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Multi-Agent System Integrated to Power Systems Analysis

Tool for Self-Healing in Smart Distribution Systems

Sistema Multiagente Integrado a Ferramenta de Analise de Sistems de Poténcia para
Autorrecuperacao em Sistemas Inteligentes de Distribuicao

Kelly S. S. Costa'*, Filipe Saraiva'

Abstract: This paper describes an application built from the integration between two frameworks, Python
for Power System Analysis (PyPSA) and Python Agent DEvelopment (PADE) whose purpose is to solve the
problem of self-healing in electrical distribution systems. For that, this system simulates a smart grid, adding an
information layer to the conventional electrical distribution system that allows the detection of interruptions in the
energy supply. The proposal detects the affected area, the tie lines available to reestablish the energy supply,
performs the make decision algorithm to select the best network configuration — based on the comparison
obtained by calculating the power flow performed in each possible configuration, and make the reconfiguration
of the network, reestablishing the power supply. The algorithm is performed in an automatic, distributed, and
real-time way, by the use of multi-agent technology. The proposal was tested in 33-bus power distribution
systems topology with different scenarios. The results obtained show the proposal works as expected, reducing
the power losses after the network restoration.
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Resumo: Este artigo descreve uma aplicagéo construida a partir da integracéo entre dois frameworks, Python
for Power System Analysis (PyPSA) e Python Agent DEvelopment (PADE), cujo objetivo é solucionar o prob-
lema de autorrecuperacao em sistemas de distribuicao elétrica. Para isso, este sistema simula uma rede
elétrica inteligente, adicionando uma camada de informacao ao sistema elétrico de distribuicao convencional
que permita a deteccéo de interrupgdes no fornecimento de energia. A proposta detecta a area afetada, as
tie lines para restabelecimento do fornecimento de energia, realiza a tomada de decisao para selecionar a
melhor configuracao de rede — baseada na comparagao obtida pelo calculo do fluxo de poténcia realizado em
cada configuragao possivel, e realiza a reconfiguracao da rede, restabelecendo o fornecimento de energia.
O algoritmo € realizado de maneira automatica, distribuida e em tempo real, a partir do uso da tecnologia
de sistemas multiagentes. A proposta foi testada na topologia de sistemas de distribuicao de energia de 33
barramentos em diferentes cenarios. Os resultados obtidos mostram que a proposta funciona como o esperado,
reduzindo as perdas elétricas apds a restauragao da rede.
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1. Introduction

In the current context of society, the relevance of the electric
power system is undeniable. This is because such systems
are strongly rooted in the activities of modern society, which
was developed by the use of electricity. The discovery and
consequent success in electricity control enabled several in-
ventions that guaranteed for humanity comfort, practicality,
agility, among other benefits.

Electric Power Systems can be defined as a set of physical
equipment and elements of electrical circuits combined, which
act in a coordinated way in order to generate, transmit and
distribute electric energy to its consumers [1]. Unlike other
systems such as gas or water systems, there is not a storage of
energy in an electric power system, so the energy is generated
on demand, implying that system is a real-time one. As a real-
time system, there are a lot of challenges in its maintenance, as
well as, a series of limitations in its constitution, establishing,
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therefore, a vast area of studies that aim at the improvement
and resolution of its problems.

In this way, more and more research is conducted in order
to ensure quality, sustainability and modernization of these
systems. Thus, the smart grids arise in this scenario with
the purpose of inserting, side-by-side to the power grid, an
information and communication system which allows the
monitoring of this network and therefore, the detection of
potential problems, the automation of decision-making, and
their execution in the face of problems that arise, minimizing
costs related to maintenance and the system’s own operation,
among other possibilities [2].

As stated, smart grids have a great potential to modernize
and help with some issues with the current electrical power
system. In smart grid scenario, artificial intelligence has the
power to improve the decision making which such systems
should perform. In this way, this paper presents an application
which simulates the functioning of a smart grid in order to
solve the self-healing problem, which consists in finding the
sequence of switch operation to reach an optimal restoration
state according to some specified objective [3]. This ability
can be achieved with two different approaches, centralized or
decentralized.

