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1. Introduction

The practical experience of transmission lines with lengths of a few hundred kilometers or less
indicates that, in such length range, the line switching severity increases with line length, either in
what concerns circuit breaker duties for several switching conditions, or switching transients'
severity, namely overvoltages, and consequent insulation requirements of line and connected
equipment and surge arrester duties. As a consequence, in such range, it is normal the use of line
compensation, shunt, series or both types. The extrapolation of this experience would lead to
suppose that switching of very long transmission lines (length of about 2500 to 3000 km), as it is
foreseen for electric transmission in Brazil, in future, from Amazonian Region to Southeast Region,
would imply in quite severe switching problems and costly reactive compensation.

The problem of AC transmission at very long distance was studied in connection with some
transmission system alternatives. A basic physical analysis lead to the conclusion that it would be
wrong to extrapolate the classical solutions of medium distance (a few hundred kilometers)
transmission, and that a more fundamental and open approach was needed, considering possible
conceptions quite different of traditional medium distance systems. The problem was carefully
studied, using several methods to consider the transmission system behavior, interpreting the
dominant physical and technical phenomena, including circuit breaker interaction with the
transmission system, and search of severe duties, in what concerns circuit breaker, line and
connected equipment, and detailed simulations to detail and confirm general physical analysis.

The results obtained were quite interesting. Namely, they have shown that electric transmission at
very long distance is quite different of what would be expected by simple extrapolation of medium
distance transmission experience. By example:

- Very long distance lines do not need, basically, of reactive compensation, and, so, the cost of AC
transmission systems, 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:
- Characteristics of the type of lines usually designated by "high surge impedance loading"
(although this terminology does not appears the most adequate), with low characteristic
impedance at power frequency, and "reduced" insulation distances, duly coordinated with
adequate means to reduce switching overvoltages and to obtain high reliability.
- Within reasonable limits, non conventional solutions, by example: eventually non
conventional conductors geometric location, eventually six-phase lines, eventually surge
arresters distributed along the line.

- Switching transients, for several normal switching conditions, are moderate, in what concerns
circuit breaker duties and network transients' severity, for lines and equipment. Namely, line
energizing, in a single step switching, of a 2800 km line, without reactive compensation, originates
overvoltages that are lower than, or similar, overvoltages of a 300 km line with reactive
compensation.

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

- There are some potentially severe conditions, quite different from typical severe conditions in
medium distance systems, namely in connection with some types of faults, in some ranges of line
length. The severity of such conditions is strongly dependent of circuit breaker behavior. By
example, due to peculiar characteristics of long lines' transients, it is possible to reduce drastically
the severity by fast switching and appropriate protection schemes.

- It is convenient to adopt fast protection schemes, considering circuit breakers and fault detection
aspects, procedures to extinguish secondary arc, and, eventually, special switching conceptions
avoiding to trip the line for most frequent faults, e.g. non permanent single phase faults, and some
special schemes to limit overvoltages for some quite unfavorable conditions of fault type and
location.

- There are several conditions in which very long line systems behave in a quite different way of
traditional systems, e.g., in what concerns secondary arc currents, and requirements to allow fault
elimination without the need of opening all line phases. To allow system optimization and good
operating conditions, careful analysis of circuit breaker behavior and requirements must be done,
with adequate joint consideration of circuit breaker and network.



Due to the inexistence of practical experience of very long transmission lines, and characteristics
quite different of traditional power transmission lines and networks, a very careful and systematic
analysis must be done, in order to obtain an optimized solution, identifying special duties of
equipment, including circuit breakers, and doing best use of circuit breakers and equipment, to
increase reliability of transmission trunks.

The previous aspects arise some consequences for circuit breaker duties and requirements, that
must be carefully evaluated.

Some results of published literature, that were not confirmed by our studies, would lead to quite
special requirements of circuit breakers, namely for normal switching of very long lines. Our
studies have shown that, on the contrary, most of normal switching conditions of very long lines,
for adequate conception of transmission system, impose duties for circuit breakers that are similar
or less severe than for traditional very high voltage networks. However, there are some
requirements typical of very long lines, that must be considered with most care.

