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1. Introduction

In the last decades there has been a gradual increase of the industrial park in several coun-
tries which demands energy, especially electric power. This situation caused a considerable
expansion of the sector responsible for generation and distribution of electric power in a
very short period of time. The rapid expansion caused a significant increase of generation
sources and of distribution branches of electric power which originated enormous and com-
plex agglomerates with interconnections among themselves and with a certain degree of de-
pendence and vulnerability.

This complexity of electric power systems brought up technical needs and technological
challenges in order to obtain efficient methods to monitor the variables of the electric quanti-
ties which express the operational normality state of the networks. Together with the need
of energy production the priority, the sentiment of priority given to the extraction forms and
the correct usage of energy by mankind came up. This sentiment brought up new public
policies of generation and distribution of electric power. Currently, the laws concerning this
issue have concentrated on the supervision of the concessionary companies which are re-
sponsible for the provision of electric power, making sure that these companies offer energy
with a high-quality level to the consumers. Besides these obligations, the utilities companies
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also have the need of markets and because of that they have big interest in the moderniza-
tion of the management, monitoring and control of their power systems. Due to these facts,
a huge effort and investment of the concessionary companies in the research are which deals
with the quality of electric energy offered to consumers has been verified [1].

One of the indexes which measure the quality of electric power offered to consumers is ob-
tained by the number of outages or failures in the energy distribution of the electric power
system (and time length) in a certain period of time. When an electric power system is over-
loaded, it is possible that its equipments may be disconnected by relays which act as protec-
tion, causing the interruption of electric power in certain areas covered by its transmission
networks.

That being so, it is very important to research new methods that effectively evaluate the
state of outage risk due to overloads in the system because it is extremely important, in or-
der to decrease indexes of energy interruption to consumers, to manage the power loads
with permanent monitoring of the distribution lines of electric power. However, in the case
of an interruption, it is also fundamental to make decisions quickly and safely in order to
reconnect systems after an outage.

1.1. Electric Power System Overview

A typical electric power system can be divided in generation and systems of transmission,
sub-transmission and distribution. The transmission system interconnects generating sta-
tions to large substations located near load centers generally using aerial electric transmis-
sion lines. The sub-transmission system distributes energy to an entire district and usually
uses aerial electric transmission lines. The distribution system transports energy from the lo-
cal substation to individual houses, using aerial or underground transmission lines [7]. A
typical electric power system can be seen in Figure 1.
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Figure 1. Simplified picture of a typical electric power system.



Electric Power System Operation Decision Support by Expert System Built with Paraconsistent Annotated Logic
http://dx.doi.org/10.5772/51379

A typical transmission system has three phase conductors to take the electric current and
transport power. Each phase of the transmission line is built with two, three or four parallel
conductors separated approximately by 1.5 ft (0.5 m) [3][7].

1.2. Main Problems of an Electric Power System

It is well known that operation failures in an electric power system are unavoidable and
there are a large number of reasons why these interruptions happen. This situation is due to
the natural conditions of an electric power system in which failures may happen because of
internal or external causes, such as consequences of environmental physical phenomena
which are beyond the physical specifications of the electric systems or even human error [3].

There also is a fundamental limitation on the electricity distribution: with few exceptions,
electric power cannot be stored which means that it must be generated as it is demanded.
That being so, an electric power system must provide electric power with safety and with
acceptable tolerance ranges either for a normal load or for a demand condition of maximum
load or of peak [1][2]. Since the demand periods of peak load, due to the several types of
industry or to different types of housing, are different from region to region, this natural
condition of electricity brings up a problem of generation control and transmission.

In certain regions industries can be more productive in certain times of the day and show a
drop in demand because of lunch time, so the demanded energy has variations during the
day. In highly densely populated regions where there is a lot of night life businesses, the en-
ergy demand is larger in the evening and also depends on the day of the week and even on
the season of the year.

Besides this problem particular to each industrial park or city, another factor to consider is
the climate of the region where these industries or residences are located. In regions with very
hot weather, turning on air conditioning system in the hottest period of the year, the ener-
gy demand values are higher in the late afternoon. For regions with very cold weather the en-
ergy demand has different effects on the global load of the electric power system because in
the coldest period of the year heaters are turned on in the morning and in the evening.

These situations of difficult control makes power or demand for electric energy vary and be-
sides, the capacity of a transmission line to transport electric power is limited by physical
and electrical parameters of its conductors. In order to avoid interruptions these conductors
of electric energy in any load conditions must be sufficient to respond to the demand within
limits such that their safety relays will not be activated.

Transmission lines are subject to environmental adversities including large temperature var-
iations, high winds, storms, etc. Thunders that fall on transmission towers cause high vol-
tages and propagating waves in the transmission lines which usually cause the destruction
of isolators and as a consequence of that the protection relays interrupt the power transmis-
sion through the networks [7].
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1.3. The voltage variation and Overcurrent as Overload Risk Factors

According to what was seen, in an electric power system the loads represented by the elec-
tric power consumers, such as electric machines of industries, lighting systems, heating de-
vices of residences and refrigeration systems of businesses, are not static. They are
constantly changing, being turned on and off with value variations which may lead to over-
load. The overloads are outage risks for the whole system because it increases the intensity
of the electric current (overcurrent) in the lines and can heat the conductors, increasing their
temperature and causing permanent damage with the interruption of energy transmission.

The existence of load variations requires precise equipments which adjust the voltage in the
line, because the overload causes the voltage outage. The voltage variation can aggravate
the electric power system state with emergence of large intensities in distribution branches.
Because of that, the decrease value or the voltage outage (under-voltage) and the intensity
value of the electric current (overcurrent) are two important risk factors to the monitoring of
transmission lines of electric power. That being so, the monitoring of the ranges of voltage
outage and of maximum current of an electric power system are used as a diagnosis of over-
loads. In order to increase the quality index these two factors must be constantly monitored
because if they both are out of the ranges specified in their projects the possibility of discon-
nection of the electric power system will be higher.

