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Abstract: Monitoring cable sheath current is crucial for guaranteeing the secure and efficient operation
of high-voltage cable tunnels. In this study, a three-dimensional (3D) panoramic digital model of a
tunnel in Beijing is modeled, a parallel cable sheath current simulation model is proposed, and a
3D panoramic visualization system with which the cable sheath current can be simulated online is
developed in order to generate early warnings on the sheath current situation. The accuracy of the
simulation model is verified and the results are as follows: The difference between the simulated
sheath current and the actual measurement is within a maximum margin of 3.71%. A phase sequence
optimization strategy can be obtained after calculations based on the simulation model, and an
average sheath current reduction of 47.2% can be achieved following the optimization strategy. This
study introduces a new approach by which cable sheath current dynamics and real-time warning
against anomalies are visualized on a 3D tunnel model. In addition, a sheath current simulation
model is integrated in the 3D visualization system developed in this study, and phase sequence
optimization strategies for cables with abnormal sheath currents are automatically suggested, which
may provide scientific support for auxiliary decision-making in real-time cable operation.

Keywords: high-voltage cable tunnel; three-dimensional digital model; sheath current simulation;
phase sequence optimization

1. Introduction

Currently, the monitoring of cable sheath currents at all joints of high-voltage cable
lines in the Beijing area has been preliminarily implemented [1–3]. However, due to
limitations in the installation environment and sensor data transmission, issues such as
data loss, temporal misalignment, update delays, and inefficient information exchange often
arise during practical application, reflecting deficiencies in the digitalization and intelligent
development of the power grid [4]. If abnormal sheath currents occur in locations with
missing data, the system will be unable to detect the anomaly and provide an early warning.
Excessive sheath currents can lead to increased thermal losses in the cable, reducing its
current-carrying capacity. In severe cases, this may cause cable joints and grounding boxes
to burn out, severely affecting the safe and stable operation of the cable and increasing
unnecessary inspection costs [5–7].

Digital twins, a representative technology for digital and intelligent operation and
maintenance, have successfully been applied in the power industry [8–12]. Guo et al. [13]
use approaches like the Cahn–Hilliard equation to effectively model and rectify the damaged
regions of digital representations. In the field of cable tunnel digital twins, several studies
have utilized laser scanning technology to construct 3D models of cable tunnels [14–16].
Temperature is regarded as a key parameter in the modelling of monitoring models for
high-voltage cables [17–22]. Zhou et al. [23] and Zhu et al. [24] developed digital models
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for substation cables, enabling the visualization of cable systems within substations. In
the field of the analysis and calculation of cable sheath circulating currents, some studies
have focused on the determinants of cable sheath currents and analyzed the impacts of
different factors on sheath currents [25–30]. Some [31–35] have studied the impact of
the uneven cross-interconnection segmentation of multi-circuit cables on cable sheath
currents, while others [36–38] have analyzed the causes of zero-sequence current in cables,
considering a dual-circuit cable system as a case study. In the field of sheath current
standards, both the State Grid Corporation of China and China Southern Power Grid
have formulated corresponding enterprise standards, which propose operational and
maintenance regulations for high-voltage cables based on sheath current limits [39,40]. In
conclusion, current applications of digital twin technology are primarily focused on scene
and substation modeling, and are mainly used to monitor the surface temperature of cables.
However, research on monitoring and applying key parameters of the cable remains to
be studied.

In this study, a 3D panoramic digital model of a tunnel in Beijing is modeled, a parallel
cable sheath current simulation model is proposed, and a panoramic visualization system
is developed that is capable of online sheath current simulation and giving early warnings
related to sheath current conditions. By comparing the computed sheath current with
sensor measurements, the results demonstrate the reliability of the proposed simulation
model. Using this visualization system, the sheath current within monitoring gaps is
inferred, enabling the visualization of sheath current across entire cable lines. Based on the
sheath current simulation of cables in this tunnel, phase sequence optimization strategies
for cables exhibiting abnormal sheath currents are automatically suggested, which provides
scientific decision support for sheath current suppression and regulation.

