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Abstract. The article presents the development of a multi-user application in vir-
tual reality for the training and theoretical-practical training of electrical mainte-
nance personnel in the operation of energized lines. The environment has a safety
explanatory room in which users will know each of the rules and protocols ap-
plied to perform maintenance maneuvers and operation of energized lines, a re-
alistic work area of the electrical power system that starts from hydroelectric gen-
eration and passes through transmission lines, subtransmission to reach substa-
tions that raise or reduce the voltage for subsequent distribution. The environ-
ment has been created using photogrammetry techniques, WorldComposer, CAD
design tools, Unity 3D, DigSilent Power Factory and Matlab to provide realism
of electrical system behavior, emulating failures and critical conditions caused
by external and internal emergency events. Experimental tests show the effi-
ciency of the system generated by human-machine interaction in which operators
interact between themselves and the ambience, facilitate immersion in an envi-
ronment that offers to contribute to the development of their risk-free collabora-
tive skills and abilities.
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1 Introduction

Maintenance in industrial systems is a strategic factor to guarantee a high level of safety
and productivity [1]. The development of adequate maintenance policies guarantees the
efficiency of production plants in terms of quality to minimize costs and maximize the
availability and performance of fixed assets [2]. Several maintenance policies have
been introduced, such as fault-based (FBM), usage-based maintenance (UBM), condi-
tion-based maintenance (CBM), design and output maintenance (DOM) and detection-
based maintenance. Ideally, maintenance should be performed shortly before the asset
fails, not too soon, but not too late either [1] [2]. The most common practice in the
industry is preventive maintenance; a piece of equipment is regularly serviced while in
operation so that it does not cause unplanned downtime. Predictive maintenance, on the
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other hand, uses advanced asset-based analysis under real operating conditions [3]. Spe-
cifically in the electric power industry has moved to a competitive and intelligent future,
with the need to improve maintenance management tasks [4].

Electric utilities apply proactive methods based on RCAM, by improving mainte-
nance modeling that includes details of the procedure to the transmission system. It is
divided into components and subcomponents, using weighting coefficients for prioriti-
zation [4], in order to maintain continuity of electricity and stable supply. The appro-
priate procedure for transmission lines and protection systems is the preventive one [4].
When developing maintenance operations in energized electrical networks, the prox-
imity between the liniero and the energized conductor requires the implementation of
several shielding procedures. Shielding against the electric field is provided by the use
of dielectrically shielded equipment, being highly effective as the low frequency elec-
tric field is relatively easy to protect [5]. It is essential to follow an effective overhead
power line safety program, in which OSHA establishes as regulation, specific distances
and requirements for this type of work and equipment, as well as for workers,
OSHA1926, Subpart V power transmission and distribution; ANSI IEEE C2- National
Electrical Safety Code (NESC), 1910.333(c) for work near exposed energized parts,
and NFPA 70E2015 Standard for Electrical Safety in the workplace, Section 130.8 es-
tablishes equipment requirements [6]. Line operators and electricians must coordinate
their senses and actions under the practice of proper and safe work as a team. Therefore,
operator learning and training is becoming a strategic task for utilities that include im-
mersive technologies, with training systems that can be integrated into the work envi-
ronment and adaptive training methods to improve different levels[7].

Virtual Reality (VR) and Augmented Reality (AR) systems tend to be a safer solu-
tion in terms of training methods, in which various procedures can be simulated by
providing representations of the real world with dangerous environments without risk-
ing people and equipment [7] [8]. Most power system training applications are associ-
ated with hazardous tasks. Within the training processes, several research projects are
mentioned, such as: i) Implementation of a training program based on VR, applied to
the maintenance of medium voltage overhead lines in electricity distribution networks,
the system has allowed a substantial reduction in electric accident [9]; ii) Desktop (VR)
environment for power line workers, the training system aims to reinforce classroom
training and bridge theoretical knowledge and field work training [10]; iii) Interactive
system of virtual training of maintenance of hydroelectric generation equipment to im-
prove the experience and effectiveness of the training, based on the operating system
of each part and component [11]; iv) Architecture of an intelligent training system based
on virtual environments for electricity distribution substations oriented to the training
process of electricians in the area of electrical substations [12]; v) An immersive Virtual
Reality application for collaborative training of power system operators to improve user
immersion and a problem-based learning approach [13]; vi) Training in virtual environ-
ments for a hybrid plant oriented to the simulation of faults and manoeuvres for the
training of professionals in Electrical Systems [14].