2. Artificial Intelligence and Electric Power Systems

Artificial intelligence techniques have become necessary to procedures of monitoring, man-
agement and control of electric power systems. The current expansion of electric power sys-
tems is physically verified by the increase of branches and by the way distribution lines are
installed: generators and loads are interconnected with the distribution lines through multi-
ple paths (radial form) and in ring among them. This technique increases the confidence in-
dex on the system because the failure of one line does not cause a total failure of the system
and can provide the transmission of electric power from other of its branches. Every new
technique offers certain advantages, however when a new technique is implemented, there
is an increase of the complexity of the electric power system. Because of that there is the
need of an efficient protection in which the sector responsible for the energy transmission
and distribution as well as the generating sector are controlled in a quick and efficient way
in order to keep the power generated according to the charges required. That said so, energy
generation must be kept according to the conditions established by the load and comply
with the conditions in which the protection systems are capable of prevent failures of the
generation equipment due to possible overloads [3][7].

Recently, new techniques from artificial intelligence (AI) made possible to connect multiple
generating sources of electric power as well as loads to the transmission system. However,
although all these new factors make access easier, they may cause problems by destabilizing
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the system, which requires a sophisticated Al based control to assure capable and efficient
control of the generation according to the demand. These actions which modify the opera-
tional state of the electric power systems at any time must be controlled in order to provide
power transference in a safe and coordinated way.

Nowadays, the software SCADA is installed in the electric power systems. SCADA stands
for Supervisory Control and Data Acquisition and provides in real-time large amounts of in-
formation about values related to electric quantities of the electric power system which can
be obtained from points of the transmission network. Such quantities are, for example, volt-
age, current and potency. The information obtained by the SCADA system are used as input
for the analysis systems and decision-making [1][8][9]. However, due to the large amount of
information received by the control centers, interference and natural failures in the synchro-
nization of the transmission, it is not always that the information brought for analysis by
SCADA are complete. Because of that, a databank is created and contains ambiguous, vague
and contradicting data. Due to the nature of these data a human operator could be led to
make false interpretations or even make wrong decisions which could lead to huge losses
and delay of the system restoring [1] with damage to the quality index desired. That being
so, it became very urgent to have computational treatment with expert systems dedicated to
interpretation, data analysis and the presentation of suggestions as a way of supporting the
operation of electric power systems.

2.1. Expert Systems structured in non-classical logics

Artificial Intelligence research oriented to electric power systems has as its goal to find ways
of designing new computational tools for the support of decision-making of the team re-
sponsible for the correct operational action. However, due to the large number of electric
keys (breakers that modify the system’s topology), to variations on the values of loads and
to other several factors inherent to an electric power system, there are many difficulties to
find efficient ways. The methods which use conventional binary classical logics to analyze
data from the electric power system with the capability of offering suggestions for the opti-
mized restoring after a failure has not provide good results. One of the difficulties found in
the design of models based in classic logics is its condition of being defined by rigid binary
laws which lead to equations which are extremely complex to reproduce models. Besides,
these equations almost always lead to a combinatorial explosion. Due to this aspect, in this
area of artificial intelligence, projects designed with the goal of analysis and decision-mak-
ing based in classic logics has found many difficulties. It is verified that the low efficiency
showed by these projects which use classic logics comes up when a large amount of data has
to be computed. These data almost always have redundancies which bring up incomplete-
ness and contradiction invalidating important information for the analysis. Some classic
works use complex algorithms with good results but the computation time is very high
making the response time long which is unfeasible in real conditions where an electric pow-
er system always demands quick and direct actions in order to avoid bigger damages.
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2.2. Expert Systems Based on Paraconsistent logics

These problems found in classical projects lead to the conclusion that the algorithms based
on the concepts of non-classic logics may show a better efficiency in the design of expert sys-
tems dedicated to the analysis and treatment of uncertain data originated in complex data-
banks such as the one of an electric power system.

Based on these considerations we introduce in this paper a paraconsistent expert system
(PES) with algorithms based on the theoretical concepts of the Paraconsistent logics (PL)
which is a non-classic logics whose main basic theoretical features is, under certain condi-
tions, to accept contradicting values so that the conflict does not invalidate the conclusions
[5][9][10].

The paraconsistent expert system (PES) introduced in this work has the role of performing
the analysis of the information coming from the electric power system in the sector of ener-
gy sub-transmission treating possible contradictions in the information signals. Through the
analysis of values of voltage and electric current and the consideration of the states of con-
nection or disconnection of the electric keys in the substations, PES informs about the risk
conditions of overload and about the different configuration topologies of the electric power
system.

When a failure, that triggers the interruption of the transmission of energy, happens, PES
informs the operators of the sub-transmission system how to proceed with the actions for
the restoring in an optimized way. Given the real-time monitoring, the analysis that PES
performs is based on data before the occurrence of the failure, which allows PES to indicate
the best and most efficient sequence of connecting electric keys in the interrupted section.
The actions indicated by PES take into consideration the restrictions of load, technical and
safety norms due to the conditions imposed to that particular situation.

3. Paraconsistent Logics — Equations and Algorithms

Aristotelian or classic logics are called so due to its origin being attributed to Aristotle and
his disciples, and its foundations are supported by strict binary principles which can be con-
cisely described by: principle of identity, principle of bivalency, principle of non-contradic-
tion and principle of the excluded middle. Basically, all current technology is built based on
the principles of the classic logics. However, due to its binary foundations, it cannot be ap-
plied or cannot offer satisfactory responses in some real situations such those where incom-
pleteness and contradiction are expressed.

