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Abstract: - It exists a great potential in microgrids connected to distribution systems of being taken into
advantage reconfiguration possibilities with the purpose of achieving the quality of service regulatory
requirements that become more demanding each day. In addition, it is possible to optimize the
network operators’ income by increasing the incentives for upgrading the quality indexes. In this
paper, it's proposed an evaluation algorithm of the connection points of multiple microgrids in a
distribution system that upgrades the reliability of the system as a whole, being based in complex
network analysis (CNA), a perspective of power systems that allows the evaluation of an electrical
system as a graph. For that, a model of a trial system is made from the CNA point of view utilizing the
MATLAB software and afterwards, as validation of the proposal of this work, the system's reliability
is evaluated by connecting multiple microgrids into critical nodes provided by the CNA making use of
the NEPLAN tool of power systems simulation.
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1 Introduction Conventional Renewable Energy Sources) [5],
Historically, the importance of the reliability microgrids and in the management of assets and
analysis of the performance of power systems is maintenance [6]-[11]. So, its evident that the
proportional to the tension level of the operation and reliability analyses still hold their importance in the
the main focus was in the generation stage and in planning of power systems and distribution
the energy transmission. However, approximately networks. _
80% of all the interruptions that the clients suffer Taking into account that in the past years the
occur due to failures in the distribution networks regulation of the Colombian electrical sector has
[1]. Due to the above, the performance evaluation in implemented different mechanisms to promote and
respect to the reliability (or quality of the technical incentivize the connection of “small scale auto
service) of distribution systems has been widely generators (SSAG)”, “NCRES (Non-Conventional
studied since the decade of 1930 as a key aspect in Renewable  Energy  Sources)” and “DER
the planning of electrical energy systems [2], and (Distributed Energy Systems)” in the ‘“National
since then countless studies that develop new Interconnected System (NIS)” and in the “Not
techniques, models and reliability —analyses Interconnected Zones (NIZ)”, through different
applications in these systems have been published norms [12]-[15].
(21 [3]. _ _ The microgrids have the capacity of improving
Despite the great quantity of studies and the tension regulation, the energy quality, the

publications and the progress made in new analysis
techniques thanks to the increasing development of
computing tools that allow advanced analyses to be
made, studies remain to be developed and

protection schemes, diminish losses from the system
and the emissions due to the nature of the used
technologies and substantially improve the system's

investigation is still being made in this field, reliability thanks to its reconfiguration capability

M e . before events and to operate isolated from the
focusing in networks with high penetration of DER . .
(Distributed Energy Systems) [el], NCRES (Non- network [7], [9], [16]. In such virtue, it exists a great
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potential in taking advantage of the microgrids to
achieve the quality of service regulatory
requirements and also optimize the network
operators’ incomes by increasing the incentives for
the improvement of quality indexes.

The reliability analyses are based mainly in two
aspects: the individual parameters of each one of the
elements that conform the electrical system such as
the failure rate, availability, repair time, average
failure time, average time between failures, etc., and
in how every one of these elements are connected,
that is to say, the topology of the network. However,
due to the complexity of the future energy
distribution networks, it exists an urgent necessity of
upgrading these traditional reliability evaluation
methods into new techniques [7].

One of the new tools for the electrical systems
analysis that has been growing in interest is the
complex network theory [17]. Taking the above into
account, the complex network theory is shown as a
new tool that can assist not only the efficient
processing in the calculation, but also in giving a
new perspective in the problem’s analysis. Some of
the studies developed from the point of view of the
complex networks and focused in the power
system’s analysis are the following:

In [18] a vulnerability and recognition analysis
of key nodes in the electrical networks from the
complex networks’ perspective is made. Using the
centrality of the nodes from the complex network
theory, the key nodes are identified and the system's
behavior is analyzed by modifying the network’s
parameters to correct the centrality of the vulnerable
nodes. Indicators are introduced as the netability and
the vulnerability index to describe the transfer and
performance capacity in a normal functioning and to
evaluate the vulnerability of the electrical system in
case of waterfalling failures.

