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Abstract-- This paper shows the simulations of SLF interrup-
tion performance for SFg gascircuit breaker by serially connected
3 arc models. The arc model is constructed by serially connecting
one Cassie model and two Mayr models. A 550kV model circuit
breaker was used to measure and simulate the SLF interruption
performances. Simulations were good agreed with the
measurements. Mayr arc time constant of 550kV model circuit
breaker and the 300kV model circuit breaker was identical. But,
Cassie arc time constant was different from the 300kV model
circuit breaker. It was investigated the Cassie arc time constant
and showed therelation with nozzle throat diameter.

Keywords: Arc model, SLF interrupting per formance, SF6 gas,
Arc parameter.

|. INTRODUCTION
Because a circuit breaker interrupts a current loyviolg

Parameters in Serially-
3 Arc Model

lijima, T. Uchii, Thi@kai, T. Mori

We established serially connected 3 arc modelsédyae
the short line fault (SLF) interruption performasceith an
Sk gas circuit breaker [8][9]. The arc model was ¢arded
by serially connecting one classical Cassie mocel o
classical Mayr models. The Cassie model simuldteslarge
current region. The two Mayr models have differemt
parameters. One of them was used as a model falating
the vicinity of the arc voltage extinction peakfided as Mayr
model 1) and the other was used as a model forlaiimg the
vicinity of the current zero (defined as Mayr mo@gl At the
rated voltage of 300kV, the interruption performemof two
types of model circuit breaker were reproduced with
calculation using EMTP-ATP Models.

In this paper, a 550kV model circuit breaker wasduso
measure the SLF interruption performances. Usimgalke
connected 3 arc models, the interrupting perforrearand arc

compressed SFjas or alternative gas to arc for extinctioioltage were reproduced. Based on the resultspvesfigated

the gas flow during the current interruption precés often
observed and analyzed. However, it is difficult dmectly
calculate the success or failure of current infgion by
analyzing gas flow.

On the other hand, arc models such as the CagsenfiL
Mayr [2] models can be easily combined with a dirdo
determine the success or failure of current infafoum.
Avdonin [3], Urbanek [3] and Kopplin [4] models ansed in
EMTP. And, serially connecting Cassie and Mayr nh@osl§6]
were known. Serially connecting three modified Mayodels
was used to evaluate interruption performanceghfercircuit
breakers [7]. However, it is difficult to derivelagons among
arc parameters (such as arc time constant ancarerposs of
an arc model), the structure of a circuit breaked how the
gas flows.
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arc parameters and showed that it is possible tttheesame
values for the arc time constants of a Mayr modaNg also
showed that the ratio of the arc time constant amdpower
loss of the Mayr model 2 versus those of the Magdeh 1 are
the same for each circuit breakers. In additionjiwestigated
the arc time constant with the Cassie model andvetiahe
relation with nozzle throat diameter.

We also combined a simplified circuit with arc msjend
calculated the SLF interruption performances usig finite
difference method instead of using EMTP-ATP.

Il. SERIALLY CONNECTED3 ARC MODELS FOR ASF; GAS
CIRCUIT BREAKER [8][9]

Equation (1) is for the Cassie model and (2) istlier Mayr
model. In general, it is said that the Cassie modalsimulate
an arc in a large current region and the Mayr maoel
simulate an arc in the vicinity of the current zefbhe
calculation of SLF interrupting performance usedoiwus only
on the region in the vicinity of the current zenmwdaa single
Mayr model or serially connected 2 Mayr model weften
used. The arc models used here were serially cteth@arc
models to reproduce the arc voltage from a largeeat
region, and furthermore to evaluate the SLF infeting
performance of the circuit breaker.

