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Influence of Different Compensation Modes on
Morphological and Electrical Characteristics of

Secondary Arcs
Hongshun Liu , Member, IEEE, Zhiyuan Zhang, Tian Xia, Jingjing Yang, Qiuqin Sun, and Qingquan Li

Abstract—UHV transmission lines are usually equipped with
high-voltage shunt reactors. These reactors and the resulting
degree of compensation affect the voltage, current, and other
electrical characteristics of secondary arcs. In this paper, a
low-voltage experimental simulation setup to produce secondary
arcs in different compensation modes is established, and the
morphological and electrical characteristics of recorded arc
images and discharge waveforms are analyzed. For morphological
characteristics, the degree of secondary arcs is compared for
different compensation modes. For electrical characteristics, the
arc waveform, volt–current characteristics, and zero-current time
of secondary arcs are compared for different compensation
modes. These results provide a foundation to determine the time
of extinction of secondary arcs on overhead lines in the case of
compensation, as well as technical support to develop effective
arc suppression and extinction techniques.

Index Terms—Compensation mode, electrical characteristic,
morphological characteristic, secondary arc.

I. INTRODUCTION

FOR a single-phase grounding fault ultra-high voltage
(UHV) transmission line, the non-fault phase continues

the electromagnetic and electrostatic coupling power supply
to the fault point by creating a secondary arc (SA) after
eliminating the fault phase [1]–[3]. If this is not promptly
extinguished, the circuit breaker closes and causes an arc
grounding fault, which leads to a single-phase automatic
reclosing failure [4]–[6]. UHV transmission lines are usually
equipped with high-voltage shunt reactors, which not only pro-
vide parallel compensation but also restrain the SA. Regardless
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of the shunt reactor, the different degrees of compensation
coupled with changes in the secondary arc current (SAC) and
arc length lead to changes in the electrical characteristics, such
as voltage and current [7]. UHV transmission lines extend
over great distances under high operating voltages, making it
more difficult to extinguish SAs than on general transmission
lines [8], [9]. Thus, research into the arcing and extinction
properties of SAs on UHV transmission lines is critical to
develop successful arc suppression and extinction techniques.

Scholars conducted extensive SA simulation experiments
and discovered some arc properties and laws, as well as
the factors that influence arc extinction timing. An extensive
experimental study was performed to investigate the motion
characteristics of SAs, in which the effect of wind on the arc
column was investigated in detail by analyzing the captured
discharge images [10]. According to an experimental setting
for simulating the action of SAs across an insulator string, the
development of the volt-current characteristics of SAs has been
systematically studied to represent the repeated mechanism of
ignition and extinction [11]. The components and evolution
of SAs were addressed, as well as an improved algorithm to
solve the problems of discontinuous and false edges caused
by conventional operators [12]. Based on field experiments,
the voltage waveforms and arc extinction time were analyzed,
and the correlations between recovery voltage, SAC and arc
extinction time were examined [13]. However, the above
studies did not consider the influence of the compensation
mode on SAs, and there has been a lack of research on the
characteristics of arcing, morphology, and arc root motion
during SA movement under different compensation modes.
In addition, many digital simulations on secondary arcs have
been carried out based on secondary arc waveform data from
experiments over past decades, but it is difficult to completely
consider all the factors influencing SAs on the transmission
line [14]–[16]. There is a need for appropriate simulations of
the electrical, morphological, and extinction characteristics of
SAs.

Physical experiments can analyze the physical mechanisms
and macroscopic movement of SAs, but the strongly random
behavior of such arcs means that many experiments are
required. However, the limitations imposed by site conditions
make it difficult to repeat field experiments multiple times,
making simulations essential. To investigate changes in the
morphological and electrical characteristics of SAs under
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different compensation modes, the equivalent inductance of the
shunt reactor is added to the original experimental simulation
platform [11]. In this paper, simulations of SAs are per-
formed for both under- and over-compensation conditions, and
the electrical and morphological characteristics for different
compensation modes are compared from the comprehensive
perspectives of arc images, discharge waveforms, volt–ampere
characteristics, and zero-current characteristics.