The document presents the development of a training system in VR oriented to the
operation and maintenance in energized lines of a real environment from the generation,
transmission, subtransmission and distribution of electric energy, in which the person-
nel according to the hierarchical level can access the application and be trained in an
immersive environment free of risks. The realism of the application is established from
an electrical scheme allowing the simulation and analysis of faults occurring in the bars
of the electric power system, as well as the variation of the dielectric characteristics of
the safety equipment itself that will improve the skills, skills of operators and collabo-
rative work.

This work is divided into 5 sections, including the introduction. Section 2 describes
the structure of the proposed system. Section 3 includes the description of the virtual
environment. The development of collaborative work using the multi-user system is
described in section 4. Section 5 analyses the results obtained. Finally, section 6 pre-
sents the conclusions of the training system.

2 System Structure

In the electrical area is of vital importance group coordination between maintenance
personnel due to the risk of working with high voltage, one of the concurrent problems
is the low capacity for collaborative interaction of the operators. [15]. Some studies
related to the development of virtual applications based on interactive learning allow to
develop techniques of comprehensive learning of the construction team in the processes
and operational safety. [16].

The development of an immersive multi-user expert system for operation and
maintenance work on energized lines is presented, based on hierarchical levels accord-
ing to the activities in charge.; i) chief of maintenance;ii) overseer; iii) chief of group
y iv) operator, of the selection of the avatar depends on the tasks to be performed in the
work area. The virtualization of the real environment is carried out through photogram-
metry techniques and an additional tool to create height maps WorldComposer, while
the simulation of the electrical power system is developed in the DigSilent Power Fac-
tory-Matlab software which provides realism and stabilizes the behavior of the electri-
cal system in the event of a failure or external critical situation that leads to an excessive
increase in voltage and current, directly affecting the elements of the system such as
transformers, isolates, transmission lines, subtransmission, etc. in order to facilitate
maintenance operators a learning and interaction with the system as real as possible and
me-improve the skills for the detection of hazards. The architecture of the virtual train-
ing system is (shown in Fig. 1).

The environment has two training scenes; i) information room, training place on the
mandatory use of individual protection equipment and maintenance protocols accord-
ing to the maneuver to be carried out in subtransmission or distribution; ii) work area,
presents a real environment of a power electrical system with the respective lifting and



reducing substations, transmission lines, subtransmission and distribution with the main
feeders, place to which operators will have access prior to training in the information
room.
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Fig. 1. Virtual Training System Architecture

3 Virtual Environment
This section describes the application development methodology.

The stages are; i) Creation of the environment, this stage is subdivided into: a) vir-
tualization of the environment, with the objective of making the training process for the



maintenance personnel of energized lines as real as possible; b) 3D Modeling, the in-
formation is collected by means of photographs and georeferencing for the construction
of the scene; ii) Virtual environment, is developed in the Unity 3D graphics engine,
incorporating features to the model CAD and the environment. DigSilent Power Factory
generates process realism from critical system conditions. There are two scenes in the
environment; a) Information room and b) Work area.iii) Multi-user, at this stage, a
multi-user hierarchical system will be implemented so that operators from different
parts of the world can connect to the environment through a communication network
and interact with each other, strengthening collaborative work. The structural diagram
of interrelation between components is (shown in Fig. 2).
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3.1  Virtualization of the environment

The real environment to be virtualized is part of the National Interconnected System of
Ecuador, specifically in Cotopaxi the Illuchi 1 - El Calvario subtransmission line, the
Illuchi 1 hydroelectric power station has an elevation substation that is interconnected
with the ELEPCO system through a three-phase line of 22KV to the 13.8 Kv El Cal-
vario line. (See Fig. 3).

