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Abstract. Gas Insulated Switchgear (GIS) ultra high frequency (UHF) live test
presently stands as the most widely employed technique for partial discharge de-
tection in the field. With the ongoing digital transformation of the power grid, the
imperative has arisen to advance partial discharge detection toward intelligence
and automation. Accordingly, this paper puts forth a digital twin modeling ap-
proach for GIS live test, through a comprehensive examination of digital twin
technology. This approach encompasses the establishment of a GIS digital twin
model, the assessment of both internal and external UHF signals of the GIS, as
well as the intelligent guidance for the deployment of UHF sensors, among other
aspects. The findings of this study hold significant implications for the mainte-
nance and servicing of GIS equipment.
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1. Introduction

Gas-insulated switchgear (GIS) constitutes a pivotal power equipment category exten-
sively deployed in high-voltage transmission and substations [1]. The occurrence of
partial discharge defects inside GIS due to improper installation, switching operations,
and external environmental factors presents a substantial risk, potentially leading to
insulation breakdown and prolonged equipment malfunction in high-voltage systems.
Consequently, there is an imperative to engage in research and development efforts
aimed at establishing effective partial discharge detection technologies [2-3].

The UHF live test technology serves as a highly effective approach for detecting
partial discharges in GIS equipment [4]. It involves the manual placement of sensor
detectors within the GIS insulation basin or observation window, enabling real-time
detection and diagnosis of partial discharge signals emanating from GIS equipment [5].
This methodology facilitates the identification of defects and the formulation of appro-
priate corrective measures [6]. Consequently, it enhances equipment reliability and
safety, reduces maintenance and replacement costs, and contributes to the overall quali-
ty and reliability of power supply in the grid [7-10].
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In recent years, digital twin technology, emerging as a virtual simulation paradigm,
has found widespread application across various domains [11]. Its fundamental premise
revolves around the establishment of digital models representing physical entities,
thereby facilitating functions such as virtual simulation, data analysis, and decision
support. Digital twin technology has demonstrated diverse and practical applications
within the field of partial discharge condition monitoring [12]. The realization of power
grid digitalization and the transition towards intelligent operation and inspection criti-
cally depend on the support and integration of digital twin technology [13-16].

Hence, recognizing the excessive reliance on manual expertise in the current con-
text of GIS partial discharge live test, this study leverages the inherent advantages of
digital twin technology. It endeavors to explore intelligent approaches to GIS live test
based on digital twins. The paper introduces a GIS digital twin modeling methodology
specifically tailored for partial discharge live test. This methodology encompasses the
creation of a GIS digital twin model, enabled by software-driven processes.

Employing the assistance of sophisticated software, this model guides the place-
ment of test sensors during each stage of the live test in a three-dimensional visual
wizard mode. The software dynamically adjusts sensor positioning to align with the
prevailing real-world conditions, ensuring optimal deployment. Furthermore, it intui-
tively displays the results of sensor positioning on the model upon detecting partial
discharges. This transformative approach significantly elevates both the efficiency and
reliability of the testing process, addressing the challenges associated with manual
methods and enhancing the overall quality of live test in GIS equipment.

2. GIS Partial Discharge Live Test

In the current traditional GIS partial discharge live test process, the portable multi-
channel partial discharge detector is usually carried by the operation and maintenance
personnel and the sensors are deployed on the surface of the GIS for detection. As
shown in Figure 1, the detector usually contains 6 UHF sensors, which are fixed in 6
detection positions on the GIS. The instrument synchronously collects the partial dis-
charge signals from the 6 channels, and diagnoses and locates the signals through the
PC software.

Fig. 1. Portable multi-channel partial discharge detector.

In line with this approach, the initial detection point is typically chosen to feature
six unshielded insulators, as exemplified in Figure 2. Each of these sensors is meticu-
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lously positioned to ensure comprehensive coverage and effective signal acquisition
within the designated GIS area.

Fig. 2. UHF sensor installation location.