In the centralized approach, it is necessary to have prior
knowledge of the topology, as well as the addresses of all
the devices that make up the network, because, as the name
indicates, a single component will be responsible for tracking
and monitoring changes in the network. With this perspective,
works with mathematical models such as [4] which proposed
a method that uses mixed integer linear programming (MILP)
and nonlinear programming (NLP) to resolve and adjust re-
spectively. On the other hand, in the decentralized approach,
this need does not exist, since this technique has its origins
in distributed systems, the components are running on dif-
ferent devices, interconnected by a network, communicating
through the exchange of messages, as an example, this work
[5], that uses a decentralized coordinated energy management
system (EMS) to connect the micro grids which coexist as
independent systems.

Thus, the decentralized approach was chosen by the au-
thor, based on researches [2] that suggests the use of Multi-
Agent Systems (MAS) as an approach to the problem of self-
healing. So, this paper presents an application which proposes
to detect and automate the recovery of areas affected by sup-
ply interruptions. For that, this application was based on the
algorithm proposed by [6], which introduces a new approach
with a reactive MAS for self-recovery in smart grids. This
paper aims to present a new point of view for [6], adding a
”global” approach which performs the calculation of power
flow in all the network, in order to avoid that the final choice
of agents cannot turn out to be a false positive.

For simulation purpose, the IEEE 33-bus network model
was used while for the analysis of the results, logs are used
to record the final configuration of the network after all the
process of fault detection, delimitation of the affected area,

detection of viable configurations, decision making and net-
work reconfiguration, being possible to observe, therefore, the
new topology obtained by the interaction between the agents
that compose the system.

Then, this paper splits into another 6 sections, as described
bellow:

The second section, introduces the description of the prob-
lem and the different approaches already used for its solution.

The third section exposes the concept of multiagent sys-
tems and bring examples of its use in different scenarios.

The fourth section describes how the multiagent systems
approach has been used to solve the problem of self-healing
in smart grids.

The fifth section aims to present the characteristics of the
network topology chosen for the testing stage.

The sixth section presents simulated scenarios and the
results of the application against the tests performed.

Finally, the last section presents the general review and
discussion of the results, as well as the conclusion of this
work.

2. Problem Description and Literature Re-
view
The self-healing is a problem that occurs in a network in the
face of a power outage and is nothing more than the capacity
of an electrical network to reconfigure itself, in order to restore
the electricity supply interrupted by an eventual supply failure.
Thus, it is an important issue of power distribution systems
due to the importance of the electric power in the modern
society.

Currently, the electric power it is a base of many sys-
tems, devices and services that make the human life better
in many aspects, whether these complexes as enabling the
World Wide Web operation, or simpler, such as turning on
a lamp. Therefore, an interruption in the distribution of this
resource is capable of harming the quality of life of its con-
sumers. In this cases, in conventional electrical networks,
there is not another possibility than human interference to
solve this matter manually, making the necessary adjustments
and maintenance.

However, regarding smart grids — that is, modern elec-
trical networks that have intelligent characteristics, such as
monitoring the state of the network and making decisions
that imply the quality and functioning of distribution — the
self-healing is an extremely desired ability [7] and complex
capacity, given its distributed nature and changes in the net-
work structure caused by the power flow calculation to reach
the optimal result. In practice, this problem usually is divided
into two steps, the first occurs when the system detects that
one or more loads have suffered from supply interruption,
then, once the lack of energy is identified, the system should
look for a solution that aims to soften or totally restore the
affected area and reconfigure itself, this last one, being the
second step.
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As an important problem of smart grids, the problem of
self-healing over the years has become the source of several
researches which aim to present different perspectives for the
implementation of this functionality. Some of then, as [8] that
uses hybrid techniques, fuzzy to fault diagnosis step and Ant
Colony Optimization (ACO) to reconfiguration. Another ex-
ample, is the work [9], which present an distributed solution,
similar to the technique of multi agents, that uses individual-
ized switching that cooperate with adjacent switches to reach
an self-healing plan.

