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ABSTRACT

This article describes two new methodologies for optimal distribution system planning considering
automatic reclosers to improve reliability indices. The first methodology proposed in this paper employs
a two-stage cascade strategy to solve the problem. In the first stage a mono-objective Tabu Search
(TS) algorithm is used to find the optimal distribution system topology. The installation cost of new
elements, increasing capacity on existing elements and operational costs associated with technical losses
are considered. In the second stage a Non-Dominated Sorting Genetic Algorithm known as NSGA II
is employed, considering the optimal distribution system topology found by the first stage, and thus,
solving the problem of optimal location of automatic reclosers in distribution systems. The non-supplied
energy level of the network and installation cost of reclosers are considered as objective functions; and
the min-max criterion to select a point on the optimal Pareto front is used. In the second methodology,
a master-slave based optimization algorithm is used to find the best network topology including the
associated to automatic reclosers. Master algorithm is a TS algorithm which is responsible to direct the
optimization process through solution space, whereby, for each neighbor generated, the slave algorithm
NSGA 1I is applied and min-max criterion is used to determine a configuration of reclosers for actual
network topology. The proposed methodologies are applied on three-phase version of IEEE 34 nodes
test feeder, with high quality results.

Keywords: Distribution systems, min-max criterion, multi-objective optimization, NSGA-II Algorithm,
reclosers, reliability.

RESUMEN

En este articulo se presentan dos nuevas metodologias para la planeacion optima de sistemas de
distribucion considerando la inclusion de reconectadores automdticos para mejorar los indicadores de
confiabilidad. La primera metodologia propuesta en este trabajo emplea una estrategia en cascada de
dos etapas para resolver el problema. En la primera etapa se utiliza el algoritmo de optimizacion mono-
objetivo Busqueda Tabii (TS) para encontrar la topologia optima del sistema de distribucion, en el que
se consideran el costo en la instalacion de nuevos elementos, el aumento de capacidad en los elementos
existentes y los costos operativos de la red asociados a las pérdidas técnicas. En la segunda etapa es
empleado el algoritmo genético de ordenamiento no dominado conocido como NSGA I, considerando
la topologia optima encontrada en la primera etapa, para solucionar el problema de ubicacion optima
de reconectadores automdticos en el sistema de distribucion. Como funciones objetivo se considera el
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nivel de energia no servida de la red y el costo de instalacion de los reconectadores; y es empleado el
criterio min-max para seleccionar un punto sobre el frente optimo de Pareto. En la segunda metodologia
propuesta un algoritmo de optimizacion del tipo Maestro-Esclavo es empleado para encontrar la mejor
topologia de la red incluyendo los reconectadores automdticos asociados a esta. El algoritmo maestro es
el TS quien es el encargado de guiar el proceso de optimizacion por el espacio de solucion, con lo que para
cada vecino generado se aplica el algoritmo esclavo NSGA Il y el criterio min-max con el que se selecciona
una configuracion de reconectadores para la topologia actual de la red. Las metodologias propuestas son
aplicadas sobre una version trifdsica del sistema IEEE 34 nodos, con resultados de muy buena calidad.

Palabras clave: Sistemas de distribucion, criterio min-max, optimizacion multiobjetivo, algoritmo NSGA
11, reconectadores, confiabilidad.
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NOMENCLATURE

Set that defines the feasible combinations for
phase balancing.

Set of possible type of wires associated to
the lines.

Set of candidate substations for repowering
and installation.

Set of all the possible locations of normally open
and normally closed reclosers of the system.
Set of all the routes of the system.

Set that contains the discretized load curve.
Set that contains all the years of the planning
period.

Set of all the nodes of the system.

Subset of (2, that contains the existing nodes
of the system.

Subset of (2, that contains the candidate nodes
for location of substation in the system.
Subset of (J;; that contains all the lines connected
of the system.

Set of operative areas of the system.

Set of nodes of the operative area y, where y (2y.
Set of lines of the operative area y, where y £y.

Parameters and sub-indices
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Index that defines the type of balance in the
node k.

Index that defines the type of wires available.
Index that defines the type of substation
available.

Installation cost of the recloser m.

Cost of opening an existing line in the route ij.
Cost of repowering substation in the node k
with one type d.

Investment cost of phase balancing in the node k.
Investment cost of rewiring in the route ij,
with wire type c.

Investment cost of new wire in the route j,
with wire type c.

CNS?

Ck Wh

F
Hh

c, max
ij, abc

Investment cost of installing a new substation
in the node k with one of type d.

