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Abstract—The long transmission line energization &n cause
high overvoltage stresses mainly along the transngi®n line, but
also in the supply network. A traditional method of limiting
switching overvoltages to acceptable levels is tose circuit
breakers equipped with pre-insertion resistors.

This paper describes a study made in an actual 500V AC
transmission system considering two alternatives iorder to limit
switching surge overvoltages during line energizatin: the use of
metal oxide surge arresters at both line ends andiang the line
and the use of synchronized closing of circuit brders.

Digital simulations have been made with PSCAD/EMTDC
The degree of shunt compensation is considered awlépendent
parameter.
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|. INTRODUCTION

HE switching transient in a transmission systemrmoabe
prevented as well as its total suppression is mhe
difficult. However, its magnitudes have to be liedit to
become compatible with insulation level of the eyst
equipment. The transmission line energization isyg@ical
maneuver, whose transient magnitude is influencedthie

system configuration as well as by the equipmem

characteristics. Consequently, overvoltage contnelasures
have to be adopted providing suitable protection tloe
network.

For long transmission lines, traditionally the shihg
transient overvoltages are limited through the &dapof pre-
insertion resistors in the line circuit breaker#thdugh this is
an effective mitigation method it presents a desirgp

the installation of metal oxide surge arresters @Apat both
line terminals. The effective protection charasties, the high
reliability and the high dissipation capabilitie$ modern
gapless MO surge arresters can meet, in many c#ses,
overvoltage limitation requirements of extra higbltage
(EHV) transmission lines switching. Further redaotiof the
switching overvoltage can be achieved by the usearf
additional arrester in the middle of the line or liye
application of special arresters with lower pratatievel and
higher discharge energy capability. [1,2,6]

Another method to reduce the switching transient is
synchronous switching. It is a method for elimingttransient
overvoltages trough time controlled switching opierss.
Closing commands to circuit breaker are delayesuiogh a way
that contact separation will occur at the optimummet instant
related to the phase angle. Successful field expegeis have
been presented during the last years using synidecn
control maneuvers of capacitors banks and shumtoesain
high-voltage systems. [4,5,7,9]

The objective of this paper is to analyze the ookages
levels generated in a transmission line duringethergization
maneuver for distinct mitigation devices. Such syris basic
infer the performance of the "conventional metioas it is
the case of the pre-insertion resistors and/oresamgesters

versus the controlled switching breakers. Finaltpeparative

analysis of these three trends of overvoltagesgatitn is
made and it is determined the best technical cmmditfor the
optimization of the energization process.

Il. SYSTEM MODELED

acceptance due to the high cost of implementatiod a The study was performed in an actual 500 kV powstesn

maintenance. [1,2,3]
The first alternative analyzed to replace closiegistors is
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are presented in the Table I. The line was suppateally
transposed and the frequency dependence of thé&udmal

parameters was modeled with frequency dependergséph
model.
TABLE |
BASIC LINE UNITARY PARAMETERS— 60 Hz
components longitudinal @/km) | transversaly(S/km)
non homopolar| 0.0161 +j0.2734 j 6.0458
homopolar 0.4352 +]1.4423 j3.5237
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Fig. 1. 500 kV Transmission line details

The procedure to energize the line is to energi@ehe and 95 % shunt compensation and for the four sargesters
section from one extremity (B1 or B5), assumingtttiee cases considered as follows:
previous busbar was already stabilized in adequeateage

level, before the following section is energized. - Without any surge arrester;
The monitored maneuver presented in this paper- Surge arrester at line ends only;
corresponds to the last line section energizationthe - Surge arresters at line ends and midpoint;
direction B4— B5. The pre-switching voltage at the sending - Surge arresters at line ends and two additional

end was 1.00 p.u. and 0.95 p.u. for 70 % and 9%nts arresters.
compensation, respectively. The transient overgekahad
been registered in 7 points of the line sectionB%4-being the Metal oxide arrester rated 420 kV.

two terminals and 5 intermediate points. As seen from the figure 2, using 420 kV rated aerefor
the 95 % shunt compensation line, the line oveagatalong
Ill. SURGEARRESTER the line is not reduced. At the remote terminaldliervoltage