In this work, the Multi-Agents System (MAS) approach
was the chosen technology by the authors, based on the al-
gorithm proposed by this paper [6], chosen in such a way of
validate the solution presented in [2]. In the MAS proposed in
this paper, each component of the grid (loads and lines) has a
linked agent that represents themselves in the system. These
agents have the ability to monitor and record the activities of
their components as well as interfere in their activities, clos-
ing and opening keys as required by the algorithm. For this
algorithm development, beyond the load and switch agents
representing loads and lines respectively, there are another
2 type of agents, these being: sharing and network, each of
these, carrying an administrative responsibility of the system,
both involving a common area in which agents must at some
point register, so that the algorithm can proceed with its steps,
as explained in future sections. As a basis, naturally this work
has many similarities with [6], but, there are some differences
between this 2 approaches, in particular, two big differentials,
one being the existence of a network agent and the second the
purpose of this agent being necessary in the system.

Thus, it is understood that this work is limited to present-
ing a solution to the problem of self-recovery in smart grids
using a multi-agent system, using the global scope of the
network, in order to obtain a new strategy for the proposed
algorithm. The next two sections will present the character-
istics of multi-agent systems and the the application of this
approach to self-healing.

3. Multi-Agent Systems (MAS)

According with [10], a Multi-Agent System (MAS) is a sys-
tem composed of several agents, an environment, a set of
possible interactions and, possibly, at least one organization,
such as the equation 1. So, this kind of system consists of a
configuration made by autonomous decision-making agents
that exists in an environment where each agent can act based
on a set of specified behaviours, interact between themselves
through the exchange of messages and collect information
about the environment. A representation of this agent can be
seen in the figure 1.

MAS = Agents+ Environment + Interactions + Organization

ey

AGENT
sensor action
input output
ENVIRONMENT

Figure 1. The agent and its interaction with the environment
in which it is inserted [12]. The sensor (input) is the agent’s
ability to perceive changes in the environment. The action
(output) is the way in which this agent infringes
modifications to the environment in which it is inserted.

3.1 Behaviors

As mentioned earlier, each agent of the system has a limited
set of actions to perform in the face of the various scenarios
inflicted on the environment that contains it. This set of ac-
tions its called ’behaviours”, and, different from the functions
of the Object-oriented Paradigm, the agent has the autonomy
to invoke such behaviors as necessary, in such a way that their
execution isn’t always sequential. Even in the face of an un-
known scenario, the agent must have a course of action, what
makes the agent fault tolerant, an indispensable requirement
inside the MAS.

3.2 Communication

Regarding the communication, it can be said that the agents
have a communication that avoids simple interaction, the
communication between the agents has a purpose, very similar
to human communication, in which [11] classifies them as
negotiation, coordination, cooperation and teamwork.

3.3 Distributed System

As it’s a system where its components are distributed in a com-
puter network, in which processing competition occurs, [12]
classifies MAS as a subclass of distributed systems, given its
skills of synchronization and coordination of agents activities
in run time, and also, the agent behaviour of been primarily
concerned with themselves, even though they are acting on
behalf of some user/owner.

3.4 Multi-agent systems applications in Power Sys-
tems
Given its characteristics, the multi-agent systems technique
has already been used for the construction of several applica-
tions, such as [13] where the authors also focus in fault detec-
tion, reconfiguration and restoration, but based their work on a
proto-type circuit, the Circuit of the Future (CoF) and use the
Java Agent Development Framework together with Matlab.
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Another application of the MAS was proposed by [14] where
they aim to develop a decentralized prototype of protection
to distributed generation based on multi-agent that can detect
the occurrence of High Impedance Fault (HIF), fault location
and load shedding. For this, the agents interact themselves
performing tasks of protection through autonomy and cooper-
ating. As stated, the MAS approach has many characteristics
that make it suitable for the development of tools aimed at the
decentralized management of multiple devices, an important
property for the area of power systems.

4. Multiagent Proposal

As well as exposed in the previous section, the nature of
multi-agent systems presents several desirable characteristics
to achieve this paper goal, that would be:

* A distributed environment representing the smart grid
network;

» Agents that can be modeled to symbolize specific com-
ponents of this smart grid, such as the load and the
line;

» Customizable behaviours modeled so that they can oc-
cur at different stages.

