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Abstract: Single-phase-to-ground fault in low-current grounding systems represents a serious public
safety concern. Low-voltage (LV) sensors, with their growing maturity, can now monitor multiple
points of the mid-voltage (MV) distribution network. This paper proposes a new method for iden-
tifying single-phase-to-ground line faults and locating them using LV sensors deployed on the LV
side of distribution transformers. We analyze the characteristics of the negative-sequence signal
on the LV side after a single-phase grounding fault occurs on the MV side. The negative-sequence
current can distinguish between fault and non-fault lines. By setting the ratio coefficient of negative-
sequence voltage and positive-sequence voltage, we can use multi-point collaborative calculation
and comparison to determine the section of the fault point. We consider the unbalanced load on the
LV side and the special case of a fault point on one end of the line. Through simulation of combined
MYV and LV distribution systems in MATLAB software and dynamic model experiments, we verify
that the proposed method has good robustness and accuracy. Monitoring the status information
of the MV distribution network through LV sensors has great potential in practical application and
implementation for realizing the fault detection of low-current grounding systems.

Keywords: fault detection; single-phase-to-ground fault; low-current grounding system; low-voltage
sensor; negative-sequence quantity

1. Introduction

In China’s 3~10 kV distribution networks, the neutral point is often left ungrounded
or grounded through arc suppression coils, which are also referred to as low-current
grounding systems [1,2]. As a critical link connecting the power system with end users, the
characteristics of distribution networks dictate their vulnerability to external factors and
internal equipment issues, rendering them more susceptible to faults compared to trans-
mission networks. Single-phase grounding faults are prevalent in low-current grounding
systems, constituting over 80% of the distribution network fault rate. During faults, volt-
ages in non-fault phases increase, posing risks to the insulation of the power grid and the
safe operation of electrical equipment. Moreover, faults can lead to electric shock accidents,
resulting in injuries and fatalities, with single-phase electric shock accidents comprising
over 70% of all electric shock incidents. In recent years, power companies have increasingly
recognized the significance of this issue [3,4]. Hence, rapid, efficient, and precise fault
detection methods are imperative for identifying faulted lines and promptly confirming
fault section locations, enabling maintenance personnel to address issues promptly [5,6].

In the current widespread application of low-current grounding systems, the fault
detection and discrimination of faulty lines are of significant importance for enhancing
the reliability of power system operation and effectively maintaining the safety of grid
equipment. However, due to the indistinct characteristics of single-phase grounding
faults in low-current grounding systems, fault detection remains a recognized industry
challenge [7]. Over the years, numerous scholars have conducted extensive research and
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proposed many methods for detecting low-current grounding faults and determining faulty
lines. These methods can be categorized into steady-state methods and transient methods.
Steady-state methods include specific techniques such as the zero-sequence admittance
method, zero-sequence current amplitude ratio phase method, zero-sequence current active
component method, negative-sequence current method, and harmonic method [8-11].
These methods offer advantages such as clear fault characteristic quantities and stable
signal acquisition. Unlike steady-state methods, transient methods provide rich transient
information and distinct local features but have poor disturbance resistance. They include
traditional energy methods, inherent modal energy methods, wavelet analysis methods,
and correlation analysis methods [12-16]. However, due to economic considerations, only a
small number of fault detection devices are typically installed on the mid-voltage (MV) side
at substations or along lines, and sometimes their actual performance is not satisfactory.
Power companies are forced to resort to traditional methods such as fault location through
line patrolling, leading to interruptions in power supply to non-faulty lines and affecting
power quality, resulting in the abnormal operation of sensitive electrical equipment [17].
Therefore, power companies urgently need to improve the accuracy of low-current system
grounding fault detection and enhance the safety and reliability of low-current system
operation, without adding too many additional devices so that economic requirements can
be met [18].