In [19] it's studied how a waterfalling failure in
electrical networks is produced and the correlation
between the key parameters is searched using the
complex network theory to improve the sturdiness
of electrical networks. In [20] a methodology for
evaluating the stability of a Smartgrid that includes
microgrids is proposed. For this evaluation an index
called Intermediation Index that is based in the
theory of complex networks is taken. An improved
intermediation index is proposed, since it’s
considered the real charge flow through the
transmission lines along the network. This work is a
starting point in the investigation area of complex
systems to evaluate the stability of power systems.

In [21] an indicator that is based in the
impedance of the transmission lines as a criterion to
measure the vulnerability of the system is proposed.
This indicator, obtained through the analysis of
complex networks, can identify the critical
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transmission lines of the network, whether by its
position in the system or by the power transmitted
along the network.

In the work developed in [22] a systematic
method based in the complex network theory is
stablished to propose that, in normal conditions,
every modern system of distributed generation with
variable topology and bounded control entries, can
be represented as a Hamiltonian stable system. With
the prior premise, it’s analyzed a microgrid driver to
evaluate the proposed method.

A methodology for the optimal localization of
microgrids in electrical distribution systems using
complex network analysis [23]. The optimal
localization in this work is acknowledged as the
localization that gives as a result a greater resilience
in the network, a reduction in the energy losses an in
the lines’ chargeability, a better voltage stability and
the supply to the critical charges during a blackout
[24]-[32]. The criteria used to select the optimal
localization of the microgrids were based in the
centrality analysis taken from the complex network
theory [33]-[41].

The work in [42] showed that the network’s
structure influences in a very important way the
reliability of the system. Additionally, in the same
article it was observed that the reliability of the
microgrids is very sensible to many other factors;
such as the system’s demand, the network structure
and the coupling method proposed. The literature
revision [7], [43], [44] shows that there are many
factors that must be taken into consideration to
determine in an exhaustive way the reliability of the
microgrids. Some of the factors include the type of
failure, the weather and the network’s structure.

Taking into account that the microgrids have
the property of improving the reliability of the
distribution networks, as evaluated in [9], where the
SAIDI and SAIFI indicators were used for the
evaluation, it exists a great potential for the
microgrids to be taken into advantage to fulfill the
quality of service regulatory requirements and to
optimize the income of the network operators by
increasing the incentives for improving the quality
indexes.

In this way, by taking into account that the
reliability analysis is based fundamentally in the
topology of the network, in this work is proposed
the use of complex networks to analyze, from other
perspective, the topological parameters of the
network that allow the identification of nodes in
which the microgrids connection achieves an
improvement in the general reliability of the system.
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2 Materials and Methods: Complex
Network Analysis in  Electrical

Systems

In the formality of network analysis, a network is a
group of elements called vertexes or nodes, with
different interconnections between them, (these
connections can be power lines or also
communication interconnections), called edges. The
systems that take the form of networks (or graphs)
are plenty in the world. The examples include:
internet, social networks, organizational networks,
networks for commercial relationships between
companies, public transportation networks, and for
our case, electrical distribution networks, and many
others [45], [46].

The different fields’ researchers have stablished,
along the past years, a wide array of mathematical,
computing and probabilistic tools, destined to study,
model, and comprehend different network systems.
The study of the network science stablished its basic
foundations in the development of the graph theory,
that was explored for the first time by Leonhard
Euler in 1736, when he published the article Seven
Bridges of Konigsberg [47]. The solution to the
problem of the seven bridges of Konigsberg is
generally considered as a starting point for the graph
theory and the network science [46], [48].

2.1 Complex Networks

The complex network theory is a new discipline that
has as main focus to analyze different static
topological characteristics, as well as dynamic
behaviors in interconnected systems at great scale.
The theoretical work in complex networks came to
be from the graph theory and the network science
[45], [46].

In the context of the network theory, a complex
network could be defined as a graph that is made up
from many nodes related between them [49]. It
could also be defined as a network that has non-
observable topological characteristics that don’t
surface in simple networks such as random ones, but
that often occur in real systems’ graph models [50].
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Without taking into account the intrinsic dynamic of
every component, a complex network can be
described simply as a graph or a G network, that can
be defined as a finite group of ordered pairs G = (V,
E), where V is a subgroup of non-empty elements
called nodes or vertexes and E a subgroup formed
by ordered pairs of elements different from V,
called borders or edges [51].

