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Abstract— In this paper the behaviour of long electrical acs in
open air is investigated. An arc was induced and oerded in the
high power test laboratory at FGH-Mannheim, Germany The
recorded data was then analysed to extract the faates of the arc
and used to derive a new quasi-dynamic arc modehdluding the
elongation of the arc and the effects of random neé. The new arc
model is a current dependent voltage source. It gd& a non-
linearly elongating distorted rectangular voltage, which is
characteristic of long arcs in open air. Due to the distorted
rectangular voltage waveform, fault arcs are knownto be a
significant source of harmonics that distort othervoltages and
currents on the power system, so an arc model musilso
accurately represent this aspect of the arc. The armodel was
simulated using the ATP-EMTP software package andhie time
domain and spectral domain features of the simulatk arc are
compared with those of the real arc.

Index Terms— Long arc in open air, arc length, laboratory
testing, EMTP, modelling, simulation, distortions, spectral
analysis.

l.
ONG arcs in open air often occur during faults o

electrical power systemsThe length of the arc is
influenced by factors such as the arc’s supply esurrthe
magnetic forces acting on the arc column causetthdgupply
current, the plasma of the arc, and the wind spaed
atmospheric conditions surrounding the arc; thiskesa
modelling the arc a particularly complicated matkdectrical
arcs are purely resistive and therefore the lenfthe arc has
a significant influence on the arc voltage — the waoltage
increases proportionally to the arc length. Thetlerof an arc
in open air increases non-linearly throughout itsation and
is subject to random noise.

INTRODUCTION

The phenomenon of electrical arcs has attraCtedhmuFeatures of the

research for over a century and many differennaodels have
been derived. The most popular and most accurasmsnef
modelling dynamic AC arcs is through the theoryttedrmal
equilibrium and energy balance. The earliest exampf this
theory are given in [1] and [2]. A model of short&in circuit
breakers was developed in [3]. The arc models pteden [4]
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and [5] have been proven to model long arcs in ogien
accurately, but they are highly complex and may tbe

burdensome to use in some areas of power engigeetiere
a simple yet accurate arc model is required — sisctiefining
the equivalent stationary arc resistance. A newia for arc
resistance was derived in [6] by using instantase@lues of
the arc voltage and current and a static arc moNelw

numerical algorithms for fault location, fault aysit and
smart autoreclosure based on the static arc maodel 6]

were published in [7]-[9].

Accurately modelling arcing faults helps engingergain a
good comprehension of how arcing faults interath e rest
of the power system for transient process analysi helps
them to efficiently design power system protectgmmemes.
Currently, several commercial software packagesaeaflable
that can be used to simulate arcing faults [10]-[12

The Electromagnetic Transients Program (EMTP) 1]
was developed to help power systems engineers tvih
studies into transient processes. The program wsigkd to
allow the analysis of short circuit faults, loadwl problems,
"Und transient conditions. It can be used to siraufawer
system networks consisting of various componemtd,veorks
by solving the algebraic and differential equati@ssociated
with the various connections of those components.

Early experimental studies into the behaviour ofjlarcs in
open air are given in [13] and [14]; these studieslimited by
the technology available at that time. Modern tiemts
recorders with fast 16-bit A/D converters give moediable
field and laboratory test results; such technologg used to
record the laboratory induced arc for this paper.

A series of investigations were undertaken intd ages in
the high power test laboratory FGH-Mannheim, Geyndine
laboratory arc are used to confiime
performance of the new arc model. The new quasahyn arc
model, including an elongation function and randooise, is
derived, and the time and the spectral domain featof the
simulated arc are presented and compared with thbske
real arc.

The physical nature of long arcs in open air anelirth
variations in length were investigated in a seriek
experiments at the high power test laboratory FGativheim,
Germany. The line terminal voltage(t), arc currentj(t) and
arc voltage,u,(t), were recorded in digital format — all data
was digitized with a sampling frequency of 0.16 MHhe arc
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was induced by melting a fuse wire between twotedees in
a vertical insulator chain when switch S was closéHe
distance between the electrodes was varied overatige of
170 — 200 cm. On inceptioy £ 0.055 s), the arc’s length and
voltage were immediately determined by the distdreteveen
the electrodes, but, as a 5 kA arc current flowsgnificant
arc elongation with corresponding increases inatftevoltage
were observed over the arc’s duration.

