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Abstract: In recent years, with the increasing failure rate of gas-insulated 
switchgear (GIS), there has been a growing need for people to understand  
the most common insulator issues. Therefore, real-time monitoring of its 
operating status is crucial to ensure the safe and reliable operation  
of power lines. This study proposes the use of Apriori algorithm (CFSA-AA) 
for cloud based fault state analysis to predict discharge faults, mechanical 
faults, and abnormal mechanical vibrations in metal enclosed GIS.  
This data is sourced from the Kaggle repository used for VSB power  
line fault detection. This study summarises GIS abnormal heating faults, 
including circuit breakers, isolating switches, shell grounding, and disc 
insulator bolts. The experimental results show that compared with other  
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existing models, the proposed CFSA-AA model improves the accuracy of fault 
diagnosis to 98.9%, pattern discovery rate to 97.4%, operating state detection 
rate to 95.6%, Mattew correlation coefficient ratio to 96.4%, and error rate  
to 7.4%. 

Keywords: state diagnosis; metal enclosed gas insulation equipment; Apriori 
algorithm; cloud computing; fault detection; transmission lines. 
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1 Introduction 

For power utilities, ensuring the effective and dependable operation of power substations 
and their components is a difficult task. Widespread outages can result from any failure 
of substations, which are crucial for controlling the distribution of electricity (Peyghami 
et al., 2020). Gas-insulated switchgear (GIS), transformers, and circuit breakers all 
require routine maintenance and inspection. To control high-voltage levels and ensure a 
consistent electricity supply, these systems must operate flawlessly (Panmala et al., 
2023). Errors must be quickly identified and corrected to avoid disruptions. For 
electricity substations to remain dependable and effective, modern technologies such as 
fault-detection algorithms, predictive analytics, and real-time monitoring are crucial. 

Issues with the insulating systems of utility components often cause power outages. 
Power supply disruptions could occur directly or indirectly due to failures in these 
systems (Ghasemi et al., 2023). Preventing electrical malfunctions requires these systems. 
GIS, prized for its compact design and efficiency, is essential to modern ultra-high-
voltage systems. GIS is crucial for monitoring and managing high-voltage electrical 
power in substations. Its compact design saves space and improves operating efficiency, 
but it is challenging to diagnose and maintain (Rozga et al., 2021). When a GIS unit fails, 
it can be challenging to access and repair internal components because of its enclosed 
design. This fundamental design makes troubleshooting more challenging and requires 
advanced diagnostic tools and methods to ensure the reliable operation of power systems. 

Given the rising failure rate of GIS, it is more important than ever to comprehend 
common insulator issues. Insulators are essential for protecting GIS units from electrical 
failures, but they can deteriorate or fail over time (Purnomoadi et al., 2020). These 
failures have become more frequent recently, necessitating better knowledge and 
diagnostic techniques. A more reliable GIS operation can be ensured by identifying 
common issues, which can help predict and prevent malfunctions (Subramaniam et al., 
2021). Knowledge gained makes it easier to create maintenance schedules, improve 
insulator designs, and advance monitoring systems that spot failures early. 

Continuous monitoring of metal-enclosed GIS is necessary to guarantee the reliable 
and safe operation of the power line. GIS is an advanced electrical switchgear that uses a 
gas, typically sulphur hexafluoride (SF6), to insulate its components (Han et al., 2022). 
GIS is small and effective due to its design, which also allows it to withstand high 
voltages. By enabling prompt detection of anomalies, such as unusual pressures or 
temperatures, continuous monitoring of GIS systems helps prevent minor issues from 
developing into more serious failures. Partial discharge evaluation, which entails 
identifying and examining small electrical discharges within the insulation, is necessary 
for monitoring (Hussain et al., 2021). Failure to address insulation issues, such as  
these leaks, could result in major interruptions. Because GIS units are sealed, insulation 
issues are common, making it difficult to identify faults and maintain them. Power 
utilities can mitigate GIS and electrical infrastructure failures they leveraging real-time 
monitoring to recognise insulation issues early (Faizol et al., 2023). By preventing  
unexpected outages and exorbitant maintenance costs, this improves the performance and 
safety of the electrical grid (Mahmoud et al., 2021). Current GIS fault-diagnosis 
technology faces a pair of bottlenecks: minimal data fusion across multiple sources and 
general inefficiencies in the process as a real-time task. Existing efforts tend to focus on  
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single fault modes, which complicates the collaborative identification of multiple faults, 
such as discharge, mechanical, or vibration faults, under operational conditions. This 
research proposes a novel unified holistic space diagnostic of multi-fault types by pairing 
the elastic resource schedule capacities of cloud compute platforms to design a simple 
and integrated process that automates the integration of massive heterogeneous data 
collections with strong association rule mining utilising the Apriori algorithm to manage 
a whole process from data fusion to status monitoring conclusions. 

Predicting abnormal mechanical vibrations, mechanical faults, and discharge faults in 
metal-enclosed GIS (Dai et al., 2023). The Apriori algorithm’s capacity to identify 
patterns and correlations enables the detection of errors or malfunctions in operational 
data (Zixian et al., 2021). By analysing data for recurring patterns and relationships, the 
algorithm can identify anomalies that may indicate systemic problems. By detecting and 
addressing issues early, a predictive approach can improve the reliability of the power 
infrastructure (Dhinakaran and Prathap, 2022). Due to cloud storage’s scalability, power 
utilities can effortlessly manage enormous amounts of historical and current data. Since it 
guarantees that even the most significant data streams can be handled and stored 
efficiently, adaptability is crucial (Mehmood and Anees, 2020). To continuously monitor 
and analyse operational data, power utilities may use cloud storage for long-term trend 
analysis and real-time diagnostics. This capacity is necessary to keep the electrical 
infrastructure reliable and efficient (Awaysheh et al., 2021). Because the cloud can scale 
up or down in response to data volume demands while maintaining cost-effectiveness and 
resource optimisation, it is well-suited for continuous power system monitoring and 
defect detection. 

