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Enerji santrallerinde yiiksek gerilimli ekipmanlarin manevrasi, enerji sektoriindeki en kritik ve
riskli operasyonlardan biridir ve hem ileri diizey teknik yeterlilik gerektirmektedir. Geleneksel
egitim yontemleri, ozellikle ISG yonetmeliklerinin kisitlamalaryla, bu hayati énem tasiyan
prosediirler igin giivenli, tekrarlanabilir ve gercek¢i uygulama firsatlari saglamada yetersiz
kalmaktadir. Bu ¢alisma, Tiirkiye elektrik sektoriinde salt ekipmani manevra operasyonlart igin
gelistirilen yenilik¢i, modiiler ve son derece gergek¢i bir VR egitim platformu olan
"ManeVRa"min tasaruimini, gelistirilmesini ve uygulamasini sunmaktadir. Platform, ¢evik proje
yonetimi, gercek diinya saha ¢alismalari ve sektér uzmanlaryla yakin is birligi yoluyla
olusturulmustur. Unity ile olusturulan sistem, 225'ten fazla benzersiz operasyonel ve acil durum
senaryosunu simiile ederek giivenli bir ortamda hem bireysel hem de ¢ok oyunculu egitim
modlarma olanak tamwr. Pilot ¢aliymalar, ManeVRa'min geleneksel yontemlere kiyasla
operasyonel hatalari en aza indirmeye ve is giivenligi farkindaligini artirmaya katkida
bulundugunu gostermektedir. Bu makalede, VR tabanl endiistriyel egitimin zorluklari, sistem
gelistirme siirecinde dikkate alinan teknik ve pedagojik hususlar ve uygulamanin operasyonel
giivenlik ve is giicii yeterliligi iizerindeki etkisi ele alinmaktadr. Bulgular, ManeVRa'min
literatiirde tespit edilen temel bosluklar: doldurarak, yiiksek riskli sektorlerde yeni nesil VR

tabanly egitim ¢oziimleri icin bir referans modeli sundugunu gostermektedir.
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The maneuvering of high voltage equipment in power plants represents one of the most critical
and risk-laden operations in the energy sector, demanding both advanced technical proficiency.
Traditional training methods fall short in providing safe, repeatable, and realistic practice
opportunities for these life-critical procedures, especially as OHS regulations. This study
presents the design, development, and implementation of “ManeVRa” an innovative, modular,
and highly realistic VR training platform developed for switchgear maneuver operations in the
Turkish electricity sector. The platform was created through agile project management, real-
world field studies, and close collaboration with industry experts. Unity based System simulates
over 225 unique operational and emergency scenarios, enabling both individual and multiplayer
training modes in a safe environment. Pilot studies suggest that ManeVRa contributes to
minimizing operational errors and enhancing occupational safety awareness compared to
traditional methods. This paper discusses the challenges of VR-based industrial training, the
technical and pedagogical considerations involved in system development, and the impact of the
application on operational safety and workforce competence. The findings demonstrate that
ManeVRa bridges key gaps identified in the literature, offering a reference model for next-

generation VR-based training solutions in high-risk industries.
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1. INTRODUCTION

Maneuvering operations, which are critical in electrical energy generation and transmission processes, constitute one of the riskiest
work areas in the sector, as they are complex operations performed under high voltage. It is known that errors made during switching
and power transfer can jeopardize not only the health and safety of employees but also the continuity of the nationwide electrical
infrastructure [1]. However, traditional training methods often make it impossible for employees to learn these high-risk operations
safely and effectively. Therefore, the need for innovative training solutions that enhance occupational safety and operational
competence across the sector is increasing [2].

Switching and maneuvering operations carried out in power generation plants inherently carry both technical and human-related
risks. Even the smallest error during these operations can lead to serious consequences, such as loss of life and significant material
damage. Training in a real-world environment, particularly in high voltage systems, is nearly impossible, as it poses both
occupational health and safety (OHS) risks and carries operational risks such as energy supply disruptions [3], [4]. Furthermore, the
sector's need for experienced technical personnel has become even more evident during extraordinary circumstances such as the
pandemic, highlighting the need for a sustainable and standardized training infrastructure.

In recent years, virtual reality (VR) technologies have offered revolutionary innovations in industrial training, emerging as a
significant alternative where traditional methods fall short [5]. VR-based training applications allow participants to repeatedly
experience complex and dangerous operations in a safe virtual environment without assuming real-world risks. This approach,
particularly in the electric power sector, increases the opportunity for technical personnel to practice, accelerates error-making and
learning processes, and ultimately contributes to the strengthening of an occupational safety culture.