In recent years, there has been rapid progress in the construction of distribution
Internet of Things (IoT), especially the widespread deployment of smart distribution
transformer terminals. These smart terminals, installed on the low-voltage (LV) side of
each distribution transformer, maintain network time synchronization with cloud-based
main stations through broadband carrier waves, low-power wireless communication, and
other means. This enables power companies to have comprehensive situational awareness
of the distribution network throughout the system. By using measurement data from the
low-voltage side, some local faults can be detected, thereby enhancing the management and
control of the low-voltage distribution network [19]. Additionally, it brings new solutions
to the challenge of detecting low-current grounding faults on the MV side of the system.
In this paper, we analyze the monitoring signals from the smart distribution transformer
terminals installed on the LV side of distribution transformers. We extract and identify the
negative-sequence current on the MV side of the distribution network after a fault occurs.
By comparing multiple sensing signals, our method uses the magnitude of the negative-
sequence current to determine the faulty lines. Furthermore, it utilizes the ratio coefficient
of negative-sequence voltage to positive-sequence voltage for multi-point collaborative
determination of the fault section position. Special considerations are given to cases of
unbalanced loads on the LV side and faults occurring at one end of the line.

The proposed method, utilizing measurement data from the installed smart terminals
on the LV side, serves as an auxiliary means for monitoring on the MV side. It effectively
addresses the problem of fault identification and section localization in low-current systems,
thereby enhancing the fault-management capabilities of the MV distribution network.
This approach ensures both economic efficiency and system safety while safeguarding
equipment and personal safety.

2. LV-Side Perception Analysis
2.1. Characteristics of Negative-Sequence Current in Fault Lines

In low-current grounding systems, the equivalent circuits for zero sequence vary
depending on the grounding method at the system’s neutral point. Consequently, the
distribution of zero-sequence current changes with variations in the grounding method.
However, the equivalent circuit for the negative sequence remains unaffected by changes
in the neutral-point grounding method. Neither A/Y nor Y/Y connection winding configu-
rations impede the flow of negative-sequence quantities. Additionally, signals within the
3 kHz range can be transmitted to the LV side without accounting for errors introduced by
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transformer conversion [20,21]. Further analysis of the characteristics of negative-sequence
quantities in the system depicted in Figure 1 is presented in the following.

Bus

Z MV/LV
~o——LL - —>Load
T
MV/LV
L2 —»Load
T
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Figure 1. Diagram of topology of system.

The system depicted in Figure 1 includes multiple MV lines (L1-Ln), with smart
terminals installed on the LV side of distribution transformers. In the event of a single-
phase grounding fault occurring on line L1, the distribution of negative-sequence current
in the system can be illustrated by the equivalent circuit shown in Figure 2.

1
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I

Figure 2. Negative-sequence current distribution of single-phase grounding fault.

In Figure 2, Ry represents the fault resistance, Zp; denotes the system’s negative-
sequence impedance, Z,;s stands for the negative-sequence impedance of normal line 7,
Zy s represents the negative-sequence impedance from the bus to the fault point for the
faulted line, Zyy, signifies the negative-sequence impedance for other parts of the faulted
line, Z,; indicates the negative-sequence impedance of the load for the normal line, Zy
represents the negative-sequence impedance from the fault point to the bus for line k, and
Zoxp denotes the negative-sequence impedance for other parts of line ks load.

The negative-sequence currents generated at the fault point flow, respectively, towards
the power supply side and the load side. As shown in Figure 2,

LsZys
bi = o——— =Ky 1)
" Zoit + Zoiy ’
In(1), Ky = #ZSZM represents the ratio of negative-sequence current flowing towards

the non-fault line to that flowing towards the power source.

Due to the low conversion of the system’s high-voltage side negative-sequence
impedance to the LV side [22] and the high impedance value of distribution network loads,
which is typically tens to hundreds of times larger than the system’s negative-sequence
impedance, we have the following:

Zps << Zni1 , Zps << Zpif 2)
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Moreover, in urban areas, the length of distribution feeder lines typically ranges from
2 to 10 km, with the feeder line’s negative-sequence impedance significantly being smaller
than the negative-sequence impedance of the load; therefore,

Zoif << Zai1 , Zokpr << Zokir » Zokf2 << Zokiz ©)
It is generally believed that Kj is less than 0.01 [22]. Hence, it can be concluded that
Ly << Ips, I << Iy, Ik ~ Ips 4)

In summary, it is apparent that the negative-sequence current arising from single-
phase grounding faults in low-current systems predominantly flows towards the power
source upon reaching the bus. Conversely, the negative-sequence current directed towards
non-fault lines is negligible. Consequently, by contrasting the magnitude of negative-
sequence currents sensed on the LV side of feeder lines at the onset of the distribution area,
discerning between faulty and non-faulty lines on the MV side becomes feasible.

