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Abstract—A long-gap AC arc with a length of more than ten
meters (secondary arc) are normally generated at the short-circuit
arc channel after a single-phase-to-ground fault. In previous
studies, arc breakdowns of secondary arcs have mainly been
considered as electrical breakdowns, ignoring the role of heat in
the arc channel. Besides, the extinction-reignition theory of
secondary arc, i.e., dielectric strength recovery theory, still lack
the support of experimental data. In this study, based on the
equivalent experiments performed in the Ilaboratory, the
influences of compensation degree of transmission lines, imitial
recovery voltage gradient of air gap, test current, wind speed, and
wind direction on the breakdown characteristics of secondary
arcs are studied and statistically amalyzed. The laws of the
transient recovery voltage (TRV) and of the rate of rise of
recovery voltage (RRRYV) also studied by considering the
influencing factors mentioned above. The results of this study will
provide a more complete experimental basis for the theory of
extinction—reignition of secondary and a

arcs deeper

understanding of the transient characteristics of arc breakdown.

Index Terms—secondary arc, extinction theory, arc breakdown,

multiple reignition, single-phase-to-ground fault.

I. INTRODUCTION

HV/UHV transmission lines at 220 kV and above are an
important part of the provincial transmission network in
China. Experience with power grid operation has shown that
more than 70% of short-circuit faults on high-voltage overhead
lines above 110 kV with high-current grounding systems are

single-phase-to-ground faults, with this figure reaching about
90% on overhead lines above 220 kV [1.2]. The reliability of
the power supply and the stability of the parallel operation of
the system can be greatly improved if a circuit breaker
selectively disconnects the faulty phase. with the two healthy
phases continuing to connect with the power system during the
single-phase auto-reclosing (SPAR) period. After the fault is
identified by the protection system, the faulty phase is tripped,
and the short-circuit condition for the power system is
eliminated. However, the arc plasma still exists at the faulty
phase side, and that one is maintained by the healthy phases’
currents [3.4]. However, after interruption of the faulty phase, if
the secondary arc cannot be de-ionized and self-extinguished
sufficiently within the setting time of SPAR of power system
relay protection, the success rate of SPAR will be affected and
the power supply will not be restored in time. Thus, the
extinction—reignition characteristics of the secondary arc have a
significant influence on the success rate of SPAR of power
system relay protection and the transient stability of an
EHV/UHV power system [1-13].

In recent years, results obtained using low-voltage
experimental platforms to simulate multiple reignition of
secondary arcs in EHV/UHYV systems have provided a basis for
studies of the laws of motion of cathode and anode arc roots and
the arc column, studies of morphological characteristics (arc
length, arc diameter, and centroid trajectory) [11,12,14-20],
and studies of electrical characteristics (arc voltage—current
waveform, arcing time, breakdown voltage, discharge energy.
[2.8,12,14,21,22]. To

determine the validity of low-voltage experimental simulations

and volt—ampere characteristic)
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in the laboratory, in [8.9], a statistical study of the influence of
compensation degree of transmission lines, test current value,
initial recovery voltage gradient of air gap, and wind speed on
the 90% probability of secondary arc self-extinction was
carried out, but there was no comprehensive analysis taking
account of morphological characteristics. In [11], a low-voltage
experimental simulation platform was established, the temporal
evolution of the volt—-ampere characteristic of a 10-A secondary
arc during its multiple reignitions was investigated, and a
combined analysis of arc discharge images, arc length variation,
and breakdown voltage from the same set of experimental data
was carried out. In [14], the volt—ampere characteristic and
particle motion in an arc channel were investigated, and it was
shown that changes in a number of electrical characteristics,
including the volt—ampere characteristic, discharge energy, and
arcing time, could be caused by short-cut events of arc column.
Furthermore, the forced zero-crossing phenomenon of a
secondary arc under the effect of wind was also quantitatively
analyzed using energy balance theory [2.14.22], as another arc
the
extinction-reignition phenomenon of secondary arc, in addition

to the dielectric strength recovery theory [23.24].

extinction-reignition theory for explaining

Advances in arc image processing have greatly enriched
research into the morphology of secondary arcs, and have made
possible a comprehensive interpretation of electrical and
morphological characteristics. There have also been advances
in the development of algorithms for calculating the arcing time
and statistical analyses of the factors that influence it. In [21],
the factors exhibiting positive and negative correlations,
respectively, with the arcing time of the secondary arc were
determined through the use of an algorithm and a multivariate
fitting procedure. In addition, a multivariate fitting was
performed between the arcing time and the relevant factors, and
a functional relationship was thereby obtained.