To meet these critical needs in the sector, “Enerjisa Uretim Akademi” has developed a realistic and modular VR-based maneuver
training product. Designed with an exact digital replica of a real hydroelectric power plant and a comprehensive variety of scenarios,
this application aims to enhance the operational competencies of employees, both individually and as a team, and maximize
occupational safety. Furthermore, thanks to the application's modular structure, new power plant types and scenarios can be easily
added, ensuring system flexibility and sustainability [6]. Since its implementation, there have been no reports of incidents related to
maneuvering errors. This has enabled systematic training, particularly for employees who are inexperienced in medium and high
voltage maneuvers and who lack the opportunity to practice due to the system being constantly energized.

This article will comprehensively address the challenges encountered in training critical maneuvering operations in power plants
and the advantages offered by VR-based solutions. Additionally, the design, development, and implementation processes of the
“ManeVRa” which is VR Maneuver application developed by Enerjisa Uretim Akademi will be examined in detail, and the product's
contribution to the industry and literature will be discussed.

1.1 Literature Review

1.1.1 The Importance and Risks of Maneuvering Training in Power Plants

Maneuvering operations in electrical power generation and transmission systems are among the most complex and risky steps in
industrial operations [7], [8]. Errors that may occur during switching, commissioning, or decommissioning operations, particularly
on medium and high voltage power lines, can have cascading consequences such as fatal accidents for personnel, serious material
damage to equipment, and nationwide power outages [9], [10], [11].

Numerous studies in recent years have shown that a significant portion of occupational accidents in the energy sector are caused by
human factors [12], [13]. Electrical accidents remain a significant concern in the workplace, with fatal injury rates in the electric
power industry reported at 3.29 per 100,000 employee-years. Line workers face the highest risk of fatal injuries, often due to vehicle
collisions and contact with electric current [14]. In Japan, 81% of fatal electrical accidents occur in companies with fewer than 50
workers, where safety supervision is not mandatory. Hand contact with live wires is a leading cause of fatalities, accounting for
58% of cases [15]. A comprehensive review of human factors in electrical safety incidents highlights the complexity of injury
prevention, emphasizing the need for interventions at individual, team, organizational, and regulatory levels [16]. Continued
research and tailored interventions for high-risk occupations are crucial to enhance electrical safety in the workplace. Similarly in
Turkey, Studies indicate underreporting of accidents and insufficient data on their root causes across sectors [17], [18]. Analysis of
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accidents in the electricity sector from 2003-2011 revealed numerous incidents in production, transmission, and distribution
facilities. While there has been a decrease in accident rates due to increased occupational health and safety efforts, Turkey still lags
developed countries in this area. Key factors contributing to workplace accidents include inadequate training and lack of experience
among workers. To address these issues, researchers recommend regular training for employers on accident reporting, active
involvement of safety experts in the reporting process, and improved data collection on accident causes and injury types across
different sectors [18], [19].

The high risk of maneuvering operations requires not only technical proficiency but also advanced competence in areas such as
operational awareness, timely decision-making, crisis management, and team communication [20], [21], [22]. Training in real-world
settings, however, has serious limitations for such complex and hazardous operations. Practicing on energized systems is often
impossible due to occupational health and safety regulations, the facility's need for continuous production, and potential financial
losses [21]. These findings underscore the importance of developing both technical proficiency and advanced competencies in
operational awareness, timely decision-making, crisis management, and team communication for high-risk maneuvering operations.

In this context, it is vital that technical personnel working in the sector are equipped not only with theoretical knowledge but also
with practical and systematic experience. However, traditional training methods, such as classroom training, written documentation,
or simple simulations fail to adequately convey the realistic dynamics and rapidly evolving risk factors of maneuvering operations
[23], [24]. In summary, the challenges encountered in training for maneuvering operations in power plants are directly proportional
to the magnitude of both technical and human-related risks. Therefore, the need for innovative and practice-based training solutions
for sustainable occupational safety, operational efficiency, and energy supply security in the sector is becoming increasingly evident
[25].