Cost of energy (USD/kW-h).

Factor that brings to present value the cost of
the energy losses.

Factor that annualizes the costs over the
planning horizon.

Number of hours of the planning period #.
Index that defines the number of discretized
periods of the year.

Maximum current capacity of the network
segment #j with wire type c in three-phase case.

Maximum current capacity of the network
segment ij with wire type ¢ in single-phase case.
Discount rate to bring costs to present value.
Growth rate of energy.

Index that defines the routes of the system.
Index that defines the nodes of the system.
Length of the branch ij.

Length of the branch ij belonging to the area y.
Total number of existing lines of the system.
Total number of nodes of the system.

Total number of substations of the system.
Active power demanded in the node k belonging
to the area y.

Active power demanded in the node k in
three-phase case.

Reactive power demanded in the & in three-
phase case.

Apparent power demanded in the node k in
three-phase case.

Mean repair time of a permanent failure in the
network segment #j belonging to the area y.

Conductor resistance of type c.

Total years of the planning period.

Index that defines years of the planning period.
Maximum voltage permitted in the node k in
the three-phase case.



Montoya, Grajales, Hincapié and Granada: A new approach to solve the distribution system planning problem...

ymax Minimum voltage permitted in the node & in
k,abc  he three-phase case.

ymax Maximum voltage permitted in the node & in
k

the single-phase case.

min Minimum voltage permitted in the node k in

Vk the single-phase case.

- Permanent failure rate in the network segment
by ij belonging to the area y.

26 Parameter that defines whether there is a type
y ¢ conductor in the network segment ij.

)Ld Parameter that defines whether there is a type
k d substation in the node k.

/lb Parameter that defines the type of phase
k balancing b in the node k.
d Parameter that indicates the phase connection

Tk in the node k.

Binary variables
Decision variable that indicates whether the

5,~Cj type ¢ conductor is located at the network
segment ij.
5d Decision variable that indicates whether type
k d substation is located in the node k.
Mb Decision variable that indicates whether phase
k

balancing is done in the node k.

Decision variable that whether an automatic

X, . . o
" recloser is located in the position m.

All binary variables take the value of one (1) if action
is done; and zero (0) otherwise.

Continue variables

1~h- Current through the network segment ij in the
ij,abc  period of time h for three-phase case.

quss Apparent power losses in the network segment

ij, abc ij for three-phase case.

ISE Apparent power supplied by the substation
k,abc  Jocated in the node k for three-phase case.

Vh Voltage in node k in period of time A for
k, abe three-phase case.

Vi Voltage in node k for single-phase case.

Bh Voltage angle in node & in period of time / for
k, abc three-phase case.

6, Voltage angle in node k for single-phase case.

INTRODUCTION

The growth of trade exchanges and the massification
of production processes at industrial level, are
demanding a fundamental support to electrical
systems to achieve the goals of economic growth
in emerging countries, and thus, compete in today’s

globalized world. Therefore, each country generates
regulatory policies applicable to the electrical system
in order to find efficient models that guarantee
quality and reliability of power supply to all system
users [1].

On the other hand, the technological age has fostered
the electricity consumption in every household and
thus there have been overall growth in consumption
habits, while recognizing that policies for the rational
use of energy have uncongested, to some extent,
electrical systems. However, by adding the above
phenomena, it is clear that the electrical system
is constantly evolving, for which it requires the
existence of efficient and reliable expansion models
to predict demand increases at medium and at long
term periods, and thereby make electrical systems fit
for changes into projected consumption, including
compliance with all regulatory aspects in terms of
quality and continuity of service [2].

Innumerable papers related to the optimal expansion
of distribution systems in the specialized literature
can be found. Most of them are related to the solution
of the classical model, i.e. decoupling the problem
of expansion of systems or long-term model and
the operating problems related to the quality and
continuity of power supply or short-term operating
model. Next, the most relevant papers in this regard
are highlighted.

In [3], a multi-objective and colony optimization
algorithm to solve the Distribution System Planning
Problem (DSPP) is presented. Reliability (System
Average Interruption Frequency Index SAIFI) and
planning cost are considered as objective functions by
the algorithm. In [4], a methodology to solve DSPP
employing a multi-objective TS, in what they call
fuzzy distribution system planning is presented. Three
objective functions simultaneously are considered:
project cost, reliability and robustness of system.

