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Abstract—Rapid developments in EHV/UHV transmission sys-
tems require a deeper understanding of the mechanism of long air
gap discharge. Leader propagation is one of the main processes
in long gap breakdown. In this paper, the leader propagation
characteristics of real size 800 kV UHVDC transmission tower
gaps under positive switching impulse voltages (185/ 2290 us) are
investigated. An integrated observation platform consisting of an
impulse voltage divider, a coaxial shunt, a high-speed video cam-
era, and a set of integrated optical electric field sensors (IOES), is
established. The waveforms of impulse voltage, discharge current,
electric field variation at specific positions, and time-resolved
photographs of discharge morphology are recorded. Axial leader
velocity and the relationship between leader advancements and
injected charge are obtained. The typical value of leader stable
propagation velocity is 1.7-2.2 cm/us, which varies slightly with
the gap length and applied voltage amplitude. The leader velocity
in the re-illumination process is much higher, and is seen as
varying from 5 cm/us to 30 cm/us, with an average value around
10 cm/ps. The charge in leader channel per unit length is 20-
40 pC/m, which illustrates a near-direct proportion relationship
between discharge current and leader velocity. The observed
parameters are important for further simulation of the tower
gap breakdown processes.

Index Terms—Integrated observation platform, leader
propagation characteristics, long air gap discharge, positive
switching impulses, UHVDC transmission tower.

I. INTRODUCTION

HE demand for electric power in China is increasing
rapidly. Because the energy bases are far away from
the load centers, massive long distance transmission systems
with large capability have been constructed. Three 1000 kV
UHVAC transmission projects and four + 800 kV UHVDC
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transmission projects have become operational since 2014.
An important issue in EHV/UHV transmission systems is
to determine external insulation distances, which requires
extensive knowledge of the mechanism and characteristics
of long air gap discharge [1]-[4]. A number of experiments
have been carried out to obtain the breakdown characteristics
of some typical engineering gaps. Transmission tower gaps
are one of the most common engineering gaps, for which
the influences of gap length, gap structure, voltage shape
and polarity, altitude on the 50% breakdown voltage Uso—
all have been investigated through simulation experiments.
However, the physical processes and parameters of discharge
propagation on tower gaps have been rarely studied [S5]-[8].

Leader propagation is one of the main processes in long air
discharge. Parameters such as leader velocity and charge in
leader channel per unit length are important in the simulation
of long gap breakdown [9]-[13], and laboratory experiments
have been conducted to study leader propagation in rod-rod
or rod-plane gaps. The most common method applied for ob-
serving leader propagation is streak photography using image
converter cameras (ICC) [14]-[20]. The famous research con-
ducted by Les Renardieres Group in the 1970s using ICC and
still cameras provides extensive information on positive leader
discharges in gaps with lengths up to 10 m under switching
impulse voltages [14]-[16]. The typical leader velocity is
1.25-3 cm/us, and the charge in leader channel per unit length
is 20-60 uC/m, which varies with electrode configuration,
applied impulse shape, and environmental conditions.

In recent years, advancements in observation and measure-
ment techniques provide new approaches for investigating
long air gap discharges [21]-[23]. One of the most out-
standing techniques is high-speed photography using CMOS
(complementary metal oxide semiconductor) or CCD (charge-
coupled device) video cameras, which permit us to obtain clear
discharge luminous morphology, especially the leader channels
with relatively weak luminosity, which are usually not distinct
in streak images. The discharge in typical gaps has been
observed with high time-resolution (in orders of microseconds
or even nanoseconds) using high-speed CMOS/CCD cameras,
and parameters such as leader velocity have also been de-
rived [24]-[29]. Another important technique is the integrated
optical electric field sensor (IOES) based on Pockels effect,
which has been used for obtaining the electric field and its
variations, including discharges at specific positions, thus
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providing information on the production and propagation of
space charge [30]-[33].