In Figure 1 ([51]) a non-directed graph is
exemplified, G=(V, E), where V={v1, v2, ..., v5}
and E = {v1v2, v2v3, v3v4, v3v5, v2v5, v4v5}.

U3 Ux
O—0O O
(3 U2 U4

Fig. 1: Example of a 5 vertexes non-directed graph.

A group of vertexes joined together by borders

is the most simple of network types; but generally,
the real networks are much more complex than this.
For example, there can be more than just one
different type of vertex in a network, or more than
one type of edge. And the vertexes or edges can
have a variety of properties, numerical or others,
associated to them. A graph is considered directed
when a direction is assigned to the edges that form
them, like the graph shown in Figure 2(d), in which
the directed graph D = (V, E) has ordered pairs (vi,
Vj) € E, where vi is the end of the edge and vj the
start.
If to every one of the graph’s edges is associated a
value or w cost, it’s resulted in a graph Gw = (V, E,
w) called graph with weights like the one shown in
Figure 2(c). In these graphs, there can be considered
short or geodesic paths between vertexes, since the
longitude notion is introduced, defined as the sum of
the weights along a trajectory between vertexes
[46].
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(d)

Fig. 2: Examples of network types (a) non-directed graph with simple vertexes and edges; (b) graph with
different types of discrete vertexes and edges; (c) graph with weights of vertexes and edges; (d) directed graph
where each edge has a direction.

2.2 Power Systems from the Point of View of

Complex Networks
A power system is also formed by vertexes (nodes,
substations, derivations, barrages) and edges
(transmission  or  distribution  lines,  power
transformers) between them as a complex network
[52], thus, the electric energy distribution systems
can be qualified as complex networks and be studied
through the optic of complex network analysis
(CNA) [20].

To study an electrical distribution network using
the complex network analysis, the first step is to
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model the network as a graph. In the context of
complex networks and for the present analysis, the
electrical nodes, substations, generation centers and
microgrid connection points with the distribution
system correspond to the vertexes, while the
distribution lines and transformers correspond to the
edges.

In Figure 3 is shown the original unilinear diagram
of the IEEE trial system with 30 nodes that will be
used as case of study. This system counts with 30
nodes connected through 41 impedances (lines or
transformers).

9
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Fig. 3: General unifiliar diagram of the IEEE trial system with 30 nodes. Source: Figure taken from
http://labs.ece.uw.edu/pstca/pf30/pg_tca30bus.htm.

In Figure 4 is shown the IEEE system with 30
nodes as a non-directed graph and in Figure 2-5 is
shown the topology mapping of the system. The
next aspect to take into consideration for the
network’s analysis as a graph is to formulate the
weight matrix of the graph (adjacency matrix with
weights). The traditional focus of the complex
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network analysis only considered the physical
connection [17], [53]. This model does not reflect
one of the fundamental aspects of the electrical
energy system as it is the impedance, that plays an
important role in the power flow, the losses and
stability of the system.
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graph.

Fig. 5: Topology mapping of the IEEE system with
30 nodes.

The focus to find the adjacency matrix with
weights is based in the admittance matrix [54]. In
this case, the weight matrix can be found from the
elements outside the admittance matrix’s diagonal.
For a system of n nodes, the voltage equation is
written in matrix form as:

E-ISSN: 2224-350X

25

Fabian Rodriguez, Sergio Rivera

I Yo Yoo oo Yy oo Yl (W

I5 Yo Yoo oo Yo oo Y| | WA

. _ . . . . . (1)

LI Yo Yo oo Yo Yl [V

_]n_ _Ynl Yn? Ym Yrm_ _Vn_

Ibus - Ybus Vbus - 2
Where Ybus is the admittance matrix. The

diagonal elements of the admittance matrix

correspond to the sum of the impedances of the lines
connected to each one of the system’s nodes. Given
that the diagonal elements are not included in the
weight matrix, for this analysis the impedances
between the nodes and the ground are not
considered. The elements outside the diagonal are
equal to the negative of the admittance equivalent
between the nodes. So, in this case, the element ij of
the weight matrix [A(Gw)] can be found from wij =
Yij.

