
---------·-----------------·---

These technical papers are a collection of documents intended for people 
in the industry who are looking for information in greater depth in order 
to complement that given in technical specifications and catalogues. 
Certain papers go beyond the information stage and constitute practical 
training tools for executives and technicians in the industry and for trainee 
engineers. 
They contain data giving a better understanding of the technical and economic 
problems presented by electrotechnical equipment, by industrial electronics 
and by electricity transmission and distribution. 
A full list of the technical papers produced can be obtained on application 
from: 

MERLIN GERIN 
Information Service 
38050 GRENOB LE CEDEX 

Reproduction of this article is not allowed without MG's authorization 
and mention of: "Cahiers Techniques Merlin Gerin n° ... " 

0 

www . 
El

ec
tric

alP
ar

tM
an

ua
ls 

. c
om

 

www . 
El

ec
tric

alP
ar

tM
an

ua
ls 

. c
om

 



*the behaviour of SF 6 puffer 
circuit-breakers under 
exceptionally severe conditions 

Jean-Claude Henry 
Gerard Perrissin 
Claude Roilier 

Summary 
The development of transmission power systems and industrial power systems 
places high-voltage circuit-breakers in operating conditions much more severe 
than those taken into account by the Standards. Two situations are discussed: 
• the case of very long lines for which difficulties encountered upon the ener
gisation and de-energisation of no-load lines and upon shunt reactor switching 
are reviewed; 
• the case of powerful transformers with low impedance voltage whose high 
natural frequency is at the origin of a severe transient recovery voltage when 
a fault takes place on the secondary side of the transformer. 
In both cases, it is demonstrated that the SF 6 puffer circuit-breaker has a satis
factory behaviour though some of the conditions under consideration are excep
tionally severe. It is generally unnecessary to resort to the use of auxiliary resis
tors, except for the energisation of long HV lines. 

*Report number 13.08 presented at CIGRE session in 1978. 
(International Conference on Large High Voltage Electric Systems) www . 
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introduction 

The knowledge of the operation of 
high-voltage transmission systems 
and of the phenomena taking place 
on them upon operation of their pro
tective circuit-breakers has been 
steadily progressing over the last 
twenty years. The theoretical study 
of operating requirements the analy
sis of failures and CIGRE 'work have 
resulted in the recapitulation of all 
the conditions which must be taken 
into account for the design and veri!ication of the switching devices 
1ntended to be used in high-voltage 
power systems. In the end, the pro
�ess �as been materialized by the 
1�clus1<;m .of these switching condi
tions w1th1n the scope of international 
standards whose volume and comple
xity reflect the extent of the work 
carried out, a few points being still 
object of active work. 
H.owe�er, from .time to time, special 
s1tuat1ons not directly referring to the 
operating conditions covered by the 
standards may occur. For instance 
the extensive application of hydro� 
electric resources in some countries 
necessitating the installation of ver/ 
long lines, explains why network de
signers have to define non-standar
dized conditions for the verification 
of circuit-breakers. These problems 
are discussed in the first part of this 
paper. 
Exceptional conditions also affect 
some installations incorporating po
werful transformers with low impe
dance voltage. These special instal
lations generate heavy stresses for 
the circuit-breakers; these have not 
been taken into account in the stan
dards because they differ too much 
from the severity conditions generally 
encountered by power system circuit
breakers. 
This second problem is dealt with in 
the second part of this paper. 
In both cases, the stresses withstood 
by the circuit-breaker, as well as the 
test procedures applied to check the 
satisfactory behaviour of an SF6 
puffer circuit-breaker, are reviewed. 