Having proven the favorable nature of the MAS approach,
it remains the implementation of an algorithm that represents
this particular ability of the smart grid, the self-healing. Thus,
the algorithm proposed follows practically the same steps as
proposed by the [6] modifying some steps and introducing a
new agent, the network agent. the algorithm proposed in and
described below:

4.1 Self-healing with Multi-agent system

To understand how it works, then it is divided into stages,
which take place sequentially in order to solve the proposed
problem.

4.1.1 Making connections

In principle, all agents initialized are recognized by an agent
called Agent Management System (AMS), responsible for
managing all agents, who, in general, check their existence
or not in the system. Here, each line and load is linked to an
agent, so, each one of this agents send a message to Network
agent (Fig. 2), an agent that in the future will perform the
power flow. In order for the connections between loads and
lines to be established, the agents of each line will also ex-
change messages with their respective load agents and both
will store information regarding their neighbor and the line
that connects them. Once connected, they know the basic
information of their neighbors, however, they do not have full
knowledge about the network.

4.1.2 Failure detection

In the system, the power supply is represented by a simple
file that every load agent publishes as soon as it is created
and therefore, it’s necessary to delete the files of the agents

Network
Agent

Switch
Agent

Send information '
about itself

Figure 2. All the agents that represent loads and lines
(switches) send their information to Network Agent.

‘LoadAgent
without supply

‘LoadAgent

:Sharing Agent i S

Requires active agent role

¥

Requires active agent role

"
Grants the active agent role N

Denies the role of active agent

>
>

Figure 3. The Load agents in fault try to take the role of
Active agent, but this role will only be assigned to one of
them, which will be responsible for managing the mapping of
the affected area.

to simulate the power supply failure. Once the absence of
power is detected by the sensor of each agent affected by the
fault, each load agent will send a message to Sharing Agent,
but only the first message received will guarantee the sender,
the power of an Active Agent, this is, the power of managing
the self-healing process (Fig. 3). For other Load Agents who
failed to register, the role remains as Passive Agents, that in
practice will return the information as requested to solve the
problem.

4.1.3 Mapping of affected area

In this step, the Active Agent asks the situation about the
energy supply to its neighbors, who in turn, request their
neighbors and so on, recursively. The information is collected
and returned to the Active Agent as soon as the point of failure
is found (Fig. 4), that is, the agent that does not have power
supply, but is connected to an agent that does. Once the point
of failure is found, the agents return their responses recursively
to their requesting neighbor, and finally, for the Active Agent,
while the agent that has power supply but is connected to the
affected area, detects and communicates with the Line Agent
that joins it to the area, requesting that this line is disabled.
It is important to note that, in this mapping, the deactivated
lines (tie lines) that can be used in the next stage are returned
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‘LoadAgent
(Active agent)

LoadAgent
(Passive agent)

LoadAgent
with supply

Request status
information for mapping ~

Request information about
your neighbor’s status

Informs its status indicating that
the paint of failure has been found

"
-+

Send the map with the affected area

R

Figure 4. Along the requests for the mapping, a list
containing those involved, whether loads, switches or tie lines
is generated and is recursively returned to the active agent as
soon as the failure point is found.

‘LoadAgent ‘Network
[Active agent) Agent

Sends reconfiguration possibilities

Performs powerfiow calculation
for each configuration

‘Compares the lowest loss among configurations
Sends the tie line that the agent must close and logs & network report with this configuration

Figure 5. Network Agent from overview will run powerflow.

to the requester, thus, in possession of the affected area, the
Active Agent will start the process of finding the best possible
reconfiguration.

