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Abstract - The paper discusses the basic aspects
of modeling, simulation and optimization of
transmission lines, with emphasis in validity,
applicability and limitations of some used pro-
cedures, and some guidelines for development
of new procedures.

1. INTRODUCTION

In this paper we discuss the basic aspects of modeling,
simulation and optimization of transmission lines. As the
subject can not be systematically covered within a single
paper, we have chosen some specific points, as examples,
which we discuss with emphasis in validity, applicability
and limitations of some used procedures, and some guide-
lines for development of new procedures. Due to the vast
bibliography about lines and its modeling, following the
aim of this paper, we do not give a comprehensive list of
references. We only indicate, also as examples, some refer-
ences directly related with chosen specific points and the
way they are presented. By no means, the choice of topics
may be interpreted as a judgment of methodologies and
procedures not dealt with in the paper.

The topicsrelated to transmission lines modeling, simula-
tion and optimization cover :

a. Physical evaluation of basic line parameters and associ-
ated analytical, numeric, analogous or test procedures, ad
accuracy requirements, according to foreseen applications.

b . Procedures to represent a line, considering its basic
parameters and length, e. g. as seen from its terminals, ad
in aform adequate for the specific application.

¢. Modeling and simulation of alineinserted in a network
and interacting with the behavior of other elements.

d. Optimization of a line, according normal and transient
operational constraints and effects, investment and opera-
tional cost, reliability, service quality, people and equip-
ment safety, ambient impact, effects of eventual deviations
from foreseen operational requirements.

In what concerns operational aspects and constraints, the
following aspects must be taken into account:

A . Inwhat concerns el ectromagnetic behavior:

A .1 Normal and contingency conditions and several types
of transients, including slow transients, such as those in-
volving electromechanical stability and related phenomena,
voltage stability related to slow phenomena, sustained elec-
trical overvoltages and related transients, fault and switch-
ing transients and fast transients, as those associated to
lightning and to electric arc extinction, slow and fast ioni-
zation processes, disruptive and aging mechanisms.

A .2 Electromagnetic field and other parameters related to
human and equipment safety, ambient impact, interference.
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A .3 Interaction with mechanical, thermal, chemical, pol-
|ution and meteorological phenomena.

B. In what concerns mechanical, thermal, chemica and
related meteorological phenomena:

B.1 Mechanica strength and aging, considering statistical
aspects of temperature and meteorological phenomena,
cascading effects and vandalism. Mechanical interaction
with ground in towers’ foundations.

B.2 Temperature resulting from load, transients and me-
teorological conditions, associated conductor displacements
and effects in line parameters, including basic and insula-
tion parameters, electromechanical forces, safety.

B.3 Electrochemica and surface aging, corrosion.

In order to situate the discussion of chosen points, avoid-
ing some confusion resulting from different terminologies
and assumptions, we present the Appendix 1 - Traditional
basic formulation of line parameters evaluation, in which
we do a very simple presentation, basically as example.
Some of basic aspects are presented there, and, so, we do
not repeat them. In order to simplify the presentation, we
include in Appendix 1 some procedures we have deve oped,
e g. in order to consder the electric permittivity of
ground, the corona phenomena and lightning effects, ad
that are not used in common engineering practice.

In item 2. we discuss, as example, some basic aspects of
usual procedures to evaluate line parameters, within the
context of the simple formulation of Appendix 1.

In item 3. we ded with the effect of line transposition,
trying, in this example, to illustrate a quite simple proce-
dure of line modeling that avoids some frequent simplifica-
tions, and to discuss, in a concrete example, the effect of
some modeling variants and simplifications, under the
points of view of modeling procedures and of errors of ob-
tained results. Some aspects that ded with a more detailed
interpretation of modeling and errors are placed in Appen-
dix 2 - Modulus of immittance W in examplesa, b, c, in
function of frequency.

In item 4. we discuss some aspects of modeling shield wire
effects, related we the evaluation of the error that results
from some usual simplifications and the definition of the
conditions in which such error is acceptable.

Initem 5. we discuss basic soil modeling, for line parame-
ter evaluation purposes. We have chosen this topic be-
cause, typically, soil modeling assumptions, in line pa
rameter evaluation, isfar from redlity.

Initem 6. we present several aspects of very long distance
transmission lines and systems, that are important for an



adequate optimization of this type of transmission sys
tems. In 6.1 we discuss some essential aspects of very long
distance transmission. In 6.2, we comment basic physica
aspects of very long lines operating conditions, and, in
6.3, basic physical aspects of very long lines switching.

In item 7. we discuss some aspects of transmission line
optimization, with some concrete examples.

In item 8. we discuss the importance of joint optimization
of line, network and operational criteria, also with a con-
crete example.

Initem 9. we present a basic methodology to evauate ade-
quacy of line parameters and simulation procedures.

Initem 10. we present some conclusions.

2.SOMEBASICASPECTSOFUSUAL PROCE-
DURES TO EVALUATE LINE PARAMETERS

In the most usual procedures to evaluate line parameters
there are some explicit or implicit assumptions that imply
in physical approximations. According the specific case or
application, the erors resulting from such assumptions
may be important and, even, may invalidate results ob-
tained with such procedures.

The number of such assumptions is quite high. So, only
two examples are discussed.

Thefirst example is related with the implicit assumption of
quas stationary behavior of electromagnetic field, for direc-
tionsorthogonal to line axis, that is consdered in most (but
not all) usual procedures of power engineering practice.

In order to simplify thediscussion, let us consder a cylindri-
ca conductor, with infinite conductivity, of infinite length,
immersed in an homogeneous medium. Let us consider cy-
lindrical space coordinates, x , r , ¢ , being x coincident with
the axisof the conductor, r the distanceto such axisand ¢ the
angular cylindrical coordinate. Let us consider electromag-
netic magnitudes at frequency f , in complex representation.
Let us consider in such conductor alongitudinal current, | ,
function of x , and a total transversal current (including
conduction current and displacement current), per unit
length, |, . The electric charge, per unit length, in the con-
ductor, Q , isrelated with 1, by

L=iwQ (w=2mf)

The line parameters per unit length, Z , Y , are associated
to electromagnetic fields, E , H , that can be obtained, e.

g., through Lorentz potentials V , A related with charge
and current in the line.

The most used proceduresto obtain parameters imply that,
in aplane perpendicular to line axis, defined by a value of
X :

- V,A,E,H , dependonvauesof | ,Q (or related [, )
for the same x . This implies that the dependence on x of
| , Q have negligible effect on electromagnetic field, or, in
other words, that the variation of 1 , Q within the range
[x-A,x + A]of x is quite small, for A much higher
that the distance from the conductor in which electromag-
netic field isimportant.

- V,A ,E,H ,inair or withidea ground, are related to
valuesof | , Q (or related |, ) in the same instant t , for
the same x , what implies to assume instantaneous propa
gation in directions perpendicular to x .

Some very simple examples show the eventual importance
of errors resulting from the most usual common assump-
tions:

- For idedal conductors and ideal ground (infinite conductiv-
ity) the longitudinal impedance per unit length, Z , and the
transversal admittance per unit length, Y , with usual as
sumptions, would be

Z=iwlL Y=iwC

with L and C frequency independent. However, the correct
values of L , C , if défined through the previous expres-
sions, are frequency dependent, although, at “low” fre-
quency, they can be assumed frequency independent with
acceptable error.

- With the usual assumptions there would be no radiation
from transmission lines, what is not true.

To clarify the main aspects of quas stationary approxima:
tion, in electromagnetic field evaluation, let us consider a
linear, homogeneous isotropic medium, characterized by a
propagation coefficient k , for electromagnetic magnitudes
of frequency f , in complex representation, associated to a
factor e ! | being w=2mf , and

k= yHEW +U 0w
Inair, k 03.337 10° m’s. wand, for 1 MHz, k [10.0219 m™.

Let us consider a“punctual” electric charge, in afixed posi-
tion in space and varying sinusoidaly in time, of the form
(in complex representation)

q=9 e—i wt

Let us consider ageneric point P , at distance r from such
charge, and let r be the vector of point, referred to the cen-
ter of the electric charge.

With some constraints and criteria of vaidation and inter-
pretation, the eectric field, E , associated to such charge,
in the generic point P, is

qa 1 et .. ik
A 2 e r[1 ikr] €

The “quasi stationary” approximation is equivalent to con-
Sder

[kr]<<1

and, so,
qa 1 et !
4me 2 r

Similar effects appear in the relations between eementary
charge and current sourcesand associatedV , A , E , H ,
without, or with, quasi stationary approximation.

To have a more concrete idea of the relative effect of the
quasi stationary approximation, let us consider the relative

error, /A, , of the transversal unitary impedance, defined as

DA =Z,1Z-1



being:

Z, the transversal impedance, referred to an unitary
length, between a charge straight linear filament, infinite
in both senses, with uniformly distributed charge, ad
varying sinusoidaly in time (with equa phase along the
filament) and a pair of linear filaments, parale to the
charge filament and at distances from it respectively r, ax
r,, in ahomogeneous, linear and isotropic medium.

Z,, the transversal impedance, referred to an unitary
length, in conditions similar to those indicated for Z , , but
with the quas stationary approximation (equivalent to as-
sumekr=0).

In Fig. 1 we represent the modulus, | A, |, of A, , in func-
tion of modulus, M , and argument, A , of kr; =M e'?,
for r,/r; =10. Thevaluesof | A, | areindicated by num-
bers in white or blue, that identify the lines that separate
value domains of | A, |, in acolor scale.

In Fig. 2 we do asimilar representation, for r, /r; = 100 .

InFig. 3to 5werepresent | A, | in function of M , for a
pure dielectric medium (6 =0), inwhich k isrea and, so,
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Fig. 2- |A, | in functionof M , and A, for r,/r; = 100.

A=0.Fig.3,4and5refertor,/ r, equa to 10, 100 ,
1000, respectively.

Let usconsider, now, an apparently more restrictive concept
of per unit length line parameters Z , Y , and the electro-
magnetic fields, E , H , associated with such definitions.
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In this concept, the evaluation of these parameters is asso-
ciated with specific modes, in a propagation sense, along
the line, trested separately. For each mode, longitudinal
currents, transversal voltages, electric and magnetic fields,
in any plane perpendicular to line direction, x , maintain a
fixed proportion, and vary along x according a common
factor

e1yx

So, parameters Z , Y , and the related electromagnetic
fields, E , H , for that mode, apply to such proportion ad
variation with x , and not to a “generd” assumption of
variation with x (apart eventua restrictions of “sow varia-
tion” with x , or similar). It is out of the scope of this
paper a deep discussion of the consequences of this appar-
ently more restrictive concept of line parameters.

Let us consider a simple example, for which there is an
“exact” solution of electromagnetic field. In this example
we consider a metallic cylindrica conductor, with radius
10 mm, of infinite length, with a materia with
0=35MSm,e=30¢,, U=y, immersed in vacuum.

Let us consider the relative error, Ag, , of the radia com-
ponent, E, , of electric field, defined as

AEr =E /E,-1

being:

E,  theradia component of electric field, at a point, P,
at distance r from conductor axis, for the eectromagnetic
field associated to a mode, propagating in one sense, along
the conductor.

E,, theradia component of electric field, at the same
point, P, but with the quasi stationary approximation.

In Fig. 6 we represent the modulus, M, , and the argu-
ment, Ag, , in function of r (expressed in meter), for sev-
eral frequencies, f . It is interesting to mention that the
transversal voltage, referred to a point at infinite distance,
is finite in the “exact” solution, but infinite in the quas
stationary approximation.

A more detailed quantitative evaluation of this and other ex-
amples showsthat, for most common applications, the error
of assuming quas stationary behavior, for directions or-
thogonal to line axis, can be accepted for frequencies till
about 1 MHz. For some other applications, however, namely
related to lightning effects, radio interference and induced
effectsfar from the line, errors resulting from such assump-
tion are too high, and more correct methods must be used.
Another example, of basic aspects of line parameters
evaluation, is related to the fact that common formulas
imply a distance, along line axis, from the point or or-
thogonal plane in which electromagnetic field or parame-
ters are being evaluated, much higher that the distance from
line axis till which the electromagnetic field is important
for the parameter being evaluated. So, common formulas
for line parameters evaluation do not apply to very short
conductors or to the vicinity of line extremities. For such
conditions, different procedures must be used, e. g. based in
methods described in [1-2].
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Fig. 6 - Mg, and Ag, in function of r and f , in example
conditions.

3. EFFECT OF LINE TRANSPOSITION

In order to illustrate some aspects of modeling assump-
tions, and, also, a simple way of representing line behavior
in frequency domain, directly in three phase, without the
need of mode separation and phase-mode-phase transforma-
tion, we consider a three-phase, 500 kV , 400 km, 60 Hz ,
non-conventional line, with different conductor arrange-
ment in central and lateral bundles, and considering soil
parameters frequency dependent.

Thisline has been modeled directly in phase and frequency
domain, in frequency range [ 0 , 20 kHz ], considering
2161 frequencies, and with direct integration of line basic
equations, in space, obtaining numerically the transfer
function between voltages and currents at both extremities,
using afast procedure based in successive doubling of line
length for which transference function is evaluated. When
applicable, real transposition conditions are considered.

For an easier comparative analysis, it has been consdered
the switching on of one phase of such line, from an
“infinite” busbar, whose phase voltage amplitude, U , is
taken as unity, is presented graphics. One phase, k , is
switched on at t = 0 , when the busbar voltage of such
phase ( u, ) is maximum. The other two phases of



switching line terminal were assumed open, during simula-
tion time. At the other line terminal, the three phases were
also assumed open, during simulation time. For severd
conditions, it is represented the voltage, u,, , of switched
phase (k) at line open terminal, in function of time.

The following alternatives for line transposition are illus-
trated as example:

a - Line“idealy” transposed.

b - Linetransposed asindicated in Fig. 7.

¢ - Non transposed line, asindicated in Fig. 8.

For aternative a, the result isidentical for any k value (1 ,
2, 3). For dternative b, it is given the result for k = 1
(external phase at transposition sectors near extremities)
and k = 2 (central phase at transposition sectors near ex-
tremities). For alternative ¢, it isgiven theresult for k = 1
(external phase).

Thevoltageuy, ,infunctionof time, t , is presented in Fig.
9to 12. In this example, there are significative differences
between the shape of voltage at open line terminal, according
alternative and switched phase (when applicable). However,
strictly in example conditions, in what concerns overvoltage
and insul ation coordination, the differences are moderate, ad
can be neglected for most application purposes. It is justified
some caution in eventua generalization of the comparative
results of this example. Namely, for conditions in which it
occurs an eventual resonance type phenomena, involving
line and network, assumptions concerning transposition
modeling can beimportant. It is out of the scope of this paper
ageneral discussion of eventua differences according specific
conditions. For illustrative purposes, we present in Appen-
dix 2, for thefour conditions of Fig. 9to 12, the amplitude of
theimmittance, or transfer function, W =U,, / U, between
voltages of switched phase, at both lineterminals, in smula-
tion conditions, in function of frequency, f , in the range
[1,30kHz] (U, ,atopentermina, U, a switched termi-
nal, bothin phasek ).