long extra-high
voltage lines 

The SF6 gas puffer technology used 
long since in switchgear for high
voltage distribution systems has been 
progressively extended to the switch
gear of extra-high-voltage power 
systems owing to its advantages ( 1). 
The very good experience gained in 
the field so far has led system users 
to try and expand the numerous ad
vantages .of this switchgear to sys
tems of h1gher voltages, in particular 
to the 525 kV systems which consti
tute the backbone of transmission 
systems of numerous countries in 
the american continent where the 
heavy powers to be conveyed and 
the remoteness of load centers have 
been in favour of the decision for 
such a high voltage level. It must be 
recalled that the choice of a high 
voltage level is not really advanta
geous unless provision has been 
made for limiting the temporary over
�oltages and the switching surges 
likely t<;> occur in a high-voltage sys
tem. Without this limitation the addi
tional cost of the insulation to be 
provided for the system that would 
have to withstand heavy overvoltages 
red�ces t? nothing the savings 
achieved w1th the reduction of losses. 
The development of systems having 
rated voltages of 525 kV or above 
has therefore, in particular, necessi
tat�d the con�i.deration of three ope
rational cond1t1ons that are likely to 
genera�e the highest overvoltages: 
- closrng and reclosing of open
ended lines; 
- line charging current switching at 
exceptionally high voltages; 
- shunt reactor switching. 

energisation of 
open-ended lines 

A circuit-breaker protecting a line 
may have to energize it under open
ended conditions. The overvoltages 
due to the reflection at the open end 
must absolutely be mastered. The 
o�ervoltage levels to be complied 
w1th are not covered by international 
s��nd�rds at P.resent and their spe
c1f1cat1on rema1ns within the province 
of the system designer. Among all 

the methods which have been sug
g�sted to limit closing surges, the 
s1mp �est one consists in energising 
the l1ne through a resistor chosen 
in compliance with the characteris
tics and length of the line. 
The circuit-breakers able to protect 
525 kV and 765 kV systems must 
!herefore be equipped with auxiliary 
Interrupters allowing the resistors to 
be inserted during a predetermined 
tir:ne. �his servitude, quite practicable 
With a1r-blast circuit-breakers is also 
suited for SF6 puffer circuit-br�akers. 
lt. is indeed possible, to the very 
s1mple mechanism of these circuit
br��kers, to add a linkage system 
drrv1ng the resistor insertion contacts 
d.uring a closing operation (see 
F1g. 1). These contacts automatically 
�ave �ack to their open position 
1mmed1ately after the main contacts 
have closed. Such a linkage system 
�ssur�s a� excellent accuracy of the 
1nsert1on t1mes of the resistors upon 
closing. 
The value of the resistor may be 
selected by measurements on model 
networks or by calculation. In parti
cular, measurements performed on 
a transient analyzer have made it 
possible to determine the maximum 
values of the resistors and the mi
nimum insertion times to be provided 
to limit the overvoltages during a 
reclosin� operation on a 400 km long 
525 kV l1ne to 2.2 p.u., if the line is 
not compensated, and to 2 p.u., if 
the line is compensated (see table 1) s�6 puffer circuit-breakers equipped 
w1�h a s�t of auxiliary interrupters 
(F1g. 2) Incorporating resistors are 
therefore able to meet the require
me.nt of limi�ation of reclosing surges, 
wh1ch requ1rement is of major impor
tance to determine the insulation 
level of extra-high-voltage systems. 
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2 
Fig. 1. - Sectional view of a pole unit of 525 kV circUit-breaker equipped with closing 
resistors. 
1. break 3. closing resistor 
2. grading capacitor 4. support insulator 

Fig. 2. - Pole of SFs puffer circuit-breaker with 4 breaks and closing resistors. 
rated voltage = 525 kV; rated breaking current = 50 kA; rated current = 3 150 A 

table 1 

non compensated compensated line 

resistor value (ohms) 

insertion time (ms) 

overvoltage factor (98 % 
cumulative probability) p.u. 

de-energisation of 
open-ended lines 

Stresses 

line 

360 

10 

2.2 

The severity of the conditions impo
sed upon a circuit-breaker when ope
ning an open-ended line may be such 
that it is these breaking conditions 
which dictate the size of the circuit
breaker, in particular the selection 
of the number of breaks. The major 
fact is that, half a cycle after the 
interruption, the circuit-breaker must 
accept a voltage across its terminals 
at least equal to twice the peak value 
of the phase-to-earth voltage of the 
system prior to the interruption. Un
fortunately, at the time of opening, 