In [5], different mathematical models for the
expansion and operation of the power systems,
taking into account protective devices and distributed
generators, are presented. The methodology considers
two stages: the first stage determines a possible
solution for DSPP. The second stage locates a set
of protective devices to minimize the Non-Supplied
Energy Level (NSEL) of the network. For this
propose, a multi-objective NSGA 1I is employed.
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In the same year, a multi-objective particle swarm
optimization algorithm (PSO) with two stages to
solve the DSPP is developed [6]. The First stage
defines the system topology, i.e., substations, lines
with their wire gauges, and the candidate points to
locate sectionalizers. At the second stage, optimal
number of transference lines is determined. The
objectives considered are: minimization of investment
and system operation costs, and maximization of
reliability through reduction of NSEL.

In [7], a cascade methodology to solve the DSPP
through a Simulated Annealing (SA) is shown. Once
the best topology is obtained, a NSGA 11 is used to
find the Pareto front that minimizes the non-supplied
energy of the system and the investment costs [8]. The
developed model is applied to distribution systems
with three-phase representation. This methodology
allowed to find good results.

Unlike previous works, this paper presents two
methodologies to solve the DSPP and Problem
of Optimal Location of Automatic Reclosers in
Distribution Systems (POLARDS) in a simultaneous
way. In DSPP formulation, a three-phase system
model is used. A mono-objective formulation
that considers the substations and new branches
investment costs is developed. This formulation
also considers the investment costs of substation
enlargements and wire gauge changes, in addition to
the operating costs of the system over the planning
horizon, taking into account the operating conditions
of the classical model. To solve this problem, a TS
algorithm is employed [9], in which it is included
a Chu & Beasley Genetic Algorithm (CBGA) as
local improvement phase to minimize power losses
by using phase balancing [10].

On the other hand, POLARDS formulation is
developed employing a multi-objective model. This
model considers a one-phase system representation
and has as objective functions the NSEL minimization
and investment costs for automatic reclosers. The
first objective function uses the optimal location of
normally closed reclosers (NCR) for fault isolation
and normally opened reclosers (NOR) for load
transference. To solve this problem, a NSGA II
algorithm is used [8].

The first proposed methodology is a cascade
optimization scheme in which a TS algorithm
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is used to solve the DSPP and then a NSGA 1I
algorithm is employed to solve the POLARDS.
The second proposed methodology is an integrated
master-slave based scheme in which TS algorithm
is the master and NSGA 1I is the slave. To validate
the suggested models, a comparison between the
two methodologies is done and a new test system
with unbalanced loads and similar characteristics
to the behavior of Colombian power systems is
proposed [11].

GENERAL PROBLEM FORMULATION

To represent the DSPP and POLARDS in an
appropriate way, two mathematical models are
developed. The first model is a mono-objective
representation of the DSPP [11]. The second
model is a multi-objective representation of the
POLARDS [8].

Formulation of DSPP

The DSPP has its origin in the need to address
timely and adequately the demand growth, for which
it requires the efficient expansion of the system,
which is achieved through the construction of new
branches and substations or expanding capacity of
existing elements. Equations (1) to (9) represent a
non-linear integer mixed model, used to model the
DSPP [9, 11].

Equation (1) corresponds to the objective function:
the first and second terms represent the construction
of new branches and expanding capacity of existing
branches, respectively. The third factor represents
the investment costs in power losses during the
study period. The fourth term accounts for the
cost of opening an existing network to let it out of
operation. The fifth and sixth factors correspond
to the construction of substations and enlargement
of existing substations, respectively. Finally, the
seventh term represents the cost of phase balancing
in existing branches. The model calculates the total
costs in present value and then, it is annualized over
the planning period. Additionally, note that several
terms of the objective function relate the parameters
A and the decision variables, activating or canceling
a cost associated to an element.

Regarding to the constraints, equation (2) corresponds
to compliance with the power balance on each node
in the system; equations (3) and (4) ensure the
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meeting of the capacity limits of current transfer in
all sections of network and voltage regulation limits
on all nodes of the system, respectively. Equation
(5) ensures that new and existing substations do
not exceed their power injection capacity limits.
Equation (6) corresponds to the condition of radial
operation system which operates in conjunction
with (2). Equations (7) and (8) define the binary
characteristic of the decision variables, and finally,
equations (9) and (10) correspond to the factors for
calculating the power losses during the study period
and the annualization factor of costs, respectively.