Figure 1 explains serially connected 3 arc modEt& arc
voltage of a circuit breaker is the cumulative aoitages of
three arc models. That is, a large current reggshown using
the Cassie model; the region in the vicinity of #hdinction
peak is shown using the Mayr model; and, the regiothe
vicinity of the zero is shown using another Mayr dab



thereby simulating the arc voltage covering therentange The value of each arc parameter in the Figure 2sg8%0

from a large current region to the current zero. that measured and simulated arc voltage waveformse w
Cassie model: identical.
1(dg)_ 1(Vv? 1 1) The same_simulation was conducted for the modelitir
g(dtj - ;C E breakers of different types at the same rated gelta

Table | shows the arc time constant for the arcehoded

Mayr model . for calculating the interrupting performance of the
1(dgj :1["' _1j (2)  aforementioned 300kV double flow-type model cirduiéaker
gldt) 6,\P (Model CB-1) and a 300kV tandem puffer-type modetidt
g : arc conductance; arc voltagei: current, breaker (Model CB-2). The Mayr model 1 arc time stants

fc: Cassie model arc time constaw, Cassie model arc for poth CB-1 and CB-2 model circuit breakers afentical
voltage,6m: Mayr model arc time constarR; Mayr model pecause the extinction peaks of both model citmeakers are
arc power loss the same, which is approximately a current of 100w.

Current The arc voltage of the circuit breaker  addition, the Mayr model 2 arc time constants fothbmodel
i circuit breakers were made identical. As a reghk, Cassie
model arc’s time constants were different.

TABLE |
Current Zero ARC TIME CONSTANT FOR30KV CB USED IN SIMULATION

Arc time constant| Cassie Mayr-1 Mayr-2
Model CB-1 2.5s 1.6us 0.1qus
Model CB-2 1.hs 1.us 0.1qus

Current , Arc voltage

R

Cassie model (C1)Mayr modell (M1) Mayr model2 (M2) 1V. 550V MODEL CIRCUIT BREAKER
Fig. 1. Explanation of serially connected threerandels

Time

A. Arcvoltage
1. 300KV MODEL CIRCUIT BREAKER Figure 3 shows the measurement results of arcgeléand

Figure 2 compares measured and simulated curreht &hdrrent for the 550 kV model circuit breaker (hybpuffer
voltage waveforms for a 300kV double flow-type mddype). The measurement conditions were interruptioment
circuit breaker under the 63kA-50Hz-90% SLF intption Of 63 kA-50 Hz—90% with arc time varied. The cutrand arc
condition. It shows that the interruption was ssséal and the voltage were measured using a Rogowski coil andlage
post arc current was observed after the current. 28ood divider installed near the model circuit breakerd @ach value
agreement is seen between measured and simuldtied) fawas converted into a digital signal by sampling@tMHz and
current, post arc current, and arc voltage. Thecesg or a resolution of 12 bits [10].
failure of interruption is also reproduced well.Figure 2, the  The figure shows the following.

following arc parameters were used for the caloutat 1) In the region of a large current of 10kA or moagc

Cassie modeBc=2.5us, w=1500 V voltage values are almost constant-approximatedp¥7
Mayr model 19m,=1.6us, B=680 kW 2) Arc voltage is highest around the time when enfrris
Mayr model 28m,=0.16ps, B=13.6 kW 100A, which is the extinction peak. This currentueais
(6m,=0m,x10%, B=P;x2%) identical to that of the 300kV model circuit breeken

Current Chapter Il [8][9].
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Fig. 2. Comparison between measured and simulasdforms for
300kV Sk gas model circuit breaker Fig. 3. Measurement result, the relation betwaemeat and arc voltage

of 550kV model circuit breaker



B. Interruption performances with serially connected
3 arc model

Figures 4 and 5 show comparisons of measured wamsfo
of current and arc voltage for waveforms simulateith
serially connected 3 arc models. Both Figure 4 Bigdire 5
show a good agreement between measured and sichul
waveforms and reproduced success or failure ofrinéon
with the calculation. Table Il summarizes arc pasters used
for this calculation.
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Fig. 4. Comparison between measured and simulatadforms for
550kV Sk gas model circuit breaker, case of interruptioluffa
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Fig. 5. Comparison between measured and simulatacforms for
550kV Sk gas model circuit breaker, case of interruptiorcessful

TABLE Il
ARC PARAMETERS USED IN FIGURE AND FIGURES

Cassie Mayr-1 Mayr-2
Arc time constant| 1.951s 1.8 0.1(us
(10%xMayr-1)
Lte Arc voltage / 1700V A 2%xMayr-1
Arc power loss

(A: Set to agree with the voltage value at the restibn
peak.)