4.1.4 Detection of possible configurations

To detect the possible configurations, the active agent observes
the number of inactive lines that were returned in the mapping,
as these lines are the lines considered “reserves” and that can
be used to reestablish the energy supply for that area — in
an eventual case where there isn’t reconnection possibility,
the algorithm is interrupted without being able to recover
itself. After that, the Active Agent asks the network agent
to calculate the power flow for each possible configuration,
that is, testing each tie line as if it were active on the network
(Fig. 5). At this moment, the network agent performs the
due calculations taking into account the entire network, which
differs from the algorithm proposed by [6] that performs these
calculations only in relation to the affected area. Another
significant point is that at this step, in the original algorithm,
is carried out entirely under the responsibility of the Active
Agent, differing from this work, which presents Network
Agent as responsible for the calculations.

4.1.5 Network reconnection

At this point, the network agent will choose the best configu-
ration by the results of the power flow. The chosen one will be
the one who presents the lesser power loss. From this result,
the Network Agent sends the tie line which presented the low-
est result to Active Agent. Once the message is received, the

Active Agent requests the closing of this line and the update of
the Load Agents involved in the affected area (Fig. 6). After
that, the affected agents update their data about neighbors and
lines and recreate their files indicating the restoration of the
power supply.

As a result of this steps, the electrical network is then
reconfigured so that the loads previously affected can receive
energy again. Next, the results of the simulations carried out
will be presented.

5. Power System Topology

To prepare this work, it was necessary to choose a topology
model in order to provide a test environment for the algorithm
to be tested. Thus, for the purpose of comparing the results,
the 33-bus model was chosen. This is distributed in such a
way that a node is considered a source node responsible for
supplying electrical energy to the other nodes of the topology.

5.1 33-bus
33-bus it is an official topology presented by IEEE. In this
topology, only one of the nodes is a power supply, while the
others just depend on the energy shared from this. The table 1
show the configuration used in this topology for the tests.

In this topology, in accordance with what was proposed in
[15], 5 tie lines were used, with the following configurations:

Table 2. Tie lines info

Line From To Resistance Reactance
32 7 20 2.0 2.0
33 8 14 2.0 2.0
34 11 21 2.0 2.0
35 17 23 05 0.5
36 24 28 0.5 0.5

These last ones, start in the system as open switchs which
are closed as required by the self-healing algorithm.

6. Simulations and Results

This section aims to present the technologies that enabled the
construction of the algorithm, the scenarios that served for its
validation and the results obtained.

As illustrated in the previous sections, the self-healing
algorithm was developed using the concept of multi-agent
systems and using the 33-bus network topology. In order for
its construction and testing to be possible, some tools and
simulation scenarios were needed, which are described in the
following subsections.

6.1 Technologies utilized

For this application development, two frameworks were used
using the Python programming language, these being Python
Agent DEvelopment (PADE) and Python for Power System
Analysis (PyPSA), the first one to modeling the MAS, while
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Figure 6. Example of reconnected network based on algorithm. The point of failure occurred on line (2, 3) and the tie line
chosen for correction was line (11, 21).
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Figure 7. The 33-bus topology with tie lines and simulation scenarios.

Label

@ GCenerator
Qua NN N R

Q Affected load

—  Active line (closed switch)

-~ Disabledline, tie line (open switch)
= Failre points simulated

Q Sw-18 m Sw-19 Cﬂ\ sw.20 ‘/2-1\
N _/ N N

Figure 8. Fault between loads 2 and 3 (line SW-2). After the execution of the algorithm, the SW-2 line was deactivated and the
SW-34 tie line connecting load 11 to 21 was closed.
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Table 1. 33-bus lines info

Line From To Resistance Reactance
0 0 1 0.0922 0.0477
1 1 2 0.493 0.2511
2 2 3 0.366 0.1864
3 3 4 0.3811 0.1941
4 4 5 0.819 0.707
5 5 6 0.1872 0.6188
6 6 7 1.7114 1.2351
7 7 8 1.03 0.74

8 8 9 1.04 0.74

9 9 10  0.1966 0.065
10 10 11 0.3744 0.1238
11 11 12 1.468 1.155
12 12 13 0.5416 0.7129
13 13 14 0.591 0.5260
14 14 15 0.7463 0.545
15 15 16 1.289 1.721
16 16 17 0.732 0.574
17 1 18 0.164 0.1565
18 18 19  1.5042 1.3554
19 19 20 0.4095 0.4784
20 20 21  0.7089 0.9373
21 2 22 04512 0.3083
22 22 23 0.898 0.7011
23 23 24 0.896 0.7091
24 24 25 0.203 0.1034
25 25 26 0.2842 0.1447
26 26 27 1.059 0.9337
27 27 28 0.8042 0.7006
28 28 29 0.5075 0.2585
29 29 30 0.9744 0.963
30 30 31 0.3105 0.3619
31 31 31 0.341 0.5302

the last one, to simulate the power distribution network and
its components. These technologies will be better described
below.