In order to overcome these difficulties and fulfill the need of satisfactorily model certain con-
ditions of the real world, several logics, which reject some of the classic principles or which
accept certain conditions not included in the classic logics, have appeared recently. The spe-
cial logics are called non-classic and among them there is the paraconsistent logic (PL) which
has the main property of being capable of accepting contradiction in its foundations.
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3.1. Paraconsistent Annotated logics - PAL

Among the several families of paraconsistent logics there is the logics called paraconsistent
annotated logics (PAL) [5] which belongs to the class of evidential logics and allows analysis
of signals represented by annotations [5][9][11]. In its representation each annotation p be-
longs to a finite lattice T which assigns values to its corresponding propositional formula P.

For the PAL each evidence degree u from its representing lattice, whose value varies from 0
and 1 in a closed interval of real numbers, assigned to the proposition P a logical state repre-
sented on the vertexes. By means of a special logical operator, the interpretations on the lat-
tice of the PAL allow the creation of equations which provide algorithms for the
paraconsistent analysis with evidence degrees extracted from real physical systems.

3.2. Paraconsistent Annotated logics with Annotation of two values - PAL2v

The paraconsistent annotated logics with annotation of two values (PAL2v) is an extension
of the PAL and to each propositional formula P is assigned an annotation given by two evi-
dence degrees as follows:

An evidence degree (i) which is favorable to proposition P and an evidence degree (A)
which is unfavorable to proposition P.

The annotation composed by two evidence degrees (,A) gives proposition P a connotation of
paraconsistent logical state e, which can be identified on the extreme vertices of the lattice: in-
consistent (T), true (t), false (F) or indeterminate (L ) [9]. That being so, in the representation of
the PAL2v, a paraconsistent logical signal is represented by proposition P and its annotation,
which is composed by two evidence degrees, such that: P, ,, with u, A C [0,1] €R.

3.3. The Equations of PAL2v

The PAL2v can be studied with the unitary square of the Cartesian plane (USCP) as shown
in Figure 2 where, through linear transformations, values on the two representing axes of a
lattice similar to the one associated with the PAL2v.

T
(L1
P n
F t T =Inconsistent = Py, 1
0. 1) (1.0) F =False = P(oy1)
t =True = Py,
1 = Indeterminate = Py g

Figure 2. Lattice of four Vertexes.
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Doing so, we can write paraconsistent equations on the lattice in which terminologies and
conventions are established [5] around paraconsistent logical states attributed to proposition

P. After the expansion actions with intensityﬁ, rotation of 45° with respect to the origin and
translation along the vertical axis, the linear transformation is defined by:

TXY)=(x-y, x+y-1) 1)

According to the language of the PAL2v we have:
x = u is the Favorable evidence Degree

y =Ais the Unfavorable evidence Degree.

(0. 1)

T=(1.1
F=(0,1) L1

>
(-1,0) (Lo ¥

1=(0,0)

: >
t=(1,0) u

(0.-1)

(a) (b)
Figure 3. a) Unitary Square in the Cartesian Plane (USCP). (b) Lattice k with another system of coordinates with values.

The first coordinate of the transformation (1) is called Certainty Degree Dc.
De=p-A )

The first coordinate is a real number in the closed interval [-1,+1]. The x-axis is called “axis of
the certainty degrees”.

The second coordinate of the transformation (1) is called Contradiction Degree D..
Dy=p+A-1 3)

The second coordinate is a real number in the closed interval [-1,+1]. The y-axis is called
“axis of the contradiction degrees”.
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3.4. The Paraconsistent States Logic &,

Since the linear transformation T(X,Y) shown in (1) is expressed with evidence Degrees p
and A, from (2), (3) and (1) we can represent a Paraconsistent logical state ¢, into Lattice t of
the PAL2v [3], such that:

Ern= (H-A R AT (4)

or
&e(u) = (De> Dot ) ©)

where: ¢, is the Paraconsistent logical state.
Dc is the Certainty Degree obtained from the evidence Degrees p and A.
D, is the Contradiction Degree obtained from the evidence Degrees u and A.

Since the Paraconsistent logical state e, can be anywhere in the lattice 1, the real Certainty
Degree D¢y can be obtained as follows:
For D->0 we compute:

Deg =1-y(1=| D¢ )* + D2 (6)

For D-<0 we compute:

Deg == D¢ > + D2 —1 @)

where: D= f (u,A)and D= f (1,A)
For D=0 we consider the undefined Paraconsistent logical state with: D =0.

We compute the resulting evidence Degree which expresses the intensity of the Paraconsis-
tent logical state ¢ by:

D +1
MER(WA)™ 2 8)

where:

Hgr(,0is the resulting evidence Degree in function of p and A.

Dgis the real Certainty Degree (6) or (7).
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Contradiction Degree D . A
1

Certainty Degree
D(‘

> M X [
2 1 A 0 o5 R 1 u
Physical environment ;. . . ' Physical environment
Measurements Information Information 19 Measurements
Observable Variable A Source 2 Source 1 Observable Variable B

Figure 4. Representation of a Paraconsistent Logical State in to Lattice.

3.5. Algorithms of the Paraconsistent Logics

With the considerations here presented we can compute values using the equations ob-
tained from the analysis and interpretations of the paraconsistent logics PAL2v where a par-
aconsistent analysis system receives information signals in the form of values of evidence
degrees which vary from 0 to 1.

Through the algorithms, a paraconsistent analysis system can be built and it is capable of
offering a satisfactory response from information extracted from the databank of uncertain
knowledge. In this work we use 3 types of algorithms based on the PAL2v according to the
following descriptions.

3.5.1. Evidence Degree Extracting Algorithm

The paraconsistent system for treatment of uncertainties may be used in many fields of
knowledge where incomplete or contradictory information will receive an adequate treat-
ment through the equations of the PAL2v. For this, the signals which will represent the evi-



Electric Power System Operation Decision Support by Expert System Built with Paraconsistent Annotated Logic
http://dx.doi.org/10.5772/51379

dence in relation to the proposition in analyses must be normalized and all the processing
will be done in real closed interval between 0 and 1 [9].

This process for modelling the evidence degrees with linear variation can be made in its
simpler form with the algorithm that will be described in the next section [13-15].

Evidence

Degree

He
1 ..

