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Abstract-- During alternating current transmission of more
than 110kV rated voltage with a high level of charging capacity
compensation, a problem occurs with the zero-delay in the
current to be interrupted by a linear circuit breaker. The paper
reviews all the known methods and devices for solving the
current zero-delay problem in the interrupted current. An
analysis of those measures has been made, and their advantages
and disadvantages have been pointed out. A new charging
capacity compensation device for power transmission lines to be
used during energization and single-phase automatic reclosing is
proposed.

The paper contains calculation results of electromagnetic
transients. They demonstrate that the proposed device solves the
current zero-delay problem for a linear circuit breaker. It isalso
shown that the considered device reduces the problem of
resonant overvoltages during single-phase automatic reclosing of
a power transmission line. In addition, application of the new
device makesit possible to increase the probability of a secondary
arc extinction during the single-phase reclosing dead time that
maintainsreliable operation of the power transmission line.

Keywords. high voltage circuit breaker, DC-component,
current zero-delay, energization of a power transmission line,
automatic reclosing, shunt reactor, short circuit, secondary arc,
resonant overvoltage keywords.

|I. INTRODUCTION

HE current zero-delay problem in an interruptedrextr
resulting in a delay of the arc-extinction procé@sshe
contact gap of a high voltage (HV) circuit breakers been
studied for the first time fogenerator circuits[1]. Under
unbalanced conditions of short circuit (SC) cleaearby
generator circuit breakers, some currents may otitatr do
not cross zero for several periods.
Due to the development of compensated Hidwer

Faults that happened in 500-750 kV extra high-gata
power grids at compensatederhead power linegh Russia
and Kazakhstan resulted in the urgent studies efctirrent
zero-delay phenomenon during interruptions by neWb6 S
circuit breakers. The first paper was presentedoBths after
the fault (explosive destruction of the SF6 cirduitaker at
the Altay 1150 kV substation in Russia on Febru2®g7)
where the reasons of this fault were considered and
recommendations for preventing such accidents wgéren
[6]. Later, this fault situation was studied inaief7—10].

Emergency operating conditions for linear SF6 dfrcu
breakers occur when transient currentauimfiaulty phase®f
compensated overhead power lines, which do notsczeso
for a long time, are not interrupted. That is caudsy
occurrence of higher DC-components in such currénts
comparison with forced components.

In order to provide emergency interruption of aeén SF6
circuit breaker, the following conditions should digserved:

- at least one phase without SC (unfaulty) in the
compensated power transmission line which would be
energized only from one side;

- energization with close-to-zero voltage from thevpp
supply end;

- interruption of this phase without any special tidetay
after energization.

Emergency operating conditions of SF6 circuit bezak
may occur in the following cases:

- one-side line energization and three-phase intéamip
by high-speed relay protection;

- single-phase automatic reclosing when the secoratary
is successfully extinguished during the dead titmgt the
automatics is actuated for three-phase interrupéfiar the

transmission cabldines in Japan, Denmark, England, ltalyeclosing;

and other countries, the processes of their eraigiz with
connected shunt reactors (SR) were studied [3+%§. dtated
in [5] that a number of measures for solving theent zero-
delay problem can be used in practice.
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- unsuccessful three-phase automatic reclosing icdke
of a non-cleared unbalanced short circuit or openadf three-
phase automatic reclosing instead of single-phasenstic
reclosing.

Il. METHODSENSURINGOPERABILITY OF LINEAR CIRCUIT
BREAKERSDURING SWITCHING OF COMPENSATEDPOWER
TRANSMISSIONLINES

The following methods may be used to solve the lerab
of transient current uninterruption by linear SF&cuit
breakers in the case of DC-components of long urah
unfaulty phases:



1) introduction ofa delayinto the interruption processbreakers at both ends of the overhead power liirepic

in unfaulty phases;

breakers in the SR circuit) at line energizatiord auto-

2) prior switching of shunt reactors connected toeclosing, some features of operation with a higR S

overhead power lines;

3) controlling the phase of closinthrough overhead
power line energization close to the voltage maximan
the power supply end (when energizing the overlpeader
line) or to the voltage maximum at circuit breatenminals
(during auto-reclosing cycles);

4) usingcircuit breakers with preinsertion resistors;

5) temporaryinsertion of resistors into shunt reacto
circuits;

6) temporary connection ofesistors in parallel with
shunt reactors

7) application ofcontrolledshunt reactors;

8) sequentiakwitching;

9) combinedmethod.