The recorded line terminal voltagé) is presented in Fig. 1
and the recorded arc voltagg(t) and arc currentyt), are
shown in Fig. 2. From Fig. 2, it can be seen thatarc voltage
and current are directly in phase (confirming thesaresistive
nature) the arc length increases non-linearly, #mel arc
voltage is affected by random noise. Also, the lioearity of
the arc produces high frequency components thabrtlithe
arc voltage waveform into a distorted rectangulaaps.
However, that non-linearity has no effect on the eurrent,
which retains a sinusoidal waveform throughout. tAs arc
length increases, the resistance of the arc inesedsading to
a slight decrease in the amplitude of the arc otri@herwise,
the arc current is determined by the supplying nédtwoltage,
which is much larger than the arc voltage.

The arc voltage amplitude is proportional to thegta of
the arc. The two are related by the arc voltageligra E,,
which has been found to be between 10-20 V/cmics aver
a range of currents from 0.1-20 kA [13], [15], [1&}.[13] it
was shown that there is a voltage drop at the reldes of
around 20-40 V, independent of the arc length. f8oJong
high voltage arcs, the total arc voltage appearost entirely
across the arc column, meaning that the voltage dtothe
electrodes can be neglected.

In Fig. 3 theu-i characteristics of the recorded arc are

shown. The characteristics are obviously random tme-
varying; they show the non-linear nature of the asused by
the dynamic changes in the arc length.

As the arc is a non-linear element, it is a souofe
harmonics that cause distortions to the other atsrend
voltages on the network, including the line terrhioarrents
and voltages. The level of the harmonic distorttodependent
upon the network topology and parameters, the aitage
magnitude and the location of the arcing faultfonetwork —
the level of distortion in a signal is proportionalthe signal’s
proximity to the fault. The level of harmonic digion in a
signal is calculated using the total harmonic dt&ia factor,
THD, as follows:

THp = 1%
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Fig. 1: Recorded line terminal voltagé).
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Fig. 3: Arcu-i characteristics.

I1l. MODELLING OFLONGARCS INFREEAIR

A. Arc Modelling.

The modelling of long arcs in free air has attrdcheuch
research attention in the past. Using the theoryhefmal
equilibrium and energy balance, the Arc voltage dan
expressed using a non-linear differential equafibh [2],
[15], with the general form:

99a _

p )

f(9a;Uasias1,1)

The set of unknown parameters representedl byust be
estimated from test data from real arcs. Reseaashshown
that Cassie’'s model [1] is suitable for heavy cotrarcs,
whereas Mayr’'s model [2] is suitable for low cutremcs —
especially around the current zero-crossing.



Here a new static arc voltage model that accurately 1 dL

represents the effects of the arc elongation, asudsed in L{t)= LO|:1+L_E(t_-|-i)h(t_Ti )} ()

Section lll, is presented. The new model is highlited to arc 0

simulation and implementation in the modern compute

relaying numerical algorithms [7]-[9], and it wasweétloped by AL({t-T;) can be extended to a polynomial of t& degree

observing the relationship between the arc voltagd arc with variablet.

current waveforms. For this paper, an exponential function was setefie the
In Fig. 2 it was noted that the arc voltage wavefdakes a elongation function:

distorted rectangular shape and is directly in pheith the arc

currer?t. Thus,. the arc V(_Jltage can be modelledutitrothe L(t)= '—oll+ AeB(t_Ti)h(t_'ri)I (8)

following non-linear equation [18], [19]:

whereA andB are parameters determining the arc elongation

I _ : ; :
Ugp (t) :(Ua +Ub__z’_5 + R6| |b(t)|J sgr(|a)+f 3) dynamics and:
i (t
ALE-T, )= AeBT (it -T). )
where u,(t) andiy(t) are the voltage and current of an arc
having a constant lengths. Therefore, by combining all of the above expressidhe new

arc model can be expressed as:

ORI T @ 0= ualhTIneT)-

la

=Uolt)Lo|l+ ALt =T )h(t-T 10
Ua Up, 1o (15 #0), Rs and § are all parameters defining the aO() O[ ( ') ( ')] (10)
shape of the arc voltage. In (3), sgn is the signction: The termLy must be used in (3), otherwise voltage gradients

sgng) =1 if x=0 and sgn{) = -1 if x<0. £(t) is zero-mean g anqgE, should be used instead of voltaggsandUs, It then
Gaussian noisdJ, is the product of the arc voltage grad'entfollows that:

E., and the length of the arc path, (the distance between the
arc electrodes). The termu, 1,/i,(t) represents the arc y_(t)=y o (t)L+ALE-T, )h{t-T )] (11)

ignition voltage, and the terrR5| ib(t)| is a quasi-linear part

determined by arc current, For simplicity, Rs is called the Then, by combining (9) and (11), we get.

