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Evaluation of high-voltage circuit breaker performance

with a validated arc model

R.EPSmeets and V.Kertész

Ahstract: A dipital current-zero measuring sysiem was used to monitor about 200 zero crossings of
short-line fanlt currents in three designs of commercial high-voltage circuit breakers, The breakers
were subjected to standard IEC 60056 tests in a high-power laboratory. With thesc results, an
empirical arc model was derived, based on the series connection of three classical modificd Mayr
models. It was found that only three ‘free” parameters, extracted from the arc voltage and current
durmg the prezero period can describe the state of the breaker afier cach test. With this model, the
margin of the interrupting capability could be directly oblained. A strong relalion between this
margin and the arc conductivity at current zere can be established. Independent of arcing time, arcing
current and state of the breaker, it was found that the current zero conductivity must decrease 1o
1-2Zms {only depending on the design of the breaker) to make a successful interruption possible.

1 Introduction

High-voltage cirenit breakers (CBs) have a vital function in
isolating faulted sections ol power networks. At short-cir-
cuit current zero (CZ), the instantaneous energy input into
the arc is minimal, enabling the arc 1o cxtinguish. ITmmedi-
ately after the cxtinction of the are, the power network
reacts with a transient recovery voltage (TRV) that stresses
the gap.

The ability of the CB to interrupt is verified in high-
power laboratories. Although the main aim of high-power
tests is to prove the ability of &« CB to perform a given
switching duty, information on the ‘quality’ of that per-
formance is usually not available. An international rescarch
program was set up by KEMA and sponsored by the
European Commission, aimed at extracting the roaximum
passible amouni of information on the inferruption process
during high-power tests. This information is presented and
performance margins of three different CBs are investi-
gated,

2 Measuring system

A new measuring system of high accuracy and high resolu-
lion was developed, based on KEMA’s long experience [11.
With the aid of an ‘intelligent’ triggering medule, with this
sysiem, current and voltage during up to four consecutive
CZs having a total window of 64ms are automatically
recorded with a sampling frequency of 40MHz combined
with a 12 bit resolution. A specially designed wideband
(> 10MHz) Rogowski coil is used as a current sensor; the
arc voltage is measured with wideband (> 3MHz} voliage
dividers. With custom-made signal processing software, a
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flexible visualisation of arc current, voltage, conductivity,
etc. is possible [2]. The digitising part of the system, placed
on [loating potential in the close vicinity of the test object,
stores the data locally. Imnmediately afler the test, data is
sent through an optical fibre to the control centre. Current
levels down to S0mA could be measured.

3 Measurements

A program of high-power tests set up a databage of CZ
information ol a number of commercially available modern
high-voltage SF; CBs of various technology (puffer-type,
double nozzle type and scllblast type). Tests werc per-
formed under 90% short-linc fault (SLF) conditions (TEC
60056) at 00Hz. In Table L, an overview is given ol the
number of tests, number of current zeros for each CB, and
the number of resultant interruptions (Int.} and reignitions
(Reign.). All breakers were in new condition before the
tests.

Table 1: Overview of tests

Rating of CB Short  Cirguit

725kV @ 31.5kA  CR72  direct 28 64 24 40
123kV @ 31.6kA  CB123 synthetic 33 33 24 8
145kV @ 31.5kA  CB145 direct 27 50 26 M
145kV @ 31.6kA  CB145 synthetic 27 27 21 &

Tests CZ, Int. Reign.

An exampie of a test result is the arc current and voltage
during three consecutive CZs in one test shown n Fig. 1,
Two reignitions labelled 1 and 2 (after arcing times of 7.9
and 16.3ms) and one interruption labelled 3 {(after 24.6ms)
are shown. In this example, 2 postarc current of several
amps distorted the TRV heavily, CBs in a good condition
normally produce postare currents below 100mA or so. In
the event of unusually lurge values of postarc current (as in
Fig. 1) it was the experience that the breaker chamber is
very near to the end of its ability to clear the SLF,
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4  New arc model

4.1 Model philosophy

The new maodef is founded on classical resuits. A great deal
of work on arc modelling was carried out by CIGRE WG
13.01, resulting in the publication of a number of surveys
of the statc of the art [3-5).