PADE is a framework developed by the Group of Re-
search/development in Intelligent Power and Energy Systems
from the Federal University of Ceara (GREI/UFC) and Lab-
oratory of Applied Artificial Intelligence from the Federal
University of Pard (LAAI/UFPA). According to [16], this tool
has a clear and easy approach that enables the creation, exe-
cution and monitoring of MAS in a distributed system. This
tool provides a development environment to create custom
agents and custom behaviours, this last one based on prede-
fined types, for instance, cyclic behaviours that must keep
executing while the agent exists in the system and also, some
FIPA protocols such as Request Protocol, described in details
at [17].

The other framework used in this work is Python for Power
System Analysis (PyPSA) a framework developed with the
aim of providing modern power system modeling. This tool
is maintained by the Energy System Modelling group at the

Institute for Automation and Applied Informatics at the Karl-
sruhe Institute of Technology (KIT) and in this project it is
used with the purpose of simulating the electrical network
and performing power flow calculations to obtain the best
possible configuration of the network. But, more than the
features mentioned, this tool provides many other features,
which allow its use for various types of simulation of elec-
trical networks, being able to take snapshots of the system
at a given moment and having several models, among them,
meshed multiply-connected AC and DC networks [18].

6.2 Simulation Scenarios

To test the algorithm, some failure scenarios were created
from the 33-bus topology. In the figure 7 it is possible to see
such situations, in such a way that highlighted in blue, are
all the simulated failure points and highlighted in red, all the
possible tie lines to use in case of failure. For the simulations,
only points with a chance of self-healing were chosen in order
to discover the behavior of the network with the increase in
the number of hits and, consequently, of the tie lines involved.
Such scenarios are summarized in the table 3.

Table 3. Failure simulations used

Simulation F?;Lire afgli?;ge;oodfes Involved tie lines
1 (13, 14) 4 8,14), (17, 32)
2 (9,10) 8 (8,14),(17,32), (11, 21)
3 5,6) 12 (8,14), (17, 32), (11, 21)
4 2,3) 15 (20,7), (17, 32), (11, 21)
5 (1, 18) 4 (7,20), (11, 21)
6 (25, 26) 7 (17, 32), (24, 28)
7 6,7) 11 (7, 20), (17, 32), (11, 21)
8 (5,25) 8 (17, 32), (24, 28)

As shown in table, 8 failure scenarios were applied to
collect results from this approach. Such scenarios were chosen
based on the 33-bus simulations of the work [15] in order to
obtain data that can compare both algorithms.

Thus, according to the data in the table, the simulation that
will involve the highest involvement of loads is the simulation
number 4, interrupting the supply of 15 loads while the one
with the least involvement will be the first. Next, the results
for each scenario discussed.

6.3 Results

Applying the algorithm under the scenarios previously de-
scribed, at first, it was observed that there was no case in
which the system could not recover itself.

6.3.1 Scenario 1
In this case, the fault occurs between the loads 13 and 14, in
the line 14, as points the table 1 in the section 5. There are
two possible tie lines to reconnect the network, the lines that
connects (8, 14) and (17, 32).

Of the 5 attempts performed, in 100% of cases the system
calculated the line (8, 14) as the best choice.
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Table 4. Average time by simulation

Simulation  Failure line  Closed tie line  Time (ms)
1 (13, 14) (8, 14) 6215.2

2 (9,10) (11,21) 9085

3 5, 6) (11,21) 44924

4 2, 3) (11, 21) 6458

5 (1, 18) (7, 20) 5569.6

6 (25, 26) (24, 28) 4260.2

7 6,7) (11,21) 8265.6

8 (5,25) (24, 28) 4406.6

Failure line: represents the line where the failure occurs;
Closed tie line: it is the tie line that was chosen for
self-healing; Time: it is the average time in milliseconds to
do all the self-healing process.