arc resistance; it is, however, only part of the total arc
resistance, which is mainly determined by the valué.. U, (t) = Uao(t)ll+ At T) h(t-T, )] 12)
The arc model (3) does not consider the elongatfothe

arc; this can be achieved by multiplying (3) withsaitable The values forA andB depend on the specific case analysed
elongation function,L(t). As the elongation of an arc isand can be determined by the classical curvedittiethods.
random and non-linear, it is difficult to model eHg; The elongation effects from equation (12) introduce
however, for the laboratory arc, the initial arndéh is known dynamic behaviour into the purely static model §8)the final
to be the distance between the two arc electrodgsThe model is aguasi-dynamic arc model.
elongation functior.(t) can then be expressed as:
L(t):L0(1+AL(t—'I'i)h(t—'I'i)) 5) B. EMTP Smulation

. The arc model has been implemented within the ATP-
where AL(t-T;) represents the arc elongatidh.is the arc  gyTp environment by making use of the Models ireteef

inception time, and k)is the Heaviside function. tool. The new arc model requires the fault currfemteach
In its simplest form, in (5)AL(t—Ti) can be selected as thetime instant as an input parameter. By applying (8) and
rate of change of the arc length: (12) the arc voltage is computed, and the arc teggis is

calculated by dividing the arc voltage with thelfawrrent. In
1 dL this way, the arc resistance is provided at eaok Step. It is
AL(t) = L_a(t —Ti )h(t _Ti) (6) exported from Models to ATP-EMTP by the type-9liahle
0 resistance. In Fig. 4 the representation of thenaodelling in

Then, by combining (5) and (8)(t) becomes: ATP-EMTP is shown.
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The laboratory test circuit shown was simulatechgighe t (s)

ATP-EMTP software package and the quasi-dynamic arc Fig. 5: Simulated line terminal voltage.
model. The circuit parameters werel(t) = 21kV RMS,
R=0.6%), L=9.55mH. The arc model parameters were:
Ua = 1.55kV,Up, = 1.6kV,Rs = 0.1Q, A = 0.45 andB = 5.25¢".
The arc inception time was settte 0.056s. 4
The parameters of the arc model can be determiyed b 5
processing real arc voltage and current recordsbgndsing ;‘“
different estimation methods, methods based onfididi 2
Intelligence, or optimisation techniques. Paransefeiand B 3
can be easily extracted from the asymptotic eldogatffset.
Parameter$l,, U, andR;s define the arc voltage shape between
two current zero-crossingd, determines the magnitude of the $os 01 015 02 025 03 035
rectangular_ part of the arc voltage waveform. Makie can Fig. 6: Simulated arc voltage (re d)ta(:t} arc cur(blaick)
be determined as an average of the half-cycle ef afc
voltage. The parameték, determines the ignition voltage, so 8
that it should correspond to this value obtainemmfra real
voltage record. The parametey determines the arc behaviour a
during peak values of the arc current.
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In Fig. 5 the simulated line terminal voltaggt) is
presented. There is some distortion caused to oftage by
the fault arc which grows as the arc length ina@ead he
simulated arc voltaga,(t) and current,(t), are shown in Fig.
6. As the arc length increases there is a correpgrincrease -8 o
in the arc resistance, leading to a slight decreas¢he i, (kA
amplitude of the arc current. The simulated ame  Fig. 7: Simulated ara-i characteristic.
characteristic is presented in Fig. 7, showing that arc is
non-linear and time-varying; the increase in the\enltage due
to the arc elongation is patent. Fig. 8 shows apzoison of
the real and simulated arc voltages; it is obvithat the two ~ In this Section the time domain and the spectrahalo
waveforms are very similar. ThéirArc model can be features of the arc simulated by using equation) (a2
simulated with or without random noise added tohkage investigated.
waveform. If no random noise is added, the cori@tat
coefficient petween the re_al and simula_ted arc agdt A. Time Domain Features
waveforms isr =0.9565. With random noise added, the
correlation coefficient between the two waveformglifferent
each time the model is simulated as the randomenisis
different each time. The model was simulated timeth
random noise and the average correlation coefficigas
found to ber = 0.9529. This proves that the arc model is
realistic and suitable for modelling applicatiobsth with or
without random noise. Whilst it is possible to addhdom
noise to the simulated arc, it is not possiblesigicate exactly
the random elongation of the recorded arc.

-4

IV. FEATURES OF THESIMULATED ARC

The comparisons between the time-varying conduetanc
resistance and instantaneous power of the reahraicthose
from the simulated arc are presented in Figs 9ad@ 11,
respect|vely The amplitudes of these features gavith the
arc elongation: the resistance and power increase the
arc’s duration; the conductance decreases. Itvioab that in
each case the arc model gives an accurate repaéeantf the
features of the real arc.