Physical
0 : » Quantities
A
Value I Value __
|
Value Measurements in the Physical World

Quantities X

Figure 5. Graphical representation of the extraction of the Evidence Degree Algorithm - with characteristics of directly
proportional variation.

3.5.2. Algorithm for Modelling/extraction of Evidence Degrees (Inputs of the PAL2v Algorithm)

3.5.2.1. Present the Maximum boundary-value to form the Discourse Universe.

Value , =................... )

Value_,, =........cccc.c..... (10)

3.5.2.3. Present the Value Measured of the Physical Quantities.

Valte p, piios x = -+evereeeeservesenennenens (11)

Obs: In real Physical System this value is obtained from measurements in sources of information.
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3.5.2.4. Calculate the Favorable Evidence Degree 1 through the equations:

ValueQuantitiesX - Value min
Value ., —Value .
fe = if ValueQuammes v € [Value wins Value max] (12)
1 lf‘ ValueQuantities X 2 Value max
O lf‘ ValueQuantitiesX £ Value min

3.5.2.5. Calculate the Unfavorable Evidence Degree A by Complement of the Favorable Evidence Degree.

Ao =1=ly) (13)

3.5.2.6. Provide the outputs.

For information source 1: Do: u=p,)
For information source 2: Do: A=A,

3.56.2.7. End.

Depending on the proposition to be analyzed and on the physical properties of the quanti-
ties from which the evidences are extracted, the variation between the maximum and mini-
mum values at the extraction of the evidence degrees can be different such as: linear and
inversely proportional characteristic, exponential characteristic, logarithmic characteristic,
etc. In these cases, the equations of item 3.5.2.4 are modified according to the mathematical
equation of the variables which express the characteristic line or curves used in the dis-
course universe.

3.5.3. Algorithm of paraconsistent analysis

The main PAL2v Algorithm used in paraconsistent analyses is the PAN- Paraconsistent An-
alyzer Node. In an Intelligent system that works with Paraconsistent Logic some PANs are

linked forming uncertainty analysis networks (PANnet) for signal information treatments
[14][15][16].

3.5.3.1. Paraconsistent Analysis Node - PAN

The element capable of treating a signal that is composed of one degree of favorable evi-
dence and another of unfavorable evidence (u,, M,,), and provide in its output a Resulting
Evidence Degree, is called basic Paraconsistent Analysis Node (PAND).

Figure 6(b) shows the representation of a PANb with two inputs of evidence degree:

u, = favorable Evidence Degree of information source 1.
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A =unfavorable Evidence Degree, where: A =1 -,

W, is a favorable Evidence Degree of information source 2.

Dy

(DC9 Dct)

‘e
‘e
.

(a) (b)

Figure 6. Finite Lattice of PAL2v and Symbol of the Paraconsistent Analyzer Node - PAN.

A lattice description uses the values obtained by the equation results in the Paraconsistent
Analyzer Node Algorithm [3][13][14] that can be written in a reduced form, as follows:

1. Enter with the input values.
u */ tavorable evidence Degree 0 < u<1
A */ unfavorable evidence Degree 0 <A <1

2. Calculate the Contradiction Degree.
D =u+A-1 (14)
3. Calculate the Certainty Degree.
De=p-A (15)

4. Calculate the distance d of the Paraconsistent logical state into Lattice.

d=\/(1-|D¢ )* + D> (16)

5. Compute the output signal.
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If d>1 Then do S1=0.5: Indefinite logical state and go to the steep 10
Or else go to the next step

6. Calculate the real Certainty Degree.

If D>0 Deg=(1-4d)

If D<0 Dge=(d-1)

7. Present the output.

Do S1=D¢

8. Calculate the real Evidence Degree.

D, +1
HEr = C[; (17)

9. Present the output.
Do Sl=pg and S2=D,
10. End.

The Systems with the Paraconsistent Analysis Nodes (PAN) deal with the received signals
through algorithms, and present the signals with a real evidence Degree value in the output

[3].
3.5.4. Paraconsistent Algorithm Extractor of Contradiction Effects — ParaExtr,,,

The Paraconsistent Algorithm Extractor of Contradiction effects (ParaExtr ,,) is composed by
connections among PANSs. This configuration forms a Paraconsistent Analyze Network ca-
pable to extract the effects of the contradiction in gradual way of the signals of information
that come from Uncertain Knowledge Database.

The hypothesis of extraction of the effects of the contradiction has as principle that; if the
tirst treated signals are the most contradictory and then the result of the paraconsistent anal-
ysis will converge for a consensual value.

In his typical operation the ParaExtr ,, receives a group of signals of information represented
by Degrees of Evidence () the regarding certain proposition P and, independently of other
external information, it makes paraconsistent analysis in their values where, gradually, it is
going extracting the effects from the contradiction to remain as output a single resulting Re-
al Evidence Degree gg. The gy is the representative value of the group of input signals af-
ter the process of extraction of the effects of the contradiction.

The figure 7 shows the representation of the algorithm Extractor of Contradiction effects
that uses a network of three PANs.
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Figure 7. Paraconsistent Algorithm Extractor of Contradiction effects (ParaExtr,,).

The description of the ParaExtr ,, Algorithm is shown to proceed.

1. Present n values of Evidence Degrees that it composes the group in study.
Gu= (U, HUp Hc., Hn)  */Evidence Degrees 0 < u < 1%/

2. Select the largest value among the Evidence Degrees of the group in study.
Mmaxa= Max (Ma Mg e, Hn)

3. Consider the largest value among the Evidence Degrees of the group in study in favorable Evidence
Degree.

P‘maxA= P‘sel

4. Consider the smallest value among the Evidence Degrees of the group in study in favorable Evi-
dence Degree.

Mmina= Min (Ua Wg Ue,., M)

5. Transform the smallest value among the Evidence Degrees of the group in study in unfavorable
Evidence Degree.

1- Mmina= Asel
6. Make the Paraconsistent analysis among the selected values:

HUri = Mt O Ay ¥/ where 0 is a paraconsistent action of the PAN */
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7. Increase the obtained value L, in the group in study, excluding of this the two values .,
and W, selected previously.

