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Influence of corona discharges on the breakdown
voltage of airgaps
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Abstract

Measurements with rod-rod and rod-plane gaps result in a large scatter in the values of breakdown voltage
at certain gap distances. The scatter in the figures depends on the change of the corona mode. The transition
in predischarges at certain gap distances results in two different breakdown voltages. It is shown that this
scatter can be observed with all investigated voltage shapes (alternating and direct voltages, lightning and
switching surges). The paper also deals with the possibilities of influencing the scatter of the values of break-
down voltage.

1 Introduction
In recent years, many experiments have been con-

ducted on the breakdown mechanism of airgaps  with in-
homogeneous fields. Most of the tests have indicated the
influence of corona behaviour on the flashover mechanism.le5
As a result of these investigations at short distances, the
primary processes, the physical behaviour of the predis-
charges and the transition of predischarges into the final
breakdown, have been partly explained. However, from the
engineering point of view, it is also important to know the
values of breakdown voltage, their scatter, the physical
causes of the scatter, and the way to influence them.

Especially with lightning impulses, the breakdown voltage
at certain sizes of airgap  having an inhomogeneous field dis-
tribution shows a large unexplained scatter.” 6, ’ The paper
shows that the scatter in the breakdown voltages of airgaps
at large distances can be explained by the consideration of
predischarges.

For the technical application of airgaps  as protection gaps
or as references in the design of electrical apparatus, know-
ledge of the scatter in the values of breakdown voltage is very
important. It is also necessary to know how this can be
influenced.

Therefore, in the experiments performed, the range of
breakdown voltages observed was that in which a large
scatter occurs. The physical cause of the scatter in break-
down voltages is normally the corona discharge, and tests
were conducted with various voltage waveshapes to demon-
state that the variation in the corona behaviour changes the
breakdown voltage for all these wave shapes. If the different
possibilities that influence the breakdown voltage are known
it is possible to design the apparatus in such a way that the
influence is optimal or beneficial.

2 Test arrangement and test procedure
All tests were performed on vertical rod-plane or rod-

rod gaps in air. The shape of the rod electrode was either
hemispherical, pointed, with a 0.3mm-radius  tip, or blunt-
edged; the diameter of the rod was 20mm. Investigations
were carried out with direct voltages, alternating voltages
(50Hz), switching surges of 60/525ps and lightning surges of
1.2/50~s. The breakdown voltage was always corrected to
normal atmospheric conditions (20°C  760torr, 11gf/m3).8

For direct and alternating voltages, the mean value of the
breakdown voltage was determined with 20 flashovers. These
were entered on the probability paper in accordance with the
method given by Henning and Wartmann.g

The results of impulse tests were also obtained from the
probability paper. Every flashover probability was measured
with at least 20 impulses8  For a normal distribution of the
flashover probability, the 50 % breakdown voltage was deter-
mined with about 7 x 20 impulses. For mixed distributions,
the number of shots can be seen from the Figures.
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3 Results
Within a certain range of gap distances, a large scatter

in the breakdown voltages can be observed with all voltage
shapes. In Fig. 1, a measured example shows the principal
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Fig. 1
gap chstance  , cm

50 % breakdown  voltages for a rod-platle  gap with positive switching
surges

behaviour of breakdown voltage as a function of gap distance
including that range for a rod-plane gap with positive switch-
ing surges. For this gap arrangement, a transition range can
be observed at a distance of 20cm < a < 100cm. At gap
distances greater than lOOcm,  the relationship between the
50 % breakdown voltage and the gap distance is characterised
by a normal distribution, resulting in only one 50% break-
down voltage for a given gap distance. All the following
measurements pertain to the transition range.

On the probability paper, one can often recognise this range
of the mixed distribution of the flashover probability in
impulse voltages or of the cumulative curve in the flashover
voltages with alternating and direct voltages. From the
statistical point of view, a mixed distribution means that two
different parameters influence the flashover mechanism. Such
a situation can be characterised by two mean values and two
standard deviations, which are obtained by dividing the
mixed distribution, according to the rules of statistics, into
two normal distributions (Fig. 2).