A secondary arc is essentially a plasma, exhibiting both
electrical and thermal phenomena, and the latter have a strong
effect on the electrical characteristics of the arc [25]. Thermal
excitation and thermo-ionization involve the conversion of
particle kinetic energy into potential energy (with the particles
being excited or ionized) at a high temperature. At a high
temperature, the large amount of photon energy radiated by

thermal ionization will also produce photoionization, which

helps to maintain and develop the secondary arc [26]. Therefore,
thermal effects in the arc discharge process cannot be ignored,
although previous studies have tended to ignore the role of heat
in the breakdown of secondary arcs.

The remainder of this paper is organized as follows. In
Section II, the low-voltage experimental simulation platform is
introduced. In Section III, a division of the secondary arc
discharge waveform into stages and a synthetic analysis of the
discharge waveform and arc images are carried out, and the
influences of the compensation degree, initial recovery voltage
gradient and test cwrent on the frequency distributions of
electrical and thermal breakdown during arc reignitions are
studied. In Section IV, using statistical data, a trend analysis of
TRV and RRRV in arc reignitions is camried out, and the
corresponding discrete data are also analyzed. Finally, in
Section V, the influence of wind (the most significant of all
external factors) on the extinction—reignition characteristics of
the secondary arc is studied from the perspectives of its speed
and direction.

The results of this study can provide experimental data and
support for the study of extinction-reignition characteristics of
secondary arc under the influence of different external
conditions on EHV/UHV transmission lines. This paper also
provides a more in-depth research direction for the transient

characteristics of secondary arc.

II. EXPERIMENTAL SETUP

Based on the previous discussion on the low-voltage
experimental platforms for simulating secondary arcs on
EHV/UHV transmission lines, the experiments were conducted
in the High Voltage Laboratory of the China Electric Power
Research Institute [8,11]. The test circuit diagram is shown in
Fig. 1.

The amplitude of the AC power supply was 11.6 kVrms,
with 50-Hz power frequency, and its capacity was 3 MVA. By
adjusting the electrode spacing of the insulator string, different
initial recovery voltage gradients could be simulated. The
insulator string was shorted by a 0.15-mm nichrome wire at
both ends, and the inductance L, (36.88 mH) in the circuit was
used to generate a 1-kA inductive short-circuit arc. When the
inductance L, first formed a loop with the power supply, it

melted the nichrome wire to create metallic vapor across the
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insulator string, generating a short-circuit arc, from which it
was easy to subsequently form a secondary arc. The inductance
L, was then disconnected, and the parallel circuit of capacitor C
and inductor L in the circuit was closed, and this was used to
simulate a secondary arc on the undercompensated
transmission line (J1</c) and overcompensated transmission
line (I >I¢). The inductor L was removed when a secondary arc

on an uncompensated transmission line (/;=0) was simulated

[8].
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Fig. 1 Experimental scheme for the secondary arc, considering wind and

compensation conditions.

In this study, secondary arcs with initial recovery voltage
gradient conditions of 17.06 kV/m, 21.89 kV/m, and 30.53
kV/m (corresponding to electrode spacings of 68 cm, 53 cm,
and 38 cm, respectively) as well as with test currents of 15 A,
30 A, and 45 A, by setting the values of inductance L and
capacitor C, were separately investigated. The influences of
wind speed and wind direction on secondary arc reignition were
also examined. The tests were carried out at wind speeds of 0
m/s, 1.5 m/s, and 2.5 m/s, and the wind directions were from
west to east (opposite to the Ampére force exerted on the
secondary arc column) and from south to north (perpendicular
to the Ampére force exerted on the secondary arc column). A

diagram of the wind direction is shown in Fig. 2.
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Fig. 2 wind direction in the tests.