The surge arrester is used basically to protect t4alue is reduced onlyin 1,1%. o o
transmission line and connected equipments agairigthing The 79 %. shunt compensation line energization (Big.
and lightning overvoltages. In this paper only shiig resulted in higher overvoltages as expected anefdre the
overvoltage protection is considered. surge arresters played some role in reducing tleevoitages.

protective levels and high dissipation capabiljtibgy can be 5 I
No overvoltage control

applied as economical devices to mitigate transamistne |' .
switching surges. Further reduction of switchingwoltage ol mggﬁ Z:l:zz Egdz and midpoint [ -4~~~
can be achieved by the use of additional arresidie middle | _._._.. MOSA at line ends + 02 additionals !
of the line or along the line or by the applicatiohspecial
arresters with lower protection level and highesctarge

energy capability. [4,6]

All surge arresters are modeled appropriately atingrto
their V-1 characteristics curve. The following metaxide
surge arresters were assumed:

- Metal oxide arrester rated 420 kV with a protecti
level of 830 kV at 2 kA, normally specified for 56¥
Brazilian transmission lines. [7]

- Metal oxide arrester rated 396 kV rated arresidr a

Overvoltages (p.u.)

protection level of 783 kV at 2 kA. 0 10 20 3 40 5 60 70 8 90 100
- Metal oxide arrester rated 360 kV rated arresiér a Distance (% of line length)
protection level of 742 kV at 2kA. Fig. 2. Overvoltage profile along the line with 95 % shur@mpensation

The circuit breaker poles were closed when theageltat Using arrester Ur = 420 kV Class 5.
each phase was at its maximum, simulating the worst
overvoltage condition.

The overvoltage profiles along the lines are gif@n70 %
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Metal oxide arrester rated 360 kV.

The Fig. 6 and Fig. 7 shows the overvoltage pesfilsing
360 kV rated arrester Class 3. As expected, the lin
overvoltages along the line are reduced, partigulat the
terminals. With this arrester type it was possitdeobtain
overvoltages of approximately 1.5 pu. This casesappwith a
illustrative and comparative purpose since an irgur
parameter to define the surge arrester is theegtion level,
but as the active elements of the surge-arrestersteessed
continuously by the nominal voltage, the propeeskbn for a
specific application is not only determined by fh®tective
level but also by the system operation charactesisas the
temporary overvoltage and the maximum operatiotegel.

Fig. 3. Overvoltage profile along the line with %0 shunt compensation
using arrester Ur = 420 kV Class 5

Metal oxide arrester rated 396 kV.

According to Fig. 4 and Fig. 5 using 396 kV rated
arresters, the overvoltage in the remote termmaeduced in
6.15 % and 13.56 %, reaching values of 1.68 an? fi.i for
the transmission line with shunt compensation oR®%&nd
70 %, respectively. With this rated arrester a drett
performance in reducing the overvoltage is obsefeedoth
cases.
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Fig. 6. Overvoltage profile along the line with 95¥unt compensation using

arrester Ur=360 kV Class 3.
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Fig. 4. Overvoltage profile along the line with 9 shunt compensation
using arrester Ur = 396 kV Class 5.
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arrester Ur=396 kV Class 5.

Fig. 7. Overvoltage profile along the line with 7@unt compensation using
arrester Ur=360 kV Class 3.



It can be observed in Table Il that the energy giigm
capacity of the arresters has not been exceedednyn
simulation, even in the cases of arrester with 1366 Class 3
(2.8 MJ). The energy absorption levels are far wetbe
arresters capability.

TABLE Il
ENERGY CONSUMPTION
Rated Energy | 95% Shunt 70% Shunt
Arrester (MJ) | Compensation Compensation
Energy (MJ) | Energy (MJ)
420 kV 6.5 0,006 0,120
396 kV 6,1 0,061 0,391
360 kV 2.8 0,266 0,815

IV. SYNCHRONIZED CIRCUIT-BREAKER

Controlled switching is the method of switching leqmle
individually at the optimal point-of-wave to redudhe
switching overvoltage. This is achieved by spedahtrol
circuit that initiate commands based on informatimm the
system and the characteristics of the circuit beeaf8,9]

For this work, the synchronized circuit-breaker tcolhwas

implemented using the components SEQUENCERS theat .

