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Abstract: Collaborative tests have been performed using nonstandard impulses, and employing a wide range of
diagnostic techniques. Part 1 of the paper describes the need for such tests, the experimental arrangement and
the digital data techniques developed for the tests. Part 2 is an account of the decay of the leader channel in
long airgaps and the recovery of dielectric strength. It was found that the leader conductivity had a lifetime of
the order of 1 ms. In part 3 of the paper, the influence of a nonstandard impulse front on the leader growth is
examined in detail. The results show that overstressing of the gap can result in a reduced probability of break-
down, and the cause of this effect is studied. In phase-to-phase structures, on the other hand, the case of a
negative surge preceding a positive can be particularly dangerous: the effect of pre-existing negative space
charges on positive leader growth is therefore described in part 4. Large-scale influences which cause more
vigorous leader processes have been observed.
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1 Introduction

1.1 Nonstandard overvoltage shapes and successive
surges

The threat to the security of electricity supplies posed by
overvoltages, whether these are internally or externally
generated, has always been of prime importance to system
designers. Engineering problems of considerable complex-
ity arise in the estimation of the spectrum of overvoltage
amplitudes and shapes which may occur, the response of
the network to such overvoltages, and the consequent risk
of failure of the insulation [1-6]. The resolution of these
problems in a manner which is satisfactory in respect of
both technical and economic limitations depends heavily
on extensive testing, and this will continue to be necessary.
Within the last decade, however, a great improvement in
basic understanding of breakdown processes in air-
insulated systems has been gained from the studies of
many groups, including those of the present authors
[7-10]. This is already leading towards a better appre-
ciation of factors causing high-risk situations, a more
precise quantification of insulation co-ordination specifi-
cations, and the optimisation of high-voltage test strategies
[11]. This paper, which is the fifth in this series of papers
prepared by the Les Renardieres Group, describes results
which have been obtained from physical studies in a new
series of tests at the Les Renardieres laboratories of
Electricite de France. These physical tests have a direct
practical application, as they have been designed to aid the
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modelling of three types of overvoltage hazard which can
occur in large air-insulated systems. All three can threaten
phase-to-ground and phase-to-phase insulation and the
security of system isolation. The overvoltage types to be
considered are as follows:

Surge type A. Double-peak surges, where a substantial
but nonsparkover discharge development from a high-
voltage conductor or structure can occur during the first
voltage rise; this may weaken the air insulation around
that structure for the second voltage rise. Such surges have
been little studied; in particular, the temporal separation
which is sufficient so that two such surges can be regarded
as independent is not known.

Double or multiple peak surges are known to arise in
connection both with lightning and switching overvol-
tages. In the case of lightning overvoltages, successive
peaks can be caused by inductive oscillations on the
voltage front, partial chopping, travelling-wave reflections
and multiple-stroke flashes. In switching operations,
circuit-breaker characteristics and trapped charge effects
can cause displaced peaks between phases.

In the laboratory simulation of these surges, high-
frequency oscillations resembling those occurring on
lightning surge fronts can be relatively easily generated,
either by the use of a series inductive element giving the
1-cosine form:

U(t) = Uo exp (-at)[ l - exp (-bt) cos cot]

or by a double peak formed by a partial chopping on the
impulse front [12]. In these ways the effect of irregular
voltage application during spark growth can be studied
(see the paragraph on surge type B). For impulses of
switching-impulse shape with a longer time separation
between peaks, however, two impulse generators are neces-
sary, with controllable time separation of triggering. The
equipment requirements and operational difficulties associ-
ated with such tests accounts for the absence of published
information in this area. Part 2 of this paper is a
contribution to this topic. The use of two generators also
allows the tests to approximate more closely to practice in
relation to phase-to-phase and longitudinal insulation
(disconnectors, circuit breakers). Such insulation would in
fault conditions often have the operating voltage on one
side and the overvoltage on the other. Bias tests (impulse
on one side, power frequency on the other) can present
severe problems in terms of the requirements for large
transformer capacitance (to prevent voltage distortion) and
protection against breakdown. The relative severity of bias
tests and the equivalent two-terminal tests (LI-SI or SI-SI)
such as those used here are, therefore, of considerable tech-
nical interest [1].

Surge type B. Surges of irregular voltage rise. Spark
development can be modified if the rate of rise of voltage
undergoes a sharp change during the growth of ionisation
in a gap. Earlier work has shown a significant effect.

Most of the available test data and physical measure-
ments of impulse breakdown have been obtained with the
simple exponential-front shapes associated with conven-
tional impulse generators. Some early physical studies
involved the application of voltage 'bumps' [13] or partial
chopping [12] and examined the effect of these pertur-
bations on breakdown probability. For engineering appli-
cations, for example, the equal-area criterion was designed
to allow the effect of nonstandard impulse shapes to be
ascertained from the critical condition

CTB

(U(t)-Uofdt = K
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where TB is the time to breakdown, Uo is a threshold
voltage, and k and K are constants.

Although straightforward in application this seems
unreliable even for double-exponential shapes because it
predicts a fall in U50 with decreasing time to crest on the
left-hand side of the [/-curve [14]. More refined models
involving physical quantities thus seem to be needed.

Some recent work has been reported on irregular and
oscillating impulse fronts. In 4 m rod-plane gaps, Lalot
and Hutzler [13] showed that a sudden application of a
'bump' voltage on a positive switching-impulse front could
either increase the velocity of a propagating leader or
suppress it. Consequently the probability of breakdown
could be increased or decreased, depending on the time of
application. Image-convertor photographs showed a reillu-
mination of the leader when the voltage disturbance was
applied. These authors also showed that the leader channel
could be reignited for at least some hundreds of micro-
seconds. In the case of partially chopped voltage fronts, it
has been shown by Menemenlis that in a 3 m rod-plane
gap the breakdown probability of a double-peaked front
can be lower than of the second peak alone.

Some of the recent most informative measurements
have employed (1-cosine) oscillating fronts [15]. In this
case, the positive leader which is interrupted by the voltage
troughs is reactivated by the voltage peaks. The leader
velocity was found to be proportional to the rate of change
of voltage as well as voltage amplitude, and semi-empirical
modelling of breakdown voltage and time to breakdown
under oscillating and partially chopped impulses can be
made. The present tests are aimed at studying pertur-
bations to longer discharges than those of these earlier
researches.

