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Abstract—An artificial intelligence system has been developed analysis of the trained FLS in various configuration cases,
to determine the electromagnetic field in the complex problem of differing significantly from the cases used for training.
a faulted overhead transmission line above earth and a buried These cases have different separation distamtéetween

pipeline. The amplitude and phase of the magnetic vector po- . . . L
tential (MVP) in the earth around the pipeline neighborhood, the overhead transmission line and the buried pipeline and

including pipeline itself, are calculated. The performance of the different earth resistivitieg.
trained fuzzy logic system (FLS) described in Part | was tested
extensively for various configurations of the above electromag-

netic field problem, differing significantly from the cases used for Il. METHOD IMPLEMENTATION
training. The trained FLS parameters required to calculate the
electromagnetic field by simple formulas are also presented. A. Fuzzy Logic System Trained Parameters

Index Terms—Finite element method, fuzzy logic, power trans- The magnetic vector potential (MVP) of the steady state
mission electromagnetic interference. electromagnetic field problem of an overhead transmission line
above earth and a buried pipeline is expressed using complex
I. INTRODUCTION phasors, and therefore, it consists of two parts, the amplitude
r‘?‘nd the phase. Since the proposed FLS method has a single

HE use of finite element method (FEM) for the solutio tout. two diff t FLS’ ired t lculate MVP
of Maxwell's differential equations describing an elecOUtPul, two ditieren S are required {o calcuiate

tromagnetic field problem always leads to useful conclusiorgﬁftsr,'blg'on' t‘l)’herec:ore,l n F(;art (lj(:f Fh'sdp?r?e:;. t\;vo dn‘_feren(;c
[1]-[5]. However, the complicated geometries of complet St :\ICIEVPeen ﬁVZOped?rT ralned, enrs (;)netm ort ir
electromagnetic field problems leads to a large number matc amplitude and the second one In order to matc

discretization nodes and consequently to a huge comp VP phase. The FLS’s training has been executed using the

tional effort. Therefore, the method proposed in [6] has be fpuning scheme and the t_ralnlng data base (TDB) of P(;':\rt .
extended in Part | of this paper in order to solve comple aining has been made with a mean absolute error of 1%. At

electromagnetic field problems such as the problem of a povxtl F end of the training procedure the rule base of each FLS

L . - L tained 11 rules.
overhead transmission line above earth and a buried pipelif@" s .
Pip The mean valueg’,,a’,a’,a’ and the standard deviations

A suitable developed fuzzy logic system (FLS) has been = " " dr P Ty Tp N

trained using FEM results, in order to calculate the MVPa 7%y, o, Of the membership functiongey, /., 11y, 1,

distribution in the earth around the pipeline neighborhoo@btained from the FLS's training in Part | are given in Tables |

including pipeline itself, without the necessity of an additiongind Il respectively. In Fig. 1 the membership functions which

FEM calculation. characterize thgth rule fuzzy sets defined in the space of one
In this present paper, the membership functior® the input variables, the separation distamgeare shown.

A %7%7 i), and the consequence factoxé, )\ﬂa X, )\é’ )\g/') From this figure it is evident that membership functions cover

obtained from the training of the FLS developed in Part §uitably the practical premise space of input variabld his
are reported. Using the above trained parameters and sinfggP holds for all other three input variablesy,p. The
formulas, it is easy to compute the electromagnetic field f6RCIOrS A, Ay, A, Xy, A;, of the consequent part of thith
every configuration case of the above problem. This pagéi€, obtained from the FLS's training in Part |, are given

also summarizes the test results of an extensive performaffteable Iil. _ _
In Part | the developed FLS’s have been trained using FEM
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TABLE | Using the membership function mean values and standard
MEMBERSHIP FUNCTION MEAN VALUES OF THE RULES OF deviations of Tables | and Il, the consequence factors of
THE Two FLS’s WHICH HAavE BEEN TRAINED IN ORDER TO Table Il d the FLS hitect d ibed in Part I. it i
MartcH (a) THE MVP AMPLITUDE AND (b) THE MVP PHASE aple 1ll, an e architecture aescribe _'n art 1, 1t1s
easy to calculate the MVP values at any point of the earth