1.1.2. VR-Based Applications in the Energy Sector

Studies have explored the use of VR to create realistic simulations of power substations, wind farms, and photovoltaic (PV) power
plants. These virtual environments allow students and new hires to interact with complex equipment, understand its function, and
practice operational procedures without any risk. For instance, Erten et al. (2022) demonstrated the application of VR in occupational
health and safety training for photovoltaic power systems has also been explored, with gamification scenarios developed to enhance
learning experiences [26]. Similarly, Abichandani et al. created a cloud-based VR system for solar energy education, which provided
students with foundational knowledge of photovoltaic systems and safe installation procedures. This work effectively promoted
early-stage training in solar energy [27]. Perez-Ramirez et al. (2019) created VR training system typically include components such
as virtual equipment warehouses, interactive 3D environments, and course management systems [28]. Also, Satu et al. (2024)
reviewed all nuclear power plant training applications with VR and mentioned that it can provide benefits over conventional training,
but challenges remain for its widespread adoption [29]. Andrii et al. investigated how virtual and augmented reality can be used in
nuclear power plants. Their research showed that these technologies are useful for training operators in both emergency situations
and regular maintenance tasks. The simulated environment they created accurately reflects real-world conditions, allowing for
effective and safe practice [30]. Li et al. (2022) developed a virtual reality (VR) system to simulate the wind turbine construction
process. The system was designed to provide immersive training for workers on critical stages, including assembly, maintenance,
and disassembly. This training methodology was found to improve workers' understanding of the process and heighten their
awareness of associated risks, thereby contributing to enhanced safety and operational efficiency [31]. Mantelli et al. (2023),
presented the use of VR to create a realistic simulation of a steam generator for training operators, allowing them to interact with
the system and practice procedures without risk. These systems allow operators to visualize information captured by supervision
systems and simulate operation procedures, thereby avoiding risk and potential injuries [32].

1.1.3. Literature Gaps and Needs

While VR-based training applications have become widespread in the electric power sector in recent years, significant gaps and
unmet needs remain in literature. While much of the existing research focuses on pilot-scale applications or specific
equipment/scenarios, there are limited examples of modular and sustainable digitalization of real industrial environments, with all
their complexity [33], [34], [35]. Many VR training platforms either focus solely on a specific technical procedure or are limited to
general safety awareness. In contrast, the industry's true need is for holistic and flexible solutions that integrate all voltage levels,
different power plant types, dozens of different operational scenarios, and human-machine interactions, including real-time risk
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simulations [33], [34]. Furthermore, these applications must be easily updated according to current legislation, technical
developments, and operational needs, meaning they must be modular and sustainable [36].

Another fundamental gap is the lack of standardized and objective measurement of VVR-based training effectiveness, as well as the
widespread availability of internationally recognized certification systems. This hinders inter-institutional comparisons of VR-based
training and its industry-wide standardization. Initial investment costs, lack of technical infrastructure, and the need for industry-
specific expertise in content creation are among the other primary obstacles to its widespread adoption [37], [38], [39].

Within all these considerations, the ManeVRa application, developed by Enerjisa Uretim Akademi, provides a holistic solution to
many existing gaps in the literature and makes a significant contribution to the literature with its innovative approach that addresses
industry-specific requirements. ManeVRa is one of the first examples of a hydroelectric power plant that fully digitalizes all its
equipment and processes, encompasses over 225 real-world operational and failure scenarios, and allows for the easy addition of
new plants and procedures thanks to its modular structure. Furthermore, real-time user performance monitoring, automatic feedback
on error-related actions, and the inclusion of real-time risk scenarios in the training elevate the product beyond traditional and most
existing VR applications.

Furthermore, Enerjisa Uretim Akademi's prioritization of occupational safety, operational competence, and sustainable training
approaches throughout the development of ManeVRa positions the product not only as a technical solution but also as a model that
paves the way for standardization and innovation within the industry. Thus, this study has the potential to establish a new benchmark
for VR-based industrial training both in Turkey and internationally.

2. MATERIAL AND METHODS

This study covers the technical analysis and development details of a professionally developed virtual reality platform. All technical
details and processes of the application, from the project management phase to the validation and testing processes, are explained.
This aims to provide an in-depth understanding of the software product, contribute significantly to literature, and inspire new
research. Graphical abstract of ManeVRa product shown in Figure 1.