A high-speed camera (Motion Pro Plus) with a frame rate of
500 frames/s (at 1280 x 1024 resolution) and a 6.5-s shoot time,
equipped with a Nikon zoom lens (Nikon ED AF Nikkor
80200 mm, 1:2.8 D), was used for tracking the movement of
the secondary arc. The wind speed is measured by an

anemometer (Tesco 405-V1).

III. ELECTRICAL AND THERMAL BREAKDOWNS

A. Arc discharge waveforms and breakdown phenomenon of

secondary arc
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Fig. 3 (a) Multiple-reignition voltage and current waveforms of a secondary arc
(15 A, no wind, uncompensated, and with mitial recovery voltage gradient
30.53 kV/m). (b) Enlarged plot corresponding to the blue dotted rectangle mn (a),
showing successive thermal breakdowns.

Fig. 3(a) shows multiple-reignition voltage and current
waveforms of a secondary arc. It can be seen from these
waveforms that the secondary arc discharges with a total of
eleven obvious electrical breakdowns, and it can be seen from
Fig. 3(b) that the sixth and seventh of these are followed by

several successive thermal breakdowns. The timescale of the
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thermal breakdown process is about 1.5 ms. As shown in Fig.
3(a), a periodic sinusoidal bias voltage is finally formed
between the arc gap after the completion of the last secondary
arc discharge when an uncompensated transmission line is
simulated. It should be noted that when a transmission line is
compensated, the recovery voltage waveform after arc
extinguishing will eventually have the phenomenon of beating
frequency. and thus the waveform will be symmetric about the
time axis.

Fig. 4 shows the electrical breakdowns of a 15-A secondary
arc, corresponding to the electrical breakdowns indicated by the
vertical blue dashed lines a, .... k in the secondary arc stage in
Fig. 3(a). As can be seen, the metallic vapor outside the arc
channel diffuses faster than the metallic vapor inside the arc
channel with increasing time, the metallic vapor inside the arc
channel is compacted owing to self-magnetic compression. The
arc column moves toward the upper-right direction, mainly
under the effects of electromagnetic force and thermal
buoyancy [14.20.22], and a short-cut event occurs at the
moments d, e and f in the arc channel with rises in electrical
breakdown voltage, as shown in Fig.3(a). Normally, the arc
channel reaches its maximum arc length at the final electrical
breakdown £ according to the maximum critical length criterion
of secondary arc [11,20,22].

Whether the arc reignites or not after current zero-crossing is
determined by the recovery voltage applied on the arc channel
[8.9.23.24]. Normally, there are two opposing processes
occurring repeatedly during arc multiple reignitions. One,
which leads to an increase in arc channel conductivity, is
ionization of neutral particles due to the action of the electric
field and to thermal ionization after secondary arc ignition. The
other, which leads to an increase in arc resistance, is due to
wind, convective cooling, and recombination and diffusion of
particles causing an increased rate of recovery of dielectric
strength in the arc gap. In addition, the voltage necessary for
breakdown increases because the secondary arc is drawn out by
wind, thermal buoyancy, and the electromagnetic force, and
resulting an increasement of contact area between arc column

and ambient air, which enhances the de-ionization process.

119.25 ms 139.96 ms 151.26 ms

170.66 ms 180.28 ms 189.84 ms

139.96 ms 162.23 ms

Fig 4 Electrical breakdowns of a 15-A secondary arc, corresponding to the
vertical blue dashed lines in the secondary arc stage in Fig. 3(a).

B. Factors influencing thermal breakdown and electrical

breakdown in the secondary arc discharge stage

1) Compensation degree

In this study. electrical and thermal breakdown of 15-A
uncompensated and undercompensated secondary arcs at an
electrode spacing of 38 cm (an initial voltage gradient of 30.5
kV/cm) are shown in Figs. 5(a) and 5(b). In a total of ten
samples of overcompensated tests, electrical breakdown and
thermal breakdown occwred in only one test sample (not
shown in Fig. 5). With increasing compensation degree, as
shown in Figs. 5(a) and 5(b), the number of secondary arc
discharge samples and the number of reignition times in each

test sample decreased significantly.
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Fig. 5 Statistical results on electrical and thermal breakdown during multiple

reignition of secondary arcs under windless conditions: (a) 15-A
uncompensated and (b) 15-A undercompensated secondary arcs with 38-cm
electrode spacing; (c) and (d) 15-A uncompensated secondary arcs with 53-cm
and 68-cm electrode spacing, respectively, (e) 30-A and () 45-A
uncompensated secondary arcs with 53-cm electrode spacing. The number of
tests generating secondary arc and the number of total experiments of each
different test conditions can be seen in TABLE I, TABLE II, and TABLE III

(the column of probability of arcing).