2. Three-Dimensional Panoramic Digital Modeling of the Tunnel
2.1. Technological Route

The overall technical route for the 3D panoramic digital modeling of the cable tunnel
is presented in Figure 1, consisting of three key steps: (1) 3D Data Acquisition: Terrestrial
laser scanning (TLS) technology is employed to collect complete point cloud data of the
transmission tunnel by placing targets and setting up multiple scanning stations in the
tunnel. (2) Point Cloud Pre-processing: The point cloud data from each station are pre-
processed through alignment, stitching, denoising, and other techniques. (3) Tunnel Digital
Modeling: The initial 3D model is established based on the processed point cloud data
using modeling software. Subsequently, photographs of the tunnels, cables, and ancillary
equipment are taken with a digital camera, followed by texture creation and mapping onto
the model.
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Figure 1. Flowchart of digital twin modeling technology for cable tunnel.

2.2. Spatial Data Acquisition

In this study, a FARO S350 3D laser scanner is utilized to acquire the point cloud data
of the tunnel. Since cable tunnels usually extend from hundreds to thousands of meters,
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and given the limitations of the scanner’s accuracy, as well as the tunnel’s layout, multiple
scanning stations are required. To ensure the proper alignment and splicing of the point
cloud, overlapping scanning areas are necessary between adjacent stations, and targets are
placed within a specified range in front of and behind each scanner, respectively. Once
the scanning process is completed, a panoramic depth image is generated, as shown in
Figure 2.
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Figure 2. Scanning panoramic depth image map.

2.3. Point Cloud Data Processing

To establish the complete point cloud data of the cable tunnel, it is necessary to
align the point clouds collected from multiple stations into the same coordinate reference
system. Point cloud alignment usually consists of two stages: coarse alignment and fine
alignment. Coarse alignment is achieved by selecting a minimum of four corresponding
feature points between two adjacent scanning stations, calculating the translation and
rotation matrices, and then performing a coordinate transformation. Fine alignment further
reduces alignment errors by refining the initial point cloud through leveling the roughly
spliced point cloud based on the target sphere and the control points arranged during
station setup. Once each station is aligned, the point clouds can be integrated to form the
comprehensive point cloud data of the tunnel. In addition, the point cloud data of the cable
tunnel obtained by the terrestrial laser scanning instrument may contain noise or irrelevant
data, which must be removed before 3D modeling.

2.4. Three-Dimensional Modeling and Texture Mapping

An SLR digital camera is used to photograph the floor, walls, equipment, sign name-
plates, etc., within the cable tunnel in order to obtain the corresponding texture information.
Then, Photoshop software (Version 23.1) is used to process the collected photos, thereby
obtaining the texture information of the object surfaces within the tunnel.

The 3D digital model of the tunnel is established with 3Ds MAX modeling software
(Version 2023.1). Subsequently, the texture data are mapped onto the relevant model.

Eventually, a 3D panoramic digital model of the cable tunnel is modeled, as shown in
Figure 3.
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3. High-Voltage Cable Sheath Current Simulation Model Set up and Validation
3.1. Parallel Cable Sheath Current Simulation Model

When the cable line is long (more than 1000 m), the cable metal sheath is generally
grounded through a cross-interconnection protector. The cable is divided into three multi-
ples of equal length, establishing small segments, and each small segment is connected with
an insulated connector. The metal sheathing of each segment is routed via a coaxial cable to
a cross-interconnection box for relocation, and the termination of each cross-interconnection
section is directly grounded. The cross-interconnection grounding method is shown in
Figure 4.
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Due to the existence of electromagnetic induction between metal conductors, when
there is a current flowing in the cable core, a current will be induced in the metal sheath,
and the induced electromotive force on the sheath will be generated by the core current
together with the sheath current. According to the definition of the cross-interconnection
grounding method, the equivalent circuit diagram of the cable cross-interconnection system
is shown in Figure 5. Z1, Z2, , Z3 are the impedance of each small segment of the sheath,
respectively,

.
Eti,j is the induced electromotive force generated by the sheath current, and

.
Esi,j is the induced electromotive force generated by the core current.