Solution technique for DSPP

To solve the DSPP, a TS algorithm is used. This
metaheuristic is able to achieve good results in
solving such problems [10-11].
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For better explanation see [9, 11]. TS algorithm
allows to find optimal configurations or solutions of
good quality in combinatorial and highly complex
problems (non-differentiable and nonconvex problems
with mixed variables), where the solution space
grows exponentially with the size problem [12].
In general, TS algorithm solves mono-objective
problems of type min f(x); s.a.{h(x)=0 " g(x)<0}.

TS algorithm performs a search for the solution
space through a travel path, as a local search
heuristic algorithm is done [11]. Thus, for an initial
configuration x’, the neighborhood is defined N(x)
as the set of adjacent elements to x’ such that x' &
N(x'). This set of neighborhood can be obtained
by using guided heuristic strategies or random
generation processes. However, TS algorithm
differs from a local search heuristic algorithm on
three essential aspects.

The first aspect is the selection of the next
configuration x'*! for which the best neighbor
found is selected, considering that x'*! has a better
adaptive function than the configuration x’ (applying
aspiration criteria). Otherwise, the individual that
has less blocked attributes in the neighborhood by
the tabu criteria is selected, allowing degradations
in the adaptation function (in order to escape from
local solutions).

The second essential aspect is to employ short and

long term memories, which prevent the search return
to previously explored solution spaces in local
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search. Finally, as a third aspect, a strategy reset
to start again local search is used, which seeks to
explore the solution space from different starting
points, to reach a solution and ensure good quality.
This solution is contained in the elite list, which
stores the best solutions obtained at local searches
on the first and second steps of this algorithm, as
shown in Figure 1 [11].

In TS algorithm there are other strategies of advanced
search [9], among which the strategic oscillation and
path relinking are detailed and implemented in [13].

Initial topology for DSPP
In order to understand the methodology that generates
the initial topologies or starting points to solve

Apply advanced
strategies

Start
Yes
Global
Initial stop?
configuration
(Start point x)
Update elite list

! ittt 1 and global

E A : incumbent

é Creating the :

é neighborhood ;
g N'(x) .
y :
: Evaluation of i
¢ | neighborhood !
| e !
| v |
é Configuration Update local :
: selection incumbent i
: ¥ e N'(x) A :
i o Update E
: Local search emones E

End of process
(Elite list)

Figure 1. TS algorithm [11].
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the DSPP, consider the classic configuration of a
distribution system for planning the expansion, as
presented in Figure 2.

The total power of this system is 35.4 MVA and
the existing substation is of type 1 with an installed
capacity of 20 MVA. All substations can be of type
1 or type 2, where type 2 has a rated capacity of
30 MVA. In Figure 2, solid lines represent existing
elements at the beginning of the planning period,
and dashed lines represent potential network
expansions. Also, the continuous and dotted
squares correspond to existing substations and
proposals, respectively. Finally, the circular nodes
correspond to load points or waypoints of the
distribution system.

In order to make efficient the process of optimization
algorithm, in each local search the feasibility of
selected substations configuration is assured, that
is, that can supply the global demand plus power
losses. To achieve this, a binary combination of
substations, which in the case of Figure 1 corresponds
to three substations, generates seven combinations
ranging from {0, 0,0} to {1, 1, 1}. From this set of
combinations, the selected combinations are those in
which the summation of their maximum capacities
is greater than the rated value and guarantee that
the substation is not eliminated.

In the case of Figure 2, the substations are arranged
as {10, 11, 12}, and feasible combinations are {1,
0,1}, {1, 1,0} and {1, 1, 1}. Finally, many local
searches are performed, as existing substations
configurations are feasible, generating diversity
in the global search as initialization points on the
solution space are different. During the local search
is not allowed to remove substations, that is, local
search retains the source nodes whith which the
process of optimization is started with [11].

Figure 2. Topology to explain the DSPP.
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For the generation of the initial configuration
of TS, two constructive heuristic algorithms
are employed [14]. The first heuristic algorithm
corresponds to a tree of minimum weight (Kruskal
algorithm) which consists of two strategies for tree
generation. The initial network topology is used
and from this the tree is constructed or built from
the minimum weight, assuming that there is not
anything constructed. For both cases the lengths
of network sections are considered as weights. The
second method is a random generation strategy,
where a branch is selected randomly to be part
of the tree in each iterative process [11]. Once
the tree is constructed, the connections formed
between substations are removed through a
selection algorithm that determines the longest
network segment that links the substations and
make them to get disconnected, with which radial
configurations for each substation are obtained.

