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Abstract-- The paper presents the results of analysis of
methods for solving a problem of not-breaking of transient
currents with high content of aperiodic components by SF6
circuit breakers at switchings of compensated overhead power
lines. Advantages and disadvantages of their implementation and
real-life operation are described.
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Emergency conditions for line SF6 circuit-breakecsur
when transient currents in unfaulted phases of \w@rhead
power line are not interrupted by circuit breakdrss caused
by the fact that such currents do not cross zera fong time
because of the higher aperiodic components in casga
with periodic components [1]-[5].

To initiate the process of emergency interruption $F6
circuit-breaker, the following conditions should foilled:

INTRODUCTION

compensated overhead power line which is switchmed
only from one side;

voltage zero crossing at the side of power supply;
breaking of this phase is performed after makir
without time delay .

During the operation of compensated overhead ptnes,
emergency conditions may occur in the followingesas

1) when power is supplied from one side and relel

protection is operated for three phase interruption

2) at unsuccessful three-phase automatic reclosutkein
case of non-cleared asymmetrical short circuit (ine
the case of restrikes at making) or operation oéeth
phase automatic reclosure instead of one-phase at
matic reclosure.
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there should be at least one unfaulted phase in[E

making should be performed at the moment closer |
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Experimental investigations carried out in Kazakhstn
2011 are caused by several faults with destructidim0-750
kV SF6 circuit breakers in electrical networks afsRia and
Kazakhstan(note that 1150 kV power lines and 1150 kV
substations are operated at 500 kV):
in 2006 and in 2007 — at 1150 kV Kokshetauskaya
Substation in Kazakhstan;
in 2007 — at 1150 kV Altai Substation in Russia;
in 2009 — at 500 kV Agadyr Substation in Kazakhstan
in 2011 — at 750 kV Novobryanskaya Substation issRuL

Electromagnetic transient processes during thesdtsfa
were recorded using disturbance recorders. As ampbe, the
oscillograms of three-phase automatic reclosurd1&0 kV
L-1106 Itatskaya — Altai power line at 1150 kV Alta
Substation are presented in Fig. 1 (whare experimental
oscillogramsp — simulated using [6]).
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Fig.1. Oscillograms for failed automatic recloswafethe transmission
power line.



The following event sequence happened:

t; — one-phase short circuit on the phase B;

t, — interruption of a transmission line;

t; — automatic reclosure of a transmission line. Sbiocuit
is not cleared at the moment of automatic reclgsure

t, — interruption of the phase B;

ts — interruption of the phase C;

ts — breakdown of a circuit-breaker on the phase C;

t; — interruption of the phase C;

tg — unknown switching event.

Relay protection and automation group analyzed that
fault was caused by the fact that an SF6 circuiatker could
not interrupt fault current which did not crossaéor a long
time because of the presence of high aperiodic coems.
Numerical calculations demonstrated in [1]-[3] soppthis
analysis.

A. Experimental Investigations of Transient Currents

In 2011, experimental investigations in the 500retwork
(owned by KEGOC joint-stock company in Kazakhstamye
carried out.

Experiment of one-side making of L-1102 by air gitc

breaker CB-501 is done for the power-line L-1102kKo

shetauskaya — Kostanayskaya presented schemaiticBlty. 2.
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Fig.2. Power Transmission Kokshetauskaya — Koytkaya.

Shunting reactors R3-1150, R2-500 and R4-1150
operated. Phase A is the first closed pole withaking angle
of 64°. Phase C is switched on with a making aofle24.9°

and with a time delay of 1.4 ms related to phasdPhase B is uLzky

the last closed pole with a making angle of 42° aitl a time
delay of 5.5 ms related to phase A. The first qureero is
observed in phase B 180 ms after contact closareytfase C
— after 221 ms. Steady-state current is 21Q &ee Fig. 3).
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Fig. 3. Experimental oscillograms of currents tlgb a circuit breaker at
making of the 1150kV transmission power line L-1102

C

Experiment of successful three-phase automatioseaot
of L-1102 by air circuit breaker CB-501 is perfomnfor the
power-line L-1102 Kokshetauskaya — Kostanayskaya. A
Kokshetauskaya Substation shunting reactors R3;1R&0
500, and R4-1150 are operated, shunting reactot 188- is
disconnected. At Kostanayskaya Substation shurntiagtor
R-1-1150 is operated. Phase C is the first closdd with a
making angle of —39°. Phase B is switched on withaking
angle of 83° and with a time delay of 0.82 ms ealab phase
C. Phase A is the last closed pole with a makingleaof
-31.9° and with a time delay of 1.48 ms relateghase C.