Considering the very dilferent time scales of the physical
processes in the chamber, the modelling concept is based
on the division of the whole interruption process into 2
period where ‘slow’ and a period where “fast’ phenomena
prevail. In the slow period the arc-circuil interaction is
cssentially weak, and the current is imposed by the circuit,
The fas! period staris at some tens of ps before CZ. In the
slow period (starting at the contact separation) the physical
conditions (pressure build up, arc temperature, ctc.} are set
that determing the initial conditions for the fast period. The
characteristic time constants of the slow processes are prob-
ably some hundreds of us or more, and for the fast proc-
esses some ps or less, A sophisticated slow mode! must
contain a large number of parameters depending on the
chamber design and internal condition, the gas pressure,
and the stress [actors like current history and wreing time. It
is most likely that the slow madel is strongly CB depend-
ent.

it can be assumed that the fas( processes are determined
by the evolution of the relevant gnantities during the slow
period and the properties of the SE; gas. Consequently, the
fust model is probably only weakly dependent on the CB,
and is determined mainly by the SFg properties, Hs param-
cters should reflect the initial conditiens determined by the
slow period. In this sense, although only a tiny portion of
the entire arcing time is taken into account during the fast
period model, the whole arcing history has a [undamental
impact on the phenomena in the fast period,

Rased on this philosophy, the fust model can be used in
its own right, completely separated from the slow model,
provided the parameters reflecting the initial conditions are
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known, Because of the extreme rapidity ol processes in SF,
gas, presumably only energy exchange takes place during
the fast period. Flow and other complex 3D processes are
not likely to play an essential role. Therefore o lumped
model could suffice, accomplished by a set of ordinary (if-
[erential equations (ODFs) {6]. Arc-circuit interaction is
obviously strong and the time constants are very small
Consequently, in the arc-circuit interaction only those [ac-
tors play 2 role that are rclated to [ast changes, like para-
sitic clements close (o the breaker, the rate of rise of the
current close to CZ, and the initial rate of rise of the TRV.

In our opinion higher-order ODE modelling is necessary
becanse the fast period itsell has quite different time scales
owing to varying conditions along the arc channel.

4.2 Outline of new model

Making cxtensive use of the new CZ data base, it was pos-
sible to derive a now (fast) black-box model, based on a
combination of the classical proven approaches by Mayr
[7] and Cassic [8]. The paramsters of this model have been
extracted from experimental data creating the ‘engineering’
part of the model.

The new mode) consists of three modified Mayr models
connecled in series representing three series arc sections
cach with three parameters: the time constant 7; [s), the
quantity IT, [A* 1?4 related to power loss and the dimen-
sionless model parameter A, (7 index for each submodel)

daG; [P VT

di ILT; G TiGI

where G, [S] Is the conductivity, U; [V] the arc voltage and ¢

[s] is the time. Il A = 2 eqn., 1 reduces to the classical Mayr

madel [7] with TI = P, [W] the usual power loss constant. I

A= 1egn. 1 is the Cassie model [8] and ¥T = U2, with L,
[V] is the classical stcady-state arc voltage.

