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Mechanism to explain
the switching impulse phenomena

K.Feser

1. Introduction

The problem of the dielectric strength of the air is best
shown on figure 1. It is recognized that for a rod-plane
spark-gap when a positive switching impulse is applied
on the rod, the lowest air dielectric strength is attained.
This figure is particularly interesting because all voltage
stresses are measured on the same spark-gap in compa
rable surrounding conditions.

For the negative voltage stresses on the blunt edged
electrode the 50%, breakdown impulse voltages resp.
the mean value of the breakdown voltage for the consi-
dered voltage stresses are about the same. In the case of
the positive polarity on the blunt edged electrode, a line-
ar rise of the mean value of the breakdown voltage resp.
of the 50%, breakdown impulse voltage is obtained with
DC and lightning impulse voltages, while the reference
line of the 50%, breakdown voltage for switching impul-
ses runs according to a parabola at a definite distance
(a > 40 cm).

It is interesting to mention the transition region with
short distances and positive switching impulses. In this
range the breakdown can be caused by two different
pre-discharges (1). The transition regions for other vol

tage stresses were also observed with changes of the
predischarge. Nevertheless this change of the predis-
charge for the voltage stresses concerns lower voltages
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Fig. 1. Breakdown voltage of rod-plane-spark-gap in air. Influence
of the wave shape
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and is not taken here into consideration anymore. The
509, breakdown voltage for positive switching impulses
for the following precisely examined stress phenomena
is given by the relation:

]/ a
UdSO—IOO 5+I—250

This equation is valid for the 50%, breakdown switch-
ing impulse voltage for a gap distance range of
40 cm < a < 3000 cm. It is known since many years
that the minimum value of the 50%, breakdown switch-
ing impulse voltage rises to larger front durations if the
distance is increased.
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Fig.2. Breakdown voltage of rod-plane-spark-gap in air. Influence
of the front duration

On figure 2 the mean value of the breakdown voltage in
relation to the front duration with the distance as para-
meter is again indicated according to Russian results
(2) and a measurement from Watanabe (3) for a dist-
ance of 9 m. It can be remarked from this figure that
the minimum breakdown voltage lies on a straight line
for a distance of at least about 3 m. Therefore the criti-
cal front duration for any chosen amplitude of switch-
ing impulse of the dielectric strength of an insulating ar-
rangement in the air can be given by the formula:

U - 600
Tsrit = 2,08

in us (U in kVY)



For example we obtain a critical front duration of
675 us for a switching impulse of 2 MV. For small dist-
ances up to about 3 m the minimum breakdown voltage
lies at about 110 us. According to these considerations
it is clear that for the dielectric strength of air insulation
in an inhomogeneous field distribution the rise of a pos-
itive, unipolar impulse of 2,08 kV/us is particularly
critical. In order to be able to simulate the sharpest
stress during electrical tests it is advisable not to use a
definite front duration (i.e. 250 us) but rather a wave
with a voltage rise of about 2,08 kV/us.

When the test voltage is reached, the linear increasing
switching impulse must be suppressed on the test object
by means of a suitable chopping device.

2. Influence of the predischarges
on the breakdown voltage

If it is desired to explain the differences in the break-
down voltages of spark-gaps in the air in inhomoge-
neous fields, the predischarge process must be investi-
gated as the breakdown phenomenon is much influ-
enced by these predischarges (1), (5). In particular, and
this is important for practical purposes, the breakdown
voltage of a given arrangement, mainly regarding the
voltage requirements, is dependent upon the predis-
charge occuring before the breakdown (4).

For the sake of completeness the various predischarge
phenomena are shown in figure 3 for a positive, blunt
edged electrode. Four different predischarge shapes are
possible with a positive, blunt edged electrode, where
the existence range for the various predischarge phe-
nomena depends upon many parameters (5).
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Fig.3. Schematic representation of the various predischarge phe-
nomena on a blunt edged electrode with positive voltages

Two discharge shapes are interesting for the breakdown
process with positive switching surges; these will be
considered in detail hereafter:

1. The streamer corona, because, as the discharge phe-
nomena occurs after the onset voltage, with increasing
voltage, it can follow

2. the leader corona.