Recorded oscillograms show the presence of voltsgas

which is common for extra-high-voltage transmisdioas in the

case of three-phase automatic reclosure. Threeplaas opened
non-simultaneously: phase B is opened with a tiglaydof 56.8

ms related to phase A. Aperiodic components ineatsrdepend
making angles (see Fig. 4).
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Fig. 4. Experimental oscillograms of currents through dirbueaker CB-

501 and voltages at Kokshetauskaya Substation therside of the power

transmission line at three-phase automatic reatostit-1102.

Oscillograms shown in Fig. 3, Fig. 4 are repredema
oscillograms of experimental invesigations at tlosver line
Kokshetauskaya — Kostanayskaya. Similar oscillogravare
obtained during experimental investigations in 2@1500 kV
Agadyr Substation with switchings of the overheagver line
L-5170 Agadyr—Ekibastuzskaya.

Oscillograms show that switchings of a compensated



overhead power
components in a current flowing through a circuiedker.
These aperiodic components exceed periodic compe el
delay current zero crossing.

B. Experimental Investigations of Circuit-breakers

Based on experimental investigations carried out
Kazakhstan in 2011 at Kokshetauskaya SubstationrAgadyr
Substation, analysis of switchings for 500 kV cirdweakers is
performed.

We are interested in probability of the presencapafriodic
components in the current flowing through a cirduieaker
under real switching conditions for compensated riveead
power lines and in possible differences betweertgases of
making of an air circuit breaker and an SF6 cirtuéaker. It
should be noted that there is no aperiodic compsnienthe
current if a circuit breaker is switched at thetagé maximum.
It is considered that making of a circuit brealeprobable to
occur at the voltage maximum because of breakddvam air
contact gap when contacts move towards each ddezhaps,
SF6 circuit breakers cause aperiodic componeris firesent in
the current through a circuit breaker due to tlcetfzat they may
be switched with any making angle including voltageo.

Fig. 5 illustrates diagrams of probabilities as thsult of
oscillogram processing. Oscillograms of makingdach pole
of air circuit-breakers VVBK-500 (21 oscillogramahd SF6
circuit-breakers HPL-550B2 (12 oscillograms) and-&l7
(36 oscillograms) were processed. Obtained residtsnot
represent general statistics on making of circuéiakers, but
represent main features of these statistics. Imitiking angle
is determined for each switching. Switching of epblase (A,
B, C) is considered to be an independent event.pEnied of
changing of sinusoidal voltage from zero to maximisn
divided into four equal parts with the followingeetrical
degrees: 0...14.5, 14.6...30, 30.1...48.6, 48.7...90.

06

2
n

=2
=

o
W

probability

o
X}

o

Tt

0..145

146..30 3

=
=]
=
@
@

48.7..90

electrical degree

DVVEIK—SUU %GL—S‘IT |H:H:H:|]HF‘L—550E!2

Fig.5. Diagrams of contact closing probability de@ing on making angle of
voltage source.

line are accompanied with aperioditaking angle is not confirmed. There is also eghbt

opinion that in most cases (i.e. with a probabitify0.7-0.9)
circuit-breaker making is realized closer to theltage
maximum. It is not also confirmed. Contacts of @id SF6
circuit breakers are closed with making angle a74890° (in
other words, 0.75-1.0 times maximum voltage witte th
B}obability of about 0.5). It refers to a fault wigas gap
prestrike. Probabilities of contact closure nealtage zero
(<30°) for SF6 circuit breakers HPL-550B2 and GL-3afdd
air circuit breakers VVBK-500 are approximately same.
Table | illustrates the results of oscillogram pssing for
three-phase making of the same SF6 and air cibcadker
poles. Probabilities of making for at least oneepafi a circuit-

breaker within given range of making angles arermeined.
TABLE |
PROBABILITY OF MAKING AT LEAST ONE POLE OF A CIRCUITBREAKER WITH
VARIOUS MAKING ANGLES