The following cquations describe the directly measurable
current [ and voltage U and the conductivity G-

1 3 1 3
F:ZF U=SU, I=UG (2
i=1 i=1

This model contains nine parameters in principle, however,
six of them proved to be cmpirical constants having the fol-
lowing values and relationships:

i=1,2and 3 (1)

A= L4 A =19, A =20
Ty = T]/.llﬁ
Ts=To/ky
Hs = kslls

Based on the measuring results, the first submodel was cho-
sen to be a Mayr—Cassie type are, the second one almost a
purc Mayr type ar¢, and the third one is a pure Mayr arc,
The valucs of A; remain the same throughout all the tests.
The breaker parameters &, &, and ks depend on the actual
CB design, and keep their validity during all tests on one
breaker, see Table 2. 71, IT), and IT, are considered then lo

Table 2: Breaker parameters

Wodel parameters {constant in all tests}  A;, A5, A3
cireuit breaker parameters (vary from CB B ke ks
to CB) CB/72 57 5 100

CB123 49 5§ 100
CR146 57 10 100

State parameters {vary from testto testh T, T4, T2
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be the ‘free’ parameters, describing the state of the CB dur-
ing cach inferruptlion attempt. These parameters have a
large range, and depend on the actual test conditions
(mainly arcing tme, slope of arc current d¥dt denoted
by \5) and the state of degradation of the CB, Nevertheless,
clear differences can be seen reflecting the dilferent CB
designs. In Fig. 2, the cumulative distribution of the meas-
ured values of the time constant T3 and the cooling power
constant Py = I1; ol the third (purc Mayr) serics arc have
been visualised.
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4.3 Model validation

The main idea is to make distinction between the stochastic
and the deterministic part of the interruplion process. The
actual shape of the arc channel in the critical time interval
(several us) belore CZ is a resull of a stochastic process.
However, once a specific channel has been developed, it is
very likely that the interruption process from that point is
essentially deterministic. Therclore the actual measured
traces of each CZ are taken to extract ave parameters that
are exclusively related to that specific case. Due to the lacl
that the very small value of postarc current of ‘healthy
breakers® cannot be measured accuraicly, only arc informa-
tien up to and including CZ is used. From the prezero
region, the arc parameters of each individual test were
extracted using a special multidimensional successive gradi-
ent method.

Next, with these arc parameters, the model of equ. 1 with
eqn. 2 was used to caleulate the maximum value of power
frequency current slope S; that the arc would interrupt.
Then this value is compared to the actpal S during the test.
Thus if S; < .S the model predicts a reignition, if S > San
interruption is predicted. This prediction is ultimately con-
fronted with the real meuasured result of the interruption
alttempt alter some optimisation siages resulting in an over-
all model performance of 91% of the interruption attempts,

IRFE Proc-Gener. Transwy, Distrib, Vol 147, No. 2, Marel 2000

the result of which is predicted correctly. Fig. 3 illustrates
the course of the described validation procedure.
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In some cases, where prediction is ‘interruption’ and
observation is ‘failure’, a so-called ‘mixed’ type of failure
was observed (Fig. 4). The part of the arc channel that is
described by the third (purely Mayr) equation of eqn. |
having the smallest time constant is mainly responsible for
the interruption and the (immediate) thermal reignition.
Because of this small time constant {30-200ns), this scction
of the are cools down much lfaster than the other parts. It
seems that the failure is a dielectric reignition from the
paint of view of the Mayr arc part, and a thermal failure if
the remainder and still hot parts of the are are considered.

Another check of the validity of the present model is its
ability to simulate the correct wave traces. It was observed
that from several hundreds of ps before CZ up to CZ the
litting is very good. The model is coreect also in predicting
smatl post arc currents in accordance with the measure-
ments. A typical example of the correct wave trace simula-
tion is shown in Fig. 5 (Figs. 52 and & show the same CZ
with different ime scale).
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5  Interruption performance svaluation

Since the new model can theoretically predict the maximum
possible difdi (§;) the arc is able to inicrrupt at the specific
circuit condilions and at the specific state of the CB cham-
ber, the margin of interruption can be estimated when this
Quantity is compared to the uctual 4idf (S). A suitable
parameicr to quantify this margin is

_5.-8
T 5,+8 )

The value of A is between —1 and 1. Negative Af indicates
reignition, positive value implies interruption. With the
quantity M, it is possible to map the degradation of the
breaker during the succession of test. An example (CB72) is
given in Fig, 6. Three poles (A, B and C} of the same CB
were tested using the same cireuil,