According to which of the two predischarges takes
place, a different breakdown voltage will occur. The re-
lationship between the breakdown voltage and the pre-
discharge is recognizable with the help of figure 4.
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Fig. 4. Breakdown probability of a 50 cm rod-plane-spark-gap in air
with switching impulses. Influence of the electrode shape

On this figure is shown the breakdown probability of a
50 cm rod-plane-spark-gap with 2 cm hemisphere as
electrode termination on the anode, with a switching
impulse stress of 60/525. The mixed distribution of the
breakdown voltage shows clearly that two significant
parameters influence the breakdown process.

In this example the high breakdown values of about
380 kV correspond to the breakdowns due to streamer
corona; the low values of about 270 kV occur when the
stable leader corona precedes the breakdown.

Which of the predischarge occurs depends, in this elec-
trode configuration and, for this voltage range, upon
hazard.

On the contrary, for a 30° pointed electrode as positive
electrode the breakdown occurs always form the leader
predischarge; in this case the breakdown voltage with
the lower voltage value can be correspondingly com-
pared with the mixed distribution.

This allegation is evident, among others, by the photo-
graphic recording of the optical phenomenon of the co-
rona. As shown in figure 5, with the 2 cm hemisphere
and with the same voltage, both the leader corona and
the streamer corona are observed, where about 50%, of
the voltage stresses show a leader corona; this fact cor-
roborates with the breakdown probability of the pre-
ceding picture.

In the case of the 30° pointed electrode only the leader
corona occurs and this fact can also be observed with
much lower voltages. This figure permits also to recog-
nize the optical difference between the two corona phe-
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Fig.5. Predischarge recordings from a 30 cm rod-plane-spark-gap in air with switching impulses a streamer predischarge, b-d

leader predischarge

nomena. The streamer corona is composed of many
channels which are relatively weakly lighted; the leader
corona is composed of a relatively strongly lighted core
which reveals a higher ionization meaning also higher
conductivity. Streamer predischarges depart from its
head making possible only in this way, with increasing
voltage, the occurence of the leader predischarge (1).

It is known from the breakdown with lightning impuises
that the breakdown at the 50%, breakdown light im-
pulse voltage of spark-gaps in the air with inhomoge-
neous fields occurs in the tail of the lightning impulse,
l.e. with decreasing impulse voltage. Measurements
with switching surges show that for this kind of stress
the breakdown takes place with increasing impulse vol-
tage; at least this is the fact with large gap distances (3).
The breakdown can also occur after the peak of the
switching impulse with small gap distances only if the
streamer predischarge precedes the breakdown (1).
This phenomenon is directly related with the develop-
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ment characteristics of the predischarges, as it will be
shown at a later time.

The breakdown duration, i.e. the time between begin-
ning of voltage till the breakdown instant for a rod-
plane and rod-rod-spark-gap in relation with gap dist-
ance are given in figure 6a.

For a stress of the spark-gap with a switching impulse
having a front time of 60 us, the mean value of the
speed of the leader predischarge is 4,2 em/us as it can
be estimated from the constant rise of the breakdown
time with increasing gap distance (1). Particularly im-
portant is the relation shown once more in figure 6b. In
this case is shown the breakdown time over the distance
for minimum breakdown voltage, i.e. with changing
front duration. Here a linear rise with about 0,81 us/cm
is obtained, corresponding to a developing speed of the
leader of about 1,24 em/us. This value corresponds
very well with the measurements reported by Lemke (6)
and Agapov (7).
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Fig. 6. Breakdown times with switching impulse stress. a front dura-
tion T, = 60 us, b linear rising voltages

The quicker the rise of the switching impulse, i.e. the
shorter the front duration, the larger will be the devel-
oping speed of the leader, in the same arrangement.
Therefore the developing speed of the leader is larger
with a front time of 60 us.