Type of a Making angle

circuit breaker| <14,5° <30° | <48,6° | <90°
VVBK-500 0,43 0,71 1,00 1,00
HPL-550B2 0,50 0,75 1,00 1,00
GL-317 0,08 0,58 1,00 1,00

Table | shows that in the case of three-phase kinic
making for at least one pole of a circuit breaké&hwnaking
angle of<30° happens with the probability of 0.58-0.75 for
both air and SF6 circuit-breakers.

Consequently, there is a high probability of makatdeast
one pole of a circuit breaker with high aperioda@mmponents
in the transient current.

I1l. METHODS FORSOLVING THE PROBLEM OFNOT-BREAKING
OF TRANSIENT CURRENTS WITHHIGH CONTENT OFAPERIODIC
COMPONENTS BYSF6CIRCUIT BREAKERS

Transient currents with high content of aperiodicponents
are not usually interrupted by SF6 circuit breaké&rs solve this
problem, the following methods can be used:

1) introduction of a time delay into breaking operatio
for unfaulted phases;
the change in the number of shunting reactors
connected to an overhead power line at making-
breaking operation;
controlling the moment of making (i.e. making
phase); making of an overhead power line close to
voltage maximum from the side of power supply;
using of circuit breakers with preinsertion resisto
temporary introduction of resistors into the citooii
shunting reactors.

Methods 1-4 are described in detail in [1]-[5]. e 5 is
proposed in [7] and implemented in the Moscow pawystem.

Further we will provide a brief description for aihtages
and disadvantages of methods 1-4 and a more detaikysis
for method 5.

2)

3)

4)
5)

Diagrams of contact closure probability depending o 1) Introduction of atime delay into breaking operation for

making angle of voltage source show that the hygsithof the
fact that SF6 circuit breakers may be switched wathy

unfaulted phases. When introducing atime delay into
a breaking operation, asymmetrical conditions fooaerhead



power line occur in unfaulted phases. It is knowratt
resonance overvoltages under open-phase condiibose-
side making or breaking of a power transmissior haith
shunting reactors are caused by the following facto

life. Manufacturer must guarantee this requirement.
Requirement of making in the moment of voltage mmaxn

leads to maximum switching overvoltages which iefloe on

operation and life time of arresters and intengifyulation

- power supply for a transmission line is appliednfro deterioration for power lines and substation eqaipm
two phases (two phases are energized, one phase igjsing this method, one should fully understand it

deenergized);

- power supply for a transmission line is appliednfro
one phase (one phase is energized, two phases (Fent

deenergized).
Conditions with resonant voltage increase shouldsally

negative features.

4) Using of circuit breakers with preinsertion resistors. At
circuit breakers with preinsertion resgstare
manufactured with resistances of 250-500 Ohm (nhethe
order of line impedance) with operating times dfBms. The

eliminated during network operation. Moreoversinecessary main advantage of this method is that among wiipeession

to improve the relay algorithms (deactivation oflaye
protection from open-phase conditions for the kb delay
in interruption of unfaulted phases) which leadsdbability
degradation of power transmission lines. Therefatds
method is not recommended for implementation.

2) The change in the number of shunting reactors
connected to an overhead power line at a making-breaking

of aperiodic components overvoltages may be aldoced.
Resistor parameters (rated resistance, energy sititen
operating time) are chosen for compensated overpeagr
lines individually. It complicates purchase of citcbreakers
(especially, in the case of SF6 insulated switchged control
gear). In this case, the delivery of circuit breakevith
preinsertion resistors takes more time and thédeps higher

operation. The place of installation and switching conditionﬁ1 comparison with common circuit breakers

for shunting reactors at bus bars of substatiodspamver lines

are determined in accordance with normal and pust-f

conditions (providing of reactive power flows andltage
levels), and fault conditions (reducing of overagks). Any
changes in power systems concerning shunting neastmuld
be supported by investigations. Departments of p@ystem
dispatching do not usually agree with changes afrajng

conditions for shunting reactors. Especially, ihcerns cases

of backbone transmission lines and power lines vatie
shunting reactor. Therefore, this method
recommended for implementation.