2. Main aspects of very long lines switching

In order to characterize the main aspects of very long lines switching, we present some results
obtained in a detailed study of a six-phase alternative with 2800 km lines, nominal phase to ground
voltage 500 kV, characteristic power 5544 MW, considering detailed line representation, including
frequency dependence for the several propagation modes, phase transposition, and statistical
simulation of elapsed time among closing time of six phases. Some results obtained in studies of
three phase lines, for the same length and similar characteristic power, indicate that the main
aspects presented above are quite similar for three and six phase lines.

For direct energisation, in a single step, of the line, without reactive compensation and without
preinsertion resistors, the following results were obtained for "maximum" overvoltages at open end
line terminal (obtained from a statistical sample of 100 switching simulations), phase to ground,
and between consecutive phases (taking as unity, respectively, the amplitude of phase to ground
and phase to phase voltages, at source side):

Surge arresters Closure synchronization Maximum overvoltage (pu)
Phase to ground Phase to phase
No No 2.20 2.70
Yes No 1.81 1.93
No Yes 1.92 1.92
Yes Yes 1.74 1.73

For line switching off, without fault and without surge arresters, a maximum overvoltage phase to
ground of 2.32 pu was obtained, without forced delay of phase opening, and 2.42 with forced
delay. Between adjacent phases, maximum overvoltages were, respectively, 3.08 pu and 3.09 pu.

For single phase to ground fault, with systematic search of more severe location of fault, and point
at which maximum overvoltage occurs, with single phase opening and reclosure, with and without
fault extinction after first opening, the maximum overvoltages along the line, phase to ground and
between consecutive phases, were:

Surge arresters Maximum overvoltage (pu)
Phase to ground Phase to phase

No 2.56 2.28

Yes 1.89 1.93

For faults among to alternate phases and ground (one of the more severe faults, for a six phase
line), with systematic search of more severe location of fault, and point at which maximum
overvoltage occurs, with three phase opening and reclosure, and with fault extinction after first
opening, the maximum overvoltages along the line, phase to ground and between consecutive
phases, were:

Surge arresters Maximum overvoltage (pu)
Phase to ground Phase to phase
No 4.95 5.72

Yes 1.94 2.33



For load rejection, with single phase and three phase opening and successful reclosure, without
surge arresters, the maximum overvoltages, phase to ground, and between consecutive phases,
were, approximately:

Type of switching Maximum overvoltage (pu)
Phase to ground Phase to phase

Single phase 2.32 2.97

Three phase 2.32 2.97

3. Single phase faults switching aspects

For very long lines, when a single phase to ground occurs, secondary arc current depends on fault
location, and may be much higher than typical in traditional lines. So, the opening of circuit
breakers in phase under fault is not enough to assure fault extinction. As single phase faults are
the most probable ones, it is justified to take measures that avoid the opening of all phases, to
eliminate the fault. In fact, the opening of all phases may be a severe disturbance for the network,
whose probability must be quite reduced, to increase system reliability. The opening and
subsequent reclosure of a single phase, if it allows elimination of most faults, would be a much
less severe disturbance for the power system, that may be accepted to have a relatively higher
probability.

In not very long transmission lines (lengths of a few hundred kilometers), the solution of this type of
problem is based, typically, in an adequate choice of the ratio of homopolar reactance to non
homopolar reactance of shunt reactors (e.g. with an additional neutral reactor in reactor banks). In
traditional type networks, it is obtained, by this procedure, the limitation of secondary arc current to
a small value, enough to assure, in most cases, the natural extinction of secondary arc.

In very long lines, however, a similar procedure would not allow a sufficient reduction of secondary
arc current, due to fundamental physical reasons of line behavior. So, different type of measures
must be adopted, to obtain secondary arc extinction and to allow single phase switching and
elimination of most line faults without need of tripping all phases.

The connection of faulty phase terminals to ground, during such phase opening, through a passive
impedance, is not enough to reduce secondary arc current to a value that assures its natural
extinction. To allow secondary arc extinction, with single phase opening, actuating only at line
terminals, it is necessary that at one of the phase terminals, active power is "injected" is faulty
phase, or, what is a different interpretation of the same requirement, it is necessary that the
"equivalent impedance" of the circuit connected to a faulty phase terminal behaves as an
impedance with negative resistance.