2) Initial recovery voltage gradient

The statistical results for the breakdown of 15-A secondary
arcs at electrode spacings of 38 cm, 53 cm. and 68 cm
(corresponding to initial recovery voltage gradients of 30.53
kV/m, 21.89 kV/m, and 17.06 kV/m) are shown in Figs. 5(a).
5(c), and 5(d). respectively. Within the range of electrode
spacings tested, it can be seen that the spacing or the initial
recovery voltage gradient has no significant effect on the
number of samples in which discharge occurred, or on the
number of reignitions in a single discharge sample.
3) Test current of secondary arc

Figs. 5(c). 5(e). and 5(f) show statistical results for electrical
and thermal breakdown of 15-A, 30-A, and 45-A secondary
arcs, respectively, all with an electrode spacing of 53 cm.

Increasing the test current of the secondary arc will increase the

discharge energy. thereby increasing the number of samples in
which discharge occurred and the number of electrical
breakdowns and reducing the number of thermal breakdowns.
For 30-A and 45-A secondary arc test currents, the dielectric
strength across the arc gap does not recover sufficiently,
resulting in more electrical breakdowns than the experiments
under 15-A test current conditions during reignitions. In EHV
and UHV systems, when the secondary arc current is lower than
30 A, the arc discharge normally tends to self-extinguish [8].

IV. TRV AND RRRV IN SECONDARY ARC REIGNITIONS

Based on the dielectric strength recovery theory., gap
breakdown and arc reignition will occur in the arc channel
when the recovery rate of the dielectric strength is lower than
the RRRV [23.24]. The breakdown voltage of the arc gap is
equal to the TRV at the moment of gap breakdown. Therefore,
the recovery rate of the gaseous medium can be measured by
the RRRV of the arc gap at the moment of gap breakdown, i.e.,
when the RRRV of the arc gap just exceeds the recovery rate of
the gaseous medium. The RRRV is calculated as follows:

IRV

RRRV:I— (D

here, 4 is the time difference between the moment at which the
TRV zero value starts rising and the moment at which the TRV
reaches its peak value, and is basically equal to half of the
power cycle (10 ms) during the multiple-reignition process, and
hence the trend of variation of the RRRV is basically consistent
with that of the TRV.

Figs. 6, 7, and 8 show the influences of compensation degree,
initial recovery voltage gradient, and test cwrent of the
secondary arc, respectively, on the TRV and the RRRV during
the multiple-reignition process. The test sample number
indicated by arrows in Figs. 6—8 corresponds to those in Fig. 5.
1) Compensation degree

High-voltage shunt reactors are normally installed on
EHV/UHV transmission lines, not only reduce the line natural
shunt capacitive effect that will result in a sustained
overvoltage at light-loading operation conditions, but also play
arole as the most important source that maintains the secondary
arc. The voltage, current, and other electrical characteristics of

the secondary arc will all depend on the compensation degrees
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of the transmission lines with these shunt reactors. Because of
the variability in arc discharge, it is necessary to perform
statistical analyses on data from test samples of secondary arcs
[19].
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Fig. 6 Curves of variation of TRV and RRRV during multiple reigmition of a
15-A secondary arc with 38-cm electrode spacing (30.53-kV/m recovery
voltage gradient), under conditions of no compensation [(a) and (c)] and
undercompensation [(b) and (d)].

In Figs. 6(a) and 6(c), the recovery voltages of sample data
Nos. 6 and 8 drop sharply in part of each curve. The voltage and
the current waveforms and the discharge images of sample data
No.6. corresponds to the multiple reignitions shown in Figs. 3(a)
and (b) and Fig. 4. Combined with the corresponding voltage
and cwrrent waveforms, the thermal breakdowns in test sample
occurred many times, with two or three thermal breakdowns
occurred immediately after each electrical breakdown during
the reignition process, corresponding to the decline stage in Fig.
6(a).