Surge type C. Surges causing discharge growth from
more than one conductor or structure in the particular
case where a negative polarity discharge growth from one
conductor precedes a positive voltage stress on the other.
Within the last decade it has become clear that phase-to-
phase switching overvoltages can represent the most severe
stress conditions for air insulation. Three factors makes
these conditions important in engineering terms:

(i) The magnitude of phase-to-phase overvoltages. For
three-phase closing and reclosing operations, phase-to-
phase overvoltages are in the range 1.4-1.8 times higher
than the corresponding phase-to-earth overvoltages [1].

(ii) The a-parameter. The effect of a phase-to-phase
overvoltage on air insulation for the case of synchronous
opposite-polarity surges is determined not only by the
total overvoltage \U+ \ + \U~ \ but also by the relative
magnitude of the two components. Thus it is found that
the breakdown voltage increases approximately linearly
with the value of the a-parameter, which is defined by

Three-phase power systems in service show an a-range of
0.3-0.7. However, a-values greater than 0.5 (U~ > U+) are
not of direct interest because the condition U+ > U~ is
always the more serious threat to the insulation.

(iii) Time-displaced phase-to-phase overvoltages. The
breakdown voltage of phase-to-phase insulation can, in
some cases, be reduced appreciably if the surge to the
negatively stressed electrode precedes that to the positive
electrode. This is, therefore, the condition defined here as
surge type C. Although this effect was first shown in 1970
by Cortina et al. [16], who found that a breakdown
voltage could arise which was 20% lower than that of the
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critical flashover voltage for switching impulses, the causes
of this effect are still poorly understood [17-22]. More
recent studies by Zacke et al. [23] and Baldo et al. [24]
have indicated that both the quantity of the negative
charge created by the initial negative impulse, and its sub-
sequent drift motion, are important in facilitating the
development of the positive discharge on the later positive
impulse. The aim of the present work is to obtain a greater
range of data concerning this effect in a large airgap. This
information is the necessary first step to allow breakdown
models such as the critical-radius or leader-propagation
methods [25, 26] to be adapted to nonsynchronous volt-
ages. Secondly, it is also necessary to distinguish geometric
effects (e.g. where the presence of a second negatively
stressed conductor can reduce the positive switching-
impulse withstand level to ground) from space-charge
effects. Finally, any statistical approach to phase-to-phase
safety factors [27] must take account of the statistics of
time-displaced switching surges.

1.2 Physical basis
The work described in this paper is thus designed to help
to model the behaviour of air insulation for surges of type
A, B and C and to take account of pre-existing discharge
phenomena of either polarity. Such physical tests need to
be planned so as to elucidate the ways in which the char-
acteristics of the long spark in nonuniform fields are influ-
enced by these effects. It is useful to consider these
characteristics individually and chronologically:

(a) The first corona development in an airgap can play a
part in determining the subsequent probability of break-
down. This influence can be to increase the probability of
breakdown by forming the initial phase of the leader
inception process, or by traversing the gap so as to interact
with the opposing structure or with ground. Conversely,
the effect of corona space charge is sometimes to inhibit
subsequent ionisation by space-charge quenching, so
decreasing breakdown probability or at least increasing
time to breakdown.

Earlier physical studies have fully established that the
initiation of the first corona is frequently caused by elec-
trons becoming available by detachment from atmospheric
negative ions. Once formed, the corona streamers develop
at high velocities of 1 m/^s or more, provided that a suffi-
ciently high 'guiding field' is present in the space ahead of
the streamers. The strength of the guiding field (which is
the resultant of this applied field and the space-charge
field) is normally about 5 kV/cm for positive streamers and
18 kV/cm for negative streamers in air at NTP [28]. It is
clear that both the initiation and propagation phases of
corona formation may be affected by the presence of pre-
existing ionisation which can ensue from surges of type A
or C. These respective effects can be studied by means of
statistical time-lag data, and the charge flow and spatial
development of the corona streamers.

(b) Pre-existing ionisation from earlier events will gener-
ally be bipolar in nature [29], with an excess of charge
whose sign is the same as that of the active electrode.
These ions will move by drift in the prevailing net electric
field, will combine with large and small ions of the
opposite sign, and will cluster with water molecules or
aerosols to form large ions. In long gaps the time required
to restore ambient conditions can be very long, and inter-
vals between test impulses must lie above minimum limits.
These fast and slow decay processes can be studied by elec-
tric field measurements and ion counting techniques [8, 9].
For surges of types A and B, the effect of space charge can,

in some circumstances, be to reverse the direction of the
electric field.

(c) The main phase of spark growth is the development
of the leader channel. The characteristics of positive and
negative leader channel propagation are now well known
as a result of image-convertor studies [9, 10]. The case of a
positive leader channel developing under an impulse front
of critical time to crest is particularly dangerous to air
insulation and is of relevance to the present tests. Here the
leader grows with a 'real' velocity (taking account of
tortuosity) of about 18 mm//is between its inception and
the onset of the final jump phase. In air of normal humid-
ity (11 g/m3) and below, the leader growth is continuous
and the velocity increases only by about 40% for a doub-
ling of the applied voltage above Uso. The current,
however, increases from O.6-O.8A, at U50, to 5-7A, at
2l/5O. The tip of the leader channel forms the origin of a
large leader corona in which the ionisation processes act as
a current source for the leader. The tortuosity of the leader
probably arises from the instability of this element of the
discharge.

The effect of either sudden change in the applied voltage
or the existence of a pre-ionised space ahead of the leader
arising from surge types B and C is obviously important to
leader growth. The present tests attempt to measure this
influence on the basis of studies of leader current and
velocity and associated step changes in charge flow and
electric field. Spectroscopic measurements have also been
undertaken.

(d) In humid conditions a sudden bright-up and elon-
gation of the leader channel frequently occurs. This insta-
bility (a 'restrike') is only partly understood in terms of
leader channel and leader corona conditions [9]. It is of
practical importance because the probability of breakdown
can be affected by this process. The influence of pre-
existing leader growth, front irregularity and pre-
ionization effects on restrike formation, thus need to be
studied for surge types A, B and C.