In principle, several types of solutions are possible, to allow secondary arc extinction, without
opening of non faulty phases, namely:
a - To use an auxiliary circuit, naturally of power electronics type, connected to faulty phase
terminal during phase opening, behaving, as seen from such terminal, as an adequate
impedance, with negative real part.
b - To adopt a special switching scheme that switches the faulty phase, after its disconnection,
to an adequate voltage source, eventually obtained from auxiliary transformers or tertiary
windings of main transformers, choosing and controlling the voltage of auxiliary source to
reduce secondary arc current.
¢ - To adopt an auxiliary switching scheme, through which, during opening of faulty phase,
such phase is connected to ground at some intermediate points, for a short time.
d - For the case of six phase lines, to adopt some special switching schemes, e.g. to
disconnect also, from line terminals, the phase opposite to the faulty one, and connect both
together, for a short time, before reclosure.
In order to arise to a convenient solution, based in any of these solution types, it is necessary
some development work. Eventually, some simple switching equipment, without all the
requirements of usual circuit breakers, would help to obtain a convenient solution for this problem.

Of coarse, if the requirements to allow secondary arc extinction with single phase opening, in case
of single phase faults, do not allow an optimized solution, considered satisfactory, with actual
technology, opening of all phases (for three phase lines), or, at least, more than one phase (for six
phase lines) must be adopted, for single phase faults.



4. Multiphase faults switching aspects

In very long lines, for some ranges of fault location and some types of faults, very high
overvoltages can occur, if no special measures are adopted to reduce overvoltages. The main
reason of these very high overvoltages is that, for such conditions, it occurs a resonant type
phenomena, and, for extreme cases, the sustained overvoltages are limited only by resistance
parameters. Due to transmission power requirements, for very long lines, resistance parameters
must be low, and, so, in some conditions, overvoltages, may be very high.

The most natural procedure to limit this type of overvoltages, is the adequate choice of
characteristics and location of surge arresters. Different "levels" of surge arrester based solutions
are possible, in connection with the joint optimization of insulation line levels, compactation level,
cost and reliability.

In any case, it is convenient to adopt, complementary to surge arresters, some measures related
to switching equipment, namely to reduce energy dissipated in surge arresters, and to reduce
overvoltages, at least in a statistical view point.

To identify circuit breaker requirements, related to this problem, it is necessary to consider an
important characteristic of these overvoltages, related to near resonant conditions in very long
lines. In fact, when this high overvoltages occur, there is a relatively slow increase of the envolvent
of successive relative maxima, as represented in a schematic way in figure 1. This behavior has a
strong physical reason, that arises from the fact that, when fault occurs, voltage increase is
associated to propagation and reflection of waves originated in the point of fault. The initial
amplitude of such wave is of the order the peak value of normal line voltage, U . The elapsed time
for having a return effect, due to reflected wave, for very long lines and the most severe conditions,
is of the order of the period, Ts , at power frequency (for 60 Hz, Tf = 16.7 ms). The evolution of
voltage, in most severe conditions, is, so, similar to an escalation of U at time intervals equal to
Ts , till overvoltages approach the resonant limit value (in the surge interpretation, this same
limitation is obtained considering the attenuation of waves during propagation, approximately in
geometric progression with time, after a few reflections).
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Fig. 1 - Basic form of overvoltages associated to unfavorable fault location and
fault type, for very long lines.

It is worth to mention that this type of behavior was obtained, systematically, in detailed
simulations of severe overvoltage conditions, in 2800 km lines, considering modal analysis,
frequency dependence of line parameters, several fault types and fault locations (some published
results may be found in reference 7).

This type of behavior, of overvoltages in very long lines, for conditions for which very high
overvoltages occur, have important consequences.

The first aspect is related to the shape of very high overvoltages and recovery voltages that circuit
breakers must support, if no measures are taken to limit drastically such overvoltages. This shape
is quite different of usual specification of recovery voltages. Essentially, at line side of circuit
breaker, the voltage is "modulated" with a slope of the order of S;=fU .