40% 70% 

360 1 000 

8.4 10 

2 2 

it may happen that the phase-to
earth voltage of the pole which has 
to open has reached values much 
higher than the values stipulated in 
the standards for testing the circuit
breaker in such interrupting condi
tions. 
This dynamic voltage rise may be the 
result of a number of causes. In par
ticular, the opening of a circuit-breaker 
sited at the receiving end of a line 
conveying a heavy load will leave 
the line open at its end. The voltage· 
of the line increases owing to the 
sudden disappearance of the load 
that is not immediately compensated 
by the voltage regulation and owing 
to the capacitive load constituted by 
the line. Consequently, the circuit-

breaker sited at the sending end 
may be led to de-energise the line 
while the phase-to-earth voltage at 
the sending end has substantially 
exceeded the normal value. 
The special conditions of some sys
tems have evidenced the possibility 
of high dynamic overvoltages, of 
about 1 .5 p.u., in spite of the favou
rable effect achieved on the limita
tion of dynamic overvoltages by 
compensation reactors. For instance, 
the phase-to-phase voltages of a 
525 kV system and of a 765 kV sys
tem may temporarily reach 750 kV 
and 11 00 kV respectively. 
These conditions are exceptional 
and it is quite normal that such situa
tions are excluded from the verifica
tions stipulated in the standards for 
line-charging current interruptions. 
However, the fact that such situa
tions may actually occur has made 
it necessary to check the ability of 
the circuit-breakers to withstand 
such voltages. Even though it can be 
admitted that such verifications are 
carried out on the system in the field, 
the manufacturer must a priori de
monstrate the ability of his switch
gear. 

Test procedures 
For system voltages under 245 kV, 
a direct test can generally be made 
in a testing station and with an actual 
line. As soon as the system voltage 
reaches 420 kV, the direct test be
comes more difficult due to the ope
rational conditions often preventing 
the availability of a no-load line of 
sufficient length. 
Another test procedure consists in 
simulating the no-load line by means 
of a capacitor bank. Here again the 
maximum possibilities of the labora
tories are rather rapidly reached 
considering the size of the bank ne
cessary to obtain the high currents 
simulating lines of long length with 
the high voltages previously men
tioned. The manufacturer is thus led 
to perform tests no longer on a com
plete pole, but on a portion of a pole, 
even on one break. These tests can 
be made either on a direct circuit 
including capacitor banks of high 
capacitance, or with a synthetic cir
cuit. It is the latter method which we 
have used with the diagram shown 
in Figure 3. Such a circuit offers the 
advantage of using only capacitor 
banks of small size. Indeed, in the 
"current" circuit, where a high capa-
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citance value is required, a compara
tively low voltage is sufficient; in the 
"voltage" circuit, a capacitance of 
low value insulated for the full voltage 
is suitable. 

12 

Figure 3. - Diagram of synthetic circuit 
for line-charging current breaking tests. 
- Dp : back-up circuit-breaker 
- Db : auxiliary circuit-breaker 
- De : circuit-breaker under test 
- T : transformer with 2 secondary windings 
- G : generator - S1 . "current" circuit 
- S2 : "voltage" circuit 
- C1 : capacitor bank of "current" circuit 
- C2 . capacitor bank of "voltage" circuit 
- U : recovery voltage at the terminals of De 
- I : breaking current of De 
1 � 11 + 12 u � u2 - uc2 

The unit-testing method for the line
charging breaking currents is not 
explicitly provided for in standards 
and its application requires some 
precautions. For circuit-breakers 
with a short minimum arcing time 
(this is the case of SFs puffer circuit
breakers), the deviation in the simul
taneous operation of the breaks of 
one pole must not exceed 2 ms 
approximately. The overvoltage on 
the first break to open must indeed 
be negligible. A rapid calculation 
shows that, in the event of a minimum 
arcing time of 1 ms, a 2 ms deviation 
involves a 7 percent overvoltage on 
the first break to open in a 4-inter
rupter circuit-breaker, and a 12 per
cent overvoltage in a 6-interrupter 
circuit-breaker. Consequently this 
method is quite applicable to the 
circuit-breaker referred to in this 
report whose simultaneity of opera
tion of the interrupters is properly 
ensured and which incorporates only 
a small number of breaks. 

