branches determined by using suitable logical
operations.

The result of the NAND operation is modified according to
the objective function values. For the addend of (9) depend-

ing on the local best, if the objective function f (xjk_l))

is lower (i.e., better) than the objective function of the
(k—=1)
J

from the NAND operation are set to zero to avoid making
changes, except for the inertia weight, otherwise the dif-

ference f (x;kfl)) - f (p(/.kfl) ) is applied to modify the

velocity in a way depending on the random number ', as
in the classical PSO. The same treatment is reserved to the
addend of (9) depending on the global best.

The procedure reported in [38] continues by considering
the velocity values related to the open branches of the con-
figuration x'

local best particle f (p ), the non-null values coming

k=1 These values are normalized and are then
used to build the cumulative distribution function of the nor-
malized velocity, which is processed by a biased roulette
wheel procedure [39] to choose the open branch to close.
The loop resulting from closing that branch is detected and,
by choosing randomly the branch to open in the loop, the
radial configuration is restored.

In order to provide the details of the binary PSO represen-
tation on an illustrative example, let us consider the 14-bus
system [40] reported in Fig. 2, in which the nodes have been
renumbered and the supply nodes have been merged into a
single node (i.e., node 0) for purely topological reasoning.
The network is composed of Y = 16 branches, N = 14 nodes
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and S = 1 supply node, so that each radial configuration has
A = 3 open branches.

By considering particle j at iteration k, Table 1 reports
for each branch the network configuration xﬁk_l), the local

best pgk_l) and the global best X~ The operator NAND
permits to find the open branches present in both configura-
tions analyzed, but it also sets to 1 the location of the open
branches present only in one of the two configurations.

The Multi-Objective Binary PSO (MOBPSO)
MOBPSO Formulation

In the multi-objective framework, a specific issue is the selec-
tion of the leaders (the local best and the global best) [41,42].
Furthermore, a quality metric is needed to understand how
much a solution is better than another one [43]. This sec-
tion presents a novel multi-objective version of the method
reported in [38], with binary representation of the particles
for multi-objective cases, solution ranking through an appro-
priate quality metric, and specific solutions implemented for
the choice of the local best and global best by taking into
account the distribution network topology.

The flow-chart is reported in Fig. 3. The initial Pareto front
is formed by identifying the non-dominated points from the
solutions of the initial radial configurations. The proposed
procedure contains the execution of the power flow calcula-
tions, obtaining all the voltages and currents in the system.
For each solution of the power flow the constraints (upper
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input distribution system and load data

!

input parameters: number of particles .J, stop criterion parameters (N, o5), initial inertia weight w(®

(0)

generate initial radial configurations X, j=1,..,]

!

calculate the initial objective functions fm(x]@)), m=1,.,Mandj=1,..,]

.

,j = 1,...,J and the initial global best &(®)

determine the initial local best pgo)

'

form the initial Pareto front F(®) |

|

iteration k = 1 |

k

k+1

v
particle j = 1
N
v
form the terms A](.k) and Bj(k) from (14)—(17)

.

calculate the velocity term from (9)

l

form the new radial configuration from branch exchange:
e Select the open branch £’ to close (biased roulette wheel with input form velocity term)
e Detect the loop generated by closing ¢’
e Select from the loop the closed branch to open (3 variants)
o Base Version: random choice (equal probability)
o Customized Version: use the velocity term (no reopening of the branch ¢")

l

calculate the objective functions fm(x}k)),m =1,..,Mandj=1,..,J]

l

j=i+1

(k)

update the local best p;~, j = 1,..., ] and the global best %0

NO YES

A4

’ form the best-known Pareto front F()

NO YES

stop criterion satisfied?

end

Fig. 3 Flow-chart of the proposed MOBPSO
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limits of the branch currents, and upper and lower limits of
the node voltages) are checked. Each solution containing one
or more violations is discarded. Thereby, only feasible solu-
tions are processed to form the Pareto fronts. The specific
aspects are addressed below, by considering two alternative
versions of the method:

e Base version: it is the multi-objective application of
the method composed of the equation set (9-13), with the
application of the Multi-Objective Solution Ranking Method
(MOSR) procedure (see Appendix) for the choice of the
new population components, and the procedure to preserve
the radial configuration implemented as reported in “Binary
PSO Coding Preserving Radial Configurations” section. The
choice of the branch to open in this case is completely ran-
dom, i.e., the information coming from the velocity term is
not used and all the branches forming the loop have the same
probability to be open.

e Customized version: in this case the choice of the closed
branch to open for keeping the network radial is made by
using the velocity term (see “How to Use the Velocity Term:
the Customized Version” section for details).

