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An Improved Mayr-Type Arc Model Based on
Current-Zero Measurements

Pieter H. Schavemakegwviember, IEEEand Lou van der SlujsSenior Member, IEEE

Abstract—n this paper it is shown that the Mayr-type arc The ‘time constantr and cooling poweP can be either con-
models can be used to describe the arc behavior before current stant or can be assumed to be functions of the electrical quan-
zero exactly. Based on this analysis the different types of ‘modified’ yties conductance, current or voltage. A lot of varieties can be

Mayr arc models can be explained. As a result of the theory, an found in literat d . f1h iants is ai b
improved Mayr-type arc model - with a constant time parameter oundiniiterature and a comparison ot these varianis is given by

and a cooling power which is dependent on the electrical power Haupt [5]. In order to find the possible relations between the pa-
input - is introduced and used to reproduce current zero measure- rameters of the arc model and the electrical quantities, assump-

ments successfully. tions are made to acquire a system with as many equations as
Index Terms—eircuit breaker, current zero measurement, arc there are parameters to be determined:
modeling, Mayr-type differential equation, transients. « Amsinck [6] assumes the parameters to be equal at points
of equal conductance (therefore, a reignition is required to
[. INTRODUCTION obtain the parameters)

* Hochrainer [7] assumes the parameters to be equal at

points of equal current (therefore, a reignition is required

to obtain the parameters)

Zickler [8] assumes the parameters to be equal in two

following time steps (therefore, no reignition is required)

» Sporckmann [9] and other authors seek to the parameters
as a function of the time by using polynomials (note that

IGH-VOLTAGE circuit breakers play an important role

in transmission and distribution systems. They must clear
faults and isolate faulted sections rapidly and reliably. In order ,
to be sure of its capabilities, the breaker must be tested in a
High-Power Laboratory.

Arc models give the possibility to extend the information ob-

tained during the tests in a High-Power Laboratory. When a o higher the degree of the polynomial, the more equa-
model has been developed that shows good correspondence with

o i _ ' tions are needed)
the circuit breaker behavior as observed during the tests, aqﬂl?act all of the above mentioned methods can lead to good re-
tional information such as limiting curves can be obtained from '

! sults. However, it will become clear from the following analysis
computations.

. . : that there is not one uni relation between electrical nti-
Therefore, arc modeling has a rich history. From the momenta ere is not one unique refation between electrical qua
t_hat 0. Mayr and.A'M' Cassie m_troduced the_lr differential equa- Equation 1 can be rewritten at a certain time instaas:
tions for describing the dynamic arc behavior [1]-[3] a lot has
; Tl | _ _
publications are devoted to modifying arc models in order to fit dt |, m|k] [ 1/P|k] =1 o dz=b (2
measured data. A summary on the different type of arc models
one equation and two unknowns. There is not a unique solution
Il. THEORETICAL INVESTIGATION OF THEMAYR ARC MODEL ~ VEctorx for this equation. A particular solution to the system (2)
The Mayr arc model is described by the following equationheous systemiz;, = 0 has at least one nontrivial solution (i.e.
ldg dlng 1 (u ) z, # 0) because the number of equations is smaller than the

ties and arc parameters.
been published about the application of arc models. Even more [_ ding
and its applications can be found in [4]. Equation 2 is an underdetermined system [10]: it consists of
can be found easilygg [0 wui],]. The solution to the homoge-
—i -1 (1) number of unknowns. Since the matrixhas one row, there is

g dt di TP only one nontrivial solution which is called the nullspaceof
g the arc conductance The solutions of equation 2 can now be written as a sum of the
u the arc voltage particular solution and a solution to the homogeneous system:
? the arc current
7 the are ‘time constant’ L=2Tp+CLh (3)
P the cooling power ¢ arbitrary number

It is easy to verify that, for every, this is a solution of the
Manuscript received August 14, 1998; revised July 26, 1999. This work wasiderdetermined system (2):
supported by the Directorate General XII of the European Commission in the
(S:t_?gge;rfzsl Measurements and Testing programme under contract no. SMT%£ — A(gp te- £h) = Az, tec Azp=b+tc-0=0b (4)

The authors are with Power Systems Laboratory, Delft University of Tech- . . . .
nology, Delft, The Netherlands. tl'hereforg, there is not one unique combinatiofrofP)-values _
Publisher Item Identifier S 0885-8977(00)03475-0. to describe the measured current and voltage traces. This
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Fig. 1. Measured current and voltage traces before current zero. ) ) ) )
Fig. 2. Cooling powerP versus the electrical power input.

explains why there are so many variations on the Mayr-type arc
model that can be used successfully in simulations.