Test results 
The tests have been made on a 
break of the SFs puffer circuit-breaker 
illustrated in Figure 2. The tests re
present the stress withstood by one 
break of a 4-break circuit-breaker 
should the phase-to-phase voltage 
of the 525 kV system reach 750 kV. 

Figure 4 shows the oscillogram of 
such a breaking operation. The test 
voltage is determined by a relation
ship as follows: 

750 1 
U2 = 1 .2 X V3 . 4 kV 

The tests have been made in com
pliance with the standards as regards 
the instant of contact separation. 
The results are given in Table 2. 

\ 
\ 

I 

'� 

Figure 4. - Oscillogram recorded during 
capacitive current breaking tests on the 
circuit illustrated in Figure 3. 

table 2 
results of line-charging current 
breaking tests 

u arcing Uz peak I No. (kV) value (A) time 

(kV p) (ms) 

1 128 345 815 2 
2 128 340 815 9 
3 128 353 815 8 
4 128 340 8 15 6 
5 128 352 8 15 5 
6 128 352 8 15 3 
7 128 353 815 2 
8 128 355 815 1 
9 128 332 815 9 
10 128 340 8 15 8 
1 1  128 332 815 7 
12 128 340 815 5 

The results, that do not show any 
restrike, prove the ability of the cir-
cuit-breaker to interrupt no-load lines 
under the severe conditions descri-
bed previously. 

de-energisation 
of shunt reactors 

The application of shunt compensa
ting reactors on the lines is practi
cally always necessary in extra-high
voltage systems. Indeed they make 
it possible to avoid too high over
voltages along the line if this line is 
at no load or with light load. The extre
mely favourable influence of com
pensating reactors on the dynamic 
overvoltages produced by load rejec
tion at the end of a long line is also 
known. Lastly, the reactors also have 
a favourable influence on the limita
tion of switching surges when closing 
or reclosing lines at no load. Various 
possibilities are thus available to 
benefit from the advantages of shunt 
reactors: 
- the permanent coupling, in paral
lel with each phase of the line, of an 
inductor whose value is chosen to 
be acceptable under all the operating 
conditions of the system; 
- or the connection of the inductor 
to the line through a circuit-breaker 
whose controlled closing or opening 
allows a greater flexibility in the ap
plication of the reactor according to 
the load conveyed by the line (Fig. 5). 

Ligne 

Figure 5. - Connection diagram of shunt 
reactors. 

These circuit-breakers operate in 
special conditions since they have 
to interrupt a small current (a few 
hundred amperes) and since they 
operate very frequently. Their me
chanical reliability must therefore be 
very high and they must not gene
rate abnormal overvoltages when 
breaking this current. 
The excellent reliability of SFs puffer 
circuit-breakers has already been 
mentioned in publications [1]; it is 
mainly due to the simplicity of their 
design. www . 
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On the contrary, the behaviour of 
circuit-breakers when breaking small 
inductive currents is rather poorly 
known and it appears it is difficult 
to lay down the corresponding test 
standards owing to the great number 
of parameters likely to be involved 
and to the contingent nature of the 
results generally obtained. 
In addition, it is extremely rare to be 
in a position in a laboratory to cor
rectly represent the actual operating 
conditions of the circuit-breakers 
designed for very high voltages. 
Two difficulties are generally encoun
tered: 
- test voltage too low ; 
- inherent capacitances of the test 
circuit too high. 
It is therefore strongly desired to 
predetermine the overvoltages likely 
to occur in any operating conditions, 
on the basis of the results of tests 
made in definite conditions, if possi
ble with a small number of breaks 
in series. Some authors have already 
demonstrated some laws of variation 
of the chopped current, an over
voltage generator [2]. It will be seen 
that the results obtained in a testing 
station with an SF6 puffer circuit
breaker of the type illustrated in Fi
gure 2 corroborate those laws and 
that it is thus possible to evaluate 
the maximum overvoltages likely to 
be generated by such a circuit
breaker. 