HianewRa Unity Engine Core

AudioVisual Aler

Figure 1. Graphical abstract of this study

2.1. Project Management Approaches

The project management for the ManeVRa application, developed by Enerjisa Uretim Akademi, was based on the agile approach,
a key component of contemporary software development methodologies. This method was designed to adapt to the dynamic and
multi-stakeholder nature of the project process (Figure 2). Rather than a rigid, pre-determined roadmap, agile project management
facilitates flexible and iterative development cycles, continuous feedback, and adaptation mechanisms [40]. Throughout the project,
this approach enabled the continuous integration of actual educational needs, technical challenges, and stakeholder feedback into
the product's design and development processes.
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AGILE

Figure 2. Agile Project Cycle [41]

After the process designs and preliminary analyses were completed, the project team—a multidisciplinary team comprised of field
experts, software developers, and trainers—participated in a week-long switchgear maintenance program at the Arkun Hydroelectric
Power Plant (HEPP) to gain real-world field experience. During this critical phase, all switching and maneuvering operations at the
plant were observed in detail, workflows were recorded, and any challenges encountered were noted. Exceptional circumstances,
unexpected risks, and practical occupational safety measures emerged during operation, formed the foundational dataset for
designing realistic and comprehensive virtual scenarios during the software development phase.

The scenario development phase was conducted with a unique and systematic approach to project management. Through regular
meetings and workshops with the Arkun HEPP operation team, a total of 225 unique maneuver scenarios encountered in the real
operating environment were individually identified and documented. These scenarios encompassed commissioning,
decommissioning, various fault and hazard situations, emergency response procedures, and routine maintenance processes. Thanks
to the project's agile structure, these scenarios were both updated and enriched with new scenarios throughout the development
cycle. Meeting notes and developed documentation established a transparent standard of information sharing and internal
communication within the project.

As part of the project, a one-to-one, three-dimensional digital modeling of the entire switchgear system, that is the circuit breakers,
disconnectors, and grounding elements of a real power generation plant was achieved. The primary goal here was to simulate high
voltage switching operations up to 380,000 volts in a virtual environment, with realistic equipment and process dynamics. This
modeling process incorporated not only visualization of the equipment but also the physical consequences of the operations, system
dynamics, and equipment status changes. This enabled participants to fully and safely observe the real-world effects of every
maneuver performed during the training process (e.g., energy flow, equipment location changes, safety warnings).

The rapid prototyping and continuous testing opportunities provided by the agile approach throughout the project management
ensured that both the software and training scenarios were fully aligned with real-world field needs. User feedback obtained
throughout the process was immediately incorporated into the software during iterative cycles, and any software bugs and scenario
deficiencies that arose were quickly addressed. Furthermore, by keeping the project documentation up-to-date, different stakeholders
and technical teams maintained the same level of knowledge, ensuring the sustainability of the development process.

As a result, the agile project management approach adopted in the development of the ManeVRa application resulted in a flexible,
continuously improved training solution based on real-world needs in a field requiring high security and technical complexity. This
methodological choice enabled both rapid project completion and full compliance with industry requirements.

2.2. Needs Analysis and Scoping

One of the first and most critical stages of the ManeVRa application development process was the systematic analysis of the training
environment's requirements and user needs. A multifaceted needs analysis encompassing both technical and pedagogical dimensions
was conducted.

First, the challenges experienced by technical personnel and trainers working in power plants with traditional training methods were
detailed. Preliminary interviews conducted at Enerjisa Uretim Akademi determined that employees had limited opportunities to
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experience high voltage maneuvering operations in a real-world environment, and that training sessions lacked opportunities for
practical repetition and use of real equipment. Operations posing risks in terms of occupational health and safety (OHS) are often
not simulated in practical training, significantly limiting the development of employees' decision-making and implementation
competencies in critical scenarios.

Following the clarification of these needs, a series of workshops and focus group meetings were held with a stakeholder group
consisting of plant members, engineers, and trainers to define the project scope. In these meetings, the plant's operating processes
and the operational problems encountered were analyzed in detail. Common real-world fault types, critical error scenarios,
emergency response situations, and routine maintenance procedures were individually documented. Furthermore, rare and complex
situations encountered by technical personnel during daily operations were specifically evaluated to increase the comprehensiveness
of the simulation scenarios.

Based on findings from field studies and meetings, the scenario pool and training modules to be covered by the application were
determined. Both the technical steps and expected learning outcomes were defined for each scenario. Furthermore, the training
environment was designed to foster not only individual experience but also team collaboration and communication. To this end, the
application was designed to be suitable for both individual and multiplayer modes.