(e) A significant improvement in the understanding of
long-spark development in recent years has been based on
the analysis of the hydrodynamic processes occurring in
the leader channel. This has been made possible by time-
resolved studies of long-spark development using schlieren
(strioscopic) techniques [30, 31]. In this way, precise mea-
surements of leader channel diameters have been achieved,
which have allowed a visualisation of the shock wave and
subsonic density gradients occurring at the leader tip and
the leader channel 'walls'. The reduction of gas density due
to gas expansion within the channel enables the ionisation
processes, which are necessary to maintain leader conduc-
tivity, to proceed at relatively low electric field strength.
This expansion process and increased leader conductivity
provide the basic reason for the saturation of breakdown-
voltage/gap-spacing characteristics and the important
[/-curve effect of the time to crest for switching impulses.

In the case of the objectives of the present tests for surge
types A and B, the hydrodynamic properties of the leader
channel are important: in the case of an irregularity in the
applied voltage, the response of the leader channel cross-
section will be a useful parameter. For double-peak
impulses, the decay of the leader channel following the first
phase may be governed as much by hydrodynamic break-
up or collapse of the low-density leader as by ionic dissi-
pation processes.

(/) Sparkover of an air clearance inevitably ensues
(provided the voltage is maintained) when the 'final jump'
is commenced. This occurs when the leader corona bridges
this gap, which enables the leader current and velocity to
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increase by several orders of magnitude just before the arc-
through stage. Any condition which impedes or facilitates
the onset of the final jump will have an influence on break-
down probability. This process has been studied during
these tests for all surge types.

1.3 Organisation of the present tests
The surge types A, B and C referred to in Section 1.1 have
been simulated in three laboratory experiments which were
performed during October-November 1983, and which
will be referred to in this paper as experiments A, B and C.
All three experiments involve the use of two impulse gener-
ators, as will be described in detail in Section 2; the trig-
gering of the generators could be displaced by a delay time
At. The overall organisation of the experiment is indi-
cated by the following:

subjected to nonstandard impulses. In practice, such
impulses were obtained by applying, at different instants,
two double-exponential impulse voltages whose amplitude,
polarity and shape could be changed as required.

For experiments A and B (i.e. leader decay and voltage
perturbation, respectively) both impulses shifted by a time
interval At could, in principle, be applied to the same elec-
trode. For technical reasons, it was decided to apply the
second impulse of reversed polarity to the other electrode,
even though, in this case, the electric field distribution is
not the same.

As shown in Fig. 1, a quasi-symmetrical test circuit was
utilised, each branch of which involved one electrode, one
damped capacitive voltage divider and one generator. The
characteristics of the different high-voltage apparatuses are

Experiment

A
B

Title

Leader decay
Voltage
perturbation
Pre-existing
space charge

Electrode
geometry ( + / —)
Rod-plane
Rod-plane

Sphere-rod

Impulse
sequence

+ precedes -
+ precedes —

At range

400-1600 us
0-150 us

— precedes + up to 300 ms

Various impulse shapes were used, but the positive impulse
time to crest of 240 /is was close to the critical flashover
value. This was both to simulate the most severe engineer-
ing conditions and to evaluate the physical discharge
growth as described in Section 1.2. These physical objec-
tives also dictate the choice of electrode geometry; the gap
length of 6 m represented the largest rod-plane structure
with a horizontal axis which could be accommodated
within the large laboratory of Les Renardieres. The
separately energised horizontal rod-plane arrangement of
experiments A and B was a consequence of the difficulty of
applying two generator outputs to the same electrode in
such large systems. This arrangement did, however, also
facilitate the performance of experiment C during the same
test period. The choice of electrode geometry here (positive
large sphere, negative rod) was governed by the require-
ment that no positive discharge development should occur
directly as a result of the negative impulse to the rod, but
that it should take place when the positive voltage was
applied.

The experimental arrangement for the three experiments
will thus all be described together in Section 2. As digital
data acquisition was used throughout the tests, it was
necessary to develop appropriate software for data
analysis. Powerful data management programs have
resulted from this work, which are described in Section 3.
Also included in this Section are some examples of data
evaluations of both electrical and optical signals.

The experimental results which have been obtained
for each experiment are extensive. They are therefore pre-
sented and discussed in turn for experiments A, B and C in
Parts 2, 3 and 4 of these papers. As has become the custom
in this international group, the experimental data jointly
obtained are presented in the main text of the paper, but
interpretative discussions or additional results have been
given by individual group members where appropriate in
the form of Appendixes.

2 Test arrangement and measurements

2.1 Test arrangement and field computations
2.1.1 Test circuit: As indicated in the Introduction, the
experiments performed during the fifth Les Renardieres
Group test period dealt with the behaviour of a 6 m airgap
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Fig. 1 View of the test circuit with conic rod-plane gap

1, 6: 6 MV- 450 Id, 4 MV-300 kJ Marx generator, respectively
2, 5: 6 MV, 4 MV damped capacitive voltage divider respectively
3: p 5 m plane; 4: conic rod
7: strioscopy apparatus
8, 9: image convenor cameras
10: still cameras

given in the Figure caption. Such an arrangement avoided
inopportune firing of the second generator so that the time
interval At was a fully controlled parameter.

2.1.2 Gap and electrodes: For both the leader decay and
voltage perturbation experiments A and B, the positive
electrode was a 3 m long, 10 cm diameter rod terminated
in a sharp cone (tip radius: 0.6 mm) in order to facilitate
strioscopy measurements. The negative electrode was a
5 m diameter plane whose edges were smoothed by a
30 cm minor-radius toroid. For the pre-existing space-
charge experiment C, the cone was replaced by a 25 cm
diameter sphere to avoid any corona from this positive
electrode during the negative discharge growth, whereas
the plane was substituted as the negative electrode by a
3 m long, 10 cm diameter rod terminated by an hemi-
sphere. These electrodes were designed to allow for charge,
current and field measurements.
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Table 1: Relative variation A£/£ of the electric field at the electrodes with a pro-
gressive representation of the circuit arrangement

Configuration

I
II

III
IV

V

VI

Element included

in field
calculation

Rod-plane
I + tube
(rod-sphere)
II + spheres
III + shielding
toroids
IV + impulse
generators +
leads
V + laboratory
walls

Tip of
conic rod
1 MV

AE/E

296.6
266.2 -10%

256.6 - 3 %
247.9 - 3 %

241.6 -2.5%

249.6 3%

Electric field.