V. ARC PARAMETERS FOR SFGAS CIRCUIT BREAKER

A.  Mayr arc time constant

This is a known method to calculate Mayr model arc
parameters by processing measured current and clttage
waveforms. Figure 6 shows the calculation method.

The horizontal axis shows the values obtained bijiphy
ing values of current and arc voltage. The vertias shows
the left side of the equation (2). The points ie #bove figure
show the calculation values at each sampling tiroe f
measurement. By drawing a tangent line on the tdlon
values as shown in Figure 6, arc time constantaandoower
loss are obtained from the point intersecting eagds.

Figure 7 shows the calculation results of Mayr tinge
constant for the 300kV model circuit breaker 1 #rel 550kV
model circuit breaker within the current range 00A to zero
using this calculation method.

Figure 7 shows the following:

a) In the range of measured current of 100A or, lkssarc
time constant for the 300kV model circuit breakearid
that for the 550kV model circuit breaker are almost
identical.

b) The arc time constant of a current of 100A adbtime
arc voltage extinction peak agrees with the vakezifor
calculations in the previous sections.

c¢) Arc time constant falls from the extinction peakvard
current zero.

d) The arc time constant directly before the cureno is
approximately 0.ds, which agrees with the Mayr model
arc time constant set for simulating the vicinitfy tbe
current zero.
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Reference [11] shows there are two arc time cotsstizn
molecular gas-arc time constant corresponding ecctite and
the cooler outer zone. The arc time constant ofatleein Sk
gas continues to fall even with a current of 1 Aless.

The equation (3) expresses the Cassie model exprdss
equation (1) with regard to arc time const&nt
2
6= ("2 —1) e
Vv, dg

Given that the arc voltage expressed by the Cassael is
constant up to the vicinity of current zero, withirrent
consistently decreasing toward the current zerfitdgonstant
will be the case.

With arc radiug, current flowing in ar¢ and arc voltagé&,
the Ohm's law for an arc column is shown in equafi®). In
general, electrical conductivityspreads in the direction of arc
radius along with the temperature distributionhe tirection
of arc radius. However, due to the Cassie modsksimption
of high temperature and small change of the etsdtri
conductivity, we can simplify and assume the eieatr
conductivity to be constant, thereby transformingation (4)
into (5) and obtaining the relation between conauoicgég and
arc radiusr. If equation (5) and dg/dt=constant substitute in
equation (3), arc time constant is expressed batému (6),
resulting in an arc radius function.

Figure 8 shows the relation between the diametethef

®3)

Reference [11] shows that the arc ing $s consists only of nozzle throat and arc time constant. When the dizngf the

the core and the core diameter’'s changes corresigosahall
arc time constants. Arc time constants of; $f Figure 7
change just as stated in [11].

B. Cassiearc time constant

Figure 8 shows the relation between Cassie modedirae
constants and diameter of nozzle throat used flouledion
with 300 kV model circuit breakers 1 and 2 as veslla 550
kV model circuit breaker. The arc time constant vessstated
above, set as shown in Figure 8 by repeating cionls so
that arc voltage and the interruption performarmasespond
to measurements. The line connecting the threetgpdm
Figure 8 is an approximated curve produced by shsbaet

software, Excek. The line best expressed the relation among

three points when approximated by a quadratic esia,

nozzle throat is small, arc radius is also smaHljctv makes
Cassie arc time constant small.

r
| = 271_[ OErdr (4)
0
r: arc radiusg: electrical conductivityE: arc voltage
| 2
~=g=m% (5)
E g
2 2 2
o=V —1|lpd® =¥ 1|9 6)
Vg dg (v C
C: constant
VI. PRACTICAL APPLICATIONS

Because EMTP was used to evaluate SLF interrupting

which shows that Cassie arc time constants areessed by a performance by serially connected 3 arc models, cihauit

square function of the circuit breaker’s nozzle#irdiameter.
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Fig. 8. Relation between Cassie arc time constants diameter of

nozzle throat

and its constant can be set freely and detailedyses are
possible. It has become easy to set up arc paresnetkich
makes evaluating interrupting performance with rapsfied

circuit effective as well. So, we tried to evaluateerrupting
performance by applying the finite difference metho arc
models expressed by a differential equation andboanyg it

with a simplified SLF interruption circuit. We didhe

calculation using the macro function of spread-sise&ware
instead of using EMTP-ATP.

