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Abstract

With the rapid development of communication networks, the optical phase
conductor (OPPC) is now widely used in power communication systems.
However, their complex operating conditions make existing monitoring meth-
ods less effective for fault and leakage detection. This paper proposes an
online monitoring method using Brillouin optical time domain analysis
(BOTDA) and geographic information system (GIS) technology. A mathe-
matical model of cable temperature changes is built, and BOTDA captures
distributed temperature data. GIS helps locate faults, while the random forest
algorithm classifies fault types. Simulation results show that under a 4°C/h
temperature change and wind speed up to 9.32 m/s, the method performs well.
Prediction errors for ice thickness stabilize as ice accumulates. The random
forest algorithm achieves 95.56% average accuracy within 9.65 seconds.
This approach enables real-time, accurate monitoring, supporting efficient
maintenance of power communication networks.
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1 Introduction

The optical phase conductor (OPPC) is a special type of photoelectric
composite cable primarily used in power systems where no ground wire is
available, serving as an alternative telecommunication solution to Optical
Ground Wire (OPGW) [1]. OPPC shares a similar basic structure with
OPGW but is specifically designed to mimic the mechanical and electrical
characteristics of the phase conductor it replaces, ensuring compatibility
with existing power transmission lines. Unlike OPGW, which is not ener-
gized, OPPC operates under high-voltage power lines, presenting unique
design and installation challenges. Since OPPC must function stably in
an energized environment, it differs significantly from OPGW in splicing
technology and insulation protection [2]. For instance, OPPC requires spe-
cially designed splice boxes and insulators to accommodate high-voltage
line conditions while ensuring reliable optical signal transmission [3]. Fur-
thermore, as OPPC is an integral part of the phase conductor, it must
meet stringent mechanical load, thermal resistance, and electromagnetic
compatibility standards to ensure safe operation within the power transmis-
sion system. Therefore, real-time status monitoring and fault diagnosis for
OPPC lines are of critical importance. In recent years, scholars at home
and abroad have conducted a lot of research on monitoring technology
and performance testing of fiber optic networks. Reference [4] addressed
the structural state monitoring of OPPC on high-voltage transmission lines
and proposed a distributed structural vibration monitoring method based
on Chirped-Pulse Phase-Sensitive Optical Time-Domain Reflectometry (CP-
®OTDR). This approach enables real-time sensing of cable vibrations, sag
variations, and external intrusions over transmission lines up to 40 km in
length. The study represents the first field deployment of OPPC monitoring
in an actual overhead transmission environment, validating the feasibility
and application value of distributed optical fiber sensing technology in such
scenarios.

Regarding the vibration problem of overhead power lines, reference [5]
proposed a phase sensitive optical time domain reflectometer to monitor
the vibration state of composite optical fibers in accelerated transmission
lines, providing technical reference for vibration monitoring of optical fiber
composite overhead power lines.

Regarding the issue of monitoring the status of high-voltage equipment in
power transmission networks, reference [6] proposed the use of fiber Bragg
grating sensor technology for on-site status monitoring of equipment, thus
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demonstrating the superiority of their technology. Regarding the monitoring
of fiber state and transmission state, reference [7] used Brillouin optical
time domain reflectometry to monitor the strain of the composite fiber in
the transmission line, and demonstrated the effectiveness of their technology
through spectral fitting calculations.

There is also testing and application of sensor technology in the monitor-
ing of cable equipment. Regarding the application research of cables and Gas
insulated substations (GIS), reference [8] proposed to connect the cables of
substations with GIS to ensure optimal protection configuration and improve
the safety of related equipment. Regarding the issue of sensor detection of
power equipment, reference [9] proposed frequency response of cable and
sensor systems, and found through experiments that their system had superior
detection performance. Regarding the issue of fiber optic sensing signals,
reference [10] proposed using a Support Vector Machine (SVM) classifier to
classify the processed dataset, to verify the effectiveness of multi-dimensional
feature extraction of sensing signals.

Although existing studies have made progress in monitoring OPPC
cable vibrations, fiber strain, and sensing signal recognition, several limi-
tations remain. Firstly, most current methods focus on structural responses
(such as vibration or strain), while insufficient attention has been paid to
the thermal behavior of OPPC cables and the modeling of temperature
field evolution. Secondly, although some approaches exhibit strong local
detection capabilities, they lack effective integration between fault sens-
ing and spatial localization, making it difficult to achieve comprehensive
monitoring in complex transmission scenarios. To address these gaps, this
study proposes a BOTDA-based distributed temperature sensing model,
which establishes a thermal characteristic mathematical framework cou-
pled with real-world operating conditions to better characterize the cable’s
thermal evolution. In addition, a GIS platform is integrated to enable
spatial localization and visualization of cable routing, while a random for-
est algorithm is employed to identify fault types, forming a closed-loop
“sensing—localization—diagnosis” system. This research achieves a practical
and innovative fusion of OPPC state modeling, spatial data management,
and intelligent fault analysis, offering strong applicability in engineering
contexts.

