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Proposal for an automatic system correlation
between failures on electrical distribution lines
and atmospheric lightning discharges

Propuesta de un sistema automatico de correlacion entre fallas
en lineas de distribucion eléctrica y descargas atmosféricas

V. Henao-Céspedes!, E.A. Cano-Plata?, and L.F. Diaz-Cadavid?

ABSTRACT

This paper presents a proposal for the development of an automatic system correlation between two variables, one represented by the
failures on the electrical distribution lines during a storm process and another one represented by atmospheric discharges (lightning)
that happen in this process. Initially, in order to define if the failure is caused directly or indirectly by an electrical impact generated
by lightning, a space-time correlation is proposed. With the obtained data a decision matrix is proposed, using an entropy method
to assign weights to the failures in order to determine its severity and therefore its priority of attention. On the other hand, taking into
account that the time window of observation is perhaps the most relevant parameter in the proposed correlation system, this article
shows part of a simulation proposed for its calculation as well as the mathematical bases that were used as a support for it.
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RESUMEN

El presente articulo plantea una propuesta para el desarrollo de un sistema automatico de correlacién entre dos variables, una
representada por las fallas acaecidas en las lineas de distribucién eléctrica en un proceso de tormenta y otra representada por las
descargas atmosféricas (rayos) presentadas en dicho proceso. Inicialmente, para definir si la falla es causada directa o indirectamente
por un impacto eléctrico generado por un rayo, se propone una correlacién espacio-temporal. Con los datos obtenidos se propone
elaborar una matriz de decisién usando, a su vez, un método de entropia para asignar pesos a las fallas con el fin de determinar su
gravedad y por lo tanto su prioridad de atencién. Por otro lado, considerando que la ventana de tiempo de observacién es quizas
el parametro mas relevante en el sistema de correlacién propuesto, el articulo muestra parte de una simulacion planteada para su
calculo, asi como las bases matemdticas utilizadas como soporte de esta simulacion.

Palabras clave: Descarga atmosférica, correlacién, fallas en lineas de distribucién, método entrépico, toma de decisiones.
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Introduction failure and the impacts of lightning. In this way, for the
developing of such system, the use of computational tools
that allow us to acquire information (location and time)
of lightning and information of failures on the electrical

distribution system simultaneously is necessary.

In a country like Colombia where electricity distribution
networks are mostly air character (network exposed to the
weather), many of the failures are usually due to atmospheric
events. Studies (Anaya & Pollitt, 2009) show that main

meteorological variables (weather events) that affect the
normal operation of the overhead lines are: atmospheric
lightning discharges, wind, extreme temperatures, snow,
ice, storms, rain and humidity. Statistically, many failures
occur during a storm process.

¢But to what extent is the lightning directly or
indirectly responsible for the failure?

Electrical service outage during a storm is usually attributed
to the direct effect of lightning on the electrical distribution
system, leaving out other possible causes generated by
weather conditions of the thunderstorm. This motivates
the development of an automatic system that allows to
define the exact cause of the failure during a storm process,
through a correlation space- temporal, between events of
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This development is proposed considering that Colombia
is one of the countries with regions of highest keraunic
level (Younes & Duarte-Velasco, 2010), and the probability
of unfairly blaming lightning as the cause of most failures
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in the distribution lines may be very high. The above
necessarily causes a decrease in the quality of service of
operation and maintenance; such aspect can be solved
if a module that collects real-time data of the times and
locations of lightning is included, and if this module is
integrated into the system of supervision and monitoring
of the distribution network, looking for a correlation that
automatically allows to clarify the real cause of each failure
(Anaya & Pollitt, 2009).

The lightning and the electrical
distribution System

As has been previously stated, the faults in the electrical
distribution system during a storm are not direct
responsibility of lightning, because in this process factors
other than lightning are presented. One goal of the proposed
system is to determine if there is a direct relationship
between lightning and the occurrence of a failure on the
electrical distribution system in a defined sector.

The way in which lightning can cause network failures is
presented in two ways (IEEE std 1410, 2011):

e Direct discharges.
* Voltages induced for nearby discharges.

Damage caused by lightning in the distribution lines may
be due to direct downloads on the phase conductors or
neutral or ground wires (if there are), or due to indirect
discharges that do not directly impact the line but do alter
the electromagnetic field around and induce voltages
around it (GAMMA Boletin Técnico, 2005).

However, it is difficult to determine whether a direct or
indirect stroke caused a distribution line fault, since the
damage to facilities, caused by direct strokes, produces
similar effects to those from indirect ones (Miyazaki &
Okabe, 2009), and this aspect complicates the analysis of
causality of the fault.