_{1 —a g, . . . . : . .

e T e TEs 3507 around the pipeline neighborhood, including pipeline surface,
Ruile 2 201947 | 1981.04 -20.09 -6.86 for every different configuration case. Using the pipeline’s
Ruie 3 816.03 363.25 1067 49554 aling
S 8950 31113 056 35760 surface MVP value§, plpellne induced voltages may also be
Rule 5 328.85 396.86 11.02 158.82 calculated as explained in Part I.
Rule B -9.63 -149.20 -30.03 145.76
Rule 7 854.71 1088.51 -21.92 877.93 .
Rule 8 417.16 447 21 2017 852 86 B. Calculation Example

1999.99 3 -14. .9
Fij;;i% 55347 2?52_22 _;2_2? 232_42 The procedure to compute the MVP values may be ex-
Rule 11 155007 | 154751 -16.88 907 .86 plained using the following example. Suppose that the MVP

@ amplitude in a point with coordinates = 249 m andy =

—17.48 m, for a separation distaneé= 250 m between the
overhead transmission line and the buried pipeline and for

Zg?g-‘;g 193;-;3 o 12.58 earth resistivityp = 600 Om, is required.
486.63 474.08 -13.91 223.16 is given by
340.15 693.82 -14.11 -173.34
-22.66 -92.72 -27.93 113.72 m=11
800.04 800.49 -17.51 900.02 Z Al i
554.79 579.37 -21.55 994.68 f
2000.00 | 2029.44 -14.93 1000.00 _ J=
1485.36 1484.47 -17.32 900.04 A)d, z,y,p) = m=11 (1)
Rute 11 -18.21 -12.30 -8.84 987.00 Z i
() =1
TABLE 1l where
MEMBERSHIP FUNCTION STANDARD DEVIATIONS OF THE RULES OF jo_ 3 j j j . _
THE Two FLS’s WhicH Have BEEN TRAINED IN ORDER TO = ud(d)ux(x)uy(y)up(p) G=1-m=11) (2

M MVP A b MVP PH . , .
ATcH (@) e MPLITUDE AND (B) THE hee gives the degree of fulfillment of thgth rule by the input

ww 9 vector (d7 z, Y, p), and

Rule 1 386.00 194.33 6.00 190.65

“Rule 2 254.78 297.78 458 61.36 P i i ; L _

Rules 356.11 137.86 5.93 181.35 A =X+ Xd+ e+ My+XA,p (G=1,,m=11)
Rulle 4 385.97 143.61 5.90 193.99 3
Rule 5 27256 | 167.92 597| 13988 is the MVP proposed by thgth rule for the input vector
Rule 6 64.33 66.36 577 32.33
Rule 7 385.23 242.94 5.06 55.96 (d,z,y, p).

Rule 8 385.99 394.55 1.90 46.88 Using the membership function mean values and standard

Jue.s, T 2 2 deviations of Tables I(a), Ii(a), and (9a)—(9d) of Part I, it is
Ruls 11 266.83 288.25 1.00 36.29 possible to calculate the membership valpés;? , 13, 413, for

@ the input vectord = 250 m, z =249 m, y = —17.48 m, and

p = 600 Qm. The calculated membership values are given in
Table V. Using Table IV and (2) the degrees of fulfillment of
each ruley/(j = 1,---,m = 11 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

m=11

> W =0.3275. (4)

i=L

As explained in Part | of this paper, the consequence factors
M), X, AL, AL M have been normalized in the interval [0.0,
®) 3.0] and therefore (3) holds in this interval. Consequently,
o input variablesd, x,y, and p must be normalized in the same
The calculated MVP distribution is accurate for a faultefhiea The range of these input variables may be easily found
phase conductor height of 11 m. However, it has been fOUﬂ m Part | of this paper. For example, inpdt= 250 m is
using FEM formulation of Part I, that for separation distancet%ing normalized from interval [70, 2000] to interval [0.0,
d> 50 m, the MVP distribution differs less than 3.5%, for. 0] using the following:
phase conductor heights between 8-30 m. Therefore, the
trained FLS is also capable of calculating the MVP distribution 2000 — 250 _ 3 — duorm (5)
for all the phase conductor heights encountered in practice. 250 - 70 dnorm — 0