This paper presents a cloud-based fault-state analysis method (CFSA-AA) based on 
the Apriori algorithm, designed explicitly for fault diagnosis of GIS. This method 
integrates historical and real-time operational data via a cloud computing platform, 
leveraging pattern recognition technology to identify discharge, mechanical, and 
vibration-related faults efficiently. This significantly improves fault trend prediction 
capabilities and detection accuracy, effectively overcoming the shortcomings of 
traditional techniques. 

The CFSA-AA system demonstrates superior performance during operation, with its 
fault-state recognition rate, pattern-mining efficiency, and diagnostic accuracy exceeding 
those of existing solutions, while significantly reducing the risk of false alarms. 
Leveraging the advanced data processing capabilities of the cloud platform, this method 
provides a more reliable and efficient approach to early fault warning and handling for 
GIS equipment. 

An overview of the research follows. Section 2 describes a comprehensive literature 
and research methodology review. Section 3 describes the research plan, methodologies, 
and processing. Section 4 describes the results of the analysis. The conclusion and future 
work are in Section 5. 

2 Literature survey 

2.1 Design, operation, and challenges of gas-insulated switchgear (GIS) 
Zebouchi and Haddad (2020) reported that Remote renewable energy sources, such as 
offshore wind farms and hydropower plants, are likely to increase globally. High-voltage 
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direct current (HVDC) delivers large amounts of power over long distances with low 
loss. Current innovations include small HVDC gas-insulated transmission lines (GIL) and 
switchgear. Still, developing epoxy-cast resin spacers, or insulators, is difficult. This 
study discussed basic electric-field calculations, spacer design, insulation performance 
verification, constraints, and the fabrication of full-scale HVDC spacers. Real-size 
HVDC spacers have been studied little, restricting their practicality. 

Xing et al. (2022) examined GIS insulator faults and failure types, classifying them as 
production-related, assembly-related, and operation-related errors caused by insulation 
deterioration. Engineers and scientists researching GIS solid-insulation faults and failure 
processes will find this paper helpful; it addresses the rising failure rate of GIS due to 
insulator failures. The study discussed the need to dynamically monitor the internal 
environment or identify faults to reduce the frequency of failures. Upon failure, the study 
cannot confirm the insulator because of a lack of direct proof. 

Mahdi et al. (2022) examined more than 100 studies on partial discharge (PD) 
monitoring and diagnosis in GIS. It highlights four points: methods for detecting PD, 
sources of PD, evaluation of PD severity, and PD diagnosis. The paper addresses gas 
pressure, applied voltage, and contaminants as potential contributors to the degradation of 
insulating gas. According to the review, a GIS can detect PD and its causes when there is 
a positive association between SF6 breakdown byproducts and PD activity. According to 
the report, combining PD detection approaches in a GIS could increase performance and 
overall GIS monitoring systems. 

2.2 Types, causes, and detection methods of insulation faults in GIS 

He et al. (2021) investigated the diagnosis and detection of mechanical defects in GIS 
based on vibration signals (DDMD-GISVS). This study compares and contrasts the 
structural features of three-phase and single-phase insulated GIS by analysing their 
vibration processes. Research using a 110 kV GIS and an in-house vibration 
identification model showed that signal amplitude, waveform distortion rate, and 
frequency spectrum can be used for fault diagnosis. It is better to use a large current to 
identify faults. A negative contact fault was observed during field testing on a 220 kV 
GIS, demonstrating that the suggested solutions are feasible and practical. The limitations 
of the study will centre on the use of AI for mechanical problem diagnostics. 

Zhuang et al. (2020) described GIS, which is essential for electrical safety but has 
many flaws. Machine learning-based SF6 deconstructed components analysis (DCA) for 
discharge fault diagnosis is presented to increase GIS system safety. The Arrhenius 
chemical reaction model examined the empirical probability distribution of faults. Six 
machine learning methods were used to model discharge fault and main insulation defect 
severity. A probability model discovers numerous discharge fault types in GIS. The 
model identified new states and provided more sample data, information on insulation 
problems, and transparency into the SF6 decomposition mechanism. The probability 
model for GIS fault evaluation would be more reliable. 

2.3 Cloud computing applications in power system monitoring 

Hashmi et al. (2021) presented a smart grid that controls power production, transmission, 
and distribution via digital communication. Traditional systems typically overlook energy  
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customers, resulting in wasted energy and money. Energy savings in underdeveloped 
nations depend on demand-side management (DSM). EMS based on cloud computing 
and IoT is presented. Such technologies provide utility companies with consumer load 
profiles to regulate and distribute incentives. A project circuit board (PCB) with the EMS 
uploads data to Google Firebase to generate DSM load profiles. 

AL-Jumaili et al. (2023) examined the recent literature on power management and 
battery charging control, focusing on CC-based power optimisation systems (CC-POS) 
for hybrid renewable power systems. The study monitors battery state of charge (SoC) 
and extends battery life. The study critically analyses 174 research papers and highlights 
significant findings and future directions. The study examined battery management, 
discharge/charge control, and the role of cloud computing in battery life and charging 
percentage. It promotes energy conservation and innovative use of renewable and other 
power sources. It is advised that sophisticated BMS algorithms, optimal cell-balancing 
models, and a digital twin method for real-time optimisation of battery storage systems be 
developed. The study stressed intelligent power systems and battery storage systems. 

2.4 Apriori algorithm for fault detection and pattern recognition 

Zhao and Huang (2024) demonstrated that applying the Apriori big data analysis and 
calculation approach (ABDAC) to power system operation data can enhance power 
systems by analysing transmission line failures. The candidate item set calculation time is 
reduced by 52% through optimisation of the traditional Apriori calculation method. The 
real-time analysis of the association between event index data and defects using the  
M-Apriori calculation approach enables automatic fault diagnosis. Using the Apriori 
algorithm, the study develops a framework for thorough data exploration that improves 
performance by 15%. The study’s scope is limited to enhancing power data integration 
for completeness and uniformity. 