The findings obtained during the needs analysis process guided the software development and design phases; the included scenarios
were continuously updated with real-world data and instructor suggestions. Thus, the application aimed to provide a technically and
pedagogically comprehensive, safe, and functional training solution.

2.3. Design and Modelling

The design and modeling phases of the ManeVRa application were driven by the principles of high realism and user-centricity. In
the first stage of development, the Enerjisa Uretim Akademi Arkun Hydroelectric Power Plant's switchyard and equipment were
precisely transferred to the digital environment using technical drawings and site photographs. Each critical piece of equipment
(breakers, disconnectors, grounding blades, protection panels, etc.) was created using advanced modeling tools such as 3ds Max
and Blender, aiming for both visual fidelity and functional integrity. During modeling, Unity's Universal Render Pipeline (URP)
infrastructure and PBR (Physically Based Rendering) material techniques were utilized to accurately reflect the physical properties
of real-life material textures (metal, porcelain, plastic surfaces) in the virtual environment. High-resolution textures, along with
realistic light and shadow effects, ensured that the equipment achieved detailed visual quality (Figure 3- 4- 5- 6- 7- 8).

ANRNSESSET

Figure 3. Outside Area of Environment with User
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Figure 4. Inner Environment

Figure 5. Switchyard
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Figure 6. Reality of Electric Arc
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Figure 7. Explosion Scenario of Switchyard

TR N

ENERJIG()URETIM

Figure 8. Real and VR Environment Applications

The software development and integration phase was carried out entirely in Unity. The software's architecture is built on a modular
and extensible structure. Each major component, equipment control scripts, scenario management, user interface, and data logging
system, is designed with independently developed C# script files that can be easily updated as needed. This architecture allows the
integration of new scenarios, different plant types, or additional training modules into the application. Unity's XR Interaction Toolkit
was used for direct access and interaction support with VR devices. Various plugins (ProBuilder, Post-Processing Stack, Curved
Ul, VRTK, TextMeshPro) available from the Unity Asset Store ensured both the environment layout and the user interfaces were
modern and user-friendly. Performance improvements were made, particularly through LOD (Level of Detail), occlusion culling,
and light baking techniques for scene optimization, ensuring a smooth VR experience even on low-end systems.

» Physics engine and interaction: The mechanical movements of all power plant equipment (e.g., opening switch levers,
activating disconnect switches) are realistically programmed with Unity's PhysX-based physics engine. Furthermore, using
Trigger and Collider components, users are guaranteed that every action performed on the equipment in the VR environ-
ment is performed safely and in a controlled manner.

» Using Shaders and Effects: Customized material and particle systems have been developed with the Shader Graph, par-
ticularly for special effects such as electrical arcs, short circuits, and fault simulations (Figure 5- 6). This provides users
with realistic visual and auditory feedback in the event of a potential error.
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» User interaction and hand tracking: Thanks to Leap Motion SDK integration, users can project their hand and finger
movements into the VR environment in real time, allowing them to directly perform actions such as switching, pressing
buttons, and opening lids by naturally extending their hands onto virtual equipment (Figure 2- 5- 7). The natural interaction
flow both accelerates technical learning and increases the immersion of the simulation.

» Scenario management and modularity: More than 225 scenarios are stored in the system with a JSON-based structure
dynamically loaded by the software. Each scenario includes the initial state, actions to be taken, potential errors, and vis-
ual/audio feedback on success and failure. Instructors can monitor user progress through a custom interface and add new
scenarios as needed.

» Multiplayer support and network infrastructure: Developed using Unity's Photon Networking package, the multiplayer
module allows multiple technical personnel to receive collaborative training simultaneously within the same centralized
environment. Team members can communicate with each other in real time in a virtual environment and share tasks (Figure
9).

-

Figure 9. Multiplayer Using of VR Environment

» Data security and logging system: All user actions, errors and corrections, and the time spent during training are stored in
a system-defined database and analyzed to track individual progress. All data transfers are encrypted over a local network
or secure connection, with special emphasis placed on the protection and integrity of personal data.