Subsequently, the partial discharge detector is employed to capture the partial dis-
charge signals emanating from each of the six sensors. This collection process yields
critical data, including signal attributes such as amplitude, frequency, and other rele-
vant information. Based on this dataset, PRPS (Partial Resonance Spectroscopy) and
PRPD (Partial Discharge Pattern) maps are meticulously generated. These maps serve
as essential tools for the identification and classification of different types of partial
discharges encountered during the inspection and monitoring proess.

If none of the sensors detects a localized discharge signal, the inspection for the
current interval concludes, and the process proceeds to the next interval for testing.
However, if any of the sensors registers a localized discharge signal, it necessitates the
consideration of potential external interference.

During this phase, the inspector must determine whether the detected signal origi-
nates from within the GIS or if it is a result of external factors. This determination is
typically achieved by comparing signal amplitudes between the sensors. Alternatively,
an additional external noise sensor may be deployed to facilitate this comparison by
evaluating signal amplitudes in conjunction with the GIS sensors. Should it be ascer-
tained that the signal emanates from within the GIS, the next step involves localizing
the internal discharge source.

In the localization process, the inspector selects pairs of sensors for localization,
employing the arrival time difference method. During localization, it is imperative to
measure the distance along the GIS pipeline between the two selected sensors. Each
localization attempt yields a distance along the GIS propagation path of the discharge
source from one of the sensors. This process is repeated sequentially with different
sensor combinations. The final localization result is derived when the localization re-
sult falls within the spatial range between the two selected sensors, and the distance
from both sensors exceeds the localization error margin.

Subsequently, the inspector estimates the size of the localized discharge source
based on the localization result. By integrating the type and location of the discharge,
an evaluation of the potential hazards associated with the localized discharge is con-
ducted. Relevant countermeasures are then designated to mitigate identified risks
effectively.
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3. Key Techniques for Modeling GIS Digital Twin Models

In response to the challenges outlined above, this paper introduces a GIS digital twin
modeling method tailored for partial discharge live test.

3.1. GIS Digital Twin Modeling

3.1.1. GIS Digital Twin Model Modeling Approach

In this paper, Solidworks software has been selected as the modeling tool to construct a
three-dimensional representation of the Gas Insulated Switchgear (GIS) [17]. This
model is based on GIS drawings and precise measurements taken on-site. It's worth
noting that the digital twin model proposed in this study is specifically designed for the
application of partial discharge live test. Therefore, the modeling focuses exclusively
on the external surface of the GIS pipe (pipe wall), which is modeled with a thickness
of 0.001 meters. The interior of the pipe is left empty, and the internal structure of the
GIS is not included in the model.

(a)external model (b)internal model

Fig. 3. Display model.

The digital twin model created in this research is divided into two main compo-
nents: a display model and a calculation model. The display model, as depicted in
Figure 3, serves the purpose of presenting the characteristics of the GIS equipment in a
visually intuitive manner. This presentation aids in guiding testers effectively through
their operation and maintenance tasks, providing them with a clear and accessible ref-
erence point for their work.

In the process of utilizing Solidworks software to model the external surface of the
GIS pipe, various internal components of the GIS, including the internal bus, circuit
breaker, disconnect switches, current transformers, voltage transformers, shielded insu-
lated pots, non-shielded insulated pots, and other parts along the pipe wall, are
distinguished by assigning different materials and names. For instance, the material
assigned to the bus is designated as "bus," the circuit breaker material is labeled "circuit
breaker," and so forth. To illustrate further, the material for the busbar is identified as
"Busbar," while the circuit breaker material is specified as "Circuit Breaker."

Additionally, all insulated basins where sensors can potentially be deployed are
uniformly designated as "unshielded basin." With the completion of the model, for any
given point located within the GIS, the material name associated with the closest wall
to that point serves as an indicator of the type of GIS component situated at that specif-
ic location. This material-naming scheme facilitates the precise identification and
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classification of GIS components within the digital twin model, enhancing its utility for
guided testing and maintenance activities.