Hassan et al. (2023) attempted to discover the key drug addiction rules using an open-
source dataset of 474 occurrences and 212 people with an addiction. Eight essential rules 
were extracted using the Apriori technique. Personal concerns like smoking and thievery 
were more likely to induce addiction. The study seeks to analyse drug addiction and offer 
treatment recommendations to families and the government. However, no direct 
application approach predicts drug addiction rates. Limitations could employ data and 
intelligence systems to identify and address harmful policies. 

2.5 State diagnosis technologies for metal-enclosed gas insulation equipment 

Mier et al. (2024) presented a method for differentiating partial discharges from gas-
insulated system interference (DPD-GISI). Four approaches are used to determine the 
characteristic impedance utilising high-frequency electric and magnetic sensors: peak 
value, PD charge magnitude, frequency spectrum, and peak-to-peak value. A PD 
calibrator in a coordinated GIS testbed and a full-scale GIS subjected to pulse overlap 
and noise were used to test the technique. Characteristic impedance may be determined 
using the four methods in a coordinated test bench, although the peak method yields the 
most accurate results. The technology enhances the monitoring and maintenance planning 
for HVDC GIS PD, helping reduce costs, particularly for offshore substations. 
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Sun et al. (2023) investigated partial discharge in GIS and GIL using three standard 
defect models. According to the study, air-gap faults and partial discharge of free-metal 
particles increase gradually with voltage. The partial discharge from the floating potential 
defect increased suddenly. While the other two faults were located on one side and 
produced a phase variance, the discharge quantity of free conductive particles, as 
determined by UHF identification, was evenly distributed on both sides of the smeared 
voltage peak. Despite ultrasonic particle-collision signals, there was no correlation 
between voltage and its phase. The integrated technique may better identify the three 
common issues using theoretical underpinnings and data from GIS and GIL voltage 
testing, online monitoring, and detection technologies. 

3 Proposed methodology 

Due to its small size, low maintenance requirements, and high reliability, GIS with metal 
enclosures has been widely used. Inevitable insulation flaws that develop during 
production, transit, assembly, or operation may lead to insulation deterioration or failure. 
Partial discharge (PD) is a condition that occurs before the insulating system fails. As a 
result, PD measurement is often used for defect detection and to prevent severe insulation 
failure. The ultra-high frequency (UHF) technique has seen extensive field application for 
GIS PD detection due to its strong anti-interference performance. However, it is still not 
easy to tell, particularly during field testing, whether UHF detection findings are due to 
real PD signals. Power delivery grids nowadays face numerous challenges. Firstly, there 
is a constant increase in urban and suburban areas, which means less space for power 
facilities. Secondly, there is a constant quest for better power quality and availability. 
Lastly, there are increasing concerns about the visual impact of high-voltage systems and 
their electromagnetic compatibility. However, due to its excellent insulation performance, 
GIS is expensive and still suitable for these applications. Conductors supported by solid 
insulators inside an enclosure filled with sulphur hexafluoride (SF6) gas make up gas-
insulated gearbox lines (GITL) and GIS. Hence, this study proposes the Cloud-enabled 
Fault State Analysis using the Apriori Algorithm (CFSA-AA) for predicting discharge 
faults, mechanical faults, and abnormal mechanical vibrations in metal-enclosed GIS. 

Figure 1 shows the proposed CFSA-AA model. The data are from the Kaggle VSB 
power line failure dataset. This system’s components are important, including fault 
sensors, voltage transformers, current transformers, and circuit breakers. At the same 
time, circuit testers (CTs) measure voltage levels, and circuit breakers (CBs) stop current 
flow in the event of a failure; they are an essential component in protecting the system. A 
fault sensor system is installed in the gearbox line. These sensors are positioned to detect 
any anomalies that may indicate a malfunction. This system collects raw data from CTs 
(current transformers), VTs (voltage transformers), and fault sensors. After local unit 
analysis, normalisation, and noise reduction preprocessing, the data is uploaded to a 
cloud database to ensure efficient and scalable storage. An Apriori algorithm module is 
deployed in the cloud that, based on frequent itemsets and association rules mined from 
GIS data, automatically identifies recurring patterns and their correlations to support 
anomaly detection and fault tracing. The system compares current data with standards to 
identify faults accurately. Finally, the visualisation module presents the analysis results in  
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the form of dashboards and charts, helping maintenance personnel quickly grasp the fault 
status and impact. The overall architecture integrates cloud storage, intelligent analysis, 
and intuitive display to achieve intelligent monitoring and decision support for equipment 
status. In the event of a malfunction, this system is responsible for alerting the GIS 
system and instructing the circuit breakers to apply a fix. Additionally, it has an easy-to-
use interface that system managers can use to monitor the system’s state, view the 
outcomes of in-depth studies, and respond immediately when required. Through cutting-
edge algorithms and cloud computing, this all-encompassing approach enhances the 
reliability and security of GIS transmission lines while simultaneously enabling efficient 
data management and discovery. 

Figure 1 Proposed CFSA-AA model (see online version for colours) 

 

3.1 Numerical computation of electromagnetic and temperature field 

Joule heat loss due to electromagnetic fields acting on the GIL conductors and enclosures 
is used as the heat source for the temperature field calculation. The current flowing 
through the conductors is perpendicular to the current circulating through the enclosure. 
The solution domain medium features are connected to the electric fields E  and the 
magnetic flux A  in GIL. Consequently, expanding Maxwell’s equations is required for 
describing the medium’s properties. 