The second aspect relates to the use of circuit breakers to reduce such high overvoltages. As
voltage increase is relatively slow, fast actuation of circuit breakers allow important reduction of
maximum overvoltages. Roughly, maximum overvoltage is a linear function of elapsed time , v,
between fault and effective opening of circuit breaker. A reduction T¢ of v, allows a reduction of
maximum overvoltage of the order of U (for conditions of severe overvoltages in very long lines,
and for overvoltages non limited by surge arresters).

It is also necessary to consider that, for very long lines, the propagation of fault effects along the
line, and the propagation of protection or control signals, between terminals, is non negligible (at
least 9.3 ms for a 2800 km line). Also, relays based in power frequency magnitudes, for fault
identification, have an inherent delay to correctly identify line faults and give correct and protection
orders. To reduce this physical inherent delay, it is necessary to base fault identification in line
transient behavior, and not in a power frequency interpretation of voltages and currents.

It is important, for very long lines, to have circuit breakers, relays and protection schemes, that
assure very fast circuit breaker operation in fault conditions that might be associated to very high
overvoltages. The correct optimization of very long distance transmission systems must consider
the real possibilities of circuit breakers, relays and protection schemes, and its effect in
overvoltage reduction.

5. 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 convenient to consider 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 important
effects, can be treated by very simple analytical procedures.

Let us assume that the line behaves like an ideal line, without losses (as if line conductors and soil
would have infinite conductivity). In such a case, surges would propagate, along the line, without
attenuation and distortion, and all line modes would propagate with the same speed, v (equal to
speed of electromagnetic waves in air). Also, per unit length inductance and capacitance matrices,
L ,C, e.g. in phase coordinates, would be inverse matrices, apart a scalar factor, being

L C =v 2 [l (1] unitary matrix, with diagonal elements equal to 1 and non diagonal elements
equalto 0)

z=ANLC' =vL (Z surgeimpedance matrix)

Yy=z1=v-1C (Y surge admittance matrix)

So, without faults at intermediate line points, the voltages, uq , us , and currents, iq , io , at line
terminals, 1 , 2 (being uq , u2 , i1 , i2 , matrices of corresponding phase coordinates) can be
expressed by

uq = up(t) + un(t) i1 =Y up(t) - Yun(t)
ug =up(t-T) +upt+T) i2=Yup(t-T)-Yunt+T)

being up(t) the matrix of positive wave voltages, un(t) the matrix of negative wave voltages, both
at terminal 1 and in phase coordinates, and T the propagation time along line length L (T=L/v).

So, when switching on the line, at terminal 1, with terminal 2 open, from a zero voltage condition,
and without faults at intermediate line points,

i2=0 -> up(t) =up(t-2T)
uq = up(t) + up(t-2T) i1 =Y up(t) - Yup(t-2T)
ug=2up(t-T)

Let us assume that the line is energized from an "infinite" busbar (whose voltage is not affected by
line switching), whose voltage is ug [matrix of phase to ground voltages, ugk = gk(t) , at such
busbar, being k the phase index (k=1, 2, 3 for a three-phase network )], with a circuit breaker
without pre-insertion resistors.



The condition at terminal 1, at phase k, is:
- Before the closure of phase k energizing circuit breaker, i1k =0 .

- After closure, uqk = ugk = gk(t) .

Let us consider, first, the hypothesis of simultaneous closure of all phases, at instant t=0.

In such case,

for t<0 uik=0
for t>0 uqk = gk(t)
and, so,

for O0<t<2T upk(t) = gk(t)
for 2T<t<4T  upk() =gk(t) - gk(t-2T)
for 4T<t<6T upk(t) = gk(t) - gk(t-2T) +gk(t+4T)

for 6T<t<8T Upk(t) = gk(t) - gk(t-2T) + gk(t-4T) - gk(t-6T)

for t<T ugk(t) =0

for T<t<3T uok(t) =2 gk(t-T)

for 3T<t<b5T usk)=2[gk(t-T)-gk(t-3T)]

for 5T<t<7T usk)=2[gk(t-T)-gk(t-3T)+gk(t-5T)]

for TT<t<9T usk®)=2[gk(t-T)-gk(t-3T)+gk(t-5T)-gk(t-7T)]