The breakdowns occur also in the tail of the switching
impulse in case of too rapidly increasing switching im-
pulses with large gap distances because of the slow
speed of the leader predischarge.

3. Schematic representation and characteristic
values of the breakdown process with lightning
and switching impulse voltages

Based upon the available measured results of the cur-
rent and voltage process in the gas discharge gap and
the optical representation of the gas discharge it is pos-
sible to present an hypothesis upon the basic develop-
ment of breakdowns with lightning and switching im-
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Fig. 7. Basic development of the breakdown due to the streamer and
the leader predischarge

pulse voltages. The breakdown due to a streamer pre-
discharge is shown in figure 7a, while the breakdown
due to a stable leader predischarge is shown in figure
7b.

It is possible to recognize in both discharge cases, three
important steps: the streamer step, the leader step and
the main discharge step.

In the case of the lightning impulse 1,2/50, with in-
creasing impulse voltage, when the field strength on the
anode is large enough, the impulse corona is constitued,
i.e. the streamer predischarge. It is made of a current
impulse of a few amperes with a charge of max. 1 uC.
Due to the swift rising voltage this current impulse oc-
curs at a higher voltage as compared with slow rising
impulses. For example the onset-field strength mea-
sured for a 2 cm hemispheric electrode with direct vol-
tage or alternating voltage is 45,5 kV/cm while for a
positive impulse 1,2/50 the onset-field strength is
88 kV/cm, that means twice as much.

In the tail of the first current impulse it is possible to
observe still further impulses (8), (9). The amplitude of
the first impulse is proportional to the onset-voltage.
The more inhomogeneous is the field on the blunt edged
electrode, the smaller the onset-voltage end therefore
the smalier is the current impulse. The charge distribu-
tion of the streamer corona prevents for a certain time
each further impulse. After the onset-field strength is
reached on the anode once more, due to the wandering
of ions or the rise of the voltage, further streamer pre-
discharges can occur. When the streamer corona reach-
es the cathode it will heat up a leader channel outcom-
ing from the positive electrode. Such an inner process is
thus probable while, according to the results of the cur-
rent and voltage oscillograms and the simultaneous re-
cording of the optical phenomenon, the voltage for the
development of the leader corona must not rise any
more (figure 7a). With strongly overshooting voltages
or very inhomogeneous field the streamer corona can
reach the negative-electrode already during the rising of
the impulse voltage, and thus can produce a leader co-
rona formation.

In the case of the switching impulse (figure 7b) stream-
er predischarges currently occur after the onset-voltage
with further rising voltage. Through further predis-
charges a leader will be formed on the anode (6), with a
mean discharge current of 150 mA, although the
streamer predischarges have reached the negative elec-
trode.

For a mean discharge current of 150 mA the voltage
drop in the leader predischarge amounts to about
1kV/cm (4).

Through further current impulses the leader can devel-
op with an about constant mean speed, while streamer
predischarges continue to depart from the head of the
leader. For the development of the leader predischarge
the voltage must rise still more, so that in this case only
breakdowns in the front of the switching impulse can
occur, and with rising voltage, the critical front time is
reached for the distance considered. The switching im-
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pulse rise must occur according to the leader predis-
charge voltage requirement.

From the critical voltage rise of 2,08 kV/us and the in-
creasing speed of the leader predischarge of 1,24 cm/us
a voltage requirement of 1,6 kV/cm results for the lead-
er predischarge under the assumption that the whole
voltage rise for the developing leader must be brought
up. When the streamer predischarge reaches the nega-
tive electrode, a relatively conducting channel will exist
between the electrodes which will now be heated.