Finally, wire gauges are selected through a Backward/
Forward Sweep Power Flow [15], considering that at
the beginning all network sections have top gauges
available for system installation. Once the currents
in each network segment are calculated, gauges
are reallocated, ensuring as possible a telescopic
configuration in the network. Finally, a CBGA is
employed to perform the phase balancing in order
to reduce power losses in the system [10].

All the process described above, provides the initial
configuration of the DSPP.

Neighborhood criteria

For generating neighboring configurations to the
current configuration x’ forming the neighborhood
N(x'), three different strategies are employed.

The first of them is changing the capacity at
existing substations. This criterion is applied once
it is detected that the capacity of the substations
is below the system demand plus the power loss,
thereby exploration guarantees space through the
feasibility [11].

The second generation strategy is the selection of
those branches with poor voltage regulation. In this
manner, a type of gauge is reassigned, ensuring that
the network remains in telescopic configuration,
seeking to reduce power loss and improve voltage
regulation.

The third strategy is called Branch Exchange and
for this work, two alternatives are considered: the
first one is a reconfiguration taking into account
the differential voltage in which the disconnected
lines with the greatest voltage differential at their
terminals are selected, then, the line belonging the
extreme with the worst voltage profile is disconnected
[7]. The second case involves a random exchange
of branches in which a disconnected branch is
selected to enter into operation and randomly an
active branch is selected to be removed, guaranteeing
radial topologies. Finally, through a reassignment
strategy of wire gauges, the telescopic configuration
of the networks is guaranteed [11].

The global set of neighbors is formed by a portion of
individuals obtained in each neighborhood strategy
and to which the CBGA for phase balancing is
applied as a local improvement method [10].

Stopping criteria

To determine the end of each process of local search
two criteria are used. The first one corresponds to
the limit of generations of each search defined in the
configuration of the TS algorithm and the second
one uses the number of times that the algorithm
does not improve the local incumbent, which
determines whether the process should end. The
best solution found in local search is stored in the
global elite list [9].

To determine the number of reboots or local
searches the number of feasible configurations for
substations in which each of them performs a local
search is used. The process concludes when these
configurations have been analyzed and the response
corresponds to the best solution found in each of
the local search [11].

Problem codification

To represent adequately the DSPP a codification
vector compound by three structures is employed.
The first structure is the type of conductor used
for each network segment; the second structure
corresponds to the capacity of the substations and
the third structure is the phase balancing, as shown
in Figure 3.

The size of vector encoding is ¢*N;; + d*NSE;

+b*N,,, where N; is the total number of network
segments, ¢ is the number of line gauges, NSE} is

421



Ingeniare. Revista chilena de ingenieria, vol. 25 N° 3, 2017

Network Network Network
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b) Codification for substations
Node / Node 2 Node N,
A A A

{ T \
5t & & &

ol o]

¢) Codification for phase balancing

Figure 3. Codification to represent the DSPP.

the number of nodes with candidate substations, d
is the number of available types of substations, N,
is the number of system nodes and b corresponds to
the number of possible phase balancing per node.

Formulation of POLARDS

To represent the POLARDS for fault isolation and
load transference a multi-objective mixed nonlinear
integer mathematical model is used, wich objective
functions are the minimization of NSEL and the cost
of installation of reclosers. To develop this model,
a reduction of the network is performed through a
single-phase equivalent, over which the impact of
the permanent faults of the NSEL are estimated [7].

minz, E

YEQy

2 Py

kEQ,,

> iy Lty || (11)
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Equations (11) and (12) represent the minimization
of the NSEL and the minimization the investment
costs in automatic reclosers, respectively. In the
set of constraints, equation (13) corresponds to the
power balance at each node in the system, equations
(14) and (15) correspond to the compliance of the
chargeability limits of lines and voltage regulation
at all nodes of the system, respectively. Constraints
of number of reclosers or maximum investment limit
are not considered, because being a multi-objective
problem, the solution that meets the most of the
requirements of the network operator is chosen
from the Pareto front [8].

Solution technique for POLARDS

To solve the POLARDS, according to the multi-
objective formulation described, the NSGA II
optimization algorithm is used (see Figure 4) [16], so
as compared with other techniques for multi-purpose
solution, it has better computing performance,
obtaining higher quality responses [17].

This technique is attractive because it has two
fundamental characteristics: population diversity
is ensured during the process solution through
the inclusion of genetic operators of selection,
recombination and mutation, and it is an elitist
algorithm, which means that only the best solutions
found in different Pareto fronts are considered
during the process, through the implementation of
the dominance criteria [8, 18-20].

