Transient Recovery Voltage at Series Compensated

Transmission Lines in Piaui, Brazil

S. Henschel

Abstract — As a part of ongoing 500 kV power transris-
sion enhancements in Brazil, several new fixed sesi€om-
pensators are planned to be installed in two stagés 2006
and 2008 in the state Piaui. As series compensatiaffects
the levels of transient recovery voltage and ratefaise of
recovery voltage for circuit breakers and switchgeg a
thorough study was carried out. This paper summarize
the procedure of the study and some of its most ingptant
findings.
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|. INTRODUCTION

In today’s high-voltage AC transmission networksieser
capacitors are often used to reduce the effedtieerkactance
in order to permit increased power transfer overglalis-
tances. One of the concerns however is their inflaeon the
line breakers as very high levels of transient vecp voltage
(TRV) and of rate of rise of recovery voltage (RRRVaym
result when opening the line breakers in the césboormal
conditions e.g. a short-circuit fault, tie-line \Wween grids of
opposing phase, etc. [1].

As fixed series compensation (FSC) will be addedhto
Brazilian 500kV transmission network, a TRV analystisdy
was carried out in close cooperation between CHBS&zil,
and Siemens, Germany, in order to re-evaluate thaking
capability of existing circuit breakers and switehgunder the
new system configuration. The main purpose of thalyesis

was to obtain a comparison between the TRV and RRRV le

els of the present system configuration withouiesecompen-
sation and with the configurations in the years&80d 2008
with various stages of the compensation in service.

In this study, the TRV and RRRYV at the 40kA breakers of

only the series compensated lines Boa EsperancalJ- ¢
Piaui and S. J. do Piaui — Sobradinho were invastiy For
this purpose numerous simulations of out-of-phappihg of
short-circuit clearing have been evaluated, wheltbigyfault
location was varied along the series compensated,lito ob-
tain results for line faults and short-line faults.
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In addition, the fault type (3-phase short cirowith and
without earth, 2-phase short circuit with and with@arth,
single-phase short circuit) and the point-on-waaeltf begin
were varied. Overall, the study comprised apprégCcdiffer-
ent cases of which the TRV and RRRV levels were evadiat
including the first phase to clear but also theeotbhases. The
evaluation was performed with Siemens NETOMAGoft-
ware according to IEC 62271-100 standard [2] andpzoed
with the accepted TRV and RRRV levels found in the tes
protocols of the existing circuit breakers.

Il. TRANSIENT RECOVERY VOLTAGE

When the circuit breaker contacts open they dravaran
between the poles. In the current zero crossingsCoturrent,
the arc extinguishes. Whether or not the arc rescisudeter-
mined by the breakers’ capability to quickly deimnthe gap
between the poles. This, in part is influenced tBaker prop-
erties such as the speed of the departing cont3€#, gas
pressure, the way the arc is mended within the beanbut it
also depends on the way voltage builds up as #isah effect
on the dielectric strength of the gap. The objecitf TRV
analysis therefore is to determine the fastesalrtuild-up of
the voltage after current interruption. Fig. 1 siates useful
terms to describe TRV.
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Fig. 1. Definition of terms

While a four-point representation of TRV would bepkp
cable according to IEC 62271-100 [2], only the twmAp rep-
resentation, as shown in the figure, was used.réason was
that the circuit breaker test protocols were ofeoldate and
showed only the values of guaranteed peak TRV anitheof
RRRYV slope at 100%, 60% and 30% of rated breakingnotirr

The shape of TRV and hence the two characteristicesa
peak TRV and RRRYV slope depend on extremely many-influ
ences. The following is a (probably incomplete) 6§ influ-



ences that affect TRV levels in a high-voltage serie While the objective of this work was to evaluateetiter or

compensated transmission system:

» Transmission lines: a high-voltage transmissiontesys

typically involves long transmission lines that exd over
hundreds of kilometres. Due to finite wave travgliimes,
distinct voltage shapes such as TRV may travel fartt
back a line, producing a harmonic oscillation on dwn
(e.q. trapped line charge).

» Series compensation: a representation of seriepeasa-
tion as just a capacitor is over-simplified. Thare different

not existing breakers can be further used in theese
compensated environment, a side aspect was alanalyze
the simulated TRV with regards to its influencingrgmeters
in order to perhaps establish rules of thumb, that a fault
close to the circuit breaker causes higher TRV alistant
fault. This way the area of investigation coulddoafined to a
reduced set of parameters allowing for faster sitioh in the
future.

types of series compensation, FSC, TCSC, TPSC, etc., I1l. MODELING

where each capacitor is equipped with protectiveicgs
such as a spark gap, metal-oxide varistors, angpass

breaker. Since TRV is a process of fault clearihgsé pro-

tective devices have already responded to the $gubition.

