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Since the dead-zone fault in substations often has a relatively long removal time,
it may damage the insulation of power equipment and even threaten the stability
of the power system. In this paper, the movement of the dead-zone fault electric
arcina 220-kV substation is investigated. The arc chain model for the dead-zone
fault electric arc is developed; the influences of electromagnetic force, thermal
buoyancy, and the air resistance stressed on the electric arc are comprehensively
considered. The electric arc velocity and displacement are computed. Then, the
spreading characteristics of the dead-zone electric arc under various conditions
are studied. The spreading trend of the dead-zone fault electric arc is
summarized. Finally, measures to inhibit the spreading of the electric arc are
suggested. The study indicates that the movement of the electric arc in the dead
zone during the early stage is primarily influenced by the electromagnetic force
resulting from the overpass and conductor, and the arc is concave and has an
irregular trajectory. The inclination angle of the conductor significantly affects the
direction of the electromagnetic force. If the conductor is laid horizontally, the
electric arc is subjected to a smaller force. The electromagnetic force stressed on
the electric arc is mainly attributed to the fault phase conductor and the electric
arc body itself, whereas those from the other phase conductors are minor. The
initial position of the arc root has a certain impact on the movement of the
electric arc. The use of the insulating materials restricts the arc root movement.

renewable energy, substation, electric arc, dead zone of protection, fault propagation,
electric arc root

1 Introduction

The demand for electricity has grown rapidly in the past decade with the development
of the economy. In order to achieve the goal of carbon peak and carbon neutrality, China
has accelerated the electrification and electric energy substitution process. Although the use
of large-scale renewable energy faces many challenges, such as the high cost and the risk to
power grid stability, wind power and photovoltaic power are still increasingly penetrated
into the power grid in recent years, and they will become the main energy source.
Considerable substations have been put into service.

Due to the land space limitation, overpasses are widely used in many substations
constructed in urban areas, especially at a 220 kV voltage level, because of their convenient
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FIGURE 1
Diagram of the dead-zone area for transformers in the
substation

installation, operation, and maintenance. Some disconnecting
switches can be installed above the overpasses. Such type of
substation design significantly saves land occupation. However,
the compact structure also makes these substations vulnerable to
the line-to-ground fault. The dangerous fault electric arc would
spread quickly and is very hazardous. Meanwhile, to limit the extent
of the power system that is disconnected when a fault occurs,
protection is arranged in zones. This is because accommodation

10.3389/fenrg.2024.1353617

for current transformers (CTs) is, in some cases, available only on
one side of the circuit breakers (CBs). It leaves a section between CT
and CB that is not completely protected against faults, forming the
so-called dead zone. For dead-zone faults, the protection system has
to balance the requirements of selectivity and speed (Wang et al.,
2021). Therefore, in the case of fault, the clearing time is much
longer than other locations, and it may even exceed 1 s. However, the
movement speed of an electric arc is extremely fast. Prior to the
removal of the fault, the electric arc with high temperature may have
spread to other equipment, damaging the insulation of power
equipment. It would even threaten other associated equipment.
Currently, research on dead zone protection mainly focuses on
how to shorten the fault duration (Chen et al., 2014; Tang et al,,
2014; Li et al, 2021; Lin et al., 2021; Xu et al., 2022). Several
studies proposed a number of novel strategies with different
judgment logics. Under the premise of guaranteeing a safe and
stable operation, it still cannot achieve full speed, and the fault
duration is still very long compared to the fast movement of
electric arcs. During the fault interval, the high-temperature arc
would harm the equipment. Wu and Lianjin (2017) suggested
adding a set of CTs on both sides of the dead zone to meet the
requirements of quick action, but the presence of such equipment
would undoubtedly take more space in the substation. It is
expensive and almost infeasible, especially in urban areas. It
also contradicts the concept of a miniaturized substation
design and is difficult to realize in most compact substations.
The existing methods face difficulties in fully addressing the
damage caused by dead-zone fault arcs to adjacent equipment,
and the harm of dead-zone fault arcs to adjacent equipment still
exists. Furthermore, there are limited measures to reduce the
harm of dead-zone arcs. It is necessary to find a more effective
solution to minimize the impact of dead-zone faults on adjacent

overpass

/

FIGURE 2
Photograph of the fault dead-zone area in the substation
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(A) Recorded data for the dead-zone fault in the substation; (B) dimension of the dead-zone area in the substation.

equipment and improve the overall reliability of the
power system.