Gu= (U, Up, M., M Hr1) = (Mmaxar Mmina)

8. Return to the item 2 until that the Group in study has only 1 element resulting from the
analyses.

Go to item 2 until Gu = (Lgg)

4. The Paraconsistent Logical Model of The Expert System (PES;,,,,)

An expert system is designed and developed to attend a certain and limited application of
human knowledge. Moreover, equipped with an information base, it must be capable of
providing a decision based on justified knowledge. Doing so, the algorithms which compose
the computational programs of the expert system need to represent knowledge from the do-
main they have to analyze and assist the user in solving problems.

The precision of the results depends on the capability of knowledge acquisition and trans-
ference methods of this information through a computational language which can be ac-
cordingly treated and on returning a consistent response.

Following this model, the application of the paraconsistent logics PAL2v in the analysis of
electric power systems is done with the reception of data corresponding to the values of
voltage and current captured by the SCADA system where they are normalized in order to
be adjusted to the concepts of the PAL2v. These signals receive adequate treatments by the
PAN algorithms in their normal configuration or interconnected, composing networks of
blocks which extract the contradiction effects building a paraconsistent logical model related
to the risk state of overload on the system.

Paraconsistent Logical Model - PAL2v !
Risk States of Electric Power system |
Degrees of evidence of risk of Overloading :

PAL2v Analyses Forecast

A\ 4

Diagnostics | l

Decision Map |

| Suggestions for system restore |
Normalization |

A

Data acquisition |

Electrical system of power in the real universe
SCADA-Supervisory Control and Data Acquisition
Control substations - Transmission networks and measurement points

Figure 8. Paraconsistent logical model composed by risk evidence degrees obtained with values of current and volt-
age captures in the real electric power system.
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According to the paraconsistent expert system (PESp,;,,) the real electric power system in
operation owns its paraconsistent logical model based on evidence degrees whose proposi-
tions are related to states of outage risks by overloading.

Figure 8 shows the paraconsistent logical model composed by risk evidence degrees config-
ured by the real electric power system.

4.1. Contingency Analysis for Electric Power Systems Using Paraconsistent Logics

The operation of the PES;,,, starts when there is the occurrence of a contingency or failures
with electric power outage. This is when the algorithms of the Paraconsistent Expert System
receive data for analysis of pre-failure states which were stored in the SCADA system data-
base. This allows the PES;,;,, to check the risk degrees of overloading with measures of
voltage and current before the occurrence. The verification of the resultant evidence degrees
detects with a certain evidence degree which branch of the power network had a high over-
loading degree risk before the occurrence.

This pre-failure analysis offers conditions such that at the time of contingency we can com-
pare the obtained evidence degree of overloading risk with the risk state that the system had
in the condition previous to the event. So, it is possible, through the results from the compa-
rative analysis between the two moments and the condition of the topology of the electric net-
work in its area affected by the contingency that the PES;;,,, can do the most convenient
adaptation of maneuvers to be applied to the optimized restoring of the electric power system.

According to the results of the comparisons among the evidence degrees of overloading
risk, the analysis of the paraconsistent expert system PES;,;,, will suggest control actions to
the restoring of the electric power system based in three states of the sub-transmission sys-
tem [13].

These analysis procedures can be seen on Figure 9.

| Analysis of the PESpaL2y

Analysis RISK ANALYSIS
Pre-failure [ System constraints
Overload hazards
Configuration and current
| Operation type Pre-failure state

A 4

<+— EventList
; «——Risks
Analy5|s «—— Evidence of interfering factors

Post-failure 4—| Restore restrictions |

Event
<—| Analyses of priorities I

A 4

Analyses
RESTORATION
Optimized sequence

Figure 9. Flowchart of the analysis states in the process.
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1. Pre-failure — consists in the analysis of the sub-transmission system in operation.

2. Post-failure — consists in the analysis of the sub-transmission system at the instant of the
contingency.

3. Restoring — consists in the analysis of the sub-transmission system after the contingen-
cy.

4.1.1. Propositions Used in the Paraconsistent analysis

The paraconsistent analysis in the PES;,,,, is based on the configurations of the PANs where
the paraconsistent logical signals are extracted from measured values of voltage and electric
current. The PAL2v analysis is performed with applied paraconsistent logical signals with
annotations composed of evidence degrees related to 5 partial propositions.

The two first analyze the tension outage and overcurrent at the measurement points and
generate evidence degrees related to the existence of overloading in the sub-transmission
network. They are:

Pp1: There is overcurrent in the electric power network
Pp2: There is sub-voltage in the electric power network

Next, through the PANs algorithms, the paraconsistent analysis with the degrees of sub-
voltage and overcurrent generated by this initial analysis which result evidence degrees,
now related to the annotation of the object proposition:

Po: There is the risk of drop by overload in the electric power network.

For the decision-making about the optimized restoring of the sub-transmission system after
a contingency, PESp,;,, still analyzes other two propositions related to the restrictions and
the topology of the power network:

Pol: There are restrictions of loads in the electric power network.
Po2: The network topology is ideal for the current situation.

That being so, the sequence of maneuvers which are offered to the operation will be condi-
tioned directly to the configuration of topologies, technical norms and restrictions which in-
volve the area of the sub-transmission system of the power network affected by the
contingency.

The classification performed by the paraconsistent analysis network (PANet) generates a re-
sulting evidence signal whose value will define the type of operation and sequences of re-
storing closest to the ideal, given the conditions of the sub-transmission system.

Figure 10 shows the pre-failure analysis with its partial propositions which generate the evi-
dence degrees for its object proposition and whose result will be used for the post-failure
analysis.
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Figure 10. Representation of the pre-failure analysis with its partial prepositions which generate evidence degrees for
the post-failure analysis.