Test conditions 
Two test series, totalling over 100 
breaking operations, were made on 
several breaks of the circuit-breaker. 
In both series, the test circuits were 
single-phase and their main charac
teristics were as follows (Fig. 6) : 
- Series No 1 
U = 235 kV 
f =50 Hz 
I = 245-517- 1100 A 
C1 = 1 tJ.F 
C2 = 46- 127 nF 
Number of breaks in series= 3 
- Series No 2 
U = 20-40 kV 
f =50 Hz 
I = 250-500 A 
C1 = 17 nF 
C2 = 1.9 to 12 nF 
Number of breaks in series= 1 or 2 

Figure 6. - Diagram of circuit for inductive 
current breaking tests. 

Series No 1, performed on a 3-inter
rupter circuit-breaker, is represen
tative of the operation of a 4-inter
rupter circuit-breaker on a 525 kV 
power system. The voltage of the 
test circuit, i.e. 235 kV, was the 
highest voltage available in the labo
ratory. During the series, it was not 
possible to reduce the capacitance 
of the load-side circuit to a value 
low enough to be representative of 
the inherent capacitance of a shunt 
reactor. Therefore tests were perfor
med at a reduced voltage, with low
value capacitances on the load-side, 
in order to study the influence of the 
number of breaks and of the capa
citance on the chopped current 
value. 

Test results 
Two phenomena are likely to take 
place when breaking small inductive 
currents: current chopping and suc
cessive re-ignitions (see appendix 1 ). 
During both tests series, current 
chopping was observed almost sys
tematically, but no breaking opera
tion gave rise to successive re-igni
tions. This result is very important 
because it means that the overvol
tages produced by the circuit-breaker 
can be predetermined with certainty 
if it is possible to know the law of 
variation of the chopped current in 
relation to the parameters of the 
circuit. Some results previously ob
tained by the authors during tests 
of SFG puffer circuit -breakers, to
gether with some theoretical and 
experimental studies already publi
shed. show that the chopped cur
rent would be determined by a rela
tionship as follows: 

table 3 

10 = "Vi1C';" ( 6) 
where 10 is the chopped current, 1-. a 
factor specific to the circuit-breaker, 
expressed in Ampere, (Faradr112, 
n the number of breaks in series per 
pole, C'3 the capacitance in parallel 
with the pole. 

To determine factor 1-. by means of 
the test results, only the results ob
tained for arcing times equal to or 
greater than 5 ms are taken into 
account. Shorter arcing times give 
rise to chopped currents which are 
not worth studying due to their low 
values and dispersion, as well as to 
the inaccuracy of their measurement. 
Table 3 shows the average values of 
1-. obtained on the different test cir
cuits, each average value being ge
nerally calculated on 5 tests. It can 
be seen that the values thus obtained 
are very similar, whereas the test 
conditions cover a very wide range 
of values for parameters n and C' 3 ; 
this proves that relationship (6) is 
quite applicable to this type of cir
cuit-breaker. 