In the case of the breakdown from the streamer predis-
charge, the voltage collapses practically instantaneous-
Iy because in this case the leader is very low ohmic. On
the contrary, in the case of the switching .impulse, the
leader channel bridges the spark-gap with a voltage re-
quirement of about 1...2kV/cm, and the following
breakdown occurs due to the heating of the already
available plasma. This phenomenon is recognized by
the slow current rise of about 2 A/us and the slow vol-
tage collapse with high ohmic internal resistance (1).
The alteration from streamer predischarge into leader
predischarge and, thereby, the extension of the leader
occurs, according to an hypothesis from Petropoulos
(10), from the fact that from the head of a leader predis-
charge outgoing streamers suddenty constrict radially

a
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54
0 + + +
50 100 10 200
C — wmdincm

with a field strength at the leader head of abou:
70 kV/em. Thereby the conductibility is suddenly in-
creased and the streamer becomes a part of the leader.
This mechanism would necessitate a pre-development
of the leader in individual stages: this has been consi-
dered as possible by some authors recently, for example
Giénger (11) after measurements with image converters.
The current process indicates also a back stage mecha-
nism (12},

A comparison between the two mechanisms shows
clearly the important differences in the building up of
the discharge:

The leader discharge beging with a breakdown from the
streamer predischarge only when the streamer has
reached the opposite-electrode. The voltage drop in the
leader discharge with a breakdown from the streamer
predischarge is very much smaller. The developing
speed of the leader discharge is thereby about exponen-
tial with streamer breakdown and does not need a fur-
ther rise of electrode voltage for the breakdown. With
switching impulses the developing speed of the leader
predischarge is about constant. For the developing of
the leader predischarge the electrode voltage must rise
further.

As the voltage requirement of the predischarge occur-
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Fig. 8. Speed and voltage requirement of the leader predischarge with lightning impulses: arrangement: rod-plane
a image converter picture, 2 = 50 ¢m; b speed, & = 50 cm; ¢ mean speed in relation to distance; d mean voltage requirement in relation to

distance
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ing before the breakdown determines the breakdown
voltage, the breakdown voltage gap distance character-
istic line can also with this figure be explained as fol-
lows:

a) in the case of the lightning impulse 1,2/50 the
streamer predischarge must bridge the spark-gap with a
voltage requirement of 4...5 kV/cm, before the break-
down can occur. Correspondingly the breakdown vol-
tage gap distance characteristic line rises linearly with
about 5,4 kV/cm (at normal conditions).

b) in the case of the breakdown due to the stable leader
predischarge, part of the spark-gap will be bridged by
the leader with a voltage requirement of 1...2kV/cm
and the remaining part of the spark-gap distance will be
bridged by the streamer predischarge with about
4...5kV/cm, before the actual breakdown. The larger
the gap distance the larger will be the portion of the
leader predischarge. Corresponding to this predis-
charge phenomenon the breakdown voltage gap dist-
ance characteristic line departs more and more from
the linear characteristic line of the lightning impulse.
For extremely large gap distances the characteristic line
rises further only with 1 kV/cm because then the whole
gap distance practically must be bridged by the leader
predischarge before the breakdown.

The speed and charging requirement of the leader pre-
discharge with lightning impulse stress are given in fig-
ure 8. Figure 8a shows the speed of the expending
channel. The leader begins with a speed of about
1...2 cm/us and, as the voltage drop in the leader is
very small [0,055 kV/cm (13)], the anode potential is
transferred onwards and the speed of the leader increas-
es always and reaches a value of a few 10 cm/us (figure
8b). The mean value of the leader discharge for a rod-
plane-spark-gap increases also slightly with the distance
and lies at about 10 cm/us (figure 8 c). The charging re-
quirement for the transfer and the heating of the leader
amounts to about 25 uC/m (figure 8 d).

From these measurements and from known published
results, the following characteristic values can be de-
ducted for the streamer and leader discharge with light-
ning and switching impulses; the mean values are
shown in figure 9.