The graphics of Appendix 2 show important differences in
immittance W , in frequency domain, except for low fre-
guency. For the example conditions the frequency spectrum
of disturbance is somewhat diffuse, and there is a reason-
able compensation between differences of W in such spec-
trum. An eventual resonance type condition can imply in
important differences according transposition modeling.
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Fig. 7 - Line transposition scheme in alternative b. Phases
1,2, 3arerepresented in red, green and blue, respectively.
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Fig. 8 - Line phase arrangement in alternative ¢ . Phases
1,2, 3arerepresented in red, green and blue, respectively.
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Fig. 12 - Example c. Line non transposed, as indicated in
Fig. 8. Switching on of phase 1.

4. SOME ASPECTS OF MODELING SHIELD
WIRE EFFECTS

As examples, we discuss briefly some aspects of modeling
shield wire effects.

Quite often, shield wires are steel cables. It is essentia to
consider the fact that steel is a ferromagnetic material and,
S0, it is erroneous to represent it as a metal having a mag-
netic permeability, 1 , practicaly egud to vacuum perme-
ability, 1y . Some versions of commonly used programs
do not allow easy access to a convenient choice of cable
W . For some applications, the error resulting from assum-

ing W =g may be very important.
Another important aspect is the eventual saturation of

magnetic material of steel cables, that must be taken into
account for high current valuesin shielding wires.

In the common practice, little attention is given to the
adequate magnetic characterization of shielding cables, that
is neither specified nor measured. Some specific practical
cases of Brazilian lines have shown the need to represent
correctly the magnetic properties of shielding cables.

Another aspect that needs some attention is the way shield-
ing wires are considered in line simulation. For some pur-
poses, shielding cables must be represented explicitly, to-
gether with phase conductors, for instance:

- To anayze lightning behavior, including effects of
strikes in towers, shielding wires and phase cables, at least
within several spans in both senses from impact point.

- Short-circuits involving ground or shielding wires, also,
at least within several spans in both senses from fault
point.

In case of shielding wires directly connected to al towers
or structures, and excluding the conditions of the two types
indicated above, it may be acceptable to consider shielding
wiresin an implicit way, “eliminating” shield wires of the
explicit Z and Y matrices. This can be done, e. g. , with

the assumption of null transversa voltage in shielding
wires, what allows a very simple manipulation of matrices
to consider the effect of shielding wires in matrices relat-
ing, directly, voltages and currents in phases. This proce-
dure appears quite reasonable for frequencies such that a
quarter wave length is much longer than line span, or,
typically, till about 100 kHz. For higher frequencies, such
procedure must be verified according the problem under
analysis. Asan example, weindicate aspecific case in which
such procedure can be applied at least till about 1 MHz.

The consdered example is a 500 kV transmission line,
with non conventional geometry, in which the aspect under
analysis relates to 3 Clarke components, considering as
reference the central phase. Due to symmetry of the line in
relation to a vertical plane, in the interaction between
phases and shielding wires, there isa pair of modes involv-
ing, only, 3 components in phases conductors and in
shielding wires. Let us assume afrequency f =1 MHz, ad
a span of 600 m (about two wave lengths), and consider,
near a line terminal, the line open at such terminal, ad
longitudinal currents i, , i, , at external phases, at 741 m
from line terminal:

i;=1Acoswt ig=-1Acoswt (w=2mf)

As an example of computational procedures based in exact
modes, the presented results were obtained computing the
“exact” modes. Manipulating the line matrices considering
phases and shielding wires, the exact eigenvalues and -
genvectors were obtained, relating phase and shielding
wires voltages and currents along the line through exact
modes. Conditions at two points of phase wires, along the
line, and of transversal voltage of shielding wires at line
towers, were imposed, obtaining voltages and currents
along the line.

In Fig. 13 it is represented the amplitude of voltages to
ground of external phases, U, , and of shielding wires,
U, in function of longitudinal line coordinate x (zero a
line extremity).

For comparison purposes, it is also represented, in
Fig. 14, Op in function of x , assuming transversa volt-
age of shielding wiresis null.

As shown by the Fig. 13 and 14, in the conditions of this
example, for 1 MHz, the transversal voltage of phase con-
ductors obtained with the assumption of shielding cables
continuously grounded is quite similar to correct value,
with shielding cables grounded only at towers. Naturaly,
for transversal voltage at shielding wires, such assumption
isnot adequate.

5. BASIC SOIL MODELING

One essential aspect of line modeling is the adequate repre-
sentation of ground, that affects line parameters, per unit
length, ahead of being a dominant aspect of for analysis
and project of line grounding system. By historical ad
cultural reasons, the most used procedures assume that the
ground may be assumed as having a constant conductivity,
frequency independent, and an electric permittivity that can
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be neglected ( w € << 0 ). These two assumptions ae
quite far from reality, and can originate inadequate line
modeling.

Except for very high electric fields, that originate significa-
tive soil ionization, soil electromagnetic behavior is essen-
tially linear, but with electric conductivity, o , and electric
permittivity, € , strongly frequency dependent.

In [1-6] we have presented and justified severa soil eectric
models, that:

- Cover alarge number of soil measured parameters, with
good accuracy, and within the range of confidence of practi-
cal field measurement.

- Satisfy coherence conditions.

From previous models, we have devel oped abasic and genera
modd of electromagnetic parameters of a medium, that as-
sures physical consistency, and which has shown to be quite
useful to define models from measurement results. In particu-
lar, such model isvery well adapted to soil modeling, with a
small number of numerical parameters. For a very high
number of soil samples, the dominant behavior, in the fre-
quency range[ 0, 2 MHz ], can be represented with such
model, with only three numerical parameters. Also, the sta-
tistical analysisof a high number of field measurements has
identified three parameters that can be assumed statistically
independent, and their statistical behavior. One of them, g ,
is the soil conductivity at low frequency, that is or can be
obtained by usual measurement procedures. The other two,
o, A, whose meaning is described in Fig. 15, define fre-
quency dependence of €l ectric soil parameters.

The statistical distribution of parameters of electric soil
model can be represented by Weibull distributions. A
summary of statistical distribution of parameters that de-
fine frequency dependenceis presented in Fig. 15.

If specific measurements of soil parameters, in function of
frequency, have been done, procedures described in [1-8]
alow to define grounding system behavior, to evauate
people and equipment safety, and to optimize means to
obtain adequate behavior for lightning.

One eventua difficulty, specially for small grounding sys-
tems, is to evauate soil parameters related to frequency
dependence, that are not obtained by common procedures,
and can be measured as described in [3-4].

In[9] we present some results of asystematic analysis of soil
behavior for some basic examples related to fundamental
aspects that influence the lightning behavior of grounding
systems, covering the statistical range of parameters, with a
statistical analysis of the effect of soil parameters in such
behavior.

With such type of analysis, it is possible to have abasic ap-
proach to define, in a statistical sense, the importance of pa
rametersrelated to frequency dependence, in conjunction with
usually availableinformation, and, so, to evaluate the need of
specific measurements, or precautions to use parameter esti-
mates, based in statistical distribution of such parameters,
and information usually available about soil.

In Fig. 15 we present a summary of a basic soil model and
the main aspects of the statistical behavior of frequency
dependence of soil parameters.
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6. VERY LONG DISTANCE TRANSMISSION

6.1 Essential aspects of very long distance
transmission

In [10-31], the problem of AC transmission at very long
distance was gtudied using severa methods to consider
some transmission system alternatives, interpreting the
dominant physical and technical phenomena, and using
simulations to detail and confirm general analysis.

The results obtained were quite interesting. Namely, they
have shown that: electric transmission at very long dis
tanceis quite different of what would be expected by sim-
ple extrapolation of medium distance transmission experi-
ence; to optimize avery long distance transmission trunk,
a more fundamental and open approach is needed. By ex-
ample:

- Very long distance lines do not need, basicaly, resctive
compensation, and, so, the cost of AC transmission sys-
tems, per unit length, e.g., for 2800 km, is much lower
than, e.g., for 400 km.

- For very long transmission systems, it is appropriate the
choice of non conventional line conception, including
eventually:

- “Reduced” insulation distances, duly coordinated with
adequate means to reduce switching overvoltages;

- Non conventional geometry of conductor bundles, six-
phase lines, surge arresters distributed along the line.

- Switching transients, for several normal switching con-
ditions, are moderate, in what concerns circuit breaker du-
ties and network transients severity, for lines and equip-
ment. Namely, line energizing, in asingle step switching,
of a 2800 km line, without reactive compensation, origi-
nates overvoltages that are lower than, or similar to, over-
voltages of a 300 km line with reactive compensation.

- Quite good results can be obtained with a careful coordi-
nation of circuit breakers with line and network, namely
with synchronized switching, coordination of severa cir-
cuit breakers and closing auxiliary resistors.

- There are some potentially severe conditions quite differ-
ent from typical severe conditionsin medium distance sys-
tems, e.g., in what concerns secondary arc currents, ad
requirements to allow fault elimination without the need of
opening all line phases. The severity of such conditions is
strongly dependent of circuit breaker and network behavior.
Due to peculiar characteristics of long lines' transients, it
is possible to reduce drastically the severity, with fast
switching and appropriate protection schemes. Quite good
results can be obtained with a careful coordination of cir-
cuit breakers with line and network, namely with synchro-
nized switching, coordination of severa circuit breakers
and closing auxiliary resistors. Eventually, specia
schemes can be used to limit overvoltages for some quite
unfavorable conditions of fault type and location.

Dueto the lack of practica experience of very long trans-
mission lines, and the fact that they have characterigtics
quite different of traditional power transmission lines ad
networks, a very careful and systematic analysis must be
done, in order to obtain an optimized solution.

6.2 - Basic physical aspects of very long lines
operating conditions

In order to clarify the most important aspects of very long
lines characterigtics, let us assume a line with no losses,
total length L , longitudinal reactance per unit length X ,
transversal admittance per unit length Y , both for non-
homopolar conditions, at power frequency, f . In case of
longitudinal compensation, and or transversal compensa:
tion, at not very long distances along the line, such com-
pensation may be “included” in “equivalent average” X ad
Y values. The electric length of theline, © , at frequency f
(being w =2 1tf and v the phase velocity), is

W

XY

If X and Y values do not include compensation, the phase
velocity, v , is amost independent of line constructive
parameters, and of the order of 0.96 to 0.99 times the eec-
tromagnetic propagation speed in vacuum.
The characteristic impedance, Z ., and, at a reference volt-
age, U, , the characteristic power, P, are

X Uo?

l— P =
Vv ¢ Zc
Let us consider eventual longitudinal (series) and transver-
sal (shunt) reactive compensation, along the line, at dis
tances not too long (much smaller than a quart wave
length at power frequency), by means of “reactive compen-
sation factors’, € , n . Being X, Y, the, per unit length,
longitudinal reactance and transversal admittance, of the
line, not including compensation, and X , Y the “average’
per unit length corresponding values, including compensa:
tion, we have
X =& X, Y=nY,

Without reactive compensation, £ =1, n =1 . By exan-
ple, in aline with 30 % longitudinal capacitive compensa
tion and 60 % transversal inductive compensation, we have
£=0.70,n=040.

The eventual longitudinal and transversal reactive compen-
sation have the following effect:

R n
©= © Z = — 7 P = —
an 0 c \n c0 c E

The index , identifies corresponding values without reac-
tive compensation (§{ =1, n =1).

By example, inalinewith 600 km, at 60 Hz (©,=0.762rad),
using capacitive 40% longitudinal compensation (¢ = 0.60)
and inductive 65% transversal compensation (n = 0.35), ©
is reduced to 0.349 rad (equivalent to 275 km at 60 Hz),
characterigtic impedance is multiplied by 1.31 and charac-
teristic power by 0.76 .

In traditional networks, with line lengths a few hundred
kilometers, the reactive compensation is used to reduce ©
to “much less’ than 12 (a quart wave length) and to adapt
P, , that, together with © , define voltage profiles, some

®
0=yXYL=—1L V=
v

Z.=

PcO



switching overvoltages and reactive power absorbed by the
line.

In case of very long distances (2000 to 3000 km), to re-
duce © to much less than /2 would imply in extremely
high levels of reactive compensation, increasing the cost
of transmission (doubling, according some published stud-
ies of “optimized” transmission systems), and with severa
technical severe consequences, due to a multitude of reso-
nance type conditions.

The solution we have found, and discuss above, for very
long distances, is to work with © a little higher than Tt ,
so avoiding the need of high levels of reactive compensa-
tion, and obtaining a transmission system much chesgper
and with much better behavior.

Neglecting losses, the behavior of the line, at power fre-
quency, in balanced conditions, is defined by © and Z ..

Let us assume that voltages at both extremities, U, , U, ,
in complex notation, are:

U,=U, U,=U,e®
Apart a proportionality factor P , the active and reactive

power, at both extremities and along the line, depend on ©
and o .

Let us consider lines with the following electric lengths:
a) ©=0051 (about 124 km at 60 Hz )

b) ©=010Tm (about 248 km at 60 Hz )

c) ©=090T1 (about 2228 km at 60 Hz )
d) ©=09Tm (about 2351 km at 60 Hz )
e) ©=105m (about 2599 km at 60 Hz )
f) ©=110m (about 2722 km at 60 Hz )

For these six examples, we represent, in Fig. 16, in func-
tion of o :

- Thetransmitted active power, P.

- The reactive power, Q , absorbed by the line (sum of
reactive power supplied to the line at both terminals).

- The transversal voltage (modulus), U, , at line mid-
point.

Examples a) , b) correspond to “usual” lengths of rela
tively short lines. They must be operated in vicinity of
a =0, in which an o increase increases transmitted
power. Transmitted power may exceed characteristic power,
with an increase of reactive power absorbed by the line.

Examples c), d), €), f) correspond to very long lines. In
examples c), d), the lengths are little shorter than haf
wavelength (© = 1) and, in examples e), f), they are a
little higher than half wave length. Note the lengths of
these examples c), d), e), f) are longer than a quart
wavelength (@ =172) .

For these examples c), d), €), f), in vicinity of a =0,
voltage at central line region and reactive power consump-
tion are extremely high, compared, respectively, with volt-
age at line extremities and transmitted power.
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For examples c), d), In vicinity of a = 11, the derivative
of transmitted power in relation to a is negative, and, so,
it does not occur the natural stabilizing effect of a positive
derivative, that is one of the reasons why alternating cur-
rent electrical networks are basically stable (with few ex-
ceptions), considering electromechanical behavior of gener-
ating groups and loads. Unless extremely complex control
systems are considered, affecting all main network power
stations, it is not adequate to have transmission trunks
with length between a quarter and a half wave length
(TV2<06<m.

For examples €), f) In vicinity of a = 11, the derivative
of transmitted power in relation to a is positive, and, so,
it occurs the natural stabilizing effect of a positive deriva
tive, similarly with the behavior of short linesnear a = 0.
In vicinity of a = 11, the behavior of line, view from line
terminals, is similar to the behavior of a short line, in the
vicinity of a = 0, for transmitted power in the range
-P. < P < P, . Reactive power consumption of line is
moderate, and voltage along the line does not exceed U, .
The main different aspect isrelated to voltage in middle of
the line, that is proportional to transmitted power. If char-
acteristic power is referred to maximum voltage along the
line, the maximum transmitted power is limited to charac-
teristic power (what does not occur in short lines).

At least for a point to point long distance transmission,
the fact that voltage at middle of the line varies, between O
and U, , has no magjor inconvenient.