The remainder of this paper is organized as follows. Sec-
tion II presents the experimental setup to simulate SAs under
different compensation modes. Section III analyzes the influ-
ence of the compensation mode on the arcing degree through
the binary processing of arc images. Section IV compares
and analyzes the voltage and current waveforms of SAs
under different compensation modes. Section V investigates
the extinction characteristics of SAs and further analyzes
the influence of the compensation mode on the zero-current
time. Section VI presents the processed voltage and current
data of SAs and discusses the volt–current characteristics
under different compensation modes. Section VII compares
and analyzes the arc extinction time, maximum potential
current, and maximum recovery voltage of SAs under different
compensation modes. Section VIII presents the conclusion.

II. EXPERIMENTAL SETUP

A. Feasibility Analysis of Low Voltage Simulation Experiment

The SA belongs to the free combustion arc in the atmo-
sphere, which is a capacitive long gap arc generated and
developed in the gas medium produced by inductive short-
circuit arc gasification. The extinction of the SA is related
to the rising rate of the recovery voltage applied at both
ends of the electrode and the air gap’s dielectric strength
recovery rate. Since the rising rate of recovery voltage is
commonly related to transmission line structure and is easily
restricted by line capacitive impedance, the simulation loop
must be as simple as possible and easy to experiment with
many times [3], [17], [18]. Much research has gone into
the SA self-extinguishing simulation experiment. Considerable
experiments performed by China Electric Power Research
Institute (CEPRI) and Russian Siberia Research Institute of
Power Engineering indicate that once the short-circuit current
is in the range of 30–120 A, the arc extinction time does
not change very much [19]–[21]. Even when the short-circuit
current is greater than 1 kA, the arc extinction time changes
very little, so the simulation experiment can use a small current
instead of a UHV high voltage line [22]–[24].

Because the arc length of SAs is long and the arc char-
acteristics of the arc column’s internal and external parts are
the same, the arc channel characteristics per unit length can be
considered consistent, and the self-extinguishing time of SA is
associated with the recovery voltage gradient but not directly
related to the recovery voltage value. As a result, the SA with
a length of l m in UHV lines can be approximately replaced
by a low voltage short arc with a length of l/n m based on
ensuring the equivalence of the recovery voltage gradient. The
supply voltage is reduced to l/n in this case, and the line
impedance is reduced by n times. Primarily, the inductance

is reduced by n times, and the capacitance is increased by
n times. Therefore, the laboratory short arc simulation under
low voltage can investigate the long SA of UHV lines, and
the experimental simulation is equivalent.

Previous research on the equivalent study of UHV SA
using this low-voltage, low-current, short-gap SA simulation
experimental platform yielded fruitful findings. It can be seen
from the above analysis that by using a smaller arc current
and a shorter arc gap in the experimental setup, it is possible
to simulate UHV SA.

B. Topology of Main Circuit

This experiment was carried out at the High-Power Labora-
tory of CEPRI. The simplified experimental simulation circuit
for a SA is shown in Fig. 1. Its main components are an
AC power source (peak voltage of 11.6 kV), an equivalent
capacitance C, a reactor L0, a shunt compensation reactor
L, circuit breakers CB1, CB2, and CB3, an insulator string,
and a fuse. The reactor and the capacitor branch produce
short-circuit current and SA respectively. L simulates the
equivalent inductance of the high-voltage shunt reactor on the
transmission line, and the compensation mode is changed by
varying the values of C and L. The equivalent capacitance C
and effective values of SAC are expressed as follows:

C = (2C1 + C0/2)l (1)
I = jωUmC (2)

where C1 and C0 represent the interphase capacitance and
relative ground capacitance per unit length respectively, l
represents the length of the overhead line, I represents the
SAC in non-compensation, ω is the angular frequency, and
Um is peak voltage of power source.