Centre of
plane
0 MV

AE/E

0.0212
0.0390 84%

0.0463 18%
0.0541 17%

0.0609 12%

0.0517 -15%

kV/mm

Tip of
conic rod
0 MV

AE/E

75.5
72.6 - 4 %

79.8 +10%
100 26%

103.7 4%

93.1 - 10%

Centre of
plane
1 MV

AE/E

0.250
0.252

0.230 - 9 %
0.217 - 6 %

0.212 2%

0.225 6%

Details of these arrangements are given in Section 2.2.
In all cases, the gap length was kept constant to 6 m. The
height of the horizontal gap axis was 16.8 m, and the dis-
tance with respect to the nearest wall was 17.30 m.

2.1.3 Field computations: The field computations were
carried out by the charge simulation method [32]. As
already reported [7, 8], the field distribution depends, not
only on the shape of the electrodes and the gap length, but
also on the presence of the walls, connections, dividers and
generators. Table 1 shows how the field at the electrodes
(conic rod-plane gap) is modified as the circuit components
are successively taken into account in the simulation, until
the test circuit is fully described.
All the field values considered hereafter correspond to the
complete description of the test configuration. Tables 2
and 3 give the field on the gap axis at the surface of the
two electrodes for the cases of conic rod-plane gap and
sphere-hemispherical rod gap, respectively. For both
geometries separate computations were performed to allow
either electrode to be energised, the other electrode being
earthed.

In most cases, the computed values have been found to
be in good agreement with field measurements carried out
at low voltage (to avoid modification of the field by
corona).

Figs. 2 and 3 give the field distribution along the gap
axis for the conical rod-plane gap and the sphere-
hemispherical rod gap, respectively. Fig. 2 clearly shows
the great difference in the field distribution, depending on
which electrode is energised.

It should be noted that the diameter of the plane was of
the same order of magnitude as the gap length. As a result,
the field distribution along any diameter exhibits a
minimum value close to the centre, and increases near the
perimeter of the plane, as shown in Fig. 4. The discharge

Table 2: Computed field at the electrodes — conical rod-
plane gap

U, MV
E, kV/mm

Conic rod Centre of
plane

1 0
249.0 0.0517

Table 3: Computed field
hemispherical rod gap

U, MV
E, kV/mm

Conic rod

0
93.1

Centre of
plane

1
0.23

at the electrodes — sphere-

Sphere Rod hemisphere Sphere Rod hemisphere

1 0
5.36 1.76

0
0.89

1
10.89

parameters associated with the present rod-plane configu-
ration did not show any noticeable discrepancies com-
pared with those obtained in more conventional test
arrangements in which a large-area horizontal plane at
ground level is utilised. However, in the present case the
Uso voltage is 1555 kV (a = 98.5 kV), instead of 1450 kV
for the standard rod-plane gap.

2.2 Measurements

2.2.1 Electrical measurements: The transient electrical
behaviour of the discharge was studied in terms of the fol-
lowing:

(a) voltage applied to the electrodes
(b) electric field at the electrodes
(c) current or charge flowing into the electrodes.

The signals (b) and (c) were obtained from probes at the
high-voltage electrodes, and the signals were transmitted
to the control room by means of optical-fibre links.

0.01
0 1 2 3 4 5 6

distance from rod tip, m
Fig. 2 Field distribution along the gap axis for conic rod-plane gap
a 1 MV applied to the rod, the plane being grounded
6 1 MV applied to the plane, the rod being grounded

IEE PROCEEDINGS, Vol. 133, Pi. A, No. 7, OCTOBER 1986 399



For field measurements capacitive probes were used in
most cases. Some tests, namely during experiment C (pre-

0.01 /TTTTn
0 1 2 3 i, 5

distance from rod t i 'p .m
Fig. 3 Field distribution along the gap axis for sphere-hemispheric rod
gap
a 1 MV applied to the sphere, the hemispheric rod being grounded
b 1 MV applied to the hemispheric rod, the sphere being grounded

existing space charge) were performed, however, with a
polarised probe (field filter) at the positive electrode. All
these devices have been already described in detail [10,
30]. Fig. 5 shows the location of the field probes at the

0.08

fc 0.06

0.02

ground

- 2 - 1 0 1 2
distance from rod tip.m

Fig. 4 Field distribution along the diameter of the plane which is paral-
lel to the ground, for 1 MV applied to the rod, the plane being grounded

400

different electrodes utilised during the test. Although the
plane was equipped with 9 probes, the transmission device

16100

Fig. 5 Electrodes used during the tests and location of different measur-
ing probes

did not allow more than 3 probes to be connected simulta-
neously. Table 4a gives the main characteristics of different
field measuring channels including probes, measuring
capacitor and transmission device. The last line of the
Table gives the ratio of the geometrical field at the probe
to the field at the electrode tip. This ratio is obtained from
the field computation for both potential conditions.

Table 4a: Main characteristics of the field measuring
devices

Bandwidth
Measuring
capacitance
Low cutoff
time constant
Transmission ratio
U, MV
Probe/tip field ratio

Conic rod

10 MHz
93 nF

372 ms

30 kV/mm.V
1 - 0 0 - 1
0.032 0.032

p 25 cm sphere

10 MHz
168 nF

252 ms

2.47 kV/mm.V
1 - 0 0 - 1
0.96 0.95

Plane

2 MHz
50 nF

500 ms

0.22 kV/mm.V

As shown in Fig. 5, the positive electrodes (conic rod or
sphere) were also equipped with a current probe. These
probes were connected to the main part of the electrode
through a noninductive shunt of either 0.7767Q or 2.108Q.
The current signal was transmitted to the control room
with a 25 MHz bandwidth optical-fibre link whose accu-
racy was better than 1 % [33]; see Table 4b.

Table 46: Main characteristics of the current measuring
device

Shunt
Bandwidth
Low cutoff
time constant
Typical transmission 2.6 A/V
ratio

2.1080 0.7767 fi
25 MHz 25 MHz
19 ms 19 ms

22 A/v

Transmission ratio = •
HV current, A

Receiver output voltage, V

The charge measurements were performed at the nega-
tive rod only during experiment C (pre-existing space
charge). As shown in Fig. 5 the tip of the negative elec-
trode consisted of a 17.5 cm long capacitive probe. The
charge measurement at the probe was obtained as the ter-
minal voltage of a large value capacitor. Table 5 gives the
main characteristics of the charge probe as well as the
associated transmission device.

