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Abstract—An artificial intelligence system has been developed
to determine the electromagnetic field in the complex problem of
a faulted overhead transmission line above earth and a buried
pipeline. The amplitude and phase of the magnetic vector po-
tential (MVP) in the earth around the pipeline neighborhood,
including pipeline itself, are calculated. The performance of the
trained fuzzy logic system (FLS) described in Part I was tested
extensively for various configurations of the above electromag-
netic field problem, differing significantly from the cases used for
training. The trained FLS parameters required to calculate the
electromagnetic field by simple formulas are also presented.

Index Terms—Finite element method, fuzzy logic, power trans-
mission electromagnetic interference.

I. INTRODUCTION

T HE use of finite element method (FEM) for the solution
of Maxwell’s differential equations describing an elec-

tromagnetic field problem always leads to useful conclusions
[1]–[5]. However, the complicated geometries of complex
electromagnetic field problems leads to a large number of
discretization nodes and consequently to a huge computa-
tional effort. Therefore, the method proposed in [6] has been
extended in Part I of this paper in order to solve complex
electromagnetic field problems such as the problem of a power
overhead transmission line above earth and a buried pipeline.
A suitable developed fuzzy logic system (FLS) has been
trained using FEM results, in order to calculate the MVP
distribution in the earth around the pipeline neighborhood,
including pipeline itself, without the necessity of an additional
FEM calculation.

In this present paper, the membership functions
and the consequence factors

obtained from the training of the FLS developed in Part I
are reported. Using the above trained parameters and simple
formulas, it is easy to compute the electromagnetic field for
every configuration case of the above problem. This paper
also summarizes the test results of an extensive performance
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analysis of the trained FLS in various configuration cases,
differing significantly from the cases used for training.
These cases have different separation distancesbetween
the overhead transmission line and the buried pipeline and
different earth resistivities

II. M ETHOD IMPLEMENTATION

A. Fuzzy Logic System Trained Parameters

The magnetic vector potential (MVP) of the steady state
electromagnetic field problem of an overhead transmission line
above earth and a buried pipeline is expressed using complex
phasors, and therefore, it consists of two parts, the amplitude
and the phase. Since the proposed FLS method has a single
output, two different FLS’s are required to calculate MVP
distribution. Therefore, in Part I of this paper, two different
FLS’s have been developed and trained, the first one in order
to match MVP amplitude and the second one in order to match
MVP phase. The FLS’s training has been executed using the
training scheme and the training data base (TDB) of Part I.
Training has been made with a mean absolute error of 1%. At
the end of the training procedure the rule base of each FLS
contained 11 rules.

The mean values and the standard deviations
of the membership functions

obtained from the FLS’s training in Part I are given in Tables I
and II, respectively. In Fig. 1 the membership functions which
characterize theth rule fuzzy sets defined in the space of one
of the input variables, the separation distanceare shown.
From this figure it is evident that membership functions cover
suitably the practical premise space of input variableThis
also holds for all other three input variables The
factors of the consequent part of theth
rule, obtained from the FLS’s training in Part I, are given
in Table III.

In Part I the developed FLS’s have been trained using FEM
MVP results for different configuration cases of the problem
of an overhead transmission line above earth and a buried
pipeline, having a phase to ground fault current equal to
1000 A. It should be mentioned that the MVP distribution is
proportional to the fault current. Therefore, the trained FLS’s
may be easily used to estimate the MVP distribution for any
value of the phase to ground fault current.
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TABLE I
MEMBERSHIP FUNCTION MEAN VALUES OF THE RULES OF

THE TWO FLS’s WHICH HAVE BEEN TRAINED IN ORDER TO

MATCH (a) THE MVP AMPLITUDE AND (b) THE MVP PHASE

(a)

(b)

TABLE II
MEMBERSHIP FUNCTION STANDARD DEVIATIONS OF THE RULES OF

THE TWO FLS’s WHICH HAVE BEEN TRAINED IN ORDER TO

MATCH (a) THE MVP AMPLITUDE AND (b) THE MVP PHASE

(a)

(b)

The calculated MVP distribution is accurate for a faulted
phase conductor height of 11 m. However, it has been found
using FEM formulation of Part I, that for separation distances

m, the MVP distribution differs less than 3.5%, for
phase conductor heights between 8–30 m. Therefore, the
trained FLS is also capable of calculating the MVP distribution
for all the phase conductor heights encountered in practice.

Using the membership function mean values and standard
deviations of Tables I and II, the consequence factors of
Table III, and the FLS architecture described in Part I, it is
easy to calculate the MVP values at any point of the earth
around the pipeline neighborhood, including pipeline surface,
for every different configuration case. Using the pipeline’s
surface MVP values, pipeline induced voltages may also be
calculated as explained in Part I.

B. Calculation Example

The procedure to compute the MVP values may be ex-
plained using the following example. Suppose that the MVP
amplitude in a point with coordinates m and

m, for a separation distance m between the
overhead transmission line and the buried pipeline and for
earth resistivity Om, is required.