If, for amainly point to point long distance transmission,
it is wished to connect some relatively small loads, in
middle part of the line, there are severa ways to do so. It
is convenient to adopt some non conventional solution,
adapted to the fact that, in central part of the line, the volt-
age is not “amost constant”, but varies according trans-
mitted power, and current is “amost constant”. It is an
easy task for FACTS technologies, and some useful ideas
can be obtained with ancient transmission and distribution
systems at “constant current”.

Lines with an electric length amost equa to half wave
length (© = 1), do not behave in convenient way. They are
near a singular point, with changes of derivatives of some
magnitudes in relation to others, what originates severa
important troubles, namely related to control instabilities
and eventual physical basic instability.

In Fig. 17 it is presented an amplification of Fig. 16, for
examples e), f), in the range of “normal operating condi-
tions”, with maximum voltage along the line limited to
U, .

Asshown with previoussimplified discussion, for long dis-
tance transmission, there are several important reasons to
choosean electric length of the line, © , alittle higher than
half wave length, in what concerns normal operating condi-
tions and inherent investment. The “exact” choice is not
critical. A range 1.05 m< © < 1.10 1t is a reasonable first
approach. Alsofor “dow” and “fast” transient behavior, this
choice hasvery important advantages, as discussed below.
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Fig. 16 - Transmitted power, P, reactive power absorbed by the line, Q, modulus of voltage at middle of the line, |Um| ,

in function of a , for six examples.
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Fig. 17 - Transmitted power, P, reactive power absorbed by the line, Q, modulus of voltage at middle of the line, |Um| ,
in function of a , for two examples of very long lines, in normal operating range.

The solution of long distance transmission with © a little
higher than Tt ( e.g. 1.05 t< © < 1.10 ) is quite robust
for electromechanical behavior and, also, for relatively
slow transients, associated with voltage control. For ex-
ample, a relatively small reactive control, equivdent to a
changein © , allows afast change in transmitted power, in
times much shorter than those needed to change the me-
chanical phase of generators, as represented schematically
in figure 17 by an arrow and “points” A , B . Let us as
sume the line of example €) , transmitting a power P = P,
(operating point A of figure 17). A FACTS reactive con-
trol that changes © from 1.05 to 1.10, what can be done
very rapidly, passing the operating point to B, changes the
transmitted power from 1.0 P, to 0.5 P_, maintaining the
phase difference between line terminals. A FACTS sys
tem, control oriented for its effect on © , can be very effi-
cient for electromechanical stability.

It must be mentioned that, for balanced conditions, reactive
compensation does not need capacitors or reactors to
“accumulate energy”. In balanced conditions, for three or
six phase lines, the instantaneous value of power transmit-
ted by the line (in “all phases’) is constant in time, ad
does not depend on reactive power (what is different of the
case of asingle phase circuit), and, so, reactive power be-
havior can be treated by instantaneous transfer among
phases, e.g. by electronic switching, with no basic need of
capacitors or reactors for energy accumulation (differently
of what would be the case of a single phase line).

6.3 Basic physical aspects of very long lines

switching
In order to allow a quite simple interpretation of the effect
of line length on line switching overvoltages, it is conven-
ient to consider avery simple line model [26], that allows
to take into account the dominant physical effects, with a
minimum number of parameters, and that, for most impor-
tant effects, can be treated by very smple analytical proce-
dures, directly in phase domain.
Main characteristics of long line switching are explained
with such model, as it has been confirmed with extensive
detailed simulation methods.
Let us consider the switching on of a three or six-phase
line from an infinite busbar, with sinusoidal voltage of
frequency f and amplitude U , with simultaneous switching
on of all phases, and neglecting loss effects in propage
tion. We have shown [26] that the maximum switching
overvoltage (for most unfavorable switching instant), in
successivetimeintervals[2n-D) T<t<(2n+ 1T,
being T the “ propagation time” along the ling], associated
to increasing number, n , of wave reflections, is

1-¢D

*N
=2|S|=2

The global maximum of u,, (t) , Max[u, (t)] , is the enve-
lope of relative maxima, for al n values. Such envelopeis

MaX [Uy ()] = Siyy U
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r:_e-|29 0=wT

0  “dectriclength” of line(inradians) a power frequency
In Fig. 18 we represent the coefficients Sir and S,

max ’
in function of line electric length, 6 .
This global maximum is the double of voltage at no load
end, in stabilized conditions, at power frequency (whose
valueisU,=sec 0).
So, in assumed conditions, the ratio of maximum overvol-
tage, at open line end, and source peak voltage, is func-
tion, only, of “electric line length”, 6 , at power frequency.
Let us consder two examples, Example 1 with 6 = 1.0 ,
Example 2 with 8 = 3.5 (line lengths of about 788 km
and 2760 km , at 60 Hz ). Corresponding S:T1ax values are,

respectively, 3.70 and 2.14 .

In figure 19 we represent, for these two examples, open
line terminal phase to ground voltage (taking source pesk
phase to ground voltage as unity), considering infinite
source and simultaneous closing of all phases. In esch
graphic are represented two curves. For one curve, the clo-
sure, of represented phase, occurs when source voltage is
zero, and, for the other, when such source voltage is
maximum. The abscissa scales are graduated in T = wt .
Maximum overvoltages, found only with these two
switching instants, are practically equal to values given by
Smax formula.

For illustrative purposes, we represent, in figure 20, for
examples 1 and 2, voltage in third phase to close, assum-
ing a delay of 2 ms between second and first phase clo-
sures, and adelay of 2 ms between second and third.

In figure 21, we represent, for examples 1 and 2, voltages
to ground in three phases of open end line terminal, for
synchronized switching on. Comparison of this curves
with those of figures 5 and 6, illustrates the order of mag-
nitude of switching overvoltage reduction that results of
synchronized switching on.
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Fig. 18 - Coefficients Sy, ad Sho, , in function of
line electric length, 6 .

The curvesof figure 18, intherangeof 8 < 1/2 , expressthe
well known fact that line switching on has an increasing
severity with linelength, what isthe reason of traditional use
of shunt reactors and or series capacitorsin lines with afew
hundred kilometers, in order to reduce the equivalent electric
"length" , 8, of line and reactive compensation, together,
and, so reduce switching overvoltages.

Therange 6 = 172 of those curves express, in asimilar way,
the main severity aspects of line switching on, for very long

lines.
Uz 3 f\]-.
0 2 / J l"-.'

Example 2

Fig. 19 - Voltage at open line end, for simultaneous clo-
sure or al phases, in example conditions.
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Example 2

Fig. 20 - Voltage at open line end, for third phase to close,
in example conditions.
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Example 2

Fig. 21 - Voltage at open line end, for synchronized
switching on, in example conditions.

Electric line lengths between 172 and 11 must be avoided,
in principle, due to power frequency and power control
aspects. Electric line length very close to 1T must also be
avoided, dueto thefact that it is ais “singular” condition,
namely for power control of electric network. For eectric
line lengths a little higher than 1T (e.g. 3.2 < 6 < 3.5),
however, lines have quite interesting properties. Namely,
switching overvoltages are quite moderate, and similar to
those of relatively short lines.

So, for transmission at distances of the order of 2500 to
3000 km, asisthe case for transmission from Amazonian
Region to Southeast Region, in Brazil, the natural way,
for AC transmission, is to have transmission trunks with
no basic reactive compensation, instead of extrapolating the
traditional practice of line strong reactive compensation of
long lines. In several aspects, the behavior of an uncom-
pensated line is much better than the behavior of a
strongly reactive compensated line, and the cost of an un-
compensated line is much lower.

The main objective of the previous analysis is to identify
and explain the dominant physical aspects of line switch-
ing on, and the influence of line length, for very long
lines. It shows why it is not applicable the direct and sim-
ple extrapolation of common practices for relatively short
lines. It also shows that and why direct switching on, in a
single step, of avery long line, with no reactive compen-
sation, originates moderate overvoltages, much lower than
overvoltages obtained in switching on lines with a few
hundred kilometers length.

A similar analysis explains, also, the severa other aspects
of very long lines behavior, for different transient phenom-
eng, including those associated to various types of faults
and secondary arc aspects for single phase faults.
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Of coarse, some more detailed and correct analysis should
be done for rea conditions, considering the frequency de
pendence of line parameters and consequent attenuation and
distortion of wave propagation, and different propagation
characteristics of several line modes. However, for simul-
taneous closing of al phases, when switching on the line,
the error of the previous analysis has been found to be
quite small, in several cases of very long lines trested with
much more detailed and rigorous procedures. One reason
for the small error arises from the fact that, for simultane-
ous closing of al phases, only the non homopolar line
modes interfere in switching transients, and such modes are
affected by frequency dependence, attenuation and distor-
tion, much less than homopolar modes. So, all interfering
modes correspond to a transient behavior not "too far" of
ideal line conditions.

Otherwise, even for transient conditions affected by ho-
mopolar modes, in very long lines, smplified analysis has
been found to give approximate results, with some simple
modifications of idea line assumptions. The main reason
for such behavior is that, aong the total length of a very
long line, homopolar components of high frequency are
strongly attenuated. So, for some types of switching tran-
sients, a very detailed representation of phase-mode trans-
formation dependence, and of frequency dependence of ho-
mopolar modes parameters, can be avoided.

7. TRANSMISSION LINE OPTIMIZATION

The transmission line should be optimized trying to obtain

minimum total cost (including installation costs of line

and associated equipment, and costs of operation, including

losses) and maximum reliability in its operation in power

system, taking into consideration several other aspects.

Some characteristics of conventional transmission line

projects are:

- Standardized bundles of conductors, with a symmetrical
circular shape;

- High values for insulating distances.

These characteristics lead to lines with alimited parametric
variation for each voltage level. So, the traditiona line
optimization process do not interfere very much with the
equipment and network optimization. In this casg, it is
possible to not consider the transmission line optimization
in a planning study.

It is possible to increase the characteristic power of aline
by varying the bundle shape and by decreasing the insula
tion distances, which would be very interesting for very
long transmission distances.

Theinsulation distances can be reduced to low values with
measures to reduce the overvoltages and the swing between
phases.

Some actions to decrease overvoltages are, e. g. :
- Use of synchronized switching on of circuit breakers;
- Use of distributed arresters along transmission line.



Its is possible to reduce the swing between phases using
insulated spacers.

Non conventional transmission lines, on the contrary of
traditional lines, have a high range of eventual variation of
parameters.

Some characteristics of five transmission line examples are
shown in Table 1. The geometric line configuration of
these examples are presented in Fig. 22, 23 and 24. The
examples are, respectively, a conventional 500 kV three-
phase line, two non conventional 500 kV three-phase
lines, a non conventional double-circuit three-phase line
and a non conventional six-phase line. In al these exam-
ples conductors have 483 mm? (“Rail"), and electric fidd
in air, with voltage U, , is limited to 0.9 x 2.05 MV/m .
The non conventional lines have reduced insulation dis
tance and non standardized bundles of conductors. The bun-
dle geometries were optimized by a computationa pro-
gram. The program maximizes the characteristic power of
a line respecting a maximum electric field on conductors
surface and some geometric constraints of bundles shape
and location.

InTable 1, n_ is the number of conductors per bundle, D
is the insulation distance, U, is the reference voltage
(phase to phase for three-phase lines, phase to ground and
between consecutive phases, for six-phase ling), P, is the
characteristic power at voltage U, , J. isthe current density
with power P, and voltage U, .

The characteristic power of the non conventional 500 kV
lines of examples 2 and 3 is much higher than that of the
conventional 500 kV line (example 1). For a long distance
transmission, the transmission power capacities of non
conventional lines of examples 2 and 3 are greater than the
double of conventional line capacity (example 1).

The three-phase double-circuit and the six-phase configura-
tion allows to almost double the power capacity for long
distance transmission, with a moderate increase of right of
way area. The advantage of six-phase transmission is the
possibility to decrease insulation distance, since the volt-
age phase-to-phase, for consecutive phases, is equad to
phase-ground voltage, and islessthan in the case of three-
phase double-circuit line. Although, the optimized bundles
for six-phase lines are greater than those of three-phase
double-circuit line.

The methodology of line optimizationisshown in detailsin
[16-19].

The electric compensation of line, the switching and opera-
tional criteriamust be optimized together with theline.

Table 1 - Main parameters of line examples

Example D N, U, P, J.
[m] [kV] [IMW] | [A/mm?]
1 11 3 [ 500 924 | 0.736
2 5 6 | 500 1910 | 0.761
3 6 7 | 500 2295 | 0.783
4 7 5 | 350,/3 | 4134 | 0815
5 3 5 [ 350 3955 | 0.779
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Fig. 22 - Conventional transmission line of 500 kV.
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Fig. 23 - Transmission lines of 500 kV , with non con-
ventional conductor bundles.
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Fig. 24 - Double circuit three-phase and six-phase trans-
mission lines, with non conventional symmetric conductor
bundles.
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Fig. 25 - Characteristic power, P_ , than can be obtained
with optimized non conventional lines (NCL) within pru-
dent criteria, in function of voltage, U, (phase-phase, rms),
for three-phase lines.

Table 2 - Feasible range of P_ , with optimized non con-
ventional three-phase lines (NCL), for three values of U,

UC PC
[kV] [GW]
500 | 16a19
525 | 18a21
750 | 39246

In item 8. we present an example that illustrates the im-
portance of joint optimization.

In order to give a concrete idea of the eventual impact of
non conventional line, NCL. concept and consequent re-
sults of its use in line optimization, in Fig. 25 it is
indicated the approximate range of characteristic power,
P, , that can be obtained within prudent choices and crite-
ria, without very special efforts. In Table 2 we indicate
corresponding ranges for three base nominal voltages. It is
feasible to project lines with characteristic power much
higher than with traditional engineering practice, with op-
timized solutions, and with reduced ambient impact.

8. IMPORTANCE OF JOINT OPTIMIZATION
OF LINE, NETWORK AND OPERATIONAL
CRITERIA

To illustrate the importance of joint optimization of com-
pensation of line, switching and operational criteria, we
describe briefly some aspects of a specific project [21-22].
The analyzed transmission system is based on a 420 kV
line, 865 km long, 50 Hz, with “non-conventional” con-
cept, connecting Terminal 1 to Terminal 2, being its most
important characteristics shown below :

- 420 kV “non-conventiona” transmission line concep-
tion. The structure is external to the three phases, which
allows to reduce the distance between the phases and to
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obtain more adequate line characteristics for the transmis-
sion analyzed.

- Ground with frequency dependent parameters, being the
conductivity at low frequencies around 0.5 mS/m.

- Series compensation corresponds to 0.5 times the direct
longitudinal line reactance.

- Shunt compensation (for direct and inverse components)
corresponds to 0.8 times the direct line transversal admit-
tance.

- Compensation system, both in series and shunt, as
shown in Fig. 26, with a compensation installation in the
middle of theline, as well as shunt compensation at both
line terminals. It is worth mention that it is possible to
have just one point of compensation along the line
(besides the compensation at both line ends).

- Maximum eventual 800 MW load at Terminal 2.

el

Detail describing a
shunt reactor.

F indicates a phase
terminal and T the
grounding termi-
nal.

Symbol M eaning

Transmission line, with 865 km

Busbar to which line is connected

Line switching circuit breaker

Shunt reactor (obtained with three phase
reactors, one neutral reactor)

imm—

Series capacitor

Compensation system in middle of line

Points in which line is connected to
compensation equipment

Fig. 26 — Line basic scheme, including series and shunt
compensation system.
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Fig. 27- Transmission line schematic representation. The
green points represent the conductors at middle span, for a
span 380 m and phase conductors at 60 °C . The red points
represent the conductors near the structure.