Table 5: Main characteristics of the charge measuring device

Measuring capacitor 1.98 A/F
Charge on capacitor (without
corona) per MV applied 3.2 yuC/MV
at the negative electrode
Bandwidth 2 MHz
Low cutoff « 2 s
time constant
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In addition to the electrical measurements, (a) (b) (c)
above, measurement of the electric field within the gap was
made by two spherical sensors, with a fibre-optic data link,
which were installed near the high-voltage electrode paral-
lel to the axis of the gap. These sensors are designed for the
measurement of two rectangular components of the elec-
tric field. They are capacitive probes consisting of a con-
ductive hollow sphere with imbedded measuring areas on
the surface. The induced charge on the measuring area is
directly proportional to the electric field strength at the
point of the sensor [34].

These probes showed large field changes occurring in
the discharge space in both components. These could be
related both to the basic discharge growth and to the reac-
tivation and perturbation events. No detailed attempt was
made during the present tests to correlate the probe
signals with the spatial variations of the leader, but the test
data indicate that the potential free probe can be a power-
ful tool for the investigation of physical processes in long-
gap breakdown.

All the electrical measurements were digitised with
7612 AD Tektronix transient recorders. These each pro-
vided two independent measuring channels including an 8
bit-2 K byte recording memory. For a given transient
record, the memory may be divided into several parts.
Thus, a given signal may be stored and divided into
domains of different sample frequency. Such a memory
sharing has been useful to provide an acceptable time
resolution when recording the signals for large At values.
To increase the vertical resolution for recording of the
current, both channels were utilised for the same signal.
The digitisers were triggered together with either the 4 MV
or the 6 MV generator. The pretrigger facility was system-
atically used to allow for the zero line to be easily deter-
mined.

The transient recorders were connected to HP 80 series
desk computers allowing data storage on floppy disk. At
the end of the tests, the data set was transferred from the
floppy disks to a 9 in (22.86 cm) magnetic tape for final
simultaneous analysis of all available channels for each
individual impulse.

22.2 Optical measurements:
(i) Photographic recordings: The discharges were pho-

tographed by both image convenors and still cameras,
suitably positioned so that time-resolved 3-dimensional
pictures of the discharge could be reconstructed. As in all
the experiments two different impulse voltages were
applied, it was necessary to record two different pheno-
mena shifted in time. In order to have a good time
resolution in both cases, two photographic systems were
used, each with an image convertor camera synchronised,
respectively, with the firing of the first and second impulse
generators. The position of the horizontal axis of the gap,
which was 16.68 m above ground, did not allow the best
choice of recording system locations. In particular, the
image convertors observing the two phenomena, and also
the still cameras, were far from one another. The picture
evaluation and the comparison of the two sequential phe-
nomena became quite complex; this has been achieved by
using image digitisers and computer facilities.

(ii) Spectroscopic analysis: During the voltage pertur-
bation tests of experiment B, one fixed experimental condi-
tion was chosen and a time-resolved spectrum from
250 nm to 780 nm was investigated. The measuring set-up,
which was located 5 m above ground and 19 m from the
gap axis, is schematically presented in Fig. 6. A rectangular
region 8 cm from the tip of the rod, and of dimensions

15.7 mm x 450 mm, was selected for these spectral obser-
vations.

Fig. 6 Sketch of the spectroscopy apparatus
M = monochromator
/. = remote control of the wavelength
I = quartz beam splitter
P, M = photomultipliers for LC and LT, respectively
A = transient recorders
Tr = computer
St = data storage

The Jobin and Yvon monochromator type H 20 UV,
200 mm focal length and//3.5 aperture was equipped with
a holographic grating of 1200 grooves/mm. Its spectral
bandwidth ranged from 200 to 800 nm with a maximum
efficiency at about 370 nm. Both chromatic light (LC) and
total light (LT) were recorded simultaneously through two
photomultipliers HAMAMATSU R 928. By using a quartz
beam splitter placed just behind the input slit of the mono-
chromator oriented at 45° with respect to the optical axis,
the observed region was systematically the same for both
signals, allowing for an excellent normalisation of the LC
signal by the LT signal.

The LC(t) and LT(t) signals were digitised by using two
7 912 AD Tektronix transient recorders. For each voltage
application all information, namely the LC(t) and LT(t)
signals, the wavelength and the vertical sensitivity of the
digitisers, was stored on tape. For all impulses, the current
signal measured at the positive electrode was also re-
corded.

(iii) Strioscopic measurements: Strioscopic measurements
were performed during all the tests to visualise the leader
channel expansion. The experimental arrangement is pre-
sented in Fig. 6. Owing to the characteristics of the device,
the observed zone of the gap was approximately 5 cm, so
that a conical electrode had to be chosen to ensure that
the leader was in the field of view. Compared with other
experiments, large difficulties in adjustment had to be
overcome due to the fact that the two mirrors (M1 and M2
in Fig. 7) were placed 70 m apart at a height of 16 m
above ground. The light duration of the auxiliary lumin-
ous source imposed the limit that different discharge
phases delayed more than 300 fis could not be observed
during the same voltage application.

The image convertor camera which was used to obtain
strioscopy results was used in two different modes (Fig. 8).
In the framing mode, the schlieren records of the leader
channel which allow the determination of its thermal
diameter were recorded at successive instants. It was found
generally more effective to use the streak mode, where the
continuous temporal evolution of a section of the channel
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could be recorded for a long period. This gave a direct
measurement of the development of the thermal diameter
as a function of time.

Fig. 7 Sketch of the strioscopy apparatus

CRO: Oscilloscopes
E, R: emitter and receiver of the optical fibre link
FL-SFL: Flash Lamp and its supply
IC: Image convenor
PM: Photo multiplier
D, T: Delay and trigger
CR: Control room

Fig. 8 Thermal images of the leader channel
a Frame mode
b Streak mode

3 Integrated software for data evaluation

3.1 General description
;The simultaneous recording of many electrical signals,
together with static, streak and strioscopic photographs,
and the amount of information collected during the whole
test period raised the necessity of preparing adequate soft-
ware packages to store the data, to visualise them, to cor-
relate the electrical signals to each other and with the
photographic recordings, and to analyse statistically the
results of evaluation.