The contribution of this research lies in the development of an OPPC
optical-electrical composite cable status monitoring and fault detection
method based on BOTDA distributed sensing technology, GIS monitoring
systems, and machine learning algorithms. This method utilizes BOTDA
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technology to achieve high-precision distributed measurement of cable
temperature and strain, enhancing state perception capabilities in complex
environments. Additionally, it integrates a GIS system for fault localization
and remote management, improving the intelligence and visualization of
cable monitoring. Furthermore, a machine learning-based fault identification
model is constructed to optimize fault classification methods and enhance
automated diagnostics. This research provides a novel technical solution
for real-time monitoring and intelligent operation of power communication
networks, advancing the application of fiber optic sensing and intelligent
monitoring technologies in power systems.

The paper is divided into five sections. The first section provides an
introduction to the topic. The second section provides a detailed description
of the physical structure of the OPPC cable, environmental temperature
modeling, and the working principle of the BOTDA sensing system, as
well as an introduction to the GIS remote monitoring system and machine
learning algorithms for cable fault detection. The third section analyzes
the temperature variation characteristics of OPPC cables, the effectiveness
of GIS fault monitoring, and the performance of different machine learn-
ing algorithms in fault classification through simulation experiments. The
fourth section conducts an in-depth analysis of the research results, com-
paring them with related studies to further verify the effectiveness of the
proposed method. The fifth section summarizes the main research find-
ings, identifies the limitations of the study, and proposes future research
directions.

2 Methods and Materials

This study monitored the signal variations in OPPC spliced optoelectronic
composite cables by analyzing temperature changes in the cable environ-
ment. By integrating BOTDA distributed sensing technology with GIS-based
data collection and processing, the system can effectively locate and iden-
tify line leakage faults, enabling real-time monitoring and automated fault
detection.

2.1 The Structure and Temperature Change Status of OPPC

The optical fibers inside OPPCs can achieve the transmission of line data and
sensing information in power network operation. However, in the structure
of OPPC, the technology of synchronously meeting communication services
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Figure 1 Schematic diagram of OPPC structure.

and fault supervision continues to develop, and OPPC technology is one of
the more advanced methods. At the same time, the power grid system needs
to meet the requirements of real-time and long-term monitoring of line status
during operation.

The unique structure, materials, and tools of OPPC spliced optoelectronic
composite cables are used to provide a foundation for the online monitoring
system of the power system. The result is shown in Figure 1.

From Figure 1, the OPPC consists of stainless-steel pipes, fiber optic
units, aluminum clad steel wires, and aluminum wires. A certain number
of fiber optic devices are located in the oil-filled stainlesssteel pipes, and
there is excess length inside the steel pipes. In addition, in the cross-sectional
structural diagram, its mechanical properties, electrical functions, and ther-
mal conductivity play an important role in the operation status of the optical
cable. Among them, aluminum clad steel wire acts on the tensile strength
of the optical fiber, while aluminum wire can provide the current carrying
capacity of the transmission line and enhance some mechanical strength [11].

To design a high-performance online monitoring scheme for optical
cables, temperature changes in a frozen environment are studied to analyze
the status of the optical cables. The temperature changes of optical cables,
along with solar radiation, line temperature, and other environmental factors,
can directly affect the monitoring of cable status [12, 13]. The thermal
balance expression of the optical cable under solar radiation is shown in
Equation (1).

Es=Ec + ER (1)

In Equation (1), Es, Fc, and ERr represent solar radiation, convective
heat dissipation, and radiative heat dissipation, respectively. The expression
for solar radiation is shown in Equation (2).

Es =h x Fs X Dopppc (2)
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In Equation (2), h represents the heat absorption coefficient and FJ is the
solar radiation rate. D ppppc is the diameter size of OPPC lines. Convection
heat dissipation is shown in Equation (3).

Ec = 0571 X A X (T — Typp) x Re%485 3)

In Equation (3), A represents the coefficient of convective heat transfer, 7’
and T,,, represent the line temperature and ambient temperature, respec-
tively, and Re is the Reynolds number. The expression for radiative heat
dissipation is shown in Equation (4).