In Colombia, some operators of distribution of electrical
energy, such as the Electricity Company of Bogota, EEB, have
made failure analysis, concluding that a high percentage of
failures was undoubtedly due to lightning (Roman-Santos,
1991). This supports the theory that approximately 75 % of
faults in power systems are of monophasic type to ground
and are the product of flashover during lightning storms
(Mohamed & Hawary, 1995).

Considering the above, it is clear that a system that defines
the relationship between lightning and the electrical failure
would be a very useful tool for planning protections against
lightning. In the other hand, this tool will provide data
that will lead to evaluate the correct performance of the
distribution air lines in presence of lightning.

By the above, the following question arises: sHow is it
possible to discriminate cases in which lightning directly
causes faults in the electrical distribution system, from cases
when failures are an indirect consequence of lightning?
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System development proposal

For the development of the proposed system, the location
data and the time data of the faults in the distribution
system, as well as the atmospheric lightning discharges,
are required. When combining the exact location of line
failure with the exact location of lightning and the time of
occurrence, it is possible to accurately determine when
lightning is the cause of disturbance (Kappennman, 1999).

Consequently, the following steps are proposed as a
methodology for system development:

1. Perform an automatic correlation between the light-
ning and the faults, based on::

a. Database system for monitoring power quality of
the electrical operator in the region.

b. Database of lightning events in Colombia provid-
ed by the Colombian system KERAUNOS (http://
keraunos.co/).

2. Perform an entropic assessment of the severity of the
failure in order to prioritize its attention.

The correlation will verify if a lightning discharge in an area
bears some relation to the occurrence of one failure in the
distribution lines in the same area. The databases used for
correlation have data associated with time and therefore
can be defined as time series, which allows to obtain a
better understanding of the mechanism of generation of
data, as well as a prediction of future values or the optimal
control of the system (University of Wiirzburg, 2012).

Based on the database, watching events in time table are
proposed as follows:

Table 1. Watching events.
Observation Fault Lightning Lightning loca-
times location location GTT tion KERAUNOS

Subsequently, a segmentation of the distribution lines is
carried out, obtaining a grid distribution line. Based on that
grid, it is possible to relate the failures with the lightning,
using the following table:

Table 2.  Sector failures vs. fault occurrence time and lightning.

Sector Fault Hour t1 Lightning Hour t2

M

From Table 2, it is possible to perform a statistical study,
obtaining the probabilities associated with the occurrence
of a failure due to lightning. If time values t, and t, in the
i-th sector are equal, there will be a high certainty that the
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failure was due to lightning; otherwise, the failure will be
due to other causes. All faults with different sources will
probabilities P, of occurrence, for which must be defined
k possible causes of failure and their probabilities. Based
in the event probabilities obtained, a metric of the system
efficiency can be calculated in order to define the failures
due to less frequent than lightning causes. The efficiency
metric is the Shannon entropy associated with the average
value of the information (uncertainty of occurrence of an
event), and it is directly proportional to the value of the
information they can deliver in the event.

Remembering:
Hw=E{1(s,)} (M

where H is the entropy for the set of events L, which is
equal to the mathematical expectation of the information
provided by the possible events; therefore:

1
I(Sk)=|og2F 2)
k

The mathematical expectation is the sum of the probability
of each possible event multiplied by the value of the event,
in this case the value of the information obtained. Therefore,
the entropy is:

k—1 -I
k=0 k

System efficiency will be associated with the veracity of
the information and the ability to achieve and define the
infrequent causes of failures. That is to say to achieve
showing when the fault is NOT due to a lightning. The
system will have a higher entropy when the faults are not
generated by lightning, and null-entropy when all electrical
failures are generated by lightning discharges.

Performing an entropy analysis is then possible in order to
define the entropy weights associated with the events, and
in order to evaluate the provided information and prioritize
the care of failures. The weights associated with events
may indicate the importance of a certain severity index or
even the tendency to certain extent, indicating, in this case,
the importance of a failure event (Lia & Xu, 2012). In this
way, the importance of the events is leading to the decision
theory that can be applied by means of probabilistic models
in order to deal with the lack of knowledge on utility
functions, subjective preferences and diagnostic situations
(Correa et al, 2004). Hence, it is assumed that uncertainty is
a result of random phenomena, being indicated to assume
the entropy method for deciding the priority of attention of
the electrical failures.

