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Abstract—Artificial intelligence (Al) has been used to determine  system control [5], system identification [6]-[7], optimal load
the electromagnetic field in the complex problem of a faulted flow [8], and short term load forecasting [9]. In [10] a fuzzy
overhead transmission line above earth and a buried pipeline. logic system (FLS) has been developed, capable of obtaining

A suitable Al system for scaling finite element electromagnetic uti f imol bl involvina FEM soluti |
field calculations has been developed. This system was trainedf"l solution of a simple problem involving solutions only

by using finite element calculations for configurations, i.e., cases IN @ few cases and defining a scaling law for determining the
having different distances between the overhead transmission line missing cases with an acceptable error.
and the buried pipeline as well as different earth resistivities. The In the present work the method of [10] has been extended in
Al system may be used to calculate the electromagnetic field in o qer 1o solve more complex electromagnetic field problems,
new cases differing significantly from the cases used for training. . L .

as in the case of an overhead transmission line above earth

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

I. INTRODUCTION
Il. FINITE ELEMENT CALCULATIONS

INITE element analysis arose essentially as a discipline
for solving problems in structural engineering. It soon
became clear, however, that the method had implications f

beyond those originally considered and that it in fact presentnrade for different separation distaneBisetween the overhead

a very general and powerful technique for the numeric{al oo S .
: . : : . ransmission line and the pipeline as well as for different earth
solution of differential equations. The intense development .

of finite element analysis in the last decade showed thatrg§|stivitie5p. FEM results have been used in order to initialize
the present time it is probably as important as the tradition%ﬁ]d train a FLS. - . .
The TLS shown in Figs. 1 and 2 consists of a straight

engineering applications. . A
9 g app farrow corridor shared between one pipeline and one trans-

As in all other engineering fields, the use of finite eIememISSion line. indicated as “parallel exposure” A standard
method (FEM) for the solution of Maxwell's differential ' P P ' ;
wer frequency of 60.0 Hz has been used to simulate a

equations describing an electromagnetic field problem, ledd

always to useful conclusions [1]-[4]. However, the origina? ?Ssigeao;othgeml;?g”;allg; actsz?:an;r?a :‘IZ\rr“;Cv;s ?rz?rt?]zdbtl?rigs
problem is always transformed to a numerical one, increasi P P Y

the computing time with the number of the discretizatioR eline as shown in Fig. 1(c). The earth current associated

nodes. A complex electromagnetic field problem, i.e., a pro jith this fault has a negligible action upon the buried pipeline.

g . . erefore, in this case it may be reasonable to assume that
lem consisting of a complicated geometry and many different . o .
. . only inductive interference, caused by the fault current flowing
materials, leads to a large computational effort. Therefore, a . .
the section where the TLS runs parallel to the buried

scaling method of the results from one configuration case s eline [i.e., in the “parallel exposure” of Fig. 1(c)], exists
another may be of interest if it needs shorter computing tingr)(%) ! 1.€., I P exposu '9. » EXISIS.
o : e TLS consists of an aluminum conductor steel reinforced
than an additional FEM calculation, HAWK) two conductors bundle per phase [15]-[16]. Skywire
Fuzzy logic, which is a research area of artificial intelligenc(s ) perp [15]-[16]. Skyw

. nductors radius is 4 mm, pipeline inner radius is 0.195
(Al), seems to be an efficient method to create systems capable. A . . .

. ) . . . Mm, its outer radius is 0.2 m, and coating thickness is 0.1
of learning relationships and using this knowledge for further Finally. concerning the material properties. the soil is
calculations. Fuzzy systems have been successfully apphednm Y, 9 lal prop ' .

assumed to be homogeneous. Pipeline metal and skywires
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A finite element procedure has been used to determine the
lectromagnetic field in a typical transmission line system
oLS) shown in Figs. 1 and 2. FEM calculations have been
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Fig. 1. (a) Cross section of the system under investigation, (b) detailed pipeline cross section, and (c) top view of the parallel exposure.

¢ In the TLS examined in this paper, only the inductive
interference, due to the magnetic field, exists.
{ e The parallel exposure is assumed to be equal to 25 km,
leading to infinite length conductors.