2.2. Characteristics of Negative-Sequence Voltage Upstream and Downstream of the Fault Point

Once the faulty line is identified, further determination of the fault section location is
made by analyzing the fault characteristics sensed on the LV side upstream and downstream
of the fault point. By disregarding the non-faulty lines in Figure 1, the fault single-line
diagram is obtained, as illustrated in Figure 3.

MV/LV

‘47 Zpl —» « xZp2—> ‘(I—X)ZDZ_’ ‘ Toad
k D1 —1 D 2‘

T

Figure 3. Fault circuit diagram.

In Figure 3, the fault point is located between transformer 1 and transformer 2; the
length from the busbar to transformer 1 is denoted as D1, with impedance Zp representing
the line impedance. The length between transformer 1 and 2 is denoted as D;, with
impedance Zp, representing the line impedance. The fault point is situated at a position
x along the length D, from transformer 1. After the fault occurs, the system’s equivalent
composite sequence network is depicted in Figure 4.
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Figure 4. Compound sequence network of single-phase grounding fault.

In Figure 4, Z19 and Zjq represent the line zero-sequence impedance, while G,;; and
Can, respectively, denote the total parallel conductance and capacitance to ground. I
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represents the fault current. From Equation (1), it can be inferred that the current flowing
downstream from the fault point is minimal. Therefore, downstream of the fault point
can be approximated as an open circuit [23,24]. Thus, the positive-sequence voltage Uy",
negative-sequence voltage Uy, and zero-sequence voltage UfO at the fault point can be
expressed as follows:

I
Uf+ =Us — 4(Zp1 + xZpy)

i I

Uy = —4(Zp1 +xZpo) 5)
I

ujz =-42

In the equation, Zj represents the total zero-sequence impedance of the line. We
introduce the coefficient 77y to represent the ratio of negative-sequence voltage to positive-
sequence voltage at the fault point:

- I
u —4(Zp1 + xZpy)

n =gl = 1
f Us — 5(Zp1 + xZp2)

| 6)

Similarly, the positive-sequence voltage Uy, ™, negative-sequence voltage U ~, zero-
sequence voltage Uflo, and coefficient 775 at point 1 upstream of the fault are expressed
as follows:

u = U - 17

_ I
Uy = —4Zm 7)
I
up, = —42o
U _LfZ
1 D1
mp =g = =272 ®)
f1 Us — 5Zp1

Comparing Equation (6) with Equation (8), the relationship between the negative-
sequence voltages at the fault point and upstream location 1 is Uy~ > Uy ™. Similarly, the
relationship between positive-sequence voltages is Uf" < Uy ¥, thus yielding 177 > 151 as
the relationship between the coefficients at the fault point and upstream location 1. As
deduced in Section 2.1, the current flowing downstream from the fault point is minimal, and
therefore the voltage change downstream is approximately the same as at the fault point.
Consequently, the relationship between the coefficients at the fault point and downstream
location 2 can be approximated as 77y ~ 7. Thus, the relationship between the coefficients
at the fault point and upstream and downstream locations satisfies:

Nf R > 15 )

In conclusion, based on the relationship between the coefficient ratios of the fault point
and upstream and downstream locations on the line, fault section localization between
distribution areas along the line can be achieved through coordinated comparison at
multiple points on the LV side.

3. Fault Detection Method

Based on the preceding analysis, it is apparent that in low-current systems, when a
single-phase grounding fault occurs on the MV side, fault signal characteristics can be
monitored on the LV side. To enhance the stability of the proposed method, it can be
integrated with fault detection methods on the MV side. An activation criterion can be
set, triggering when the abnormality of zero-sequence voltage detected on the MV side
exceeds a preset threshold (typically set at 10% of the phase voltage, varying with system
asymmetry), concurrently with abnormal changes in negative-sequence current detected
on the LV side. Specifically, within two consecutive power frequency cycles, if the change in
the negative-sequence current value on one line’s LV side is significantly greater than that
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of all other lines, it is considered that a single-phase grounding fault may have occurred,
and this event is recorded at time ¢. The criteria for fault detection are illustrated in Figure 5.

Figure 5. Fault detection procedure.