In this paper, the movement of the dead-zone fault electric arc in
a220-kV substation is investigated. First, the arc chain model is used
to simulate the current element of a dead-zone fault electric arc. The
influences of electromagnetic force, thermal buoyancy, and the air
resistance stressed on the electric arc are comprehensively
considered. Using the MATLAB software package, the electric arc
velocity and displacement are computed. Then, the spreading
characteristics of the dead-zone electric arc under various
conditions are studied. The spreading trend of the dead-zone
fault electric arc is summarized. Finally, measures to inhibit the

spreading of the electric arc are suggested.
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2 Modeling of the fault electric arc in
the dead zone of protection in a
substation

2.1 Dead-zone area of a transformer in a
substation

Depending on the fault location, the dead zone in a substation
can be categorized into three types: line protection dead zone, busbar
protection dead zone, and transformer protection dead zone. These
zones are generally located between CT and CB. Taking the
transformer dead zone as an example, its occurrence area is
depicted in Figure 1. Similar to the medium-voltage-side dead
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FIGURE 4
Current element model.
Load parameters of dead zone in substation
Load fault type and initial arc root position at moment =0
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FIGURE 5
Flowchart of dead-zone fault electric arc motion.
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FIGURE 6
Motion trajectories of fault electric arcs in the dead zone of the

substation. (A) t = 0.16 s; (B) t = 0.32's; and (C) t = 0.48 s.

zone, those on the high- and low-voltage sides can also be obtained,
ie, on the 35kV side, the dead zone is also located between
CT and CB.

Depending on the dead-zone area, there are also various relay
protection strategies (Tang et al., 2014; Liang, 2023). Taking the dead
zone of a 220-kV three-winding transformer as an example, when a
fault occurs in this area of 220 kV side, the main transformer differential
protection for out-of-area faults will not act. Nevertheless, at the
moment of t = 0s, the busbar differential protection on that side
will instantly clear all CBs on the 220-kV busbar of the transformer.
However, since other two sides of the transformer are still connected to
the power system, the fault would still exist. The differential protection
for a busbar has not reset and still exists in a tripped state. After a certain
delay, the 220-kV backup protection for the transformer would trip on
other two sides, and the fault would be ultimately removed. The
removal time for the fault is generally very long, between 0.6 s and
2 s, which is slightly different from the 220 kV side; however, the busbar
differential protection is typically not implemented in the 35 kV side
(Tang et al, 2014). Only when the backup protection on the high-
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voltage side is activated, and the three-side switches are tripped, the fault
in the dead zone of 35kV side can be cleared.

2.2 Case study for faults in the dead-
zone area

This study takes a 220-kV substation located in Jiangsu Electric
Power Company as an example. The fault occurs in a traditional
compact substation with the overpass, as illustrated in Figure 2. The
overpass, which is vertical to the conductor in space, is above the CT.
To mechanically support the equipment, a metal frame is fixed below it.
The lead conductor connects the top of CB to the right-side of CT. The
conductor has a certain inclination angle with respect to the horizontal
plane. During the fault, a metal wire fell from the overpass to the lead
conductor between the CB and CT of the transformer, the so-called
dead zone for protection. Since there is an insufficient insulating
distance between the high-voltage conductor and the overpass with
ground potential, a single-phase-to-ground fault occurs. The high-
current arc drifts very rapidly, and the fault current flows from the CT
to the metal frame and finally into the ground. The metal wire
immediately melts, and the metal vapor generated by the high-
temperature arc further leads to the phase-to-phase fault.