Eg = wDopppc X ear, X P x [(T +273)" — (Tumy +273)"]  (4)

In Equation (4), € 41, represents the thermal conductivity of the aluminum
wire, and P is the Boltzmann constant. In the temperature changes of the
line caused by icing, there are differences in the temperature changes of the
optical fiber structure at different times, and the thermal balance of the line
after icing is shown in Equation (5).

{Es_i = h x Fg x (Dopppc + 2b)

Er_i =7 x (Dopppc + 2b) x &5 x P x [(T 4 273)* — (Tomp + 273)4]
&)
In Equation (5), E's_; represents the solar radiation energy under ice sheet
conditions, F’r_; represents the radiative heat dissipation under ice sheet
conditions. The two are respectively the correction quantities after adding
the influence of ice sheets on the basis of the corresponding quantities in the
ice-free state. b represents the thickness of the ice sheet. ¢; is the radiation
coefficient of ice, which is used to calculate the net radiative heat dissipation
on the surface of ice sheets. In addition, the environmental factors that affect
the temperature of the line are expressed as heat conduction in Equation (6)
when not covered with ice.

9T
(pfBf+ psBs + parBar) Fr parBar xve VT

= Ve (ks +ks+kar)VT] + Es — Er — Ec (6)

In Equation (6), py, ps, and p 4z, represent the densities of optical fiber,
steel wire, and aluminum wire, respectively, and their specific heat capacity
and thermal conductivity are B and k, respectively. Additionally, v is the
wind speed vector and e is the product of quantities. Only in the case of icing
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can the heat conduction of the circuit be obtained, as shown in Equation (7).
9T
[pB] x 9t + (parBar + piB;) xve VT

=Ve []{]VT +FEs i —Fr_;—FEo_; )

[pB] = (pfBf + psBs + parBar + piB;)
(k] = (ks + ks +kar + ki)

In Equation (7), p;, B;, and k; represent the density, specific heat capacity,
and thermal conductivity of ice, while E¢_; represents convective heat dis-
sipation under ice cover. In addition, temperature calculation of optical cable
lines during temperature changes can improve the accuracy and feasibility of
online monitoring of OPPC status. The average ambient temperature plays
an important role in the temperature of optical cable lines under differ-
ent conditions, and its heat transfer effect is relatively short, as shown in

Equation (8).
w(t— 14
Tsin(t) = F cos [(12)} - M (8)
In Equation (8), Tsin(t) represents the sinusoidal variation of ambient
temperature in °C, where ¢ represents time in h. I’ represents the amplitude
of temperature fluctuations, while M represents the average temperature
value. However, there are different characteristics in the machine curve of
the temperature change of the optical cable during the icing stage, so the
hysteresis duration and hysteresis phase are used to derive the temperature
change of the optical cable [14], as shown in Equation (9).

trp =ta —tp )

In Equation (9), t1,p represents the lag time, ¢, is the time for the maxi-
mum cable temperature in the ice-covered section, and t; is the time for the
maximum environmental stability. The lag phase is shown in Equation (10).

1
LP =t;p x — x 360 10
LD X 51 (10)
In Equation (10), LP represents the temperature hysteresis phase of the
ice-covered section of the optical cable, in (°C). To describe the thermo-
dynamic behavior of OPPC cables under conditions of icing, wind speed,
and ambient temperature variation, a mathematical model of temperature
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variation was established based on the principle of thermal equilibrium.
The model comprehensively incorporates the effects of solar radiation input,
convective and radiative heat dissipation, heat conduction through the ice
layer, and periodic environmental temperature disturbances, corresponding
to Equations (1) through (10). During the modeling process, it is assumed
that the ambient temperature varies sinusoidally over short periods, wind
speed and ice thickness remain constant, and the thermal conductivity and
specific heat capacity of aluminum wires, steel wires, and the ice layer do not
change with temperature. Additionally, variations in solar angle and radiation
direction are not considered. This model provides the theoretical basis for
subsequent analysis of distributed temperature sensing data and thermal field
evolution, and is consistent with the simulation setup, facilitating comparative
validation in later sections.

Therefore, to accurately obtain temperature information and its variation
characteristics of optical cable lines, BOTDA distributed sensing technology
is studied to transmit temperature and sensing information of optical fibers,
so as to measure and detect scattered signals in a distributed manner [15, 16].
The system structure is shown in Figure 2.