CB1 CB3

CB2
L0

C

L
VD

CTIn
su
la
to
r

st
ri
n
g

ComputerOscilloscope

Upper
electrode

Lower
electrode

S
ec
o
n
d
ar
y

ar
c

Power
source

High-speed
camera

Fig. 1. Simplified experimental simulation circuit.

The function of the insulator string is to provide a certain
recovery voltage gradient, so that the recovery voltage gradient
of the simulated experimental arc channel is consistent with
that of the SA channel in the actual line. In addition, the
SA of UHV transmission lines often occurs near the insulator
string, and the existence of the insulator string is helpful to
better simulate the shape and motion of the SA close to the
actual transmission line. In this paper, the suspended glass
insulator is used in the insulator string, which has a total
height of 68 cm. The two electrodes of the insulator string
are connected by a Ni-Cr alloy wire to form an arc-striking
channel by generating a short-circuit arc, and the electrode
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spacing is 53 cm. The recovery voltage gradient is 21.9 kV/m
(the peak supply voltage divided by the distance between the
upper and lower electrodes of the insulator string).

The operating sequence of the switch in the experiment is
as follows. First, CB3 is turned on, and CB2 and CB1 are
closed to simulate the inductive short-circuit current of 1 kA
in the UHV line, the reactor L0 is set as 36.88 mH. Then,
CB3 is closed and CB2 is turned on to simulate the SA of the
UHV line under different compensation modes. The voltage
and current of the arc are obtained with a 1000:1 voltage
divider (VD) and a current transformer (CT), respectively. In
this paper, a high-speed camera (Motion Pro X3) based on a
charge coupled device (CCD) sensor is used as the observation
equipment, the maximum image resolution is 1280 × 1024,
the frame rate is 500 fps, the minimum exposure time is 1 µs,
and the longest shooting time is 6.5 s. Based on the length of
the SA, the focal length of the lens is set to 80 mm and the
lens aperture is set to 1.4.

The relevant parameters of the experimental setup are shown
in Table I, which are used to generate SAC of different natures
with an amplitude of 30 A in the three compensation modes.
The reactor L and equivalent capacitance C can be calculated
by (3) and (4) for the under- and over-compensated cases,
respectively.

IC =
Um

XC
− Um

XL
= UmωC − Um

ωL
(3)

IL =
Um

XL
− Um

XC
=

Um

ωL
− UmωC (4)

where IC and IL represent the SAC for under- and over-
compensation, respectively.

TABLE I
PARAMETERS OF EXPERIMENTAL SETUP

Compensation mode Current property L (H) C (µF)
Non-compensation Purely capacitive 0 8
Under-compensation Capacitive compensation 1.2 16
Over-compensation Inductive compensation 0.6 8

III. INFLUENCE OF DIFFERENT COMPENSATION MODES
ON ARCING DEGREE

To observe the influence of the compensation mode on the
arcing degree for the SA, arc images for three compensation
modes at the same time under the same conditions (SAC of
30 A, recovery voltage gradient of 21.9 kV/m, and sampling
period of 0.002 s) are selected for analysis, as shown in Fig. 2.
Among the three groups of images, the arcing degree of the SA
is the most intense in the non-compensation case. At 0.1 s, the
arc is dissipated in the under- and over-compensation cases,
while it still burns in the non-compensation case.

An SA is an air arc in a long gap and exhibits complex
behavior as affected by wind, electromagnetic, and thermal
buoyancy forces, as well as other factors. Its morphological
characteristics are subject to instability and exhibit strongly
random behaviors. Therefore, accurate conclusions cannot
be obtained by relying solely on qualitative analyses and
comparisons of typical images. To determine the common

characteristics of SAs, images of the initial stage of SA
for three compensation modes are processed using the Color
Threshold Limiter toolbox in the MATLAB software to give
binary images, as shown in Fig. 3. The pixel area (AREA)
of each arc image is obtained using the Image Region Ana-
lyzer toolbox to process the binary images. Then, averaging
three groups of AREA values at the same time for each
compensation mode provides the influence of the arcing area
for different compensation modes during the short-circuit arc
stage, as shown in Fig. 4. The burning intensity of the arc
varies periodically, with the arcing area reaching a maximum
at the time of peak voltage before decreasing gradually and