In Fig. 26 it is shown the basic transmission scheme, in-
cluding the series and shunt compensation equipment.

In Fig. 27 it is shown, schematically, the line considered.

This transmission system has some unfavorable con-
straints (e. g. 865 km ), compared with “most common”
transmission systems, and in order to obtain an optimized
solution, it was necessary to perform a systematic analysis
covering a large number of options and parameters. With
the study procedure used it was found a solution with a
non-conventional line, in which it was possible to concili-
ate apparently contradictory requirements and solutions.

These solutions allowed arelatively low cost transmission
system with good operational quality.

Some interesting aspects of proposed transmission system
ae

- Therearereactive compensation only at line extremities
and in an intermediate point.

- Switching of the 865 km transmission system directly
from one extremity, without switching at intermediate
points.

- Line arrangement optimized for the specific line length
and transmitted power.

- Single-phase opening and reclosing, assuring high prob-
ability of secondary arc extinction, for single phase faults,
in order to obtain high reliability of transmission.

- Joint optimization of project and operational criteria,
allowing important cost reduction.

9. A BASIC METHODOLOGY TO EVALUATE
ADEQUACY OF LINE PARAMETERS AND
SIMULATION PROCEDURES

In order to validate modeling and simulation procedures, it
is quite important to verify if the line parameters have been
properly caculated in frequency domain and if the line
model has an appropriate response within the transient
simulation tool which is going to be used. Some simple
analysis can be performed. We present some adequate ad
reasonably simple methods that allow a basic evaluation,
reducing the probability of important non detected errors.
For illustrative purposes, we present such methods through
its application to some examples.

There are two main aspects to be observed. Oneis to as
sure that adequate physical formulation, mathematical pro-
cedures and programming instructions have been used. The
other is, ahead of that, to verify the physical coherence of
calculated parameters and of consequent line behavior.

In order to verify if the line parameters have been properly
calculated, in what concern important mistakes, a rether
expedite verification is to compare the obtained results
with some simple and robust formulation, asit is the case of
the complex distance formulation, described in Appendix 1.
We use as example the transmission line described in Fig.
28. It has a vertical symmetry plane, which is the most
frequent type of geometry used in EHV lines. The line
parameters were calculated using the JMarti  procedure
(ATP), which iswidely used in Brazil, and compared with
an external calculation called “exact”, as described in Ap-
pendix 1. The designation “exact” means that only the as-
sumptions and approximations indicated in Appendix 1
have been used, without further simplifying assumptions.
It does not mean exact in a strict sense. The results for per
unit resistance and per unit inductance, for an ideally trans-
posed line, are presented in Fig. 29 and 30.

There are significant differences between the results ob-
tained with the two procedures (“exact” and JMarti), spe-
cialy for the homopolar mode, or Mode 0. We comment
briefly such differences for this mode:

- The JMarti model results present an “oscillation” in the
per unit length resistance. Up to around 500 Hz, the model
gives a higher resistance when compared with the “exact’
calculation result, whilst for the following range, the resis-
tanceislower.

- Theinductance obtained with IMarti mode! is lower, for
frequencies above 100 Hz.

- The damping effect in propagation, with JMarti model,
is higher for frequencies below 800 Hz, and lower for
higher frequencies.

An easy analysis, that allows to have a simple insight in
some aspects of line behavior, is to compare the aterna
tives of non transposed line and ideally transposed line
(with a transposition cycle assumed much shorter than a
quart wave length, for the whole frequency spectrum ana
lyzed). The unitary parameters of an ideally transposed line
can be obtained doing the diagonal elements, and the non
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with two different procedures : “ Exact” calculation and JMarti
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Fig. 31 - Per unit length resistance in mode domain of a single
three-phase transmission line calculated with Appendix |
formulae. Comparing the parameters of transposed line with non-
transposed line.
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diagonal elements, of matricesZ and Y , equa to medium
values of diagonal elements, and non diagonal elements,
respectively, of matrices Z and Y in non transposed line.

In an ideally transposed line there are only two distinct
propagation modes, as there are two equal “aerial” modes.

For a three-phase non-transposed line there are three dis-
tinct propagation modes. However the “agria” modes ae
rather similar, whilst the homopolar mode has a quite dif-
ferent behavior.

Considering the line parameters for both idedlly transposed
and non-transposed lines, it is expected that :

- The homopolar mode are not equal, but similar;

- The aerid modes are not equd in the two lines, but
should be also similar.

In Figs. 31 and 32 the resistance and inductance, per unit
length, calculated with the formulae described in Appendix
1, are presented, for the line described in Fig. 28.

It can be observed that, for the example line, the homopo-
lar modes are very similar when comparing a transposed
line and a non-transposed line. The “agriad” modes also
have some similitude but are not equal, as expected.

A frequency scan analysisisalso an important test to be car-
ried out. It allowsto detect several types of important physi-
ca inconsistencies. An “exact calculation”, concerning the
aspects compared in the paper, was & so redlized, so the mod-
elscould be more properly confronted, for the exampleline of
Fig. 28. Thisso called “exact caculation” was performed by
computing the line two-port elements (ABCD constants) for
each frequency in mode domain and obtaining the exact -
genvectors to transform the mode quantities into phase, for
both models. The sending terminal was assumed with a1V
source and the receiving end was opened. The transfer func-
tions between the line extremitieswere andyzed in the range
of 10 Hz to 10 kHz. Some results for homopolar mode are
shown in Fig. 33. The analysis of the frequency scan re-
sponse represented in this Figure shows that the IMarti
model has higher damping response for frequencies up to
500 Hz and lower damping for higher frequencies. This result
agrees with the analysis of the per unit line parameters.

Another useful and reasonably simple test is to obtain and
compare the mode and phase propagation line behavior, for
some simple conditions, e. g. , a specific shape of voltage
applied at one line terminal. The “exact” behavior, in the
sense indicated above, is easily obtained by means of the
transfer function, in frequency domain, and the use of inte-
gral Fourier transformation, to obtain the line response in
time domain. This procedure has been applied in other ex-
amples of this paper.

This example and other similar ones show that some cur-
rently applied transmission line models, which intend to
represent the frequency dependence of line parameters in
time domain simulation program, have some inaccuracies.

According to predicted application, such inaccuracies may
be important. There is the need of ssimple and robust guide-
lines and test methods, of the type indicated above, to vali-
date line models for transient studies.

The main aspects of proposed guidelines to evaluate ade-
quacy of line parameters and simulation procedures are :

- To anayze the per unit longitudinal parameters, compar-
ing its results with a simplified complex distance formula;
- To compare the eigenvectors and eigenvalues obtained
with the program under examination with the “exact” d-
genvectors and eigenvalues, in the frequency domain.

- Todo afrequency scan of line response, €. g. , for posi-
tive and zero sequence voltage applied to aline terminal.

- To do a comparison of results obtained directly with
time domain simulation procedures with results obtained
with transfer functions in frequency domain and Fourier
integral transformation.

The proposed methodology has been applied to our mode
and to some established models, allowing us to identify
some inaccuracies very promptly.

10. CONCLUSIONS

In order to identify the items related to the more detailed
conclusions, we indicate, in bold, the number of the item
related to each group of conclusions. In order to alow to
have a basic idea of the conclusive aspects of the paper,
through the reading of the conclusions, we some superpo-
sition occurs. At the end of this item, we present very
shortly what we think to be the general aspects of the sub-
jects dealt with in the paper.

1. - The paper discusses the basic aspects of modeling,
simulation and optimization of transmission lines, with
emphasis in validity, applicability and limitations of some
used procedures, and some guidelines for development of
new procedures. As the subject can not be systematically
covered within a single paper, we have chosen some spe-
cific points, as examples, which, in general, are typical of
groups of similar application problems and of groups of
methodological aspects.

2. - A first type of examples, treated in item 2. , is relaed
to some basic aspects of usual procedures to evaluate line
parameters. In the most usual procedures there are some
explicit or implicit assumptions that imply in physica
approximations. According the specific case or application,
the errors resulting from such assumptions may be impor-
tant and, even, may invalidate the obtained results. In this
paper, some exampl es have been discussed, including some
numeric results.

One example, dedt with in item 2., is related with the
usual implicit assumption of quasi stationary behavior, for
directions orthogonal to line axis. A detailed quantitative
evaluation of this and other examples shows that, for most
common applications, the consequent error can be accepted
for frequencies till about 1 MHz. For some other applica-
tions, however, namely rdated to lightning effects, radio
interference and induced effects far from the line, errors
resulting from such assumption are too high, and more
correct methods must be used.

Another example, of basic aspects of line parameters evadua
tion, is related to the fact that common formulas imply a
distance, along line axis, from the point or orthogona plane
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inwhich electromagnetic field or parameters are being evalu-
ated, much higher that the distance from line axis till which
the electromagnetic field isimportant for the parameter being
evaluated. So, common formulasfor line parameters calcula-
tion do not apply to very short conductors or to the vicinity
of line extremities. For such conditions, different procedures
must be used, e. g. based in methods identified in the paper.

3. - Some examples are related to the effect of line trans-
position, corrdated modeling procedures, and methodolo-
gies adequate to deal directly with simulation in phase ad
frequency domain.

It has been presented an example that illustrates some as-
pects of modeling assumptions, and, also, a simple way of
representing line behavior in frequency domain, directly in
three phase, without the need of mode separation ad
phase-mode-phase transformation, allowing to consder
non-conventional line, with different conductor arrange-
ment, e. g. in central and lateral bundles, and with soil
parameters frequency dependent.

In this example the line has been modeled directly in phase
and frequency domain, in frequency range[ 0, 20 kHz ],
considering 2161 frequencies. With direct integration of
line basic equations, in space, the transfer function between
voltages and currents at both extremities is obtained nu-
merically, using a fast procedure based in successive dou-
bling of line length for which transference function is
evaluated. When applicable, real transposition conditions
have been considered. Different aternatives of line transpo-
sition and modeling have been simulated, for line switch-
ing on. In this example, there are significant differences
between the shape of voltage at open line terminal, accord-
ing aternative and switched phase (when applicable). How-
ever, strictly in example conditions, in what concerns
overvoltage and insulation coordination, the differences are
moderate, and can be neglected for most application pur-
poses. It is justified some caution in eventua generdiza
tion of the comparative results of this example. Namely,
for conditions in which it occurs an eventual resonance
type phenomena, involving line and network, assumptions
concerning transposition modeling can be important.

We present in Appendix 2, for the four conditions ana-
lyzed, the amplitude of the immittance, or transfer func-
tion, between voltages of switched phase, at both line ter-
minals, in simulation conditions, in function of frequency.
There are important differencesin immittance, in frequency
domain, except for low frequency. For the example condi-
tions the frequency spectrum of disturbance is somewhat
diffuse, and there is a reasonable compensation between
differences of immittance in such spectrum. An eventua
resonance type condition can imply in important differ-
ences according transposition modeling. A careful examina
tion of presented results may be quite useful to interpret
the line behavior for switching phenomena and its interac-
tion with applicable to specific conditions.

4. - In aset of examples, we discuss briefly some aspects
of modeling shield wire effects.

Quite often, shield wires are steel cables. It is essentia to
consider the fact that steel is a ferromagnetic material and,

S0, it is erroneous to represent it as a metal having a mag-
netic permeability, p , practically equa to vacuum perme-
ability, 1y . Some versions of commonly used programs
do not allow easy access to a convenient choice of cable
W . For some applications, the error resulting from assum-

ing U =g may be very important.

Another important aspect is the eventual saturation of
magnetic material of steel cables, that must be taken into
account for high current values in shielding wires.

In the common practice, little attention is given to the
adequate magnetic characterization of shielding cables, that
are neither specified nor measured. Some specific practica
cases of Brazilian lines have shown the need to represent
correctly the magnetic properties of shielding cables.

Another aspect that needs some attention is the way shield-
ing wires are considered in line simulation. For some pur-
poses, shielding cables must be represented explicitly, to-
gether with phase conductors, for instance:

- To andyze lightning behavior, including effects of
strikesin towers, shielding wires and phase cables, at least
within several spansin both senses from impact point.

- Short-circuitsinvolving ground or shielding wires, also, at
|east within several spansin both sensesfrom fault point.

In case of shielding wires directly connected to all towers or
structures, and excluding the conditions of the two types in-
dicated above, it may be acceptable to consider shielding
wiresin an implicit way, “eliminating” shield wires of the
explicit Z and Y matrices, being Z the unitary (per unit
length) longitudinal impedance matrix and Y the unitary
transversal admittance matrix. This can be done, e. g. , with
the assumption of null transversal voltagein shielding wires,
what allows a very simple manipulation of matrices to con-
dder the effect of shielding wires in matrices relating, di-
rectly, voltages and currents in phases. This procedure ap-
pears quite reasonablefor frequencies such that a quarter wave
length ismuch longer than line span, or, typically, till about
100 kHz. For higher frequencies, such procedure must be
verified according the problem under analysis.

As an example of computational procedures based in exact
modes, the presented results were obtained computing the
“exact” modes. Manipulating the line matrices considering
phases and shielding wires, the exact eigenvalues and ei-
genvectors were obtained, relating phase and shielding
wires voltages and currents along the line through exact
modes.

In the conditions of this example, for 1 MHz, the transver-
sal voltage of phase conductors obtained with the assump-
tion of shielding cables continuously grounded is quite
similar to correct value, with shielding cables grounded
only at towers. Naturaly, for transversal voltage at shield-
ing wires, such assumption is not adequate.

5. - We have discussed the very important problem of soil
modeling.

One essential aspect of line modeling is the adequate repre-
sentation of ground, that affects line parameters, per unit
length, ahead of being a dominant aspect of for analysis
and project of line grounding system. By historica ad
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cultural reasons, the most used procedures assume that the
ground may be considered as having a constant conductiv-
ity, frequency independent, and an electric permittivity that
can be neglected ( w € << ¢). These two assumptions ae
quite far from reality, and can originate inadequate line
modeling.

Except for very high dectric fields, that originate signifi-
cant soil ionization, soil electromagnetic behavior is essen-
tially linear, but with electric conductivity, o , and eectric
permittivity, € , strongly frequency dependent.

We have described a previously developed group of soil
electric models, that:

- Cover alarge number of soil measured parameters, with
good accuracy, and within the range of confidence of practi-
cal field measurement.

- Satisfy coherence conditions.

From previous models, we have developed abasic and gen-
eral model of electromagnetic parameters of a medium, that
assures physical consistency, and which has shown to be
quite useful to define models from measurement results. In
particular, such model is very well adapted to soil modd-
ing, with a small number of numerical parameters. For a
very high number of soil samples, the dominant behavior,
in the frequency range[ 0, 2 MHz ], can be represented
with such model, with only three numerical parameters.
Also, the dtatistical analysis of a high number of fidd
measurements has identified three parameters that can be
assumed statistically independent, and their statistical be-
havior. One of them, is the soil conductivity at low fre-
guency, that is or can be obtained by usual measurement
procedures. The other two define frequency dependence of
electric soil parameters.

The satistical distribution of parameters of édectric soil
model can be represented by Weibull distributions. A
summary of statistical distribution of parameters that de-
fine frequency dependence has been presented.

If specific measurements of soil parameters, in function of
frequency, have been done, indicated procedures allow to
define grounding system behavior, to evaluate people ad
equipment safety, and to optimize means to obtain adegquate
behavior for lightning.