From Figure 2, BOTDA distributed sensing technology utilizes the inten-
sity ratio of its backscattered light and performs incident pulse light and
probe light on both sides of the sensing fiber. When the frequency differ-
ence between two light sources is equal to the frequency shift of BOTDA,
energy transfer of the light source occurs in the model field of BOTDA,
thereby obtaining temperature information on the sensing fiber and its system.
The sensing signal in BOTDA can be directly detected, and the detection
accuracy is good. Considering that OPPC is often deployed on high-voltage
transmission lines of >110 kV, where strong electromagnetic interference
(EMI) is prevalent, this study integrates differential detection technology into
the BOTDA signal acquisition module. This method suppresses common-
mode noise by processing the difference between two complementary optical
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signals, significantly enhancing the signal-to-noise ratio (SNR) of the Bril-
louin gain spectrum. In addition, optical isolation is implemented between the
sensing fiber and metallic conductors, and narrowband optical filters along
with time-domain averaging mechanisms are configured at the front end of
the system to reduce power frequency interference and pulse disturbances.
The integration of these anti-interference strategies effectively ensures the
stability and reliability of temperature sensing using BOTDA in strong
electromagnetic environments.

2.2 Design of OPPC Leakage and Fault Monitoring System

To monitor the real-time and stable status of OPPC spliced optoelectronic
composite cables, the monitoring system not only needs to consider extreme
temperature changes, but also needs to locate and identify faults in the optical
cable lines. To ensure remote control and real-time management of the optical
cable detection area, GIS servers and their data storage devices are used to
collect and locate data on the optical cable lines within the area, thereby
achieving remote distributed online monitoring and precise control of optical
cables. Therefore, the design of the automatic monitoring system for optical
cables is shown in Figure 3.

As shown in Figure 3, the optical cable network automatic monitoring
system consists of a central management server, client management unit,
and remote testing unit. The central management server serves as the core
module, responsible for the unified scheduling and management of fault

Map processing
Central station
management server On site collection
Lk databﬂ,—' of GPS data

Fiber optic cable
GPS coordinates

Customer service .
. Manual input
management unit

R te testin .
emouiite sing Remote processing

Figure 3 Structure diagram of the design of the automatic monitoring system for optical
fiber network.
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status, sensing data, and equipment configurations across the cable network.
The system integrates a GIS server and map processing unit, enabling spatial
modeling, localization, and visualization of cable layout information. During
fault monitoring, the system utilizes GIS positioning services to standardize
the encoding and management of OPPC cable routes and node coordi-
nates. It then combines this with temperature variations or signal anomalies
obtained from the BOTDA distributed sensing system to realize remote fault
detection. Specifically, the system measures the signal transmission delay
between the sensor node and the central station, and calculates the physical
distance between the monitoring point and the fault location based on the
optical signal propagation speed and fiber refractive index. This distance
is then mapped onto the established spatial path data in the GIS database,
enabling precise localization of the fault point, with a practical positioning
error controlled within £3 meters. In addition, the GIS platform supports
functions such as map layer overlay, historical fault trajectory analysis, and
alarm region highlighting, significantly enhancing the visualization capa-
bilities and operational efficiency of remote cable monitoring. The system
also enables joint analysis of fault types and spatial distribution, providing
spatial decision support for subsequent maintenance. The calculation of the
physical distance between the monitoring point and the fault point is shown
in Equation (11).

1
d=Vy; xtx — (11)
2n

In Equation (11), d represents the distance between the monitoring point
and the testing point, V7 represents the propagation speed of light in a vac-
uum environment, ¢ is the time between transmitting and receiving signals,
and n is the refractive index of the detection fiber [17]. The management
and operation of the entire system are achieved through the joint operation
of servers and units, and the collection, management, and warning of optical
cable monitoring points are carried out in network connections and applica-
tion software modules, providing a basic management mode for fault analysis
of optical cable lines. The fault types and abnormal traffic of optical cable
lines are extracted in the network, to strengthen the monitoring of abnormal
situations in OPPCs. In network collection and data storage, fiber optic line
faults are mainly caused by various factors such as interruption, damage, and
leakage. Research is being conducted on using machine learning systems to
classify and identify fiber optic line faults in order to achieve real-time online
detection. The process of the optical cable line management system is shown
in Figure 4.
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Figure 4 Automatic monitoring system and management process for optical cable line
faults.

From Figure 4, the fiber optic network detection system and fault man-
agement system use fault recognition classifiers to detect and estimate the
located line faults after obtaining network characteristic parameters of line
losses or interruptions. Under the training of machine learning algorithms
and neural networks, the identification of line faults mainly focuses on fiber
optic losses, line faults, etc., and analyzes the status of OPPC lines. Test
requests are sent to remote control units with automatic monitoring systems
to complete real-time monitoring and target positioning.