A

0501 , \ .-
E N i‘\ ‘: wrong model pradiction
. T~ H e
0257 4 nat aee P ATus
. ! ~. ' & o 4
\\ ry 1 N ¥ o A
\ : Y\ : - &
= or ANA i Sal L
., 1 1 A~
h ] ] A ~
® H : A 4
025+ £ |
«A —»E < B —»i - G " >
o 1 LI i L] 1 'l 1 1
0.505 10z 8 40 50 680 70
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Fig.6 Jneruption margin M of cireuit breaker CB72 for each pole dwing
the siecession of SLEF teses

A tosted with 244 kAgyg B tested with 22.1 kKAgys: © tested with 17.4 kA gys)

£ observed reignitions

A obscreed interraptions

The following observalions from Fig. 6 must be empha-
sised:
(a) There is a clear net decrease of margin during the
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progress of tests on every pole, refleeting the degradation of
the breaker by the tests,

(b} Tn all bug twe cases (indicated with ‘wrong model pre-
diction’) the new model predicts from ils prezero input suc-
cessfully an interruption or reignition

{c) The rate of degradation is clearly depending on the
amount of power-frequency cucrent stress (pole A 24.4,
pole B 22,1, nole C 17.4 kApys).

From these observations, the concept of interpreting the
margin quantity M as a valid measure of CB degradation is
clear,

As another example, the margin quantities of the inter-
ruption attempts plotted in Fig. 1 are given: Attempt 1: M
= 0,17, attempt 2; M = —0.083 and attempt 3 {interrup-
tion) A = 0.015. The latter (very small margin) represents
the deteriorated state of the chamber only margimally being
able to clear the fault. In Fig. 7, the margin quantity for
each interruption atlempt is plotted against the arcing time.
A steady increase of M can be noted up to the minimum
arcing time (around 8ms), followed by an optimum near
12ms, showing the breaker’s best performance.
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A good candidate of a physical parameter that is indica-
tive for the actual ability of the breaker to clear the SLF i3
the cenductivity of the breaker at CZ (Gy). In Tig. 8, the
relationship between this residual conductivity is plolted
against the margin M for the breakers under test, thus
establishing a direct link between G and the ‘quality of the
interruption’, The dependence of Gy is only marginally on
the stress factors, As a general rule, however, it can be con-
cluded from the actual measurements that interruption
becomes possible when are conductivity has dropped below
about 1-2m§ (see Fig, 9, the enlargement around the inter-
raption limit —0.05 < Af < (.05 of Fig. 8).

6 Summary and conclusions

A new empirical are model has been presented that has
been shown to predict correct resolts of standard (IEC
60056) SLF interruption tests based on prezero informa-
tion. Arc voltage and arc current wave traces weie recorded
with a tailor-made high-lrequency high-resolution current-
zero data-aquisition system. Data from approximately 180
tests were used for the parameter definition and evaluation
of the new model, a series connection of throe modified
Mayr equations, viclding only three free ‘state’ parameters
(varying [rom test to test).

With the aid of the model, margins of individual inter-
ruptions can be specified. 1is application to commercially
available power CBs of various technologies and rating
(= 145kV¥) has shown that the process of CB degradation
can be mapped by the present method. Further, il was
made plausible that the arc conductivity at CZ (relatively
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easy accessible Jor measurement) is a reasonable indicator
for the margin of the interruption. Knowledge of the mar-
gin can be applied in the following ficlds:

s development of CBs by manufacturing compinies

s application of CBs in non-standard cireuits and for non-
standard ratings

s+ estimation of the state of a treaicer alter extended service
» development of future standards

* dedicated high-power testing and comparison of test-cir-
cuits

Given the wide range of the arc parameters describing the
actual state of the CB, il is our opinion that a generally
applicable arc model such as often offered in network
analysis software does not cxist, not cven for a single CBB
design,
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