Their response has a tremendous impact on the TiRakste

e.g. a bypassed series capacitor does not intesittttthe
harmonics in the circuit.

» Fault sequence: When did the fault occur, whattlaeein-
stantaneous voltages and currents in the system torithe

fault? The location of fault influences the faulinents and
the contributing currents across the line brealaard, there-

fore has an effect on TRV. By the same argumens, iini
portant to consider the fault type, i.e. singlegsito-
ground, three-phase, phase-to-phase with or withamutnd.
Obviously, there are multiple possibilities of fadevelop-
ment, e.g. a single-phase fault that develops antbree-
phase fault. Another influence is how long a fdadts be-
fore the circuit breaker start opening their cotgac

» Fault clearing: Note that it matters if the faultegk is inter-
rupted in only one phase or in all three phases. dgening
of the line breakers at one substation may not ataxactly
the same time as at the other terminal. There reag tew
milliseconds of a difference due to different pobien

equipment, communication signals or different typds

breakers.
» Arc: Most faults on a high voltage transmissiontegs are

not solid metal connections between phases buftrasu
arcs. An arc dissipates electric energy and, tbesgfadds

resistive damping to high-frequency oscillations.rr€ct
representation of the arc bears an effect on the TER¥ls

that can be experienced by the circuit breakerg¢hBysame
argument, the arc produced within the breaker cleasnb

also contribute to the damping.

» Power system: During the fault, the entire powestey in
the vicinity is affected and in a state of transiescillation
so that, when the faulted line is isolated, theillasions
continue until a steady post-fault state is gairgidce TRV
are voltages across the line breakers, the sysseittations
also affect the level of TRV. As a consequence:amy is
it important to analyze the affected transmissioe hith
regards to TRV but also to consider the entire paystem
in the vicinity in all its detail.

From this list it can be concluded that it is aided, if not
impossible, task to determine worst-case TRV levetsa
circuit breaker. Particularly since the task inwdvminute

representations of stochastic phenomena such asabat the
fault location or in the breaker chambers. In pcactherefore

a number of these parameters are varied in artivterap-
proach to include as many scenarios as possihl§3[1]4].

The aforementioned sensitivity of TRV and RRRV to
various influences requires minute models of thetem.
Therefore, the area around the series compensdtione
transmission lines was represented with detailedadhjc
models. All three positive, negative and zero saqeeof
models needed to be considered. The load flow pgadhe
fault contingencies was adjusted to resemble peaklirg
conditions of the grid in the years 2006 and 204§. 3 and
Fig. 4 show the configuration for both years.

A. Fixed Series Compensation

The FSC’s at S. J. do Piaui on the lines to Boa BEsger
and Sobradinho are modeled as shown in Fig. 2. A3@'s
are equipped with a bypass breaker to protectehid in the
event of short-circuits on the series compensatetiission
line. In addition, there is a metal-oxide varisflOV) to pro-
tect the series capacitor against over-voltagespark gap
limits the absorbed MOV energy and protects agaivetr-
currents. The spark gap and bypass circuit breateerepre-
sented through the switches in the model shown. vithees
for the capacitors as well as the trigger levelthefspark gap
are listed below.
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Fig. 2. Model of the FSC and protective circuits

TABLE 1
FSCBASIC DESIGNPARAMETERS
FSC Cs [uF] Euig [MJ] liig [KA]
Boa Esperanga —| 50.21 58.0 7.0
S. J. do Piaui
S. J. do Piaui — 55.62 62.4 10.8
Sobradinho

The spark gap is triggered in the moment when theent
or energy in the metal-oxide varistor exceeds eitime of the
trigger levels listed above (per phase). Thesgéridevels are
tuned such that the spark gap only fires if thdtfeuon the
transmission line with the respective series cdpacrhere is
a 1.0ms time delay until the gap fires, i.e. thédves in the
model (see Fig. 2) close.
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This spark gap mechanism was individually impleradnt model with arc representation, in order to be ableompare

for each phase so that, in the case of a simuksteephase
fault without ground in the vicinity of a capacitdhe gaps
would trigger in the affected phases but not in tealthy

phase. The contacts of the bypass breaker closexapately

50 ms after fault ignition. With the exception afgle-phase
faults, all three phases of the bypass breakeeclasthe case
of a single-phase fault the bypass is closed iy thré affected
individual phase.