In Fig. 2, the mixed distribution of the flashover probability
is divided into two normal distributions. For this 50cm rod-
plane gap (shape of the electrode: 2cm-diameter hemisphere)
with switching surges, the 50 % breakdown voltage is given by
two values (U,,  = 263 kV, U,, = 391 kV). These two values
are entered in Fig. 1, and it is evident that the 50% values of
Fig. 1 are received by only one measurement at every gap
distance. For a distance of 20cm < a < lOOcm,  the measure-
ments resulted in mixed distributions. When only one para-
meter is responsible for the flashover, a Gaussian distribution
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of the breakdown voltage for airgaps  with inhomogeneous
fields will normally result (Fig. 2a, pointed electrode). It is
also possible to obtain a normal distribution in the transition
range, when one parameter is dominant.
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breakdown wltage.  kV
Fig. 2
Flashover probabilitv  of 50cm  rod-plane gap with positive switching
surges
Parameter: shape of the electrode
. .  .  . 20  impu l se s
xxxx 20 impu l se s
a Pointed
b Zcm-diameter  hemisphere

For airgaps  with inhomogeneous fields it is logical to
investigate the corona behaviour to seek an explanation for
the scatter in the values of breakdown voltage. This can be
illustrated in three ways, each method contributing a different
physical explanation:

(a) Each corona mode will be associated with a different
current across the gap.l”

(b) Photographic records of the corona modes can also
indicate the two different types of the predischarge
(Fig. 3).14,20 The light emission can also be measured with
a photomultiplier, with photographic paper placed between
the electrodes, or with an image convertor.

(c) Owing to the change in the kind of predischarges, the time
to breakdown will be influenced by the altered distri-
bution of space charge.‘O.  1  1

a b

c
Fig. 3

d

Photographic record of corona behaviour of 50cm  rod-plane gap
with positive  switching surges
a 2cm-dinmeter  hemisphere

U = 250kV
streamer cOrcnla

b 2cm-diameter  hemisphere
U = 250kV
leader corona

c Pointed electrode
U = 250kV
leader corona

d Pointed electrode
U = 190kV
leader corona

The connection between a mixed distribution in the flashover
probability and the physical cause of it will now be illustrated
on one example with method (b). If one considers the pre-
discharges for a 50cm rod-plane gap with switching surges,
one can observe the streamer corona (Fig. 3a) or the leader
corona (Fig. 3b). In about 50% of all impulses, the leader
corona can be observed. Owing to this alternative corona
behaviour, a mixed distribution in the flashover probability
appears (Fig. 2),  because two different parameters influence
the flashover mechanism. For the leader corona, the break-
down voltage corresponds to the lower breakdown voltages
of about 263 kV, whereas, for the streamer corona, the higher
values will be measured. This can be illustrated with the change
of the shape of the electrode. With a pointed electrode,
instead of a 2cm-diameter hemisphere, the flashover prob-
ability is characterised by a normal distribution. The values
of the breakdown voltages correspond to the lower break-
down voltages of the mixed distribution (Fig. 2). The photo-
graphic records of the predischarges for the pointed electrode
always show the leader corona (Figs. 3c and d). Thus the
mixed distribution, which is suggested by statistical methods
can be explained by the different corona behaviour. The
dependence of the breakdown voltage on the gap width also
points to this conclusion.14

For the investigated waveshapes, the change in the corona
behaviour and the consequent scatter in the values of break-
down voltage will now be discussed, and some of the possible
ways of influencing this scatter will be considered.

The most important parameter in this respect is the vol-
tage waveshape, since the corona-discharge mode is closely
dependent on the wave shape.*  For example, with lightning
surges there is no associated glow corona.12,  l3
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breakdown voltage. kV
F i g . 4
Flashover probability of 50cm  rod-plane gap by different voltage
waveshapes with positive polarity
a Direct voltage
b Lightning voltage 1’2/50
c Switching voltage 60/525

Fig. 4 gives a comparison of the distribution of breakdown
voltages with various voltage wave shapes of positive polarity
for a rod-plane gap of 50cm. For this gap distance a transi-
tion range is observed only with positive switching surges, and
in this case the transition of streamer corona into leader
corona is the physical reason for the mixed distribution, as
we have just seen.14  With lightning impulses and with direct
voltages, the breakdown occurs only from the streamer corona.
The defined corona behaviour results in a small scatter of the
breakdown voltages for the two latter waveshapes.