Let us assume that

gk() =Ucos (wt+a) (a depending on switching instant, taken as t = 0 , and on phase
considered, defined by k , and being U the amplitude of phase to ground voltage at busbar)

In order to simplify analytical treatment, let us consider complex representation of sinusoidal
voltages (in limited time intervals, during which the voltage is sinusoidal). Representing with bold
characters complex parameters or time functions, we can made

gk(®) = %R [gk(t) ] gk(t) = Uy e ! Uc=Uela

ugk(t) =R [uzk(®)]  uzk(t) = Uk h(t) e @1 Uxk(t)=2Uke 1T
b=w2T=26 w=2Tf (f power frequency)

b= T = % L 0 "electric length" of line (in radians) at power frequency
t<T h=0

T<t<3T h=1

3T<t<5T h=1-eib

5T<t<7T h=1-egibiegi2b
7T<t<9T h=1-eibtei2b_gi3b

In each time interval, h is the sum of n terms in geometric progression, with a ratio, r , between
two consecutive terms

r=-eib —_gi20



So

h=1+r+r2+r3+r*+0+8+r” +r8+19

considering, in the sum, at successive time intervals, 0 , 1 , 2 , 3, ... terms.
The sum with n terms (for n=0) is

1-1"

S, =
: 1-r

Considering arbitrary switching time instants (without synchronization of switched circuit breaker ),
the partial maximum switching overvoltage Maxp[uok(t)] of uok(t) (maximum value of uok(t)

obtained in each time interval, varying closing instant), in time interval 2n-1)T<t<(2n+1)T,
is

1-1"

1-r

Maxn[uzk(t)] = Spy U s

max

=218, =2

The global maximum of uok(t) , Max[uok(t)] , is the envolvent of relative maxima, for all n
values. Such envolvent is

Max[uzk(t)] = S U S . = 2lsec 0l

max

n

In figure 2, some of the relative maximum coefficients, S,

and the global maximum coefficient,

S,*nax, are represented, in function of electric line length, 6 .
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Fig. 2 - Coefficients S.". and S,

max max » IN function of line electric length, 6.

At power frequency, f , the considered ideal line has an equivalent & scheme, as represented in
figure 3. For complex representation of sinusoidal voltages and currents, at line terminals,

Zo=Zsinh(iB)=iZsin@ Ye _ 71 tanh (i 9) —ivan 2 =izttan 2
2 2 2 2
l4 I
—{ 2. o
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U 2 2 U,

Fig. 3 - Equivalent m scheme of an ideal line.
So, with line open at terminal 2 (no load), in sinusoidal stabilized conditions,

U, = U, Isec 0l



and the ratio of voltage amplitudes, at line terminals, is
U, /U, = Isec 6l

So, for the ideal line, with simultaneous closure of all phases, when switching on the line, from an
"infinite" busbar, the maximum peak overvoltage, at line open end, is "exactly" twice the open end
voltage at stabilized line conditions (after transient conditions).

Also, in such conditions , the ratio of maximum overvoltage, at open line end, and source peak
voltage, is function, only, of "electric line length", 6 , at power frequency.

For an "exactly ideal" line, v = 300 m/us . For a very high voltage line, the phase velocity, for non
homopolar modes, at power frequency, is typically of the order of 294 to 297 m/us . Assuming, for
more easy interpretation of orders of magnitude, v =297 m/us , being 6 expressed in radians and
L in km, we have

at 60 Hz L =788km .8 at 50 Hz L =945km . 0

Let us consider two examples, Example 1 with 6 = 1.0 , Example 2 with 6 = 3.5 (line lengths of

about 788 km and 2760 km , at 60 Hz ). Corresponding S max values are, respectively, 3.70
and 2.14.

In figure 4 we represent, for these two examples, open line terminal phase to ground voltage
(taking source peak phase to ground voltage as unity), considering infinite source and
simultaneous closing of all phases. In each graphic are represented two curves. For one curve, the
closure, of represented phase, occurs when source voltage is zero, and, for the other, when such
source voltage is maximum. The abscissa scales are graduatedin t=w t.