(a)

(b)

(c)

0.002 s 0.01 s 0.04 s 0.07 s 0.1 s

Fig. 2. Images of SAs for different compensation modes: (a) Non-
compensation, (b) under-compensation, and (c) over-compensation.
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Fig. 3. Binary processing of short-circuit arc: (a) Before processing and (b)
after processing.
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Fig. 4. Comparison of the arcing area for the short-circuit arc for different
compensation modes.
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again reaching a maximum at the next voltage peak. From 0
to 0.04 s, the maximum arcing area of the SA for the non-
compensation mode is more than 8000 pixels, and its arcing
degree is the most intense, which is consistent with the images
in Fig. 2.

IV. WAVEFORM ANALYSIS OF SAS FOR DIFFERENT
COMPENSATION MODES

This section analyzes the influence of the compensation
mode on the electrical characteristics of SAs for the same arc
current (30 A) based on typical measured experimentally arc
current and voltage waveforms. The discharge characteristics
and recovery voltage characteristics of the SAC under three
compensation modes are shown in Table II, and the following
parts are analyzed in detail respectively.

A. Waveforms of the SA for Non-compensation

When C = 8 µF in the experimental circuit of Fig. 1 and
L is not installed, the current in the branch that produces the
SA is purely capacitive, which is the non-compensation mode,
and the SAC is 30 A. From the current waveform in Fig. 5(a),
stage 1 (0.1–0.19 s) is the current short-circuit stage with an
alternating short-circuit current and a maximum amplitude of
approximately 1 kA. Stage 2 (0.19–0.63 s) is the secondary
arc stage with a maintenance time of about 0.44 s, in which
the maximum current amplitude is 310 A, and a total of 44
strong breakdown discharges occurred (primarily in the form
of electrical breakdown). The voltage waveform in Fig. 5(b)
indicates that the arc voltage is square with an amplitude of
about 1.5 kV in the short-circuit arc stage (stage 1). The
maximum release voltage is 14.12 kV during the secondary
arc stage (stage 2), and a relatively stable recovery voltage
is formed at the end of the SA discharge at 0.63 s with a
maximum recovery voltage of 26.93 kV. We performed Fourier

analysis on the current and voltage of the SA, which has the
largest proportion of the power frequency component and also
contains odd harmonic components such as the third and fifth
harmonics. The amplitude of the harmonic component gradu-
ally decreases with the increase of the number of times, and
the current and voltage components of the power frequency
are 28 A and 3.12 kV respectively.

B. Waveforms of SA for Under-compensation

When L = 1.2 H and C = 16 µF in the experimental
circuit, the current in the branch that produces the SA is
capacitive and under the under-compensation mode. The SAC
is 30 A. From the current waveform of Fig. 6(a), stage 1 (0.1–
0.2 s) consists of a short-circuit stage and has an alternating
current with a maximum amplitude of approximately 1 kA.
The current waveform is shown in Fig. 6(a). Stage 2 (0.2–
0.28 s) is the secondary arc stage, with a maintenance time
of approximately 0.08 s. During this period, the maximum
amplitude of the arc discharge current is 118.7 A, and a total
of eight electric breakdown discharges occurred. The voltage
waveform in Fig. 6(b) shows that the short-circuit arc stage
(stage 1) has a square wave arc voltage with an amplitude
of 1.2–1.5 kV. In the secondary arc stage (stage 2), the
maximum discharge voltage reaches 6.25 kV. The discharge
ends after 0.28 s, and a recovery voltage with beat frequency
characteristics is produced at the upper and lower ends of the
electrode. The beat periodicity is 4 and the maximum recovery
voltage is 28.75 kV. The current has the largest proportion
of the power frequency component of 27.26 A and contains
a relatively more complex higher harmonic component than
the non-compensation. The power frequency component, the
second harmonic, and the fourth harmonic component of the
voltage make up the major part, corresponding to amplitudes
of 2.89 kV, 1.32 kV, 0.86 kV, respectively.