During the experiments two basic types of data have
been collected: the electrical signals, sampled by the acqui-
sition digitisers and recorded on a magnetic support; and
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the photographic records, obtained mainly as Polaroid
pictures. These two types of data have been analysed
according to different numerical procedures and then cor-
related to each other. The flow chart of the integrated pro-
cedures which have been realised is represented in Fig. 9.

electrical records photographic records

original data
on

magnetic tape

data compression

original signal
database

ODB

original data
on

photographic plates

digitation
of images

IPS

digital filtering

data decompression

interactive
data manipulation

DML

spark track
analysis

schlieren
analysis

correlation
programs

final results
database

FDB

statistical
analysis

Fig. 9 Structure of the integrated software packages for data evaluation

The electrical signals have been organised into the
structured 'original database' (ODB) from which it was
possible to sort any signal on any desired timescale. Before
storage into the ODB, the signals were compressed to
reduce the total space used on the mass-storage device;
decompression routines were then used when sorting the
signals from the ODB.

The sorted signals were then passed to the DML
programf (data management language), which is an inter-
active vectorial calculator, able to produce a large number
of evaluations and correlations on the different signals.
The quantitative results of the evaluations (current peaks,
total charge, field changes etc.) could then be stored into a
relational 'final database' (FDB), where they could be
accessed by the routines performing, for example, the sta-
tistical analysis of the evaluated results.

The photographic results have been analysed by an
'image processing system' (IPS). The IPS consists of a
video camera which digitises the image directly into a
512 x 512 matrix of RAM memory (8-bit intensity scale).
Here the image can be passed through digital filters (in
order to clean the noise, to enhance the contrast, to
sharpen the edges etc.). No database of the digitised images
has been created, because the space on the mass storage
device would be too large; and the original photographic
plates could be redigitised by the IPS directly in the RAM
memory, in a time shorter than that necessary to sort them
from any database.

The digitised images are then used to analyse the 3-
dimensional and temporal evolution of the spark track, or
to evaluate the time changes of the leader cross-section.
The results obtained are then passed to 'correlation prog-
rams', to be compared with the DML signals. The quanti-
tative values of the final results are then stored in the
FDB, for the statistical evaluation, together with all the
other final results.

t This software has been developed at Padova University by G. Boccato, G.
Bondani, F. Celin, I. Gallimberti, O. Lucia and S. Stangherlin.
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The interface between the different software modules
can be direct, in the sense that they are organised into a
sequential routine which activates the different modules in
cascade, or indirect in the sense that all the information
evaluated by a software module is stored into a stan-
dardised 'metafile', where it can be accessed by any other
software modules.

In the following subsections the different modules
reported in Fig. 9, are briefly described.

3.2 Original signals database
The signals sampled during an individual test shot (6-12
electrical channels) were recorded into a single file and
then distributed altogether on magnetic tapes. Each
channel consists of a vector of 2048 integers, plus a 400
bytes string where the identification code is written,
together with all the scaling factors (vertical amplification,
zero-line offset, sampling times, triggering delay etc.).

The original signal database (ODB) has been organised
as a 'structured' file database: the total allocated space has
been divided hierarchically into 'series' and 'subseries': the
series correspond to test periods with unchanged electrode
configuration and voltage waveshapes; the subseries corre-
spond to test periods within a series under identical condi-
tions (with unchanged voltage levels and firing delay
between the two Marx generators).

The files of individual shots have been therefore inserted
into the ODB with a series and a subseries identification,
so to group them for identical experimental conditions.
Before insertion into the ODB each file was compressed,
while a decompression routine was used when sorting it
from the ODB.

A special compression algorithm has been designed for
this application. The 400 byte string was simply reduced to
the minimum formatted space for shot identification code
and integer or real scale factors; the 2048 vector of integers
(16 bit each) has been compressed according to a 4-way
algorithm based on the difference between subsequent
sample points (Fig. 10). In a regular sampled signal the
difference A between subsequent sample values is generally
small: in many cases, it can even be zero for quite a large
number of samples.

check k and
store

if necessary

If the absolute value of A is < 6, then it can be stored
into a 4 bit elementary module (Fig. 10), or else it has to be
stored in longer elementary modules (8 bits for |A| ^ 133
and 12 bits for |A|^2180). As the 4 bit elementary
module represents 16 combinations, three of them are in
excess with respect to those necessary to store |A| ^ 6 ;
hence, two of them can be used as control codes (CC) to
introduce 8 bit or 12 bit elementary modules. The com-
pression efficiency is therefore respectively 75%, 25% and
0%.

The compression efficiency can be further improved, if
the last available 4 bit control code is used to introduce
the repetition case: when A = 0 appears more than twice, a
counter is activated and stored, after the end of the equal
sample sequence, preceded by the adequate control code).

The decompression algorithm operates exactly in the
same way (Fig. 10), but in the 'read' mode instead of the
'write' mode.

The practical compression efficiency obtained for the
ODB was around 80% with an improvement by a factor
of 5 in the space allocated in the mass storage device;
Table 6 gives some details of a statistical analysis on the
occurrence of the possible '4-ways' of the compression
algorithm.

Table 6: Statistical analysis of the compression algorithm in
the case of the ODB signals

Way number Occurrence Compression
frequency efficiency

Fig. 10 Algorithm for signal compression
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( 1 ) | A | < 6 79.04% 75%
(2) 6 < |A| ^ 133 9.52% 25%
(3) 133 < | A | < 2180 0.02% 0%
(4) Repetition 11.42% 92%

3.3 Interactive data manipulation
The DML program has been developed starting from the
basic idea that any group of signals, when sorted from the
ODB on the same timebase (initial time, sampling interval
and number of points), is simply a group of vectors which
can be manipulated with any possible algebraic com-
bination or analytical transformation. A 'vectorial calcu-
lator' has been therefore developed, based on the use of
'stack registers' and RPN, like the usual HP pocket calcu-
lators. By introducing commands from the keyboard it is
possible to execute operations on the memory registers of
the calculator.

The stack has four registers (X, Y, Z, T) each of 2048
real numbers: the X register can be loaded from the key-
board, from the ODB, or from specific files on the mass
storage. The stack can be moved up or down with the
commands 'enter' and 'roll'; it is automatically moved up
when entering a new X value. Operations with a single
argument (like 1/X, ^/X, sin (X) etc) are executed directly
on the content of the X register, in succession for all the
2048 vector components; the X content is saved in the
additional register LASTX. Operations with two argu-
ments are executed on the registers X and Y, in succession
for all the 2048 vector components, and the result is stored
inX.