Initial configuration

In order to represent adequately the POLARDS
for fault isolation and load transfer, consider the
distribution system presented in Figure 5. There
is a set of network sections as candidates for the
location of NCR and NOR, which are selected by
using a route network heuristic algorithm [11]. So,
to select possible location points of NCR, a route
is performed from each end node of the system to
their respective substation, identifying the network
sections with at least two branches, finally, each
network segment located downstream from the
bifurcation is selected as a candidate for the location
of NCR [19-20].

On the other hand, to select the candidates network
sections for the location of NOR all the lines that do
not belong to the current configuration are chosen,
that is, the disconnected network sections that link
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Figure 4. NSGA II algorithm.

Figure 5. Possible locations for NOR and NCR in
a distribution network.

two different substations, in order to ensure the
possibility of load transfer under the presence of
permanent faults [11].

Problem codification

To represent the location of NCR and NOR in
distribution systems, a binary vector codification
consisting of two sections is used [8]. The first section
corresponds to the possible location points of NCR
and the second section overcomes the candidate
points to the location of NOR. Thus for the scheme
presented in Figure 5, there are six points with NCR
and five points with NOR located.

In Figure 6, the codification used is presented
assuming that the topology of a distribution system
can count with m candidate points for the location
of NCR and n candidate points for the location of
NOR, so, the overall size of vector codification is
n+m.

NOR
A A

\r
n+l nt+2
NENEN

Figure 6. Proposed codification for POLARDS.

\
n+tm-1n+m
o]

Selection of a configuration on Pareto front

The NSGA II algorithm is a multi-objective
optimization technique that provides a set of solutions
called optimal Pareto front. This front corresponds to
a tradeoff between the objectives [8]. In POLARDS,
this implies that the improvement of one objective
degrades the other one, as shown in Figure 7.

F.

[ ]
Promising region for
) selecting solution by
./,’/ using min-max criterion

/ -

’ e

F,
Figure 7. Possible Pareto front for two-objective
minimization.

To select a solution on the optimal Pareto front of
Figure 7, the criterion known as max-min is used
as shown in equation (16) [21].
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1-mdx — Fl—i F2—m¢ix - F2—i

/ { / { F
maxy min

Fl—ma’x - Fl—mt’n ’ F2—ma’x - F2—ml’n }} (16)

Where Fl-ma’x’ Fl-mt’m FZ-mdx and F2-m1'n COITCSpOIld
to the maximum and minimum values of the
objective functions 1 and 2, respectively; F;_;and F5;
correspond to the value of both objective functions
for each point on the front.

In Figure 7 is observed that when applying this
metric to a two-objective minimization problem, the
possible selected point corresponds to the central
region of the front, because the extreme points
represent an objective preference over the other one.

PROPOSED METHODOLOGY

In this section, two methodologies to solve the DSPP
in conjunction with the POLARDS are proposed. In
order to compare the results obtained through both
methods, an economic analysis of the expansion
of the distribution system in the presence of NCR
(for faults isolation) and NOR (for transfer load) is
performed. In this analysis, a horizon of static planning
for cost evaluation of power losses and investment
in network elements in terms of their net present
value and annual NSEL is considered (see Figure 8).

Cascade methodology

The cascade model aims to solve the DSPP through
the methodology proposed in section “Distribution
system planning problem formulation” to find the
optimal topology of the distribution system. After
obtaining a set of solutions of the elite list, the
methodology proposed in section “Location of
automatic reclosers problem formulation” is applied
to locate NCRs and NORs on the set of topologies
contained in the elite list and finally a point on the
optimal Pareto front through max-min criterion
is selected [21], for each of them. The optimal
solution will be the one with the lowest overall
cost of investment and operation. It is necessary
to take into account that this methodology is of
unidirectional application as to the selection of
the optimal POLARDS configuration is essential
to know the topology of the distribution system.

Integrated methodology

In this methodology the inclusion of POLARDS as
a function of DSPP is proposed. In other words, the
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Figure 8. Cascade methodology.

integrated model proposes that for each neighbor
(generated through the application of TS algorithm
over the DSPP), an evaluation of POLARDS has to
be performed through NSGA II algorithm and the
selection of a configuration for NCR and NOR is
done by employing the max-min criterion. Under
this scenario, each local search developed by the
TS algorithm will provide to the elite list of global
solutions, the best network topology found (types
and locations of substations, branches and wires
gauges), with the location of NCR for fault isolation
and NOR for load transfer (see Figure 9).