B. Transmission Lines

The transmission lines of the study area have bemdeled
as distributed parameter line model with lumpediste®
losses at the terminals and in the middle. Thisasgmtation is
also known as constant parameter model or Bergemmem
[5], [6] and it is often used in electromagnetiansients stud-
ies. The reason for this representation is to absatime re-
sponse reflecting the traveling waves on long trassion
lines during and after the fault. In order to applyault at a
location on a transmission line, the model was edpat the
respective fault location. Incorporating positivesgative and
zero sequence data has accounted for mutual cgsp@imong
the three phases.

C. Fault

The short circuit fault was modeled as a solid eation to
ground. The connection to ground remains in pla@n after
the fault is cleared by opening the line circuiéddters. This
somewhat unrealistic represenation was choservoufeof a

the results with similar internal studies of the GfEsystem.
The fault was applied at various places along #rees com-
pensated transmission lines between Boa Esperanics.ah
do Piaui, and between S. J. do Piaui and Sobradinho

D. SurgeArresters

In order to include the effect of surge arrestergransient
recovery voltage, models of a surge arrester haes Iplaced
at both sides of the investigated 500kVcircuit keza. The
line-side models represent the arresters for pliatpcthe
respective station against surges from the trarssomsline.
The station-side models represent the surge arseateother
feeders of the station, which are not tripped dyrihe
simulated fault scenarios. The models account foe
nonlinear V-I characteristic of the arresters.

E. Circuit Breakers

While the utilized simulation software would perraivery
detailed representation of SF6 circuit breakers anzing
chambers in transients studies, the characteri@igs KEMA
measurements) of the breakers in the Brazilian nétwere
not available at the time of study. Therefore amdlider to
better compare the study results with previous TRV
simulations of uncompensated lines, it was decideohodel
the line circuit breakers as ideal switches. Theintacts open
in the current zero crossing of the respective @Halowing
100 ms after fault ignition.



IV. SIMULATION

In order to determine worst-case stresses by tahse-
covery voltage on the four line circuit breakersKaa Esper-
anca and at S. J. do Piaui of the Boa Esperancd.-€6.Piaui
line, and at S. J. do Piaui and Sobradinho of the 8o Piaui
— Sobradinho line), several simulations have besfopmed.
The scenarios considered in this analysis are ogeopera-
tions of the respective circuit breaker during $teincuit con-
tingencies and during severe operating condititmshis re-
port, the short-circuit contingencies have beeegatzed as
“line faults” and “short-line faults”.

Short-line faults are short circuits that occurtbe trans-
mission line in the immediate vicinity of the ciitbbreakers
(<5 km, e.g. Fig. 5), while line faults are faulbgated either
directly at a line terminal or at greater distan¢eR) km, e.qg.
Fig. 6) from the substations. The reason for thstirdition is
the experience from the analysis of uncompensatetmis-
sion lines, indicating that short-line faults tyglly result in
more severe stresses of the circuit breakers thaitsf at
greater distances. The simulation of both categdnas been
performed to compare whether this observation dsa ke
made with compensated transmission lines.
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Fig. 5. Location of Line Faults
S.J. do Piaui
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Simulations of breaker operation during out-of-ghasn-
ditions have also been performed. Specifically, nest se-
vere cases of phase opposition have been studiedeRPppo-
sition occurs during severe dynamic swings of tbegr sys-
tem shortly before parts of the system are outyn€lsronism.
Isolation of these asynchronous parts may lead reaker
opening situations in which the phase-to-groundagds at
both breaker contacts are 180° out of phase, cquwsiltages
of 2 pu or more across the breaker contacts.

A. LineFaults

In order to find the most severe impact on trartsienov-
ery voltage, the fault location was varied in stepapprox. 20
km along each line. Also the type of fault was edrithe pos-
sibilities being (i) single-phase short circuitearth, (ii) two-
phase short circuit without earth, (i) two-phas®ort circuit
with earth, three-phase short circuit, (v) threegghshort cir-
cuit with earth. Multiple faults have not been ddesed.

The instant of fault ignition was varied with 1 nmre-
ments between 20 and 29 ms. From the moment of shier
cuit ignition, there is a time delay for measureméault de-
tection and signal communication to the circuitakers until

they open to isolate the fault. Here it was assuthed the
breakers open at once in the first current zeresing that
follows 100 ms after fault ignition. This way thefluence of
the arc is neglected. In order to compare the efféseries
compensation on TRV levels with transient recovesitages
on an uncompensated transmission line, the aforéomedl
scenarios were also simulated without the FSC inrthesti-
gated transmission line. Overall, 5000 differentlffarariants
have been simulated, yielding approx. 25000 TRV esithat
were monitored across the contact gaps of theitboeiakers.