Some additional storage registers, numbered starting
from 0, are available for temporary storage of intermediate
results, which can be recalled in the X register at any time.

Some additional functions, typical of signal processing,
have been added to the basic vectorial calculator:

(a) Timescale commands: to fix the individual or
common time bases, and to synchronise signals in different
registers.
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(b) ODB access commands: to sort signals from the
ODB, in the desired timebase (interpolation is used when
this timebase does not coincide with the sampling times),
and on the correct vertical scale.

(c) Graphic facilities: to plot the content of one or more
stack registers on graphic terminals, to hard-copy them on
graphic printers or plotters, to zoom portions of the
display etc.

(d) Integration and differentiation: commands have been
implemented to perform definite or indefinite integration
and differentiation of the signal in the X register.

(e) Digital filtering: a number of digital filters (essentially
low-pass) with different bandwidth characteristics have
been implemented to clean noisy signals when needed.

(/) Identification: of peaks, steps and smooth scroll
analysis of signal fine details.

(g) Fastfourier transform: to study the frequency charac-
teristics of signals and their eventual correlation proper-
ties.

The DML program is composed of two essentially dis-
tinct sections (see Fig. 11): the first one is the 'command
interpreter', the second one is the 'command executor'. The
command interpreter has been designed to accept a single
command, a command line or a command file: this latter
possibility makes the vectorial calculator programmable,
which can be very useful in the case of systematic repetitive
evaluations. Command files can be activated also during
the execution of other command files up to a maximum
nesting level of 4, introducing in the programmability of
the vectorial calculator also the command subroutines.

Each of the accepted commands is composed of its
name followed by one or more eventual parameters; the
latter may be integer (like the specification of a storage
register) or real (like the definition of a zoom region). The

give prompt

read a
command line

extract successive
single words

read the
command file

command file? )

1 n o ' yes
command name? ) -Tinsert in command stack [

< integer parameter ?

real parameter ?

insert in integer stack

insert in real stack

yes,(command terminator?^ - | unrecognised command

extract a code from
command stack

check pointers on
integer and real stacks

extract parameter if
necessary

call execution routines

yes
command stack empty)
\ /

Fig. 11 Structure of the DML main program
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command interpreter scans each command line
(introduced by the keyboard or by command file),
separates the command names from the respective param-
eters and prepares the following vectorial stacks for the
command executor:

(i) Command stack: contains the sequence of commands,
coded in an adequate integer form; a pointer can scan the
command stack and cause them to be executed in sequence

(ii) Integer parameter stack: contains all the integer
parameters entered with the commands; a pointer is
moved along this stack under the control of the command
stack pointer

(iii) Real parameter stack: contains all the real param-
eters entered with the commands; also here a pointer is
moved under the control of the command stack pointer.

These three stacks contain all the information of the
command line, in a form adequate for the command execu-
tor to call the execution routines and to pass them the
necessary parameters (see Fig. 11).

An example of a work session with the DML program
is given in Fig. 12, where the command sequence and the

25
< 2 0

- 15
< 10

5
0

5 0 t ime .us 1 0 0

DML> TBASE 0. 182.E-6 2048 DML) 0.519 x
DML> DL 0 TT 6
DML> SERIES 8.4
DML) SHOT 771848
DML) GET A1 PLOT
DML> INTEGRATE PLOT
DML> STORE 1
DML> GET EL PLOT
DML> STORE 2
DML) GET V +
Fig. 12 Illustration of a DML work session

DML) GET V -
DML) 2.143 x CHS + PLOT
DML) RECALL 2 X)<Y -
DML) PLOT
DML) FILTER 10 0. 182.E-6
DML) SHIFT -0.5E-6
DML) RECALL 1 /
DML) PLOT
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hard-copies of the video-terminal plots are reported. The
example illustrates how it is possible to derive the ratio of
the space-charge field to the charge, starting from the mea-
sured current, voltage and field oscillograms.

First the desired series, subseries and shot number are
selected, together with a common timebase for all the
signals; then the current signal / is sorted from the ODB
and integrated to obtain the charge Q: the latter is stored
in register 1. Then the field EL is sorted and stored in
register 2. To obtain the pure space charge field XL it is
necessary to subtract from EL the geometric field GL pro-
duced by both the positive U+ and negative U~ voltages
applied, respectively, to the point and plane electrodes. To
obtain the voltage it is enough to use the calculated field
constants reported in Table 2 and add the contributions of
U+ and U~. With the zoom command, the synchro-
nisation of EL and GL at the instant at which U~ is
applied can be easily checked: if a timeshift appears (due
to jitter in the triggering circuits), this can be corrected
with the shift command to obtain a correct alignment.
Then GL can be subtracted from EL to obtain the space-
charge field XL. As XL derives from a difference, the
random noise is particularly high, so that it may be useful
to filter it: in the example of Fig. 12c a low-pass filter with
a bandwidth 10% of the sampling frequency has been
used.

The charge Q is then recalled from register 1, and after
the check of the sycnhronization with the XL signal, the
ratio XL/Q can be obtained: this gives an indication of the

512x512x8
RAM LI h

CRT

|console| plotter

Fig. 13 Schematic representation of the image processing system

position that the discharge space charge occupies within
the gap.

3.4 The image processing system and programs
The structure of the image processing system is repre-
sented in Fig. 13. The image is scanned by the video
camera (VC). The interface I,, under the control of a PDP
11/23 processor, makes it possible to digitise the image
and to load it in a RAM matrix of 512 x 512 pixels with
an intensity scale of 8 bits per pixel. This RAM memory
can be directly accessed by the processor via the computer
bus. The digitised image can then be displayed on a colour
screen, via the interface I2 also under the control of the
PDP 11 processor, after having been passed through the
lookup table (LT): this fixes the characteristics of visual-
isation of the 8 bit intensity scale (linear or nonlinear grey

Fig. 15 Schematic representation of the photographic arrangement for
leader track analysis

B photo typical microdensitometer profiles
(») (iii)

Fig. 14 Example of intensity profiles
(i) Leader channel still photograph; (ii) Leader track digitised with the pattern recognition routines; (iii) Cross-section intensity profiles in three different positions
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scales, artificial colour scales, number of colours etc.). The
lookup table can be programmed by the operator, select-
ing the type of intensity visualisation which best reveals
the desired details in the image. In addition, the image can
be manipulated by the processor: digital filtering routines
have been implemented to clean random noise, to enhance
the contrast, to sharpen the edges etc.