Typically, the duration of asymmetrical loads on the LV side exceeds that of fault
occurrences, warranting brief sampling times to minimize the impact of asymmetrical load
fluctuations. Hence, data from each outgoing line’s terminal distribution area, spanning
two power frequency cycles before and after time ¢, are selected as raw data. Preprocessing
involves subtracting the mean value of the two cycles after time f from that of the two cycles
before time ¢, effectively neutralizing the influence of asymmetrical loads on subsequent
fault selection and localization. Subsequently, the line associated with the distribution area
with the highest average value is identified as the faulty line.

After determining the faulty line, various LV measurement data from distribution areas
along the faulty line are utilized to introduce the coefficient ratio # for determining the fault
section location. This involves computing the ratio P; (I = 1, ..., n) of negative-sequence
voltage to positive-sequence voltage for the n distribution areas on the fault line after
preprocessing. Subsequently, clustering calculation is performed on P; using Equation (9),
aiming to divide them into two groups, P;; and P;, while maximizing inter-class variance
and minimizing intra-class variance.

When a fault occurs at the beginning or end of a line, the coefficient ratio # for each
distribution area along the line is approximately the same. Therefore, it is necessary to com-
pare the magnitude of negative-sequence voltages to determine whether the distribution
areas contained in P;; and P;, are located on either side of the fault section.

If correct, the line connecting P;; and Pj, is designated as the fault section. If denied,
the fault point should be at one end of the line. The average negative-sequence voltage of n
distribution areas on the fault line is computed after preprocessing, and the distribution
area with the highest average negative-sequence voltage is designated as the fault section.

4. Analysis of Simulation and Dynamic Model Experiment
4.1. Analysis of Simulation Results
4.1.1. Analysis of Faulty Line Selection Results

In SIMULINK, a simulation environment is constructed, comprising three 10 kV lines,
Li, Ly, and L3, along with a total of 13 LV distribution areas. The transformers in the
distribution areas are all connected in A/Y configuration, with the system neutral point not
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grounded. Line L, is chosen as the fault line, and the simulation system structure is shown
in Figure 6.

10kV
Sa0), >L,

—

11 12 13

-

Figure 6. Simulation system for fault line selection results.

The single-phase-to-ground fault occurs at the power supply end of the 10 kV line,
triggered at 0.2 s and recovered at 0.25 s, with a fault resistance value of 100 Q). After the
fault occurs, the comparison of the negative-sequence currents at the low-voltage ends of
the L1, Ly, and L3 lines is shown in Figure 7.

03}
L No. 5
02} /
<
<
0.1}
No. 1 and 10
0k T T T T 1 .
0 0.2 04 0.6
t/s

Figure 7. Comparison of LV negative-sequence current values (No. 1, 5, and 10 transformers). Ground
fault resistance: 100 Q2.

From Figure 7, it can be observed that the negative-sequence current at the LV end of
transformer 5, which is at the fault line’s starting point, is significantly higher than that of
transformers 1 and 10. This indicates that the negative-sequence current generated by the
fault flows mostly towards the system side after reaching the bus, with very little flowing
towards the non-faulted lines. In Figure 8, when the fault grounding resistance is increased
to 2000 (), the negative-sequence current at the LV side decreases, but still maintains the
relationship where the negative-sequence current at the fault line’s starting point is much
higher than that of the non-faulted lines.
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Figure 8. Comparison of LV negative-sequence current values (No. 1, 5, and 10 transformers) upon

increasing the fault grounding resistance to 2000 Q).

Considering the common factor of unbalanced operation on the LV side, the simulation
results under three-phase unbalanced conditions are shown in Figure 9.

0.16F / No. 5

0.12¢ -
< | AN
~' 0.08} No. 1

0.04}

No. 10
/
0kt n n n n n f
0 0.2 0.4 0.6

t/s

Figure 9. Comparison of LV negative-sequence current values (No. 1, 5, and 10 transformers) for
three-phase unbalanced operation.

The grounding fault resistance remains unchanged at 2000 (), with 20% three-phase
imbalance in transformer 3 of non-fault line L;. Clear negative-sequence currents appear on
the LV side of transformer 1 of the same line. Comparing the changes in negative-sequence
currents caused by faults on the MV side, the negative-sequence currents generated by
LV three-phase imbalance persist for a longer duration, with stable and almost constant
amplitudes. Hence, averaging the values over two power-frequency cycles after 0.2 s
and subtracting them from the averages over the preceding two cycles can eliminate the
influence of three-phase imbalance on the analysis of negative-sequence currents.