The method of entropy is an “objective” method for
assigning weights. The essential idea is that the relative
importance of the criteria “j” (the electrical failure for
to attend) in a given situation for decision (lightning
discharge), measured by its “©” weight, is directly related
to the quantity of information that is intrinsically provided
by the set of alternatives related to that criterion. For the
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development of the analysis through the method of entropy
a decision matrix is proposed (Hosseinzadeh & Fallahnejad,
2010), as follows:

Criterion 1 Criterion 2 Criterion n
Alternative 1 X, X,, e X,
Alternative 2 xX,, x,, x,, “4)
Alternative m X, X, X,
fault 1 fault 2 Sfault n
lightning 1 2 Dy, “e )28
fg lighming 2 | p,, Dy, D,, (5)
lightning m | p Do Do

Where the rows (m) indicate the sector of the lightning
detection, the columns (n) are associated with the detection
sector of the electrical failure, and in each of the spaces
the value of the probability of occurrence of an electrical
failure and a lightning discharge are consigned at that
point. (Example: P,, probability of a lightning in sector 1
and an event of electrical failure in sector 2). Supported
by a statistical study based on the correlation system, the
probability values of the matrix are obtained. T each of the
possible failures, severity criteria for the electrical failures
can be assigned, which will define the priority of attention.
The severity values of each fault will be reflected in an array
like this:

fault 1 fault 2 fault n
lightning 1 | grav, — grav,, grav,,
lightning 2 | grav, — grav,, grav,, (6)
lightming m | grav  grav , grav,

The entropy for the m-th fault can be calculated as
(Hosseinzadeh and Fallahnejad, 2010):

n
Ho=—ky fInf, i=12..,m 7)
=
_ gVann
Where, 5= i , which are values for a normalized
grav,

Jj=1

matrix k=(Inn)”" and it is assumed that f, Inf, =0 if
f,=0.

The weight of each entropy is given by:
d

w=—1

| i ds
s=1

Where the degree of diversification is obtained as:
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d=1-H 9)
An entropy with a value equal zero (0), means thatall criteria
give a precise indication either credible or not definitely,
while an entropic value of 1 means that all criteria give an
indication of high diffusivity (Sanchez, 2001). In turn, the
weight of entropy is inverse to the value of entropy, and
will help the system for it to automatically define which
electrical failure must be attended more promptly.

The “time window” and the propagation
channel

One of the most important parameters to define the
correlation between faults of the distribution lines and
the lightning discharges presented during a storm, is the
definition of a time window (Wt) by which one can certainly
evaluate the responsibility of the lightning as the source of
the failure. Let it be noticed that at the time of a lightning
strike near the distribution line, an EM pulse which is induced
in the distribution line is generated and propagated to a
speed vp defined by the distributed parameters which are
characteristic to the line. If vp is known, then it is possible to
define how long it takes to get the signal that is induced from
a starting point to an end point (separated by a distance d),
in which there is an element of the distribution network that
may fail because of that signal. The time that takes the signal
to travel the distance between those points, will be W, and
the elapsed time between the generation of lightning and
the electrical failure must not exceed W,. For the calculation
of W, the time of strike is defined as an initial time t ,=0;
as final time t (W), the time of arrival of the induced wave
to the first protection element of the distribution network
is taken. The method, proposed and developed by our
research group (GTT, Grupo de Investigacion en Telemdtica
y Telecomunicaciones) for the calculation of the W, is based
on a simulation of signal propagation through the distribution
line (propagation channel). The mathematical support that
has been used to model the propagation channel and define
the time window is as follows:

Initially assume a continuous space in which the reference
configuration °Q and the spatial configuration are known
'Q, as shown in Figure 1.

Then, the following was defined:

e An arbitrary coordinate system in the spatial
configuration 'X* with covariant basis vectors 'g, and
contravariant basis vectors 'g?.

e An arbitrary coordinate system in the reference
configuration {X*} with covariant basis vectors G, and
contravariant basis vectors GA.

* A system of convective coordinates {8} in which the
spatial configuration has covariant basis vectors 'g and
contravariant basis vectors, ‘g’ and in the reference
configuration has covariant basis vectors G, and
contravariant basis vectors G'.
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Figure 1. Biunivocal mapping.
Source: Jiménez Lozano, 2015.

Assume the existence of a biunivocal mapping:
lXa — IQOG (XA) ('IO)

and a reverse mapping:

X' = [Qp*‘ ("x] (11)
That is, the movement indicated in Figure 1 was assumed to
be a regular movement, corresponding to the course change
of geometry in the presence of a lightning discharge in the
propagation channel model. This case comes from the
formal notion of regular movement and corresponds to the
intuitive notion of movements in which the interpenetration
does not happen.

A4

Note: With the bi-univocal mapping (Figure 1) based on
continuum mechanics, the change of the geometry into the
presence of a lightning strike is detailed, which will allow
to mathematically simulate the point of lightning induction
into the distribution line.

Restricting the Euclidean space problem, it can be
considered that ‘o is a vector.