Let us consider the methods in detail.

A. Introduction of a delay into the interruptioropgess
in unfaulty phases
In this method, the closing-opening cycle (C-Oghanged.
During automatic reclosing, the changed cycle lmabe as
follows: O-4,C-O (faulty phase), OnptC-t3-C (unfaulty
phase), whergytis the dead timegdis the time of damping of
DC-component in the current through a circuit bexak
The change in the standard operating procedurehef
automatics may result in several unexpected ewtbatsmight
have an adverse effect on the operation of the. dgrimt
instance, if such method of the DC-component elatiam is
used, the unbalanced power supply conditions foe
overhead power line occur. In this case, there rbaya
resonant voltage increase, which is unacceptableraotice.
In addition, it becomes necessary to make the f@latection
algorithms more complicated (disconnection of thetgxction
against open-phase conditions for the period ofdélay in
the unfaulty phase interruption) that results ia trecrease of
the operating reliability of overhead power lines.

B. Switching of shunt reactors connected to owadhe
power lines

The method is implemented through the connection
disconnection of SRs both during normal line clgsind
during line energization in the auto-reclosing eycbue to
various reasons, this method is not consideree tefficient.

Firstly, the System Operator (the institution tpatforms
centralized operational and dispatch control of theited
power system in Russia) often bans SR switchinglwhoes
not comply with the normal grid conditions. Secgndeactor
disconnection prior to overhead power line closiagults in
an increase of overvoltage events at the open dntheo

inductance are defined that do not ensure acceptgdgrating
reliability for the overhead power line.

Let us demonstrate some simulated oscillograms
representing features of SR switching. The calmdatesults
were obtained using MAES software [11]. Calculagiomith
the use of Simulink showed the same results.

1) Fig. 1 shows that in the case of solid SC tlatpened
rduring voltage zero crossing in a place close t8R the
current through the circuit breaker in the SR dirdwas no
zero crossings in the faulty phase for an exteruibd of
time, thus its interruption is impossible.
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Fig. 1. Oscillogram of current through a SR citdweaker in the faulty phase
during a solid SC that happened with the supplyage zero.

2) Fig. 2 presents oscillograms of transient cusr¢frough
a linear circuit breaker during SR connection dyritihe
following switching events:

- when energizing a non-loaded overhead power lime, t
tinear circuit breaker is closed with a disconndc&R, then a
SR is connected (Fig. 2, a);

- when energizing a non-loaded overhead power lime, t
linear circuit breaker is closed with a disconnd®®, then an
thverhead power line is energized into transit ojp@mna after

that a SR is connected (Fig. 2, b).
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Fig. 2. Oscillograms of currents through a lineacuit breaker during SR
connection to a power line under no-load conditigay and after line
energization into transit operation (b).

Closing time: t1 — circuit breaker 1; 2 — circuiebker 2; 3 — circuit breaker 3

overhead” power qug during energization. Therefore, | poth cases, switching of high inductance of @Bses a
acceptability and efficiency of such method showé high DC-component in the current through the lineiacuit

considered not only in terms of a DC-component @& in preaker, which is impossible to be interrupted écessary.
the interrupted current, but also in terms of owéiage events, The cases considered do not represent all the gmsbthat
operating conditions of protecting devices and thgise in the case of SR switching. They only dertrates that

improvement of requirements to their technical #mtions. gimple and cheap solutions are not always acceptabl
Thirdly, during the complex cycle of switching (S€rcuit



C. Controlling the phase of closing through ovexthe
power line energization close to the voltage maximmu
on the power supply end (when energizing the
overhead power line) or to the voltage maximum at
circuit breaker terminals (during auto-reclosingobys)