Creation of the New Population by Applying the
MOBPSO Routine: Base Version

A formulation equivalent to (9) in the multi-objective context
is presented, form = 1, ..., M objectives.
For each particle j = 1, ..., J and each iteration k the

objective function values are indicated as f,,, (X ( (.k)) e w/ L

By considering the conﬁguration xﬁk_l) the local leader

pﬁ.k b , and the global leader X g j -b (selected inside a Leaders

Archive as explained in “Update of the Global Best” section;
for this reason the global leader used may change for each
particle, and the subscript j appears also in this case), it is
possible to calculate the following quantities:

{m( (k— 1)’p§k 1))

: (k—1) (k—1)
= | L iE S (Xf' )>f’" (p/. ) (14)
0, Otherwise
by (x00,50)
. (k—1) (k=1)
= | Lt fm (X' )>f ( ) (15)
0, Otherwise

The logical values are calculated by (14) and (15) for all
the objective functions. By using the logical operation OR
(indicated here with U), it is possible to “sum” the logi-
cal values provided by (14) and (15) and to select all the
configurations presenting at least one objective higher than
the objective of the leaders p D and f(g.k*l), respectively.
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Hence, the formulation of the terms A;k) and B}k) indicated
in (9) is extended to the multi-objective case as follows:

AP =Y o (08 (16)
B =J" o (DR (17)

In practice, the single-objective maximization appearing
in (10) and (11) is replaced by the OR operation giving result
equal to unity if at least one solution is worse than the corre-
sponding solution of the leader considered.

How to Use the Velocity Term: the Customized Version

With the coding used here, the velocity of each element of
the particle can be only either O or 1. It is then not possible
to apply it directly to change the network configuration. Fol-
lowing the approach used in [38] and [ 18], the velocity values
referring to the open branches in x*7D are used as inputs to
a biased roulette wheel mechanism, for choosing the open
branch ¢ which has to be closed. Then, the set I:E.k) eNT:D
(having an entry equal to 1 in correspondence to the branches
forming the loop) is created. The number of elements equal
to 1 in the set I:;k) is Z,-.

In order to restore the radial network operation, one of the
branches belonging to the loop has to be chosen and open,
according with the branch exchange principles [40]. In [18]
the choice of this branch was random, i.e., the information
about the velocity of the branches forming the loop was not
used. In this paper, an improved technique based on the infor-
mation about the velocity of the branches forming the loop
is used.

For this purpose, a set Z;k) is introduced. Its entries Z j
represent the indices of the branches both belonging to the
loop I:§ and being open branches in xﬁk 1), pEk D and
£*=D_ The set Z§. ) is calculated by applying the OR opera-

tion between the two Boolean vectors eﬁk) and g(k) (defined
above), and then by applymg the AND operauon (indicated
here with (1)) with the loop L b,

k) _ (0 (k) r (k)
u' _Gju%)ng (18)

Then, the set 25.1‘) can be written as
ZP = (uﬁ.")) (19)

where 7 (uﬁk)) indicates the operator giving as output the

positions of the elements set to 1 in the vector us.k).

By denoting with @ the empty set, in the customized ver-
sion the formerly open branch ¢’ (i.e., ¢’ € Z;k)) cannot be
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Ek) could be empty. If ng) =0Q

the entries of the auxiliary vector q*) are directly obtained
as ql(k) = 1/i, forl =1,..., i, that is, all the branches
belonging to the loop have the same probability to be cho-
sen. On the other hand, if the set Z;k) is not empty (i.e.,

re-opened, i.e., the set 7

Z;k) # @) the determination of the probability to be open
for each loop’s branch is more articulated. In particular, an
auxiliary vector q® (with L elements) is introduced, and its
entries ql(k) are defined in such a way that the branches com-
ing from the leaders have a higher probability to be open.
At the same time, an offset § > 0 is introduced? in order to

avoid null entries in the vector q(k). Hence, for/ =1, ..., L:

20
Otherwise (20)

105 6+ vgk), if z € Z®
87
Then, the vector q©) is sent to the biased roulette wheel
routine to choose the closed branch to open.