4.1.2. Analysis of Fault Section Localization Results

After identifying the faulty line, the fault section location is determined by comparing
the ratio of negative-sequence voltage to positive-sequence voltage on the LV side of each
transformer along the faulty line. The simulation system is illustrated in Figure 10.

As shown in Figure 10, the faulty line is still selected as Ly, with the fault occurring
between transformers 6 and 7 at 0.2 s, with a ground fault resistance of 100 ) and recovery
at 0.25 s. The comparison between the ratio of negative-sequence voltage U to positive-
sequence voltage U; on the LV side of each transformer along line L, is depicted in Figure 11.
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Figure 10. Simulation system for fault section location results.

No. 7,8 and 9
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2 No.5and 6
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Figure 11. Comparison of negative-sequence and positive-sequence voltage value ratios on the LV
side of fault line L, (No. 5, 6,7, 8, and 9 transformers).

In Figure 11, the upper curve set represents the results of transformers 7, 8, and
9 downstream of the fault point, while the lower curve set represents transformers 5 and
6. After calculating the ratio coefficient 7, it is evident that the ratio results on the LV
side of transformers on the same side of the fault point are essentially identical, with the
downstream substations showing higher values than the upstream ones. This further
confirms the section of the fault point.

When the fault point is located at either end of the line, as shown in Figure 12, since all
substations are on the same side of the fault point, the ratio of negative-sequence voltage
U, to positive-sequence voltage U is essentially the same, as depicted in Figure 13. Thus,
it is not possible to determine whether the fault location is at the start or the end.

o-©@

> L,

400V

L,

Ls

Figure 12. Simulation system with fault points located at both ends of the line.
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Figure 13. Comparison of negative-sequence and positive-sequence voltage value ratios on the LV
side of fault points located at both ends of the line (No. 5, 6, 7, 8, and 9 transformers).

When the fault occurs at the start of the line, as shown in Figure 14, the negative-
sequence voltage value at transformer 6 at the start of the line is the highest. Therefore, it is
possible to simply determine the location of the fault point at the start or end based on the
magnitude of the negative-sequence voltage at each transformer.

0.010
No. 6

0.075 /

[

Q ]
SO.OSO i\

0.005

ol L I L 1
0 0.2 0.4 0.6

t/s

Figure 14. Comparison of LV negative-sequence voltage values of a fault occurring at the beginning
of the line (No. 5, 6,7, 8, and 9 transformers).

Simulation analysis reveals that when a single-phase ground fault occurs on the
MV side, significant variations in negative-sequence quantities can be observed on the
LV side, with the magnitude of the negative-sequence quantity influenced by the fault
grounding resistance.

4.2. Analysis of Dynamic Model Experimental Results

The dynamic model experiment system illustrated in Figure 15 features a simplified
topology with dashed lines indicating non-operational components, as shown in Figure 16.
The system comprises two voltage levels, MV 690 V and LV 400 V, with line L and L, each
spanning a length of 100 m. The transformer winding connections for transformers M and
N are both configured as DY-type, while the main transformer Q utilizes a YD-type winding
connection. The 690 V-side connection is established through a grounding transformer.
Due to the limitation of the dynamic simulation topology containing only one line, the
experiment focuses solely on verifying the fault characteristics on the LV side upstream
and downstream of the fault point. Experimental data are sourced directly from DLP5000
recorders capturing voltage and current data from the LV side of areas M and N.
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Q
@_@ 690V o @

Figure 15. Structure of dynamic simulation system.

Q 690V
@_@ | | < | ,
| L L,

400V 400V

Figure 16. Simplified structure of dynamic simulation system (fault section L;).

4.2.1. Analysis of Fault in Section L,

When the faulted line is in section L;, the experimental conditions for tests 1 to 3
are as shown in Table 1. A single-phase grounding fault occurs in section L, with a fault
resistance of 10 (), and the neutral-point operation modes are as follows: ungrounded, arc
suppression coil compensation, and high-resistance.

Table 1. Experiment cases (fault section L;).

Test Number Mid-Voltage-Side Mid-Voltage-Side Neutral-Point
Fault Location Grounding Method
1 section Ly ungrounded
2 section Ly arc suppression coil
3 section L, high-resistance

Under test condition 1, the comparison of the ratios of negative-sequence to positive-
sequence voltage for transformers M and N on the LV side is shown in Figure 17.