» Sample scenario flow: For example, when the user initiates the “commissioning a high voltage power line" scenario, they
proceed step-by-step with the system's instructions. The correct sequence of operations for each piece of equipment is
communicated to the user visually (step indicator on the Ul panel) and audibly (informative voice announcement). If an
error is made, the equipment displays a visual alert (red flashing light or alarm) (Figure 6) and a descriptive error message.
Successfully completed scenarios are recorded in the instructor panel, and the user is notified

In conclusion, ManeVRa's design and modeling phase offers a realistic, safe, and effective training environment for power plant
personnel, featuring high-quality 3D modeling, optimized VR software architecture, advanced interaction techniques, and a data-
safe infrastructure. Specialties of application is presented in Figure 10- 19
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COMMAND WITHOUT CONSOLE
BARE HANDED MANAGEMENT

—

Figure 10. Application with Technical Staff

As seen in Figure 10, the integration of Leap Motion technology allows users to interact with the control panels bare-handed,
eliminating the need for handheld controllers and increasing immersion by mimicking natural manual operations

Figure 11. Teamwork on VR Environment

Collaborative learning is a key feature of ManeVRa; Figure 11 demonstrates the multiplayer environment where avatars of team
members can communicate and coordinate complex maneuvers using hand gestures in real-time.
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Figure 12. OHS Training Pipe Control

Safety starts before the operation; Figure 12 shows the interactive PPE (Personal Protective Equipment) selection module, where
users must equip the correct gear (e.g., insulating gloves, helmets) suitable for the specific voltage level before entering the field.

——
- ——

——
—

TASK BASED SCENARIO SELECTION

“*-ﬂw-—--u-
el [ N i — e m § B—

Figure 13. Task Based Scenario Selection

The training curriculum is managed through a task-based interface shown in Figure 13, allowing users to select specific operational
scenarios ranging from routine maintenance to emergency fault responses
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REALISTIC INTERACTIONS WITH
3D MODEL OF ELECTRICAL ROOMS

Figure 14. Realistic Interactions with 3D Model of Electrical Rooms

Figure 14 highlights the high-fidelity 3D modeling of the electrical rooms, where users can read digital displays and interact with
control buttons that function exactly like their physical counterparts.

TAKING SWITCHGEAR TO TEST
POSITION WITH MANEUVER LEVER

Figure 15. Taking Switchgear to Test Position with Maneuver Lever

Detailed mechanical procedures are also simulated; Figure 15 depicts a user manually operating the maneuver lever to rack a circuit
breaker into the ‘test' position, requiring precise physical movement
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LIVE STATUS TRACKING ON
SINGLE LINE'SCHEME
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Figure 16. Live Status Tracking On Single Scheme

Operational awareness is supported by dynamic diagrams. Figure 16 displays the live single-line diagram in the virtual control room,
which updates instantaneously to reflect the energized or de-energized status of the lines based on user actions

LOTO OF CIRCVUIT BREAKER

Figure 17. LOTO of Circuit Braker

Procedural compliance is enforced strictly. Figure 17 illustrates the application of Lock-Out/Tag-Out (LOTO) protocols, where a
user physically hangs a warning tag on a breaker to prevent accidental re-energization during maintenance.
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CONTROLLING SWITCHYARD

FROM CONTROL ROOM

VIR-MODD
Figure 18. Controlling Switchyard from Controlling Room

Figure 18 showcases the remote-control interface, allowing operators to perform switching maneuvers from the safety of the control
room, a critical procedure for minimizing exposure to arc flash hazards.

- 3

Figure 19. Realistic Use of Ground Lever

Figure 19 demonstrates the use of a grounding stick in the switchyard. The physics engine ensures the stick behaves realistically,
requiring the user to make proper contact with the line to ensure the system is safely discharged.

2.4. Hardware Selection

Hardware selection and integration, as well as the software infrastructure, played a critical role in the effectiveness of the ManeVRa
application. In virtual reality-based training applications, realism, ease of use, and system performance are largely dependent on the
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hardware used. Therefore, the hardware selection was made to both support the desired level of realism for the application and to
be accessible and sustainable for the power plant's technical staff.

All technical materials and their properties used within the scope of the project are presented in Table 1. Also, Figure 20 shows the
technical equipment on operation.