It’s evident that the Ybus matrix is a
symmetrical matrix, that is to say that, Yij = Yiji,
thus, by being equal the impedance in both ways,
the power flow’s directionality is not considered in
this model and is considered a non-directed graph.
For the system’s modelling as a complex network,
some considerations like the following are made:

It is assumed that the system is balanced.

The power transformers and transmission lines are
modeled as edges with weights, being the weight
equal to each one of the components in p.u.’s
admittance.

The parallel lines between two substations or
nodes are considered as a single equivalent
transmission line with the purpose of simplifying
the graph.

2.3 Centrality Measures

From the complex network analysis perspective
numerous measures or indexes that can define
certain characteristics in the network knowing the
network’s structure have been developed. For
example, the social scientists have used some
centrality indexes to better explain the impact a
person has inside of a network [55]-[57]. Between
these centrality indexes, the more used in electrical
energy systems are the grade centrality and the
betweenness centrality.

2.3.1 Grade Centrality

The simplest one of the centrality measures is the
grade centrality. It's defined as the number of edges
possessed by a node that connects it to the others
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[45]. The grade centrality can be obtained from the
matrix’s grade diagonal. In complex networks, most
of the nodes have a low grade, but a hierarchy of
higher-grade nodes called “hubs” exists, which have
an important role inside the network. In the
electrical networks, these hubs correspond to
important transformation or generation substations
and is called system’s hub to the vertex with the
highest grade. In the case of the considered 30 node
system, the hub node corresponds to the node 7 that
has 6 grade and the average system’s grade is 2.73.
In Figure 6 is shown the grade distribution for the
system under study.

2.3.2 Betweenness Centrality
The betweenness centrality could be defined as the
number of shortest paths between the vertexes

15
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(nodes) that pass through this vertex. The
betweenness centrality measures how many times a
vertex is found in the direct path between any other
pair of vertexes [45].

A high betweenness value indicates that a vertex
can reach other vertexes in relatively short
trajectories, or that a vertex is found in a
considerable fraction of the shortest trajectories that
connect pairs of other vertexes. The betweenness
can be calculated through the Equation (6).

ngt (v)

c(v) = N

s,t#£u

@)
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Nodos
©
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T

1 2 3
Grado del nodo

4 5 6 7

Fig. 6: Grade distribution for the IEEE trial system with 30 nodes.

Where nst(v) is the number of shortest paths
between the vertexes s and t that pass through the
vertex v, and Nst is the total number of shortest
paths between the vertexes s and t.

2.3.3 Closeness Centrality

The closeness centrality could be defined as the
average of shortest routes between a specific node
and the rest of the network’s nodes. A high value in
the closeness centrality of a node indicates how
close it is from the other nodes. The shortest
electrical route is the one that has the minimum
impedance possible, thus, the edges’ weights are
chosen in function of the impedance. The closeness
centrality can be calculated using the Equation (2-
7).

(4)
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Where vi is the number of close vertexes from the
vertex i (without including i), N is the number of
vertexes in the G graph and Ci is the total sum of the
distances between the vertex i to any nearby
vertexes. If a path from the vertex i to the nearby
vertexes does not exist, then c(i) is zero.

2.3.4 Clustering

The clustering is an index that evaluates how
interrelated the neighboring nodes inside of a vertex
are. The local clustering CC(i) of a node calculates
the average connections of its nearby nodes. The
C(i) for each node and the total CC(G) of the
network can be calculated with the equations (2-8)
and (2-9), respectively:

COw) = —2D

Ky (Ko — 1) ©)
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CC(G) =~ pxe (6)
=1

Where, Nv is the number of edges between the
neighbors of the node v and Kv is the node v’s
grade.

From the point of view of electrical systems, a node
with a high CC(v) could indicate that, if separated,
the power flow will have alternative routes to the
closest nodes.
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In other words, a high node coefficient CC(v) could
indicate a less central node. The total CC(G) of the
IEEE system with 30 nodes is 0.2348. The CC(G)
indicator is equal to 1 in a graph if every vertex in
the graph are connected to each other in the same
way.

In Table 1 are summarized some of the centrality
measures applied in the IEEE trial system with 30
nodes.