Sky Wires

S

Zg=4+50 |

Phase ¢ : ; 1 Therefore, assuming the cross section shown in Fig. 1(a)
45 "V<2“’Z°s=4ﬂ.50 lies on thex—y plane, the linear 2-D electromagnetic diffusion
Phase b ; : 1 problem for thez-direction components of the magnetic vector
145 kV<120° : Faulted - .
Phase a Zg=4+i50 | Phase ) potential (MVP) vectorA, and of the total current density
al \ 45@%00 - r'F /’B ! vector J, are described [11] by the system of (1a)—(1c)

1 [0%4, O%A.
= | —jwoA, +.J,. =0 la
) oir { o2 oy } Jordst dee (12)
povereees —jwoA. +J,.=J. (1b)
é///ParaIIeI Exposure \\ // Jods =1, (10)
Insulaﬁon . o Insulation S;
Junction  Buried Pipeline Junction

k11 whereos is the conductivityw is the angular frequency,, and

- - are the vacuum and relative permeabilities, respectively,
Js. is the source current density in thedirection, andl; is
the imposed current on conductoof cross sectiors;.

%ZG 4 When applying FEM for the electromagnetic field calcu-
= <__'f. ' o - lation of a multiconductor system, a zero Dirichlet boundary
Reference Earth ; i '(AZ = 0) far away fr_om the system enclosing all the currents,
‘—'z : i is assumed [11]. With maximum valye= 1000 Qm for the
Axis y <|2 12.5 kmf earth in the examined problem, the skin depth is about 2 km at

60 Hz. Consequently, the Dirichlet boundary inside the earth
should be greater than 2 km in order to approximate accurately
the earth current. The total solution domain for the examined
Fig. 2. Circuit diagram of the system under investigation. problem is therefore a square with 10 km side.

Axis z <——~ l1+lp —25 km ~——>
Axis x
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The main driving parameter of the FEM problem examined The analysis that follows refers to pipeline sectigi.
is a fault current/r flowing through the two conductors ofIf reference (remote) eartCLQDEF is supposed to be a
phaseq of the TLS. An open circuit (i.e., no load conditions)conducting plane of infinite conductivity, then the voltdge,
is assumed, for the other two unfaulted phases of the TL&:ross a poinf of the pipeline sectior’ X and remote earth
This condition is modeled in the FEM process by imposin@ may be determined by combining FEM calculations, and
zero currents on phasdsandc¢ (I, = I. = 0 A). The Faraday’s law applied in the closed pati)D.J P
impedance¥, andZs of Fig. 2 have actually no effect on the ~ 9%
currents of these two phases, since no currents flow through j{Edl + 5 = 0 (3)
phases andc. Furthermore, from the pipeline configuration
shown in Fig. 2, it is evident that the pipeline cannot Carr\yhere@ is the flux of the magnetic field through the closed
any z-directed current. Therefore, a zero current has been a@th PQDJP. In a 2-D field, this flux in the planéz, y) is
imposed on the pipeline in the FEM formulation. Finallygiven by
it should be mentioned that sky wires are assumed to be d—A. I 4)
segmented [17], [18], in order to eliminate the losses asso- i
ciated with circulating currents magnetically induced to thenwhereA is the ~ component of the MVP andl. is the distance
Therefore, these wires are treated as individual conductors with/ from grounded point/. Writing (3) using phasors instead
no current imposed to them. No current is also imposed for thé time functions is obtained
earth, a conductive material with resistivity After the FEM .
solution of the system of (1a)-(1c) the total return current Vrq +Vob + Vps +Vip + jw® =0. (5)

(—Ir) will be distributed between sky wires and earth. Finally the voltage/p¢ across the poinP and remote earth

The finite element formulation of (1a)—(1c) leads [3]-{4] tq) s easily obtained as a linear function of its distaficérom
a matrix equation, which is solved using the Crout variation @founded point/

Gauss elimination. From the solution of this system, the values

of the MVP in every node of the discretization domain, as Vpg =U(L.) = jAwl, (6)
well as the unknown source current densities, are calculat
Consequently, the eddy-current density, of elemente is
obtained from the following [11]:

ng(xv y) = —jCUO'AZ(.’IZ', y) (Za)

?éjading to a maximum value of this voltage across end point
K and remote eartll. as

Vi = jAwl,. (7)

Due to the symmetry of pipelindd K across grounding

and the total element current density will be the sum of the  ° . .
point .J, the same conclusions hold for sectiéhJ.

conductoré source current density,., and of the element-
eddy current density/¢, given by (2a), i.e.,

T y) = Je (@ y) + Joi (2b) The main purpose of this paper is to develop and train a