0

0

s

r

D E E
A G G

I E

ε ε ε
µ µ µ

ρ

= =⎧
⎪ = =⎨
⎪ =⎩

  (1) 

As shown in equation (1), where ε  denotes the dielectric constant, ρ  symbolises the 
electrical conductivity, and µ  represents the magnetic permeability. Because enclosure 
grounding acts as a shield, the GIL conductor’s coefficient of proximity effect is one, and 
its impedance is modest, both of which contribute to a low Joule heat loss calculation.  
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As a result, it may disregard the influence of the imbalanced current and focus only on 
the skin effect. 

An electric field is produced when alternating current (AC) flows through a 
conductor, which induces eddy currents in other conductors and creates a magnetic field 
similar to that of the AC magnetic field. Consequently, losses are amplified because 
currents are confined to the conductors’ surfaces. Other neighbouring conductors impact 
the distribution of current and energy density. Here, the following form is taken by 
Maxwell’s equations, which explain the relationships between the field quantities: 

; GG E E
t

ρ µ ∂∇× = ∇× = −
∂

  (2) 

0; 0E G∇ ⋅ = ∇ ⋅ =   (3) 

As found in equations (2) and (3), where G  denotes the magnetic field strength, E  
indicates the electric field strength, ρ  represents the material’s electrical conductivity, 
µ  denotes its magnetic permeability, ∇×  symbolises the curl, and  ∇  denotes 
divergence operators. The solutions of these expressions yield the loss distributions. 

Figure 2 illustrates the insulation fault type for GIS internal circuits. One of the most 
common reasons insulation fails is flaws in the GIS, namely, free-metal particles. Free 
metal particles can be released into the environment when metal components of a GIS rub 
against one another during installation, operation, or assembly. Because of their small 
size, these metallic particles will be propelled by the electric field and vibrate. 
Conductive channels or arc tunnels may be formed between the HV conductor and the 
shell if the particle movement range is adequate, which can severely damage the GIS. 
Several variables influence the path-forming process, including the applied voltage, 
particle size and shape, and particle location. 

Figure 2 Insulation fault type illustration for the GIS internal circuits (see online version  
for colours) 

 

This study treats insulating gas and air as incompressible, viscous fluids because their 
velocities are much slower than the speed of sound, and gas has difficulty absorbing and 
emitting radiation. The gas is thought to be transparent when subjected to heat radiation. 
In a one-phase GIL, the heat loss is uniformly distributed throughout, and the enclosure 
and conductor have isotropic compositions. Given that the gas’s density changes with 
temperature, the GIL insulating gas is naturally convective. Since the gallery wall is the 
airfield’s exterior boundary, it is unaffected by GIL heating. A conductor or enclosure 
with a length of 1 m may have its resistance represented as 
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j f

j

T
R L

W
σ

=   (4) 

( ) ( )20 201 293.15m T Tσ σ β= + −⎡ ⎤⎣ ⎦   (5) 

As inferred from equation (8), where jR  denotes the resistance, fL  indicates the 
coefficients of skin effect, ( )m Tσ  signifies the material resistivity, jW  represents the 
cross-section region, 20σ  symbolises the material resistivity at 293.15 K , 20β  specifies 
the material temperature coefficients of resistances at 293.15  K, and T  denotes the 
thermodynamic temperatures. 

Equations (6) and (7) may represent the Joule heat loss per conductor and per unit 
volume of the enclosure, respectively. 

2
d d

du
d

J R
Q

W
=   (6) 

2
l l

lu
l

J RQ
W

=   (7) 

As shown in equations (9) and (10), where lJ  indicates the induced current of the 
enclosures, duQ  and luQ  are the Joule thermal energy per unit volume of the conductors 
and enclosures, respectively, and dJ  denotes the current of the conductors. Once the 
single-phase GIL length is less than 20 m, lJ  = 0.95Id; else,  l dJ J= . dR  and lR  denote 
the resistance values of the conductors and enclosures determined via equation (4). dW  
and lW  represent the cross-sectional areas of the conductors and enclosures, respectively. 

Consideration of simply convective heat transfer and thermal radiation is required 
when the heat created and exchanged is the same. This is the moment when GIL’s 
temperature is steady. The following equations so characterise a two-layer thermal 
equilibrium relationship: 

du lu lF lDQ Q P P+ = +   (8) 

du dF dDQ P P= +   (9) 

As found in equations (8) and (9), where lFP  denotes the thermal radiation of the 
enclosures dissipating heat,  lDP  indicates the heat dissipated by normal convection in the 
enclosures, dFP  represents the thermal radiation of the conductors dissipating heat, 

  dDand P  indicates the heat dissipated by natural convection in the conductors. 
The control-volume calculation of heat conduction provides the primary expression of 

heat transfer in enclosures and conductors. The heat transfer differential calculation must 
account for time when examining the temperature changes caused by changes in the 
GIL’s ampacity, as the ampacity is a function of the period. This study may express the 
governing equation for GIL heat conduction as follows: 

2
T q T

TC T P
t

σ λ∂ = ∇ +
∂

  (10) 
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As inferred from equation (10), where Tσ  represents the material densities of conductors 
or enclosures at T , qC  denotes the particular heat capacities at constant pressure, P  
indicates the thermal losses, Tλ  signifies the thermal conductivity at T , and t  is the 
run-period. 

Assuming that mass, momentum, and energy are conserved, the following differential 
control equations describe the coupling connection between the temperature and 
insulating gas flow fields. 

0h
h u

t
σ σ∂

+ ∇ ⋅ =
∂

  (11) 

2
h h

u u u u E
t

σ η∂⎛ ⎞+ ⋅∇ = ∇ +⎜ ⎟∂⎝ ⎠
  (12) 

2
h q T

TC u T T
t

σ λ∂⎛ ⎞+ ⋅∇ = ∇⎜ ⎟∂⎝ ⎠
  (13) 

As discussed in equations (11)–(13), where hσ  signifies the gas density, u  indicates the 
gas flow rates,  hη  denotes the aerodynamic viscosities, and E  implies the generalised 
source terms. 

