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Abstract--This paper shows the simulation of SLF interrupting
performance for SF6 gas circuit breaker. From the measurements
on 300kV-SF6 gas model circuit breaker, it was shown that the
extinction peak voltages were varying with arcing times. But, the
current values at the extinction peak were the identical. To
simulate the SLF interrupting performance for the circuit
breaker, serially connected 3 arc models with different arc
parameters were used. There was good agreement between the
measurements and simulations.
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I. INTRODUCTION
he Short-line-fault (SLF) interruption performanoé a

model for simulating the vicinity of the currentrag(defined
as Mayr model 2).

Interruption tests were carried out using a 3003&6 gas
model circuit breaker (hereafter called “model witc
breaker”) under 63 kA — 50 Hz — 90% SLF interruptio
conditions, and the success or failure of inteicuptind the
arc voltage were measured. It was confirmed thatvititage
in the large current region remained roughly camsta
regardless of the arcing time, and also that tteevaf the arc
voltage at the extinction peak varied accordingh® arcing
time, but the value of the current at the extinttipeak
remained constant regardless of the arcing time.

The arc voltage waveform in the large current regian be
simulated by making the parameters of the Cassidemo
constant, and the value of the extinction peakaggtcan be
simulated by adjusting the arc power loss of Mayrdei 1.

circuit breaker is evaluated by calculation in whicThe fact that the value of the current at the extim peak is

serially connected multiple arc models are combiwétin a
circuit [1] [2] [3]. When using arc models for calation, it is
important to set the arc parameters such as thetime
constant and arc power loss. A method of extracting
parameters from measurement data has been propisedt
it necessitates complicated data processing such
differentiation of arc resistance or arc conduotaand linear
approximation.

This paper describes an evaluation method in witeh
parameters of the arc models are estimated frorwvéiveform
of the arc voltage with respect to the current, #relresults
are used to calculate the SLF interruption perforceaof an
SF6 gas circuit breaker. The arc model for calouathe

constant could be simulated by making the identicdlie of
the Mayr model 1 arc time constant. The arc voltageeform
from the extinction peak to the current zero ccaddsimulated
by Mayr model 2. In addition, good agreement betwee
measurement and calculation of the success orrdaibf
irferruption was obtained by setting the arc timestant of
Mayr model 2 to 10% of that of model 1, and the pwoever
loss to 2% of that of model 1.

In the EMTP simulations, these arc models wereneefi
using MODELS, and combined with the SLF synthedstt
circuit [1].

Il. MEASUREMENT OFSLFINTERRUPTIONPERFORMANCE OF

interruption  performance was constructed by sgriall THE MODEL CIRCUIT BREAKER

connecting one Cassie model and two Mayr modele Th Figure 1 shows the results of a 63 kA — 50 Hz — Fl%
Cassie model simulates the large current regioe.tio Mayr interruption test performed on the model circuidder. In the
models have different arc parameters. One of thaswsed as interruption tests, the interrupting current wasintzaned
a model for simulating the vicinity of the arc \ade extinction constant, and the arcing time was varied. Figushdws the
peak (defined as Mayr model 1) and the other wasl @s a value of the extinction peak of the arc voltaged afso the
success or failure of interruption, versus the rayctime.
T. Koshizuka is with Power & Industrial Systems &ash & Development Interruption fails when the arcing time is approately 13 ms,
Center, Toshiba Co., Kawasaki, JAPAN (e-mail ofresponding author: and is successful when the arcing time is appraeityd 4 ms.
tadashi.koshiduka@toshiba.co.jp). The value of the extinction peak is low when theiray time is
T. Shinkai is with Power & Industrial Systems Resha& Development . . .

Center, Toshiba Co. Kawasaki, JAPAN shqrt, apd progressively |ncr.eases to a maximumnwthe
K. Udagawa is with Power & Industrial Systems Resea Development arcing time becomes approximately 18 ms. At D whibee

Center, Toshiba Co., Kawasaki, JAPAN arcing time becomes increasingly long, the value thué
H. Kawano is with Power & Industrial Systems Reska& Development extinction peak becomes low once again
Center, Toshiba Co., Kawasaki, JAPAN ’

Figure 2 shows the arc voltage versus the arc murie
indicates the period from a point approximately ¢ pnior to
the current zero. The horizontal axis is a logarith scale.