In machine learning algorithms, the representation of linear SVMs in
hyperplanes can be viewed as a multi class problem with multiple data
points [18]. The specific expression form and its classifier are shown in
Equation (12).

Whe =—g

f(x) = sign(WTx + g)

In Equation (12), W represents the normal vector of the hyperplane,
(z,y) represents the data point position of the hyperplane, where x is the
m dimensional real vector, g represents the intercept value of the hyperplane,
and f(x) is the linear classifier. In addition, the feedforward neural network of
Multi-Layer Perceptron (MLP) can be trained using backpropagation method,
and the spatial function expression is shown in Equation (13).

fl(x)=wz+g (13)

(12)

In Equation (13), = represents the n dimensional instance eigenvector, and
g is the intercept of the function. After obtaining the weighted sum result, the
activation function used is shown in Equation (14).

1

= — 14
1+e® 14

sigmoid(x)
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In Equation (14), sigmoid(x) represents the type of activation function,
and e~% is an exponential function. In addition, the expression of a single
perceptron is shown in Equation (15).

O = sigmoid(wx + g) (15)

In Equation (15), O represents the output value of the input spatial
point, and O € {1, —1}. MLPs can obtain deeper and more complex input-
output relationship models, providing a good application foundation for fault
classification and automatic monitoring systems.

In the GIS fault location system, data from electronic maps and fiber
optic cable networks are combined and stored in the system’s data center.
Then, 3D modeling is used to input measurement points of fiber optic cable
lines, to organize and store models of positioning monitoring points. In
addition, by combining the analysis of the impact and curve characteristics
of extreme temperature changes on optical cable lines, the status and leakage
fault process of OPPC lines can be effectively monitored, which can also
improve the accuracy and feasibility of monitoring performance to a certain
extent.

3 Results

Based on the OPPC fiber optic cable results and the construction of an online
monitoring system, monitoring and analysis of environmental temperature
changes, line status, and fault modes were conducted to verify the feasibility
of the proposed research method.

3.1 Analysis of Temperature Influencing Factors of OPPC
Spliced Optoelectronic Composite Cable

According to the application requirements of OPPC spliced optoelectronic
composite cables in power systems, and combined with the structure of
optical cables and their relationship with temperature, the temperature field of
the ice-covered section of OPPCs was studied. Meteorological environment
parameters were set in the simulation experiment, where the length and
thickness of the ice-covered section were 1 m and 10 mm respectively, and the
working time of OPPC was 5 h. To reduce external intervention and eliminate
the influence of wind speed, the initial temperature during the rising period
was —7.5 °C, while the initial temperature during the falling period was 0°C,
and it continued to rise or fall at a rate of 1.5°C/h. In addition, the current
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Figure 5 Results of temperature changes in fiber optic conductors during the period of
environmental temperature rise.

conduction heat generated by OPPCs could also affect their temperature
changes. In the temperature field simulation, the current of 552 A connected
to the optical cable was set to obtain the change in unit temperature difference
of the optical fiber, as shown in Figure 5.

Figure 5 illustrates the temperature response characteristics of the OPPC
cable under different environmental conditions. As shown in Figure 5(a), the
overall cable temperature increases with rising ambient temperature, with
the most significant temperature rise observed between 2 m and 3.5 m. At
the third hour, the temperature in this section increased by up to 3.8°C,
indicating a strong influence from conductive heating. Figure 5(b) com-
pares temperature distributions with and without thermal conductivity (where
“No-xh” represents the condition without thermal conduction and “Yes-xh”
represents the condition with thermal conduction). The results show that
all Yes-xh curves are higher than their corresponding No-xh curves in the
middle section, with a maximum temperature difference of 3.1°C at the
fifth hour and approximately 2.7°C at the third hour. This difference is
concentrated in the middle region, which is defined in this study as the
“current conduction temperature field.” As time progresses, the effect of
cumulative conductive heating becomes increasingly evident, with a more
pronounced temperature peak in the midsection. Together, Figures 5(a)
and 5(b) confirm the significant impact of thermal conduction on local cable
temperature fields, providing a basis for subsequent state sensing and fault
localization.

Afterwards, considering the influence of wind speed on the temperature
changes of OPPCs, the study used an initial ambient temperature of 0°C and
gradually decreased it at 1.5°C/h. In the simulation, six wind speed values
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Figure 6 Results of the relationship between different wind speeds and fiber temperature.

were selected for real-time monitoring of the temperature status of OPPCs.
The result is shown in Figure 6.