From the voltage and current waveforms of sample data No.6
[Fig. 3(b)]. it can be seen that the TRV value reached 20.35 kV
at the sixth electrical breakdown, which was followed by three
thermal breakdowns. The number of conductive particles
generated in the arc channel is more than in the previous two
thermal
breakdowns, and the existence of the multiple thermal

adjacent electrical breakdowns, owing to the
breakdowns makes the zero-crossing time shorter than the
normal zero-crossing time. Consequently, the recovery time of

the dielectric strength will also be shorter, and therefore the

breakdown voltage required for the next electrical breakdown
will be lower. Thus, on the one hand, the thermal breakdown
process can shorten the recovery time of the dielectric, and on
the other hand, it can keep the arc channel at a high ionization
degree during the adjacent electrical breakdown. Therefore,
when multiple thermal breakdowns occur between two adjacent
electrical breakdowns, the TRV and RRRV at the latter
electrical breakdown tend to decrease. It can also be seen from
Fig. 5(a) that thermal breakdown accounted for the largest
proportion in sample data Nos. 6 and 8, occurring 14 and 15
times, respectively, by comparing with other tests in the same
test group.

In Figs. 6(b) and 6(d), sample data Nos. 4, 5, and 6 for the
15-A undercompensated secondary arc all show a decreasing
trend in the TRV during the initial secondary arc stage. The
discharge images at this time show that repetitive short-cut
events are present during the initial stage of the secondary arc.
After the short-circuit arc, the metallic vapor outside the arc
channel does not diffuse significantly during the initial stage of
the secondary arc. If there is no significant isolation of
conductive particles inside and outside the arc channel, a
short-cut event may occur during arc reignition, which will
extending the process of arc self-elongation. With the increase
in reignition times, the arc as a whole becomes elongated,
mainly through the action of wind, the electromagnetic force,
and thermal buoyancy, and the TRV at the moment of gap
breakdown tends to rise, finally reaching a maximum at the
moment of arc extinction. Likewise, the recovery rate of
dielectric strength follows the same trend during multiple
reignitions.

Generally, the probability distribution of the secondary arc
discharge time. under the same experimental conditions,
follows a normal distribution. However, because the standard
deviation ¢ of the arcing time of the secondary arc is unknown,
it must be replaced by the sample standard deviation s, and so
the distribution becomes a t-distribution rather than a normal
distribution. Using the z-distribution, the arcing time of the
secondary arc with 90% confidence coefficient can be

calculated as follows:

;J:Ii!“j; (2)
f=n-1 (3)
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a=1-p 4)
where ¢ and x are the expected value and mean value of the
secondary arc arcing time, f'is the degree of freedom, » is the
number of test samples, a is the significance level, and p is the
confidence coefficient (here is 90%), 7, . is the value looked
up in the f~table when o and f are known, and s is the sample
standard deviation of the secondary arc arcing time. The 90%
probability arcing time ranges of secondary arcs with different
compensation degrees of transmission lines are shown in Table
L

TABLEI
STATISTICS OF EXPERIMENTAL RESULTS ON MULTIPLE-REIGNITION

CHARACTERISTICS OF SECONDARY ARCS UNDER. DIFFERENT COMPENSATION

CONDITIONS
Mean
value of
Mean maxinmm
value 90% Mean m -
Compensation of probability value of recover pﬂ)bal;.ﬂ'l
condition arcing arcing time ZETO-CTOSSL v yo
time range (s) ng time (s) voltage arcng
(s) after
extincty
on (kKV)
Uncompensated  0.1276 01 1022;} 15 0.0025 28.655 10/10
Undercompensa  0.0794  0.0338-0.12 0.0057 27576 6/10
ted 7 51
0"“‘3‘:’3"""5‘“ 0.0444 / 0.0299 24837 1/10

The test current value of the secondary arc 1s 15 A, with 30.53-kV/m mitial

recovery voltage gradient.