Paper submitted to the International Conference on Power Systems
Transients (IPST2009) in Kyoto, Japan June 3-6, 2009



The current and arc voltage were measured usinggawski ~ [Il. CALCULATION OF INTERRUPTIONPERFORMANCEUSING

coil and a voltage divider installed near the modietuit THE THREE SERIALLY CONNECTEDARC MODELS
breaker, and each value was converted into a tigjdgaal by )

sampling at 40 MHz and a resolution of 12 bits [Zhe A. Calculation of Arc Voltage

symbols A to D in Fig.1 correspond to those in Eig. Equations (1) and (2) are the equations for thesi€asodel

In Fig.2, in the region of large current exceedligkA, the and the Mayr model.
arc voltage differs slightly with the arcing tin@jt is more or 1[dgj =1(\/2 _1j 1)
less constant at approximately 1500 V. Under thelitmns of gldt) 6.V
A and B where the arcing time is short, in the ¢amyrrent d 1 (vi
region the contacts are not sufficiently open,heoarc voltage l(j) = ( —lj )
is slightly low. gld) 6,\P _

All of the arc voltages start to increase at a entrrof Where, g: Arc conductance, v: Arc voltage, i: Catre
approximately 10000A or below, and the extincticealp is Bc: Cassie model arc time constarg, @assie model arc
reached when the current is approximately 100 A. voltage,®m: Mayr model arc time constant, P: Mayr model
Subsequently, the arc voltage falls as the curmstb is arc power loss
approached.

~ Generally, it is said that the Cassie model carulsite an

S c arc in the large current region, and the Mayr mocih

e o simulate an arc in the vicinity of the current zelro order to

g 4+ B g use these arc models to indicate the arc voltag&gr2, one

_g A o Cassie model and two Mayr models were serially eoted.

‘g 3t X In other words, from Fig.2, the arc voltage in e current

kS region is represented using the Cassie model. Tdieity of

$ 2 r the extinction peak is represented bv Mayr mode addition,

2 the region where the current is 10 A or below mresented by

3T . Eai Mayr model 2.

3 . O'SJO?E&' X.Fajlurel gigure 3 shows the waveform obtained as a result of

<0 o s 20 ’5 calculating the arc voltage using the three sgrieinnected

models. It reproduces the arc voltage of C showrigr2. The

Arcing time (ms) arc parameters used in the calculation are asisllo

Fig. 1. Measured results of 300kV model circuiedker for 63kA-50Hz-

90% SLF interruption Cassie modebB ¢ = 2.5us, v0 = 1500 V
Mayr model 16 m1 = 1.6us, Pl = 680 kW
5 Mayr model 20 m2 = 0.16us, P2 = 13.6 kW
C (0 m2 =6 m1x 10%, P2 = Pk 2%)
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Fig. 2. Measured arc voltages of 300kV model éirbreaker 0 ; '
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As shown in Fig.1, the value of the arc voltagetta Current (A)

extinction peak varies depending upon the arcingedti Fig.3. Computed arc voltage waveform by 3 arc eted

However, as shown in Fig.2, the value of the curren

corresponding to the extinction peak is constanbaghly 100  The total arc voltage shown in Fig.3 is the sunthefthree
A, regardless of the arcing time. Because the rimption arc voltages. The aspects of the arc voltages Iglasatch
current is maintained constant, it can be saidttietime from those of C in Fig.2. In other words, in the largerent region
the point at the extinction peak of the arc volteméhe current the arc voltage of the Cassie model is dominant &n
zero remains constant regardless of the arcing time approximately 1500 V. The extinction peak occura atirrent



of approximately 100 A. In addition, as a resulttiod use of
Mayr model 2, the aspect of the attenuation ofafevoltage
agrees closely with Fig.2.