From Figure 6(a), as the wind speed increased, the temperature of the
optical fiber in the ice-covered section rapidly decreased, and the tempera-
ture dropped rapidly in the simulation after the third hour. In Figure 6(b),
the temperature difference between the ice-covered line section and other
line sections was statistically analyzed. When the wind speed exceeded
0.05 m/s~0.6 m/s, the temperature difference of the optical fiber remained
stable after 3 hours. Before stabilizing, as the wind speed increased, the
temperature difference gradually expanded, indicating that the influence of
wind speed on the temperature state of OPPCs was more significant.

3.2 Monitoring and Analysis of the State of OPPC Spliced
Optoelectronic Composite Cable Line

Based on the analysis of OPPC fiber optic cable temperature and wind speed
conditions, the study simulated and analyzed the environmental temperature,
wind speed, and ice thickness simultaneously, and concluded that OPPC fiber
optic cable lines meet the conditions of thermal equilibrium. The results are
shown in Figure 7.

From Figure 7(a), as the temperature gradually increased, the wind speed
value also continuously increased, and the larger the ice thickness, the higher
the wind speed value. Wind speeds above 20 m/s had strong destructive
power. When the ice thickness was 15 mm, the maximum wind speed value
for a temperature change rate of 4°C/h was 9.32 m/s. In Figure 7(b), at a
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temperature change rate of 2.5°C/h, the wind speed value for a 30 mm ice
thickness was 23.01 m/s, while at a temperature change rate of 3.0°C/h, the
wind speed value for a 25 mm ice thickness was 20.82 m/s. The compre-
hensive results indicated that temperature changes, ice thickness, and wind
speed had a significant impact on the thermal balance of OPPC lines. Online
monitoring of their status required calculation of the influencing factors to
obtain the status results of OPPC spliced optoelectronic composite cables.

In the analysis of factors affecting the temperature state of OPPCs, the
study combined the simulation state of optical cable operation to test the
amplitude of environmental temperature fluctuations, to obtain the lag phase
and expected error of temperature changes in optical cable lines. The results
are shown in Figure 8.

From Figure 8(a), the hysteresis phase difference of different environ-
mental temperature fluctuation amplitudes was relatively small at the same
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thickness. Among them, the temperature hysteresis phases of the three fluc-
tuation amplitudes at a thickness of 20 mm were 71°C, 71.5°C, and 71.5°C,
respectively. The temperature hysteresis phase results at a thickness of 15 mm
were 63.5°C, 65.5°C, and 65.5°C, with a maximum difference of 2°C. In
Figure 8(b), it is found that the prediction error for thicknesses ranging from
5 mm to 15 mm was relatively high. But when the ice thickness was 5 mm,
the thickness prediction errors under the three fluctuation amplitudes were
1.9409 mm, 1.3849 mm, and 1.3849 mm, respectively, with a maximum value
not exceeding 2 mm. Therefore, it indicated that the prediction error accuracy
was high, proving the feasibility and practicality of monitoring the status of
OPPC lines.

3.3 Monitoring and Analysis of Leakage Faults in OPPC Spliced
Optoelectronic Composite Cables

In the process of building the OPPC line fault identification and location
system, the GIS module and map processing station input the location and
abnormal data of monitoring points to achieve remote monitoring and fault
analysis. The three-dimensional geographic information modeling of the fiber
optic cable network provided a more accurate display of the location of line
faults. The input of optical cable information in GIS servers and their data
storage helped to improve the attribute display and accuracy of subsequent
3D modeling, as shown in Table 1.

Table 1 defines the identification information, physical characteristics,
and connection attributes of OPPC photoelectric composite cables, which are
used for data management of GIS monitoring system. The ID and name of
the optical fiber cable identify each optical cable. The number of cores and
refractive index of the fiber record its optical characteristics. The ID of the
start point and the end point determine the connection position of the optical
cable. The start and end point types are classified 0-3, representing differ-
ent installation environments (unknown, substation, well, standard stone) to
support remote monitoring and fault detection.