The comparison of the voltage requirement shows that

Lightning impulse 1,2/50us Switching impulse !
Streamer Leader Streamer l Leader
Voltage requirement | 4.5 ®em | 0055 Wem 6.5 Wem 05 2%em
i
mean discharge current —_ a few amps - ~ 05A
charge requirement — 254/, — 1..2%m
mean developingspeed|  “100Mys | 5.5 ~I00MYys | 10
i 1
mean dsi::,f:r;; main 100.:.. 1000 Myyg 20,30,

Fig.9. Comparison between the characteristic values of streamer
and leader discharges with lightning and switching impulse voltages

the leader has a voltage drop of 0,055kV/cm with
lightning impulse breakdowns (13), (14). With switch-
ing impulses the voltage drop is estimated at
0.5...2kV/cm according to the mean discharge cur-
rent. The voltage requirement of the streamer predis-
charges is about the same. The mean discharge current
can be covered by the load capacitance if same is large
enough (about 1000 pF) without a noticeable voltage
break-through. It amounts for the leader predischarge
with lightning impulses at a few amps, for the leader
predischarge with switching impulses at only about
150 mA.

The charging requirement of the leader discharge with
lightning impulses amounts to a value of about
25 uC/m. These values are at about power ten over the
charging requirement of the leader predischarge with
switching impulses (1), (4).

With strongly overshooting impulse voltages the charg-
ing requirement of the leader discharge increases still
further and reaches a value of a few 100 ©C/m (15).
The mean developing speed of the streamer predis-
charge amounts for both voltage stresses to about
100 cm/us (16). The mean developing speed of the
leader predischarge for the 50%, breakdown voltage
range with lightning impulses has values of about
10 cm/us, whereas for the leader predischarge with the
minimum breakdown voltage with switching impulses,
values of 1 cm/us are reached. This speed is of course
dependent upon the fronttime duration and the elec-
trode shape, e.g. developing voltage.

For the mean value of the main discharge with lightning
impulses speeds of 100...1000 cm/us are obtained
while with switching impulses mean speeds of
20...30 cm/us were measured (4).

4. Influence of humidity
upon the formation of the leader predischarge

Figure 10 shows clearly that the stable leader predis-
charge is not only a characteristic of switching impul-
ses; in this figure the influence of humidity on the
breakdown voltage with alternating voltage stress is in-
dicated. It is recognized that also with alternating vol-
tages and high humidity the leader predischarge occurs.
The breakdown voltage rises in this range less, with ab-
solute humidity, than in the case of the streamer predis-
charge range (17). A linear rise of the breakdown vol-
tage with switching impulses is ascertained when the
absolute humidity increases, the percent increase dimin-
ishes with larger distances (18), (19).

Physically these results mean that the streamer predis-
charge is influenced by humidity, whereas the leader
predischarge is not (20). Therefore a limited influence
of humidity is available which diminishes the range of
the streamer at the head of the leader predischarge,
where the range (free path length) of the photons is dim-
inished and altogether heavy moving negative, dischar-
ge-preventing ions can build up at the leader head. This
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influence diminishes with increasing distance because
of the ever more predominant leader predischarge.
These results show particularly clearly that a humidity
correction must be introduced for the predischarge
process; thereby in the preceding example the leader
predischarge at 11 g/m* shows a reference figure which
is fictive.

It must be supposed that with all voltage stresses, the
stable leader predischarge can occur. The leader predis-
charge has been examined, up to now, mostly for
switching impulses and alternating voltages but atso for
impulse voltages with short front durations 1,2 us and
long tail durations 2500 us. With lightning impulses
1,2/50 and large gap distances stable leader predis-
charges occur also, but due to their limited speed they
do not progress too far in the discharge space, because
the short tail duration of 50 us leaves hungry the devel-
oping channel.