On the basis of the statistical results in Table I and Fig. 6. it is
found that the arcing time, reignition times, and maximum
recovery voltage after arc extinction exhibit an obvious
downward trend with increasing compensation degree. The
zero-crossing time rises with increasing compensation degree.
Generally, the larger the zero-crossing time, the fewer are the
reignitions. The statistical results of this study show that the
probability of arc reignition decreases with increasing
A high

compensation degree can effectively reduce the possibility of

compensation degree of transmission lines.
arc reignitions by increasing the zero-crossing time and thus
shortening the arcing time of the secondary arc.
2) Initial recovery voltage gradient

With a constant applied voltage applied between the
electrodes, variations in the electrode spacing will affect the
electric field intensity in the arc channel. With increasing

electrode spacing, the electrical breakdown voltage also rises,

and so does the maximum arc current value, i.e., the breakdown
current. In fact, the value of the maximum arc current can be
used to represent the intensity of the discharge.

Overall, the TRV and RRRV curves show an upward trend.
Sample data Nos. 5 and 6 in Fig. 7(a) and Nos. 5-7 and 9-10 in
Fig. 7(b) all show that the TRV drops significantly at electrical
breakdowns. The sample data groups with large drops in the
TRV and RRRV curves are the experimental groups with more
thermal breakdowns, on the basis of the statistical results
shown in Figs. 5(c), 5(d). and 7. From the corresponding
voltage and current waveforms during the late stage of
reignition, it is found that the sharp drops in the TRV at the
electrical breakdowns occur after several consecutive thermal
breakdowns. The ionization degree across the arc channel is
still very high at this time, and, in addition. the thermal
breakdown process shortens the recovery time of dielectric
strength. Moreover, the arc column during the later stage of
reignition is drawn out such that the arc channel overlaps within
the diffused metallic vapor, driven by thermal buoyancy and the
electromagnetic force. In terms of arc morphology as described
by the maximum critical length of the secondary arc, arc
column short-cut events can also prolong the discharge time
[14]. Considering Figs. 6 and 7, comparisons of the number of
short-cut events with reignition times from the same sample
data show that if the short-cut events occur in the secondary arc
stage, they are very likely to prolong the duration of this stage.
The reignition times (proportional to the arcing time) of sample
data Nos. 5 and 6 in Fig. 7(a) and Nos. 57, 9. and 10 in Fig. 7(b)
are all higher than those of other test samples under the same

experimental conditions.
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Fig. 7 Curves of variation of TRV and RRRV during multiple reigmition of a
15-A secondary arc with [(a) and (c)] 53-cm electrode spacing (21.89-kV/m
recovery voltage gradient) and [(b) and (d)] 68-cm electrode spacing
(17.06-kV/m recovery voltage gradient), under conditions of no compensation.

TABLEII
STATISTICS OF EXPERIMENT RESULTS ON MULTIPLE-REIGNITION

CHARACTERISTICS OF SECONDARY ARCS FOR. DIFFERENT INITIAL RECOVERY

VOLTAGE GRADIENTS
90% probability =~ Mean value Mean Probabilit
Initial Mean arcing time of value of  yofarcing
recover value range (s) ZET0-CTOSSIN maximu
v of g time (s) m
- Tecovery
volta_lge arcng voltage
gradient time after
(kV/m) (s) inction
V)
30.53 0.127 0.1102-0.1528 0.0025 28.655 10/10
6
21.89 0.096 0.08223-0.111 0.0038 28.442 10/10
9 6
17.06 0.113 0.08940-0.138 0.0034 28332 10/10
8 2

The test current of the secondary arc 1s 15 A, under a condition of no
compensation.

From the statistical results on electrical characteristics in
Table II, there does not appear to be any obvious trend of
variation of the average discharge time and zero-crossing time
of the secondary arc, although the maximum recovery voltage
after extinction decreases slightly with increasing initial
recovery voltage gradient.

3) Test current of secondary arc

Normally, for a constant test voltage, the electrostatic

induction component of the secondary arc, derives from the

equivalent capacitance C between the faulty phase and the

healthy phase of the transmission lines, is proportional to the
length of the line. Thus, the longer the line (or the higher the
capacitive coupling), the higher is the secondary arc current.
The curves of variation of the TRV and RRRV during
multiple reignitions of 30-A and 45-A secondary arcs are
shown in Fig. 8. The TRV and the RRRV show increasing
trends as the arc reignitions proceed. It should be noted that the
decreases in the TRV and RRRYV in test sample No. 1, marked
by arrows in Figs. 8(b) and 8(d). are due to the thermal
breakdown after the 18th electrical breakdown. Thermal
breakdown shortens the recovery time of dielectric strength
across the air gap, while, on the other hand, maintaining the arc
channel at a high ionization degree for a period of time and thus

reducing the breakdown voltage of the next arc discharge.
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Fig. 8 Curves of variation of TRV and RRRV during multiple reigmtion of [(a)
and (c)] 30-A and [(b) and (d)] 45-A secondary arcs, with 53-cm electrode
spacing (21.89-kV/m recovery voltage gradient), under conditions of no
compensation.