The Joule or heat-loss term from the electromagnetic-field model is a heat source,  
fg, in thermal or fluid-flow models. The principle of energy conservation must be satisfied 
by the second model. The internal energy of a gas confined to a volume can change due 
to gas-particle motion and heat conduction, since the kinetic and thermal energies of 
particles entering and exiting the volume can be adjusted. Shear stress affects the internal 
energy, further complicating the issue, and viscous friction, characterised by dynamic 
viscosity η , adds to the complexity. If the flow rate is low, it is safe to assume the flow is 
incompressible and omit this step. The energy equation is provided by 

∇ ( ) ( ) ( )q q gc T uc T T f
t

σ σ λ∂ + ∇ ⋅ + ∇ ⋅ − ∇ =
∂

  (14) 

As shown in equation (14), where ρ denotes the density, qc  signifies the particular heat, 
λ  indicates the heat conductivity, T  symbolises the temperature, ∇ denotes the gradient 
operator, and u  denotes the flow velocities. The governing equations for convective 
heat transmission must adhere to the concept of mass conservation. Based on the premise 
that chemical processes can neither create nor destroy matter, this research concludes that 
mass movement is the only possible source of local density fluctuation. 

( ) 0u
t
σ ρ∂ + ∇ ⋅ =

∂
  (15) 

The flow of mass, as in momentum transfer, is necessary to satisfy conservation of 
momentum. In our studies, the momentum transfer is not free of sources; gas motion is 
induced by the buoyant forces acting on a gas particle of varying density. In the 
momentum equation, the acceleration due to gravity ( )g  and the density gradient (d) are 
the two variables that contribute to the initial momentum. 
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( ) ( ) 2u
u u q u h

t
σ

σ η σ
∂

+ ∇ ⋅ ⊗ = −∇ + ∇ +
∂

  (16) 

As inferred from equation (16), where ⊗  denotes the dyadic products, and q  represents 
the pressure. Both the outside air and the inside SF6 exhibited turbulent flow. The above 
equations must include additional variables in turbulent flow, which challenges the 
precision of the solutions. Various probabilistic approaches have been devised to 
streamline the computations. All of them result in the earlier versions of the calculations 
that describe laminar flow, yet with varying interpretations of the coefficient. They 
provide average heat-conductivity and viscosity values, along with a turbulent 
component. This research used the conventional k-ε turbulence model in its simulations. 
In our simulations, radiation manifested itself as distinct boundary conditions. This 
research examined a busbar setup that used high-voltage SF6 gas insulation. The busbars 
were circular and located inside a cylindrical enclosure. 

3.2 Apriori association rule mining for fault pattern recognition 

Association rules are specified as  (  ,   ,    ).Y X Y j X j y z ϕ⇒ ⊂ ⊂ =∩  Y  denotes the 
preceding rule, and x  is the later rule item. The progression of associated rules refers to 
the expression   Y X⇒  in the affairs libraries. The transaction database will comprise 
unlimited associated rules if efficient limits are not set. The support equation is provided 
in equation (1), 

( ) ( )
,

T Y X
Support Y X

T
=

∪
  (17) 

As shown in equation (17), where the power line database comprises the number of 
transactions of | ( ) |, ( )Y X T Y T Y X∪ ∪  is the overall number of transactions in the 
transaction libraries. The Confidence replicates the intensity of the associated rule 

  Y X⇒ . The calculation of Confidence in equation (2). 

( ) ( )
    

T Y X
Confidence Y X

T
⇒ =

∪
  (18) 

As discussed in equation (18), where ( )T Y X∪  denotes the number of transactions 
containing Y X∪  in the transaction databases, |T(Y)| denotes the number of transactions 
comprising Y  in the database. 

The lifting level specifies the association rule validity  Y X⇒ . When it is less than 1 , 
association rules   Y X⇒  has a disability; when it is higher than 1 , association rules 

  Y X⇒  is valid, and the higher the values, the tougher the validity; when it is equivalent 
to 1 , it denotes that Y  and X  are independent of every other. The computation is in 
equation (3). 

(  )
| ( ) |

cofidence Y XLift
T Y

⇒=   (19) 
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As inferred from equation (19), where | ( ) |T Z  denotes the number of transactions that 
comprise Z  in the databases. 

The support of the itemset Y  is at least the minimum support, and Y  is termed a 
frequent itemset. If    Y  denotes frequent l -item sets, then Y  is called a frequent l -item 
set. The minimum support is the lowest mathematical threshold for an itemset, and it 
must hold that the support of every item is at least as high as the minimum support. 
Minimal Confidence (minconf) is responsible for verifying the correctness of the 
association rules and determining the minimum Confidence. In the Apriori process, the 
minimum support is the lowest statistical threshold for item collections. Measuring the 
association is the minimum Confidence, and the frequent item in the association rule 
must have support of at least min-support. 

Given that the accuracy of association rules depends on the reliability of the rules, the 
final computation results in practical applications are affected by the choices of minimal 
support and confidence. Currently, the Apriori method relies on artificially determined 
minimum support and confidence values to generate rules; determining which rules are 
applicable requires extensive experimentation across many configurations and diverse 
combinations. This will have various outcomes. This study employs weight coefficients 
to establish threshold functions for the minimal support level and the minimum 
confidence level for operating-state and fault detection in metal-enclosed GIS, thereby 
mitigating this challenge, reducing time, and enhancing the algorithm’s effectiveness. 