Table 1. Summary of the IEEE network with 30 nodes’ measures from the CNA perspective.

Number of nodes 30
Edges 41
Maximum grade 7
Average grade 2.73
Clustering 0.2348
Average betweenness 33.433
Average  betweenness  with  weights 40 4

(admittance)

3 Reliability Analysis of Multiple
Microgrids

3.1 Case of Study

Taking as a base the IEEE trial circuit with 30 nodes
[58], [59], a case of study was developed making
use of the power systems simulation tool NAPLAN.
In Figure 6 is shown the unifiliar diagram of the
simulated system and the connection points of the
microgrids for the based case.

The original IEEE trial model with 30 nodes does
not have assigned longitudes for the lines, the
characterization of the lines is made only with the
total electrical parameters of resistance, reactance
and susceptance of each one of the lines. The
longitude parameter of the lines is fundamental for
the reliability analysis in distribution networks, in a
way that it was estimated the longitude taking
typical reactance values per unit of longitude with
the purpose of assigning the longitude of each one
of the model’s lines and apply the reliability
parameters according with the IEEE 493-2007 norm
[60] per unit of longitude for each one of the lines.
For the analysis is considered that all the elements
connected through nodes (edges, in this case lines
and transformers of the system) count with cut
elements and protection in both ends. The charges,
capacitances, generators and the microgrids in the
connection points with the distribution system also
have elements of cut and protection.

The system was modified locating in the node 1
(slack node with a generation unit in the original
model) an infinite bar, with the purpose of
simulating the connected network to an
interconnected network of great capacity with an
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ideal reliability. The original model’s generators of

the IEEE network with 30 nodes were replaced by
microgrids to simulate multiple microgrids
connected to the system. In a way that the modified
system counts with 5 microgrids.

The maximum capacities of the elements were
modified so that in the network’s initial conditions
there aren’t any overcharged lines and transformers,
also that the tension in every node is between 0.9
and 1.0 p.u., because of the contrary this condition
would be taken as a contingency and in the original
IEEE model with 30 nodes there is an overcharged
line to the charge flow channel. The range criterion
of allowable tensions was taken from the Code of
Networks in its section Operation Code [61].

The reliability parameters for the elements that
form the system, such as the failure rate, repair time,
MTTF and MTTR were taken from the IEEE
standard 493-2007 [60]. The reliability parameters
for the microgrid were taken with a base in the
article [62].

It's considered that the microgrids are connected
to the distribution system of intermediate tension
through an impedance that represents the IC
(Interlinking Converter between the MG and the
distribution network) in the case of microgrids with
DC bus or the coupling transformer in case of
microgrids of AC bus.

The relation between the internal generation and
the charge (Generation-Load Ratio GLR) of the
microgrids is important in the evaluation on the
reliability of the distribution system to which
they’re connected. A microgrid’s GLR can be
minor, greater or equal to 1; it’s minor when the
microgrid does not satisfy every necessity of the
consumer’s charge in its interior, although it has the
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capacity to do so (for example, for economical
reasons), and it’s greater than one when it can
export energy to the distribution network [9].

Taking into account then that it's fundamental to
considerate the GLR in the evaluation of the
reliability of the system, since the backup that can
give the microgrid to the system before events of
failure from the network’s elements depends on it.
The microgrids are modeled with the VPP concept
(Virtual Power Plant) [63], through a model of
distributed generation and a charge and the
parameters of these elements are varied with the
purpose of simulating the GLR of the microgrid.

The VPP concept is employed as a tool to
facilitate the reliability evaluation in the active
distribution network with multiple microgrids. The
concept consists in considering every one of the
microgrid’s components in a single entity to offer a
simplified equivalent model and to be used in the
distribution network. When it’s integrated in a
distribution network, the functionality of a
microgrid is to interchange energy with the
distribution network, this way the microgrid
becomes an energy source if it outputs more energy
than the local charge and it becomes into a charge
when the charge exceeds the available output. Thus,
in a similar way to a conventional generation plant,
a VPP will be represented by a model of multiple
states in the reliability analysis [63].