TABLE II
STATISTICS OF DISCHARGE INFORMATION OF SA FOR THE VARIOUS COMPENSATION MODES

Compensation mode
Secondary arc stage (Stage 2) Max recovery

voltage (kV)Max arc
current (A)

Max arc
voltage (kV)

Maintenance
time (s)

Number of
breakdowns

Non-compensation 310 14.12 0.44 44 26.93
Under-compensation 118.7 6.25 0.08 8 28.75
Over-compensation 252.8 13.65 0.03 4 28.43
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Fig. 5. Waveforms of the SA for non-compensation: (a) Current and (b) voltage.
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In the case of compensation, the arc gap recovery voltage
shows beat frequency characteristics, because the shunt reactor
resonates with the interphase capacitor when installed on the
line. After the SA goes out, the discharge circuit produces a
resonant-free oscillation. At the same time, the arc voltage is
the superposition of the interphase coupling voltage compo-
nent and the free-oscillation component of the discharge circuit
after disconnection of the normal phase; thus, the arc gap
voltage has beat frequency characteristics. The free-oscillation
component of the resonant circuit gradually decreases to 0,
and there remains only the recovery voltage component of the
interphase coupling voltage at both ends of the arc gap.

C. Waveforms of the SA for Over-compensation

When L = 0.6 H and C = 8 µF in the experimental circuit,
the current in the branch that produces the SA is inductive,
which is the over-compensation mode with a SAC of 30 A.
The current waveforms in Fig. 7(a) indicate that stage 1 (0.1–
0.21 s) is the short-circuit current stage, which is alternating
with a maximum amplitude of 600 A. Stage 2 (0.21–0.25 s)
is the secondary arc stage with a maintenance time of about
0.03 s where the maximum amplitude of the arc discharge
current is 252.8 A, and a total of four electric breakdown dis-
charges occurred. The voltage waveform in Fig. 7(b) indicates
that the arc voltage is a square wave with an amplitude of
1–2 kV at the short-circuit arc stage (stage 1). The maximum
discharge voltage reaches 13.65 kV in the secondary arc stage
(stage 2), and the arc discharge ends after 0.25 s. Similar to the

under-compensation case, there is an arc gap recovery voltage
with beat frequency characteristics between the two ends of the
electrode with a beat periodicity of 3 and maximum recovery
voltage of 28.43 kV. Thus, the maximum recovery voltage of
the SA in the over-compensation case is close to that of the
under-compensation case. The current and voltage have the
largest proportion of power frequency components of 26.72 A
and 2.95 kV, and contain more complex higher harmonic
components. The voltage also contains a higher number of
secondary and third harmonics of 0.67 kV and 0.84 kV.

V. ANALYSIS OF ZERO-CURRENT TIME OF SAS FOR
DIFFERENT COMPENSATION MODES

To further analyze the details of waveforms during SAs, a
power frequency of 50 Hz is selected and amplified in the
secondary arc stage. The waveforms for the three different
compensation modes are shown in Fig. 8.

During the motion of SA, although the arc channel is
constantly exchanging energy with the surrounding space to
ensure the arc resistance has a strong nonlinearity, the arc
resistance is still resistive, which causes the zero-crossing
points of the voltage and current waveforms to occur at the
same time. Due to the thermal inertia of the SA, the peak
current usually lags behind the peak voltage by 1–3 ms. The
SAC is relatively small, the waveform distortion is severe, and
the voltage waveform is saddle-shaped. The nonlinear behavior
of the arc is characterized by the generation of high-frequency
components and distortion in the voltage waveform with two
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Fig. 6. Waveform of the SA in under-compensation: (a) Current and (b) voltage.
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peaks in each half-period. The peak value of the arc voltage
in each cycle in the under-compensation case is quite different
and exhibits strong instability. One of the main causes of this is
the dynamic change of the arc length as a result of interactions
between various electrical, thermal buoyancy, and wind forces.