1

2

1

1  0

m

j j
j

j j
j

f qλ

λ λ

=

=

⎧ = ⋅⎪
⎪
⎨
⎪ = >⎪⎩

∑

∑
  (20) 

There are several significant benefits to using the Apriori algorithm to find errors in GIS 
systems: It is Important for identifying patterns of errors, and it excels at finding common 
itemsets and relationships in large datasets. It is well-suited for intricate GIS systems due 
to its ability to manage massive amounts of operational data. The produced rules are 
straightforward and helpful for troubleshooting. Modifying it to include domain-specific 
knowledge is a breeze. Because it iteratively narrows the search space, it uses fewer 
processing resources. It remains stable even in the face of minor data fluctuations, which 
are typical in GIS measurements. 

3.3 Cloud computing for the fault warning system of GIS 

First, in assessing the cloud models, let Y  be a quantitative dataset, i.e.,   { }Y y= . This 
quantitative database is called the universe of discourses. C  denotes a qualitative notion 
on the universe of discourse Y , and if y Y∈  is a random map of ( )  [0,1 ]yµ ∈ , then the 
distribution of y  on Y  is termed a cloud, signified as ( )C y . ( )yµ  is the cloud y  of 
membership to C , and every ( , ( ))y yµ  is termed a cloud drop, signified as a drop 
( , ( ))y yµ . The respective statistical association for fault diagnosis accuracy is as follows. 

[ ] ( ): 0,1 , ,Y y Y y yµ µ→ ∀ ∈ →   (21) 
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The evaluation cloud for each regulation layer index can be determined by entering the 
details of the indicators (such as ground conductors, foundation, towers, grounding 
fittings, insulator strings, auxiliary facilities, grounding devices, meteorological 
environment, channel environment) that primarily impact the line state of every 
regulation layer into the forward cloud model’s digital cloud generator and setting the 
number of clouds to n = 2300. The following features of the cloud model become 
apparent throughout its build: First, cloud droplets are an ad hoc result of converting 
qualitative ideas into quantitative data; hence, creating cloud droplets is an example of 
the two types of ideas adapting to one another. The approach exemplifies a lack of clarity 
and predictability. To elaborate on the second point, the generated cloud becomes more 
precise at expressing the qualitative idea as the number of cloud droplets increases. A 
digital evaluation cloud was created that included the entire GIS operating status. Using 
the digital element and a setting of 2300 for the number of clouds, a thorough assessment 
cloud for the transmission line failure warning system was constructed. 

3.4 Experimental arrangements 

Figure 3 shows the partial discharge detection in a metal-enclosed GIS. Two signal 
output channels are available from the integrated sensor. There are two signals: the 
optical signal and the ultra-high-frequency signal. The optical signal is converted to a 
voltage signal employing a photoelectric transducer, and a 20 dB gain device amplifies 
the UHF signal. Then, a digital oscilloscope, the TEK4054, with a bandwidth of 
500 MHz and a sampling rate of 2.5 Gsamples/s, is used to capture these two signals. The 
GIS high-voltage conductor is designed to generate an electric field concentration using a 
26 mm long metallic protrusion as the flaw. The high-voltage conductor, which is not 
connected to the sensor, is the source of the flaw. At a voltage of 53 kV, the PD signals 
first show up in the optical channel. For the moment, UHF signals are unavailable. After 
reaching 69 kV, the PD signals are sent by optical and UHF channels. The optical 
approach yields a PD inception voltage of 53 kV, whereas the UHF method yields 69 kV. 
Compared with the UHF approach, the optical technique exhibits superior sensitivity. 
Different methods generate optical and UHF signals. 

Figure 3 The partial discharge detection in metal-enclosed GIS (see online version for colours) 

 

Fluorescence fibres pick up optical signals from photons emitted during electron 
attachment, while UHF signals are proportional to the rate and amplitude of discharge 
current changes. Both collision ionisation discharge and streamer discharge are methods 
for SF6 discharges. As the applied voltage increases, collision ionisation and steam 
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discharge occur in that order. A dipole antenna, chosen for its wide bandwidth and 
exceptional HF response, is used to receive the PD signal in this investigation. It shows 
the attenuation properties recorded by the spectrum analysers (Agilent CSA) in the 
GTEM system, which stands for Gigahertz Transverse Electromagnetic. The GTEM 
system inputs the output of the spectrum analysers. A sequence of sine waves spanning 
10 MHz to 2.5 GHz makes it up. The spectrum analyser takes the signal the antenna has 
picked up as input. Antenna attenuation characteristics and frequency response can be 
derived by comparing the input and output spectra of the spectrum analyser. 

The relationship between attenuation and frequency response is well-known to be 
positive. The frequency response is good beyond 300 MHz, as shown. Thus, the dipole 
antenna is a suitable choice for the experiment. In this trial test, the efficient distance 
between the antennas and the PD test cells was maintained at 1 m, well below the typical 
value of 5 m or more. The experiment reveals that the antenna captures the 
electromagnetic wave in a plane and that the dipole antenna’s orientation affects its 
effectiveness. It shows that the dipole antenna’s orientation affects the measurement 
outcomes. Thus, according to antenna theory, a dipole antenna is best for detecting partial 
discharges when placed vertically, contrary to the direction of discharge propagation. The 
HF signal from the PD is collected using an Agilent DSO9254A digital oscilloscope with 
a 2.5 GHz bandwidth and a 10 GS/s sample rate. The sensor and oscilloscope are linked 
via the well-shielded wire. An HV power source rated up to 100 kV is connected to the 
PD test cell. 

The cloud-based architecture of the CFSA-AA model enables it to process data in real 
time and detect faults. The Apriori algorithm is used to process data continuously 
collected from GIS sensors in the cloud. As a result, massive data streams can be 
analysed efficiently and scalably. The model processes incoming data in real-time and 
detects fault patterns by comparing it with learned association rules. It enables preventive 
maintenance by rapidly detecting anomalies and predicting probable failures. Real-time 
power system problem detection relies on the cloud’s high availability and fast response 
times. 