Integration of (2b) over a conductor cross section will give theELS in some configuration cases of the TLS shown in Figs. 1
total current flowing through this conductor. and 2, with different separation distanekand different earth

The solution domain is subdivided into first order triangularesistivities p. After the training, the MVP distribution may
finite elements. A Delaunay based [12] adaptive mesh geneba- calculated for every configuration case in a very short
tion algorithm has been used for the original discretizatiotime, without an additional FEM calculation. Using pipeline’s
The continuity requirement of the flux densit®# on the surface MVP values, derived via FLS and (6), pipeline induced
interface between neighboring elements has been chosen Md}ages may also be calculated.
as the criterion for an iteratively adaptive mesh refinement. If a multi-input, single-output fuzzy system is considered,
The Delaunay based original mesh of approximately 30@®@oblem inputs are the separation distaddeetween the over-
elements, using the above criterion, led in almost all casksad transmission line and the buried pipeline, the coordinates
tested to a mesh of 19000-21 000 elements. Relative elemen of a point, and the earth resistivity from the space
distribution in this mesh reveals the good behavior of thé(d,z,y,p € U), while the single output is the MVP in
criterion chosen. A subsequent refinement is not necessaach point. Inputs have to be transformed to and from fuzzy
because, although it rises the number of triangles up to 50%&yiables in order to use fuzzy logic to solve our problem. So
MVP results are hardly influenced. the basic configuration of the FLS used in this paper comprises

Consider now the pipelin& K of Fig. 2 running parallel to four principal components:faizzification interfaceafuzzy rule
the faulted phase. The pipeline is grounded with a resistancéase afuzzy inference machinand adefuzzification interface
Zg at the pointJ, while junctions isolate the pipeline at both The fuzzification interfaceperforms a scale mapping that
end-pointsH and K for cathodic protection purposes. Thdransfers the observed nonfuzzy input spatec R™ to the
pipeline sectiong? J and.J K are long enough (12.5 km each)fuzzy sets defined irf/. Hence, the fuzzification interface
in order to allow the approximation of the problem by a 2-[provides a link between the nonfuzzy outside world and the
analysis. Due to the symmetry of pipeline sectidii’ across fuzzy system framework. A fuzzy set [14] defined 1A
grounding point/, the 2-D FEM may be applied for bothis characterized by a membership function There are in
sectionsH J and J K, with identical results. general many fuzzy sets defined ih

Ill. Fuzzy LoGIC SYSTEM DEVELOPMENT
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Thefuzzy rule basés a set ofm rules, in general linguistic where
or conditional statements, in the form of: “IF a set of conditions j_ j j j
is satisfied, THEN a set of consequences are inferred.” W= ra( @)y (y)i (p) (11)

The fuzzy inference machinis the decision making logic is the degree of fulfillment of rule?’ by the input vector
[6] which employs fuzzy rules from the fuzzy rule base tdd,z,y, p) while A’ is defined in (8).
determine fuzzy outputs of a fuzzy system corresponding to
its fuzzified inputs. In this papefuzzy inference maching A. Gradient Training of the Fuzzy Logic System
the form suggested in [6] are employed, where fuzzy sets arg-g\ results of different configuration cases of the system
involved only in the premise part (_IF part) _of the rules whilgpown in Figs. 1 and 2 for a fault curref¢ of phases equal
the consequent part (THEN part) is described by a nonfuzgy1000 A are used to create a suitable training data base (TDB)
function of the input variables. _ for the FLS. The MVP of the steady state problem is expressed

The jth rule, k¥ in our case may be described as followsy,sing complex phasors and therefore it consists of two parts,
the amplitude and the phase. Since the FLS method has a
single output, two different FLS’s are required to calculate
' MVP nodal values. The first one must be trained in order to

1, correspondingly match the amplitude and the second one in order to match the
THEN A/ — XN+ M d+ N+ )\éer Af,p (8) phasg. Therefore, the TDB must haye two outputs, the MVP
amplitude and the MVP phase, which are necessary for the
where R/ (j = 1,---,m) are the fuzzy rulesd, z,y,p are amplitude and phase training, respectively. Using the TDB it
the input variables to the fuzzy system/ is the MVP is possible to construct the fuzzy rule base of each FLS. Fuzzy
proposed by thejth rule, andufi,%,%,u{) are the mem- rule base parameters are determined by a training process, so
bership functions which characterize thith rule fuzzy sets that the output of each FLS adequately matches the FEM MVP
defined in the space of the input variables of separatio@sults. These FLS's are capable, after suitable training, to
distanced, node’s coordinates, v,, and earth resistivity. The calculate the MVP distribution in the whole solution area of
parameters\), A, A, M\ are the factors of the consequenthe complex electromagnetic field problem of Figs. 1 and 2.