0.45

0351

025

U,/U,

0.15

0.05

-0.05
0

t/s

Figure 17. Comparison of negative-sequence and positive-sequence voltage value ratios on the LV
side (M and N transformers) (test condition 1).

As observed in Figure 17, following a single-phase grounding fault occurrence along
section Ly, the values of coefficient 77 on the LV side for transformers M and N on either side
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of the fault point exhibit significant changes. Referring to the results in Table 2, under test
condition 1, the maximum value of coefficient 7 for transformer N downstream of the fault
point reaches 0.394, surpassing the maximum value of 0.122 for the upstream transformer.
This effectively identifies the position of fault section L,.

Table 2. Experimental results of fault section L;.

Test Mid-Voltage-Side

Number Neutral-Point 1 (Transformer M) 1 (Transformer N)
Grounding Method
1 ungrounded 0.394 0.122
2 arc suppression coil 0.385 0.126
3 high-resistance 0.354 0.112

As indicated in Table 2, when section L, of the line experiences a single-phase ground-
ing fault, under three different grounding conditions, coefficient 77 on the LV side of
the power supply-side transformer adjacent to the fault point remains lower than that
on the load side. Moreover, it is unaffected by the grounding method, aligning with
theoretical expectations.

4.2.2. Analysis of Fault in Section L,

When the faulty line corresponds to the L; section at the line’s initial end, the topo-
logical structure is depicted in Figure 18. The experimental conditions for tests 4 to 6 are
outlined in Table 3, with a fault resistance of 10 () and neutral-point operation methods
varying between ungrounded, arc suppression coil, and high-resistance.

Q 690V

L1 Lz

A | 400V B 400V

Figure 18. Simplified structure of dynamic simulation system (fault section Ly).

Table 3. Experiment cases (fault section L,).

Test Number Mid-Voltage-Side Mid-Voltage-Side Neutral-Point
Fault Location Grounding Method
4 section Lj ungrounded
5 section Ly arc suppression coil
6 section L; high-resistance

Under test condition 4, the comparison of the negative-sequence voltage on the LV
side of transformers M and N is illustrated in Figure 19.

From Figure 19, it is evident that there is a noticeable change in the negative-sequence
voltage at transformers M and N on the LV side when a single-phase ground fault occurs at
the beginning of line section L;. Referring to the results in Table 4, under the conditions
of test 4, the maximum value of the negative-sequence voltage at transformer M, which is
close to the fault point, is 46.353 V, exceeding the maximum value of 39.174 V at transformer
N, which is farther downstream.
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U/,

Figure 19. Comparison of negative-sequence and positive-sequence voltage value ratios on the LV
side (M and N transformers) (test condition 4).

Table 4. Experimental results of fault section L;.

Mid-Voltage-Side

N:rexlslser Neutral-Point 1 (Transformer M) 7 (Transformer N)
Grounding Method
4 ungrounded 46.353 39.174
5 arc suppression coil 45.936 39.087
6 high-resistance 41.068 37.424

According to Table 4, when the fault point is located at the beginning of the line,
transformers M and N on the LV side experience simultaneous increases in negative-
sequence voltage. The negative-sequence voltage at transformers near the fault point
is greater than that at downstream transformers along the line, and this observation is
independent of the grounding method. In summary, the results of the six experiments
confirm the feasibility of the method proposed in this paper.

5. Discussion

This paper introduces a fresh perspective on tackling the issue of detecting single-
phase ground faults in low-current systems. It suggests leveraging the extensive monitoring
infrastructure on the LV side to utilize fault negative-sequence characteristic information for
pinpointing both the faulted line and its section. This method can serve as a supplementary
strategy or stand-alone diagnostic tool for identifying faults in MV systems.

In complex distribution networks, apart from the fault analysis discussed in this paper,
there are many other factors to consider, such as the influence of meshed network structures
and other fault factors. Additionally, the magnitude of negative-sequence voltage and
current measured on the LV side is affected by fault resistance. Further refinement and
analysis are needed in the future to enhance the reliability of single-phase ground fault
discrimination.

This paper provides a comprehensive theoretical analysis of the negative-sequence
quantity characteristics measured on the LV side. However, this technology requires further
validation in field environments to meet practical operational requirements.
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