If the line is closed at the voltage maximum, th€-D
component in the current is inconsiderable, andfahewing
interruption will be possible. Currently, manufaets of SF6
circuit breakers produce controlled switching desi¢CSD) —
or Point-on-Wave Controllers, for example: SwitchSy
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(ABB), RPH0O2/RPHO03 (Alstom Grid), integrated systems

circuit breaker diagnostics (“EnergoMash-Ura -
ElectroTyazhMash” CJSC, Yekaterinburg). One shou \—LE ﬁ L
consider that standard application of CSD implikssiog a = s =

circuit breaker at voltage zero to decrease switghi
overvoltages. Fig. 3. Diagram of per-phase connection of a tessisit in a SR neutral
CSD application for closing at the voltage maximisn 1 — transmission line; 2, 3 — 500 kV line circuiedkers (CB); 4 — 500 kV SR;
tandard. theref | of th facti 5 — 500 kV surge arrester (SA) for SR protection; 85 kV disconnecting
non's anaard, ereiore approvq_ 0_ € manufac u_se switch (DS) with earthing blades; 7 - shunting gitbreaker; 8 - resistor unit;
required. The use of CSD for mitigating DC-compdseein 9 — 35 kV surge arrester for protection of a SRtra¢u10 — 35 kV current
current is complicated by strict requirements te #tcuracy transformer éCT)): lé - relay pereCFloni_ 12b— ng;tomatlondcgﬂtml 0f2a
. . tor unit (RU); 13 — communication line betw tem 1 an ystem 2.
of the voltage maximum (less than 1 ms) that isguatranteed resis '
by manufacturers. Moreover, closing at the voltagimum
will always lead to maximum levels of switchingFi
overvoltages, which will impact on the lifetime slurge
arresters (SA).

The resistor unit is connected per the diagram show
g. 3. Under standard operating conditions of olrerhead
power line, the circuit breaker (7) shunting thsistor unit (8)
is closed. In the case of a short circuit in the1{1), relay
D. Using of circuit breakers with preinsertion ist®rs protection (11) gives a command to open it on keitis. At

Temporary insertion of a high value resistor irfte tircuit the same time, a command is given to open the sfgint
allows reducing the damping time constant of the- D&Iircuit breaker (7), and the resistor unit (8) ist pnto

component to 15-20 ms, that will further allow sessful
opening of the circuit breaker. Today, circuit e with
preinsertion resistors being preset to 8-12 ms laanng
resistances equal to surge resistances of ovegeaer lines
are usually used. This method is applied to redweitching
overvoltages. It would be reasonable to use suctuiti

operation. In the case of successful double-sidegeration of
the line (1), a command is given to close the shgntircuit
breaker (7).

Controversial requirements are applied to the @hoicthe
resistor: at the top — the resistance is limitedpbymissible
voltage on shunt reactor neutrals (as well as bljage

breakers to remove the DC-component of the intéedip coordination with the residual voltage of a surgester) and

current.
However in practice resistor parameters (ratedstasce,

by permissible energy dissipated in the resistakiifg into
consideration the time of impact); at the bottonby the

power, operation time) are chosen individually feach efficiency of resistor influence on the DC-componeéamping
variant of a compensated overhead power line. Thégfethe current through the shunt reactor. Puttimg tneth.od
parameters may be extremely different from standaiff0 practice demonstrated that there are no prabigelecting

parameters. This substantially complicates the ge®cof

circuit breaker ordering (impossible to be a pdra complete
switchgear and control gear), the supply periodeases, and

the prices increase compared to prices for conmeaticircuit
breakers.

E. Temporary insertion of resistors into shuntatea
circuits

The purpose of per-phase insertion of resistors fineutral
sides in series into a SR circuit is to reducedamping time
constant of the reactor current

Ter = Ler/Rsg (Lgg— SR inductance Rgz—
the SR circuit) to the required value. It will pidg damping

of the DC-component to the safe value by the timeirguit
breaker opening.

DC-component
resistance in

a resistor unit with the required parameters.

F. Temporary connection of resistors in paralléihw
shunt reactors

This method allows increasing the forced compooétie
interrupted current in such a manner that the totakrupted
current will cross zero. A drawback of such methisdhe
necessity to use a high-voltage resistor and tdudiec an
additional high-voltage circuit breaker into thensw system.
This solution is rather expensive.