Fabian Rodriguez, Sergio Rivera

For the analyzed case, the generation capacities
of the microgrids are considered equal for all five
subsystems and are assumed as 40 MVA (34 MW,
21 MVAr). The microgrid’s charge is variable
according to the GLR as exposed beforehand. For
the present analysis the variable charge will be
considered in function to the GLR but with a
constant power factor of 0.85.

The microgrid’s contribution to the reliability
tends to be greater with higher GLR values.
However, the impact that the GLR has in the
reliability depends in the microgrid’s localization in
the system and in the localization of the failure for a
specific case [9].

3.2 System’s Reliability Evaluation

By using as a NEPLAN software as a simulation
tool, the SAIDI, SAIFI and CAIDI reliability
indexes were calculated for the configuration of the
modified IEEE system with 30 nodes that is shown
in Figure 6.

With the purpose of verifying the impact that
the GLR has in the reliability of the system, the
reliability indexes were evaluated for different
values of the GLR and one case without including
the microgrids in the system. The results are shown
in Table 2.

Table 2. Summary of the reliability indicators for different cases with MG for the analyzed IEEE system with

30 nodes.
. . - With MG,With MG,

Indicator Unit Without MG GLR=2 GLR=15

N Clients 21 26 26

SAIFI 1lyr. 2.307 0.442 0.184
SAIDI min/yr. 1254 320.327 243.748
CAIDI h 9.061 12.092 22.118

P MW/yr. 750.35 149.914 211.018

W MWh/yr. 5250.5 1640.39 2280.141

Note: P corresponds to the total power that was stopped from supply in a year and W corresponds to the total energy that

was stopped from supply in a year.
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Fig. 7: Behavior of the SAIDI for different values of GLR of the MGs.
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The probability of system’s failure grows
exponentially by diminishing the GLR of the
microgrids. This shows that effectively the backup
that the microgrids can give to the system is
fundamental in the reliability analysis. It's also
evidenced that the system without including the
MGs has a similar reliability to the system when the
MGs are included with a GLR=1.0, that is to say

6
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that even though the MGs don’t contribute power to
the system they don’t impact the reliability of the
system but actually improve it when they can
provide a backup to the system. It's important to
note that the general reliability of the system
depends on the reliability of the microgrids. In this
work, reliability data was taken for the microgrids’
components of the work done in [62].
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Fig. 8: Behavior of the SAIFI for different values of GLR of the MGs.

3000

2500

2000

CAIDI (h)
o
38

—

o

o

o
T

500

=2

GLR:

O .
= 2
= o
7] [e]

O

Con MG,
GLR=1.5

Con MG,
GLR=1.2

on MG,

LR=1.0
Con MG,
GLR=0.9
Con MG,
GLR=0.8

00

MGs' operation configuration

Fig. 9: Behavior of the CAIDI for different values of GLR of the MGs.

The problem of the reliability analyses with multiple
microgrids in a distribution system is a high
complexity problem. Particularly if is wanted to
analyze a way to optimize the reliability of the
system, not only are the economical and technical
aspects of the systems taken into account, but also
the operative conditions of the microgrids, without
mentioning that these three aspects are a function of
the localization of the DG’s resources of the
microgrids.
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4  Results:  Complex  Network
Application to Improve the Reliability

4.1 Trial Network’s Centrality Measures

Making use of the MATLAB software, the
centrality measures for the modified IEEE trial
system with 30 nodes were calculated. In Figures
10, 11, and 12 are graphically shown the centrality
measures  of  closeness,  betweenness and
intermediation considering the chargeability limits
of the lines and transformers. The centrality
measures of the graph with weights are the ones that
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are taken into account for the selection of plausible the considered system.
nodes for the connection of multiple microgrids in
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Fig. 10: Closeness centrality for each node.
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Fig. 12: Intermediation centrality for each node considering the chargeability limits of the elements.
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4.2. Reliability Analysis based in Complex

Network Theory

Based on the results obtained from the complex
network analysis is proposed in this work to select
nodes with centrality measures that allow the
identification of which are the critical nodes where
the microgrids’ connection is optimal from a
system’s reliability point of view.

Selected the connection nodes based on the
given measures by the complex network theory, the
system’s reliability is calculated, without altering
any other variables in the network, in a way that the

Fabian Rodriguez, Sergio Rivera

impact in the reliability can be compared. The
reliability analysis is made with a GLR of 1.2 for
every microgrid.