The current and voltage data for the dead-zone fault in a
substation is recorded, as shown in Figure 3A. It experiences six
stages as follows:

Stage 1: At t = 4 ms (Point A), the 110 kV differential protection
for phase C of the auxiliary busbar acts, and the medium-voltage-
side CBs are cleared.

Stage 2: At t = 50 ms (Point B), all CBs of the 110 kV auxiliary
busbar trip, but the fault still exists.

Stage 3: At t = 480 ms (Point C), due to the motion of the fault
electric arc, the fault is developed from the single-phase-to-ground
fault (Phase C) to phase-to-phase ground fault (Phase B to C).
Stage 4: At t = 1,430 ms (Point D), the busbar differential
judgment indicates a Phase B ground fault in the positive
busbar zone, and the 110kV positive busbar differential
protection operates, causing the removal of the Phase B fault.
Stage 5: At t = 1,507 ms (Point E), the 220 kV side CB of the
complex current section I on the medium voltage side of the
second main transformer trips due to the action of the third
time limit.

Stage 6: At t = 1,559 ms (Point F), the high-voltage-side CB of the
transformer trips, and the dead-zone fault is removed.

2.3 Modeling of dead-zone fault electric arcs

To prevent the equipment from damaging by an electric arc, the
motion of a dead-zone fault electric arc and its spreading
characteristics are investigated. The detailed dimension for the
substation under study is depicted in Figure 3B.

The arc chain model is used to represent the high-current fault
electric arc, and the force analysis is conducted on each current
element. Consider the combined effects of electromagnetic force F,,,;,
thermal buoyancy Fy;, and air resistance F,; (DONG et al., 2023; Sun
et al,, 2022; Murphy, 1995; Cong, H. et al., 2015b; Cong, H. et al.,
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Motion trajectory versus initial fault phases. (A) Initial fault phase,
Phase A; (B) initial fault phase, Phase B; and (C) initial fault phase,
Phase C.

2022; Cong, H. et al, 2022; Li et al, 2023; Li et al.,, 2019; Cong,
2015a), as shown in Figure 4.
The equilibrium equation for the force stressed on the arc is

F,;+F;+F,;=ma=0.
Here, a represents the acceleration of the fault arc current
element. The electromagnetic force, denoted by F,,;, is mainly

considered the effect of a certain dead interval three-phase
conductor and grounded conductor:

Fui = laani X B;,

where [,; represents the length of the current element 7, I,,; represents
the vector of the current element, and B; represents the magnetic
strength at the location of the current element.
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The thermal buoyancy, denoted by F, is an upward force
stressed on all arc current elements (Tanaka and Matsumura,
2009) and is given by the following equation:

Fi = (py—p) - g7 obuis

where p, represents the air density at standard atmospheric pressure,
and its value is taken as 1.295 kg/m?; p represents the air density for
the arc at high temperature, and its value is taken as 0.022 kg/m?
rai = kVI represents the radius of the arc current element; k
represents the fixed parameter; I represents the RMS value of the
short-circuit current; and g represents the acceleration of gravity, g =
9.8 m/s’.

The air resistance force is always opposite to the motion
direction of the current element (Gu et al., 2006a), and it can be
expressed as

Fui = Cr ° ruilui N PV?,

where v; represents the velocity of motion of the ith current element.
The flowchart for the motion of the fault electric arc in the dead-
zone area is shown in Figure 5.
It can be generally divided into following steps:

Step 1. Import the dead-zone fault parameter of the substation,
including the fault type, the dead-zone dimension, the initial arc
length, and the initial arc root position.

Step 2. Calculate the electromagnetic stress and compute the force
stressed on the arc root and arc column. Determine the arc root
motion time #, in the conductor through the arc occurrence
position and arc root speed. If the motion time ¢ < f,, the arc
root is in the motion stage, and the arc root position changes with
each iteration. If the movement time t > t,, the arc root is fixed to
the terminal, and only the arc column continues to move. Calculate
the displacement of each current element of the arc, and form a
new arc trajectory.