The reignition times in a single test sample increase
significantly with increasing test current, but the maximum
values of the TRV and the RRRV remain almost unchanged, as
can be seen in Figs. 7(a). 7(c), and 8. As shown in Table III, as
the test current increases, the reignition times of the secondary
arc increase significantly, whereas the zero-crossing time
decreases, and the maximum recovery voltage after arc
extinction also decreases to a certain extent. The shorter the
zero-crossing time, the slower is the recovery process of the

dielectric strength, and the more frequent are the arc reignitions.
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Multi-batch experiments and operation experiences in China
show that when uncompensated secondary arc current is about
10-12 A (the RMS value of its fundamental wave), the
secondary arc will quickly self-extinguished within 0.2 s [8],
which is consistent with the experiment result of 15-A

secondary arc in the order of magnitude, shown in Table III.

TABLE IIT
STATISTICS OF EXPERIMENTAL RESULTS ON MULTIPLE-REIGNITION

CHARACTERISTICS OF SECONDARY ARCS FOR DIFFERENT TEST CURRENTS

90% probability =~ Mean value Mean Probability
Mean arcing time of value of of arcing
value range (s) Zero-crossing  maxinmm
Test i
of time (s) Tecovery
cumrent 5
) arcing voltage
time after
=) extinction
&)
15 0.0969 0.08223-0.1116 0.0038 28442 10/10
30 02344 0.1724-0.2964 0.0014 27.680 9/9
45 0.2559  0.2059-0.3059 0.00079 26.029 11/11

The 1nitial recovery voltage gradient of the secondary arc 1s 21.89 kV/m
under a condition of no compensation. The secondary arc in two test samples
failed to extinguish m all 11 test samples when the test current was 45 A.

V. WIND FACTORS AFFECTING SECONDARY ARC

According to multifield coupled dynamic modeling of
secondary arcs, the secondary arc column is affected mainly by
the electromagnetic force, wind force, and air resistance in the
horizontal direction, and by thermal buoyancy in the vertical
direction [20]. Wind can accelerate the de-ionization and
thermal convection processes of the secondary arc, and the arc
column will be lengthened, weakening the thermal ionization
degree in the arc channel. Recombination between particles is
strengthened and the difficulty of reignition is evidently
increased. In this study, electrical breakdown of the secondary
arc was investigated at different wind directions and wind
speeds, and statistical plots of the RRRV are shown in Fig. 9. It
can be seen that with increasing reignition times, the RRRV
shows an overall increasing trend, although there are local
decreases in the RRRV due to thermal breakdown between two
adjacent electrical breakdowns.

The wind direction diagram is shown in Fig. 2. A comparison
between Figs. 9(a) and 9(c) on the one hand and Fig. 9(b) and (d)
on the other hand shows that when the wind direction is from
west to east (i.e., opposite to the Ampére force exerted on the

secondary arc column), the number of arc discharge test

samples is significantly more than when the wind direction is
from south to north (i.e., perpendicular to the Ampére force
exerted on the secondary arc column).

As shown in Table IV, with increasing wind speed, the
average value of the arcing time tends to decrease, whereas the
zero-crossing time tends to increase, and the maximum
recovery voltage after arc extinction decreases fo a certain
extent. A longer zero-crossing time indicates that the secondary
arc needs to achieve a higher RRRV for arc breakdown to occur,
and so the probability of arc reignition becomes smaller. As can
be seen from Fig. 9(d). a high RRRV occurred in test sample
No. 6, because no arc breakdown occurred at the previous
voltage peak before the seventh electrical breakdown. When
the voltage rises in reverse with periodic change, the recovery
voltage across the air gap rises to the breakdown voltage, and

the seventh electrical breakdown occurs.
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Fig. 9 Curves of variation of RRRV during multiple reignitions of a 30-A
secondary arc for 68-cm electrode spacing (17.06-kV/m recovery voltage
gradient), under a condition of undercompensation: (a) and (c) 1.5-m/s wind
speed with wind direction from west to east and from south to north,
respectively; (b) and (d) 2.5-m/s wind speed with wind direction from west to
east and from south to north, respectively.