Maximum overvoltages, found only with these two switching instants, are practically equal to
values given by S max formula.

In order to consider non simultaneous switching of phases, a similar procedure can be adopted. It
is necessary to consider, separately, terminal conditions of each phase, at closing side terminal.
For instance, let us assume an ideal line, with diagonal elements of matrix Y having a value Yp,

and non diagonal elements a value Y ,, "infinite power" source at closing terminal , three phase
line, closing instants of phases 1,2, 3, respectively 0, To>0,To+ T3, with To<To+T3<2T
, and phase to ground voltages, at source side, respectively, g1(t) , ga(t) , g3(t) . In such conditions,
phase to ground voltages of positive wave, at closing line terminal, upk(t) , for successive time

intervals, have the analytical expressions indicated in table1 . The phase to ground voltage, at
open end terminal, of phase k, ugk , are related to upk by ugk(t) =2 upk(t - T) . In very high

voltage lines, the ratio Yy, / Yp has values in the approximate range [-0.2 , -0.1] . For examples 1
and 2, we have assumed Ypy/Yp=-0.15.
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Fig. 4 - Voltage at open line end, for simultaneous closure or all phases, in example conditions.

In previous assumptions, voltage at open line terminal, for first phase to close, is not affected by
posterior closing instants of other phases, etc. . For illustrative purposes, we represent, in figure 5
and 6, for examples 1 and 2, voltage in second and third phases to close, for To =2 ms , Tg =2
ms . In each figure, the two curves correspond to closing instants, of phase whose voltage is
represented, at source side, zero and maximum. These curves, if compared with those of figure 4,



illustrate the order of magnitude of switching overvoltage increase, that results of differences
among closing instants in three phases.
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Fig. 5 - Voltage at open line end, for second phase to close, in example conditions.
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Fig. 6 - Voltage at open line end, for third phase to close, in example conditions.

In figure 7, 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 magnitude of switching overvoltage reduction that results of synchronized
switching on.

U2k
~— af

C

Example 1 Example 2
Fig. 7 - Voltage at open line end, for synchronized switching on, in example conditions.

The curves of figure 2, in the range of 6 < m/2, express the well known fact that line energization
has an increasing severity with line length, what is the reason of traditional use of shunt reactors
and or series capacitors in lines with a few hundred kilometers, in order to reduce the equivalent
electric "length" , 6 ,of line and reactive compensation, together, and, so reduce switching
overvoltages. The range 6 = /2 of those curves express, in a similar way, the main severity
aspects of line energization, for very long lines.

Electric line lengths between ™2 and m must be avoided, in principle, due to power frequency
and power control aspects. Electric line length very close to 1 must also be avoided, due to the
fact that it is a is "singular" condition, namely for power control of electric network. For electric line
lengths a little higher than 1 (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 2 500 to 3 000 km, as is the 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 uncompensated line is much better than the behavior of a strongly reactive
compensated line, and the cost of an uncompensated line is much lower.

Table 1 - Positive waves, at closing line terminal, for closing sequence 1,2, 3, closing times 0,
To, T3, with T3 < 2T, in assumed conditions and being m the ratio between mutual

and self “equivalent” wave coefficients

Time interval Positive waves, upk(t) , at closing line terminal, for closing sequence 1,2, 3
t<O0 up1(t) =0 up2(t) =0 up3(t) =0

O<t<T2 up1(t) = g1(H)] up2(t) =- mgq(t) up3(t) =- mg(t)

To<t<Ts3 up1(t) = g1(t) up2(t) = ga(t) up3(t) = - m[gq(t) + ga(t)
Tag<t<2T up1(t) = g1(t up2(t) = ga(t) up3(t) = ga(t)
2T<t<2T+To up1(t) =g1(t) -g1(t-2T)

2T+To<t<2T+T3 upi(t)=g1(t)-g1(t-2T)

2T+T3<t<4T up1(t) =g1(t) - g1(t-2T)
2(t) - go(t-2T)
up3(t) = ga(t) - ga(t-2T)