Location:Illuchi I-11

Fig. 3. Description of the environment

The creation of the environment is developed from the survey of information photo-
graphies and georeferencing, the tool used to extract data from real world maps is
WorldComposer, for the exact location of the area is needed coordinates, latitude and
longitude, facilitating the creation of reliefs in 3D. The description for the virtualization
of the environment can be (seen in Fig. 4).
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Fig. 4. Description of the virtualization of the environment

In the first phase it is required the survey of information of the exact place to be virtu-
alized with the coordinates of location respectively, same that is obtained with photo-
graphs in 360°; each photograph has as data the georefencia-tion of the real point in
which it was taken. The WorldComposer tool allows to extract height maps with images
of a real location of any part of the world, for its initialization the icons described below
must be activated: map parameters, regions, heightmap export, image export and create
terrain, once activated the parameters the vir-tualized area is created directly in the
Unity assets.

3.2 CAD Design

SolidWorks CAD modeling software facilitates the creation from design, import and
assembly of subtransmission and distribution structures, posts, insulated-res and trans-
formers of elevation and reduction substations to establish a scene as close to reality as
possible. Each design needs to be saved with a *.IGS extension compatible with
3DSMax to import into Unity. The CAD design of certain elements is (shown in Fig.
5).



(a) Subtransmission tower (b) Transformer
Fig. 5. CAD Design in SolidWorks

3.3 Electrical diagram

The realism and behavior of the electrical system is carried out with ge-nerada simula-
tion and electrical variables delivered by the DigSilent Power Factory software, same
that for its functionality the data of generator board and transformers as well as the
electrical parameters of the transmission line, loads, circuit breakers and disconnectors
must be inserted in the DigSilent editor according to real values of: active power, reac-
tive power, resistance, impedance, type of conductor, length of conductor and other
configurations. The feasibility of the software not only focuses on the creation of dia-
grams for power flows in the study of the effects on the distribution of loads when
losses are generated, but also allows simulating phenomena of system failures, being
directly affected by external overcurrents in different bars, the incidence of these over-
currents in the components and in the most critical case when this event occurs at the
exact moment of a maintenance. The power flow diagrams and system faults are (shown
in Fig. 6. and Fig. 7).



Fig. 6. System power flow in DigSilent Power Factory
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Fig. 7. Bar (E/F) failure at DigSilent Power Factory.
3.4  Design of operators according to levels

The information room has a menu that allows you to select from 4 levels of operators
according to levels, in order to limit the activities and responsibilities of each member
of the team by providing a learning method focused on each of the maintenance ma-
neuvers and operation on energized lines. Avatars are created and customized in Adobe



Fuse software. (See Fig. 8). Each one of them is created with their own personal pro-
tective equipment and safety accessories such as: shirt, work trousers, helmet, goggles
and gloves.

Fig. 8. Avatar created in Adobe Fuse

(Fig. 9). presents the levels of the operators: i) Chief of maintenance, Engineer-
Master-High level; controls, coordinates with the group leader maintenance maneuvers
and energized line operation and ensures compliance with safety standards; ii) Over-
seer, Engineer-High level; performs work orders and delivers materials according to
the operations to be performed in the work area; iii) Chief of group, Technologist-half
level; coordinates, receives materials according to work orders and performs mainte-
nance maneuvers on energized lines; iv) Operator, Low-level technician; fulfills work
orders, performs operations and maneuvers such as: cleaning and change of insulators,
change and relocation of crossheads, change of disconnectors, assembly and disassem-
bly of transformer.
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Multi-user System

This section focuses on multi-user application development, from the selection of ava-
tars in the environment according to established hierarchies to the interaction between
operators in a collaborative environment.