One eventual difficulty, specialy for small grounding sys-
tems, is to evaluate soil parameters related to frequency
dependence, that are not obtained by common procedures,
and can be measured as described in [3-4].

We indicate some results of a systematic analysis of soil
behavior for some basic examples related to fundamental
aspects that influence the lightning behavior of grounding
systems, covering the statistical range of parameters, with
astatistical analysis of the effect of soil parametersin such
behavior. With such type of analysis, it is possible to have
abasic approach to define, in a statistical sense, the impor-
tance of parameters related to frequency dependence, in con-
junction with usually available information. With this
procedure, it is possible to evaluate the need of specific
measurements, or precautions, to use parameter estimates,

based in statistical distribution of such parameters, ad
information usually available about soil.

We present a summary of a basic soil model and the main
aspects of the statistical behavior of frequency dependence
of soil parameters.

6. - We discuss some important problems related to very
long distance transmission, including:

- Essential aspects of very long distance transmission.

- Basic physical aspects of very long lines operating condi-
tions.

- Basic physical aspects of very long lines switching.

The problem of AC transmission at very long distance was
sudied using several methods to consider some transmis-
sion system alternatives, interpreting the dominant physi-
cal and technical phenomena, and using simulations to
detail and confirm general analysis.

The results obtained were quite interesting. Namely, they
have shown that: electric transmission at very long dis
tanceis quite different of what would be expected by sim-
ple extrapolation of medium distance transmission experi-
ence; to optimize a very long distance transmission trunk,
a more fundamental and open approach is needed. By ex-
ample:

- Very long distance lines do not need, basically, reactive
compensation, and, so, the cost of AC transmission sys-
tems, per unit length, e.g., for 2800 km, is much lower
than, e.g., for 400 km.

- For very long transmission systems, it is appropriate the
choice of non conventional line conception, including
eventualy:

- “Reduced” insulation distances, duly coordinated with
adequate means to reduce switching overvoltages,

- Non conventional geometry of conductor bundles, six-
phase lines, surge arresters distributed along the line.

- Switching transients, for several normal switching con-
ditions, are moderate, in what concerns circuit bresker du-
ties and network transients severity, for lines and equip-
ment. Namely, line energizing, in a single step switching,
of a 2800 km line, without reactive compensation, origi-
nates overvoltages that are lower than, or similar to, over-
voltages of a 300 km line with reactive compensation.

- Quite good results can be obtained with a careful coordi-
nation of circuit breakers with line and network, namely
with synchronized switching, coordination of several cir-
cuit breakers and closing auxiliary resistors.

- There are some potentially severe conditions quite differ-
ent from typical severe conditionsin medium distance sys-
tems, e.g., in what concerns secondary arc currents, and
reguirements to allow fault elimination without the need of
opening al line phases. The severity of such conditions is
strongly dependent of circuit breaker and network behavior.
Due to peculiar characteristics of long lines' transients, it
is possible to reduce dragticaly the severity, with fast
switching and appropriate protection schemes. Quite good
results can be obtained with a careful coordination of cir-
cuit breakers with line and network, namely with synchro-
nized switching, coordination of several circuit breakers and
closing auxiliary resistors. Eventually, special schemes can
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be used to limit overvoltages for some quite unfavorable
conditions of fault type and location.

Due to the lack of practical experience of very long trans-
mission lines, and the fact that they have characteristics
quite different of traditional power transmission lines ad
networks, a very careful and systematic analysis must be
done, in order to obtain an optimized solution.

In order to clarify the most important aspects of very long
lines characteristics, we present a parametric example with
simplifying assumptions that allows an easy and cdlear
formulation that identifies most important aspects. As
shown in this discussion, for long distance transmission,
there are several important reasons to choose an electric
length of the line, @ , alittle higher than half wave length,
in what concerns normal operating conditions and inherent
investment. The “exact” choice is not critical. A range
1.05 < © < 1.10 1t is areasonable first approach. Also
for “dow” and “fast” transient behavior, this choice has
very important advantages.

The solution of long distance transmission with © alittle
higher than 1 (e.g. .05 1< © < 1.10 1) is quite robust
for electromechanical behavior and, aso, for relatively
dow transients, associated with voltage control. For ex-
ample, a relatively small reactive control, equivalent to a
changein © , allows afast change in transmitted power, in
times much shorter than those needed to change the me-
chanical phase of generators. A FACTS system, control
oriented for its effect on © , can be very efficient for dec-
tromechanical stability.

It must be mentioned that, for balanced conditions, reective
compensation does not need capacitors or reactors to
“accumulate energy”. In balanced conditions, for three or
six phase lines, the instantaneous value of power transmit-
ted by the line (in “all phases’) is constant in time, ad
does not depend on reactive power (what is different of the
case of a single phase circuit), and, so, reactive power be-
havior can be treated by instantaneous transfer among
phases, e.g. by electronic switching, with no basic need of
capacitors or reactors for energy accumulation (differently
of what would be the case of asingle phase line).

In order to alow a quite simple interpretation of the effect
of line length on line switching overvoltages, we have
shown results of a very simple line model, that allows to
take into account the dominant physical effects, with a
minimum number of parameters, and that, for most impor-
tant effects, can betreated by very simple analytical proce-
dures, directly in phase domain.

Main characteristics of long line switching are explained
with such model, as it has been confirmed with extensive
detailed simulation methods.

It has been shown that, in a group of simplifying condi-
tions, representative of important aspects of line switching
transients, the ratio of maximum overvoltage, at open line
end, and source peak voltage, isfunction, only, of “eectric
linelength”, 8, at power frequency.

For transmission at distances of the order of 2 500 to
3000 km, asisthe case for transmission from Amazonian
Region to Southeast Region, in Brazil, the natural way,
for AC transmission, is to have transmission trunks with

no basic reactive compensation, instead of extrapolating the
traditional practice of line strong reactive compensation of
long lines. In severa aspects, the behavior of an uncom-
pensated line is much better than the behavior of a strongly
reactive compensated line, and the cost of an uncompen-
sated lineis much lower.

The main objective of the previous analysis is to identify
and explain the dominant physical aspects of line switch-
ing on, and the influence of line length, for very long
lines. It shows why it is not applicable the direct and sim-
ple extrapolation of common practices for relatively short
lines. It also shows that and why direct switching on, in a
single step, of a very long line, with no reactive compen-
sation, originates moderate overvoltages, much lower than
overvoltages obtained in switching on lines with a few
hundred kilometers length.

A similar analysis explains, also, the several other aspects
of very long lines behavior, for different transient phenom-
eng, including those associated to various types of faults
and secondary arc aspects for single phase faults.

In order to give a concrete idea of the eventual impact of
non conventional line, NCL, concept and consequent re-
sults of its use in line optimization, it is indicated the
approximate range of characteristic power that can be ob-
tained within prudent choices and criteria, without very
special efforts. It isfeasible to project lines with character-
istic power much higher than with traditional engineering
practice, with optimized solutions, and with reduced ambi-
ent impact.

7. - We discuss some important aspects of transmission
line optimization, including severa topics not frequently
taken into account.

The transmission line should be optimized trying to obtain

minimum total cost (including installation costs of line

and associated equipment, and costs of operation, including

losses) and maximum reliability in its operation in power

system, taking into consideration several other aspects.

Some characteristics of conventional transmission line

projects are:

- Standardized bundles of conductors, with a symmetrical
circular shape;

- High values for insulating distances.

These characteristics lead to lineswith a limited parametric
variation for each voltage level. So, the traditiona line
optimization process do not interfere very much with the
equipment and network optimization. In this case, it is
possible to not consider the transmission line optimization
in a planning study.

It is possible to increase the characteristic power of aline
by varying the bundle shape and by decreasing the insula-
tion distances, which would be very interesting for very
long transmission distances.

The insulation distances can be reduced to low values with
measures to reduce the overvoltages and the swing between
phases.

Some actions to decrease overvoltages are, €. g. :
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- Use of synchronized switching on of circuit breakers;
- Useof distributed arresters along transmission line.

Its is possible to reduce the swing between phases using
insulated spacers.

Non conventional transmission lines, on the contrary of
traditional lines, have a high range of eventual variation of
parameters.

Some characteristics of five transmission line examples are
shown in the paper. The examples are, respectively, a con-
ventional 500 kV three-phase line, two non conventional
500 kV three-phase lines, a non conventional double-
circuit three-phase line and a non conventional six-phase
line.

The non conventiona lines have reduced insulation dis
tance and non standardized bundles of conductors. The bun-
dle geometries were optimized by a computational pro-
gram. The program maximizes the characteristic power of a
line respecting a maximum electric field on conductors
surface and some geometric constraints of bundles shape
and location.

The characteristic power of the non conventional 500 kV
lines of examplesis much higher than that of the conven-
tional 500 kV line. For along distance transmission, the
transmission power capacity of the non conventional lines
of examplesis greater than the double of conventional line
capacity.

The three-phase double-circuit and the six-phase configura-
tion allows to almost double the power capacity for long
distance transmission, with a moderate increase of right of
way area

The methodology of line optimization is shown in details
in references.

The electric compensation of line, the switching and opera-
tional criteria must be optimized together with the line.

In order to give a concrete idea of the eventual impact of
non conventional line, NCL, concept and consequent re-
sults of its use in line optimization, it is indicated the
approximate range of characteristic power, P, that can be
obtained within prudent choices and criteria, without very
special efforts. in function of voltage.

It is feasible to project lines with characteristic power
much higher than with traditional engineering practice,
with optimized solutions, and with reduced ambient im-
pact.

8. - To illustrate the importance of joint optimization of
compensation of line, switching and operationa criteria,
we describe briefly some aspects of a specific project.

The analyzed transmission system is based on a 420 kV
line, 865 km long, 50 Hz, with maximum eventual 800
MW load at one line terminal .

This transmission system has some unfavorable con-
straints (e. g. 865 km), compared with “most common”
transmission systems, and in order to obtain an optimized
solution, it was necessary to perform a systematic analysis
covering a large number of options and parameters, ad

using several non traditional methodologies. With the
study procedure used it was found a solution with a non-
conventional line, and several other non-conventional solu-
tions, with which it was possible to conciliate apparently
contradictory requirements and solutions. These solutions
alowed a relatively low cost transmission system with
good operational quality.

Some interesting aspects of proposed transmission system
ae

- Therearereactive compensation only at line extremities
and in an intermediate point.

- Switching of the 865 km transmission system directly
from one extremity, without switching at intermediate
points.

- Line arrangement optimized for the specific line length
and transmitted power.

- Single-phase opening and reclosing, assuring high prob-
ability of secondary arc extinction, for single phase faults,
in order to obtain high reliability of transmission.

- Joint optimization of project and operationa criteria,
allowing important cost reduction.

9. - We have presented a basic methodology to evaluate
adequacy of line parameters and simulation procedures,
giving some exampl e results.

The given examples and other similar ones show that some
currently applied transmission line models, which intend to
represent the frequency dependence of line parameters in
time domain simulation program, have some inaccuracies.

According to predicted application, such inaccuracies may
be important. There is the need of simple and robust guide-
lines and test methods, of the type indicated above in the
paper, to validate line models for transient studies.

The proposed methodology has been applied to our modd
and to some established models, allowing us to identify
some inaccuracies very promptly.

A.l- Inorder to clarify terminology, we indicate, in Ap-
pendix 1, in a very simplified form, some of the basic
assumptions in several of most used formulations to ob-
tain line parameters. There are some variants, but a more
generic discussion would be out of the scope of this paper.

In order to simplify the presentation, we include in this
Appendix some procedures we have developed, e. g. in
order to consider the electric permittivity of ground, the
corona phenomena and lightning effects, and that are not
used in common engineering practice.

In the Appendix 1, we comment the following aspects:

- Basic line equations, in frequency domain.

- Geometric simplifying assumptions.

- Electromagnetic field behavior simplifying assumptions.
- Longitudinal unitary impedance matrix Z .

- Transversal unitary admittance matrix Y .

- Procedure to consder conductivity and permittivity of
soil.

- Line modes referred to unitary parameters.
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- Ideal line behavior.

- Line modeling in frequency domain.

- Line modeling in p (or s) domain.

- Modeling corona effects.

- Grounding modeling procedures.

- Line modeling for lightning phenomena.
- Basic constraints of modeling procedures.

In a few points we discuss some relevant aspects of line
modeling, including some aternative procedures.

In what concerns methodological aspects not included in
common used procedures, we deal with the following prob-
lems:

- Procedures to consider effect of ground permittivity.

- Some basic problems related to phase-mode transforma-
tion, to the use of quasi-modes and to peculiarities of some
eventual assumptions.

- Some bhasic aspects of ideal line behavior, of procedures
aiming to simulate directly in time domain and of the use
of propagation functions.

- Some basic aspects of line modeling in frequency do-
main, and of procedures trying to conciliate frequency do-
main formulations with time domain procedures.

- A simple and efficient procedure to model a line in phase
and frequency domain, without the need to ded explicitly
with hyperbolic functions of matrices.

- Line modeling in p (or s) domain.
- Procedures to model corona phenomena.

- The use of a tensorial formulation that, within some
eventually acceptable errors, allowsto consider some types
of non linear behavior (e. g. , associated to corona), inter-
action among different frequencies and the incrementa pa-
rameters dependence on “phase” in relation to a reference
condition. Also, some type of superposition may be dedt
with, using hybrid time-frequency simulation procedures.

- A simple physical model of corona, in connection to spa
tial field distribution in time and space in vicinity of line
conductors. This ssmple model satisfies naturally to ex-
perimental main behavior of corona according to shape of
voltage in vicinity of conductor, and alows to take into
account interaction between conductors and phases.

- Grounding modeling procedures, including several aspects
that are frequently treated with non adequate assumptions,
that may originate very important errors, namely for unfa-
vorable lightning and soil behavior characteristics, as it
happens in most of Brazil. We indicate procedures to treat
such aspects with adequate methodologies that, however,
are not applied in common engineering practice.

- Line modeling for lightning phenomena, with emphasis
in identification in several common practices that can
originate important errors and deficient project and design.

Within the diversity of modeling procedures and applica-
tion problems, there is not a single method with important
advantages for all application problems. An adequate choice
must be done, according dominant aspects.

The most used programs for modeling transient phenomena
arebased in direct time simulation procedures, and, so, an

important amount of algorithmstry to concentrate in time
domain.

In many aspects, frequency domain and p domain have
important advantages that, in authors opinion, have not
been exploited fully. It appears justified an important effort
in frequency domain, p domain in and hybrid procedures, to
alow amore adequate optimization of methods. For some
aspects, time domain procedures have relevant advantages
that justify their use, inclusive in hybrid methods using
frequency domain, p domain and time domain analysis.

10. - As an overview of the questions discussed in the
paper, we emphasize the following:

- Most used procedures used in modeling, simulation ad
optimization of transmission lines, have validity and ap-
plicability limitations, whose importance depends on the
specific application. It is quite important to have a correct
idea of such limitations.

- Thereis awide spectrum of metodologies and procedures.
The corresonding validity and applicability limitations ae
quite different. Also several of them have important advar-
tages and drawbacks, whose importance depends on the
specific application and its requirements and constraints.

- There is no specific methdology best suited for all appli-
cations.

- It is essential to have a clear idea of the limitations of
used procedures. Otherwise there is a risk of erroneous re-
sults with eventual important consequences.