B. Short-line Faults

In addition to the faults at greater distance fithin substa-
tions, short-line faults have been evaluated aadées at and
below 5 km from a substation. As three-phase stioctits
with and without earth produce highest TRV valueslyo
these two have been simulated. The fault locatias waried
at 1, 2, 3, 4 and 5 km distance from Boa Espera®g¢d, do
Piaui, and Sobradinho substations. As before, it of
fault ignition was varied with 1 ms increments be¢wn 20 and
29 ms. The opening of the breaker contacts wasraessuo
occur at the zero crossing of the line currenthim tespective
phase following 100 ms after fault ignition. Inabt1600 dif-
ferent short-line fault scenarios and 9600 TRV csrhave
been evaluated.

C. Out-of-Phase Breaking

In practice the conditions for breaker operationphmase
opposition can only be achieved as a result ofreesgstem
upsets. Analysing the event by simulation of a diieg
power system model, similar conditions can be ieidify
obtained by decelerating the machines on one didleeoob-
served breaker until their terminal voltages lagLB9°.

However, due to the presence of strong power system
equivalents on either side of the four studieduirbreakers
(namely at Presidente Dutra and Itaparica substtiathe
desired conditions for phase opposition cannot b&ioed
without switching off one of these equivalents. $hthe net-
work equivalent at Itaparica was tripped priorhe tnvestiga-
tion. In its place, a load of 850MVA and PF 0.94gjl was
connected to destabilize this side of the systedhsémw down
the hydro units in the power plant at Sobradinhar. the pur-
pose of the analysis, it was necessary to maitaarginally
stable operating point. Therefore, a fictitious gmor model
was added to the hydro units at Sobradinho, whegt khem
stable and in synchronism at 180° lagging behirsi timitial
voltage phase angle. The generators at Boa Espelata
been ignored in the simulations. The breakers @@ems after
the out-of-phase situation has been obtained irsithelation,
when the current has a zero crossing in the reispeghase.
The voltage phase angle at the Sobradinho sideeobrteaker
jumps by approx. 180°, which causes high TRV aboymi2
across the open breaker contacts.

Both configurations of 2006 and 2008 have been aedly
with and without series compensation. Due to thalf line
between S. J. do Piaui and Sobradinho in the y@@8 2on-
figuration, phase opposition cannot be achieveafining a
circuit breaker of only one line. This case therefaas omit-
ted.



The following tables summarize the worst-case TR an
RRRV levels obtained by simulation of the aforemergibn
numerous case scenarios. Note that the voltage ibate

V. RESULTS

peak value of the line-to-ground voltage at 550 kV.

TABLE 1
MAXIMUM TRV FORLINE-FAULTS & SHORT-LINE FAULTS

Circuit breaker 2006 without | 2006 with 2008 with
compensation | compensation | compensation
Boa Esperanga 1116.3 kV 1458.7 kV 1384.1 kV
2.49 pu 3.25pu 3.08 pu
S. J. do Piaui 913.9 kv 1480.2 kV 1326.4 kV
(to Boa Esperancga) 2.04 pu 3.30 pu 2.95 pu
S. J. do Piaui 911.7 kV 1480.9 kV 1428.4 kV
(to Sobradinho) 2.03 pu 3.30 pu 3.18 pu
Sobradinho 943.6 kV 1196.3 kV 1354.5 kv
2.10 pu 2.66 pu 3.02 pu
TABLE 2
MAXIMUM TRV FOROUT-OF-PHASE BREAKING
Circuit breaker 2006 without | 2006 with 2008 with
compensation | compensation | compensation
Boa Esperanca 684.5 kv 901.6 kV 791.3 kV
1.52 pu 2.01 pu 1.76 pu
S. J. do Piaui 791.9 kv 1036.0 kV 761.0 kV
(to Boa Esperanca) 1.76 pu 2.31 pu 1.69 pu
S. J. do Piaui 768.6 kV 1019.2 kV n/a
(to Sobradinho) 1.71 pu 2.27 pu
Sobradinho 766.9 kV 949.6 kV n/a
1.71 pu 211 pu
TABLE 3

MAXIMUM RRRV FORLINE-FAULTS & SHORT-LINE FAULTS

Circuit breaker 2006 without | 2006 with 2008 with
compensation | compensation | compensation

Boa Esperanca 2.30 kVs 1.88 kVLs 1.84 kVjis

S. J. do Piaui 1.84 kVjis 2.44 kVi1s 2.01 kVpis

(to Boa Esperanca;