.
Is1,

.
Is2,

.
Is3 are the

sheath current of each single cable, respectively, and Rd1, Rd2 are the grounding resistance.
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For a single-circuit cable, the self-inductive and mutual inductive resistance per unit
length of the ith cable’s metal sheath can be calculated as follows:

Xi = 4π f × 10−7 ln
(

De

ri,GMR

)
(Ω/m) (1)

Xij = 4π f × 10−7 ln

(
De

sij

)
(Ω/m) (2)

De = 660
√(ρg

h

)
(3)

riGMR =
(ds1i + ds2i)

2
× 10−3 (4)

where Xi is the self-induced resistance per unit length of the ith metal sheath, De is the
earth-equivalent circuit depth (unit: m), sij is the center distance between conductor i and
conductor j (unit: m), ρg is the earth resistivity (unit Ω), f is the core current frequency
(unit: Hz), riGMR is the geometric mean radius of the metal sheath of the ith metal sheath
cable, ds1i is the ith metal sheath inner diameter (unit: mm), and ds2i is the ith metal sheath
outer diameter (unit: mm).

Taking a single-circuit cable as an example, let the numbers of phase A, phase B, and
phase C be 1, 2, and 3, respectively. The total induced voltage generated on the sheath of a
phase of the circuit contains the induced voltage generated by the core currents of three
phases and the induced voltage generated by the sheath currents of the other two phases.

The induced voltage generated by the core currents on the sheath can be calculated
as follows:

.
Et1.
Et2.
Et3

 = −j

X11l1 + X21l2 + X31l3 X12l1 + X22l2 + X32l3 X13l1 + X23l2 + X33l3
X21l1 + X31l2 + X11l3 X22l1 + X32l2 + X12l3 X23l1 + X33l2 + X13l3
X31l1 + X11l2 + X21l3 X32l1 + X12l2 + X22l3 X33l1 + X13l2 + X23l3




.
I1.
I2.
I3

 (5)

The induced voltage generated by the sheath currents on the sheath can be calculated
as follows:

.
Es1.
Es2.
Es3

 = j

 0 X12l1 + X23l2 + X31l3 X13l1 + X21l2 + X32l3
X21l1 + X32l2 + X13l3 0 X23l1 + X31l2 + X12l3
X31l1 + X12l2 + X23l3 X32l1 + X13l2 + X21l3 0




.
Is1.
Is2.
Is3

 (6)

where
.
I1,

.
I2,

.
I3 are the core currents of phase A, B, and C, respectively, l1, l2, l3 are

the length of the three cross-interconnection segments, respectively,
.
Et1,

.
Et2,

.
Et3 are the

induced voltages of the sheath generated by the core currents, respectively, and
.
Es1,

.
Es2,

.
Es3

are the induced voltages of the sheath generated by the sheath currents, respectively.
According to Kirchhoff’s law,

Z1
.
Is1 + (Rd1 + Rd2

) .
Ise +

.
Es1 =

.
Et1

Z2
.
Is2 + (Rd1 + Rd2

) .
Ise +

.
Es2 =

.
Et2

Z3
.
Is3 + (Rd1 + Rd2

) .
Ise +

.
Es3 =

.
Et3

.
Ise =

.
Is1 +

.
Is2 +

.
Is3

(7)

where
.
Ise represents the current in the cross-interconnection grounding point and the

sheath current of a single-circuit cross-interconnection cable can be calculated according to
Equations (1)–(7). The sheath currents of multi-circuit cables can be calculated by expanding
the matrix of Equations (5)–(7).
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3.2. Integration of the Simulation Model and the Tunnel Panoramic Digital Model

In this study, a 3D panoramic visualization system is developed and the tunnel
panoramic digital model is displayed in the system. The sheath current simulation model
proposed in this study is coded with MATLAB (Version R2023a). Subsequently, the more
flexible and scalable Python language was selected to transcode the MATLAB source code
and create data input/output interfaces, ensuring seamless communication with the 3D
panoramic system. Given that the MATLAB simulation relies heavily on matrix operations,
the NumPy library in Python was utilized to construct ndarray matrices and perform the
corresponding computations. As the underlying simulation principles remain unchanged,
the results obtained from the ported code are consistent with those of MATLAB, with
computational performance comparable to MATLAB. Each single calculation is completed
within a few seconds.