A further example of the influence of voltage wave shapes
on the characteristics of breakdown voltages is shown in
Fig. 5. For the negative rod-rod gap with an electrode
separation of 50cm, the flashover probability of the lightning
voltage and that of the switching voltage is characterised by
mixed distributions. Many results reported in the literature,
particularly for lightning impulses, show a large scatter in
the values of breakdown voltage, but no explanation is
given.1’6r7  In both cases, the physical cause of the mixed
distribution is the corona behaviour of the earthed electrode.
The onset voltage of the earthed anode is reached, and the

4



breakdown may be either preceded by a streamer corona or
may take place without any predischarges on the earthed
electrode.  The lower breakdown voltages of  the mixed distri-
butions  belong to  the  f lashover  fol lowing the  s t reamer  corona
at the anode.14,  I5  Note that the tests with lightning impulses
are  performed with  about  6000 impulses .

parameter that influences the transition range is the arrange-
ment of the gap, and, especially for rod-rod gaps, the height
of the earthed electrode.  In Reference 18,  i t  has been reported
that  the  corona behaviour  of  a  rod-plane gap wil l  be  affected
when the electrode configuration is reversed. For lightning
impulses ,  the  inf luence of  the height  of  the ear thed electrode

YA ! I ! / !
260 280 300 360 360 al A20 ul L60 LB0 500

breakdown voltage, kV

Fig. 5
Flashover  probability of  5Ocm rod-rodgap by di f ferent  voltage  waveshapes  with
negative  polarity
l l l 20 impulses
0 0 0 100 i m p u l s e s

n Direct voltage
b Lightning voltage 1.2/50
c Swi tch ing  vo l t age  60/X25

For  the  gap ar rangements  inves t igated ,  the  t rans i t ion  ranges
with different  vol tage wave shapes are  compared in  Table  1.
Further examples of observed transition ranges, especially
those associated with alternating voltages, are given .in the
literature.16l l7  Tab le  1  shows  tha t  on ly  a t  ce r ta in  d i s tances  i s
a transition range possible. In most gap arrangements, a
normal distribution occurs, as is known from the literature.
But, although the mixed distribution is only possible at a
small range of gap distances, it is very important from the
engineering point of view to know where this range occurs
and how i t  can  be  inf luenced.

It is almost impossible to define precisely the limits of
transi t ion ranges  as  these  depend on several  parameters .  One

upon the 50% breakdown voltage of a 50cm gap is given in
Fig .  6 .  In  th is  case ,  the  corona  behaviour  of  the  h igh-vol tage
e lec t rode ,  the  ca thode ,  does  not  change  in  any  essent ia l  way;
however on the ear thed electrode,  f rom a cer tain height  of  the
rod (h > 70cm) and over, corona may or may not occur.
Presence  of  corona on the  anode leads  to  a  lower  breakdown
voltage.15 For heights of the earthed rod of below 70cm,
the flashover probability is characterised by a normal distri-
bution (Fig. 6). A similar effect can be observed in other
transition ra.nges for alternating and direct voltages and for
swi t ch ing  surges.8,14

The next parameter that can influence the breakdown
voltage in the transition range is the shape of the electrode.

Table 1

M E A S U R E D  T R A N S I T I O N  R A N G E  F O R  D I F F E R E N T  V O L T A G E  W A V E S H A P E S

Vol tage  wave  shape

Li;hF:,g  impulse

Switching impulse
601525

Direct voltage

Alternating voltage

_.

-

Gap arrangement Shape  o f  e l ec t rode Pred ischarge Gap  d i s t ance
I II

negative rod-plane blunt-edged 2cm-diameter diffuse glow corona streamer corona
hemisphere on the cathode

; 2 irn2  g

I
negat ive  rod-rod 2cm-diameter  hemisphere no corona streamer corona 30 Q a < 90

blunt-edged on the anode
\

pointed no corona streamer corona 15<a<40
on the  anode

I
positive rod-plane 2cm-diameter  hemisphere streamer corona leader  corona 20 < a < 100

on the anode
,

positive rod-rod 2cm-diameter hemisphere streamer corona leader  corona 30 Q a Q 125
on the  anode

- I
negat ive  rod-rod 2cm-diameter  hemisphere no corona streamer corona 40 < a Q 125

on the  anode
I

negative rod-plane blunt-edged diffuse corona streamer corona 10 < a < 55
on the  anode

I
positive rod-rod blunt-edged glow corona streamer corona a > 50

on the  anode
I

positive rod-plane 2cm-diameter  hemisphere glow corona streamer corona 20 < a Q 60
on the  anode

rod-plane
rod-rod

pointed streamer corona leader  corona a > 50
Zcm-diameter  hemisphere 9glm3 G & < 20g/m3
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The results of measurements with lightning impulses verify
this statement (Fig. 7). With a 2cm-diameter hemisphere
electrode on the earthed side of the rod-rod gap, it is possible
to observe a mixed distribution for the flashover probability.
When the hemispherical anode is replaced by a pointed elec-
trode, a normal distribution results. The reason for this is