- There are some usual assumptions quite far from redlity,
that have been identified in the paper. It is justified an &f-
fort to avoid the use of those assumptions.

- The most used programs for modeling transient phenom-
enaare based in direct time simulation procedures, and, so,
an important amount of algorithms try to concentrate in
time domain. For some applications, time domain methods
areaconvenient choice. For other applications, other pro-
cedures may be more convenient.

- In many aspects, frequency domain and p domain have
important advantages that, in authors opinion, have not
been exploited fully. It appears justified an important effort
in frequency domain, p domain in and hybrid procedures, to
alow amore adequate optimization of methods. For some
aspects, time domain procedures have relevant advantages
that justify their use, inclusive in hybrid methods using
frequency domain, p domain and time domain analysis.

- There are ways through which it is possible to optimize
transmission lines, that may allow, in many conditions,
great improvement in project, including transmission ca
pability, total cost, ambiental impact and operational be-
havior. It is justified an open mind attitude, considering
aternatives to common engineering practice.

- Very long distance transmission, e. g. , at 2500 km, has
characterigtics, discussed in the paper, much different of
usual long lines (e. g. , 400 km). It is essential to consider
such characteristics, and to consider jointly the transmis-
sion trunk and the network, to obtain an optimized project
of very long distance transmission.
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APPENDIX 1 - TRADITIONAL BASIC FOR-
MULATION OF LINE PARAMETERS
EVALUATION

Introduction

In order to clarify terminology, we indicate, in a very sim-
plified form, some of the basic assumptions in several of
most used formulations to obtain line parameters. There
are some variants, but a more generic discussion would be
out of the scope of this paper.

In order to simplify the presentation, we include in this
Appendix some procedures we have developed, e. g. in
order to consder the eectric permittivity of ground, the
corona phenomena and lightning effects, and that are not
used in common engineering practice.

Basic line equations, in frequency domain

For sinusoidal aternating electrical magnitudes, of fre-
guency f and pulsation w = 2 1tf , with complex represen-
tation of sinusoidal alternating electrica magnitudes, ad
with severa approximations and validity restrictions, the
basic equations of atransmission line are

du _ di
Tax “ax C 'Y
being:

Z the longitudinal unitary impedance matrix, referred to
the line cables, of generic element Z ., function of f

Y thetransversal unitary admittance matrix, referred to the
line cables, of generic element Y, function of f

U the matrix of transversal voltages of the line cables,
function of longitudinal coordinate x

| the matrix of longitudinal currents in the line cables,
also function of x .

Geometric simplifying assumptions
Soil surface is assumed plane and line cables are assumed

horizontal, parallel among themselves.

Distance between any pair of conductors is assumed much
higher than the sum of their radius.

Electromagnetic effects of structures and insulators are ne-
glected.

Electromagnetic field behavior
sumptions

simplifying as-

Some simplifying assumptions are usually done about

electromagnetic field behavior, e. g., quas stationary type

assumptions in what concerns transversal behavior, e. g.

equivalent to:

- Neglect propagation time in a direction perpendicular to
line axis.

- To relate electric and magnetic field strictly to currents
and charges per unit length in the line conductors in a
plane perpendicular to line axis, at the same instant.

- To accept some simplifications in border conditions at
surfaces separating air from conductors and from ground.
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- To assume soil strictly homogeneous or with homoge-
neous layers separated by horizontal planes. Distance be-
tween any pair of conductors is assumed much higher
than the sum of their radius.

- Ferromagnetic materials in cables treated assuming an

“equivalent” magnetic permeability, W .

Longitudinal unitary impedance matrix Z

Let m , n be generd indices of any two line conductors,

varying m , n from 1 to the number of conductors, n

and being, eventually, n=m .

Let us assume a plane soil surface and cylindrical conduc-

tors horizontal and paralel among them, and let be

(considering apair of conductors of indexesm, n , as rep-

resented schematically in Fig. 34),

h,, the height of conductor m from ground (and referred

approximately to conductor axis).

r,, the external radius of conductor m .

Ymn the distance between the vertical planes that include
the axis of conductors m , n .

mn = Rnm  the distance between the axis of conductors
m,n (form #n).

mn = R nmthe distance between the axis of conductors m
and the axis of the image, in relation to ground surface,
of n, orinversely (for m#n).

max

R

R’

z° the longitudinal unitary impedance matrix, Z , referred
to the line conductors, of generic element Zomn , in the
assumption that the conductors and the soil behave like
perfect conductors (infinite conductivity); in this as
sumption we would have an ideal line, without losses
and dispersion (assuming air permittivity and magnetic
permeability uniform and frequency independent), with
propagation velocity equal to electromagnetic propaga
tion velocity in air.

z' parcel of Z additiona to matrix z° that expresses the
effect of line conductors not behaving like perfect con-
ductors.

Z° of Z additional to matrix Z° that expresses the effect of
ground not behaving like perfect conductor.

z° parcel of Z that expresses the effect of electromagnetic
field externa to the cables, in the assumption that the
line cables behave as perfect conductors.

i imaginary unit (i =++/-1).

We have:

Z :Ze+Zi :ZO+ZS+Zi

In indicated assumptions, we have

z°= % i wM

being M one matrix that characterizes the line geometry,

of genericelementM ., and
M = l0g Zrh m (for the diagonal elements of
m

matrix M , suchthat m =n)
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Fig. 34 - Relative position of two line conductors, m , n ,
in aplane perpendicular to line axis.

RI
M__ =log —"
mn Rmn

(for the non-diagonal elements of

matrix M , suchthat m #n)
R <[ (N = 0 )2+ Your? 172 (form#n)
R, =[(,+h)Y+y. 21" (form#n)
Let us consider, as example, the Carson formulation [32],
to obtain the effect of non ideal soil. Due to formal coher-
ence aspects, we consider a variant of Carson formulation,
that does not affect its important aspects. Carson formula
tion assumes that, in soil,
We<<o
Although, by mistake, Carson states that its formulation
applies to magnetic permeability of soil, p , different of
vacuum magnetic permeability, |, , approximate validity
of Carson (within some parameters range) implies that, in
soil, it is
B UKo
Within the assumptions of this formulation, let it be
a=[gwaol’® h', =ah, h'. =ah,
ymnzaymn Rmn:qun R, mn:aR’mn
Within this formulation (with Carson approximate results,
and with the conditions of its approximate validity), the
elements of matrix Z° defined above are

Ho

21

s —_—
mm

wJ,[2h",,0] (for diagona elements of

Zs,suchthatm:n)
Ho

21

S —_—
mn

wJ, [ h*m +h ] (for non-diagonal

n’y mn
elements of Z°, such thatm#n)

being J,, afunction of two arguments, n , { , defined by
o Ofs2,: _¢0 -
Jv[n,Z]—ZJ; 0/ &2 +i —&5 e cos(LE) g

The function J,, can, also, be expressed in function of a-
guments &, 8 , being

0= ! n2+Z2 = R,*mn
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4

S — gan Y* mn
n

*
m+h n

Y mn
hy+hp
In principle, with an acceptable small error for aeria
transmission lines, the effect resulting from non-ideal con-
ductors may be taken into account by means of parcel Z_I of
matrix Z , assuming that only diagonal elements of Z' ae

non-null (neglecting mutual effect resulting from non ided
behavior of conductors).

0 = atang

g = atang h*

In these conditions, the element of matrix Z' corresponding
to a specific conductor may be defined as the ratio between
the longitudinal component of electric field at the external
surface of the conductor and the longitudinal current at such
conductor. This definition is relatively robust and satisfies
several coherence conditions.

Due to approximate cylindrical symmetry, the internal
impedance is naturally expressed in terms of Bessal func-
tions. With some simplifying assumptions, reasonable for
most applications, such formulation is relatively simple.

Once obtained the matrix Z referred to all line conductors,
with some simplifying assumptions (reasonable for some
conditions, but not for others), it is easy to reduce such
matrix to a matrix referred to phases, relating longitudinal
currents and transversal voltages per phase (by a routine
manipulation of the matrix Z referred to all line conduc-
tors), e. g. assuming that:

- Thetransversal voltages of the several conductors of each
phase are equal.

- Transversal voltages of grounded earth wires are null.

A more simple procedure to evaluate matrix Z , that is
aso frequently used [34], and gives results similar to Car-
son formula, although, in principle, with higher error mar-
gin, is to consder an equivalent complex penetration dis-
tance, d , above ground, at which an ideal ground is as
sumed, as represented schematically in Fig. 35, being

d=1/ oiwyg

“Externa” impedance, obtained with such “equivalent” soil
level, considers, with eventually acceptable error, soil -
fect.

These procedure assumes that, in soil,
wEe<<a

A different method, which avoids most of simplifying as
sumptions of Carson’s method, as been presented [35-36].
It appears potentially interesting. Apparently some revi-
sion mistakes have occurred in published formulae, that
must be corrected for obtaining correct results. The practi-
cal implementation of this method has, in principle, some
numerical difficulties, that impose some particular precau-
tions.

Transversal unitary admittance matrix Y

Let us consider the matrix D of transversal voltage coeffi-
cients, of generic element D, , and C the matrix of trans-
versal capecitance, per unit length, both referred to line
conductors, such that
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Fig. 35 - Relative position of two line conductors, m , n ,
in a plane perpendicular to line axis, considering an ided
ground level at a complex distance, d , from rea ground

level.

U=DQ Q=D'u=cu c=D"1

dl di
-W—le—le tu -W_YU

Y=iwC=iwD™"
In usual simplifying assumptions, it is
1

2TE,
YziwC=iwD'=2neg,ioM™
being M one matrix that characterizes the line geometry,
of generic element M ., identical to matrix M indicated
above, about the computation of matrix Z .

The usua assumptions imply, ahead of electromagnetic
field behavior simplifying assumptions indicated above,
that, for transversal effects, the soil is equivalent to an
ideal conductor (infinite conductivity). This last assump-
tion, in what concerns matrix Y , may be reasonable for
some typical conditions, namely if and when the ground
parameters g and € are such that
lo+iwe|>>iwe,

A procedureto evaluate matrix Y without the assumption
of ideal soil has been presented [37], but does not appears
to be widely used.

Procedure to consider conductivity and permit-
tivity of soil

Currently used methods indicated above neglect effect of
ground permittivity. This hypothesisis quite far from red-
ity, even for low frequency. It is immediate from Maxwell
equations interpretation that, to consider effect of ground
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permittivity, with otherwise assumptions eguivalent to
those adopted in such methods, it is adequate:

- In Carson or equivaent formulae, to consider
a=[pow(o+iwg]’* insteadof a=[p,w0]
- In complex distance or equivaent formulae, to consider
d=1/./(c+iwe)iwyy inseadof d=1/
This procedure is avery simple way to avoid the important
error of neglecting soil permittivity effectsin line parame-
ters, as it is typicaly assumed in common engineering
practice.

1/2

OiWHg

Line modes referred to unitary parameters

In order to allow a simple interpretation, let us consider a
three-phase line. The formal transposition for a line with
an arbitrary number of phases or polesisimmediate.

From the pair of first order differential equations, in U and
|, it is immediate to obtain the second order differential

equations, in U and | , separately:

2 2

“Y _svu Ly
dx2 dx2

It is worth to mention that the product of matrices is not
commutative, in general.

Let us search solutions characterized by an exponential
variation (with a complex exponent, in general) of voltage
or current, with distance x , along the line:

U=U,e** I =1,e**

In the expressions above, U and | are functions of x , but
not of time, t . The variation of voltage and current in
function of time, in complex representation, u , i , is ex-
pressed by an additional factor that, asit affects all voltages
and currents, in complex representation, was not included
in previous expressions. Such factor can be expressed by

Howt
e

and, so, the complexes associated to instantaneous values
of voltages and currents (function of x and t), in complex
domain, are

uZUOetyx eilu)t i :Ioetyx eiu.ot

In real domain, voltage and current, u , i , in function of

x,t,ae
UZD[Q]:D[ertyX tiwt]
i:D[L]:D[IOeiVxe_lwt]

We have
d2u 2 d21
=ZYU=v"U —— =Y Z Il =y
dx2 ¥ dx? v
For a more compact notation, let be
A=2ZY B=YZ
For the exponential type solutionsunder analysis, it must be
Ay -y? A A1z
det | Ay Ay —y?2 A |=0
Az Az Azz —y2



Bi1-y B B3
2
det | By By -y By |=0
2
Ba1 Ba» Bz -y

or, in other words, y2 must be an eigenvalue of matrices
A=ZY andB =Y Z . Although, in genera, A and B
are different, they have the same eigenvalues (but, in gen-
eral, different eigenvectors).

To obtain the j solutions, yj2 , of the two previous equa
tions, it is enough to obtain the solutions of any of them.
For each value of yj2 there are two values of Yj what can
be expressed by +y; , being y; one of the two square roots
of yj2 . Each pair of roots of one of solutions yj2 is asso-
ciated to propagation and attenuation in opposed senses.

For each value, yj2 , of previous solutions, and for that
solution (or solution pair), the corresponding voltages or
currents are in a certain proportion. Such proportion de-
fines, apart an arbitrary complex factor, the eigenvector
associated to y,” .

Let
kujl
Upy; = Kyj2
Kyj3

be the eigenvector of voltages in phase coordinates
(respectively phases 1, 2, 3 ) corresponding to the volt-
age, in mode coordinate, associated to the eigenvalue yj -
It must be

2 -
(Ap -y )k -Ap Ky -Ap k=0
2
An Kyjr - (Ag -y ) Ky - A K3 =0
2

Az Kyr- Az Kyo - (Agg- Y ) k3 =0

Due to the fact that yj2 is one of the roots of the determi-
nant of the coefficients of previous equations system, such

equations are not distinct, and one of them is a linear com-
bination of the other two.

So two (any) of previous equations define the proportion of
Kyj1 » Kyj2 » Kyjz » Or, in other words, apart a proportional-
ity factor, in principle arbitrary, define the transversal volt-
ages eigenvector associated to Y, -

Let
Kij1
lemj = I<ij2
Kija

be the eigenvector of currents in phase coordinates
(respectively phases 1, 2, 3) corresponding to the cur-
rent, in mode coordinate, associated to the eigenvaluey; .

It must be

(B - ij) Kij1 - B1p Kijo - B3 kijz =0
Boy Kijp - ( By - ij) Kij2 - Bog Kjj3 =0
Bay Kij1 - Bao Kijp - (Bgg - ij ) kij3=0
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Any two of previous equations define the proportion of
Kij1 » Kij2 » Kij3 » or, in other words, apart a proportionality
factor, in principle arbitrary, define the longitudinal cur-
rents eigenvector associated to Y, -

In general, the eigenvector of voltages and the eigenvector
of currents, associated to the same eigenvaluey; , are dis-
tinct (ahead of the “freedom” of choosing different propor-
tionality factors for the two eigenvectors).

If two of the three roots yj2 are coincident, in the systems
of three linear equations that define the eigenvectors, for
that double root, only one equation (in each system of
three equations) is “distinct”. The other two do not impose
additional proportionality conditions among k;; , ky, ,
k3, and among ki;; , Ky, , Kij3 . So, there is an infinity
of eigenvalues associated to the eigenvalue of multiplicity
two. Expressed in another form: given two distinct eigen-
vectors (ahead the arbitrary complex proportionality fac-
tors) for the double root yj2 , any linear combination of
such eigenvectors is also an eigenvector, for the same d-
genvalue.