dr) oy Ty p . R . . .
part of the jth rule. The membership functions in our case However, in this kind of electromagnetic field problems, at-

R’: IF dandz andy andp belong to thejth
membership functions’, and ., andy, and

have been chosen as follows: tention is paid mainly to the voltages induced on the pipelines
- 9 by the field. This will accordingly limit the range of the

i(d) = ex 1fd-7a) ©a) Y coordinate. Therefore various different points have been

Ha P 2 a(’ll' chosen in the earth around the pipeline neighborhood, as well

-, as in the pipeline itself. For each of those points, different
; 1 <a:—a;> ] (9b) separation distanced and earth resistivitiesp have been

Ho(r) = exp | =5 ol selected. As shown in TDB of Table I, separation distasice
o between the overhead transmission line and the buried pipeline
; 1{y—o varies between 70 and 2000 m, earth resistivityvaries
1 (y) = exp —§< ‘“) (9¢) o

between 30 and 100Qm, coordinater takes values between
40 and 2030 m, and finally coordinagetakes values between

i 1{p—7ad 2 0.0 and—30.0 m. This range of the input variablész, y, p in
pip(p) = exp | —5 - (9d) the TDB leads to a trained FLS capable to determine the MVP

distribution in the earth around the pipeline neighborhood,

o i i including pipeline itself, for every new practical case having
wherew,, @z, @, @), andoy, o3, 03, o7, are the mean values yigterent separation distanekand different earth resistivity.
and the standard deviations of the membership functions,ih, Tpg outputs (MVP amplitude and MVP phase) will be

respectively. B normalized in the interval [0.0, 3.0] for an easier FLS training
The defuzzification interfacelefuzzifies the fuzzy outputs [5].

of the fuzzy inference machine and generates a nonfuzzyrpe parameters of the FLS to be adjusted through its training
output, which is the actual output of the fuzzy system. Thees =i i (for ¢ = d,x andj = 1,---,m) and M

. . . . . . gr¥e - bl ayapa J - bl ?m <
weighted average defuzzification interface, which is [5] th(?or ¢ = 0,d,z,y,p, and j = 1,---,m). Let z denote
most commonly used method, is also used here. the vector of the tuning parameters. Initially it is assumed
_ The single output of the FLS defined above, i.e., the MVt the number of ruless is fixed. If ¢ is the number of
ih a p0|nt_ W_'th co_ordl_nateg,y for separation distance and training patterns of TDB shown in Table I, the FLS is trained
earth resistivityp is given by by presenting it with the set of input/desired output pairs

moo (AP, P, P, pP A ), p =1, p. A gragignt glgorithm is
ZA’/M then used to tune the FLS, so as to minimize its mean square
j=1 error
A(d7 Z,Y, p) = JT (10) 1 q
> wi Iy == (12)
i=1 4
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TABLE |
TRAINING DATA BASE USED FOR THE TRAINING OF THE Two FLS’s. INPUT
VARIABLES ARE THE SEPARATION DISTANCE d COORDINATES it AND y OF A
POINT AND EARTH RESISTIVITY p. OUTPUT FOR THEFIRST FLS Is THE
AMPLITUDE AND FOR THE SECOND FLS THE PHASE oF MVP Argm(d, 2, v, p)