Figure 6 illustrates the integration of the simulation model and the panoramic digital
model. The sheath current can be calculated online with the developed visualization system
and the simulation results can be demonstrated via the 3D model, as shown in Figure 7. A
dedicated data reading interface for the High-voltage Cable Lean Management Platform
(HCLMP) was designed within the developed 3D panoramic system. The input parameters
of the simulation model, such as the voltage level, circuit load, operating frequency, etc.,
of the cables, can be accessed directly from the HCLMP. Other input parameters of the
simulation model, such as the spatial information of the cables (e.g., line spacing) and
electrical information of the cables (e.g., sheath inner/outer diameter), are stored in the
database of the developed system and can be invoked by the simulation model directly.
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3.3. Validation of the Proposed Simulation Model

In this study, Line I and Line II laid in a tunnel in Beijing are modeled and used as
a case study. Line I and Line II connect transformer stations A and B and run in parallel
all along the tunnel, as shown in Figure 8. The layout of Line I and Line II is depicted
in Figure 9. The three cables of Line I are arranged in an equilateral triangle formation,
which is called “Xiao Pin Zi” in Chinese. The vertical distance and horizontal distance
between these three cables are both 150 mm. The three cables of Line II are arranged in an
isosceles triangle formation, which is called “Da Pin Zi” in Chinese. The vertical distance
between the upper cable and the lower two cables is 450 mm, and the horizontal distance
between the lower two cables is 350 mm. The vertical distance between the geometric
centers of Line I and Line II is 800 mm. The cable model of both Line I and Line II is
ZR-YJLW02-127/220KV-1 × 1000 mm2. The distances between the three cross-connections
are 467 m, 451 m, and 474 m, respectively.
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During the core current analysis, when a certain moment is selected, the core currents
of Line I and Line II are 332 A and 256 A, respectively. All the parameters used in the
proposed simulation model are listed in Table 1.
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Table 1. Parameters used in the proposed simulation model.

Parameter Name Value Parameter Name Value

Core outer diameter/mm 48.5 Core cross-sectional/mm2 1600

Conductor shield thickness/mm 2.0 Aluminum sheath resistivity/Ω·m 2.8264 × 10−8

Insulation thickness/mm 24.0 Cable support spacing/mm 1680

Insulation shield thickness/mm 1.0 Height of each layer of bracket/mm 450

Thickness of metal sheath/mm 2.6 Spacing of cables in the form of large
triangle/mm 350

Sheath thickness/mm 5.0 Ground resistance/Ω 0.3

Cable outer diameter/mm 135.2 Soil resistivity/Ω·m 300

The comparison between the monitored and calculated sheath current values is shown
in Table 2. Since the cable has only one section of cross-linked connections, only the cable
sheath current for a single cable segment needs to be calculated. Taking the monitored
data from transformer station A as an example, as shown in Table 2, the calculated values
are consistent with the measured values, with a maximum error of only 3.71%. The error
is attributed to a few seconds’ delay in the sensor data, meaning some sensors may not
measure at the same time. Additionally, some cable segments were measured manually,
which may result in discrepancies from the actual length. Overall, the proposed simulation
model meets the accuracy requirements within the acceptable error range and accurately
reflects the variations in sheath current.

Table 2. Comparison of monitored and calculated sheath current values.

Line Name Phase
Classification

Monitoring
Value (A)

Calculated
Value (A) Inaccuracies (%)

I

Phase A 23.8 23.6 0.84
Phase B 24.5 25.3 3.26
Phase C 29.6 30.7 3.71
Phase T 82.1 80.29 2.20

II

Phase A 28.8 29.5 2.43
Phase B 25.4 25.9 1.96
Phase C 23.7 23.3 1.68
Phase T 77.2 78.4 1.55

4. Intelligent Decision Support for Cable Sheath Current Operation Based on the
3D Digital Model
4.1. Early Warnings Against Cable Sheath Current Anomalies

For the traditional sheath current monitoring and display system, the sheath current
monitoring depends on the quality of the sensors and the stability of the communication
system. If the corresponding point sensor or communication line is faulty, it is difficult to
reflect the sheath current value in real time, and it is impossible to provide early warning
information for the operation and maintenance management personnel.