Using a descriptor of X position for the propagation
channel, where any point of this channel is given by P =
(x',x?,x%), for a x' reference configuration, all processes can
be described. The position vector of the current or arbitrary
configuration is given by ' ®(X,t)=:x(X,t), and it can be
obtained by setting the displacement U as well:

x=X+U (12)

In order to characterize the deformation on two points
(P and Q) in the middle of the traveling of the wave of
electromagnetic propagation, the two coordinates for each
point are considered as X" and X® vectors positioned in the
configurations of x' reference, and they can be related as
functions based on the geometric observations of Figure 1.

Constitutive relation:

Assume that there is a problem in which only the variable
representing the electric field is considered; the constitutive
relation can then be established:

=" E (13)

t . . . . . .
Where ¢ is a tensor function, and in this particular case is

the conductivity function which maps the invertible space
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in two points of the symmetric space. Importantly, ‘o

depends on the reference configuration. In this regard and
taking into account that only the electrical characteristics
are studied, it is understood that the principle of equi-
presence is respected and the phenomenological factors of
the quantum mechanics are not considered.

To study the objectivity of the formulation, the spatial
configuration is considered in two coordinate systems:
one fixed (X) and another moving X*, as shown in Figure
1. Since the current density tensor is an objective spatial
tensor, it can be displayed as:

J=00-'J -0 (14)

Where © is an orthogonal tensor, as well as the electric

field is an objective tensor, ' E = E(t)- "E* . Furthermore,
0= = 0=

as @ is valid for any orthogonal relationship, it will

also be valid for the polar decomposition; that is to say:

J 'E’ ’
4 T 2 ,L£_ orwhat would be the same: Z presents

the principle of the material which imposes that not affected
by change of coordinates or reference. The material will
then be represented by conductivity.

Equilibrium equations

Equation (13) is the equilibrium equation in the spacial
configuration, where ] is the current vector per unit volume
of the spatial configuration. (Cano Plata & Ramirez Castafio,
2010) present a detailed development. From this reference,
it can be highlighted that:

In the coordinate system {x*}, the divergence of J is given
by (13) as the Maxwell relationship of continuity; in this,
the constitutive relations appear, among others Ohm's
Law (Cano Plata & Ramirez Castafio, 2010) as a basis for
development of the theory of propagation.

1 S Jdg, dg, 0Jg,
v . J — + IJ’/Q Sotgbr P po 4 t
—_— = atxa 2 81x1 8!xa atxp gb (15)
Given that VeJ=0 is a vector, we can find its

representation in the reference configuration
B

0 ~ <

:(’F”):(V~tj)b (16)

oo

An also in

atJab B atJab (Oth])j (1 7)

This is written as (Jimenez Lozano, 2015):

B
['go*(y-‘i) —DIv, (;g) (19)

(9}

A solution to Equation (19) can be presented through the
finite element method. Using the MATLAB tool PDETOOL,
(MathWorks, 2015) a result like that can be displayed as
shown in Figures 2 and 3.

Color: u Height: u Vector field: -grad(u)

Figure 2. Moment X of the signal propagation induced by lightning.
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Figure 3. Moment X1 of the signal propagation induced by lightning.

Figures 2 and 3 allow to visualize how in an initial time,
at an X, point in the space under observation, once the
atmospheric discharge impact is presented, the LEMP
(Lightning electromagnetic pulse) is induced to the
distribution lines. Later, in a second instant, the load
induced by lightning propagate until a X, point in the
distribution line is observed, at which one can find an
element of the distribution network that has failed because
of the lightning presented. From Figure 3 it follows that
if values of the propagation velocity and the length of
the distribution line between the impact point (X)) and
the nearest distribution network element (X,) are known,
and it is then possible to calculate the time window W,
required to perform the proposed correlation.

The methodology and mathematical support for the
implementation of the proposed system of automatic

8txa - atXA
and considering Equations (11 through 14) we obtain:
s Conclusions
5 O IE# " ' ' ‘
e - £ (i)"Y e |2, 24 _24Cy 18)
= oX = 2 oxX 0X° oX
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correlation between the events of faults in the electrical
distribution system and lightning, has been raised.

The present proposal suggests an application of the theorem
of Shannon entropy and of the theory of decision-making as
a mathematical method for the prioritization process in the
care of failures that occurred in the electrical distribution
system.

The mathematical support for the “time window”
calculation and a simulation of the propagation channel
(distribution lines) which was developed using the finite
element method is shown.

Figures 2 and 3 show how the proposed mathematical
apparatus becomes an effective tool for the calculation of
the time window of events observation, being this parameter
the most relevant to perform the automatic correlation
system proposed in the present paper.
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