5. Project of the Paraconsistent Expert System - PES,;,,,,

The project of PES;,;,, starts with the definition of the methods of acquisition of data
through the evidence degree extracting algorithms with the goal of generating the paracon-
sistent logical signals for the analysis network composed of algorithms based on the PAL2v.

5.1. Acquisition of Measurements

The first task to be performed by the paraconsistent expert system PES;,;,, is the acquisition
of values of measurements performed in the system so that the overload risk levels can be
detected. For this purpose, we use the data available in the SCADA (Supervisory Control
and Data Acquisition) system which, in this phase, has to receive several types of measure-
ments from the field.

The SCADA system is responsible for the interface between the measurements of electric
quantities and the communication network interconnected to the analysis systems.

5.1.2. Block Diagrams of Primary Signals

The measurements required by SCADA and stored into database are performed by the re-
mote stations RTU (Remote Terminal Units) and / or by signal capturing devices IED (Intel-
ligent Electronic Devices). In the practice due to the unbalancing of loads, errors in
measurements performed by SCADA and other factors which influence the electric system,
it is verified that the amplitude values of quantities of interest (voltage and current) are dif-
ferent among the three phases of the transmission line.

This condition shows that the measured values bring contradiction levels among them right
from the origin. So, in order to obtain reliable values in the signal treatment of the Paracon-
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sistent Expert System -PES;,;,,, the primary values receive an initial treatment of contradic-
tion extraction.

Considering this condition, the extracting block of primary signals uses algorithms capable of
extracting evidence degrees and of extracting contradiction effects, as shown on Figure 11.

| NORMALIZATION |

ACQUISITION | Extractor Algorithm EXTRACTION
of evidence degrees

The
Database o | et
Nverse Paraconsistent Evidence
SCADA L HEl Algorithm idene
R Vg | Discourse | Extactor of 9
Greatness > or |
S v Values Her Contradiction
Amps 25| Limits > effects >
Or T Vs | Vmax Mes PAL2Y
Volts Vmin

Figure 11. Block diagram which extracts primary evidence signals related to the sub-voltage and overcurrent on the
measurement point.

The maximum and minimum values of the discourse universe of the evidence degree ex-
tracting algorithm are particular to each load connected to the corresponding breaker at the
substation of the electric power transmission line.

The evidence degree extracting system receives the three values of voltage (or current) cor-
responding to the three phases of the line (RST) which are transformed in evidence degrees
by a normalization defined by the interest interval or discourse universe. After this first
process, the three resulting values pass through a contradiction effect extracting algorithm
which outputs a unique resulting evidence degree.

5.2.3. Evidence Degree Extraction at an Operating Substation

PESp,,,'s project was carried out in order to perform analysis of overload risks through the
applications of the algorithms of the PAL2v on monitoring essential points available at the
operating substations of the sub-transmission electric system.

The buses that interconnect the several equipments installed at a substation such as trans-
formers, electric keys and breakers of the sub-transmission system are points where voltage
and current can be measured for each one of the loads interconnected by the breakers. In an
operating substation a sub-voltage evidence degree and an overcurrent evidence degree are
extracted from each breaker which activate loads at an operating substation.

Based on these values, the modules composed by the algorithms of the PAL2v verify the
state of that point with respect to tension decreasing and excess of current intensity which
together contributes to the increase of the overload risk at the point measured. After the ex-
traction of the evidence degrees of sub-voltage and overcurrent from the load breaker, these
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two signals become input to a contradiction effect extracting algorithm outputting an evi-
dence degree of overload risk at the measurement point.

Figure 12 shows the evidence degree of overload risk extracted from a measure point of the
breaker (Load 16) of a typical substation of the sub-transmission system.
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Figure 12. Overload Risk degree extraction from the breaker of load 16.

The operating substation seen on the figure 12 is composed by two buses shown horizontal-
ly where a total of 16 load control breakers are interconnected. Each breaker controls its cor-
respondent load and are sources of extraction of evidence degrees for the paraconsistent
analysis. In each one of the two buses there are 8 load breakers combined, however when a
disconnector or electric key is open, it separates two buses with 4 breakers for each one.

Other breakers which control the feeding of the input transformers of the substation and the
capacitor bank are also measurement points from where the evidence degrees of overload
risk at the operating substation.

5.3. Extracting Module of Evidence Degrees from the Interconnection Buses

The extracting module of resulting risk evidence degree uses the contradiction effect extract-
ing algorithm so it can receive n evidence degrees from several breakers which are intercon-
nected to the same bus. That being, the PAL2v analysis can offer a unique representing
value of the evidence degree of the bus.
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Figure 13 shows a general diagram of capture of the resulting evidence degree of a bus at a
typical operating substation shown in the previous picture which is composed by four
breakers.

Through amplitude signals of the quantities received by the extraction modules of primary
signals, and the signal which represents the state of the breaker key, each breaker has its evi-
dence degree of risk which will be treated by the final module, resulting in a unique value of
evidence degree of overload risk on the buses.

5.4. Paraconsistent Logical Model of Operating Substation

Using contradiction effect extracting blocks a paraconsistent logical model of operating sub-
station can be created encompassing the evidence degree of overload risk of all possible
points to be monitored.

In the typical operating substation the goal is to obtain the degree of overload risk generated
by the four buses. So, from the models of the main devices installed in a typical substation, a
paraconsistent modeling for the whole substation was designed.

First the overload risks at a typical substation were classified in four types:
1. Risks of overload on the buses (Ligyys)-

2. Risks of load transfer (Hgrrans)-

3. Risks of overload on the secondary windings (Ugsec)-

4. Risks of overload on the primary windings (pgprmv).

The resulting evidence degree of overload risk of the substation is then obtained by the par-
aconsistent analysis performed among these four values extracted from the model.
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Figure 13. Diagram of capture of evidence degree of risks from a typical bus of a substation.
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5.5. Computing the total resulting evidence degree of overload risk of the substation

After obtaining the evidence degree of overload risks the model for restoring control was
developed. This model has as its goal to analyze and present optimized restoring proce-
dures for the transmission of electric power after a contingency.