It can be supposed nevertheless that at a few million
volts the positive lightning impulses will also cause a de-
flection of the breakdown voltage-gap distance charac-
teristic line. The protruding discharge observed by sev-
eral authors (9}, (4) can possibly be described as the be-
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ginning of the leader predischarge, but it would be inter-
esting to know if the observed protruding discharge
with dc and ac voltages is composed of a streamer pre-
discharge and a leader predischarge. These predis-
charges cannot be determining in the breakdown vol-
tages with the distances considered up to now because
the protuberance is only a few centimeters long and evi-
dently cannot develop (20).

5. Practical Conclusions

As a congclusion the practical consequences must still
be discussed concerning the dimensioning of screen
electrodes considering this breakdown process. There-
by it is recognized that the abnormal breakdowns ob-
served at many places are due to the breakdown proc-
ess resulting from the leader predischarge. It can be re-
marked from the mechanism of the breakdown due to
leader predischarge that the breakdown voltage is
practically independent from the bending radius of the
electrode when, before the breakdown, a stable leader
builds up.
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Fig. I |, Leader onset voltage and breakdown voltage of sphere-pla-
ne-spark-gap in air with switching impulse voltages

The breakdown voltage corresponds then always to
about the minimum breakdown voltages of the rod-
plane-spark-gap.

The measured results for various sphere-plane arrange-
ments are given in figure 11. At the left of the charac-
teristic line of the rod-plane-spark-gap the breakdown
oceurs without a stable leader predischarge while at the
right side of this characteristic line the stable leader pre-
discharge can be observed and thus the breakdown oc-
curs, with increased voltage, at about the value of the
rod-plane-spark-gap with the same distance.

For the dimensioning of the screening electrodes the
following important poinis must be taken into consider-
ation:

If a predischarge is admissible, the value of the load ca-
pacitance must be calculated in such a way that a vol-
tage break-through does not occur due to the predis-
charge (therefore at least about 1000 pF); further, the
distances to all earthed objects must be at least in ac-
cordance with the rod-plane-spark-gap characteristic
line; that means, for a switching impulse voltage of
2 MYV that a distance of about 10 m to the earthed ob-
Jects is required. The conditions with increasing switch-
ing impulse voltages are still more defavourable. It can
be seen from figure 12 that a leader predischarge on the
toroidal screen of a voltage divider can lead to a re-
markable voltage break-through if the effective load ca-
pacitance is too small (450 pF).

This leader predischarge on a screen electrode can be
avoided through a properly dimensioned electrode. A
particular suspension of the test object is shown on fig-

ure 13 for a sphere-plane-spark-gap with a distance of
2,5 m. It should be possible to apply a maximal switch-
ing impulse of 2 MV on the test object. In case the sus-
pension is chosen with a screen sphere of 1 m diameter
a leader predischarge may occur on the sphere which
can provoke a breakdown to the wall or to the ceiling
with a distance of over 10 m (figure 13).

According to these conditions the dimensions of the
high voltage laboratory must be chosen in such a way

Fig. 12. Voltage process with switching impulse stress 150723500 0s
of a torvidal electrode against a plane clectrode (a ~ 4 m). Vollage
amplitude U = 1320 kv
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Fig. 13. Suspension of test object and dimensions of laboratory for
2 MV switching impulse voltage
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that everywhere from the test object to earthed objects
a minimal distance of 10 m is available.

If a larger screen electrode is chosen, for example a
2,5m sphere, no leader predischarge occurs on this
sphere with a switching impulse up to 2 MV. When the
connecting conductors are so designed, that no leader
predischarge can occur on these conductors, the high
voltage laboratory, in this case, may have much smaller
dimensions without the risk of breakdowns (figure 13).
In practice the dimensions of the necessary screen elec-
trodes and connecting conductors must be determined,
taking into consideration a given height of the high vol-
tage laboratory and the desired value of the switching
impulse voltage.
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