B. Calculation of Interruption Performance

An attempt was made to reproduce the SLF interoupti
test results using the three serially connected raodels
described in the previous paragraph. Figure 4 shaws
comparison of the measured results and the cadcliasults.
The measured results are the same as those of Bigdlare
expressed in terms of the relationship betweeratbimg time
and the value of the extinction peak. In the calttoh of each
of A to D, the arc time constant of the Cassie motihe arc
voltage, and the arc time constant of the Mayr rhedeeed
with the calculated values shown in Fig.3. The @ower loss
of Mayr model 1 was adjusted so that the extincpeak of
the arc voltage agreed with the measured value.nféasured
success or failure of interruption could be repastlu by
calculation. The parameters of the arc model apdaied in
Section 4.
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Fig. 4. Comparison between measurement and siimlat
IV. ARCPARAMETERS

A. Time Constant of Mayr Model 1 near the Extinction
peak

The method of obtaining the arc parameters of tteyrM
model 1 by linearly approximating the relationskfifg(=vi) —
1/g(dg/dt) is known [4]. Figure 5 shows these paatemrs
expressed using®/g (=vi) along the horizontal axis, and
1/g(dg/dt) along the vertical axis, using the cotrand arc
voltage during the period from the vicinity of tleatinction
peak to the current zero in the results for C ig.Fi The
conductance decreases as the current zero is appdaso
dg/dt is a negative value. However, in Fig.5 ddgdndicated
as an absolute value.

In Fig.5, a straight line is shown. This is becatlse arc
voltage is assumed to be in the vicinity of thenpdon time
corresponding to the extinction peak, and
corresponding to the period betweepssand 2us before the
current zero is linearly approximated by meanshef keast
squares method. The inverse of the value at thet pufi

intersection between this straight line and theicar axis is
the arc time constant. In Fig.5, the arc time camistvas 1.9us.

In the other results of Fig.1 as well, the resoltzalculating
the arc time constant are likewise shown in Figite arc time
constant was more or less constant regardlesseofitbing
time, and was 1.us on average. It agreed with the value
calculated using the method shown in Fig.3 and4Fig.

Figure 7 shows the change in the arc voltage eitimc
peak when each of the arc time constant and thpawver loss
is changed in the Mayr model alone.

1 and 2 correspond to the case where the arc timstant
remains unchanged at 2.8, and only the arc power loss is
changed. 1 and 3 correspond to the case where¢hgoaer
loss remains unchanged, and the arc time constahinged.

In 1 and 2, because the arc power loss is chariped,
extinction peak also changes. However, becausarthéime
constant remains unchanged, the period from theeguezero
to the extinction peak value does not change.

In 1 and 3, both the extinction peak value andphgod
from the current zero to the extinction peak havenged.
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Fig. 6. Measurement results of Mayr model 1 ameticonstant in the
vicinity of the extinction peak of the arc voltage



The following can be said from the results of Figuéd performing linear approximation in the same way Fig.5
Fig.7. using the data between 50 ns and 500 ns prioregatirent
1) The result in which the current at the extinctiseak of zero. As a result, the arc time constant wagu8.2During this
Fig.2 is constant can be simulated by making theeriod, the amount of data is small, so it is expe¢hat there
identical value of the Mayr model 1 arc time consta  will be an error in the arc time constant calcudatey an

2) By changing only the arc power loss of the Mayrdel approximation. However, the value was approximai€$s of

1, the aspect of the arc voltage extinction peakigf2 the value in the vicinity of the extinction pealosm in Fig. 5,

can be simulated. and agreed with the arc time constant used for Magdel 2
3 Arc time constant 1.6us in Section 3.
2 Arc time constant 2.7us  Arc power loss  950kw The foregoing agrees with the fact that it is ghit in this
6000 Arc power loss ~ 1500kwW model the interruption success or failure is deteech by the
5000 Mayr model 2, and the SLF interruption performamdean
SF6 gas circuit breaker is determined by sevpglin the
< 4000 vicinity of the current zero.
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Figure 8 shows an example of the waveform resuliom  Fig. 8. Computed arc voltage waveform by 2 arc efed

calculation of the arc voltage when the Cassie fhasle
connected to Mayr model 1 alone. The Cassie model a 5 E+06 T

parameters and the arc time constant of Mayr mbaere the 9024
same as the values used for Fig.3, but the arc plose of the 4E+06
Mayr model 1 was adjusted so that the extinctioakpealue
agreed with C in Fig.1. 3E+06
In Fig.8, there is no significant difference frorigB from 3
the large current region to the vicinity of theiegtion peak. %‘; 2E+06
However, the aspect of the attenuation of the aitage from =
the extinction peak to the vicinity of the currergro differs 1E+06
greatly from Fig.3, particularly when the currens i . .
approximately 10 A or less. In other words, thesrattation °'E+08_EF00 5 E+04 | E+05
occurs quickly in the case of Fig.8. Also, the aldtion of