Step 3. Judge whether the fault is cleared. Since the short-circuit
current is very high, it is difficult to extinguish the arc by itself within
this short time. If the fault is not terminated, directly go to the next
iteration and cycle. If the fault is ultimately removed, terminate the
program and then capture the arc trajectory.

3 Simulation study

3.1 Movement of a dead-zone arc in a
substation

Based on the arc chain model and the detailed substation
parameters, as shown in Figure 3, a set of simulations has been
performed. Three phases, denoted by A, B, and C, have been
remarked in the figure. The fault is supposed to occur at Phase
C. The inclination angle between the conductor and horizontal
plane is 6 = 10°, the length of the conductor is set to [ = 3/cosf m
(3.05 m), the distance between the initial fault point and the CB is
approximately 1 m (I; = 1/cosf m), and the distance between the
initial fault point and the CT is approximately 2 m (I, = 2/cost) m);
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Comparison of dead-zone electric arc displacements versus fault phases

the projection distance on the y-axis is [;p = 1 m, I, = 2 m, and the
radius 7 = 0.01 m; the distance between the conductors of each phase
is 1 m; the current flows from the right side of the CT through the
conductor connected to the top of the CB, and the current flows
from the conductor through the dead-zone arcing from the overpass
on both sides of the metal frame into the earth, I3 =1, =4 m. The two
sides of the current have opposite directions but same magnitude,
and the short-circuit current is I; = I, = 4,000 A. The distance
between the overpass and conductor is & = 1.2 m. The upper arc root
is supposedly fixed, and the lower arc root keeps moving due to the
electromagnetic force resulting from the fault. The initial occurrence
place is O (0, 0, and 0), and the end point is P (0, 1, and 0.17); the
simulation time step is set to £ = 0.002 s. Considering the operation
of the backup protections, the simulation is terminated at
trax = 0.48 s.

3.2 Characteristics of the electric arc force

The motion trajectory of a fault electric arc in the dead zone of a
substation is shown in Figure 6.

(1) In the early stage, the electric arc mainly moves in the
positive direction of x and y axes, the movement distance
is short, and the arc trajectory is relatively simple.

(ii) In the middle stage, the arc continues its motion in the
previous directions, and it goes upward due to the effect of
the of the arc
slightly increases.

thermal buoyancy. The curvature
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(iii) In the later stage, the morphology of the electric arc is very
complex and becomes concave as a whole. The electric arc
reaches its maximum motion in all directions (x, y, and z).
The arc mainly moves in the positive direction toward x, y,
and z axes; the arc root at the top and bottom moves very fast,
whereas the arc column in the middle moves relatively
slower. The electric arc length rises significantly, and the
arc body moves far away from the conductor and
the overpass.

The movement of the electric arc is mainly affected by three
forces: thermal buoyancy, air resistance, and electromagnetic force.
The thermal buoyancy force is upward in direction and is related to
the magnitude of the current; the air resistance force acts in the
opposite direction to the arc motion and is mainly affected by its
velocity; and the electromagnetic force directly affects the speed of
the arc, and its magnitude continuously changes with time and
position. The electromagnetic force stressed on the arc body is very
crucial. According to the substation dead-zone arc structure, the
electromagnetic force effect is as follows: the electromagnetic force
from the Phase C conductor primarily drives the arc away from the
conductor in the positive x-axis and y-axis directions; the
electromagnetic forces from Phase A and Phase B conductors
mainly push the arc toward the negative x-axis and y-axis
directions; the electromagnetic force from the same-side overpass
causes the arc to move in the negative x-axis direction; the opposite-
side force causes the arc to move in the positive x-axis direction; the
arc itself would also produce an electromagnetic force and cause a
stress on the arc current elements.
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versus fault phases. (A) Phase A; (B) Phase B; and (C) Phase C.