70

-22,80

70,00 |-1500| 3000 361E-04
70 | 8166 | 27.03| 30,00 3.20E-04 2557
100 | 100,00 | 30,00 30,00 2.99E-04 3123
800 | 770,00 | -30,00| 30,00 2.23E-05 82,64
800 | 785,00 | 0,00 | 3000 427E-05 7883
800 | 818,25 |-13,50| 30,00 3.88E-05 8261
7000 | 1030,00 | -15,00| 30,00 2.48E-05 0027
2000 | 1970,00 | 22,50 | 30,00 4.76E-06 108,10
2000 | 202069 | 861 | 3000 436E-06 108,54
400 | 38481 | 7.82 | 70.00 172E-04 44,46
200 | 392,25 | 2556 70,00 1,67E-04 36,05
400 | 42477 | 693 | 70.00 1.58E-04 2672
1000] 670,00 |-15.00| 70,00 595605 73.04
1000 100750 | 0.00 | 70.00 5 6BE-05 72.98
1000 1015,00 | 30,00 | 70,00 5 47E-05 76.05
70 | 40,00 |-30,00| 100,00 |  5,09E-04 2045
70 | 4000 |-1500] 100,00 |  5,38E-04 1934
70 | 4000 | 0,00 | 100,00 | 559E-04 1853
100 | 92,25 | 2556 100,00 | 4.15E-04 23.98
800 | 770,00 | 0,00 | 100,00 1.04E-04 59.87
1000 98055 | 16,89 | 100,00 | 7.58E-05 67.10
1000 | 101500 | -30,00| 100,00 | 7.16E-05 69,22
1000 102250 | 0,00 | 100,00 | 7.23E-05 6727
300 | 31238 | -8.10 | 300,00 | 3.17E-04 2923
300 | 324,05 | 2353| 30000 |  3,10E-04 30,00
2000 | 2007,50 | 0,00 | 300,00 | 5.86E-05 7255
200 | 215,00 | 3000 | 50000 |  418E-04 2383
300 | 281,66 | 27,03 | 500,00 | 3.75E-04 25,93
300 | 290,36 | -15.80 | 50000 | 3.71E-04 26,01
300 | 32250 | 0,00 | 50000 | 355E-04 26,74
1000 | 1030,00 | 15,00 | 500,00 1.70E-04 4460
750 | 120,00 | 1500 | 70000 | 5.46E-04 19,26
200 | 38481 | 782 | 70000 |  352E-04 56,89
700 | 670,00 | 2250 | 70000 | _ 2.60E-04 3374
700 | 690,36 | -15,80 | 700,00 | _ 2.56E-04 3407
700 | 712,38 | -8.10 | 70000 | 251604 3441
150 | 150,55 | 16,99 | 900,00 |  5.30E-04 1970
500 | 194,77 | 6.93 | 90000 |  4,88E-04 2090
800 | 830,00 | -30.00| 90000 | 2,46E-04 35,01
1500 | 1499.00 | -17.48 | 900,00 1.56E-04 4635
1500 | 152477 | 6.93 | 900,00 154E-04 4656
70 | 5481 | -7.82 | 1000,00|  7.03E-04 1594
750 | 131,66 | -27.03 | 100000 |  558E-04 18.98
500 | 524,05 | 2355 1000,00|  3,29E-04 2827
2000 | 2030,00 | 15,00 | 100000 | 1.22E-04 52.73

where the square erraf? of the input/desired output pajr

is given by

2
JP = 3 [AP(d, 2.y, p) — Afpn(d, 2, p)]

in which AP(d, z,y, p) and AL, (d, z,y, p) are the calculate (d',z',y*, p'), while the standard deviations reflect the degree
values of MVP at the input/desired output paiffrom FLS of fuzzification and they are selected in such a way that allows
and FEM, respectively. Given an input/desired output paiverlaps of membership functions;, si%,, 11y, .-
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(d?,x, y?, pP /ALy ), the gradients off” with respect to the

system parameters

are

1
Vg J? = [AP(d, 2,9, p) — Afpn(ds 2,9, p)]

S
j=1

. [Aj — AP(d,x,y, p)]

P _ ol
S (14a)

(2

1
Vol == [Ap(d,a:,% p) = Appu(d, @y, p)
>_w
=1
. P _
A - AP(d 2y, p)] (14b)
Oz

wheree = d,z,y, p,

and

Nj
v)\é JV = m [Ap(d’ z,Y, p) - AII-)“El\rI(d’ z,Y, P)] K

S

i=L

(14c)

where¢ = 0,d,z,y, p if K = 1,d,z,y, p, respectively.

The minimization

ofJ(z) in (12) through a gradient algo-

rithm, leads to a learning rule which is expressed usiry

the following:

zw+1)=z(v) —nV_,J (15a)
q
V.g=1 S v.p (15b)
p=1

wheren is an acceleration factor, is the iteration index, and

the gradientv_J? is

computed using (14a)—(14c).