Localization of the MMG based in closeness
centrality.

Taking as reference the first 5 nodes
hierarchically classified with the greater closeness
centrality indexes, the nodes to assign the
microgrids are selected. In Table 3 are shown the 5
nodes with the highest closeness index that
considers the graph’s weights.

Table 3. Nodes with the highest closeness centrality.

Closeness centrality

Node Without weights With weights
6 0.015152 0.052748
4 0.013333 0.051342
7 0.010870 0.049101
12 0.012048 0.048605
10 0.013889 0.047808

Table 4. Results of the reliability calculation for the reconfiguration of the MGs based in closeness.

Indicator Unit Value
SAIFI 1iyr. 2.253
SAIDI min/yr. 1298.347
CAIDI 9.607

P MW/yr. 880.35
W MWhyr. 7977.943

As indicated in Table 4, the SAIDI and the SAIFI
increased with respect to the base case analyzed by
changing the connection points of the MG based in
the closeness centrality measure obtained through
the complex network analysis.

Localization of the MMG based in the betweenness
centrality

Taking as reference the first 5 nodes
hierarchically  classified with the  greatest
betweenness centrality indexes, the nodes are
selected to assign the microgrids. For this centrality
measure are considered the chargeability limits for
the lines and transformers.

Table 5. Nodes with the highest betweenness centrality.

Betweenness Centrality

Node Without weights With weights with Welgl?rtsifsonSIderlng
24 56.417 54 121.67
6 176.58 208 102.33
10 115.67 161 101.17
12 87.5 125 99
15 54 81 97.5

Table 6. Results of the reliability calculation for the reconfiguration of the MGs based in betweenness.

Indicator Unit Value
SAIFI 1iyr. 0.875
SAIDI min/yr. 630.178
CAIDI 12.003
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P

MW/yr.

392.891

W

MWh/yr.

4442.803

As shown in Tables 5 and 6, the SAIDI and SAIFI
values for the case in which the system is
reconfigured, connecting the MGs in the nodes with
highest betweenness are minor than in the base case.
Localization of MMG focused in reliability based in
complex networks

Taking into account that the reliability
indicators calculated for the reconfigurations of the

MGs in the distribution system of 30 nodes show
that the quality indicators were improved using the
betweenness centrality, but worsen while using the
closeness centrality, up next are shown cases in
which the nodes with the lowest closeness centrality
are taken, also lowest betweenness centrality and a
case with random node selection to make the same
analysis.

Table 7. Nodes with the lowest closeness centrality.

Closeness centrality

Node Without Weights _ With weights
26 0.007874 0.017861
29 0.008265 0.019412
30 0.008265 0.020425
27 0.010638 0.024411
25 0.010101 0.025163
Table 8. Results of the reliability calculation for the reconfiguration of the MGs based in the lowest closeness.
Indicator Unit Value
SAIFI 1liyr. 0.856
SAIDI min/yr. 995.359
CAIDI h 19.388
P MW/yr. 409.636
W MWh/yr. 6840.687

As shown in the results of the Tables 7 and 8, the
reliability keeps being greater than the calculated for
the base case, however, the quality of service
indicators doesn’t get too much worse when
compared to the selection case of nodes based in the
nodes with lowest closeness centrality.

For the case of the lowest betweenness centrality,
there are 8 nodes with a value of zero, thus, the five
nodes indicated in the Table 9 are selected.

Table 9. Nodes with the lowest betweenness centrality.

Betweenness centrality

Node Without weights With weights c OXZ:&ZMV%%?:S“S
14 0 0 0
26 0 0 0
13 0 0 0
11 0 0 0
29 0 0 0

Table 10. Results of the reliability calculation for the reconfiguration of the MGs based in the lowest closeness.

Indicator Unit Value
SAIFI 1iyr. 0.875
SAIDI min/yr. 752.052
CAIDI h 15.773
P MW/yr. 428.8878
W MWhyr. 5562.6351
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According to the indicators resulted in the Table 10
is observed that the node selection with the lowest
betweenness has a negative impact in the reliability
indicators. For this case is noted that some of the
nodes with the lowest betweenness correspond to
the microgrids connection nodes in the base case.
This corresponds that to the microgrids connection
nodes in the base case correspond to external nodes
of the system, that is to say radial nodes with grade
1 centrality.