Since factor 1-. does not depend upon 
the test circuit, it is interesting to 
analyze its statistical distribution for 
all the tests under consideration. 
Figure 7 represents the histogram of 
the values of 1-. and shows a Gaussian 
distribution: _ 

- the average value 1-. = 
88.5 X 103 A.F.-112 
- the standard deviation a = 
14 X 103 A.F.-112 

20 

Figure 7. - Histogram of factor >--

average value of factor 1-. for arcing times longer than 5 ms 

number of interrupters 

voltage (kV) 
breaking current (A) 
C'3 (nF\ 
;x.. 1 o�:l 

1 2 2 2 2 3 3 3 

20 20 20 20 40 20 20 20 40 235 235 235 
250 250 250 250 500 250 250 250 500 245 5 17 1 100 
4.2 5.2 9.2 9.5 9.2 3.9 7.9 8.3 7.9 1 10 45 47 
94 89 95 90 92 81 84 96 96 81 74 92 
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The cumulative frequency curve of 
A is shown in Figure 8 in which the 
normal law corresponding to>; and cr 
is also plotted. It can be seen that 
the distribution of A follows a normal 
low, in particular for the values higher 
than the average value. This makes 
it possible to calculate the probabi
lity of occurrence of high values of 
chopped current. 

Figure 8. - Cumulative frequency of va
lues of factor A 
-experimental results 
____ normal law: A= 88.5 x 1 03 ; 

CJ = 14 X 103 

Calculation of overvoltages 
In the general case where the source
side capacitance is high compared 
with the other capacitances of the 
circuit, the overvoltage factor is given 
by the following relationship as wor
ked out in appendix 1.: j n '112 L 
k = 1 + u2 

2 
m 

where L2 is the load-side inductance 
and um the amplitude of the phase
to-earth voltage. 
Since factor A. is known statistically, 
it is possible to calculate the proba
bility of occurrence of the overvol
tages for the 4-break circuit-breaker 
used to control shunt reactors in a 
525 kV power system. For instance, 
let us consider 3 values of reactance 
corresoonding to sinole-phase po-

table 4 

wers of 37, 75 and 150 MVA respec
tively. When applying the normal law 
defined in the preceding paragraph 
to A, the results listed in table 4 are 
obtained. 
These predetermined overvoltage 
levels, though based on a compara
tively narrow sampling (about 100 
tests) nevertheless show that the 
circuit-breaker under test will not 
generate abnormally high overvol
tages when in service on the power 
system. 
For comparison purposes, tests made 
on an air-blast circuit-breaker have 
made it possible to determine an 
average value of 230 A.F.-112 for fac
tor A, i.e. three times the value cor
responding to the SF6 puffer circuit
breaker. The application of the me
thod of predetermination of induc
tive-current breaking overvoltages to 
a 6-break air-blast circuit-breaker, 
for the values of reactances pre
viously considered, shows that the 
overvoltage factors would substan
tially exceed the permissible levels. 
Consequently, it would be necessary 
to limit the overvoltages by means 
of resistors. In this respect, results 
of comparative tests performed on 
Hydro-Quebec power system are 
available; they show that the de
energisation of reactors by air-blast 
circuit-breakers not including ope
ning resistors is featured by unac
ceptable overvoltages. 
It is therefore conclusive that this 
major advantage of the SF6 puffer 
circuit-breaker under consideration 
will be appreciated, since it makes 
it possible to use a circuit-breaker 
without resistors for reactor switching, 
without any risk for the insulation of 
the reactors. 

calculated probability of overvoltage factors 

k 
p 

150 MVA 75 MVA 37 MVA 

10-2 1.27 1.5 1.87 
10-3 1.32 1.57 2 
10-4 1.35 1.62 2.07 

transformer 
secondary fault 

stresses 

The severity imposed upon a circuit
breaker by the conditions produced 
upon interruption of a short-circuit 
occurring on the secondary side of 
a transformer has already been des
cribed [3] [ 4]. It has been demons
trated that the interruption of such 
a short-circuit, though its magnitude 
is definitely below the interrupting 
capability of the circuit-breaker, could 
cause difficulties to some types of 
circuit-breakers. In particular, some 
sensitivity of small-oil-volume circuit
breakers has been explained by the 
fact that, for comparatively low fault 
currents, the de-ionizing capacity, 
which depends upon the magnitude 
of the breaking current, was not high 
enough owing to the rate at which 
the voltage recovers in a circuit oscil
lating at very high frequency. It has 
also been noticed that, in some ins
tallation conditions, the air-blast 
circuit-breaker was not in a position 
to break a short-circuit current cor
responding to 40 percent of its brea
king current, owing to the value of 
the recovery voltage frequency that 
mainly includes the 20 kHz oscillation 
of a 150 MVA transformer (Fig. 9). 