Some general purpose routines have been implemented
for analysis of discharge photographs, essentially for
pattern recognition and for tracing intensity profiles.

The pattern recognition routine gives the co-ordinates
of a number of points along the discharge track in the
photograph reference frame. A light pen is used to intro-
duce the basic points of the reference frame. The algorithm
can be fully or partly automatic: in the first case, the initial
point of the track is assigned with the light pen and the
algorithm moves along the track by searching a 'relevant'
point (maximum or minimum intensity, maximum inten-

sity derivative etc.) along an half circle of fixed radius
centred in the last point. This algorithm may fall into
ambiguity in the case of discharge branching. The partly
automatic algorithm avoids these ambiguities, because a
'preferential track' is assigned with the light pen, in a very
approximate way: the algorithm then searches for the 'rel-
evant' points along lines orthogonal to the 'preferential
track', starting from the preferential track itself.

The routine for tracing intensity profiles can display
and store the intensity distribution along a straight
segment across any portion of the digitised image. The
extreme points of the segment are fixed by the light pen;
the segment across the image is then visualised and the
intensity profile is automatically displayed (in a linear grey
scale).

An example of the results of these general purpose rou-
tines is given in Fig. 14, where the still photograph of a
leader channel is reported, together with its digitised track

A photo B photo projection on IC plane IC streak

spark track reconstruction

50 . 100
time,|js

Fig. 16 Example of the spark track analysis

a Static photographs
b Still projection and IC streak

50 ,. 100
time, ps

150

e Simulated framing sequence (Ar = 10 jis)
d Real velocity and length against time compared with current and charge
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and with the cross-section intensity profiles at different
longitudinal positions.

Two groups of evaluation programs have been then pre-
pared for the analysis of the digitised photographic record-
ings collected during the test period.

The first group deals with the 3-dimensional and tem-
poral reconstruction of the leader track, starting from two
digitised static pictures taken at almost perpendicular
directions (Fig. 15), and one or more digitised image con-
vertor streaks. The principle of the method is very simple:
as the projections of the filamentary leader channel on the
planes perpendicular to the optical axis of the static
cameras are known (Fig. 16a), simple relations of projec-
tive geometry make it possible to build up its 3-
dimensional track. The latter is then projected on the
plane of the image convertor and compared with the
image convertor streak (Fig. 16b), to separate the spatial
deviation from the timeshift.

In this way, the time at which the leader head has
passed any point of the three-dimensional track can be
determined. A discharge framing sequence projected on
any observation plane can then be obtained (Fig. 16c),
together with length/time or velocity/time plots, to be cor-
related with the electrical signals evaluated with the DML
program (Figs. I6d and e).

The second group of evaluation programs deals with
the analysis of the neutral density distribution across a
section of the leader channel, starting from the strioscopic
frame or streak recordings.

Such a picture presents always a grey background,
which represents the gas where no perturbation of the
refractive index is present; on this background brighter or
darker regions appear depending on positive or negative
light deflection from a 'gas body' where the refractive index
is modified. Under ideal conditions the intensity change is
proportional to the deflection angle, which in turn is pro-
portional to the gas density gradient. Therefore, for a
plane 'body', perpendicular to the light direction, the inte-
gration of an intensity profile would give the profile of gas
density variations. For a cylindrical 'body', as we can
assume the leader channel to be, the simple integration
has to be replaced by an inverse Abel transformation;
however, in most cases, the simple integration also gives
qualitative information on the gas density distribution,
with a much shorter computation time.

Both procedures have been implemented: the digitised
frame or streak photographs are first cleaned of random
noise to obtain an uniform grey background (Fig. 17a).
Then the intensity profiles, at a given section, are plotted
at different successive times (Fig. lib). If necessary, rou-
tines for smoothing and for correcting nonuniform illumi-
nation can be used, before integration or Abel-inversion.

The obtained radial density profiles (Fig. 17c) give infor-
mation on the neutral density evolution in the leader
channel, following the energy input associated with the
charge flow.

3.5 Final results database
The results of the quantitative evaluation of both electrical
signals and photographic recordings of a single shot are a
number of quantitative parameters (e.g. charge, current
electric field, leader length and velocity, at given relevant
times or at the end of the propagation), which have to be
stored and then statistically compared with analogous
results for other shots under similar or modified experi-
mental conditions.

For this purpose a relational database has been
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Fig. 17 Example of analysis of a strioscopic streak record
a Initial photograph of the leader expansion
b Intensity profiles across the leader section at successive times
c Relative density variation across the leader section against time
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designed (FDB), based on the Hydra System developed a
few years ago at CERN.

All the memory space allocated for the FDB is in a
single vector called dynamic storage. The elementary cell
within the dynamic storage is the bank; it is identified by
the address of its status word and contains two distinct
memory sections: the data area which can contain any real
or integer number or any character string, and the Link
area which contains pointers to other banks. Through
these pointers a relational structure within the database
can be built up; and it is possible to move from bank to
bank following a relational procedure.

The structure of the FDB (Fig. 18) has been organised
vertically along the tree 'series-subseries-shots-channels',
and horizontally into chains of similar banks. This makes

[T]izi: "r-TJnJzrrzzzrrjinjizizz.

Fig. 18 Relational structure of the final result database

possible any type of systematic search for parameters, or
group of parameters, at any level of homogeneity of
experimental conditions (shot, subseries, series) and the use
of interactive programs for statistical analysis, regression
and data best-fit.

4 Conclusion

This paper describes several types of surges which lead to
special engineering hazards in, for example, phase-to-phase
insulations. A programme of tests was defined to investi-
gate the properties of air insulation for voltage stresses of
this kind. The organisation of the tests was planned to
examine the influence of such surges, particularly on leader
properties.

Practical techniques have been developed in both the
high-voltage technology to realise these tests and in the
digital acquisition and processing of large quantities of
electrical and optical test data. These have been made suf-
ficiently general to be applicable to a very large variety of
gas discharge and plasma physics experiments.

The detailed conclusions concerning the behaviour of
air insulation under double-impulse voltages will be
described in the following papers: Parts 2, 3 and 4.
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