Figure 7 shows the detailed electromagnetic force stressed on the
electric arc. It can be decomposed into F,,,; ~ F,,,s, which corresponds
to B1 ~ B6. As shown in the figure, the electromagnetic forces that
play a key role during the motion process are the electromagnetic
force F,,,; within the arc and the electromagnetic force F,,, from the
Phase C conductor, whereas other electromagnetic forces on the arc
movement has lesser impact. Since the arc internal role of an

Frontiers in Energy Research

dominates the arc motion. Although the internal electromagnetic
force also decreases, it still dominates the arc motion.

Since the arc is subjected to a net force in the positive
x-direction, the arc is shifted toward the positive x-axis. During
the early and middle stages, the arc is mainly affected by the overpass
and conductor electromagnetic forces, the arc root is closer to the
conductor which increases the force, and the movement speed is
faster than the middle arc column part, so the arc presents a concave
shape to the x-axis positive direction. In the later stage, the arc is
mainly affected by the arc electromagnetic force generated by the arc
itself. This irregular electromagnetic force leads to the movement of
the arc in a complex direction so that the electric arc becomes very
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From Figure 11, it can be inferred that the electromagnetic
force generated by the phase conductor is several times greater
0. 04 . . than that of the other phase conductor. Although the position of
0.0 oz 0.4 the other phase conductors in close proximity has a certain effect,
Time(s) the dominant factor is still the electromagnetic force generated
FIGURE 13 by the fault phase conductor itself. Comparing Figures 11A-C,

Electromagnetic force on the x-axis direction. (A)

Electromagnetic force generated by the fault phase conductor in the
x-axis direction; (B) total electromagnetic force exerted on the arc in
the x-axis direction.

complex. The force analysis agrees well with the observed motion
behavior of the electric arc.

4 Sensitivity analysis of a fault electric

arc in the dead-zone area of a
substation

4.1 Effect of a fault phase

Considering the variations in arc motion due to the different
phases of transmission conductors, this paper discusses the dead-
zone arc faults separately for each phase. Single-phase dead-zone arc
faults are set at the same location on Phases A, B, and C, with the
current flowing through the arc, consistent in all three simulations.
The simulation environments for all three cases are kept consistent,
except for the phase difference. Based on the above conditions,
simulations are conducted for each of the three scenarios of dead-
zone arc faults, and the simulation results at the moment of £ = 0.48 s
are shown in Figure 9.
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the arc occurs in different phases, but the electromagnetic forces
are quite similar, and the fault phase has few effects on
arc motion.

4.2 Effect of the arc root position

The arc root moves quickly on the lead conductor at the
beginning. As it reaches the terminal of the lead conductor, the
ending position of the arc root determines the initial length and
angle of the arc, which has a great effect on the dead-zone arc
movement. The effect of the arc root position on the conductor on
the dead-zone arc movement is analyzed in this paper. The upper
electric arc root position is on the overpass, and it is fixed at y = 0, as
shown in Figure 3B; the ending position of the lower arc root on the
lead conductor is fixed at y = 0. Assuming that the arc root stays in
the conductor in the range of 0.5 m to 1 m, and the absolute value
of its displacement in the x-axis is shown in Figure 12.

It can be seen that the closer the arc root position is, the closer
the arc spreads on the x-axis. The position of the arc root is set in the
range of y = 0.5 m-1 m, and the furthest displacement of the arc is
reduced, but the magnitude of the reduction is negligible. In the
range of y = —0.5 m to 0.5 m, the furthest displacement of the arc is
reduced more obviously. The electromagnetic force generated on the
x-axis by the arc root at y = —0.5 m, 0 m, and 0.5 m for the current
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Variation in electromagnetic forces versus conductor inclination
angle. (A) Total electromagnetic force generated in the x-axis by the
conductor; (B) part of the electromagnetic force on the conductor in
the x-axis.

phase conductor and the total electromagnetic force applied to the
arc on the x-axis are plotted, as shown in Figure 13.