— simulated

-8
0.05

0.1 0.15

0.2
t(s)

Fig. 8: Real (black) and simulated (red) arc vaag

3

ga(S)
=

real

simulated
]

20

real
simulated
: .

1
|
R |
g, 10— - —~-~ f---F
L © | |
| |
| |
st EHEHH AL
L | |
MMM
0.05 0.1 0.15 0.2
t (s)
Fig. 10: Time-varying real (black) and simulateed(rarc resistance.
00—~ e ,
real I I I |
simulated : : | r :
| | | |
30—~~~ - = - o= ---rF
bt ﬂ F
2 | | j q
2 20 - HH HH HH
a® |
| |
10 1 MHA ; v 1 1
| I I | | |
| | | | | |
| | | | | |
0 4 1y 1 | 1 1 1 1
0.05 0.1 0.15 0.2 0.25 0.3
t (s)

Fig. 11: Time-varying instantaneous real (blackd aimulated (red) arc

power.

B. Spectral Domain Features

Electrical fault arcs are known to be a significaatirce of
harmonic distortion on power systems due to the&toded
voltage waveforms. Therefore, for an arc modeldadnlistic

in all aspects, it must also represent the spectaamhain
behaviour of real arcs accurately.

If only the first term of (3)UJ,, is used and the random noise
&(t) is ignored, a purely rectangular (square) arctags
waveform is obtained. A pure square wave has ai¢oseries
consisting of odd sin components only:

4L
U, (t) = hZ; — U, sin(hat) (13)

Whereh=1,3,5,7,... is the harmonic order amndis the
fundamental angular frequency. Hence, the arc gelta
harmonic spectrum contains only odd harmonics with
amplitudes proportional to i/ Therefore, the total harmonic
distortion factorTHD, of the arc voltage can be found as:

M
1
THD,, =100 ,ZF (14)
h=2
For THD,,. the following holds:
lim THD, =10 7/8-1= 483% (15)

(Note that ) "1/h? = /8 ifh=1,3,5,7, ...)
h=1

Here, the Fast Fourier Transform (FFT) was used to
perform spectral analysis of the arc. TH¢D of the terminal
voltage, the arc voltage and the arc current wamn th
calculated. The results from the real arc and imelated arc
were obtained and compared in the graphs presested.

Fig. 12 shows a comparison of tAélD of the real and
simulated test circuit terminal voltage. THEHD of the
simulated terminal voltage is smaller than thattled real
terminal voltage due to the greater distortion le treal
terminal voltage immediately after the fault indepttime, but
otherwise the THD of both voltages is very similar.
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Fig. 12: Real (black) and simulated (red) termir@tage THD.



The THD of the real and simulated arc voltage is presentédcorporated into the EMTP software package. Datanfa
in Fig. 13. Due to the random nature of the ardagd, the real laboratory was analysed and it was conclutletithe arc
THD of the real arc voltage does not reach a steatlyeya grew randomly and non-linearly over its duratiors & result
however, as the simulated arc voltage is of a amshape to of this, the arc voltage and resistance also isereser time.
that of the real arc, theHD of the simulated arc is within the The arc elongation effects were added to the ptedearc
same range as the real arc. The difference inetbed bf THD  model by means of an exponential function with peeters
in the real and simulated arc voltages shown in E&gcan be which can be determined using curve fitting methotise

attributed to the simulated arc being based ongaatéon that
gives a rectangular waveform. As shown in (13e&angular
waveform contains much more harmonic distortionnttaa
sinusoidal waveform; thus, the simulated arc vatagntains
more harmonic distortion than the real arc voltageeform
which has a more sinusoidal waveform.

random noise was added to the model by means afidom
noise function in the Models interface in ATP-EMTPhe
voltage waveform of the simulated arc was compavidl that
of the real arc, and it was found that the arc rhe@e highly
accurate, both with and without added random ndiseas
also found that the time domain and spectral dorfeatures
of the simulated arc were very realistic. This nse#mat the

Fig. 14 is a plot of thdHD of the real and simulated arcpresented arc model is suitable for arcing fautbusition
current. TheTHD of the simulated arc current is slightlyapplications.

smaller than that of the real arc, but overalltthe show good
agreement.

As the THD of the simulated arc was found to be an

accurate representation of that of the real areaoh of the
cases above, the new quasi-dynamic arc model leasdh@wn
to accurately represent the spectral domain bebawiba long
arc in free air.
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Fig. 13: Real (black) and simulated (red) arc \g#taHD.
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Fig. 14: Real (black) and simulated (red) arc aurfieHD.

V. CONCLUSIONS

In this paper a new quasi-dynamic arc model theludes
arc elongation and
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random noise was presented and