Selection and Update of the Local Best and Global Best
Update of the Local Best

The update of the local best pi.k), with j = 1,...,J, is

performed by comparing the new configuration x;.k)

with
the corresponding previous local best pEk_l). By exploiting
the MOSR ranking concepts illustrated in the Appendix, if
the multi-objective function in the new configuration x® s

J
;kfl), the per-

sonal best is updated, i.e., p;k) = xg.k), otherwise p;k) =

pyﬁl). In particular, in the application used in this paper,

the comparison is carried out between two alternatives only.
Thereby, the mathematical expressions becomes simpler and
are expressed as follows:

p pip
p—|P _| P 2} 21
[x(.k) } |:X1 x @D

J

better than the multi-objective function in p

Thus, it is possible to calculate both the normalized deci-
sion matrix R and, after having defined the weights w; and
w> for the two objectives, the weighted normalized matrix V
becomes:

V= |:011 U12i| =R|:w1 0 }
V21 V22 0 wo

3 In order to adapt the offset § to the velocity values under analysis, the
value of § is obtained by finding the minimum value of velocity v,
among the entries composing the set Z® and then computing the value
3= vmin/ 2.
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r__Pr1 P2
| et Jp3ad |:u)1 0 ]
o =4 22 0 w
2
_,/17]2+x]2 ,/p§+x§
B Pl P2
wl\/ 24,2 u)z\/ 2, .2
_ Pty pytxy
= x x (22)
Wi 21 > W2 22 2
L \/p1+x1 \/p2+x2

From the entries of the matrix V, the ideal solution A1 and
the negative-ideal solution A~ are calculated as:

A" =[min{vi;, v21} min{vp, v}l =[v v ] (23)
A7 = [max {vi1, v} max{vip, v}l =[vy v3 | (24

Finally, the similarity indices of the two particles under analy-
sis are obtained as:

.
G
- Jon—vp) + (v —vy)°
Vo + =)+ o 07+ -0
(25)
cf = &l

ST 4SS,

(T T —

o =)+ (o2 = )y (o = v7) + (22— v7)?
(26)

If Cf > C;r the local best does not change, i.e., p(k) =

J
p&k_l); otherwise, p;k) = xg.k).

Update of the Global Best

The selection of the global best does not happen by resorting
to the MOSR procedure, to avoid the possibility of obtaining
a global best in which the Pareto front points are concen-
trated too much on the “central” locations, because of the
trend of the ranking criterion to fall on the central region
of the Pareto front. A classical procedure is the creation of
a Leaders Archive, i.e., a set of solutions corresponding to
non-dominated points, from which the global best is chosen
in a random way each time the velocity of a particle has to
be updated.* In this way, it is possible to drive the evolu-
tion of the best-known Pareto front to include points located
in different regions [44]. The Leaders Archive is formed by
a predefined maximum number N4 of points. If there are

4 Inone of the variants adopted in [46], each time a global best has to be
used, instead of extracting only one solution, two solutions are selected
at random from the archive, and the one with the better hyper-volume
is considered as the global best.
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more then N candidate points, a selection procedure has
to be used. A classical procedure is based on the crowding
distance (the average distance of a point with respect to the
two—or more—neighboring points [45]), reducing the num-
ber of points in the regions in which the points are very close
to each other. A recent version [46] constructs the Leaders
Archive by calculating the hyper-volume [21] obtained by
using the point under analysis and the reference point, and
updates the archive up to N4 points.

In this paper, the update of the Leaders Archive occurs at
the beginning of each iteration, by using the hyper-volume
criterion [46]. Starting from the solution closest to the refer-
ence point for the hyper-volume calculation, each candidate
point to be included in the Leaders Archive, sequentially
taken from the adjacent solutions along the different dimen-
sions, is associated with its incremental contribution to the
global hyper-volume. If the number of candidate points is
higher than N4, the points in excess providing the small-
est incremental contribution to the hyper-volume are not
included in the Leaders Archive. At iteration k, for each par-
ticle j = 1, ..., J the global best i;k) chosen to contribute

in the formation of the new configuration xﬁ.k) is randomly

selected among the components of the Leaders Archive.

Stop Criterion

The adaptive stop criterion is the one indicated in “Adaptive
Stop Criterion” section.

Case Study Applications

The multi-objective distribution system reconfiguration has
been solved by using the customized NSGA-II method illus-
trated in [12] (denoted here as GA) and the two MOBPSO
versions addressed in this paper. The optimization has been
coded in Matlab®. The applications have been run on the 33-
node network [47] modified as in [12] to add time-varying
load and generation power patterns, and on a 90-node real
medium voltage (MV) distribution network.