G. Application of controlled shunt reactors

Controlled shunt reactors allow stepless change
inductance in comparison with standard shunt rescbgth
step adjustment. In addition, it is possible to remt a
controlled shunt reactor to an overhead line withewircuit
breaker. However, the physical nature of this metfenains

of



unchanged: when closing a compensated overheadr piowe preinsertion resistors simultaneously, as circuittaker
in any case (energization or three-phase automeglosing), manufacturers cannot ensure conditions for simetias
it should be operated under stable conditions,fiam the operation of such measures.
resonance, i.e. the line should be uncompensated.

In this case, the limitations are the same as witHh. DEVELOPMENT OF THEIDEA OF TEMPORARYINSERTION OF
conventional shunt reactors that relate to a veliagrease or RESISTORSINTO THE SHUNT REACTORCIRCUIT

with requirements to operating conditions introdiid®/ the It is proposed to improve the method described.i& for
System Operator. In addition, some requirementidaspeed mitigating current zero delay through temporaryeitisn of
of shunt reactor inductance control arise, as ¥atoduring resjstors into shunt reactor phase circuits.
the dead time of three-phase automatic reclosingtralled Simulation results of processes under single-phase
shunt reactors at disconnected phases should haossibility automatic reclosing of the 500 kV compensated power
to change their inductance substantially. transmission line are presented below. The caicnanodel

H. Sequential switching was developed for the diagram shown in Fig. 4.

This measure against current zero-delay was USEAQAU e w e s s o s cae mas
cable lines energization [5]. Switching is dondduar stages: ...
1) energization of the non-loaded line; . =
2) interruption of the faulty phase under short circu®
conditions; =
3) disconnection of shunt reactors at healthy phas®
(with a prohibition for shunt reactor disconnectatrithe
faulty phase);
4)  opening of healthy phases of a line circuit breaker
Some drawbacks of this measure are specified inlf{%
necessary to have circuit breakers with increasgdirements
to interruption of capacitive currents, and haveenmomplex
automatics for per-phase switching of line cirdrigakers and
reactor circuit breakers. It is also necessary dosider the .
requirement on disconnection of protection agaipsin-phase 5 -
conditions for the period of the delay of healthjlape e a I
interruption described above. Fig. 4. Simulink diagram.

[t
\

Il

J. Combined method System 1 and System 2, simulated by EMFs with

The combined method may be used when a single measesistances and inductive reactances, are conndgtethe
given above does not allow solving the current zeetay 180-km overhead transmission line (positive seqeelime
problem completely. For example, when switching gpsarametersx;=0.31 Ohm/km; b=3.62810-6 S/km;~0.024
overhead power line with almost 100% compensatibe, Ohm/km; zero-sequence line parametegs:0.81 Ohm/km;
forced component of the current is very small, ¢efme b;=2.67210-6 S/km; ;¢0.28 Ohm/km). The shunt reactor
current zero crossing is extremely delayed. Isipianned to (Xgz=1531 Ohm, B=4.85 Ohm) with the resistor unit in the
use controlled switching devices in this case, ittireased SR circuit is connected to the transmission lirerfithe side
accuracy of the voltage maximum is required, whigchard to of System 1.
realize in practice. When choosing the method afster
connection to shunt reactor phases, it is extremificult to
comply with all the requirements described abovewever, °* )
combination of two methods allows mitigating theldem of
current zero delay efficiently. In this case, thentcolled
switching device is adjusted to closing within somaage
close to the voltage maximum. This does not helgatimp the WUWWWW
DC- component completely, but it allows reducingtsking 4
overvoltages substantially. The residual dampinghef DC- 1
component is ensured by resistors in the shuntoeawcuit.  ° s
As resistors are not intended to damp the full @alfithe DC  Fig. 5. Currentin the nearby shqrt ci_rcuit placel current in the circuit of
current cqmponent, teChn.ical specifications_ of stess will 1 —currentin the fausltr;/u;rt:ggecgf?ejts?sr;?ter:;r'ﬂing circuit breaker;
comply with all the requirements to applied curserind 2 — current in the short circuit place
voltages.