B. Initialization of the Fuzzy Logic System Rules

The number of rules may be arbitrarily determined. This
leads in general to a long training time and large training
errors. To improve the training time and reduce these errors,
m is determined sequentially. The training starts with a certain
initialization of fuzzy rule base, beginning with a single rule
(m = 1). In the next step, a rule base adaptation procedure
[9], [10] is used. The parameters af = 1 fuzzy rule are
initialized on the basis of the first input/desired output sample
pair (d*, =t 4, pt/ALg,,) as follows:

1 1

(16a)

o, = 2—[max (e?) —min (eP)] (forp =1,---,¢)(16b)
m
A5 =Abpa, AL=0 (16¢)

wheree = d,x,y, p.

&

The choosing method for the parameters described in
(16a)-(16c) performs the function of fuzzification, that
converts input data into suitable membership values, which

of the membership

(13) may be viewed as labels of fuzzy sets. The mean values

functions are centered directly at point



SATSIOSet al: ARTIFICIAL INTELLIGENCE SYSTEM: PART | 521

C. Rule Base Adaptation

This procedure starts with the initialization of the first

(m = 1) rule. The gradient training algorithm described by
(14a)—(14c) is used to train the FLS based on input/desired (“E“’ “STEM'S""""M"E“]

output p pairs. When the procedure has reachedrules, +
an additional new training patter(‘dp,azp,yp,pp/Angl\q) is [ RULES INITIALIZATION ]
considered. C
The firing strengthof the fuzzy rule base is expressed as — Mmtﬂm —
(THE TRAINING DATA.BASE)
m
Su(d?, 2P, yP, p?) = i (17)
j:1 ( FUZZIFICATION AND ]
CALCULATION OF yJ, 4/ J [\« NEW RULE TG COVER THE
while a threshold3 is defined as théeast acceptable firing R o THEPA;TER]_‘ o
strength of the fuzzy rule base. IS, (d?,z?,y*, p?) <3, vus wHICH sTANDS 2 41/
then a new ruleR™*! must be added to the rule base. If SING RULE BASE ADAPTATION
pr L @m Tt o™+ represents the new membership in ¢tie o
premise space, then the parameterg8f! are selected as —
( FNN'S OUTPUT ]
antt =P (18a) +
O_;n—l—l :’Y(Ep _ agearest) (18b)
1 m—+1 ( )
A=Ay, APt =0 (18c)

where @@t js the mean value of an existing membership
closest to the incoming pattern vectdt, v is an overlapping
factor (chosen equal to 1.5 from computer experiments), and
e = d,z,y,p. From (18c) it is evident that consequence
parameters\ are normalized in interval [0.0, 3.0], sincg-gm
values have already been normalized in this interval. This leads *
to a MVP A’ (8) proposed by thgth rule in the same interval.

The generation of new rules establishes the rule base adap- @
tation mechanism, which is described by the following stepsig. 3. Flow chart diagram of the FLS training procedure.

e The new patternd?, z?, 4, p? is fed forward through

the FLS and the corresponding firing strengtQistribution in the whole solution area of the above problem.
Su(dP, P, 4P, p*) is computed. _ Attention has been paid in this problem to the voltages induced
It Su(d?,x”,y", p?) > f then the rule base is left o the pipeline by the electromagnetic field. Therefore, the
unchanged and gradient training is performed in ordgipg derived by FEM calculations, has been limited geo-

to match the new sample pair. metrically in the earth around the pipeline, including pipeline
o If S,(dP,a?, 4P, pP) < 8 then a new fuzzy rulR”*! is  jigelf.
created, parameters according to (18a)-(18c) are selecteGhe presented training scheme includes just the necessary
and gradiend training on the expanded fuzzy rule basex{f 7y rules within the premise space, leading to a minimum
performed. of FLS trained parameters. The rule base adaptation procedure
The overall FLS training procedure is described with thgrogressively generates new rules, expanding the existing
flow chart diagram of Fig. 3. The proposed training schenigzzy rule base.
offers the advantage of including only the necessary fuzzypart Il of this paper presents the calculation technique
rules within the premise space, leading to a minimum of FLif order to compute the electromagnetic field of the above
parameters for training. The FLS training has been execuig@blem using the FLS trained parameters. Furthermore, Part
using the above scheme and the TDB of Table |, with a me@nanalyzes the test results of the FLS performance in a
absolute errorEy,, of 1%. At the end of the procedure thelarge number of different configuration cases of this complex
FLS rule base contained 11 rules. The membership functiagiectromagnetic field problem.
and the consequence factors obtained from the training of the
FLS are reported in Part 1l of this paper. REFERENCES
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