S. J. do Piaui 1.43 kVjus 1.61 kVjis 2.04 kVjis

(to Sobradinho)

Sobradinho 2.42 kVs 1.66 kVjis 2.37 kVis

TABLE 4
MAXIMUM RRRV FOROUT-OF-PHASE BREAKING

Circuit breaker 2006 without | 2006 with 2008 with
compensation | compensation | compensation

Boa Esperanca 0.46 kVjus 0.58 kV[is 0.67 kVjis

S. J. do Piaui 0.47 kVfus 0.57 kVfis 0.39 kVjis

(to Boa Esperanca

S. J. do Piaui 0.52 kVijus 0.61 kVjis n/a

(to Sobradinho)

Sobradinho 0.47 kVjs 0.55 kVjis n/a

» A few simulated TRV values from line and short-lifaelts

exceed the breakers’ capability. The RRRV values filoen

simulation of out-of-phase breaking exceed the kwesi
capability.

» In most cases high TRV levels result from three-pHaslts
without earth. Single phase faults produce lesereeVRV
levels than the other fault types.

» The expectation that faults close to the breakerslavpro-
duce high TRV levels was not confirmed. On the amtr
in many cases it was found that faults at the rerfineé end
would produce the highest TRV at the investigatezhker.
With series compensation in place, TRV was typichigh-
est when the capacitors were between the investgat
breaker and the fault location.

» Overall the highest TRV occur in the 2006 configiomat
whereby the results with series compensation ard530
higher than without series compensation. The TRMI&e
in the 2008 configuration are slightly lower. Thighest
simulated TRV on the 500kV system was 3.3pu (14Q8kV
across the circuit breaker contacts.

« Of all the simulated cases, RRRV levels as high 44 2.
kV/us were found. In general these values vary widely
among the cases and thus did not permit an aswwocigith
certain simulation parameters such as fault lonatiofault
duration.

TABLE 5
BREAKER CAPABILITY FOR LINE-FAULTS & SHORT-LINE FAULTS

Breaking current TRV RRRV

40 kA 900 kV 1.00 kVhis
2.00 pu

24 kA 960 kV 2.00 kVijs
2.14 pu

12 kA 960 kV 5.00 kVjs
2.14 pu

12.7 kA 1215 kV 1.47 kVhs
2.71 pu

8.0 KA 1470 kV 1.09 kVis
3.27 pu
TABLE 6

BREAKER CAPABILITY FOR OUT-OF-PHASE BREAKING

Breaking current TRV RRRV
10 kA 519 kV 0.50 kVjus
1.16 pu

VI. CONCLUSIONS
The objective of the presented study was to determi

The breakers’ Capabmty to withstand TRV and RRRV aﬁ@hether or not eXiSting line circuit breakers woulve to be

to successfully interrupt the fault current is suanized in
Table 5 and Table 6. The values for 40kA, 24kA &8KA in
Table 6 are specified in the circuit breakers’ tpsitocols
whereas the other entries are the results frontiaddl tests
obtained through consultations with the breakeranufac-
turer [7].

Evaluating the simulation results and comparingrthvth
the breakers’ performance characteristics showifiables 5
and 6, the following observations have been madéghwep-
resent the most important findings of this study:

replaced in order to accommodate the series corapiens

While it can be noticed that some of the valuesnfdly ex-

ceed the breaking capability of the circuit breakerdecision

was reached to maintain the breakers at this stelgieh was
based on the following discussion:

» The breaking current associated with the worst-CER¥
often is below the standard 10% margin.

* The time, tc in Fig. 1, to reach the peak TRV ishkigthan
the standardized times, allowing the breaker pmds far-
ther apart and decrease the likelihood of restrike.

» The RRRYV values are within the breakers’ capability.



The likelihood of excessive TRV values is low, asytloc-
curred with 2% in 5000 simulated cases at very ifipdo-
cations on the transmission lines.

Modeling stray resistance and capacitance of theuici
breakers has been ignored, which would smootheshhpe
of TRV across the contact gap. Also the arc resigchas
not been modeled due to lack of data, and modededeal
switch which would yield prospective and rather ssma-
tive TRV values.

In addition to evaluating the breakers’ performaimca se-

ries compensated environment, an attempt was nuadiag-
sify and associate the levels of TRV and RRRV withfthet
location, fault type, fault duration and other siation pa-
rameters. It is hoped that in the future this ailbw to reduce
the number of parameter variations and obtain bidigtudy

re

sults with only a few simulations. At the currestage it

would be too soon to interpret the study findingsSection V
as general rules. Continuous effort is being madeutfhout

similar studies to gain further experience andnefihese re-

sults.
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