It should be mentioned that not every combinatidn 0 |n the case of short circuits located close to sheactors,
measures is possible. For example, it is not pethito use which occur close to voltage zero, a transientesrwill flow
controlled switching devices and circuit breakersthw jn the faulty phase of the shunt reactor, in theeswe case —




completely without current zeros (oscillogram 1Fig. 5). If
such event is considered probable, it is also sacgsto
consider that it is impossible to open the shuntoiguit
breaker of the faulty phase with the specified slincuits.
Thus, it is impossible to connect resistors ineervith the
shunt reactor. For the same reason, secondaryxérncten
during the dead time becomes extremely difficuttc{tbogram
2 in Fig. 5).

Based on the statistics of short circuits to grodod
overhead lines of high and extra-high voltage {ibecentage
of single-phase short circuits in 500 kV grids 3-80%, in
750 kV grids — almost 100%) and considering thebjams
with the opening of line circuit breakers often wcduring
unbalanced short circuits, it is proposed to usenaified

circuit of the resistor unit connected to shuntteaphases. It
means that capacitors (or static capacitor bankgh w
unearthed-star-caiomec

unearthed-delta-connection  or
should be inserted into the electric circuit in gl with
earthed-star-connected resistors (Fig. 6).
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Fig. 6. Connection of the resistor unit and capadianks into the shunt
reactor circuit
SCB - static capacitor bank,R- low-ohmic limiting resistor

The oscillogram, shown in Fig. 7, was obtained uride
same conditions as the oscillogram in Fig. 5, bitih the use
of the modified resistor unit (Fig. 6). It demordes
fundamentally different behavior of the shunt reaaturrent
and the short circuit current. A delta-connectionnearthed
star-connection) of capacitors allows the currenthie faulty
phase of the shunt reactor to have the AC-compoaietitto
ensure subsequent successful opening of the shuaiticuit
breaker at the current zero. It also ensures chgrafithe DC-
component in the short circuit current that resuitsts fast
damping and secondary arc extinguishing.

Therefore, the current through the shunting cirbuéaker
crosses zero without any delay, and the circuitakee is
opened. The short circuit current is damped wiB0r40 ms,
then the short circuit is cleared. Reclosing of twerhead
power line does not result in the occurrence of Bfe-
component in the current through the line circuéaker as far

as there are resistors in the shunt reactor circuit
i kA
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Fig. 7. Oscillograms of currents in the case efthpacitor bank and the
resistor unit connected into the shunting readtouit
1 - line circuit breaker current; 2 — short cirauitrent; 3 — faulty phase
current through the shunting circuit breaker ofrisgstor unit

IV. ELIMINATION OF RESONANTOVERVOLTAGESDURING
SINGLE-PHASE AUTOMATIC RECLOSING

It should be noted that the method considered atiGelll
along with the possibility to open shunting circbiteakers
also provides the possibility to open reactor dirbreakers. It
is an additional advantage of the proposed techsaation.
However, there are more advantages of this methbd.use
of the resistor unit with the capacitor bank alloslisninating
resonant overvoltages at the opened phase witldindéad
time during single-phase automatic reclosing (B)g.
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Fig. 8. Oscillograms of voltages at the openedspheithin the dead time
during single-phase automatic reclosing
1 — voltage without the resistor unit with the caifi bank in shunt reactor
phases; 2 — voltage with the resistor unit withahpacitor bank in shunt
reactor phases.

The proposed technical solution has a comprehensive
positive impact on the development of electromagnet
transients when energizing overhead power lines and
performing the automatic reclosing. It is highlfigént and
ensures reliable operation of power grids of higld axtra-
high voltage.

V. CONCLUSIONS

1. An overview of known methods used for mitigatioi
the current zero delay through the line circuitaver during a
closing-opening cycle of the compensated powelstrassion
line is presented. It is demonstrated that theee rar fully
reliable methods for solving this problem withoubne
negative effects. An extended study would be reguto find
an efficient solution in each specific case.

2. A new technical solution is proposed. It has a
comprehensive positive effect on the development of
electromagnetic transients when energizing overhgaser
lines and performing the automatic reclosing. Ivoinves



installation of earthed-star-connected resistotsumito shunt
reactors phases in parallel with unearthed-deltaxeoted or
unearthed-star-connected capacitor banks. Alonly saotving
the current zero problem, the proposed technic#ltisa

provides reliable secondary arc extinguishing dutime dead
time of single-phase automatic reclosing and elating the
resonant overvoltages at the opened phase.
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