If the three roots yj2 are equal, the systems of three linear
equations that define the eigenvectors do not impose addi-
tional relation among k;; , K, , k5, and among k;;; ,
Kij2 » Kij3 ,» and any linear combination of phase voltages or
currents is an eigenvector, with eigenvalue +y, . This con-
dition corresponds to the case of an ided line, without
losses and dispersion (ideal conductors and ideal ground),
for which any pair phase voltage-current, or linear combi-
nation, propagates according air parameters, assumed with-
out losses ( o null) and with € constant and frequency in-
dependent.

In principle, transversal voltages and longitudinal currents
can be expressed in terms of “phase coordinates’ or in
terms of “mode coordinates’, corresponding each “mode”’ to
an eigenvalue Y, to apair of “complex scadar” transversal
voltage and “ complex scalar” longitudinal current (both for
the same eigenvalue and in mode coordinates), and to a pair
“elgenvector transversal voltage’ and “eigenvector longitu-
dina current” (both for the same eigenvalue and in phase
coordinates).

Let usidentify the mode coordinates and the phase coordi-
nates by theindexes M e P, respectively, and let us con-
sider the phase-mode and mode-phase transformation matri-
ces, for transversal voltages and longitudinal currents,
Tuvps Tuev s Timps Tipw » Such that

Uwi = Zoma e Uwz=Zomz vz Unmz=Zows lus

Un = Tump Up Up=Tupm Un
I =Tiwelp Ip=Tiem I
We have
TuMP:TuPM-l TiMP:TiPM-l
Kua  Kuzz  Kuz
Tiem = |Kuz  Kuzz  Kuzz
Kuz  Kuzz  Kuyss



Kiin  kior  kias
Tim = |Kiiz  Kizz  Kiz
kiiz  kizz  Kijzs
Let us consider the relations, expressed in phase coordi-
nates,
du dl
-—2=2Z1 -— =Y U
dx dx
or
d _ d _
- = Up=Z1 - = l,=Y U
dx P PP P dx P PP YP
We obtain
d _
B dx Tuem Un =Zpp Tipw I
d _
B dx Tiem Im = Yep Tupm Un
ad
d -1 _ -1
- a TuPM TuPM UM - TuPM ZPPTiPM IM
d -1 _ -1
- a TiPM TiPM IM - TiPM YPPTuPM UM
from which
d _ -1
- a UM _TuPM ZPPTiPM IM
d _ -1
- a M _TiPM YPPTuPM UM

So, the longitudinal impedance per unit length, in mode
coordinates, Z,,,, ,» and the transversal admittance per unit
length, in mode coordinates, Y ,,, , such that

- c;j_x Un =Zym Iw - %
are related with the matrices longitudinal impedance per
unit length, in phase coordinates, Z, , and the transversal
admittance per unit length, in phase coordinates, Y o , by

M= Yum Uy

Zyw = TuPM_l Zep Tiem = Tump Zpp Tipm

Yum = TiPM-l Yep Tupm = Tive Yep Tupm

Zep=Tpm Zyum TiPM-l =Tuem Zum Tivp

Yer = Tipm Ywm TuPM-l =Tipm Yvm Tump

The matrices Z,,,, and Y ,,, are diagona (with non diago-
nal elements null). So, the voltage and current of each
mode are related with the current and the voltage of the
same mode, and, within the line, there is no interaction
among distinct modes. Such interaction may occur in line
terminals, in points in which there are modification of
mode-phase relations, such as transposition points, and in
points in which external conditions are imposed, e. g. ,
line faults, interrupted phases. For some problems in
which shield wires must be considered explicitly, towers,
tower grounding, and specific aspects of shielding wires
connection may originate eventual interaction among
modes.

Itis, aso,

— —\ 2
ZMMll YMMll - YMMll ZMMll - yl

Zymzz Ymmzz = Yumzz Zvmmzz = V2

Zymas Ymmas = Y mmas Zmmss = Vs
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The characteristic impedances of modes, Z; » Zouo »

ZoM3 y are

- 1/2

ZOMl - ( ZMMll / YMMll )
- 172

Z0M2 - ( ZMM22 / YMM22 )

- 1/2

ZOM3 - ( ZMM33 / YMM33)

and the characteristic admittances of modes, Y 1, Y o2 »
Yomz s &€

- 12 _ -1
YoMl_(YMMll/ZMMll) _ZoMl

— 12 _ -1
YOMZ_(YMMZZ/ZMMZZ) _ZOM2

— 12 _ -1
Y0M3_(YMM33/ZMM33) _ZoM3
being

Ui =Zouwi v YUmz=Zowz w2 Uvs = Zoms lus

ad

IMm1=YomiUms m2=YomzUmz  mz=YomsUus

In general, the matrices defining relations between phase
domain and mode domain voltages, currents and per unit
longitudinal impedances and transversal admittances ae
frequency dependent. This fact creates some difficulties in
time domain simulation procedures using simultaneously
mode simulation, e. g. , for lines, and phase simulation, e.
g. for switching conditions and surge arresters. The need to
consider a phase-mode transformation frequency dependent,
that can not be expressed, at least directly and in a simple
form, in time domain, reduces or eliminates most advar+
tages of mode domain use, in time simulation. Some
common used procedures consider a phase-mode
“transformation” assumed frequency independent, e. g.
equal to the correct transformation matrices evauated for a
specific frequency. The error of this assumption may be
more or less important according the specific application.

In lines having a vertical symmetry plane, as it occursin
most transmission lines, there are two groups of eigenval-
ues, as an immediate result of such symmetry. In a three-
phase representation, one of such groups corresponds to 3
Clarke’'s component, that is an exact mode, and the other
group joins a Clarke's component and homopolar compo-
nent, h , that are not exact modes, and may, eventually, be
trested as quasi-modes.

The use of Clarke's components as quasi-modes (one of
them, (3, an exact mode, if the line has a vertical symme-
try plane), has the advantage that phase-“mode” transforma-
tion matrices are frequency independent and real, and, so,
can be applied directly in time domain. Additionally, the
Clarke's transformation, being “a priori” frequency inde-
pendent, has not the risk of introducing errors associated to
peculiarities of a particular frequency. Clarke's components
have also the advantage that “quasi-mode’-phase transfor-
mation can be simulated, in common time domain simula-
tion programs, by means of ideal transformers, allowing
the use of such programs in most of their models ad
tools, but allowing specific choice of line modeling, even-
tually different of line models available in such programs.
Another assumption, that, when acceptable, has many
practical advantages, is to assume “ided” transposition of



line. With this assumption, homopolar component
(corresponding, in phase domain, to voltages or currents,
identical in the three phases) is an exact mode. The other
two modes have the same eigenvalue, and, so, there is a
degree of freedom in choosing the eigenvectors of such
modes. They can be chosen, e. g. , like a , B Clarke's
components, that have the advantage of being real. They
can be chosen, also, as direct (positive) and inverse
(negative) symmetrical components. In fact, any linear
combination of voltages and currents to which, in phase
domain, corresponds a null sum of magnitudes of three-
phases is also a mode with the same eigenvalue.

Ideal line behavior

Let us consider an ideal line with conductors and ground
with infinite conductivity, and general assumptions similar
to those indicated above.

The basic equations of atransmission line are

du _ dl _
“ax 2! “ax 'Y
being:

z=2=iwL = % iwM the longitudina uni-

tary impedance matrix, refared to the line cables, of
generic element Z ., function of f

YziwC=2megioM™?!

M one matrix that characterizes the line geometry, defined
above

So,

ZY=YZ=¢g,,(iw)*U

being U an unitary matrix (with al diagona elements

equa to 1 and all non-diagonal elements equa to 0 ), ad
all eigenvalues are equal to

y=+viiw

being v = (g, po)']j2 the speed of electromagnetic propaga-
tionin air.

So, in complex domain, voltages and currents (in conduc-
tors, or phases), in function of x andt , are

M:eriryxeirl(ut:UOeirl(u(tixlv)

s tyx  Howt _ Hw(tFx/v)

L=lye =l,e

In real domain, voltage and current, u , i , in function of
X,t,are

u=r0 [g]:D[UOetiw(tix/v)]
i=0 [i_]:D [ Ioetiw(tix/v)]

So, due to the fact that the result is formally independent
of wand x , except in what concerns the exponential fac-
tors, in expression above, and the relation between t and x
that appears, only, in the factor, in exponent,

tFx/v

the propagation along the line is characterized by any arbi-
trary function of t-x/v or oft + x / v , what repre-
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sentsideal waves of arbitrary shape (in function, e. g. , of
t or of x ) propagating with speed + v , without attenua-
tion and distortion

Choosing, by example, as “current mode” for mode of in-
dex m, the current, i ,( x - vt ), in conductor (or phase)
of index m , the transversal voltage, in conductor or phase
of index n, for that mode, will be

u,(x-vt)=27 (x-vt)
being

_ _ [ Ho
an_Van_ Z Mnm

the surge mutual impedance (real) between conductors or
phasesmn .

In this very simple casg, it could have been used a manipu-
lation directly in time domain. We have presented a ma
nipulation in frequency-time domain, to emphasize fre-
guency-time aspects.

The simulation of an idedl line in time domain is quite
simple. In each terminal, at timet , “arrives’ a wave from
the other terminal, that was “defined” at the other terminal
attimet -1, being 1 the propagation time. The terminal
conditions, considering the “arriving” wave and other con-
straints, “defing’ the wave sent in the sense of the other
terminal, that will arrive there at timet + ..

For non-ideal lines, there are attenuation and distortion, and
the simulation of the line, in time domain, is less simple.

Severa programsthat work in time domain have incorpo-
rated procedures to simulate lines, in time domain, trying
to adapt the basic concepts that apply to ided lines. In
some cases, some simplifications have been used, and,
some of them, imply in physical validity restrictions.
Most used procedures can give good or bad results accord-
ing the specific application and, also, according additional
precautions to limit errors. It is out of the scope of this
paper a general discussion of methods and procedures used
in time domain simulation programs [46-58].

We present an example, quite simple, that illustrates clearly
some of the reasons of the difficulty of line simulation proce-
dures directly in time domain. Let us consider asingle con-
ductor or asingle mode whose unitary (per unit length) pa-
rametersare assumed equivalent to constant R , L in series,
for longitudinal Z , andto constant G , C in parallel, for
transversal Y , what, in frequency domain, correspondsto

Z=R+iwlL

Y=G+iwC

and being, in genera,

R/L£G/C

Thereisan “exact” analytical solution [33], in function of
time, for a step voltage applied at one line extremity, e. g.
at timet = 0, and propagation only in one sense (e. g. ,
infinite line). Such “exact” solution involves integrals

whose arguments include Bessal functions whose argu-
2

nm II'T]

ments contain + t2 —x?/v? , being x the space coordi-
nate along the line and



v=1l/LC

The parameter v may be interpreted as a propagation ve-
locity, in a restrict sense, associated to “first” arrival of
voltage and current impulses at point x . A dua solution
is obtained immediately for a step current in one line ter-
minal and propagation only in one sense. In [39] it is pre-
sented a systematic analysis of the propagation characteris-
tics of this simple condition, in graphic form.

It is quite interesting that there is attenuation and distor-
tion, and that line and current, for the same voltage or cur-
rent step, at one terminal, present different “shapes’, either
in function of t or of x.

The “exact” solution for an “arbitrary” voltage or current at
one line terminal can be obtained from the solution for a
step voltage or a step current, by a convolution procedure.

Apart formal details, the difference between the reply of the
“assumed” line and the “corresponding ided ling” (with
parameters L , C equal to those of considered lineand R
and G null) may be associated to a propagation function.

A similar procedure can be applied to a more generd case,
in which unitary parameters are frequency dependent. From
the “propagation” line characteristics in frequency domain,
it is easy to obtain the reply to a step voltage or to a step
current, or to another “basic function”, using Fourier inte-
gra transformation. View in this way, the treatment in
time domain can de done by means of a numerical proce-
dure, without “formal” additional error, and with eventual
numerical error or computational processing difficulties.

If it isdesired to obtain a simple analytical formulation of
propagation functions, in time domain, errors, either of
physical consistency type, or numerical accuracy type, or
both, are introduced. Several used procedures consider
propagation functions that present some validity restric-
tions. According the specific application, such restrictions
may be acceptable, or not.

Line modeling in frequency domain

Let us consider a mode or “quasi-mode” of a transmission
line, in complex formulation of alternating current magni-
tudes (e. g., voltages and currents), of frequency f ,

du dl

ax ! Tax TVl

being (for such mode):

Z .. thelongitudinal unitary impedance
Y, thetransversal unitary admittance

U the transversal voltage, in function of longitudina
coordinate X

| thelongitudinal current, also function of x .

From the previous equations pair, we also have the second
order differential equations, separately for U and | :
d2u
dx2

=Z,Y,U ——=Y,2,1

d x2
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Differently of what happens, in general, for the matrices
applicable to the line together, for amode we have

ZU Y u = Y u Z u
Wehave
dzu
dx?
d2|
dx2
being
Y= VZu Yy =@ A YuZy
the propagation coefficient that defines the variation with x
of exponential type solutions.
For the exponential solutions of exponent + y x ,we have

=z,Y,U=y"U

=Y, Z,1 =y

U=+2_|
being
Z
Z.=(t !
VY

the characteristic impedance.

The line behavior, for the frequency f , may be character-
ized, in aternative:

a- By parameters Z,, Y,

b - By parameters Z_,y

From one of these two parameter pairs, the other pair is
obtained immediately.

Let us consider aline or line part of length L .

Let us consider a modeling modulus representing a line or
line part of length L and the corresponding equivalent 1t
scheme, as represented in Fig. 36.

This modulus, in what concerns the relations among volt-
ages and currentsin respective terminal pairs, may be rep-
resented correctly by a 1t scheme, as represented in Fig. 36,
being the impedance Z, and each one of the two admit-
tances Y , of this scheme

Z,=Z.sinh [yL]
Y., =2, tanh %

In principle this equivalent scheme is exact, in the sense
that it corresponds exactly to line differential equations, for
any valuesof L and f , if Z_and Y, have the values re-
sulting from previous equations. So, a single Tt can be
used to represent aline with any length.

For an analysis in frequency domain there is no significa-
tive obstacle to modeling a line with a “long” 1, in the
sensethat | yL | might have a large value, inclusive much
larger than 1.

The conversion between frequency and time domains is
simple, in principle, using, e. g. , Fourier integral trans-
formation.

A variant of the previous formulation is to consider the
admittance matrix of the line, as view at their terminals,
Y . Using the signals definition of Fig. 37, we have
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Fig. 36 - Model 1t of aline modulus.
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Fig. 37 - Model Tt of aline modulus.

1] _y |Y1
| U
being
v = cotanh(yL) —cosech(yL)
¢| —cosech(yL) cotanh(yL)

Another variant is to consider the transfer function, W ,
between voltages and currents at one line termina and
voltages and currents at the other terminal. Using the sig-
nals definition of Fig. 36, we have

Ua| _\y U2
I2 I
being
cosh(yL) -Z.sinh(yL)
~ | = Ygsinh(yL) cosh(yL)

The use of the 1t scheme indicated above, or similar formu-
lations, for analysis directly in time domain, has some
difficulty that can be interpreted as associated to the hyper-
bolic functions of previous expressions of Z_ and Y, .
They impose a formal characterization degree that is not
compatible with some types of circuit models. In a nu-
meric point of view, the dua aspect of such formal con-
straint is the need to use more complex computational
proceduresin order to obtain enough small errors. There are
different types of procedures and attitudes aimed to solve
the problem in an acceptable form. It is out of the scope of
this paper to discuss such procedures.