Based on the facts, the CFSA-AA methodology may apply to electrical systems other 
than GIS. Cloud computing for data storage/processing, the Apriori algorithm for pattern 
identification, and real-time sensor data analysis may apply to various power system 
components that create operational data. However, various equipment may require 
distinct defect kinds and detection procedures. More research is needed to confirm its 
efficacy on different electrical systems. 

CFSA-AA, or Cloud-enabled Fault State Analysis using the Apriori Algorithm, is the 
proposed system for GIS. It connects circuit breakers, voltage and current transformers, 
and fault sensors by integrating with cloud-based infrastructure. The system collects data 
from these sources, preprocesses it locally, and then sends it to the cloud for analysis. It 
uses the Apriori method to identify potential errors by analysing data patterns. The 
system enhances the effectiveness and reliability of GIS by including an interface for 
real-time monitoring and visualisation, as well as simple defect reporting. 

The proposed study enhances GIS failure detection by utilising the Apriori Algorithm 
in conjunction with Cloud-enabled failure State Analysis. This technique resolves issues 
with mechanical fault detection and partial discharge. The study enhances data processing 
and visualisation by leveraging cloud computing and sophisticated algorithms, potentially 
improving system reliability and defect identification. The methodology’s comprehensive 
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and flexible nature promises to improve GIS performance and maintenance, despite the 
high investment costs and challenging data processing. 

In the field of fault diagnosis for GIS, this study proposes a cloud-enabled Apriori 
algorithm-based fault state analysis model, which is systematically compared with 
current mainstream technologies. Some existing methods focus on offline diagnosis or 
theoretical reviews of specific fault types, failing to construct a comprehensive 
framework that covers multiple fault types and supports real-time data stream processing. 
While some methods can perform specific functions, they have limitations in real-time 
performance, depth of data integration, or environmental adaptability. In contrast, this 
model, by integrating a cloud computing architecture with association rule mining 
algorithms, achieves simultaneous prediction and state monitoring of discharge faults, 
mechanical faults, and abnormal vibrations, demonstrating systematic advantages in 
diagnostic accuracy, pattern recognition efficiency, and real-time response capabilities. 

4 Results and discussion 

To predict discharge faults, mechanical faults, and abnormal mechanical vibrations in 
metal-enclosed GIS, this study introduces the CFSA-AA. The data are from the VSB 
Power Line Failure Detection Kaggle Dataset. The terrible occurrence known as partial 
discharge may occur when electric transmission cables fail. Partially discharged 
equipment might become completely inoperable if not addressed promptly. To prevent 
partial discharges from causing permanent damage, they must be identified. Each signal 
is 800,000 voltage measurements taken over 20 ms from a power line. Since the 
underlying electric grid operates at 50 Hz, every signal encompasses one whole grid 
cycle. For the grid to function, all three phases of electricity must be measured 
simultaneously. 800,000 into eight measurements, as exported with yarrow.parquet 
version 0.11. The model’s performance is enhanced by an extensive experimental setup 
that includes MATLAB R2024a, a powerful Intel Core i7 CPU with 32 GB of DDR4 
RAM, and a high-performance NVIDIA GeForce GTX 1650 GPU. Fast data processing, 
precise problem diagnosis, and trustworthy pattern discovery are all guarantees of this 
cutting-edge software and hardware combo. The CFSA-AA model’s overall performance 
in fault detection is greatly improved by the well-chosen setup, which increases the 
model’s capacity to handle complicated calculations and big datasets. 

4.1 Fault diagnosis accuracy 

This study integrates the power grid’s underground transmission line fault with an a 
priori algorithm to implement an intelligent monitoring system for underground 
transmission lines. It studies the power grid’s underground transmission line problem by 
collecting real-time data and analysing it to detect faults. The objective is to stabilise the 
power system’s functioning and enhance its intelligent monitoring function to better 
diagnose and analyse faults in real time. The study provides a thorough analysis of the 
clustering techniques used and explains the algorithms in detail. Partial discharge 
measurements facilitate online condition monitoring and problem detection, a crucial 
technique for assessing dielectric integrity. Decomposition component analysis (DCA) 
has shown that ratios of SF6’s key decomposition components can be used to detect 
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power equipment failures. Based on equation (21), fault diagnosis accuracy has been 
identified. Figure 4 shows the fault diagnosis accuracy ratio. 

Figure 4 Fault diagnosis accuracy ratio (see online version for colours) 

 

4.2 Pattern discovery ratio 

A pattern of discontinuous impulse currents with a maximum magnitude of 475 A was 
observed. The timing of the pulse’s appearance is directly related to the polarity of the 
voltage. Learning how the phasor-measuring unit (PMU) recorder system produces such 
unusual waveforms is highly relevant, given the peculiar nature of this disaster. There 
must be a two-step analysis since the collected data showed a distinct pattern. The root of 
this problem cannot be determined without doing further research and computer 
simulations. Consequently, the discharge zone is discontinuous due to the negative and 
positive half-cycle partitioning throughout the cycle in the conventional phase-resolved 
PD fault pattern. This study shows how to generate PD scales in glacial coordinates and 
get the phase-resolved PD analysis pattern in polar coordinates. Improved defect type 
identification is possible using the apriori technique with the new discharge variables 
defined for each cluster derived from the novel coordinate pattern. A fault pattern has 
been identified using equations (17)–(19). Figure 5 shows the pattern discovery ratio. 

4.3 Operation state detection ratio 

There exists a connection between the operating condition of the power switchgear and 
the quality of the power supply provided by power utilities. The sensors and bolts were 
maintained in a satisfactory state of tightening to receive the longitudinal waves from the 
GIS. At the same time, coupling agents were used to enhance the matching qualities of 
vibration waves. This study aims to develop a cubicle-insulated switchgear diagnosis and 
monitoring model. In cubicle GIS, this system may remotely measure and analyse the gas 
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region’s degradation, as well as the operating state and integrity of a breaking unit, 
enabling diagnosis of the gear’s current state. Based on equation (20), the operation state 
has been detected. Figure 6 shows the operational-state detection rate. 