===c 

1-·�·�· I · -

-:�-,. 
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Figure 9. - Oscillogram of the TRV recor
ded during the interruption of a fault on 
the secondary side of a 220160 kV 
transformer. 
P= 150 MVA 
Impedance voltage= 10.3 percent. 

Such situations are more and more 
frequently encountered in installa
tions fed at voltages from 72.5 kV to 
1 70 kV and their severity increases 
due to the power rating of the trans
formers installed. The severity of the www . 
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oreaking conditions also increases 
with transformers of low impedance 
voltage that are used for the supply 
of some industrial installations. 
The conclusions drawn from studies 
conducted on such power systems 
show that the TRV's recorded with 
a fault fed through the transformer 
are definitely more severe than those 
stipulated in standards for short
circuit currents corresponding to 1 0 
percent and 30 percent of the brea
king current. It was therefore impor
tant to make sure that the SF6 puffer 
circuit-breaker is not led into diffi
culties in such cases. 

tests results 

The unit under test is a one-break 
SF6 puffer circuit-breaker (Fig. 1 0) 
intended for use in power systems 
with voltages from 72.5 to 170 kV. 
The use of an air reactor, located 
on the load-side of the circuit-breaker 
(Fig. 11) allowed the tests to be per
formed for low current values (1 and 
2.5 kA). The possibilities of adjust
ment of the current on the circuit 
were limited and a current-injection 
synthetic circuit was used after
wards, for a range of breaking cur
rents from 5 kA to 20 kA. 
Table 5 summarizes the test condi
tions and the results. 
The tests performed represent seve
rity conditions much in excess of 
those stipulated in the standards. 
The results prove the ability of this 
circuit-breaker to overcome the most 
severe stresses likely to take place 
when faults are fed by powerful trans
formers, such as encountered in 
some types of installations. 

table 5 
results of break tests at high frequency 

Figure 1 0. - SF6 puffer circu1t-breaker 
with 1 break for voltages from 72,5 kV 
to 170 kV. 

Figure 11. -Test circuit including a high 
reactance on the load-side of the circuit
breaker. 

tests breaking number 1st peak frequency T1 or T3 RRRV 
current of tests voltage F (kHz) ([J.S) (kV![J.S) 
I (kA) U1 or Uc 

(kV) 
tests with 1.1 5 140 17 26 5.4 reactor on 
load side 2.5 6 85 28 15 5.7 

5 10 126 33 13.5 9.3 
10 3 126 22 20 6.3 
10 2 126 50 9 14 

synthetic 15 3 139 22 20 7 

tests 5 3 250 18 24.5 10.2 
10 5 250 18 24.5 10.2 
15 3 250 19 23 10.9 
20 2 250 21 2 1  11.9 

conclusions 

It has been shown that, for circuit
breakers used in power systems or 
industrial installations, exceptional 
operating conditions may occur, these 
being widely different from or not yet 
falling within the scope of standar
dized conditions. 
They are more particulary related to: 
- the breaking and making of line 
charging currents at exceptionally 
high voltages; 
- the breaking of shunt reactor cur
rents; 
- the breaking of transformer se
condary short-circuit currents. 

In each case it has been possible, 
by laboratory tests, to demonstrate 
that the SF6 puffer circuit-breakers 
under consideration are capable of 
coping with extremely severe condi
tions under which circuit-breakers 
of former technologies could have 
difficulties. 
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appendix 1 
overvoltages upon 
low inductive 
current breaking 

The phenomena likely to generate 
overvoltages upon low inductive cur
rent breaking are well known. There 
are two types as follows : 
- premature current interruption, 
commonly termed "current chop
ping"; 
- successive re-ignitions. 