From previous analysis, it can be seen that the arc is mainly
subjected to the electromagnetic force generated by the fault phase
conductor and the arc body itself. (i) When the arc root is at y =
0.5 m, the electromagnetic forces resulting from the phase conductor
are mostly positive, and the force acting on the arc along the x-axis is
mainly positive as well; (ii) when arc root is at y = Om, the
electromagnetic forces from the phase conductor become
negative in the later stages of motion, leading to both positive
and negative electromagnetic forces acting on the arc along the
x-axis, causing the arc’s maximum movement distance along the
x-axis to shorten; (iii) when the arc root is at y = 0.5m, the
electromagnetic forces from the phase conductor are negative,
and the electromagnetic forces acting on the arc along the x-axis
are mostly negative as well. This causes the arc to move to the other
side, and its movement distance is not significantly different from
when the arc root is at y = 0.5 m. It indicates that the position of the
arc root has a great effect on the movement of the arc. When the
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distance between the upper and lower arc roots of the arc is closer,
the relative displacement of the arc motion is smaller and vice versa.

4.3 Effect of the conductor inclination angle

The inclination angle 6 of the conductor will affect the direction
of the electromagnetic force and thus the motion of the electric arc.
In practice, the inclination angle often has a certain range. Suppose 0
is in the range from 0° to 30°, seven cases are computed by changing
the inclination angle of the conductor with respect to the horizontal
plane 0 to study the trend of motion of the arc in the dead zone. The
maximum displacement of the electric arc in the x-axis direction at
various inclination angles is plotted, as shown in Figure 14.

Clearly, as the inclination angle increases, the maximum
displacement of the electric arc in the x-axis direction also
increases. If the inclination angle 6 = 0°-15°, the displacement of
the arc under the same angle change is larger. If the inclination angle
0 = 15°-30°, it becomes relatively smaller.

Figure 15A shows that the larger the inclination angle 0, the
greater the electromagnetic force in the direction of the x-axis
applied to the arc. If the inclination angle is in the range of 0 =
0°-15°, the difference in the electromagnetic force applied to the arc
under the same angle change is larger; if the inclination angle is in
the range of 6 = 15°-30°, the difference in the electromagnetic force
applied to the arc under the same angle change is relatively small, as
15B. The larger the difference in the
electromagnetic force applied to the arc,

shown in Figure
the larger the
displacement gap of the arc motion, which is consistent with the

trend shown in Figure 14.

5 Conclusion

The conclusions of this study are summarized as follows:

The movement of the fault electric arc in the dead zone of a
substation is complicated. During the early and middle stages, the
movement is primarily influenced by the electromagnetic force
resulting from the overpass and conductor. Both the upper and
lower arc roots are subjected to a larger force, and hence their speed
is much faster than that of the arc column. The arc is concave in
shape. In the later stage, the arc is mainly influenced by the
electromagnetic force generated by the arc body, and the
electromagnetic force drives the arc to many directions, resulting
in an irregular trajectory and complex shapes.

The electromagnetic force stressed on the electric arc is mainly
attributed to the fault phase conductor and the electric arc body
itself. Those from the other phase conductors in close proximity on
the arc motion are minor and can almost be ignored. The maximum
spreading distances of the arc for three phases are close to
each other.

The initial position of the arc root has a certain impact on the
movement of the electric arc. Within the range of relatively close
proximity between the upper and lower arc roots, the arc spreads to
other phases in a shorter distance compared to other positions. The
dead-zone conductor is suggested to be covered by insulating
materials, the presence of which is able to restrict the arc root
movement, and the arc is maintained in an appropriate position
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within the dead zone. Meanwhile, the inclination angle of the
conductor affects the direction of the electromagnetic force. If the
conductor is laid horizontally, the electric arc is subjected to a
smaller force. Such inclination is able to lower the risk of the electric
arc and prevent the spread of the electric arc to the

neighboring phases.
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