Table 1. Technical Equipment and Specifications

Equipment Technical Specifications
Six Cameras

Field of View Support
2880x1700 Resolution

Intel i7-9750H Processor

Nvidia GTX1660Ti Graphic Card
512 GB SSD

16 GB Ram

850 nm Operating Wavelength
120 FPS Camera Framerate
Depth between 10 cm- 110 cm

HTC Vive Cosmos

Laptop

VVV| VVVYVY |VVYVY

Leap Motion

Figure 20. Using Technical Materials

2.5. Field Applications

In the early stages of development, alpha tests were conducted to validate core functionality and key scenarios. During these tests,
project team members and a limited number of technical experts examined each component of the application functionally and
holistically, identifying fundamental system errors, software conflicts, and hardware incompatibilities. In the next phase, real-world
user groups, Enerjisa Uretim Akademi technical staff, and trainers actively used the application as part of the beta tests. Beta tests
were conducted on various power plant scenarios, error simulations, and training modules, analyzing user interaction with the
system, scenario flow, feedback mechanisms, and performance metrics.

After alpha and beta tests, field testing processes were then initiated. A crucial part of the testing process is testing the application
in real-world conditions. During field tests conducted at the AHPP, technical personnel repeatedly experienced real-world
operational scenarios in a virtual environment, gathering comprehensive data on process accuracy, error detection, and user safety.
During this process, tests were conducted in both individual and multi-user modes, and team communication, coordination, and
collaboration competencies were also observed.
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User feedback collected during testing was regularly communicated to the software development team; any deficiencies and
suggested improvements were quickly evaluated and integrated into the product. Erroneous operations, system performance
disruptions, and inadequate visual/auditory feedback were corrected with each iteration, increasing user satisfaction with the
application. Compatibility and stress testing were conducted to ensure the app would work seamlessly with various VR hardware,
analyzing network latencies and data integrity in multi-user mode. Furthermore, data logging and personal information security
mechanisms were audited for compliance with national and international standards. At the end of the testing period, the ManeVRa
application was observed to operate stably and reliably in all main scenarios, successfully simulating user behavior in real-world
operations. Users reported a decrease in error rates, increased occupational safety awareness, and high overall training effectiveness.
Furthermore, since the application's launch, no incidents related to maneuvering errors have been reported.

Consequently, comprehensive validation and testing processes have ensured the effectiveness and reliability of the ManeVRa
application, both technically and educationally, and have laid a solid foundation for its widespread adoption.

3. RESULTS AND DISCUSSION

The ManeVRa application is the first and pioneering example of a comprehensive virtual reality-based maneuvering training
program in the Turkish electricity sector. The developed system, with its innovative approach, eliminates the practical deficiencies
and occupational safety risks that traditional training methods cannot overcome. The ability of technical personnel to repeat high
voltage switching operations in a safe and controlled environment has contributed to both individual competency development and
the reduction of organizational risks.

The application's modular and sustainable structure allows for the easy integration of different power plant types and new training
modules into the system in the future, thus establishing a foundation for standardization and continuous improvement in the sector.
User feedback and training performance analyses demonstrate that the application provides a high level of effectiveness from both
technical and pedagogical perspectives.

Going beyond existing gaps and requirements identified in the literature, the ManeVRa application digitizes all the equipment and
scenarios of a real production plant, providing a model that can serve as a benchmark across industry. This success serves as a guide
for the widespread adoption of VVR-based training in industrial applications and the transition to next-generation training systems
supported by artificial intelligence.

3.1 Limitations

While the application provides a universally applicable work environment for switchyards and the energy sector, its effectiveness
depends heavily on users' VR experience and hardware compatibility; similar results may not be achieved across different hardware
configurations. Finally, follow-up studies on the long-term learning retention and occupational safety impact of the application have
not yet been completed.

3.2 Future Works

Future work plans to implement the ManeVRa application in different power plant types and with a broader user group and conduct
a comparative analysis of the results. Longitudinal studies can also be conducted to assess the long-term impact of the application.
Furthermore, the aim is to further enhance the application both pedagogically and technically by integrating Al with personalized
training paths, automated performance analytics, and remote access features. Adaptation capabilities to different sectors and next
generation hardware will also be explored in the future.

While the current version of ManeVRa runs on a predefined offline scenario database, the system’s modular architecture can be
designed to support future integration with Supervisory Control and Data Acquisition (SCADA) systems. By establishing a secure
API bridge between the plant’s SCADA servers and the VR platform, ManeVRa can become a ‘Digital Twin.” This integration
allows real-time plant data (e.g., voltage levels, breaker status) to be visualized in a VR environment, allowing operators to remotely
monitor the actual plant or rehearse interventions on live data before physically implementing them. Such connectivity will also
facilitate ‘predictive maintenance’ training by simulating potential future failures based on real-time sensor trends.
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