There is a simple procedure that allows to use programs
based in time domain simulation, but alowing a specific
line modeling, independent of line models of such pro-
grams.

31

The basic aspect of that procedure is the fact that, for a
model of the type of the 1t scheme of Fig. 36 , for L rea
sonably shorter than a quarter wave length, the hyperbolic
functions have a small effect inimpedance Z and in admit-
tances Y, , that may be assumed proportional to per unit
length parameters Z and Y . Within most common as-
sumptions:

- Y isproportional to frequency (in time domain) or to p
(in'p domain). So, Y, can be represented by a capacitance
(in mode representation) or a matrix of capacitances (in
phase representation). This type of representation is quite
easy in most time domain simulation programs.

- Z has, typically, a minimum phase shift type, or simi-
lar, behavior, that can be represented by simple equivdent
circuit schemes, whose parameters are easily obtained di-
rectly from per unit longitudinal impedance in function of
frequency, with desired accuracy. As the frequency depend-
ence is of minimum phase shift type, the real and imagi-
nary parts are adjusted in adual form, and, in principle ad
apart constants, it is enough to adjust one of them.

For the typical case of common switching transient simu-
lation, with a representative frequency range till about 5 to
10 kHz, it is adequate to consider a 1tlength of about 10 to
5 km, and, in each one, to consider, per mode, a capaci-
tance per Tt (associating Y ., circuits in consecutive Tts)
and a number of the order of 10 resistors and inductors. By
example, the Z , element of a“short” Ttcircuit may be rep-
resented by aseriesR, L circuit in series with nine pard-
lel R, L circuits. “Connections’ phase-mode can be done,
e. g., by means of ideal transformers.

In some simplifying assumptions, or using Symmetry
conditions, this type of scheme can be used directly in
phase domain, almost without additional modeling con-
straints.

In more general conditions, this type of modeling can also
be used, with some simple additional precautions, e. g. ,
using ideal transformers, to allow different modeling proce-
duresin the line and in other network elements.

This procedure has been used in a large number of smula-
tions, considering several constructive types of AC and DC
lines, detailed modeled, e. g. , considering frequency de
pendence of ground parameters. Also, severa of most
commonly used simulation programs, in time domain,
have been used. The line smulation was quite easy, in all
Cases.

In principle, the modeling with 11 scheme can be done di-
rectly in conductor or phase domain, dealing with hyper-
bolic functions of matrices.

The equivalent scheme of a line length L , in frequency
domain, as seen at their terminals, in conductor, phase or
mode domain, may be interpreted as a direct linear relation
between n termina (transversal) voltages and n terminal
(longitudinal) currents, in each of both terminals. So, line
equations can be treated as a relation between the 2 n ter-
minal voltages and the 2 n terminal currents, equivaent to
2 n linear relations between the 4 n complexes defining



such voltages and currents. There are 2 n degrees of free-
dom in the currents and voltages at line terminals. By ex-
ample, any set of 2 n of such complexes can be imposed.
As aresult, the line will define the other 2n .

Using this point of view, the line can be defined by means
of several matricial formulations, to use in order to have a
convenient simulation procedure.

One example of such manipulation is to consider a matrix
relating voltages and currents at one terminal with voltages
and currents at the other terminal. This formulation allows
to consider successive short lengths. Multiplying succes-
sively this type of matrices, the linear relation among the
4 n magnitudes at terminals of along line are obtained in
avery simple and computational efficient way, without the
need of using mathematical formulations to obtain directly
hyperbolic functions of matrices.

For a“short” line of length Ax , the line equations allow
to obtain almost immediately the matrix M , relating volt-

ages and currents in “points’ x and x + AX . In a
“simplified” way: in principle, from basic line equations

-3—';(":ZI -%:YU
we obtain

AU =U,,,\ -U,=-ZAxI

Al =1 0 -1, =-Y Ax U

and, so,

Uing = U, - Z AX |
loax =1 - Y Ax U

In principle, these relations allow to express the matrix
{,, » formed by the complexes defining voltages and cur-
rents in terminal b , as the product of a transfer matrix

W ,, multiplying the matrix ¢, , formed by the complexes
defining voltages and currentsin terminal a:

Zb = WAX : Za
Several numerical details allow agood accuracy with a fast
computational procedure. They are not discussed here.

By p successive squaring of such matrix, it is obtained the
transfer matrix applicable to aline length

L=ax2°

By example, the matrix applicable to an 100 km line can
be obtained from the transfer matrix applicable to a “line’
of 100 km / 1024 , squared 10 times. For the frequency
range adequate to model most switching transients, for a
“line” of 100 km / 1024 , the hyperbolic functions tangh
and sinh coincide with their arguments, and cosh is prac-
tically 1, with high numerical accuracy. So, the hyperbolic
functions of aline with 100 km, or more, are considered in
the numerical results, with avery simple and fast procedure.

Line modeling in p (or s) domain

The basic physical aspects that characterize line behavior
are, or can be, rdated to analytical functions of complex

32

variables. Such functions appear naturally in most physical
robust formulations and can be considered an important
evidence of the validity or robustness of a physical formu-
lation. It applies, namely, to the following aspects of line
formulation that we use:

- Maxwell equations.

- Soil electromagnetic model.

- Carson basic formulation.

- Formulation of parameters related to cables, through
Bessdl functions.

- Complex distance concept to evaluate effects of ground
and conductorsin line parameters.

For non linear phenomena, namely in ferromagnetic mate-
rials saturation and hysteresis effects, and in corona effects,
the straight application of usual forms of manipulation of
analytical functions of complex variables is not adequate,
at least in amacroscopic point of view. Even for non lin-
ear phenomena, some tensorial procedures allow to expand
the applicability of the most important aspects of analyti-
cal functions of complex variables [38]. This generdiza-
tion [38,31] is not dealt with in this paper.

Some important aspects of phenomena that can be de
scribed in terms of analytical functions of complex vari-
ables are related to the following aspects, that are expressed
in asimplified form, to give an easier insight in main con-
ceptsimplied in some computational procedures:

- Thereis an intrinsic duality time-frequency, in describ-
ing, measuring or observing physical phenomena, in time-
frequency-space domain, including the behavior of human
and animal senses.

- There are basic relations in the value of any physica
magnitude expressed in function of time, t , in function of
frequency, f , or w =2 1 f . The relation between a fre-
quency, G(f) or G(w), and atime g(t) , description of a
physical magnitude, g, can be expressed, e. g. , by means
of the dua Fourier complex transformation, or, in a
“compact” way, and with some manipulation and interpre-

+j ot

tation rules, in terms of afactor e .

- The properties in time-frequency domain can also be
analyzed in terms of a complex variable p (equivalent to an
explicit complex form i w ), sometimes represented by p
others by s , and with some variants of definitions ad
manipulation rules, e. g. associated with Laplace transfor-
mation or with Heaviside transformation. In a “compact”
way, and with some manipulation and interpretation rules,
the relation between p and t domains can be expressed in
terms of afactor e .

In p domain transfer functions can be expressed, in principle,
infunction of itszerosand poles. In case of afinite number of
zeros and poles[38,59], thisfact allowsto identify such func-
tion by afinite number of complex parameters (e. g. , zeros,
polesand aproportionality factor, or polesand corresponding
residues), what is more compact than a continuous func-
tion of f . There are some eventual drawbacks, however, in
identifying functions by means of its zeros and poles.



Some functions, by example hyperbolic functions, have an
infinite, but numerable, number of zeros and poles.

Some other functions imply in an infinite non numerable
number of zeros and poles. This is the case, e. g., of the
described soil model, than considers a continuous distribu-
tion of relaxation time of soil particles whose effect is the
frequency dependence of soil electromagnetic parameters.

Modeling corona effects

When there is corona phenomena, they may affect line
behavior in a significative way. The modeling of corona
has some peculiar aspects, namely related to its non-linear
character, and to the fact that the ionization associated to
plasma is not related in a ssimple way to voltage and cur-
rent, having some characteristics of hysteresis type.

It is possible to use some properties of linear type phe-
nomena by means of a tensorial formulation [38-39] that,
within some eventually acceptable errors, allows to con-
sider sometypes of interaction among different frequencies
and the incremental parameters dependence on “phasg’ in
relation to areference condition. Also, some type of super-
position may be dealt with, using hybrid time-frequency
simulation procedures [38-45,23,29-30].

Although with accuracy restrictions, we have obtained rea
sonable results assuming asimple physical model of corona,
in connection to spatial field distribution in time and space
in vicinity of line conductors [44]. This simple model sat-
isfies naturally to experimental main behavior of corona
according to shape of voltage in vicinity of conductor, ad
allows to take into account interaction between conductors
and phases. Anyhow, the simulation timeis relatively high
if this modd is used in long lines simulation. We expect
that, whit a reasonable effort, this type of procedure may
be an attractive way to include corona in several studiesin
which it is important. In present day common practice,
coronaistypically considered only in special cases.

Grounding modeling procedures

Grounding of line structures is extremely important for
lightning line behavior, and, also, for fault consequences
and people safety.

The adeguate modeling of grounding is extremely impor-
tant in regions of high lightning intensity, as it occurs in
most of Brazil, and of unfavorable ground parameters, as it
is also the case of most of Brazil, e. g. compared with
“typical” conditionsin most European countries and United
States and Canada. One of the problems of some used pro-
cedures isthe fact that they resulted from practice in coun-
tries with quite favorable ground parameters and low light-
ning activity, and, so, the effect of some basic errors or
approximations are not “detected” by practical operationa
results.

Among the errors we have found in concrete cases, and that
have originated important consegquences, we mention the
following ones:

- Toignorethe effect of foundationsin grounding parame-
ters. The foundations of mechanical structures and stays
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have an important influence in grounding line behavior and
must be considered, with adequate precision, in analysis of
line grounding.

- To ignore frequency dependence of ground electric pa
rameters. It is essential to consider frequency dependence of
soil parameters to simulate grounding behavior for light-
ning effects. In several casesin which computed and meas-
ured results have been compared, important differences have
been found. Frequently, such differences are attributed to
soil ionization, that is important only for high current
valuesin ground. The main reason of discrepancies, at least
in cases we have examined, was the fact that frequency
dependence of ground parameters had not been taken into
account in computational simulation.

- To use computational models used for power frequency,
inadequate for fast phenomena, such as lightning.

- Totreat grounding of several structures considering aver-
age parameters, not taking into account the dispersion of
ground parameters and its effect, of statistical type, in
grounding of line structures, e. g. , in what concerns line
behavior in consequence of lightning.

There are methods that allow an adeguate modeling of the
grounding system of transmission lines[1-2]. However, they
are not generally applied in common engineering practice.

Line modeling for lightning phenomena

Line modeling for lightning phenomena involves some
specific aspects, that we comment briefly.

A first group of problemsisrelated to the need of adequate
estimation of statistical distribution of lightning parame-
ters including statistical distribution of incidence point,
amplitude and time front, related to:

- Lightning impulses striking the structures and guys,
phase conductors and shield wires.

- Lightning impulses striking the ground, near the line,
and originating induced overvoltages.

For this group of problems, important methodological
requirements are related to an adequate model of lightning
incidence, by example by means of eectrogeometric
model, with conveniently selected parameters [7-8,39], ad
an adequate modeling of line location considering impor-
tant orography aspects.

In regions of low lightning intensity, high conductivity of
soil and strongly meshed networks, with relatively short
lines, lightning is not a difficult problem to ded with.
This situation as lead to the use of very simplified assump-
tions, eventually wrong, but whose effects are not detected
or do not deserve much attention. Unfortunately, some
widely used procedures have resulted of this type of as
sumptions. In cases, as it occurs in most of Brazil, with
high lightning intensity, low conductivity of soil and not
strongly meshed networks, with long lines, lightning is a
difficult and very important problem to dea with. In some
cases, the use of “international” practices has lead to wrong
results, with severe practica consequences. By example,
some simplifying assumptions of some methods and pro-



grams developed within some international organizations
have lead to order of magnitude errors in the number of
faults originated by lightning.
A second group of problems relates to line modeling, for
lightning phenomena. This aspect imposes to model sev-
eral spans, considering explicitly the shielding wires, the
applicable spans length, and the variation along the span of
distance among phases and shielding wires, and, eventu-
ally, details of towers or structures, insulators ad
“accessories’ affecting electromagnetic field distribution. It
may be important, also, to model corona effects, and even-
tually, to take into account variation of relevant parameters
along a span. With some adequate precautions, it is possi-
ble, in severa types of application studies, to avoid the
need of a systematic simulation procedure including co-
rona. Also, it may be convenient to take advantage of the
fact that severa relevant lightning effects are related to
front of wave phenomena, with time domain of the order of
10° to 10" ps, and frequency spectrum of the order of 10°
to 10° Hz . Within these ranges, an almost assimptotic
approach for evaluation of line parametersis adequate.
A third group of problems is related to modeling require-
ments for structures, towers and stays, in connection to
currents between shielding wires and ground. Some fre-
quently used models were obtained by analogy with line
behavior, for propagation along the line. In several of such
models, however, such analogy is applied not respecting
the basic conditions applicable to lines that justify the
validity of such models. So, several of commonly used
models are not valid.
A fourth group of problems is rdlated to modeling of the
effects of a lightning strike in the ground, near the line.
Some of used models are affected by a mistake in used
Maxwell equations, including applied fields. Such mistake
leads to wrong results.
A fifth group of problems is related to adequate modeling
of structures or towers grounding systems. This question
has been commented above.

Basic constraints of modeling procedures

Within the diversity of modeling procedures and applica-
tion problems, there is not a single method with important
advantages for all application problems. An adequate choice
must be done, according dominant aspects.

The most used programs for modeling transient phenomena
arebased in direct time simulation procedures, and, so, an
important amount of algorithms try to concentrate in time

domain.

In many aspects, frequency domain and p domain have
important advantages that, in authors opinion, have not
been exploited fully. It appearsjustified an important effort
in frequency domain, p domain in and hybrid procedures, to
allow amore adequate optimization of methods. For some
aspects, time domain procedures have relevant advantages
that justify their use, inclusive in hybrid methods using
frequency domain, p domain and time domain analysis.

APPENDIX 2-MODULUSOF IMMITTANCE W

IN EXAMPLES a, b, c OF ITEM 3., IN
FUNCTION OF FREQUENCY
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Fig. 38 - Examplea. Line“ideally” transposed. In abscissait

isindicated thefrequency, f , in kHz. The graphics represent
the modulus, W[, of W =U,, /U, , in function of f .
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Fig. 39 - Example b . Line transposed as indicated in
Fig. 7 . Switching on of phase 1. In abscissait isindicated
the frequency, f , in kHz. The graphics represent the modu-
lus, W[, of W = U, /U, , in function of f .
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Fig. 40 - Example b . Line transposed as indicated in
Fig. 7 . Switching on of phase 2. In abscissait is indicated
the frequency, f , in kHz. The graphics represent the modu-
lus, W], of W = U,/ U, , in function of f .
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Fig. 41 - Example c . Line non trangposed as indicated in
Fig. 8. Switching on of phase 1. In abscissait isindicated
the frequency, f , in kHz. The graphics represent the modu-
lus, W], of W = U, /U, , in function of f .
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