1) -g1(t-2T) +gq(t-4T)
2()-g2(t-2T)-mgq(t-4T)
up3(t) = g3(t) - g3(t-2T)-mgq(t-4T)

4T+To<t<4T+T3 up1()=g1() -g1(t-2T) +g1(t-4T)
o() - g2(t-2T) + go(t-4T)
3()-g3(t-2T)-m[gy(t-4T) +go(t-4T)]

4T+T3<t<6T Up1(t) =g1() -g1(t-2T) +g1(t-4T)
Up2(t) = ga2(t) - go(t-2T) + go(t-4T)
3()-ga3(t-2T) +g3(t-4T)

1) -g1(t-2T) +g(t-4T)-gq(t-6T)
2() - g2(t-2T) +go(t-4T)+mgq(t-6T)
3()-g3(t-2T) +g3(t-4T) +mgq(t-6T)
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The main objective of the previous analysis is to identify and explain the dominant physical
aspects of line energization, and the influence of line length, for very long lines. It shows why it is
not applicable the direct and simple 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
compensation, originate 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 several
transient phenomena, including those associated to several types of faults and secondary arc
aspects for single phase faults.

Of coarse, some more detailed and correct analysis should be done for real conditions,
considering the frequency dependence of line parameters and consequent attenuation and
distortion of wave propagation, and different propagation characteristics of several line modes.
However, for simultaneous closing of all 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 treated with
much more detailed and rigorous procedures. One reason for the small error arises from the fact
that, for simultaneous closing of all phases, only the non homopolar line modes interfere in
switching transients, and such modes are affected by frequency dependence, attenuation and
distortion, much less than homopolar modes. So, all interfering modes correspond to a transient
behavior not "too far" of ideal line conditions.

Otherwise, till for transient conditions affected by homopolar modes, in very long lines, simplified
analysis has been found to give approximate results, with some simple modifications of ideal line
assumptions. The main reason for such behavior is that, along the total length of a very long line,
homopolar components of high frequency are strongly attenuated . So, for some types of switching
transients, a very detailed representation of phase-mode transformation dependence and of
frequency dependence of homopolar modes parameters, can be avoided.

6. Summary and conclusions

The studies presented in paper have shown that electric transmission at very long distance (length
of about 2500 to 3000 km, for transmission systems being studied in Brazil) is quite different of
what would be expected by simple extrapolation of medium distance transmission experience. By
example:

- Very long distance lines do not need, basically, of reactive compensation.

- For very long transmission systems, it is appropriate the choice of non conventional line
conception, including types mentioned in the paper.

- Switching transients, for several normal switching conditions, are moderate, in what concerns
circuit breaker duties and network transients' severity, for lines and equipment. Namely, line
energizing, in a single step switching, of a 2800 km line, without reactive compensation, originates
overvoltages that are lower than, or similar to, overvoltages of a 300 km line with reactive
compensation.

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

- There are some potentially severe conditions, quite different from typical severe conditions in
medium distance systems, namely in connection with some types of faults, in some ranges of line
length. The severity of such conditions is strongly dependent of circuit breaker behavior. By
example, due to peculiar characteristics of long lines' transients, it is possible to reduce drastically
the severity by fast switching and appropriate protection schemes.

- It is convenient to adopt fast protection schemes, considering circuit breakers and fault detection
aspects, procedures to extinguish secondary arc, and, eventually, special switching conceptions
avoiding to trip the line for most frequent faults, e.g. non permanent single phase faults, and some
special schemes to limit overvoltages for some quite unfavorable conditions of fault type and
location.

- There are several conditions in which very long line systems behave in a quite different way of
traditional systems, e.g., in what concerns secondary arc currents, and requirements to allow fault
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elimination without the need of opening all line phases. To allow system optimization and good
operating conditions, careful analysis of circuit breaker behavior and requirements must be done,
with adequate joint consideration of circuit breaker and network.

- The main aspects of very long lines switching, including those, namely for normal switching, for
which very long lines present favorable behavior, concerning circuit breaker requirements and
duties, and some others, for which requirements are quite different of those of conventional
networks, are presented in the paper.
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