The MVP output of the FLS for an input vector
is given by

(1)

where

(2)

gives the degree of fulfillment of theth rule by the input
vector , and

(3)
is the MVP proposed by theth rule for the input vector

Using the membership function mean values and standard
deviations of Tables I(a), II(a), and (9a)–(9d) of Part I, it is
possible to calculate the membership values for
the input vector m, m, m, and

m. The calculated membership values are given in
Table IV. Using Table IV and (2) the degrees of fulfillment of
each rule rules) can be found. These
degrees of fulfillment are given in Table V. The firing strength
of the fuzzy rule base may now be obtained from Table V as

(4)

As explained in Part I of this paper, the consequence factors
have been normalized in the interval [0.0,

3.0] and therefore (3) holds in this interval. Consequently,
input variables and must be normalized in the same
interval. The range of these input variables may be easily found
from Part I of this paper. For example, input m is
being normalized from interval [70, 2000] to interval [0.0,
3.0] using the following:

(5)
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Fig. 1. Membership functions of the first FLS, which has been trained in order to match the MVP amplitude for input variabled:

TABLE III
CONSEQUENCEFACTORS OF THERULES OF THE TWO FLS’s

WHICH HAVE BEEN TRAINED IN ORDER TO MATCH

(a) THE MVP AMPLITUDE AND (b) THE MVP PHASE

(a)

(b)

The normalized values of input variables m,
m, m, and m are ,

, , and ,
respectively. Using the consequence factors
of Table III(a), the normalized input variables in the interval
[0.0, 3.0], and (3), the MVP proposed by each rule are
obtained. These values of rules) are
given in Table VI. Using Tables V and VI it is possible to

TABLE IV
MEMBERSHIP VALUES FOR INPUT VARIABLES d = 250 m,
x = 249 m, y = �17:48 m, AND � = 600 
m, AS

CALCULATED USING TABLES I(a), II(a), and (9a)–(9d)OF PART I.

TABLE V
DEGREES OFFULFILLMENT OF EACH RULE �j(j = 1; � � � ;m = 11 RULES) FOR

INPUT VARIABLES d = 250 m, x = 249m, y = �17:48 m, AND � = 600 
m

compute the FLS MVP output given by (1) as

(6)

The computed MVP amplitude value is normalized in the
interval [0.0, 3.0]. The MVP amplitude values used in FLS
training vary between 4.36E-06 and 7.03E-04 Wb/m. There-
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TABLE VI
MVP Aj PROPOSED BY THEjth RULE FOR INPUT VECTOR

(d = 250m, x = 249 m, y = �17:48 m, AND � = 600 
m

(a)

(b)

Fig. 2. Frequency distribution of the FLS errors concerning (a) the amplitude
and (b) the phase of the MVP values in the earth around the pipeline
neighborhood.

fore, the MVP amplitude value 1.759 must be denormalized
from the interval [0.0, 3.0] to the interval [4.36E-06, 7.03E-
04]. Finally, the MVP amplitude value for input variables

m, m, m, and m is
calculated equal to 4.14E-04 Wb/m. A FEM computation for
the same separation distanceand the same earth resistivity

leads to a MVP amplitude in the node with coordinates
m and m equal to 4.11E-04 Wb/m. The

difference between FEM and FLS calculation is negligible,
however FEM requires a huge computational effort, while the
proposed FLS needs only simple calculations.

III. PERFORMANCE ANALYSIS

The performance of the trained FLS in the computation
of MVP distribution in the earth around the pipeline neigh-

(a)

(b)

Fig. 3. FLS errors for different separation distancesd and earth resistivities
� concerning (a) the amplitude and (b) the phase of pipeline surface MVP.

borhood, including pipeline itself, has been tested in several
configuration cases of the complex electromagnetic field prob-
lem of an overhead transmission line above earth and a buried
pipeline. These cases have various separation distances
between power line and pipeline as well as various earth
resistivities In order to make these tests, the finite element
procedure described in Part I of this paper has been applied
and a suitable database has been constructed.

The results of the FLS have been compared with results
obtained using the FEM described in Part I. The FLS errors
concerning the MVP have been computed relative to the
corresponding MVP FEM results and in absolute values, i.e.

The FLS average
error concerning the MVP amplitude is equal to 2.77%, while
the FLS average error concerning the MVP phase is equal
to 2.12%. However, once FLS is trained, the electromagnetic
field in new cases with different configuration may be easily
calculated. The computing time is negligibly small, compared
to the time needed for FEM calculations of the new configu-
ration case. In all reported cases, one FLS calculation requires
a computing time approximately equal to 0.000 055% of the
corresponding FEM calculation.

The frequency distribution of the FLS errors concerning the
computation of the MVP amplitude values in the earth around
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the pipeline neighborhood is shown in Fig. 2(a). From this
figure it can be seen that 66% of the errors is less than 3.0%.
Fig. 2(b) shows the corresponding frequency distribution of
the FLS errors in MVP phase calculations. Fig. 2(b) shows
that 69% of the errors is less than 3%.

Fig. 3 shows the FLS errors for different separation dis-
tances and earth resistivities concerning pipeline surface
amplitude and phase MVP values. From Figs. 2 and 3 it is
evident that FLS results are in a good agreement with those
obtained by FEM.

Finally, using pipeline’s surface MVP values derived from
FLS and (6) of Part I, the voltage induced by the
electromagnetic field on the buried pipeline may also be
calculated. This voltage is defined as the inductive voltage
across point at a distance m from and remote
earth , as shown in Fig. 2 of Part I of this paper.

IV. CONCLUSIONS

Artificial intelligence has been used to determine the elec-
tromagnetic field in a complex electromagnetic field problem
of a faulted overhead transmission line above earth and a
buried pipeline. In Part I of this paper, a suitable FLS has
been developed and trained in some configuration cases of the
above problem. In this part, FLS performance has been tested
for many configuration cases, differing significantly from the
cases used for training. From the test results it could be
concluded that, after suitable training, FLS has a comparable
accuracy with FEM, while it needs negligibly small computing
time. Using the mean values and the standard deviations of
membership functions as well as the consequence factors of
the trained FLS presented in this paper, the electromagnetic
field as well as the pipeline induced voltages may be quickly
and easily computed for every practical configuration case of
the above problem.
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