It is necessary to point out that the best solution
found, is that with the following characteristics:



Montoya, Grajales, Hincapié and Granada: A new approach to solve the distribution system planning problem...

Reading system Adjust Information
data and initial calculations
A 4
Starting the
. iterative process
\ 4
Yes Starting global counter
and the elite list
A 4
Adjust No Initial
Information . R £
and initial configuration x’
A 4

Starting local iterations
counter, local parador and
local incumbent
4

~ Neighborhood N’(x)
and CBGA application
\ 4

Neighborhood
evaluation f,(N’(x))

Apply POLARDS for
each neighbor

max-min criterion

Store the global
cost and the NSEL

No 4
Select x™*’

Update elite
list and global
counter Ly

configuration
A 4
Update local
counters, tabu lists,
A and local parador

Local
stop?

Local
improvement?

No

Update local
)l incumbent

Ret local
parador

>

Figure 9. Integrated methodology.

the lowest investment costs in both, the network
equipment and the operating costs of power loss
during the study period; and the NSEL working as
an indicator of quality service on the network, under
a likely scenario of average fault rates and repair
times (not quantified economically).

TEST AND RESULTS

The optimization algorithm developed in this work
was implemented on a computer with Windows 7

professional OS, Intel Core i3 processor, 4GB RAM,
using the MATLAB 2014 software, licensed by the
Universidad Tecnolégica de Pereira for academic
and research purposes.

To demonstrate the efficiency and robustness
of the proposed methodologies, a three-phase
unbalanced 36-node test feeder is analyzed, based
on modifications of the IEEE 34-node test feeder,
as shown in Figure 10, where a different power
factor is assigned at each node.

There are 6 branches (solid lines) connected to the
substation located at node 1 and 44 new network
sections (dashed lines) and two substations at the
nodes 35 and 36 (dotted square) are proposed for
network expansion. The current system demand
for phases b and c is 1.85 MVA and 1.03 MVA,
respectively. Phase a has no load connected. The 29
nodes with new demand (8-36) have a total charge
for phases a, b and ¢, in Wye connection, of 2.68
MVA, 2.04 MVA and 1.45 MVA, respectively, and
a total charge per phase in delta connection with
1.97 MVA, 2.11 MVA and 2.66 MVA, respectively.
The load is modeled as constant power (80%)
and constant impedance (20%). The line-to-line
voltage level is rated 14.4 kV and the maximum
allowable voltage variation is 5%. The study period
considered is 20 years. Data lines and loads can be
consulted in [11].

Figure 10.36-nodes test feeder.

In Tables 1 to 4 the general aspects employed in
the computational implementation are presented.
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Table 1. Costs, interest rates and parameters.

Parameter Value
Maximum voltage regulation 5%
Interest rate 10%
Growth rate of energy cost 2%

Cost of phase balance US$ 8

Cost of energy 100 USD$/MWh
Planning period 20 years
Reclosers cost $ 20,000

Table 2. Costs of conductors types.

Costs of installation and

Maximum increasing caliber [KUSD$/km]

Type current [A]

1 2 3 4 5 6
1 150 20 | 23 | 37 | 40 | 58 | 76
2 250 - 30 | 30 | 35 | 50 | 66
3 350 — — 42 | 29 | 43 53
4 400 - - - 50 | 35 | 45
5 500 - - - - 67 | 38
6 600 - - - - - 85

Table 3. Costs of substations types.

reclosers appear. The NCR located at branch 32-29
divides the feeder in two areas and the NOR located
in the branch 14-15 interconnects both subsystems
for load transfer.

Overall costs associated with optimal topology
found by the cascade methodology are presented
in Table 5.

Figure 11.Optimal topology found by cascade
methodology.

Table 5. Net present value (NPV) of solutions for
cascade methodology.

Global Costs [USD$]
Conductors 76,286.04
Power loss 69,060.72
Substations 2,025,000.00
Reclosers 44,001.96
Phase balance 240.00
Total costs 2,214,588.72

Power Costs of installation and
Type | capacity increasing capacity [USD$]
[MVA] | 4 2 3 4
1 5 675 675 1,350 2,025
2 10 - 1,350 675 1,350
3 15 - - 2,025 675
4 20 - - - 2,700
Table 4. Discretization periods of duration of annual
load curve.
Level Load Duration [h] | Load level [%]
1 Maximum 1,000 100
2 Mean 6,760 60
3 Minimum 1,000 30

Cascade methodology results

The obtained topology after applying this
methodology is presented in Figure 11. The results
show that the system is powered by two substations,
where substation 1 is rated initially with a capacity
of 5 MVA and the new substation, in node 36, has
an installed capacity of 15 MVA. Furthermore, in
the solution, it is noted that only two automatic
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Integrated methodology results

The obtained topology after applying this
methodology is presented in Figure 12. Overall
costs associated with optimal topology found by the
integrated methodology are presented in Table 6.