3) Controlling the moment of making (i.e. making phase);
making of an overhead power line close to the voltage
maximum from the side of power supply. If making of an
overhead power line is realized close to the veltagximum
from the side of power supply, aperiodic componevitsbe
of minimum values providing successful current-zemssing.
For these purposes, manufactures of SF6 circuiakiers
produce controlled switching deviceaBRB — Switchsync;
Siemens — PSD; Alstom Grid — RPH). Usually, they ased
in line circuit breakers as controlled switchingtire moment
of voltage zero for providing minimum overvoltagése way
we propose to use such devices is non-standardt ahduld
be discussed with manufacturers of SF6 circuit ke

The key feature of controlled switching for a powae in
the case of the three-phase automatic
requirement of making in the moment of voltage maxn at
contacts of a circuit breaker. For this purposdtage should
be supplied to a controlled switching device framo sides of
a circuit breaker — from the side of a substatind &tom the
side of an overhead power line. Such devices araifaetured
on special request.

Another feature of controlled switchinglevice is
a requirement for making under conditions dfage phase
v = n/2 with £1 ms time spread during circuit breakemvie

reclosurea is

5) Temporary introduction of resistors into the circuit of
shunting reactors. This method will be described in detail in
Section IV.

IV. TEMPORARYINTRODUCTION OFRESISTORS INTO THE
CIRCUIT OF SHUNTING REACTORS

Introduction of power resistors into the circuit siiunting
reactors is used for decreasing of the time constah,/R.cs

is noto aléwhere L is inductance of a shunting reactogsR resistance in a

circuit of a shunting reactor) down to values whielad to
attenuation of aperiodic components to safe ldwelhe breaking
time of a circuit breaker (~0.06-0.08 s). In thase, if these
aperiodic components are lower than the amplitdfdpedodic
components, the levels of aperiodic componentsaiie by the
breaking time of a circuit breaker. Current zermssmng is
ensured, and an SF6 circuit breaker is normallyatee.
Then, consider power transmission between 500 kV

Substation Ochakovo and 500 kV Substation Zapadogtfse
Moscow power system for illustrating this method:

S
Rieqf+X1eqt
ROeq1+X0eq1

Equivalgnt systern
Rieq2+jx1eq2

Zapadnaya

10,573 km

Ochakovo

Shunting
Reactor

Fig.6. Power transmission Ochakovo — Zapadnayautir cable and
overhead power line.

Consider the case of power supplying to cable aedhead
power line Ochakovo — Zapadnaya with one-phaset shor
circuit. Fig. 7 shows simulated oscillogram for phaC at
making of a line circuit breaker at 500 kV Subsati
Zapadnaya when there is one-phase short-circyihase B at
500 kV Substation Ochakovo. Calculations dome with



the special multipurpose power system simulator BAE].
Parameters of a shunting reactor are the followkgs 917 crossing after CB making within only 0.04s. It istrenough
Ohm, R = 1.6 Ohm. Parameters of the power transmissien lifor successful arc quenching by a circuit breakecaoise
are presented in Table II.

High-frequency component of current ensures curzend

possible breaking time is not less than 0.06...0d2®1sds.
Therefore, it is shown that in the case when catid
overhead power line Ochakovo — Zapadnaya is supfian
500 kV Substation Zapadnaya, transient process#s ma
current zero crossing for a long time are possiBlaring
breaking operation, an arc will be burning in arc-ar

bgextinguishing chamber of a circuit breaker for adotime

TABLE Il
PARAMETERS OFOCHAKOVO—ZAPADNAYA POWER LINE
Cable line 2
Parameter Cable line 1| 1st circuit, ngrhead
o line
2nd circuit
lengthl, km 0.753 10.573 23.37
r1/ro, Ohm/km 0.015/0.13 0.015/0.183  0.0243/0.
X1/Xo, Ohm/km 0.11/0.066 0.11/0.066 0.306/0.81
b./bg, uS/km 75.4/75.4 75.4/75.4 3.623/2.67R
01/do, uS/km 0.514/7.426 0.514/7.426  0.036/0.11

resulting in circuit breaker damages.
To suppress aperiodic components, resistors aneected

5 into circuits of shunting reactors. Connection egdistor units
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Fig. 7. Simulated oscillogram of transient currenthe case when cable
and overhead power line is supplied from 500 kVs$attion Zapadnaya
under conditions of one-phase short-circuit at Bd®ubstation Ochakovo.