For high-voltage cables, the current of the cable core is a key indicator of the power
system. In this section, sheath currents at each point of Line I and Line II are calculated
based on the simulation model proposed in this study. The sheath current differences
between some common cable sheathing faults (e.g., sheath shorting, cross-interconnection
box water ingress, sheath grounding, etc.) and normal conditions are analyzed. The fault
location is presented intuitively on the 3D digital model of the tunnel, as shown in Figure 10.
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ATP-EMTP software (Version 7.3) is used to establish the cable fault simulation model.
Sheath currents under fault conditions are calculated based on the established fault model,
and sheath currents under normal conditions are calculated based on the proposed sim-
ulation model in this study. Before performing fault detection, the system automatically
analyzes the data timestamps from each sensor and decides whether to initiate a fault
diagnosis based on the configured time threshold. To ensure the robustness of the detection
system, if data from critical sensors are lost, the system will reject the fault detection request
for that section of the line and notify the user to check the sensor status. Furthermore, the
system currently includes response mechanisms for extreme fluctuations. When there is
a rapid change in current, the system first records the current curve, then automatically
triggers the defect and fault detection features. It will perform diagnostics of the line’s
operating status and issue corresponding early warnings. The comparison of the calculation
results is shown in Table 3.

Table 3. Sheath current comparison under normal conditions and abnormal conditions.

Line Phase
Classification

Calculated
Value (A)

Shorting of
Two-Phase
Sheaths (A)

Interconnection Box
Misconnection (A)

Interconnection
Grounding Box Water

Ingress (A)

I

Phase A 23.6 298.3 167.5 328.0
Phase B 25.3 26.8 207.1 335.8
Phase C 30.7 308.2 207.8 332.3
Phase T 80.29 77.7 72.8 71.4

II

Phase A 29.5 28.9 29.6 28.2
Phase B 25.9 25.4 21.9 18.3
Phase C 23.3 23.3 21.9 22.6
Phase T 78.4 78.1 72.8 69.2

As shown in Table 3, after a wiring error occurs in the cable cross-interconnection
system, the three-phase sheath-induced voltage is no longer symmetrical. There is a large
difference between the faulty sheath current and the normal sheath current. By comparing
the theoretically calculated values with the monitoring values, early warnings related to
cable sheath currents can be realized.

4.2. Suggestions for Sheath Current Suppression Based on Phase Sequence Optimization

Reducing sheath current effectively lowers cable operating temperatures, minimizes
power losses, enhances transmission efficiency, and slows insulation aging. This not only
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extends the cable lifespan, but also reduces maintenance, replacement frequency, and
cooling needs, significantly improving overall energy efficiency and lowering long-term
operational costs. For laid high-voltage cables, the spatial location of the cable lines is fixed.
The grounding impedance and the soil resistivity nearby have minimal impact on the cable
circuits in the same tunnel. Consequently, if the sheath current needs to be suppressed
and regulated, changing the arrangement of the phases or the spacing between phases is
not feasible. The most effective option is to change the phase sequence of the core current.
Compared to the traditional method of inserting series resistors, this method fundamentally
controls the generation of sheath currents, avoiding overheating at resistor insertion points.
It suppresses sheath current generation directly at the cable installation location.

Line I and Line II mentioned above are used as a case study in this section. For double-
circuit cables on the same side of the tunnel, due to their axisymmetric characteristics
and three-phase symmetry, there are only three possible phase sequence combinations, as
shown in Table 4.

Table 4. Possible phase sequence arrangements of Line I and Line II.