Rule 11 79.17 66.33 5.66 55.91
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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 vériable

TABLE Il TABLE IV
CONSEQUENCEFACTORS OF THERULES OF THE Two FLS'’s MEMBERSHIP VALUES FOR INPUT VARIABLES d = 250 m,
WHicH HavE BEEN TRAINED IN ORDER TO MATCH =249 m,y = —17.48 m, AND p = 600 Qm, As
(a) THE MVP AmPLITUDE AND (b) THE MVP PHASE CaLcuLATED UsING TABLES I(a), ll(a), and (9a)—(9dpF ParT I.
Inputs . ¢
Esd £=x Exy £zp
ol 0.6121 0.0810 0.6129 0.3835
el 0.0000 0.0000 0.8503 0.0000
ued 0.2827 0.7097 0.5184 0.8471
A 0.9947 0.9109 0.5445 0.4581
Rule 8 1.4613 0.5169 0.5053 0.1449 | 0.4195 He 09590 06789 05581 0.0000
Rihe . -0. -0. -0. .
Rule 9 05026 | -00029] -0.0052|  0.0226] -0.0030 ued 0.0002 0.0000 0.0940 0.0000
Rule 10 1.6509 -0.1982 -0.2034 -0.2500 | 0.0895 el 0.2916 0.0025 0.6798 0.0000
Rule 11 0.6571 -0.0131 -0.0124 0.0070 0.0151 18 0.9104 0.8815 0.3704 0.0000
@) e 0.0000 0.0000 0.1489 0.0000
:10 0.0189 0.1831 0.4877 0.9989
Ao Al A A Ao uelt 0.0000 0.0000 0.8381 0.0000
Rule 1 3.0000] -0.2513| -0.5511] 0.0291] 0.0987
Rule 2 04573 | -0.0003| -0.1324| 00618| 15110
Bici | 225 ooss| 0Osser] oooia] 0s0ss TABLE V
e : : = = : DEGREES OFFULFILLMENT OF EACH RULE pi? ( =1, -+, m = 11 RuLES) For
Buie 8 10927, -02816| -03719| 00367 03213 INPUT VARIABLES d = 2530 m, = = 249m, y = —17.48 m, AND p = 600 2m
Rule 6 2.8680 | -0.0071| -0.0109| 0.1159| 0.0096 - T Y= ) ' p=
Rule 7 24398 00009 -0.0018] 00232 | -00022 T ETTT AL E 6
Rule 8 2.7860 | -02223| -0.2572] 00017] 0.0549 0.0117 0.0000 0.0881 0.2260 0.0000 | 0.0000
Rule 9 1.8750 | -0.0038] -0.0069| 0.0301| -0.0038
Rule 10 2.0705 0.0018 0.0017 | -0.0010| -0.0020
Rule 11 29660 | -02123| -0.2532| 0.0038 | 0.0012 e 1
) 0.0000 0.0000 0.0000 0.0017 0.0000
compute the FLS MVP output given by (1) as
The normalized values of input variablés= 250 m, x = 249 m=ll
T
m,y = —17.48 m, andp = 600 Qm are dyorm = 0.279, Z Ay _
. . j=1 0.5761 .
Znorm = 0.315, Ynorm = 1,251, and pn'orm' = 1.762, A(dvxvyv p) = =1 = 0.3275 = 1.759. (6)
respectively. Using the consequence factefs\), AJ., A, A7, Zuj
of Table lll(a), the normalized input variables in the interval j=1
J . . . .
[0.0, 3.0], and (3), the MVPA’ proposed by each rule are  The computed MVP amplitude value is normalized in the
obtained. These values of/(j = 1,---,m = 11 rules) are interval [0.0, 3.0]. The MVP amplitude values used in FLS

given in Table VI. Using Tables V and VI it is possible totraining vary between 4.36E-06 and 7.03E-04 Wb/m. There-
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. TABLE VI Error (%)
MVP AJ ProposeD BY THEjth RULE FOR INPUT VECTOR
(d = 250m, 2 =249 m,y = —17.48 m, AND p = 600 m 121
At AB 104
2.4805 0.7699 1.4133 1.8595 2.3035 2.2044
AT All
1.1473 1.7156 0.5234 1.3762 0.6850