5 Discussion and Conclusion

With this work is proposed a selection alternative of
nodes for connection of multiples microgrids in an
electrical distribution system based in the analysis
of complex networks. This perspective allows the
realization of a quick and efficient selection of the
connection nodes of the microgrids that improve the
reliability of the system.

The reliability of a distribution network was
evaluated including multiple microgrids through the
analysis of an electrical network modeled as a
complex network. From this perspective, is expected
that the nodes with the highest betweenness
centrality, a measure provided from the complex
network theory, are the nodes that when connected
the microgrids they improve the reliability of the
whole system more than if they were connected in
other nodes. Besides this it can’t be concluded that
the localization of the microgrids using this unique
criterion based in betweenness centrality will be the
most optimal localization that minimizes the quality
of service indicators (SAIDI and SAIFI) since for
this specific case every possible combination of
arrays of the available microgrids must be evaluated
in every node of the system. Additionally, to
perform the localization optimization of the
microgrids simulations of Monte Carlo must be
made to calculate the reliability and find the
minimum of the quality of service indicators
through optimization algorithms, such as PSO
(Particle  Swarm  Optimization) or genetical
optimization algorithms.

The proposed method in this work for the
selection of connection nodes of microgrids can be a
useful tool, since to perform an optimization with
the fore mentioned methods it requires a high
computational consumption and long processing
times. The method in which the complex network
theory can proportionate a quick, efficient and
computationally low costly analysis.

Based on the above, not only it's convenient, but
also will be essential that the studies in reliability
analyses from the NO in the electrical sector take
into account these new technologies of reliability in
the planning stage of the distribution systems and
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take advantage of its potential to fulfill the quality
of service regulatory requirements.

It was analyzed the relation that can exist
between the closeness and betweenness centrality
measures of the system obtained from the complex
network analysis with the reliability indicators used
in electrical distribution networks (SAIDI, SAIFI)
that are measured to evaluate the given service by
the NO according to the Colombian regulatory
framework. It was observed that the betweenness of
closeness does not provide a guide to determine
nodes that have an impact in the reliability of the
system by connecting multiple microgrids, however,
it can exist some relation between the system’s
betweenness centrality measure since by calculating
the reliability of the reorganized system the
microgrids in the distribution network based in the
nodes with the highest betweenness index low
values are obtained in the quality of service
indicators, which indicates an improvement in the

reliability.
Due to the reliability analysis that involves
multiple microgrids in an electrical system

involving many variables and it’s a very hard
problem to confront, for the analysis made in this
work several simplifications like modeling the
microgrids with the VPP concept were made,
assuming a constant GLR for all the microgrids and
a power generation and equal consumption for all,
as well as a failure rate equal for every microgrid.
The generation costs according to the type of DER
resource aren’t taken into account as well as the
charges variability. Considering all the elements to
find the connection nodes of the microgrids that
optimize the reliability, that is to say they make the
guality indicators better (nodes that minimize the
SAIDI and SAIFI) is a very complex optimization
problem that would require advanced optimization
algorithms such as PSO, genetic optimization
algorithms, Customer Scattering, etc. These could
be applied to the optimization of the reliability
calculation through Monte Carlo methods. The
study of the complex network analysis can continue
with a focus to verifying that it's a quick, simple and
very efficient analytic method to find optimal nodes,
verifying it with optimization algorithms like the
ones mentioned above. The prior is not only for the
reliability analyses, but it can be also used in other
power systems’ analyses.

The complex network theory provides a
completely different perspective for the power
systems’ analysis. The concepts that are applied
from the complex network theory to the electrical
networks can help us to better comprehend the
topology, the characteristics, the behavior and for
this particular case the reliability of an electrical
distribution network from other focus point.
However, in the present the application of the
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complex network theory to the electrical networks is
still in a theoretical level and requires greater depth
in the researches that lead to being able to apply
these concepts and allow the development of ways
to improve the reliability, safety, stability and
efficiency of the electrical networks.
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