T T T T T s

measured and combuted arc current

I1l. A PPLICATION OF THETHEORY Pl e .......................................... ;

The theory as described in section Il will be applied
to Short Line Fault (SLF) measurements performed on a
245kV/50kA/50Hz/single unit SF6 puffer circuit breaker. The
voltages and currents were recorded with a 10MHz/12 bit
measuring system at the KEMA High Power Laboratory in the
Netherlands. A sample of a recorded voltage and current trace

for a 90% SLF is shown in Fig. 1. sook oo f [ [ S N
From the measurements, the particular and homogeneous so- computed arc "";"age 1 : ? f

lution can be determined for each sample point. Therefore, by ' : : : ' : :

choosing a certain relation for the time parametehe arbitrary T e

. . . . . time (psec]
numbere in equation 3 is prescribed at each sample point and so

is the cooling powe#’. When the time constantis chosen to rig. 3. computed (equation 6) and measured current and voltage traces.
be constant{ = 0.27 pusec), the cooling power is computed

ateach tsamptlr? point suchdthatltequatnon 3is fuLfHIed._Wgh th1e§91 regulates the influence of the electrical power input on the
parameters, the measured voltage trace as shown in F1g. . Qling power and therefore embodies the pressure built-up
be recomputed exactly when the following equation is solve h the breaker caused by ohmic heating of the extinguishing

ldg dlng 1 [imeasurea?’? medium by the arc.
gdl T4 7 (T - 1) (5) The parameters are determined from a least squaresHit:

0.27 psec,Py = 15917 W and P, = 0.9943. The approximate

In Fig. 2, the ‘exact’ computed cooling powét is shown ¢cooling powerP, + Py ui, is shown in Fig. 2 for the above men-

versus the electrical power input of the are. From this_figure it#oned parameters as well. The measured and computed (see sec-
evident that the cooling power shows a very strong linear relgon v/) arc currents and voltages using the differential equation
tion with the electrical power input. Therefore, a new arc modgé) with the above mentioned parameters, are shown in Fig. 3.
is proposed with a constant time parameter r and the coolifgs evident from Fig. 3 that in the high current area the arc

power a function of the electrical power input: voltage is lower than the measured one. This can be improved
ldg ding 1 wi by adapting the arc model in the following way.
14y _ N 6
g dt dt T <P0+P1Ul ) ©) 1dg dlng 1 (0
- - — Y = = — B ~ 1 (7)
Py cooling constant in Watt g dt dt 7 \max(Uarelil, Po + Prui)

ThPl coollgglcor_wita%t i q q h U.r. the constant arc voltage in the high current area; when
e arc model with the cooling power dependent on the this value is set to zero equation 6 results

electrical power input is a mathematical arc model but it doesIn the high current area, equation 7 reduces to the following
have a relation with arc physics as the cooling power is buHﬁfferential equation. ’

up of two components. The cooling constart represents

the cooling power originating from the design of the circuit 1dg _ dlng 1 ( ui 1) _1 ( u 1) ®)
breaker (i.e. nozzle layout, pressure etc.). The cooling constany dt ~  dt 7 \ Ug..|i Ugre

T
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Advantages compared to the model in equation 10:

» the proposed arc model only has three free parameters to
, : ; : : : : be determined (i.er, Py, Py; usingU,,. is optional and
O o v ot IR T SR B O not necessary) while for the model in equation 10 four pa-
5 : : 5 : : 5 rameters must be determined. This results in serious faster
| : Coo : ; arc parameter determination, because there are no expo-
computed ar¢ voltage with : : B : : .
'aconétantarcvoltageUam s d nents |nV0|Ved.
in the high current interval ’ : ? : * After current zero, the proposed arc model has two con-
' ‘ ' ’ stant parameters in the denominators of the differential

1 ‘ 1 " . ‘ s "
~90 -80 =70 80 -50 -40 -30 =20 ~10 0

e (ssec] equation (i.er and P, in equation 9). The arc model in
equation 10 has power functions of the conductance in
Fig. 4. Computed (equation 7) and measured current and voltage traces. the denominators. After current zero, this conductance be-
comes very small (in case of a successful interruption) and
[ Y- Teaeeeeens .......... ........... , .......... .......... AAAAAAAAAA therefore must be I|m|ted |n ItS Va|Ue to aVOId numerICa|
proposedarcmodel | . G i errors.