. . . . . . -1.E+06 -
Fig.8 indicated an interruption failure. ’

When the arc time constant of the Cassie modeddaaed,
the attenuation of the arc voltage of the Cassidahslows Fig. 9. Example of measured arc time constant afMnodel 2 between
down, and the aspect of the attenuation of the &mtavoltage 01 o 500ns before current zero
from the extinction peak to the current zero agreids Fig.1.

i2/g

However, even in this case, the interruption succesfailure C. Cassie Model Arc Time Constant

did not agree with the result of measurement. Tikcates At the current zero, (3) is derived from (1) [5].

that during the period from the extinction peakhe current av V

zero, the circuit breaker cannot be simulated usimg Cassie —_—=_0 (3)

model and one Mayr model connected serially. Canesety, dt 9c

in Section 3, Mayr model 2 was added in order toutate the

vicinity of the current zero. Figure 10 is an enlarged view of the vicinity o&tburrent

Figure 9 is an enlarged view of Fig.5. It showsrdsults of zero of the total arc voltage of Fig.3 and the @asmdel arc
calculating the arc time constant of Mayr model ¢ b



voltage. It can be seen that the point of inteisacof dv/dt
and \p (1500 V) at the current zero of the Cassie model a
voltage corresponds roughly to the point in timavaich the
extinction peak of the total arc voltage occursother words,
the period between this point of intersection ane turrent
zero is the arc time constant.

The only known method of calculating the arc tinastant

of the Cassie model is one in which, when the @asgidel
and Mayr model 2 are serially connected, the Camsigel arc
time constant is changed and calculations are tegeantil
that the total arc conductance agrees with the unedsvalue

[3].

In this case, a large number of repetitionsy nize

necessary depending upon the setting of the inisikale.

As shown in Fig.10, it is considered that the dafjmof the

period from the extinction peak to the current zaw the
Cassie model arc time constant is one method cllzdion.
The question of whether or not this applies toudtrbreakers
that have other voltage ratings is an issue fofuhee.
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Fig. 10. Arc time constant of Cassie model
[3]
V. CONCLUSIONS (4]
An arc model for evaluating the 63 kA — 50 Hz — 98YW
interruption performance of a 300 kV-SF6 gas madeduit 5]

breaker using calculations was studied.

a) An interruption test was performed by leaving th
interruption current constant and changing the arc
time, and the arc voltage was measured. The
extinction peak value of the arc voltage varies
according to the arc time. However, the value ef th
current corresponding to the extinction peak ditl no
depend upon the arc time, and remained roughly 100
A.

In order to simulate the arc voltage waveformirdyu

the period from the vicinity of the peak value bét
current to the zero point, an arc model was
constructed by serially connecting three models,
namely a Cassie model for simulating the large
current region, a Mayr model 1 for simulating the
vicinity of the arc voltage extinction peak, andah
Mayr model 2 for simulating the vicinity of the
current zero.

b)

c)

d)

e)

The arc parameters of the Cassie model andrthe a
time constant of the Mayr model 1 which represents
the vicinity of the extinction peak were made
constant, and the arc power loss was varied. As a
result, good agreement between the measured and
calculated values of the current correspondinghéo t
extinction peak and the arc voltage corresponding t
the extinction peak could be obtained.

In Mayr model 2 which indicates the region ire th
vicinity of the current zero subsequent to the
extinction peak, the arc time constant and the arc
power loss were made 10% and 2%, respectively, of
the Mayr model 1 values, thus enabling the aspiect o
the arc voltage waveform during the period from the
extinction peak to the zero point to be reprodusgd
calculation. In addition, the measured and caledlat
results of the success or failure of interruptignead
with each other.

When using this arc model, only the arc voltagde
large current region and the arc voltage at the
extinction peak are necessary. These values can be
easily obtained from measurement of the arc voltage
thus obviating the need for complicated arc
parameter calculations.
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