6 0 0

5 0 0

LOO

OJ'5 0 1CO 1 5 0

Fig. 6
height of earthed electrode, cm

Influence of height of earthed electrode on 50% breakdown voltage
of a 50cm  rod-rod gap with negative lightning impulses

333 3M 340 360  380 UJI

breakdown wltoge, kV

Fig. 7
Influence of shape of electrode on Jlashover probability of 400~1  rod-
rod gap with negative  l ightning impulses
l l l 20 impulses
x x x 20 impulses

a  2  cm-d i ame te r -hemi sphe re /2  cm-d i ame te r -hemi sphe re
b 2cm-diameter-hemisphere/pointed  (30’)
c Pointed (30”)/2  cm-diameter-hemisphere
d Poin ted  (30Vpointed  (30”)

900

300 1 1

xx) 1 5 0

gap  distance  , cm

Fig. 8
Influence of corona on high-voltage lead on  breakdown voltape  of
25cm sphere-plane gap with positive direct voltages
a With corona on the lead
b Without corona on the lead

6

that the field on the anode is far beyond the onset voltage.
The effect of the influence of the shape of the electrode was
also discussed earlier (Fig. 2).

The above two parameters alter the static electric field. It
should be pointed out that this field can be influenced also by
the geometry of surroundings and the high-voltage connection.
This observation has been confirmed by calculations and
measurements of the onset voltage on sphere gaps made by
Steinbigler. ’ g

It is also very interesting to observe that the breakdown
voltage, as shown in Fig. 8, can be influenced not only by
the resultant electric field (including space-charge effects), but
also by discharge products of those predischarges that occur
away from the investigated electrode, e.g. the high-voltage
lead. Positive ions produced by streamer corona on the
vertical high-voltage lead may move into the interelectrode
space, thus affecting the electric field and thereby causing the
breakdown voltage to rise. Thus the onset voltage rises with
consequent alteration of the gap distance for which the
transition from breakdown without predischarge to that with

breakdown wltage,  kV
Fig. 9
Alternating breakdown voltages of 7Ocm  rod-rod gap with pointed
electrode
Absolute humidit>
4~~  =  12.6gf/ma)

290 3ca  RO 320 330  310

breakdown voltage , kV

Fig. 10
Influence of source impedance on breakdown voltage of 40cm rod-
rod gap with negative  l ightning impulses
l . l 20 impulses
X  X  X  20 impulses
a Cb=500pF
b Cb  = 1500pF

streamer corona takes place. Once the electrode goes into
corona, the influence of corona on the high-voltage lead be-
comes negligible (Fig. 8, a = 180cm). At all these tests shown
in Fig. 8, the standard deviation was smaller than 2%.

For the development of the predischarge, the atmospheric
conditions are also important, in particular the humidity. In
the test represented by Fig. 9, the streamer corona and the
leader corona can be observed as the two causes of the
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mixed distribution. For reduced absolute humidities, only
the streamer corona would be observed, while for higher
absolute humidities the breakdown occurs from the leader
corona.2o

It should be noted that the source impedance of the voltage
generator also has an influence on the breakdown voltage in
the transition range.15  For 1.2/50~s  lightning impulses, for
example, with the 40cm rod-rod gap with negative excitation,
the influence of the source impedance on the breakdown
voltage can be observed. For the higher source impedance,
corona discharge on the earthed electrode always takes place
(Fig. 10).

4 Conclusions
Based on results of tests with alternating and direct

voltages, as well as with switching and lightning surges applied
to rod-plane and rod-rod gaps in air, it is concluded that the
change in the corona mode at gap electrodes significantly in-
fluences the breakdown voltage. The predischarge process
itself is determined by the waveshape of the applied voltages,
by the arrangement of the gap, by the shape of the electrodes,
by the geometry of the surroundings, by the atmospheric
conditions and by the source impedance. The possible varia-
tion in predischarges is associated with the observed large
scatter of breakdown voltages.

For an optimal design of electrical apparatus, the transition
range and its physical cause must be known. Only with this
knowledge is it possible to explain the observed large scatter
in results from comparative tests.6l7
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