TABLEIV
STATISTICS OF EXPERIMENTAL RESULTS ON MULTIPLE-REIGNITION

CHARACTERISTICS OF SECONDARY ARCS UNDER WIND CONDITIONS
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Wi 0% Mean vatue . Mean . Probabilit
DIRECTION probability of value of yof
Win s Mean arcing time ZETO-CTOSSIn maximm arcing
d value range (s) g time (5) m
spee of Tecovery
d arcing voltage
(m's) time (5) after
extinctio
n (kV)
15 Fromwest 01220  0.1040-0.1419  0.0028 284601 10/10
to east 6
25 Fromwest  0.1111 0.08730~0.135  0.0040 282452 10/10
to east 5 0
1.5 From 01115  0.07363~0.149  0.0020 290132 510
south to 4 4
north
25 From 00877  0.05455~0.121  0.0034 282388 610
south to 8 0
north

The test current of the secondary arc 1s 30A, under a condition of
undercompensation with 17.06-kV/m initial recovery voltage gradient.

Statistical results for electrical and thermal breakdown of a
secondary arc for different wind speeds and wind directions are
shown in Fig. 10. Comparisons between Figs. 10(a) and 10(b),
and between Figs. 10(c) and 10(d). show that the number of
samples in which discharge occurred does not change
significantly with increasing wind speed.

From Fig. 10 and Table IV. it can be seen that when the wind
direction is from west to east (i.e., opposite to the Ampére force
exerted on the secondary arc column), the action of the wind
hinders self-elongation of the arc, resulting in greater numbers
of electrical and thermal breakdowns at a given wind speed.
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Fig. 10 Statistical results on electrical and thermal breakdown during multiple
reignifion of 30-A undercompensated secondary arc with 68-cm electrode
spacing (17.06-kV/m recovery voltage gradient) under windy conditions: (a)
and (c) 1.5-m/s wind speed with wind direction from west to east and from
south to north, respectively; (b) and (d) 2.5-m/s wind speed with wind direction
from west to east and from south to north, respectively.

By contrast, when the wind direction is from south to north
(perpendicular to the Ampére force exerted on the secondary
arc column), the wind accelerates the self-elongation, and the
numbers of electrical and thermal breakdowns decrease sharply,
and there is also some decrease in the arcing time, although the
zero-crossing time and maximum recovery voltage gradient

after arc extinction do not change significantly.

VI. CONCLUSIONS

A low-voltage experimental platform for simulation of
secondary arcs in the laboratory was established. The
probabilities and numbers of electrical and thermal breakdowns
as well as the trends of variation of the TRV and RRRV during
secondary arc reignitions were studied in detail. The following
conclusions were drawn from the results of these
investigations:

1) During the multiple-reignition process, the TRV and
RRRYV show overall increasing trends, although they
exhibit temporary decreases thermal
breakdowns. On the one hand, thermal breakdown

shortens the recovery time of dielectric strength in the

due to

arc channel, while, on the other hand, maintaining the
arc channel at a high ionization degree for a period of
time and thus reducing the breakdown voltage of the
next electrical breakdown.

2) When the compensation degree of transmission lines
is increased, the arcing time, reignition times, and
maximum recovery voltage after arc extinction all
show distinct downward trends, meaning that the

The

zero-crossing time is negatively correlated with the

probability of arc reignition is lower.
probability of arc reignition, and it increases with
increase of compensation degree of transmission
lines. A short-cut event may occur during arc
reignition. which will extending the process of arc
self-elongation.

3) Within the wind speed range in this study. the
probability of arc reignition does not decrease with
increasing wind speed. but the arcing time is reduced.
At a given wind speed, when the wind force is
opposite to the Ampére force on the arc column,

which reduces the self-elongation of the arc and
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increases the arcing time. When the wind force is
perpendicular to the Ampére force on the arc column,
enhancing the elongation of the arc and making it

easier to extinguish.
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