For the test network, the performance of the methods is
quantified by using the Pareto front mismatch metric based
on the complete Pareto front [12]. For the real MV network,
the best-known Pareto front is built by using the results of
the different optimization methods, and the performance is
assessed by using the quality factor from [20] (see “Quality
Factor” section) and the new generalized best-known Pareto
front mismatch metric (see “Generalized Pareto Front Mis-
match” section).

The input data used for the MOBPSO are J = 50 particles,
Ny = 15 iterations and N\"**) = 1000 iterations for the stop
criterion, and the inertia weight progressively changing from
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Fig. 4 Comparison among GA, MOBPSO from Mazza et al. [18] and
MOBPSO base case. a Pareto fronts used to determine the Pareto front
mismatch. b CDF of the Pareto front mismatch

0.9 to 0.4 during the iterations [27]. For the GA, the same
parameters reported in [12] have been used.

33-Node Network

The 33-node network [47] is composed of N = 33 nodes,
Y = 37 branches, and S = 1 supply point, from which
A = 5 branches have to be open to obtain radial configu-
rations. The base voltage is 12.66 kV and the base power is
10 MVA. The voltage of the slack node is 1.05 pu. The two
objectives have been computed for all the 50,751 network
configurations [22] and the complete Pareto front (with 20
points) has been obtained [12]. Figure 4a shows the complete
Pareto front, and two examples of best-known Pareto front
(coming from the application of GA and from the application
of the version of MOPSO reported in [18])

For a more complete analysis, both the GA and the ver-
sion of MOBPSO reported in [18] have been run for 200
times, with different seeds for random number extraction.
The Leaders Archive for the selection of the global best has
dimension N4 = 20 (i.e., all the points can be randomly cho-
sen as global best, being part of the complete Pareto front).
The results shown in Fig. 4b highlight that the performance
of the version of MOBPSO reported in [18] was worse than
the one of the GA. Now, the results of the MOBPSO base
version (in terms of reaching low values of the Pareto front
mismatch, as shown from the cumulative distribution func-
tion, CDF) are already considerably better than the results of
the application of the GA and of the MOBPSO from [18].
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Fig. 6 Comparisons among the voltage profiles in the initial Pareto
front and in the best-known Pareto front obtained with the MOBPSO
customized version

Both MOBPSO versions (namely, base version and cus-
tomized version) have been applied to the network. An
example of best-known Pareto front for the two MOBPSO
versions is shown in Fig. 5a, whereas the statistical repre-
sentation (reported in Fig. 5b) shows the better performance
of the MOBPSO customized version with respect to the GA
and the MOBPSO base version. This means that the use of
the information about the topology can effectively improve
the results in the search of the complete Pareto Front.

Table 2 Computational burden for the 33-node network

Method Mean value [min] SD [min]
GA 58.4 5.65
MOBPSO base version 2.4 0.73
MOBPSO customized version 2.6 0.95

The voltage profiles related to the 33-node network in four
cases are shown in Fig. 6. Two cases refer to the minimum
losses and minimum ENS in the initial Pareto front. The other
two cases refer to the best-known Pareto front obtained by
the MOBPSO customized version (Fig. 5a). Starting from the
solutions belonging to the initial Pareto front, the solutions
obtained in the MOBPSO customized version are character-
ized by remarkable improvement of the voltage profile.

Concerning the computational burden of the methods,
Table 2 shows the mean value and the standard deviation of
the computational times obtained by running 200 executions
of the three methods on an Intel 17-4790 personal computer
with CPU at 3.6 GHz and 16 GB RAM. The execution times
of the MOBPSO versions are relatively and significantly less
than the GA version. This is mainly due to different aspects:

(i) The customized GA code contains a number of internal
consistency checks to confirm that the mutation operator
leads to radial configurations also by performing branch
exchange when the open branch to close connects two
nodes supplied by the same feeder [12]. These checks are
repeated many times and increase the computation time
considerably. All checks were successful, so in future
version they could be skipped.

(i) The two MOBPSO versions guarantee the radiality of
the new particles formed, because the closed branches
to open are chosen by using the information related to
x}k_l). Thereby no more checks are requested during the
execution.