As indicated by the green arrows in Fig. 8(a), when the
voltage crosses zero, there is a transient recovery voltage
with a large amplitude, high frequency, and short influence
period. When the current crosses zero, it remains zero for
some time. This latter zero-current phenomenon is because
the arc temperature decreases faster in the zero-crossing stage
of the current during the burning of the SA and is not
high enough to maintain thermal dissociation of particles in
the arc column. Thus, the deionization process controls the
movement of the particles. Several electrons combine with
neutral particles, which combine with positive ions to form
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Fig. 8. Two-cycle waveform amplification of secondary arc stage for different
compensation modes: (a) Non-compensation, (b) under-compensation, and (c)
over-compensation.

new neutral particles. The neutral particles cannot form a
conductive channel, and the zero-current phenomenon arises.

The zero-current time has a notable influence on the arc
extinction. With an increased zero-current time, the time at
which the arc input power is zero also increases. After the
zero-crossing stage, a decreased temperature causes the arc
column to be relatively thin and easier to extinguish. As the
zero-current time significantly affects extinction of the SA,
it is necessary to analyze the influence of the compensation
mode on the zero-current time. Fig. 9 shows typical arc current
waveforms and their zero-current stages for the different
compensation modes.

By assuming that data points with currents less than 1 A
correspond to the zero-current phenomenon, it is possible
to obtain the duration of each zero-current stage for the
compensation modes, as shown in Table III. The average zero-
current time is the shortest for the non-compensation mode,
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Fig. 9. Current waveforms in the zero-current stage of SAs for different
compensation modes: (a) No-compensation, (b) under-compensation, and (c)
over-compensation.
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TABLE III
STATISTICS OF THE ZERO-CURRENT TIME FOR THE VARIOUS COMPENSATION MODES

Compensation mode Duration of zero-current stage (s) Average zero-current
time (s)

Arc duration
(s)AB CD EF GH

Non-compensation 0.00139 0.00141 0.00155 0.00217 0.0016 0.44
Under-compensation 0.00219 0.00353 0.00208 0.00109 0.0022 0.08
Over-compensation 0.00229 0.00232 0.00411 0.00448 0.0033 0.03

is intermediate for the under-compensation mode, and is the
longest for the over-compensation mode. The results of the
corresponding arcing time for the SA show that it is the
longest for the no-compensation mode, is intermediate for the
under-compensation mode, and is the shortest for the over-
compensation mode. This proves that the arc column is more
easily extinguished with an increasing zero-current time.

VI. ANALYSIS OF VOLT–CURRENT CHARACTERISTICS OF
SAS FOR DIFFERENT COMPENSATION MODES

A. Volt–current Characteristics of the Typical SA

The current and voltage waveforms of a typical SA in one
cycle (0.02 s) are shown in Fig. 10. The morphology of a SA is
related to the heat exchange between the arc and atmospheric
air. Moreover, the vol–current properties are closely related
to arc burn stability, such as arc reignition. As the SA has
an alternating current with a long gap, the current changes
regularly and crosses zero twice over a specific time. If the
arc current goes through zero, the arc gap’s input energy is
zero, the temperature decreases, and the arc naturally goes out.
The SA can be reactivated with increasing voltage and current
supplies. Thus, the burning of the second arc is a repeated
re-burning and extinction process, which can also be seen in
the volt-current characteristics.

Figure 11 shows the volt–current characteristics of the arc
corresponding to Fig. 10. Fig. 11 shows that the shape of
the waveform is nearly symmetric about the origin, which is
similar to a hysteresis loop. This is because the material and
layout of the upper and lower electrodes are the same. The line
segments O–A–B–O and O–C–D–O correspond respectively
to the positive and negative waveforms in Fig. 9. The line
segment O–A indicates that the arc voltage increases rapidly
after the current crosses zero. When the breakdown voltage
(point A) is reached, the voltage decreases and the current
increases. When the SAC reaches its maximum (point B),
the current and voltage gradually drop to zero, and the arc
goes out naturally. In segment A–B–O, the particles in the
parallel gap collide with each other due to thermal motion
at high temperatures, the number of charged particles varies
over time, and the conductance of the arc first increases before
decreasing. The process in the red oval in Fig. 11 shows that
when the voltage drops to a certain level, it increases slightly
to maintain arc burning.