In this paper, an integrated observation platform containing
measurements of current, voltage, electric field, and high-
speed photography is established to investigate positive leader
propagation characteristics in real size¢ UHVDC transmission
tower gaps. The discharge current, electric field variation, and
time resolved images of air gap breakdown processes are
obtained, and leader velocity and charge per unit length under
switching impulse voltages are derived, offering important
parameters for simulation of tower gap breakdown.

II. EXPERIMENTAL DETAILS
A. Integrated Observation Platform

The integrated observation platform established in the ex-
periments and described in this paper consists of an impulse
divider to record the applied voltage waveforms, a coaxial
shunt to record the discharge current, a set of IOESs to detect
the electric field E at specific positions, and a CMOS high-
speed video camera. The schematic diagram of the platform
is shown in Fig. 1.
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Fig. 1. Schematic diagram of the integrated observation platform for switching
impulse discharge in tower head gaps.

The experimental set up was as follows: The coaxial shunt
was placed in a shielding barrel and connected to the conductor
and high voltage lead. Data from the current was sampled by a
data acquisition card (NI USB-5133) and transmitted through
optical fibers. Three IOESs were used in this platform. The
principle and typical applications of the sensors are presented
in [31]-[33]. The high-speed camera (Phantom V12.1) has a
maximum frame rate of 680, 000 fps (frames per second) with
an image size of 128 x 8 pixels. To achieve a considerable
time-space resolution, the camera was operated at a frame rate
of 120, 171 fps (8.32 ps interval) with an exposure time of
7.68 us each frame, and the corresponding image size is 256
x 128 pixels.

B. Experimental Arrangements

The arrangements of the real-size simulation tower head
gaps are shown in Fig. 2. Two typical arrangements were fol-
lowed in this experiment: 1) The minimum distances between
the corona rings to the cross arm (L;) and the lateral column
(L2) of tower were set to approximately 6.1 m. 2) L; and Lo

of tower were set to approximately 8.45 m. The simulation
conductor used in the experiments was 6-bundled, and 25 m
in length and 17 m in height from the ground. The external
radius of the corona rings was 1120 mm and the pipe diameter
was 120 mm. All the components were assembled based on
the requirements for = 800 kV UHVDC projects. The three
IOESs were aligned between the corona rings and the cross
arm, as shown in Fig. 2. Fig. 3 is a photograph of the testing
site. The structure of the tower gap and the arrangements of
the IOESs and coaxial shunt can be clearly recognized in the
photo.
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Fig. 2. Schematic diagram of the configuration of testing gaps and arrange-
ments of IOES.
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Fig. 3. Photograph of the experimental arrangements.

C. Testing Conditions

Positive switching impulse voltages (185/2290 us) gen-
erated by a 7.2 MV Marx generator were applied to the
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conductor. The parameters of testing conditions are shown
in Table I. In the experiments, the temperature was 23-28°C
and the relative humidity was 46%—77%. Breakdown occurred
to the cross arm or the lateral column randomly. In the
following analysis, only the cases of cross arm breakdown
are considered.

TABLE 1
PARAMETERS OF TESTING CONDITIONS
No. L (m) Ly (m) & kv
1 6.10 6.10 1,888
2 6.10 6.10 2,231
3 8.45 8.45 2,231
4 8.45 8.45 2,746

“Uer 1s the crest value of the switching impulse voltage.

III. TyrPICAL RECORDING
A. Waveforms of Voltage and Current

A typical recording of current and voltage waveforms is
shown in Fig. 4. In this example, the voltage amplitude was
1888 kV, and the gap length L; was 6.1 m. The total current
consists of two parts: the capacitive current and the discharge
current (conduction current). The capacitive current can be
derived from the derivative of voltage; thus the discharge cur-
rent can be obtained by subtracting the capacitive current from
the total current. The discharge was initiated at approximately
50 ps and breakdown occurred at approximately 200 us. It is
difficult, however, to determine the continuous leader inception
time only from the current waveform.
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Fig. 4. Typical waveforms of discharge current and impulse voltage (L1 =
Ly = 6.1 m, Uy = 1888 kV).