Components of transient current obtained from Figr&
presented in Fig. 8.
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Fig. 8. Components of transient current througirauit breaker in the
case when cable and overhead power line is supfptied500 kV Substation
Zapadnaya under conditions of one-phase shortit&t800 kV Substation

Ochakovo.

The aperiodic current component becomes equalriodie
current after only 0.8 seconds following makingaotircuit
breaker. Since making of a cable and overhead pbmetis
realized with short circuit, then breaking will later 0.04—
0.08 s. Current does not pass through zero, thaisgafor a
time more than 0.7s will result in damages of autrbreaker.

is realized as shown in Fig. 9.
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Fig.9. Connecting of resistor units into circuefsshunting reactors.

1 — Cable and overhead power line Ochakovo — Zapadn

2 —line SF6 circuit breaker at 500 kV Substatiap@dnaya;

3 —line SF6 circuit breaker at 500 kV Substatiah&kovo;

4 — 500 kV shunting reactor;

5 — 500 kV arrester for protection of shunting teex against
overvoltages;

6 — disconnecting switch with earthing blades (wilosed earthing
blades, automation control device of a resistort unlocks three-phase
automatic reclosure);

7 — 35 kV vacuum circuit breaker;

8 — resistor unit with two parallel circuits;

9 — 35 kV arrester for protection of shunting reaateutrals against
overvoltages;

10 — 35 kV current transformers;

11 - relay protection at 500 kV Substation Zapadnay

12 — digital automation control of a resistor unit;

13 — communication line between 500 kV Substatiapatinaya and 500
kV Substation Ochakovo.
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Let us set Wlaxopy. @S Maximum operating voltagey s
neutral-to-ground voltage for a shunting reactol&ation of
required resistance for a resistor unit can be iobtafrom
operating conditions of shunting reactors with wotad
resistance Rsin their neutrals:

Rr < U N /U max.op.v
\/1_ (U N /U max.op.v)2

This relation shows possible values of resistartcebe
connected into neutrals of shunting reactors fppsession of
aperiodic components.

1)

X, -



For power transmission Ochakovo — Zapadnaya foergiv. - controlling the moment of making (i.e. making phase

Un=35 KV, Unax.0p. 7550 kV, obtain: Rs< 58.5 Ohm. making of an overhead power line close to voltage
Fig. 10b illustrates oscillogram of transient cutreat maximum from the side of power supply;

making of cable and overhead power line Ochakovo — - using of circuit breakers with preinsertion resisto

Zapadnaya with the resistor uni.f 58.5 Ohm connected to - temporary introduction of resistors into the citcaf

neutrals of shunting reactors. Making time is O.Adeased shunting reactors.

energy for a resistor unitis W = 3.6 MJ. 4. Each method of suppression of aperiodic compsreas

advantages and disadvantages. The best methogsaftical
implementation are controlled switching devices airduit
breakers with preinsertion resistors. The mostgeative and

cheap method is temporary introduction of poweistess into
WMWNMWWVWWWWNWM\MMMWMW the circuits of shunting reactors.
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power line are not interrupted by circuit breakdrss caused
by the fact that such currents do not cross zera fong time
because of the higher aperiodic components in casga
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2. Probabilities of making in the moments of vo#iaggro
and voltage maximum for air and SF6 circuit breakare
approximately the same. Making of a compensatedheael
power line from one side causes transient currentt least
one phase with aperiodic components higher thaiogier
components with the probability of 0.58-0.75.

3. Transient currents with high content of apegodi
components are not usually interrupted by SF6 fitircu
breakers. To solve this problem, the following noelth can be
used:

- introduction of a time delay into breaking operatfor

unfaulted phases;

- the change of the number of shunting reactors con-

nected to an overhead power line at making-breaking
operation;