B. Volt–current Characteristics for Different Compensation
Modes

To analyze the influence of the compensation mode on the
volt–current characteristics of a SA, the voltage and current
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Fig. 10. Current and voltage waveforms of a typical SA.
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Fig. 11. Volt–current characteristics of a typical SA.

data of typical SAs for the three compensation modes are pro-
cessed. As shown in Figs. 12–14, the curves are approximately
centrally symmetric with a fan-shaped loop. The breadth of the
volt-current characteristic curve is small in the secondary arc
stage. However, as the arcing time increases, the breakdown
voltage grows, and the area within the closed curve expands.
This indicates that the discharge power rises gradually, and
the arc discharge becomes more severe. In the later arcing
stages, the area enclosed by the volt–current characteristic
curve expands rapidly and becomes closer to a triangle shape.
In the increasing recovery voltage stage, the volt–current char-
acteristic curve is a rising curve with a large slope and becomes
nearly parallel to the vertical axis. When the recovery voltage
reaches breakdown, the arc quickly breaks down the electrode
gap. With the continuous burning and extinction of the arc, the
combined action of the electrical, thermal buoyancy, and air
resistance forces causes the arc length to grow continuously,
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Fig. 14. Volt–current characteristics of the SA for over-compensation.

and the arc gap breakdown voltage increases. Finally, at the
zero-current time of the secondary current, the voltage and
current decrease, and the arc goes out.

From Fig. 12, the breakdown of the SA occurs more than
20 times in the non-compensation mode, and the SAC and
breakdown voltage increase gradually with increasing reigni-
tions. The maximum breakdown voltage is close to 15 kV,
and the absolute value of the maximum secondary current is
more than 300 A. The area surrounded by the volt-current
characteristic curve corresponding to the breakdown of the SA
gradually increases, indicating a large power of the discharge
and intensely burning arc, which does not lead to its extinction.

In the case of under-compensation, Fig. 13 shows that

reignition of the SA occurs seven times with a maximum
breakdown voltage of 8 kV and a maximum potential current
less than 200 A. Thus, SA burning in the under-compensation
mode is not as intense as in the non-compensation mode, and
there are fewer reignitions. Fig. 14 shows that the behavior of
the SA in the case of over-compensation is similar to that for
under-compensation with a low number of reignitions (six),
a maximum breakdown voltage less than 8 kV, a maximum
SAC less than 80 A, and an arc burning intensity less than for
the non-compensation mode.

VII. ANALYSIS OF THE INFLUENCE OF COMPENSATION
MODE ON ELECTRICAL CHARACTERISTICS OF SAS

The waveforms of the SA obtained from the low-voltage
simulation experiments illustrate three characteristic electrical
parameters: extinction time, maximum SAC, and maximum
recovery voltage. These parameters can be used to characterize
the intensity of the arc discharge, discharge time, and recovery
voltage of the arc gap. Ten groups of experimental data
on SAs in the three compensation modes under the same
conditions are selected and compared. The influences of the
compensation mode on the arc extinction time, maximum
SAC, and maximum recovery voltage after arc extinction are
examined, as shown in Fig. 15.