It is noteworthy, that unlike the previous case, the
system is powered by three substations, where
substation 1 has an initial capacity of 5 MVA and
new substations located at nodes 35 and 36 have
capacities of 10 MVA and 5 MVA respectively. By
the other side, in the solution, the presence of only
two automatic reclosers such as in the previous case.
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Figure 12. Optimal topology found by integrated
methodology.

The NCR located in the branch 12-14 and the NOR
located in the branch 8-12, interconnect subsystems
formed by substations of node 1 and node 35.

Table 6. Net present value (NPV) of solutions for
integrated methodology.

Global Costs [USD$]
Conductors 73,752.24
Power loss 51,192.17
Substations 2,025,000.00
Reclosers 44,001.79
Phase balance 208.00
Total costs 2,142,962.04

Discussion of results

According to the answers presented in Figure 11
and Figure 12, it is clear that every proposed
methodology guides the evolutionary process of
the algorithm through a different path inside the
solution space. Under this scenario and analyzing
the system of Figure 11, the best solution obtained
by the cascade methodology, corresponds to a
configuration with two substations; while for
the topology of Figure 12, the optimal topology
found by integrated methodology, corresponds to
a distribution system with three substations.

On the other hand, both solutions have as common
feature, a load transfer through a NOR and an
automatic switching point for fault isolation given
by a NCR.

Additionally, according to Tables 5 and 6 it is
observed that when the load is distributed in different
substations for a distribution system, the level of
power loss is lower during the study period, which
is why the investment cost also decreases, because
the caliber of each network segment is reduced
according to the current reduction provided by the
distribution of load.

It is noted that although the topologies found by each
methodology are strictly different, the investment cost
is directly related to the expansion or construction
of new substations and that, according to Tables 5
and 6, this cost corresponds to more than 90% of
the total plan for the proposed test feeder.

For both methodologies, the strategy of phase
balancing in distribution system planning helps to
achieve minimum levels of power loss with a very
low investment. This projects the strategy as a low-
cost tool with impact on the operative state of the
system, in terms of voltage regulation and quality
of service for the end user, guaranteeing benefits
(provided by regulator entities) to the utilities, by the
fact of having an electrical system that contributes
to the efficient use of energy.

By making an analysis, in terms of the Equivalent
Uniform Annual Cost (EUAC) to the project cost, it
is observed that the cascade methodology during the
study period, requires an annual investment of US
$260,124.76; while for the integrated methodology,
the investment is US $ 251,711.51, which means
that, taking as reference the cascade methodology
case, the integrated methodology achieves a reduced
level of investment.

Considering that both systems need one NCR and
one NOR to reduce the NSEL, with the cascade
methodology an annual NSEL of 1,247.46 GWh is
obtained, while the integrated methodology approach
reaches an annual NSEL of 1,103.56 GWh. In
percentage terms, taking as a reference the cascade
methodology, the integrated model achieves an
annually reduction of 11.54%.

CONCLUSIONS
Two methodologies for distribution systems planning

were developed, considering the optimal location
of automatic reclosers for fault isolation and load
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transfer. The first methodology corresponds to a
cascade model that solves the classical problem of
distribution system planning by using a TS algorithm
and the solutions contained in the elite list are applied
over a NSGA 1II. The max-min criterion is employed
to find the best tradeoff between investment cost
and NSEL. The second methodology proposes a
master-slave based solution algorithm to solve both
problems in an integrated manner, in which the master
algorithm is the TS and the slave algorithm is the
NSGA II, which guides the solution process by a
different path in comparison with the methodology.

In light of the obtained results, for solving the
problem of optimal distribution systems planning in
conjunction with the optimal location of automatic
reclosers to improve indicators of reliability, the
integrated methodology has better quality results
in terms of overall investment cost and NSEL of
the system.

The developed mathematical models to solve both
problems are closely related to the nature of the
Colombian electrical systems, as these are highly
unbalanced, with problems of quality of service
in terms of continuity. So this work is proposed as
a strategy of wide applicability for all electricity
utilities in Colombia.
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