3.1.2. GIS Internal and External Judgment

Upon the completion of the GIS digital twin modeling process, it becomes imperative
to automatically ascertain whether a specific point resides within or outside the GIS
device.

Fig. 4. Computational models.

For a GIS device, as depicted in Figure 4, the dimensions of the scene are consid-
ered to be (50 meters, 20 meters, 10 meters), representing its maximum extents along
the X, Y, and Z directions as 50 meters, 20 meters, and 10 meters, respectively. The
entire scene is divided uniformly into square cells, each with side lengths of 0.1 meters,
facilitating the expression of any point's position within the scene as numerical coordi-
nates.

To determine whether a point within the scene is located inside the GIS, the fol-
lowing methodology is employed:

Rays Projection: For any digital coordinate point within the scene, a total of 14
rays are emitted from the center of the small square in which the point is situated.
These rays project outward along the central axes of the six faces and eight vertices of
the small square. Each ray extends in both the direction of the face centers and the ver-
tices of the square.

Collision Detection: The behavior of these rays is assessed concerning their inter-
action with the GIS model. Specifically, it is determined whether each of the 14 rays
intersects with the GIS model before reaching the boundary of the scene. If any of these
rays fails to collide with the GIS model, signifying that it does not intersect with the
coordinates occupied by the GIS model, the respective coordinate point is concluded to
be situated outside the GIS. Conversely, if all 14 rays successfully intersect with the
GIS 3D model before reaching the scene boundary, confirming their intersection with
the coordinates occupied by the GIS model, the coordinate point is confidently catego-
rized as being located within the GIS.

By implementing this method, the system effectively discerns whether any given
point resides within the interior of the GIS digital twin. This determination provides
crucial and precise spatial localization information for subsequent computations and
analyses within the digital twin model.
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3.2. UHF Sensors Deploy Intelligent Guidance

3.2.1. Principles of UHF Sensor Deployment

Following the achievement of automatic localization of partial discharge sources, the
system plays a pivotal role in guiding operational and maintenance personnel to deploy
additional UHF sensors, thereby facilitating precise localization. To illustrate this pro-
cess, let's consider a GIS digital twin model and delve into the deployment principles of
UHF sensors.

First, let's analyze the first case: When the localized discharge source falls outside
the region enclosed by two sensors, the difference in its distance to the two sensors
remains a constant value, equivalent to the separation distance between the two sensors,
as depicted in Figure 5(a).

Next, let's examine the second case: In scenarios where a T-shaped branch exists
between the two sensors, the disparity in the distance from any position along the
branch to the two sensors consistently equals the difference in distance from the T-
shaped branch to the two sensors, as exemplified in Figure 5(b).

(a) Test points are located outside the two sensors.  (b)The test point is located between the two sensors.

Fig. 5. Location of partial discharge source occurrence.

In both cases, the system aids in ensuring the effective placement of additional
UHF sensors to enhance localization accuracy and provide comprehensive coverage of
potential discharge sources. This approach streamlines the deployment process and
optimizes the detection capabilities of the GIS digital twin model.

Taking into consideration the localization error, we can establish the following
principles:

When the distance between the localization result and any one sensor is less than
or equal to the localization error, it suggests that the partial discharge power source
could be situated either at the localization result or outside the region encompassed by
the two sensors.

When the distance between the localization result and the T-branch junction be-
tween two sensors is less than or equal to the localization error, it indicates that the
partial discharge power source could potentially be located at any point within the T-
branch channel.

Given these principles, and in order to fulfill the requirements of UHF partial dis-
charge localization within GIS, we propose the following sensor deployment principle:
Sensors should be strategically positioned along all conceivable paths through which
partial discharge signals may propagate. These sensors should collectively encircle the
suspected partial discharge power source, ensuring that the distances between the sen-
sors and the potential discharge source exceed the localization error. This approach
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guarantees comprehensive coverage and localization accuracy for the detection of par-
tial discharges in GIS.