5.5.1. Restoring control actions

The restoring of an electric power system is a very complex procedure because it involves
several activities which include: steps for previous study until steps of decision-making un-
der intense emotional stress by the operators. The goal of the restoring control is to carry out
the prompt restoration of the electric power system taking it to the condition of normal op-
eration, where the load is attended and the operating limits are observed.

In the practice the reconnection procedure must be carried out by taking several precautions
in order to suit all restrictions which take the new system state to a better level than that one
which caused the disconnection. In order to start the actions of the restoring control, it is
necessary to have full knowledge of the current situation of the electric system. The most
important items which must be in the knowledge base of the model are:

a. Knowledge about the part of the electric power system which was disconnected.

b. Knowledge about the parts of the electric power system which were affected by the fail-
ure.

c¢. Knowledge of the source and cause of the disconnections, detecting what caused the
disconnection with the best precision possible.

d. Knowledge of the existence of real conditions for the reconnection with the verification
of the following situations:

If the source of the failure is a permanent failure that prevents from reconnecting.

If the disconnection happened from previously established emergency control actions.
In this case the electric power system is known to have programmed “islands” which
will make the restoring process easier.

If there are previously established control actions. This is a situation which happened
when the emergency control takes the energy system to a condition known by previous
studies.

5.6. Restoring Plans

The restoring plans have detailed actions by means of operation instructions which must be
carried out by the operator in order to reconnect the electric power system. The strategy of
these plans is based on the division of the procedures in steps in order to obtain a larger de-
centralization of the recomposition actions. In the development of the Paraconsistent Expert
System - PES;,;,, the model of restoring control was designed to present actions based on
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the evidence degrees of overload risks obtained by the paraconsistent analysis on several
points of the electric power system.

The reconnecting maps were done based on operational norms and restrictions of each sub-
station and sequences of optimized restoring were established taking into consideration the
values of risk degrees of overload before and after the contingency.

6. Implementation and Testing of the Paraconsistent Expert System -
PESparz

The paraconsistent expert system PES;,;,, was implemented to carry out analysis of the
types of disconnection through information received by codes of the SCADA system and
add this information to the restoring plan of the electric power system of an area being stud-
ied belonging to the AES-Eletropaulo Company which is an electric power concessionary
company of Brazil.

The prototype was implemented on JAVA platform and tests with real values, which were
extracted from the electric power lines of an area considered as a pilot and were stored in a
history database, were carried out.

The project was in its first version developed so that the prototype PES;,;,, performs off-
line, however, with the information and data from events which represent real situations oc-
curred in the area under study in the years 2007 and 2008. The pilot area, where the PES;,,,
was tested with respect to its action analysis of overload risk and suggestions for the restor-
ing, is composed by three OSs (operating substation), twelve TDSs (transformation and dis-
tribution station), twelve STCs (station of transformation to the consumer), three CBEs
(capacitor bank station) and several aerial and underground lines.

The decision-making process of the SEP;,;,, was designed through the acquisition of knowl-
edge from the operators responsible for the electric operation in this area. When a contin-
gency occurs, SEP,;,, receives the evidence degrees of overload risk through its
paraconsistent logical model, performs a diagnosis and activates a flowchart with later
available resources in performing the emergency maneuvers in the AES-Eletropaulo electric
network considered as pilot.

6.1. Modeling and preparation of primary signals

Initially a large amount of data of the SCADA system related to that period was modeled to
prepare the signals which are input to the prototype PES p,1,,. The data stored in the SCA-
DA system were modeled by creating two databases: the database of quantity values which
will be called Database 1 and the database of alarms which will be called Database 2, as
shown in Figure 14.
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Figure 14. Initial data modeling diagram of the SCADA system.

Database 1 — Quantity values

After the data modeling of the SCADA system database 1 stores information about, besides
those which identify the substation, breakers and other equipment and their measurements
of amplitude of tensions and currents. The detections are so that in a time interval(At)
PESp 15, is provided with measurements of intensities of currents in each load of the substa-
tion and the measurements of amplitude of tension on the buses in each stage of the load
feeding, secondary an primary windings of the transformers.

Database 1 provides data for risk analysis that are the intensity of current of loads on the
three buses (IA, IB, IC) and the amplitudes of tension of the bus on the three phases (VR, VS,
VT). These values receive a paraconsistent logical treatment by PES, ;,,, such that the contra-
diction effects are decreased or totally excluded. Such contradictions are due to measure-
ment mistakes inherent to the SCADA system. This treatment of the primary signals is
performed by the special modules of capture and modeling.

Database 2 — Alarms

After the data modeling of the SCADA system database 2 stores information about, besides
those which identify the substation, breakers (and other equipment), and types of classifica-
tion of the alarms occurred in the events. The detections are so that in a time interval (At)
PESp,,, is provided with the types of alarms that occurred in the installed component in the
substation including the action of the relay keys (RC) with the types which classify the acti-
vated alarm: CR1, CR2 or Crbus.
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Database 2 provides data for two purposes:

a) Data for detecting the topology - The data stored in the Database 2 represent the state (on or
off) of the breakers and splitting keys. The signal of these states provides an overview of the
topology of the substation which is transfered as evidence to the paraconsistent models of
the breakers. The evidence degrees resulting from this analysis will influence the process of
restoring suggestion generated by PES;,;,,.

b) Data for detecting the occurrence type - The data stored in the Database 2 provide the alarm
type and corresponding classification of the disruptions through several codes which are in-
serted on the restoring map of operating substation. The classification of the types of occur-
rences, together with the risk analysis signal PES;,;,, the activation of the flowchart
corresponding to the restoring map of the area affected by the contingency.

Figure 15 shows the signal flow where Database 1 and 2 are related with the modules of risk
analysis, previewing and diagnosis.
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Figure 15. Signal flow between Database 1 and 2 and modules of paraconsistent analysis.