(iii)) The computational time of the customized version of
MOBPSO is slightly longer and more variable than the
one of the base version, due to the handling of the
topology. In fact, the branch exchange mechanism takes
into account both the loop Iiﬁ.k) and the open branches

in x40, p&kil) and X4~V The radiality is always

guaranteed and the probability to choose open branches
belonging to the leaders is higher, but the time consump-
tion slightly increases.

Real MV Urban Distribution Network

A further comparison among the methods has been carried
out on the real MV network of Fig. 7 serving an urban area.
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Fig. 7 Scheme of the real
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The network is composed of N = 90 nodes, ¥ = 98 branches
and S = 3 supply nodes, leading to A = 11 branches to open
to obtain radial configurations. The network base voltage is
20 kV and the base power is 100 MVA. The supply point
voltage is 1.05 pu.

The total number of radial configurations is as high as
1.176 x 100, Hence, it is not practicable to obtain the com-
plete Pareto front for this network. The reference Pareto front
needed to assess the performance of the methods is then con-
structed by combining the points of the best-known Pareto
fronts obtained from the GA and the two MOBPSO versions,
running each method 200 times to get a relatively higher
number of best-known Pareto fronts to combine for extract-
ing the non-dominated solutions. The Leaders Archive for
the selection of the global best has dimension N4 = 20. The
resulting best-known Pareto front (with 67 points, Fig. 8a)
is the reference Pareto front used for calculating the perfor-
mance indicators. Furthermore, Fig. 8a, shows an example
of best-known Pareto front obtained by applying GA and the
two MOBPSO versions.

Figure 8b shows that also in this case the results of the
customized version are substantially better than the results of
the GA application. The generalized best-known Pareto front
mismatch reaches relatively low values in the best cases. This
is also due to the fact that the reference Pareto front in this
case is not the complete one (the values would be higher if the
complete Pareto front would be available). However, for the
comparison among the methods, the use of the new metric
introduced is fully appropriate.

The quality factors computed for the GA and for the two
MOBPSO versions are reported in Table 3. In this case,
higher values correspond to better performance. The cus-
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tomized version of MOBPSO largely outperforms both GA
and the MOBPSO base version.

The value of the median is interesting: in fact, it highlights
the most common quality factor value for both GA and base
case of MOBPSO is zero, i.e., for most of the simulations the
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Table 3 Quality factor

Version Max (%) Mean (%) SD (%) Median (%) 95th percentile (%)
GA 10.45 0.6632 1.8198 0.00 5.22
MOBPSO base version 2.99 0.3234 0.6614 0.00 1.49
MOBPSO customized version 25.37 7.3010 5.2290 6.71 17.54

Table 4 Computational burden for the real urban MV network

Method Mean value [min] SD [min]
GA 48.2 18.9
MOBPSO base version 6.0 2.9
MOBPSO customized version 7.7 3.1
Base Version Customized Version
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Fig. 9 Quality factor versus computational burden for the two
MOBPSO versions. Higher values of the quality factor represent better
solutions

solutions found do not belong to the Pareto front. In the cus-
tomized version of MOBPSO versions the median is always
higher than zero.

Information on the computational burden is reported in
Table 4. The order of magnitude of the computational burden
for the two MOBPSO versions is comparable (mean values
from about 6 minutes to about 8 minutes, obtained on an
Intel 17-4790 personal computer with CPU at 3.6 GHz and 16
GB RAM). The customized version of MOBPSO has longer
computational time than the base version, justified by the
handling of the topology.

A detailed representation of the relation between the per-
formance indices and the computational burden is shown in
Fig. 9 for the quality factor and in Fig. 10 for the general-
ized best-known Pareto front mismatch. The performance
improvement for customized version is evident from the
higher values of quality factor and the lower values of the
generalized Pareto front mismatch, at the expense of an
acceptable increase in the computational burden.

Figures 11 and 12 show the voltage profiles related to
the real network. In Fig. 11, the reconfiguration at minimum
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Fig. 10 Generalized best-known Pareto front mismatch versus com-
putational burden for the two MOBPSO versions. Lower values of the
generalized best-known Pareto front mismatch represent better solu-
tions
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Fig. 11 Voltage profiles at minimum losses in the initial Pareto front
and in the MOBPSO customized version
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Fig. 12 Voltage profiles at minimum ENS in the initial Pareto front
and in the MOBPSO customized version
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losses with the MOBPSO customized version leads to a sig-
nificant improvement of the voltage profile for a large part of
the network, while in the remaining part of the network (in
which the open branches have not been changed with respect
to the initial network) the node voltages remain the same.
In Fig. 12 the optimal reconfiguration at minimum ENS car-
ried out with the MOBPSO customized version introduces
more general variations in the voltage profile. This is due
to the fact that the reduction of losses is consistent with the
improvement of the voltage profile, while the ENS improve-
ment follows reliability aspects not necessarily linked with
the variation of the network voltages.