From Figs. 15(a) and (b), the SA is successfully ignited
nine times in the non-compensation mode for the same SAC,
five times in the under-compensation mode, but only once
in the over-compensation mode. Therefore, in the absence
of successful arc ignition, there is no arc extinction time or
secondary arc current, and Fig. 15(a) and (b) have several
missing values. Fig. 15(a) shows that there are some differ-
ences in the arc extinction times between the compensation
modes. In the case of non-compensation, the arc duration is
mostly from 0.07–0.09 s, with the shortest being 0.0572 s
and the longest 0.1363 s without deviating greatly from its
average. For under-compensation, the arc duration is mostly
concentrated from 0.07–0.12 s with the shortest being 0.0161 s
and longest 0.1784 s, but it fluctuates considerably. For over-
compensation, the possibility of arcing is relatively low, and
only one arc occurs with a duration of 0.0371 s. The average
arc extinction time is calculated as 0.095 s in the non-
compensation mode, 0.098 s in the under-compensation mode,
and 0.0371 s in the over-compensation mode (calculations
are performed only for experimental data on successful arc
ignitions). The experimental results indicate that the rate of
successful ignition of SAs in the over-compensation mode is
low and the arc duration is short.

The maximum SAC varies significantly between the three
compensation modes, as shown in Fig. 15(b). In the non-
compensation mode, it does not deviate greatly from its
average, but the under-compensation mode undergoes signif-
icant fluctuations. The average maximum SAC is calculated
as 248.96 A in the non-compensation mode, 426.80 A in
the under-compensation mode, and 131.33 A in the over-
compensation mode. The SA is a strong discharge, and the
measured values of the current fluctuate, making it difficult
to draw accurate conclusions. However, data obtained in the
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Fig. 15. Electrical characteristics of SAs in the different compensation
modes: (a) Arc extinction time, (b) Maximum SAC, and (c) Maximum
recovery voltage.

experiments show that the average of the maximum SAC has
a decreasing trend in the order of under-compensation, non-
compensation, and over-compensation.

Figure 15(c) illustrates the influence of different com-
pensation modes on the maximum recovery voltage after
arc extinction. The maximum recovery voltages in the non-
compensation and under-compensation modes are similar, but
the values in the over-compensation mode are much lower.
The calculated average maximum recovery voltage after arc
extinction is 28.44 kV in non-compensation, 28.40 kV in
under-compensation, and 24.70 kV in over-compensation.

VIII. CONCLUSION

An equivalent inductance corresponding to a parallel reactor
was installed in a SA experimental simulation circuit. Com-

parative experiments simulating SAs were performed for non-
compensation, under-compensation, and over-compensation
modes. The results of this paper can provide a theoretical basis
and technical support for the further study of arc suppression
and extinction of UHV transmission lines. The following
conclusions are drawn from the experimental results:

1) Under the same conditions, the arcing degree in the non-
compensation mode is the most intense. The arcing degree and
characteristics of the SA are affected by the wind, electromag-
netic, and thermal buoyancy forces, as well as other factors.
The intensity of arc burning varies periodically, and the arc
area reaches a maximum at the peak voltage.

2) From the voltage and current waveforms of the SA, the
recovery voltage exhibits the characteristics of a sinusoidal
beat wave for the non-compensation and over-compensation
modes after SA extinction.

3) The average zero-current time is the shortest for
the non-compensation mode, is intermediate for the under-
compensation mode, and is the longest for the over-
compensation mode. The longer the zero-current time, the
longer it takes for the arc input power to become zero. After
the zero-crossing stage, the arc column is more likely to be
extinguished with a decreasing temperature.

4) Analysis of the volt–current characteristics of five groups
of SAs under three different compensation modes shows that
the compensation mode affects the SA burning characteristics
and reignition times. In the under-compensation and over-
compensation modes, the reignition times and discharge power
of the SA are reduced. The SA in the non-compensation mode
is the most difficult to extinguish.

5) The probability of successful arc ignition decreases in
turn for the non-compensation, under-compensation, and over-
compensation modes. For the over-compensation mode, the
success rate of arc ignition is low and the arc duration is
short. For the non-compensation mode, the maximum SAC
does not deviate greatly from its average value. Whereas the
under-compensation mode undergoes significant fluctuations.
The maximum recovery voltage for the over-compensation
mode is lower than that for the non-compensation and under-
compensation modes.
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