Ca 

Fig�re 12: - Representative diagram of 
an mducttve current interruption. 

These two phenomena can in fact 
take place successively during the 
same operation (Fig. 12). 
In both cases, the current id is inter
rupt�d when b is not zero, owing 
to h1gh frequency oscillations that 
are superimposed on the power
frequency component of the current 
in the circuit-breaker. 

current chopping 

Current id is interrupted when cur
rent i2 is equal to lo and voltage u2 
to Uo (Fig. 13). 
If the damping of the load-side cir
cuit can be considered as negligible 
during 1/4 cycle of its natural oscil
lation, the calculation of the over
voltage is straightforward : 

Uc = v U� + �� I� ( 1) 

where C'2 is the capacitance in paral
lel on inductance L2 after the break: 

c· = c + 
c, c3 

(2) 2 2 c, + c3 
If Um is the amplitude of the load
side voltage prior to the break: 
Uo ;::;;:Um (3) 

the overvoltage factor 

k = Uc 
Um 

is then written as follows: 
k=� 
where 
S = � \ {l; 

Um VCz 

(4) 

{5) 

It is worth studying term s when the 
value of the chopped current con
firms the law: 
lo = A Vfi"CS (6) 
where n is the number of breaks in 
s�ries i� one pole and C'3 the capa
Citance 1n parallel in one pole : 

c·3 = c3 + 
c, c2 

C, +C2 
Relationship (4) becomes: 

s = A \/riG c, + c3 
Um C, + C2 

(7) 

(8) 

As a rule, the values of the capaci
tances are such that : 
c, >> c2 and c, >> c3 
Relationship (8) therefore becomes: 

s = A \f'i1G 
Um (9) 

wherefrom k = V 1 +�2

m 
nl2 (1 0) 

There is however an upper limit for 
the value of L2 beyond which this 
relationship does not apply any more. 
This limit is reached when the chop
ped current is equal to the amplitude 
of the breaking current. 
Finally, if a current chopping takes 
place without any re-ignition, the 
o�ervoltage factor can be predeter
mmed. Moreover, if the source-side 
capacitance is high compared with 
the other capacitances, the over
voltage level depends only on the 
number of breaks per pole and on 
the value of the load-side inductance 
for a given voltage. 

' 

lo 

,, 

u, 

u, 

Figure 13. - Interruption with current 
chopping: 
id : current 'in circuit-breaker 

i2 : current in load-side inductor 

u2 · load-side voltage 

, enveloppe 
1'. de !'oscillation 
, ·�de courant 

--4 
b tJ ,';•• 

I,/ 
I/ i 

I 

�':-�-�>· '_j_ '· 
--

' ' '  I'  
I '  

Figure 14. - Interruption with repetitive 
re-ignitions. 
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successive re-ignitions 

The phenomenon of successive re
ignitions illustrated in Figure 14 has 
been described in technical literature 
[5] . It must essentially be noted that, 
in this case, the overvoltage is due to 
the transfer, into the load-side capa
citance, of the energy that is re
injected into the load-side circuit on 
each re-ignition. The highest voltage 
is not necessarily reached upon final 
interruption ; it may occur earlier, 
according to the exchange of energy 
between the source-side circuit and 
the load-side circuit. The overvoltage 
level depends on numerous para
meters such as: 
- the natural frequency of the load
side circuit; 
- the point on current wave of contact 
separation; 
- the rate of rise of dielectric strength 
across contacts ; 
- the characteristics of the high
frequency current oscillation which 
in their turn depend upon the distance 
between the source-side and load
side capacitances. 
The nature of some of these para
meters gives this phenomenon a very 
uncertain character and it appears it 
is very difficult to predetermine the 
overvoltage level likely to be reached 
in a given power system. This is still 
made worse by the interaction which 
may occur between phases. 
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