From Table 1, the OPPC information, after 3D modeling, was used for
data entry and system analysis. The information was identified by columns
and data storage types to obtain the attribute information of the experi-
mental optical cable. Afterwards, by combining the information input from
the server and power station, corresponding error correction values were
set to improve the positioning accuracy of fault monitoring points. At the
same time, the fault monitoring system had different degrees of prediction
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Table 1 Attribute information of OPPC

Name Column Identification Data Type Explanation

Fiber optic cable ID ID Int Unique identifier for each
fiber optic cable

Fiber optic cable Name Varchar ~ Name assigned to the fiber

name optic cable

Number of fiber FiberNum Int Default: O (not specified)

cores

Refractive index Reflectance Float Default: 0.0, defines the
optical reflectance index

Starting point ID StartDotID Int Based on point graph
structure

Termination point ID EndDotID

Starting point type StartDotType 0 = Unknown (default),

1 = Bureau, 2 = Person well,
3 = Standard stones

Termination point EndDotType
type
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Figure 9 Comparison results of fault classification using different algorithms.

models and algorithm training for fault types, identification, and localization.
The algorithms widely used for fault recognition and localization models
currently included SVM, MLP, and Random Forest (RF) classification algo-
rithms. Before the experiment of simulating online monitoring of optical
cable status, an 80-node topology network was used to simulate the operation
of the optical cable network, and 300000 data were collected to train a
fault classifier for optical cable line interruption, in order to evaluate the
performance of different algorithms. Therefore, testing was conducted on the

lightweight network simulation platform, Mininet, and the results are shown
in Figure 9.
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Figure 10 Comparison results of OPPC fiber optic cable simulated signals.

From Figure 9(a), the performance of the SVN algorithm was signifi-
cantly lower than that of other algorithms, with MLP having an accuracy
of 82.03% and a recall rate of 81.26%. The accuracy of the RF algorithm
was 10.61% higher than that of the MLP algorithm. In Figure 9(b), the
time experienced by different algorithms in the process of fault location
and recognition was obtained. Among them, the MLP algorithm obtained
a time of 13.43 s after 30 tests, while the SVM algorithm obtained a time
of 13.46 s. During 50 tests, the running efficiencies of the three algorithms
were 13.58 s, 13.46 s, and 9.65 s, respectively. Therefore, it demonstrated the
superiority of RF algorithm in fault location and recognition, and provided
better application effects for online monitoring.

Afterwards, in the leakage fault monitoring system of OPPC spliced
composite optical cables, the remote operation platform displayed the envi-
ronmental location and signal frequency, providing intuitive monitoring
results for the detection system client. According to the fault simulation plat-
form, the frequency diagram of OPPC signal at the time of fault occurrence
is shown in Figure 10.

From Figure 10(a), the GIS-based fault monitoring system had a relatively
smooth simulation curve for normal signals, and the frequency fluctuated
between —0.2 Hz and 0.2 Hz, with relatively low fluctuation frequency. In
Figure 10(b), the simulated fault signal fluctuated greatly on the monitoring
platform, with a higher frequency than the normal signal. The frequency
range of the fault signal occurrence was between —0.5 Hz and 0.5 Hz.
Therefore, it proved that the monitoring of signal frequency by the system
was feasible and accurate. However, in the leakage circuit of fault types, the
results of the system’s simulation platform testing are shown in Table 2.

According to Table 2, the platform test of the online monitoring sys-
tem for OPPC lines in fixed areas showed an accuracy of over 92% for
monitoring leakage faults, with an average reaching 95.56%. Moreover, the
time for monitoring abnormal fault signals was less than 1 second, and the
positioning error of the faulty line was basically below 5 meters, indicating
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Table 2 Online monitoring results of OPPC leakage
Test Frequency (Hz) Detection Accuracy (%) Test Time (s) Positioning Error (m)

10 92.76 0.12 24
15 92.53 0.13 22
20 94.31 0.26 43
25 95.42 0.34 54
30 96.49 0.15 4.6
35 98.56 0.19 34
40 98.87 0.07 1.1

Table 3 System performance under extreme conditions

Data Max Temperature Model
Integrity ~Communication Measurement Misjudgment
Condition (%) Delay (ms) Error (°C) Rate (%)
G1 (High Temperature) 99.83 87.2 +0.48 1.1
G2 (Low Temperature) 99.91 72.6 +0.39 0.9
G3 (High Humidity) 98.67 101.4 +0.61 14

the superiority and feasibility of the proposed online monitoring system for
line leakage testing. To validate the stability and adaptability of the proposed
OPPC cable monitoring system under extreme environmental conditions,
an environmental simulation experiment was designed and conducted. A
programmable environmental test chamber was used to simulate three typical
extreme conditions: high temperature (+70°C, 40% relative humidity), low
temperature (—30°C, 40% relative humidity), and high humidity (+25°C,
95% relative humidity). Each condition was maintained continuously for 48
hours. An OPPC cable segment equipped with a complete sensing system
was placed inside the chamber and connected to the central server and client
platform to simulate a real-world deployment scenario. The experimental
results are shown in Table 3.