6.3.2 Scenario 2

This scenario the fault occurs between 9 an 10, having as
available tie lines: (8, 14), (17, 32), (11, 21). During the 5
attempts, in all the simulations the chosen line was (11, 21).

6.3.3 Scenario 3

In this simulation, the chosen point of failure was between the
loads 5 and 6. Then, the possibilities for this area points to
tie lines (8, 14), (17, 32), (11, 21). In this case, an interesting
scenario happened: not all of the attempts chosen the same tie
line. Just one attempt select the tie line (7, 20) while in the
others, the chosen one was (11, 21). This can occurs because
the power loss difference of the tie line (11, 21) surpasses (7,
20) by 0.005MW.

6.3.4 Scenario 4
For this case, the failure is in the line among 2 and 3, where
the picked tie line was also (11, 21) in 100% of the attempts.

6.3.5 Scenario 5

This scenario has the failure point at (1, 18). Similar to what
happened in the scenario simulation 6.3.3, there is only one
attempt that choose another line besides (7, 20). In one case,
the chosen tie line was (11, 21), by a difference of 0.005SMW
between the power loss of them.

6.3.6 Scenario 6

The next case, the failure is among loads 25 and 26, and as re-
sult, select the tie line (24, 28) as the most viable reconnection
candidate.

6.3.7 Scenario 7
In this scenario, the failure point simulated was between 6 and
7 and results in a 100% of the attempts in tie line (11, 21).

6.3.8 Scenario 8

In this last case, the failure point was the line that connects
the loads 5 and 25. For the self-healing and reconnection of
the network, the line chosen by the algorithm in all cases was
the tie line between 24 and 28.

As noted, in some simulations there were some variations
between the attempts, which have no impact on the algo-
rithm’s efficiency results, since the main objective remains
to make it autonomous, in such a way that given a failure
scenario, the best configuration of network can be established
for reconnection, according to the data scanned by the agents
at the time.

Thus, in all tested scenarios, the system was able to detect
the failure, those involved, the possible network configura-
tions and reconnect the affected individuals. This, of course,
taking into account the presence of tie lines to meet such de-
mands, still requiring human intervention in cases where no
configuration is available.

From these results, it can be inferred from the patterns
that the simulations that caused the longest execution time of
the algorithm were those whose contemplate the following 3
conditions:

* The affected area was larger;

* There are more options of tie lines;

* The point of failure is located more in the center of the
topology.

Because of this three items, the simulations 2 and 7 can
be considered the worst-case scenario for the algorithm. Re-
garding the time obtained, this is superior in relation to the
work [15] simulations, which is considered normal, given that
the process is applied on a larger scale. A table reveals this
comparison below:

Table 5. Time comparasion between approaches

Simulation This work (ms)  Original work (ms)
1 6215.2 662

2 9085 579

3 4492.4 621

4 6458 660

5 5569.6 555

6 4260.2 586

7 8265.6 605

8 4406.6 -

Note: in the original work, the last one tested was not tested
in a regular topology like the others, that is, in a 33-bus
topology that has never been reconfigured.

7. Conclusions

This article, through the implementation of an approach previ-
ously proposed by another author, aimed to ratify his approach
and increase it in order to cover the problem from another per-
spective. Thus, it is concluded that the implemented algorithm
was able to reproduce and answer the self-healing problem
in electrical power networks, using multi-agent systems and
perform the network reconnection to a configuration whose
losses are minimal, in a relatively longer time than the orig-
inal algorithm, but still considered satisfactory, considering
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that currently this procedure is manually — which demands
much more time and also the involvement of humans for this
operation.

Therefore, this article reinforces that the originally pro-
posed idea can be validated, that is, the implementation of the
self-healing feature of a smart grid, as well as generating other
future works, involving more functionalities of the electrical
power system that can be automated and implemented with
artificial intelligence techniques.
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