Advantages compared to the model in equation 11:
: : : « the deviation from the measured curves is much larger than
§ 5 ; : \ : in the case of the proposed arc model as shown in Fig. 5.
s r Sy | arc model with currant Both curves have been computed by applying curve fit-
.. ¢ i dependentcdoling fower ting techniques. Itis evident from Fig. 5 that the arc model
e R S T b [ . with current dependent cooling power (equation 11) fits’
e 5 : 5 5 : P thed In g/dt, as computed from the measured data, much
worse than the proposed arc model. Although the predic-
tive value (successful/unsuccessful interruption) of the arc
model is the mostimportant property, acceptance of an arc

2 model is very much based on the conformity between mea-
10 20 30 40 50 60 70 [ 90
e (usec] sured and computed curves.
Fig.5. ‘Measured’ (grey o's) and computédhn g /dt-curves. V. NUMERICAL COMPUTATIONS WITH THE PROPOSEDARC
MODEL

This equation shows a clear conformity with the Cassie arc_l_h q delisi tedinto th ; ent
model [1], which has proven its validity in the high current area. € proposed arc modet Is Incorporated Into the new transien
At current zero, equation 7 (and equation 6) reduces to the f ogram XTrans, which is developed at the Delft Un|ver3|ty of
lowing differential equation. echnology [11], [12_]. T_he_ program was de_veloped_ especially
for analysis of arc-circuit interaction involving nonlinear ele-

ldg _dng _ 1 (ﬂ _ 1) g) Ments (such as arc models) in relation to stiff differential equa-

g dt dt T\ tions. Therefore, the program is based on the use of Differential
This is exactly the Mayr arc model [2], [3], which has provertlgebraic Equations (DAE’s). The calculations are performed
its validity in the current zero region. After current zero the corWith @ variable stepsize and adjustable accuracy of the computed
stantP; is set to zero (the arc has been extinguished) and eqGHIeNtS, voltages and conductances. The program has been ver-
tion 9, i.e. the Mayr arc model, is used. ified by comparing computations with the well-known EMTP.

The measured and computed (see section V) arc currents anfine program runs on a Windows computer and uses dynamic
voltages using the differential equation (7) with the same phk libraries (dII's) that contain the compiled code of the ele-
rameters as mentioned earlier and the congdignt = 1100\, ments. Therefore the models are separate from the main pro-
is shown in Fig. 4. gram, which made it easy to create the new arc model and use it

in the main program. The program structure is shown in Fig. 6.
IV. ADVANTAGES OVER EXISTING (MAYR-TYPE) ARC MODELS The synthetic test circuit used in the High-Power Laboratory
consists of a current supply circuit with generators and a parallel

What are the advantages of the proposed arc_model over ofiGient injection circuit to supply the transient recovery voltage
existing Mayr-type arc models? To answer this question, Weer current interruption. The parallel current injection circuit
shall compare the proposed arc model with the two following,§ the artificial line used for the 90% SLF-test are shown in
widely applied arc models [5]: Fig. 7 (the current supply circuit is not shown). A successful

ldg dlng 1 ( ui 1) (10) interruption has been recomputed with the transient program
gdt — dt  T9™ \ PygP and the arc model with the previously mentioned parameters
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Fig. 8. Computed post-arc current.

“*fmeaslred dnd cofmputed arc durrent
: | | measuredarc voltage :

artificial line . 1800k - ™™ o _ ......... _ . . ........ P

£ : : : : : : : : o
é‘ m'comwtedarcvolt’agewith‘ ...... ....... ....... .
*  {a constant arc voltage Uarc

Fig. 7. Parallel current injection circuit. o[in the high currentinterval - IO

(r = 0.27 psec,Py = 15917 W and P, = 0.9943; see Fig. 3). R

The arc model predicts the successful interruption and the cal- R

culated post-arc current is shown in Fig. 8. In the measurement . A S

data, however, no physical post-arc current can be detected anc

therefore, the computed post-arc current can not be compared

to the ‘real’ one. Furthermore, an unsuccessful interruption hi@g 9. Measured and computed currents and voltages for a reignition.

been recomputed with the following parameters obtained from

the corresponding measurement= 0.57 us, Py = 24 28_1 W, ACKNOWLEDGMENT

Py = 0.9942 andU,,. = 1135 V. The arc model predicts the

reignition. Both measured and computed voltage and current! his workis performed by the Delft University of Technology

traces around current zero are shown in Fig. 9. within the framework of an international consortium with the
Both computations show good correspondence between g{@ to realiz_e ‘digital testing qf high-voltage circuit _breakers’.

measured current and voltage traces and the ones resulting frd#$ consortium has the following partners: KEMA High-Power

the transient program. Furthermore, the model is able to repkgiboratory, Delft University of Technology, Siemens AG, RWE
duce both successful interruptions and reignitions. Energie and Laborelec cv. Thanks are due to Dr. C. Neumann

of RWE Energie, Germany, for the permission to publish mea-
surements of the 245kV circuit breaker.
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