Figure 9 shows a simplified circuit for short lirfault
interruption [12].

r, L and C are source-side impedance gnd a damping
resistor for source-side TRV. Z simulates surgeeidgnce for
transmission line connected to the end of a cirorégker. In
actuality, after interruption, voltage oscillatiatcurs in the
transmission line and triangular voltage wave appea line-
side terminal of the circuit breaker. Although, thie circuit in



Figure 9, a rate of rise of the triangular voltagave on
transmission line can be simulated, we cannot sitaulvhole
triangular waveforms. However, in an actual intptian,
success or failure is often determined by the time¢éween
current zero and first triangular voltage wave péierefore,
simulating the success or failure of interruptian possible
using the circuit in Figure 9 as well.
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Fig. 9.
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SLF simplified calculation circuit

Equations for the circuit in Figure 9 are (7),(8049).

V:r[ﬂ1+L%+raEﬂa ()
dt
av,
C—=L=i,—i_—i 8
dt 1 a z ( )
r,, =20, =r(i, —i, —i,) +V, 9)

Equations (10) and (11) are obtained by transfagmin

equation (9), which is then substituted in equatitf) and (8),
and the finite difference method is applied.

v —r i, —r, liy) [At
L

i | =i+
Llt=t+At 1

(10)

(i, ~i, -2 0,) Ot
=V + Z

:V + (Il
c Cc C

V,

C‘t=t+At

i, —i,) At
C
(11)

Cassie model and Mayr arc model are expressed by
conductance in equations (1) and (2), in which caotahce is
expressed as resistancBc:( Cassie Model resistanc®y:
Mayr model
Applying the finite difference method to each, dipres (12)
and (13) were obtained.

RC‘IIHAI = RC +Z:[1_|2‘:§é] mt (12)
Ry ‘t:t+At =Ry +|;M(1_VFI)]) LAt (13)

With Cassie and Mayr model finite difference ecqoagi

resistance) to make the calculation ezasi

(12).

Figure 10 shows an example of the calculation tesul
Equations (10),(11),(12) and (13) were programmgdbhcro
function of spread-sheet software instead of udthgTP-
ATP. Calculation conditions and arc parameters veateas
follows.

550kV-63kA-90%, 50Hz and 60Hz

Cassie modebc=1.95us, V,=1700 V

Mayr model 19m;=1.6 us, P,;= 0.58 MW
Mayr model 2:6m,=0m;x10%, P,=P;x2%

In Figure 10 (@), interruption succeeded with tbedition
63kA-90%-50Hz. In Figure 10 (b), however, interiopt
failed with the condition 63kA-90%-60Hz. It was fali that
with the simplified simulation circuit in Figure the SLF
interruption performances can be calculated bygusjpread-
sheet software.
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(b) 550kV - 63KA - 90%, 60Hz, interruption failed
Fig. 10. Example of calculation result under aditbon of 550kV -

63KA - 90%, 50Hz and 60Hz by finite deference métlimstead of using

EMTP-ATP

VII. CONCLUSION
By applying serially connected 3 arc models tharewe

developed to evaluate a circuit breaker’'s shore Ifault

for the serially connected 3 arc models, we sheistibly add (SLF) interruption interrupting performance for thated

the resistance values obtained from these equatints
substituter, with the resistance value in equations (10) a

voltage of a 550kV model circuit breaker, the fallog results
were obtained:

1) In addition to previously made serially connédcg arc
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models using a model circuit breaker with a ratelfage
of 300kV, we showed that the model is applicableato
550kV model circuit breaker with a different rated
voltage.

2) We showed that the value of the Mayr model anet
constant for simulating the vicinity of the poirdgra from
around extinction peak is the same even with seudifft
rated voltage.

3) The value of the arc time constant of 2), whighs
estimated from the waveform of arc voltage, coroesis
to the value obtained with a different arc time stant
calculation method.

4) The relation between Cassie model arc time eahsind
nozzle throat diameter was discovered.

5) We presented an interrupting performance caicula
method by combining a simplified SLF circuit andc ar
model and using the finite difference method. \tiis
method, it is possible to calculate the succedsilure of
interruption using a programming language suchhas t
macro function of spread-sheet software as well.
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