Conclusions

In the research on heuristic methods, it has been often found
that the customization of the algorithms to embed specific
properties of the problem under analysis is successful with
respect to the straightforward application of the standard
version of the algorithms as general-purpose tools. Follow-
ing this rationale, in this paper specific novel contributions
have been presented on the performance assessment of multi-
objective distribution system reconfiguration methods and on
the definition of a customized MOBPSO version providing
significantly better performance than previous versions of
MOBPSO and GA. The generalized best-known Pareto front
mismatch metric enables the user to quantify the performance
of a given solution method based on the best-known Pareto
front in comparison with other methods, in the application
to distribution networks of any size. The MOBPSO perfor-
mance has been largely improved by (i) applying internal
ranking in the update of population and leaders and (ii) prop-
erly handling the elements involved in the topology variation
by maintaining the radial structure. Two MOBPSO versions
have been applied to test and real systems, with customized
version regularly resulting as the best one. This result shows
that the MOBPSO becomes more effective than the GA, rais-
ing the interest for using the customized version of MOBPSO
in the light of the substantially better solutions provided.
Future developments refer to the investigation of the use of
further metrics in the comparison of heuristic methods and to
the use of further conflicting objectives in the multi-objective
reconfiguration problem.

Appendix
Multi-Objective Solution Ranking (MOSR)
In the multi-objective framework, handling the multiple

objective function values indicating a single point in the
solution space needs a ranking criterion acting on multi-
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ple dimensions, as it is not possible to use the concepts of
“higher” or “lower” as in a single dimension. The ranking
criterion can be based on general decision-making methods
providing the ranking of two solutions (i.e., configurations, in
this paper) with M objective values for each solution (M = 2
in the examples of this paper) and identifying the winner
as the top-ranked solution. Decision-making methods such
as Analytic Hierarchy Process (AHP), TOPSIS and a cus-
tomized decision theory-based method (details are reported
in [12]) have been tested, with similar results for the var-
ious methods. The MOSR procedure used here to choose
the top-ranked configuration when a decision between two
alternatives occurs is based on the Technique for Order Pref-
erence by Similarity to Ideal Solution (TOPSIS) method [48].
A brief explanation of TOPSIS is provided below.

Technique for Order Preference by Similarity to Ideal
Solution (TOPSIS)

A multi-criteria problem can be properly represented by a
decision matrix D, composing of N p rows (equal to the num-
ber of solutions under analysis) and M columns (equal to the
number of the objectives):

X1 oo X1M
D= o (27)
XNl " XN,M
The first step of the TOPSIS is a normalization process,
for getting the normalized decision matrix R: every element
of each column is divided by the norm of its column:
Xii
= e (28)
P
2%

The decision maker has to define the set of weights
w = {wq, ..., wy},(one weight for each criterion) accord-
ing to his/her opinion about them (i.e., for defining relative
importance among the criteria) such that ij:l w; = L
Then, the weighted normalized matrix V (with entries v;;,
i =1...Np, j = 1...M) is calculated by multiplying
each column of the matrix R by the weight w;.

By supposing to handling a minimization problem, from
the weighted normalized matrix V the most preferable (ideal)
solution A™ and the least preferable (negative-ideal) solution
A~ are calculated as:

At ={min; (vij)},Vi=1,....N, (29)
A™ = {max; (vij)},Vi=1,....N, (30)

Then, the indicator Sl.Jr showing the distance from the
ideal solution, and the indicator S, showing the distance
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from the negative-ideal solution, are calculated as the multi-
dimensional Euclidean distance for every pointi = 1... Np:

5

57

M N2,

= ijl(vij—vj) Vi=1,...,Np
M \2 .

= Zj:1<vij—vj) Vi=1,...,Np

€1y

(32)

Finally, the relative closeness of every point to the ideal

solution is computed and the best solution is found according
to the following similarity index C;":

Ch=—"—
ST HST

N
L 0<Cr<1Vi=1,...,N, (33)

The solution having the maximum value of Cf is the best

solution, because it is the closest one to the ideal solution.
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