3.2.2. Intelligent guidance for UHF Sensors

Building upon the previously established UHF sensor deployment principles, let's con-
tinue to consider a GIS digital twin model as an example, as depicted in Figure 6. In
this scenario, achieving full coverage of the interval can be accomplished by installing
six UHF sensors strategically positioned to cover the entire span.

Operational and maintenance personnel are guided to install these UHF sensors in
predetermined and fixed positions, as illustrated in the figure. This approach serves
several essential purposes:

Comprehensive Coverage: Fixed sensor placements ensure that critical measure-
ment points are consistently covered, eliminating the risk of missing key measurement
locations that could result in overlooked partial discharges.

Historical Data Accumulation: By maintaining a consistent sensor configuration,
historical data can be systematically accumulated. This historical data becomes invalu-
able for conducting vertical comparisons over time, providing essential support for
subsequent pattern recognition and automatic localization.

By adhering to these principles and guidelines, the deployment of UHF sensors
within the GIS digital twin model ensures full coverage of the interval, minimizes the
likelihood of missed measurements, and facilitates effective data analysis for the
recognition and localization of partial discharges.

Fig. 6. UHF sensors deploy intelligent guidance.

4. Simulation Experiment Analysis

In this chapter, we establish a GIS simulation experiment platform to empirically assess
the effectiveness of the modeling method proposed in this study. Through a series of
simulation experiments conducted on this platform, we aim to validate the utility and
reliability of the modeling approach in practical applications. This experimental plat-
form serves as a critical tool for evaluating the real-world performance and feasibility
of the GIS digital twin model and associated methodologies.

4.1. GIS Simulation Modeling

In this paper, a GIS-based simulation experiment platform has been meticulously con-
structed, as illustrated in Figure 7. This platform is designed to introduce
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electromagnetic wave signals from external sources, effectively simulating partial dis-
charge events. The GIS pipe used in this setup has a shell with a diameter of
approximately 560 mm, an internal coaxial conductor with a diameter of approximately
160 mm, and is sectionally pressurized to facilitate the testing process.

Fig. 7. GIS PD experimental platform.

The simulated GIS pipeline was modeled using the modeling methodology of this
paper and its digital twin model is shown in Figure 8. The tester installs six external
UHF sensors at the unshielded flange in accordance with the intelligently guided posi-
tion.

41 M

Fig. 8. GIS digital twin model.

4.2. Simulation Experiment Results

In the experimental setup, the tester employs a lighter to introduce electromagnetic
wave signals at the T-corner, effectively simulating partial discharge events occurring
inside the GIS pipeline. The experimental results, depicted in Figure 9, display real-
time PRPD (Phase-Resolved Partial Discharge) spectra at each UHF sensor installation
location. Importantly, the shortest propagation path from the partial discharge source to
each UHF sensor is accurately captured and depicted in the results. This data serves as
a reference benchmark, aligning with the experimental expectations and providing a
foundation for the subsequent achievement of automatic localization within the GIS
pipeline.
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(a) PRPD pattern reslut. (b) Positioning results.

Fig. 9. Experimental results graph.

5. Conclusion

In summary, this paper presents several key contributions:

GIS Digital Twin Modeling Method: The paper introduces a novel GIS digital twin
modeling approach tailored for partial discharge detection. This method enables the
determination of whether a partial discharge event is situated within or outside the GIS
digital twin model.

Optimized UHF Sensor Deployment Scheme: By analyzing the spatial relationship
between partial discharge sources and sensors, the paper devises an optimized UHF
sensor deployment scheme. This scheme serves as a practical guide for operation and
maintenance personnel, aiding them in accurately positioning UHF sensors.

Experimental Validation: The effectiveness of the proposed GIS digital twin mod-
eling method is rigorously verified through a series of simulation experiments. These
experiments provide empirical evidence of the method's utility and reliability in practi-
cal applications.

Together, these contributions collectively enhance the capabilities of GIS-based
partial discharge live test, streamlining the detection process, improving localization
accuracy, and facilitating informed decision-making for maintenance and operation
personnel.
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