(Fig. 10). shows the multi-user system, which complies with the client-server archi-
tecture, allowing the sending and receiving of messages by the operator (cliente) to the
server which in turn replicates the information to the other operators by storing them in
the database.
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Fig. 10. Multi-user system



4.1  Maintenance operator selection

Maintenance operator selection on energized lines depends on hierarchical levels, are
mainly characterised by the colour of the helmet and the work clothes, that's why in the
menu that starts the application you will find the positions of each avatar who represents
the operators of the work team in energized lines, that when selecting the position will
be registered with a name and ID that is unique for each operator.

(Fig. 11). presents the system of selection of the personnel according to the positions
and responsibilities of the operators such as: i) Maintenance Manager, Engineer-Mas-
ter-High level; ii) Overseer, Engineer-High level; iii) Group leader, Technologist- me-
dium level; iv) Operator, Technical- low level.
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Fig. 11. Personnel selection system

5 Results and Discussions

The results achieved by the multi-user virtual training expert system are described in
this section as an extra tool for learning and correct management in the operation and
maintenance of energized lines, due to the dangerous events represented by such work
and the high cost of line protection equipment, by means of the virtual application the
novel advantage was obtained of simulating different failure events caused in the elec-
trical power system, specifically on the main busbarswithout the need to directly expose
operators who have integral experience theoretical-practical learning, focused on an



efficient collaborative work between groups in case of emergencies caused in the sys-
tem.

The virtual work environment shows two training modes (operator and visitor) that
allow user interaction and immersion according to the learning requirements as (shown
in Fig. 12).
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Fig. 12. Training mode menu

Maintenance mode on energized lines, In this mode the user from any location can
access the environment by entering the name and id, through which it is presents a
selection menu of maintenance operators by hierarchical position according to activities
and responsibilities as (shown in Fig. 13). After selection the operator enters the infor-
mation room in which visual and auditory instructions on safety standards, diagrams
and maintenance protocols are displayed. (See Fig. 14).
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Fig. 14. Training and information room

Selection of maneuver and work area, A menu is presented to select the type of mainte-
nance in the sub-transmission or distribution system with maneuvers such as: assembly
and disassembly of single phase transformer, change and cleaning of insulators and
change of crossarms. (See Fig. 15.)
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Fig. 15. Selection menu of the type of manoeuvre

Work area, In this environment the operator is able to visualize and interact directly
with the potency system, substation of elevation, substation of reduction, insulators,
lines of transmission, power transformer and other electromechanical components ( See
Fig. 16), for perform maintenance maneuvers on lines energized under safety standards
and protocols.



(a) Mantenance of transformer (b) Inspecction of médium voltaje lines
Fig. 16. Operation and maintenance maneuver in medium voltage

Multi-user, The training system has the novel alternative for training operators on a
multi-user platform, in which it allows the immersion and interaction of several users
to the work area, according to the complexity of the manoeuvre, as (shown in the Fig.
17).

Fig. 17. Manoeuvre of collaborative maintenance



Failt model, In (Fig. 18) is displayed the fault occurred in the E-bar of the system
caused by an opening error in a disconnector provoking that the circuit opens and
generates an electric arc as (shown in Fig. 19), and The switches of the Illuchi 1 lifting
substation are be directly affected. The Programming facilitates the effect of visual and
auditory realism at the exact moment of the electrical emergency.

Fig. 19. Electric arc on E-bar

Visitor mode, In this mode you have access to the three substations Illuchi 1, Illuchi 2
and El Calvario in which students and new operators have the advantage of visiting and



learning about the elements that make up the system through an audible guide that fa-
cilitates tour and learning in the electric field, (See Fig. 20).