Frequency (%)

150 © (Qm)

1 2 3 4 5 6 7 8 9 10 11 12
Error (%)

(@)

Frequency (%)

(b)

Fig. 3. FLS errors for different separation distandesnd earth resistivities
p 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 distaiices
between power line and pipeline as well as various earth
Fig. 2. Frequency distribution of the FLS errors concerning (a) the amplit“ﬁ‘@sistivitieSp. In order to make these tests, the finite element

and (b) the phase of the MVP values in the earth around the pipeline . . . .
neigh(bc),rhood‘_) PP procedure described in Part | of this paper has been applied

and a suitable database has been constructed.

. . The results of the FLS have been compared with results
fore, the _MVP amplitude value 1'_759 must be denormal'z‘?ﬂ)tained using the FEM described in Part I. The FLS errors
from the interval [0.0, 3.0] to the interval [4.36E-06, 7.03Ezqncerming the MVP have been computed relative to the
04]. Finally, the MVP amplitude value for input variables,, rosnonding MVP FEM results and in absolute values, i.e.
d = 250 m, x = 249 m, Yy = —17.48 m, andp =600 Qm is Error = |(AFE1\'I _ AFLS/AFEI\'I) . 100| The FLS a.Verage

calculated equal to 4.14E-04 Wb/m. A FEM computation foérror concerning the MVP amplitude is equal to 2.77%, while

the same separation dist_am&ear_wd the same ez_;\rth reSiS_tiVitythe FLS average error concerning the MVP phase is equal
p leads to a MVP amplitude in the node with coordlnatet% 2.12%. However, once FLS is trained, the electromagnetic
t= 249 m andy = —17.48 m equal to 4'11E.'04 Wb/m. .T.hefield in new cases with different configuration may be easily
difference between. FEM and FLS calcglatlon IS neg“.g'bl%alculated. The computing time is negligibly small, compared
however FEM requires a huge computatlo_nal effort, while ﬂ}g the time needed for FEM calculations of the new configu-
proposed FLS needs only simple calculations. ration case. In all reported cases, one FLS calculation requires
a computing time approximately equal to 0.000055% of the
lll. PERFORMANCE ANALYSIS corresponding FEM calculation.
The performance of the trained FLS in the computation The frequency distribution of the FLS errors concerning the
of MVP distribution in the earth around the pipeline neigheomputation of the MVP amplitude values in the earth around

Error (%)



SATSIOSet al: ARTIFICIAL INTELLIGENCE SYSTEM: PART I 527

the pipeline neighborhood is shown in Fig. 2(a). From thig4] J. Weiss and Z. Csendes, “A one-step finite element method for

figure it can be seen that 66% of the errors is less than 3.0%. Mmulticonductor skin effect problems|EEE Trans. Power Appart. Syst.
vol. PAS-101, pp. 3796-3803, Oct. 1982.

Fig. 2(b) shows the corresponding frequency distribution ofs; pLabridis and P. Dokopoulos, “Finite element computation of field,
the FLS errors in MVP phase calculations. Fig. 2(b) shows losses and forces in a three-phase gas cable with nonsymmetrical
that 69% of the errors is less than 3%. Condlté‘ggr f‘ég”gggqugg'z Trans. Power Deliveryvol. PWDR-3,

Fig. 3 shows the FLS errors for different separation dis{g) Ko Satsios, D. P. Labridis, and P. S. Dokopoulos, “Fuzzy logic for
tancesd and earth resistivitieg concerning pipeline surface scaling finite element’s solutions of electromagnetic fiel&EE Trans.
amplitude and phase MVP values. From Figs. 2 and 3 it is Magn. vol- 33, pp. 2299-2308, May 1997.
evident that FLS results are in a good agreement with those
obtained by FEM.

Finally, using pipeline’s surface MVP values derived from
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