Combination Number Phase Sequence

1 ABC/ABC; ABC/CBA; CBA/ABC; CBA/CBA
2 ABC/ACB; ABC/BCA; CBA/ACB; CBA/BCA
3 ABC/BAC; ABC/CAB; CBA/BAC; CBA/CAB

Both Line I and Line II are arranged with the phase sequence of ABC. According
to the monitoring records on the HCLMP, the core currents of Line I and Line II usually
vary between 200 and 500 A. To calculate the optimal phase sequence, this study uses the
historical load data of two circuits from the past year. By calculating the sheath current
values under different phase sequence arrangements, different core currents under the
sheath current are found, as shown in Figure 11.
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To analyze the impact of different phase sequences on the sheath current, this study
takes Combination 1 as the baseline and compares the sheath current reduction ratios of
phase sequence Combination 2 and Combination 3 with Combination 1. The comparison
results are shown in Table 5.

Table 5. The reduction ratios of sheath current for different combinations.

Combination Number Line I/% Line II/%

a 0 0
b 51.8 43.7
c 45.2 48.2

As seen in Table 5, changing the cable phase sequence can effectively reduce the
sheath current, thereby decreasing the probability of the grounding current exceeding
the standard.
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5. Discussion and Conclusions
5.1. Discussion

The proposed high-voltage cable sheath current simulation model, integrated with a
3D panoramic digital tunnel model, demonstrates considerable potential for improving
the monitoring and management of power transmission networks. While the system has
been successfully tested in controlled environments, such as Line I and Line II in Beijing,
its deployment in large-scale urban power grids introduces additional complexities.

For large tunnels with high cable densities, the sheath current simulation algorithm
reserves a data interface to support multi-circuit lines, theoretically enabling it to accom-
modate larger tunnels or networks with significantly higher cable densities. In fact, the
algorithm has already been successfully implemented for the sheath current simulation of
six-circuit lines in another tunnel in Beijing. The main challenge in deploying the 3D system
in large-scale urban power grids lies in the 3D panoramic modeling and visualization.
Large-scale urban tunnels, often extending several kilometers, result in substantial mod-
eling workloads and pose significant challenges to visualization performance. Therefore,
when deploying the 3D system in such environments, it may be necessary to reduce model
accuracy in order to improve rendering efficiency. Alternatively, a 2D visualization system
could be developed, integrating the proposed algorithm to mitigate the computational
burden of 3D modeling.

Furthermore, the electrical structure of the cables (e.g., high-voltage cables are typically
single-core, while low-voltage cables are multi-core) presents additional challenges in
applying the proposed simulation. The simulation algorithm described in this study is
currently limited to the sheath current simulation of high-voltage single-core cables with
cross-linked metal sheath connections. When low-voltage multi-core cables are arranged
in parallel within a tunnel, their electromagnetic induction effects could influence the
sheath current simulation results. Future research may need to address the modeling and
correction of electromagnetic interference from low-voltage multi-core cables, particularly
in cases of inter-cable coupling.

Looking ahead, future developments will focus on integrating multi-physics fields
with digital twin technology to enable the more accurate modeling of cable temperature
gradients and mechanical stresses. This integration will enhance the predictive capabilities
of the system, enabling the real-time monitoring of cable health and ultimately improving
the safety, efficiency, and longevity of the power transmission infrastructure.

5.2. Conclusions

In this study, a three-dimensional panoramic digital model of a cable tunnel was
modeled, a sheath current simulation model for parallel cables was proposed, and a
visualization system was developed. The main conclusions of this study are as follows:

(1) A 3D digital panoramic model of a tunnel in Beijing was modeled using laser point
cloud technology. A visualization system was developed, characterized by the intu-
itive display of the tunnel in a three-dimensional panorama, the online calculation
of sheath current, the real-time inversion of sheath current at data-missing locations,
and the optimization of cable phase sequences for abnormal sheath currents.

(2) A sheath current simulation model for parallel cables was proposed. Through case ver-
ification, the calculated sheath current results present a maximum measurement error
of 3.71%. The cable fault recognition model was established with ATP-EMTP software.
By comparing the calculated results with the monitored data, changes/fluctuations in
the sheath current can be reflected. Integrated with the visualization system, an early
warning can be triggered once the cable sheath current values are abnormal.

(3) For dual-circuit cables on the same side of a tunnel, the sheath current can be sup-
pressed by altering the phase sequence of the core currents, with a maximum reduction
in sheath current of up to 51.8%.
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