B. High-Speed Photography

The background photograph and time-resolved images of
discharge luminous morphology are shown in Fig. 5. The con-
tinuous leader inception time can be obtained from discharge
current shown in Fig. 4 and from the morphology images. A
few unstable leaders initiated around 80 s and extinguished
after short periods; the continuous leader initiated at 113 ps
from the corona ring. The luminous intensity of leader channel
in images (11), (15), and (17) was apparently stronger than in
other images before breakdown. This phenomenon is known

as re-illumination (or restrike), and the corresponding large
current impulse can be observed in Fig. 3.
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Fig. 5. Typical time-resolved images of discharge luminous morphology,
taken by high-speed video camera with a frame interval of 8.32 us (L; =
Ly = 6.1 m, Uer = 1888 kV).

The leader length and leader velocity as functions of time
can be derived from the time-resolved images. In this paper,
the axial leader length [, and axial leader velocity v, are
considered (the axial direction here is perpendicular to the
cross arm). The temporal variation of [, and vy, of this example
is shown in Fig. 6. The stable velocity of leader propagation
was around 2 cm/us and the velocity during re-illumination
was larger than 5 cm/us. The velocity of final jump was no
less than 33 cm/us due to the limitation in time resolution.
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Fig. 6. The temporal variation of leader axial length and velocity (L1 = Lo =
6.1 m, Usr = 1888 kV).
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C. Waveforms of Electric Field

The waveforms of electric field E' at three specific positions
are shown in Fig. 7. The bottom IOES was the nearest the 6-
bundled conductor while the top one was the nearest to the
cross arm. Electric field step increments can be observed in
the waveforms, as arrows and dash lines in Fig. 7, which
were caused by the rapid production of space charge. With the
leader-streamer propagation, the electric field at the positions
behind the streamer zone stopped rising and remained at a rel-
atively stable value before the final jump and gap breakdown.
Thus, there was only one field step detected by the bottom
IOES and two steps detected by the middle one. As the electric
fields stopped rising at different positions, the propagation
velocity of space charge region (the leader-streamer system)
vy can be estimated. The velocity v, at 145-170 us was
about 4 cm/us, and at 170-190 ps was about 5 cm/us. The
value of vy was similar to the leader propagation velocity
v, obtained from the high-speed images. This indicates that
the electric field measurements provide an auxiliary approach
for evaluating the propagation velocity of discharge. Since the
domain of streamer region and the distribution of space charge
typically change with discharge development, there could be
some difference between vq and vy.
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Fig. 7. Typical waveforms of electric field at specific positions (L1 = Lo =
6.1 m, Uer = 1888 kV).

IV. RESULTS AND DISCUSSION
A. Leader Length and Velocity

The temporal variation of axial leader length was measured
from the high-speed images. Fig. 8 shows the results obtained
from the experiments for the 6.1 m tower gap with 2231 kV
switching impulse voltages. The leader length before final
jump was about 3.2 m and the final jump length L¢ was about
3m.

The axial leader velocity was derived from the advance-
ments of leader length versus time, as shown in Fig. 9. In this
condition, the velocity of leader stable propagation vy was
usually lower than 5 cm/pus with an average value of 1.88
cm/ps. When the re-illumination process occurred, the leader
velocity v, was much higher, varying from 5 cm/us to 30
cm/ps. In the final jump stage, the velocity was higher than
30 cm/ps.
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Fig. 8. Axial leader length as function of time (L1 = Lz = 6.1 m, Uy =
2231 kV).

T T T
50 » B
@ r A
=5 A
E 40 _ R Final jump
20— === === —_1——_—————
N ‘.
2 20 A Re-illumination
A

5 A
<10 + AT Al Aa A
TR S )
E 0 AA‘W A | Stable propagation
<>é 1 . 1 . 1 .

50 100 150

Time (us)

Fig. 9. Axial leader velocity as function of time (L1 = Lo = 6.1 m, Uey =
2231 kV).