part of a special group of PSCAD/EMTDC control etets
with two variants:
- The closing order was given when the voltageauhe
phase crosses consecutives zero;
- After the first phase voltage crosses zero theerst

phases were closed with 60° delay. (Phases A, Ban

successively)

Theoretically these two conditions are not the sdoméng
the switching due to transient. In the specificecas the
system in study the difference is minimum as shiswn

Fig. 8, at the receiving terminal, i.e. in B5. ligF9 it is
presented the voltage profile for the two casesmwdndine is
95 % shunt compensated.
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Fig. 8. Voltage waveform differences for the twodalities of circuit-breaker
pole syncronized closing.

Controlled switching - closed each phase crosses consecutives zero
Controlled switching - closed with 60°delay.
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Fig. 9. Overvoltage profile along the line with fdient instants of closing
breakers.

In Fig. 10 and Fig. 11 the voltage waveform at inéng
end is presented for line energization without guaition
method and with synchronized switching. It can beseoved
that not only the overvoltage was reduced with the
synchronized switching but also the waveform haw lo
harmonic content.

LINE ENERGIZATION - SECTION 4-5> BAR 5
™ Phase B ™ Phase C

|l i
- I

600

800 -

0350 0375 0.400 0.425 0450 0475 0500 0525 0550 0.575
Time [s]

10. Receiving end. Line energization withowtwoltage control.
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Fig. 11. Receiving end. Line energization with dymnized controlled
switching.

The benefits brought by the controlled switchinge ar
presented in Fig. 12 and Fig. 13. The reduction of
overvoltages by controlled switching was importafhe
overvoltage in the remote terminal is reduced in%2%&nd
16 %, reaching values of 1.41 and 1.66 p.u forlithe with
shunt compensation of 95 % and 70 % , respectively.



In the system studied this method presented a rbetierminal was reduced in 25 % and 15 %, reachingeglbf
performance for the line with 95 % of shunt compdios. A 1.34 and 1.69 p.u for the line with shunt compeasabf
consequence of controlled switching applicationthiat the 95 % and 70 % , respectively (Fig. 14 and Fig. 15).
arresters are generally less stressed and theredgenergy In the system in study this method presents a rhette

dissipation capability is reduced accordingly.

performance for the line with 95 % of compensashant.
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Fig. 12. Overvoltage profile along the line with ®5shunt compensation Fig- 14. Overvoltage profile along the line with %5 shunt compensation

using controlled switching.

using pre-insertion resistor.
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V. PRE-INSERTIONRESISTOR VI. CONCLUSIONS

For EHV systems it has been common practice foryman Switching overvoltage limitation at the energizatio
years to equip circuit-breakers with pre-insertiesistors as a maneuver of a 500 kV transmission trunk was achieve
means of controlling system transient interactiahging through the use of line surge arresters and cdedrdlircuit
closing or re-closing operations. This is still ammon breaker closing. These techniques can replacestheficircuit
practice in Brazil where almost all existing andwne breaker with pre-insertion resistor and its asgediproblems.
transmission lines have this kind of breaker sjpetif The high-energy dissipation capability of moderntahe

The closing resistors are inserted in series with ltne, OXide surge arresters copes with lines switchimgirements.
normally being short-circuited after 8 to 10 ms hereby It can be observed that the energy absorption @gpaicthe
damping the transient overvoltages. In the presase, an arresters has not been exceeded in any simulatiointhe
actual 4006 resistor, with an insertion time of 8 ms, wa§aximum operating voltage of the system and thepteary
installed. overvoltages shall be carefully considered for Hreester

Using pre-insertion resistor, the overvoltage ia temote SPecification



This paper does not refer to three-phase
operation, which will be analyzed in future work3ue to
trapped charges the optimum instant for closing dineuit-
breaker poles occurs when the voltages on botls sifiehe
arrester poles have almost the same value. Itdsssary then
to monitor voltages at both pole terminals.

In the specific case analyzed the difference fa tio
sincronized switching variants analyzed was vew; lo

The generalization of results is not recommendablegble
prediction of line switching overvoltages asks fdigital
simulations in which the specific line and netwaukder
consideration shall be carefully modeled.
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