Figure 5 Pattern discovery ratio (see online version for colours) 

 

Figure 6 Operation state detection ratio (see online version for colours) 

 

4.4 Matthew correlation coefficient (MCC) ratio 

One metric for evaluating the efficacy of binary classification systems is the MCC. The 
MCC measures the degree of coherence between the actual and predicted fault 
classifications. Even if class sizes differ, MCC remains the balanced metric for true and 



   

 

   

   
 

   

   

 

   

    State diagnosis technology of metal enclosed gas insulation equipment 95    
 

    
 

   

   
 

   

   

 

   

       
 
 

false negatives and positives. MCC represents the model’s correlation classification 
coefficient, which compares the observed and predicted models. 

( ) ( ) ( ) )
TP TN FP FNMCC

TP FP TP FN TN FP TN FN
× − ×=

+ × + × + × +
 (22) 

As shown in equation (22), where TN denotes the correctly labelled negative signal, TP 
indicates the correctly labelled positive signal, FN represents the incorrectly labelled 
negative signal, and FP signifies the incorrectly labelled positive signal. Figure 7 shows 
the Matthew correlation coefficient. 

Figure 7 Matthew correlation coefficient ratio (see online version for colours) 

 

The Matthew correlation coefficient (MCC) is an excellent indicator of the CFSA-AA 
model’s fault-detection accuracy. It provides a comprehensive assessment of the model’s 
performance, accounting for false positives, false negatives, true positives, and true 
negatives. The high MCC of 96.4% indicates a strong correlation between the actual and 
predicted fault classifications, even in skewed datasets. This robust metric ensures that 
unequal class distributions do not affect the model’s accuracy when evaluating its fault-
detection abilities across various GIS system contexts. 

4.5 Error rate 

Electrodes with protrusions or abnormalities, metallic particles in suspension, 
contamination of the spacer surface, and voids or gaps at the electrode/dielectric contact 
are the causes of PD. Mechanical abrasion of the wire during load cycling, manufacturing 
errors in GIS, vibration during the shipping and assembly of GIS equipment, 
undiscovered scratches on electrodes, and weak electrical connections are all potential 
causes of these faults. The error rate equation (23) is as follows. 
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P N

+=
+

  (23) 

The hot spot temperature estimation approach often yields non-negligible inaccuracies 
when the transformer load varies. Even for a basic procedure, the results of the thermal 
circuit model computation still need improvement. Numerous parameters are included in 
the numerical computation procedure. The intelligent a priori algorithm makes accurate 
oil temperature predictions easily. Over time, it will undoubtedly become a crucial 
resource for resolving the issue of transformer oil temperature prediction. Figure 8 shows 
the error rate. 

Figure 8 Error rate (see online version for colours) 

 

There is a strong correlation between the pattern finding ratio and the number of GIS 
system problems detected. It shows that the model can spot correlations and recurring 
error patterns in operational data. With a 97.4% accuracy, the CFSA-AA model clearly 
excels at identifying fault signs and their relationships. It enables a better knowledge of 
fault processes, predictive maintenance, and early fault identification. Improved 
dependability and reduced downtime in GIS operations result from the system’s ability to 
detect these patterns and anticipate potential issues before they escalate. 

5 Conclusion 

This study presents the CFSA-AA for predicting discharge faults, mechanical faults, and 
abnormal mechanical vibrations in metal-enclosed GIS. This study suggested integrating 
online gas and electricity fault-monitoring devices into high-voltage switchgear to 
overcome the limitations of conventional PD monitoring methods, such as insufficient 
capacity for large-scale monitoring, stringent operator qualifications, and high inspection 
costs. Various influencing variables and SF6 levels may be accounted for using the 
suggested method to determine the rate of temperature rise. Equipment insulation may be 
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protected against damage and the effects of ageing using this method’s improved 
technical design and practicality. As this study showed, the electrical equipment’s 
internal temperature distribution is heavily influenced by the actual layout of the 
conductor and the enclosure, as well as the loss distribution. Outside the apparatus, 
radiation and airflow play a far greater role in transferring heat from the busbars to the 
enclosure than high-pressure SF6 convection does within GIS, according to this research. 
To meet the functional needs of a cloud computing power plant, this study developed and 
implemented an intelligent fault-state diagnostic management system. The system’s aim 
is realised by the interplay of its modules, which include technical supervision, electronic 
equipment account, data centre, expert database, and system authority management. This 
work uses the Apriori algorithm to build a rule-based knowledge base that includes 
failure occurrences, failure causes, and expert recommendations by correlating large-
scale electric equipment vibration data with real-world fault phenomena. The 
experimental outcomes show that the suggested CFSA-AA model increases the fault 
diagnostic accuracy ratio to 98.9%, the pattern discovery ratio to 97.4%, the operation 
state detection ratio to 95.6%, the Mattew correlation coefficient ratio to 96.4%, and the 
error rate to 7.4% compared to other existing models. The model depends on the specific 
features and distribution of the dataset, and its generalisation ability has yet to be verified 
across different geographical regions or operating environments. The algorithm is 
sensitive to manually set minimum support and confidence thresholds, which may affect 
the stability of association rule mining. Data transmission latency and storage costs on 
cloud platforms pose potential constraints to practical deployment. The complex internal 
structure of GIS equipment and limitations in sensor layout may lead to incomplete 
collection of some fault signals, thus affecting the comprehensiveness of diagnosis. The 
coverage of historical data limits the model’s ability to identify novel or rare fault modes. 
To expedite the development of power equipment condition monitoring and diagnosis, 
future work should accelerate the use of advanced technologies such as the Internet of 
Things (IoT), big data, and others. 
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