The average values of vs and v, in different testing con-
ditions are given in Table II. The average stable propagation
velocity vg is 1.7-2.2 cm/ps, and the average value of leader
velocity v, during re-illumination is around 10 cm/ps. Leader
propagation velocity is mainly related to the electric field and
ambient humidity. The stable propagation velocities v in the
four conditions are very close, slightly increasing with gap
length and applied voltage amplitude. It is easy to understand
that with higher applied voltage, the geometric electric field
in the gap is correspondingly higher, resulting in higher leader
velocity. For testing conditions 2 and 3, the applied voltages
are the same. The experiments show that the duration of leader
propagation in the 8.45 m gap is longer than the 6.1 m gap,
especially for the period close to the crest of the applied
voltage. Moreover, the non-uniformity of electric field in the
8.45 m gap is larger. This indicates that the electric field in
front of the leader tip is higher in the 8.45 m gap, which

TABLE 11
AVERAGE VALUES OF FINAL JUMP LENGTH, AXIAL LEADER VELOCITY,
AND LEADER CHARGE PER UNIT LENGTH IN DIFFERENT
TESTING CONDITIONS

Ly (m) U kV) Lf (m) ws (cm/ps)  or (cm/us)  qip (C/m)
6.10 1,888 3.24 1.75 9.93 24.98
6.10 2,231 3.05 1.88 14.68 32.13
8.45 2,231 2.94 1.96 11.82 21.84
8.45 2,746 3.99 2.11 11.35 31.43
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results in higher leader velocity. As to the ambient humidity,
it has obvious influences on the probability of re-illuminations,
which is generally observed during the leader propagation
process with high ambient humidity.

B. Relationship Between Leader Advancements and Injected
Charge

The relationship between axial leader velocity v;, and the
current flowing through the leader tip I can be expressed as

(1) [91-[11],
Vz = I/le (1)

where ¢, is the charge in leader channel per unit axial length.

An example of the relationship between leader propagation
and injected charge is shown in Fig. 10. The results were
obtained from experiments for the 8.45 m tower gap with
2746 kV switching impulse voltages. In Fig 10, the horizontal
coordinate represents the axial leader length minus the initial
value obtained from the first photograph showing continuous
leader propagation. The vertical coordinate represents the total
injected charge after the end moment of the first photograph of
continuous leader. The axial leader length was approximately
proportional to the inject charge after leader inception, and
then ¢y, can be derived. In this testing condition, ¢, was
estimated to be 31.43 nC/m. The values of ¢, in other testing
conditions are given in Table II, varying from 20 to 40 uC/m.
Note that the current measured by the coaxial shunt is not
exactly the current flowing through the continuous leader tip,
because there would be several coronas or leaders developed
from other positions along the testing conductor. As Fig. 5
shows, there was almost no obvious discharge except for
the main leader-streamer system after the continuous leader
initiated. The current waveform shown in Fig. 4 has good
correspondence with the leader propagation process. Thus, we
simplified the calculation of injected charge without taking
into account the charge produced by other coronas or leaders.
It would make the obtained values of charge per leader length
larger than the actual ones.
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Fig. 10. Relationship between axial leader length and injected charge (L1 =
Lo = 8.45 m, Uy = 2746 kV).

V. CONCLUSIONS

An integrated observation platform was established to in-
vestigate the leader propagation characteristics of real-size
simulation tower gaps in UHVDC transmission projects. The
minimum distance from corona rings and tower lattice was
arranged to be 6.1 m and 8.45 m. Positive switching impulse
voltages (185/2290 ps) were applied to the gaps. Waveforms of
applied impulse voltage, discharge current, space electric, and
high-speed photographs showing the luminous morphology of
discharge, all were obtained.

Leader velocity was derived from time-resolved images.
The average axial leader velocity of stable propagation varied
from 1.7 to 2.2 cm/us, increasing with gap length and applied
voltage amplitude. The velocity during re-illumination was
much higher with an average value around 10 cm/us. In
addition, the charge in leader channel per axial length was
also estimated from the relationship between leader length
and injected charge. The typical value varied from 20 to
40 nuC/m. Leader velocity and the relationship between leader
advancement and injected charge are important parameters in
prediction of 50% breakdown voltages.
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