The decision-making module receives three types of signals: the values of intensities of the
currents of the load (I) directly from Database 1; the values of the evidence degrees (L)
from the paraconsistent analysis of overload risk; and signals from Database 2 related to the
alarm types of occurrences. The analysis of these three signals results a diagnosis which acti-
vates a flowchart of restoring plan and the interaction with the user to find the best way to
carry out the system restoring.
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Based on the flowchart the steps for the restoring are following according to the diagnosis
made based on the analysis which encompasses the classification of the alarm type, the val-
ues in engineering units of the measurements of currents and tensions, the risk evidence de-
grees obtained by the paraconsistent analysis carried out.

6.2. Verification of values on working screens

PES pa10, has working screens where one can check the efficiency of the installed paraconsis-
tent algorithms and the monitoring on each essential point of the substation.

Figure 16 below shows the values exposed on the screen of a typical substation (called “Dia-
dema”) used in the pilot system. On the screen one can see the evidence degrees of overload
risks on all measurement points of the operating system being analyzed.
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Figure 16. Working screen: significant values obtained from the Substation Diadema.

6.2.1. Denormalization Process

All the procedures for the analysis were carried out by the algorithms which were based on
the PAL2v whose signal treatment considers normalized values, that is, values in the closed
interval [0,1] of real numbers. In order to obtain previewing values in units of engineering,
recovering the approximate values of current intensity and voltage, it is necessary to per-
form a denormalization process of the obtained values.

6.3. Tests and description of the application PES;,,,,

The application of the Paraconsistent Expert System - PES;,;,, in this version can work in
two modes according to the user: “Analysis” mode and “Training” mode. These two modes
are described in what follows.

a) When the “Analysis” mode is selected, the Paraconsistent Expert System - PES;,;,, per-
forms the analysis of overload risks, outputs the values of the risk degrees, current intensi-
ty and the breakers which are off. Next, the system interacts with the user and suggests

55



56 Advances in Expert Systems

optimized procedures for reconnecting. The suggestions are done in an interactive way
through descriptions, visualization of the flowchart of the reconnecting maps and other re-
striction graphs.

b) When the mode “Training” is selected, the Paraconsistent Expert System - PES;,;,, will
simulate the failure and step by step will present details about the procedures of the recon-
necting flowchart. In order to begin the process the user has to inform the application the
name of the substation he or she wants to simulate.

When this information is input, the application shows on the reserved space at the left of the
screen the unifilar representation of the selected substation. The next step is the user’s action
which selects the breakers which will be simulated as “off” in order to configurate a type of
failure occurrence.

When the simulation process is started the application, based on the breakers selected as
“off” by the user, detects the type of alarm (CRs) which represents the disconnections and
performs a search on the substation’s database for the date that such failure occurred.

When the date of the occurrence is detected the application activates the networks of para-
consistent analysis obtaining the evidence degrees of overload risk and other specific infor-
mation together with the first suggestions from the flowchart of the reconnecting map.

The interactive process is similar to the one presented in the “Analysis” mode: the sugges-
tions and actions already determined by the flowchart will be step by step presented until
the end of the optimized reconnecting. Doing so, the training is totally performed from real
data of failure occurrences represented by values stored in the database.

Figure 17 shows a screen of an operating substation in its unifilar diagram with all available
values obtained by the paraconsistent analysis. A menu, where restoring sequences of the
electric power system after a contingency, is shown to the user.
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Figure 17. Analysis screen — Unifilar diagram and menu with information generated by PES; ..
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7. Conclusion

In this work it was shown that the paraconsistent logics has a great capability of application
in technological processes with the aim to solve complex problems. The Paraconsistent Ex-
pert System - PES;,;,, was designed with an analyzing block of contingency which is capa-
ble of computing the risk degrees of outage by overloading of the electric power system.
Moreover, given such occurrence, it is also capable of analyzing the conditions and of offer-
ing a list of sequences of optimized restoring for the operation.

Currently the expert system built with the PAL2v is being used to assist operation and train-
ing of operators at the operational substations of the electric power system of the AES-Ele-
tropaulo — electric utility in Brazil. In the practice the paraconsistent expert system PES;,;,,
has shown to be an efficient tool, with which the user understands and accepts the reason-
ing methods used in the problem solving, since paraconsistent logics are more intuitive and
has algorithms with simple structure. Generally speaking, it reached the following goals:

a. Assist the operator in the selection of the main control actions at the time of the restor-
ing.

b. Outline and implement restoring plans based on the operational state of the electric sys-
tem.

c. Show the restoring state in its optimized form.

Together to the above three main features, we can add three more:

d. Promote the operators’ training.

e. Optimize the restoring process.

f. Detect “islands” — areas that due to disconnection remained isolated.

In operation, the PES;,;,, has shown to be computational software where the modulation
parameters are easy to adjust and the analyzing block of contingencies is adapted to provide
resulting information in a satisfactory way. It was tested under several conditions using real
values which were stored into a database for 12 months.

The sub-transmission system which was tested was composed of 12 substations where it
was possible to modify and test several topological configurations. Under all tested condi-
tions, PES;,;,, showed good results and responded well to various situations in comparison
to previous situations which were also stored into database.

The prototype application build in this first phase leave the necessary conditions fulfilled, so
that the analysis process can be automatically started for the online implementation, topic
which is for future projects. In this case, the alarms activated due to failures at the substa-
tions whose data were stored in the database, will start the application so that the analysis
phases of the process are started in real-time. Under these conditions PESp,;,, will with no
doubt a very useful tool to the operation of the electric power system.
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With this work it was shown that an expert system can be built with the algorithms of the
paraconsistent logics and is capable of performing its fundamental task of analyzing contra-
dicting information. Moreover, it is also capable to clearly show the user the reasoning meth-
ods it is using, so that the user can interact with the system with high confidence degree.
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