As shown in Table 3, the monitoring system demonstrated stable per-
formance under the three typical extreme environmental conditions. The
data integrity rate remained above 98%, and the maximum communication
delay was below 110 ms, with no occurrences of continuous disconnection
or system reboot. In the high-temperature condition (G1), slight temperature
drift was observed in some sensors, but the measurement error was controlled
within £0.5°C, with a misjudgment rate of 1.1%. Under the low-temperature
condition (G2), the system maintained high accuracy with minimal per-
formance fluctuations. The high-humidity environment (G3) had a more
noticeable impact on communication stability and temperature acquisition,
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resulting in a slightly lower data integrity rate and an increased misjudgment
rate of 1.4%, though still within an acceptable range. These results indicate
that the OPPC cable monitoring system exhibits good environmental adapt-
ability and is capable of long-term operation under complex outdoor climate
conditions.

4 Discussion

This study was proposed to analyze the characteristics of the structure and
fiber applications of OPPCs for monitoring the status of OPPPC spliced
optoelectronic composite cables. Moreover, the environmental temperature
changes of OPPC fiber optic cables were used to express the informa-
tion transmission of the fiber optic network. BOTDA distributed sensing
technology was used to measure and transmit signal information of the envi-
ronmental temperature information under icing conditions, providing data
information of OPPC fiber optic cables uploaded sensing fibers for online
monitoring systems to achieve temperature information and sensing signal
detection. In addition, in the fault analysis of OPPPC spliced optoelectronic
composite cables, GIS servers and their related management units were used
to classify and identify the types of faults in Guanlan, which was used for
precise positioning and remote control of Xi’an fault monitoring points in
map processing stations and 3D coordinate modeling. Therefore, based on
the analysis of the above structure and factors, research was conducted on
the status and leakage faults of OPPPC spliced optoelectronic composite
cables, and an online monitoring system was constructed. In the simulation
experiment analysis, machine learning algorithms showed good performance
in fault classification. Compared with reference [19], the convolutional neural
network used had a classification accuracy of 98.55% for experimental data
quality. The RF algorithm and GIS module used in the fault monitoring sys-
tem in the study achieved the highest testing accuracy of 98.87%, indicating
that the online monitoring system proposed by the proposed research was
better.

Although this study established a thermodynamic modeling system for
OPPC optical cables and integrated a fault identification algorithm based
on random forests, achieving good performance under typical working con-
ditions, there are still two limitations. Firstly, this paper does not analyze
the performance degradation of optical cables under extreme weather con-
ditions such as long-term high-load operation or repeated ice melting. The
main reason lies in the fact that the current experimental platform and data
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acquisition cycle are limited, making it difficult to construct a real long-term
time series operation scenario. In the future, it can be expanded by combining
historical monitoring data or building a time-varying performance degrada-
tion model. Secondly, the random forest algorithm adopted in this paper has
only been trained and tested on the simulation data of a single region and a
single type of optical cable, and the generalization ability assessment under
multi-region and multi-type optical cable conditions has not yet been carried
out. At the current stage, due to the limitations of data acquisition channels
and actual deployment, the adaptability of the algorithm in different envi-
ronments and application scenarios can be enhanced by introducing methods
such as transfer learning and federated learning in the future.

5 Conclusion

Due to the improvement of communication technology, research was con-
ducted on the optical fiber application of OPPC spliced optoelectronic
composite cables, utilizing their structure, temperature state changes, and
sensing technology to transmit optical fiber signal information. Using GIS
servers and regional fiber optic cable data collection, a fault online monitoring
system was constructed. Through performance analysis and system testing of
optical cables, it was found that in the simulation analysis of environmental
temperature and line monitoring of OPPPC optical cables, the temperature
change rate of 3.0°C/h and the wind speed value of 25 mm ice thickness
were 20.82 m/s. The temperature hysteresis phases of the three fluctuation
amplitudes at a thickness of 20 mm were 71°C, 71.5°C, and 71.5°C, respec-
tively. The prediction errors at a thickness of 5 mm were all less than 2
mm, indicating the feasibility of monitoring the status of OPPC lines. In the
fault classification simulation test, the accuracy of the SVM algorithm was
79.84%, the accuracy of the MLP was 82.03%, and the accuracy of the RF
algorithm was 92.64% at the highest. Finally, based on the design of the fault
classification algorithm and the monitoring system, the maximum monitoring
accuracy of the leakage line was 98.87%, and the minimum positioning error
was 1.1 m. This proved that the online monitoring method proposed in the
study was progressiveness.
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