Fig. 20. Visit mode to El Calvario substation

The evaluation and validation of the multi-user training assistant provides a range of
approaches to the effectiveness of training tasks and maintenance maneuvers. Where
finally, the joint evaluation verifies the validity of the user-system interface in real sit-
uations, quantifying the results in terms of benefit (knowledge, cost and extra risk-free
training tool). The SUS [17] usability of the expert system was evaluated by means of
a questionnaire of questions. During the development of the evaluation a group of 15
people, among them 10 students and 5 professors of the Career of Electromechanical
Engineering located in different locations: Research Laboratory, Network Laboratory
& Industrial Processes Control participated in this evaluation process, with students
who take the subjects of Maintenance Engineering and Electrical Systems.(See Fig.
21). The evaluators issued criteria with respect to the animations and presentation of
the maintenance procedures for the analysis of the information received by the evalu-
ated and possible improvements in terms of redesign of the system. Subsequently, re-
search was carried out whose main focus was the improvement of training through two
groups of people: users trained using the conventional method (theoretical knowledge)
versus users trained (theoretical knowledge plus training in the Virtual Reality environ-
ment), showing a positive influence on the improvement of cognitive skills, collabora-
tion of students and teachers and retention of knowledge.

Fig. 21. Evaluation of the application with VR devices



In the Table 1. The items for the usability assessment corresponding to the applica-
tion are shown.

Table 1. Evaluation results.

N°- QUESTIONS
1 Have you used the virtual reality devices: HTC and GEAR VR?
2 The assistant for energized lines training is easy to use and intuitive?
3 Does the virtual reality environment have all the elements of an electrical
system for better familiarization?
4 Do you need the external help of a technician for the use of the application?
5 Can you easily perform the maintenance operations shown by the applica-
tion?
6 Did the signage shown in the environment contribute to learning about safety
issues?
7 Did the multi-user system allow you to interact collaboratively in different
maintenance operations with several users at the same time?
8 Did the application help you improve your cognitive and collaborative skills?
9 Would you recommend the expert training system as an extra theoretical-
practical training tool that is taught in the educational field?
10 Is learning through virtual reality technologies new to be applied in educa-
tion?
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Fig. 22. Results of the evaluation of the virtual training system



The results obtained are (shown in Figure 22), where 14 of the 15 people evaluated
indicate that the virtual application for training operators on energized lines contributes
to the learning and development of the cognitive skills of students and teachers in the
area, since it is a novel tool that is easily accessible as a theoretical-practical support
when interacting with the components of the electrical power system.

6 Conclusions

The article presents the development of the application of the multi-user training system
based on virtual reality, within the electrical area in which it offers an assisted follow-
up to the user within the recognition of processes and electrical elements of subtrans-
mission and distribution contributing to the education and training of professionals by
means of immersion and interaction of operation and maintenance manoeuvres in a
risk-free environment optimizing economic resources, time and infrastructure.

The Unity 3D graphics engine features an easy-to-use interface that provides the real-
ism of an electrical power system through interaction between multi-user system oper-
ators whose experimental results show the development of skills and abilities in a col-
laborative environment, renewing current training models.

Sending data from Unity 3D electrical software and graphics engine provides analysis
of possible faults which can be critically caused by bad maneuvers or external condi-
tions in the electrical power system (substation bars, distribution systems). The objec-
tive of the development of this application is to provide an extra training tool that facil-
itates learning the maneuvers and safety protocols in the operation and maintenance of
energized lines.

The virtual environment is currently used by professors and students of the career of
engineering in Electromechanics at the University of the Armed Forces ESPE that fa-
cilitates your theoretical-practical training, this training system based on the immersive
virtual reality system can be easily installed on a computer and through the Internet
interact with the multi-user system and strengthen collaborative work.

In the future it is desired to integrate an augmented reality system that facilitates mainte-
nance not only in energized lines but also in electrical substations, starting out like this
from his generation.
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