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Abstract 

Electromechanical systems play a crucial role in many modern applications. To exploit them effectively, it is essential to 

tune their controllers appropriately. This tuning usually involves an iterative process of experimenting with the real system 

on a physical platform. However, to minimize risks and reduce costs, it is more convenient to use simulations of both the 

systems and their controllers on virtual platforms. Current virtual platforms allow simulations of varying complexity to be 

carried out using different technologies. Despite this, they have important limitations such as low accessibility, lack of 

interactive visualization, scarcity of platforms offering accurate simulations of electromechanical systems with kinematic 

and dynamic models, and dependence on proprietary software and expensive hardware. In addition, emerging technologies 

such as WebVR, which could increase accessibility and improve immersion at a reasonable cost, are not taken advantage 

of. To overcome these barriers, this paper proposes a methodology for the development of virtual platforms of 

electromechanical systems using WebVR. This methodology allows realistic and real-time simulations, with 3D 

visualizations, interactivity and parameter configuration. The methodology has been successfully applied in the 

development of a virtual platform for three fully-actuated electromechanical systems: the simple pendulum, the linear 

inverted pendulum, and the double pendulum. 

Index words: virtual platform, WebVR, electromechanical systems, simulation, control. 

 

Resumen 

Los sistemas electromecánicos desempeñan un papel crucial en muchas aplicaciones modernas. Para utilizarlos de manera 

efectiva, es esencial ajustar correctamente sus controladores. Este ajuste generalmente implica un proceso iterativo de 

experimentación con el sistema real en una plataforma física. Sin embargo, para minimizar riesgos y reducir costos, es más 

conveniente utilizar simulaciones tanto de los sistemas como de sus controladores en plataformas virtuales. Las plataformas 

virtuales actuales permiten realizar simulaciones de diversa complejidad mediante diferentes tecnologías. A pesar de esto, 

presentan limitaciones significativas, como baja accesibilidad, falta de visualización interactiva, escasez de plataformas que 

ofrezcan simulaciones precisas de sistemas electromecánicos con modelos cinemáticos y dinámicos, y dependencia de 

software propietario y hardware costoso. Además, tecnologías emergentes como WebVR, que podrían mejorar la 

accesibilidad y la inmersión a un costo razonable, no están siendo aprovechadas. Para superar estas barreras, este trabajo 

propone una metodología para el desarrollo de plataformas virtuales para sistemas electromecánicos utilizando WebVR. 

Esta metodología permite realizar simulaciones realistas en tiempo real con visualización 3D, interactividad y configuración 

de parámetros. La metodología se ha aplicado con éxito en el desarrollo de una plataforma virtual para tres sistemas 

electromecánicos completamente actuados: el péndulo simple, el péndulo lineal invertido y el péndulo doble. 

Palabras clave: plataforma virtual, WebVR, sistemas electromecánicos, simulación, control. 
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I. INTRODUCTION 
 

Electromechanical systems consist of mechanical and electrical components that work together to perform 

specific tasks. These systems are widely used in various areas, such as medicine (in medical instruments or 

diagnostic equipment) [1], engineering (in specialized machines, actuators and controllers for industry) [2] and 

in various devices for everyday use, such as means of transportation [3] and household appliances [4]. As a 

particular type of dynamic systems, electromechanical systems have a number of minimal states or variables 

that allow describing their behavior at any time [5]. 

For an electromechanical system to function correctly and effectively fulfill the task for which it was 

designed, it is necessary for its states to be managed by a control system or controller [6]. Control engineering 

is responsible for the design, adjustment and optimization of these controllers, ensuring that the system as a 

whole operates efficiently and accurately. This discipline is essential to ensure stability, dynamic response and 

performance in a wide range of industrial and technological applications. 

Controller tuning involves tuning the parameters or gains of a controller using a model that roughly 

represents the dynamics of the plant, i.e., the system to be controlled, over time [7]. This tuning can be done 

empirically, based on direct experience and observation, or automatically, using computational technology to 

optimize the parameters more accurately and efficiently [8]. 

Regardless of the approach used to tune the controller of an electromechanical system, this process usually 

requires multiple experimental iterations on physical platforms. That is, several tests are performed where the 

performance of the controlled system is evaluated under different configurations of the controller parameters 

until the specific requirements of the application are met. If these iterations are carried out using the real system, 

costs (such as operational and maintenance costs) and risks (such as those associated with unexpected or 

undesired system behavior under certain controller configurations) tend to increase considerably. 

For this reason, in most cases, it is preferable to use a simulation of the controlled system in a simulated 

environment or virtual platform during the iterative process of controller tuning [9]. Simulating the system in a 

virtual platform involves using models that accurately replicate the operation of real systems, which allows 

testing and experimentation to understand and analyze the behavior of systems under different environmental 

and operating conditions, without incurring the costs and risks associated with direct experimentation on real 

systems. Once the process is completed, the fine-tuned controllers can be implemented in real systems. 

Simulations performed on virtual platforms can vary in their level of complexity, ranging from simple 

graphical representations or basic numerical results to advanced options that employ interactive 3D graphics. 

When these more advanced simulations include computer-generated 3D graphics, they are known as virtual 

reality simulations [10]. Virtual reality is a rapidly growing field within engineering, with applications in 

research and in the development of new technologies [11]. This type of simulations offers a more immersive 

and detailed interaction with the simulated models, which facilitates the understanding, use and optimization of 

the systems, allowing to extrapolate their behavior to the real world. 

Nowadays, there are several virtual platforms designed to develop simulations of dynamic systems for 

different purposes. Below are some examples of these platforms, many of them focused on electromechanical 

systems. 

In response to the COVID-19 pandemic, several virtual platforms have been developed for the educational 

sector as alternatives to experimentation in physical facilities, offering students the possibility to continue their 

training in simulated environments. A notable example is the work presented in [12], which describes a virtual 

fluid mechanics platform designed for student instruction. This platform uses the VLAB simulator to generate 

2D simulations, employing mathematical models of fluid mechanics controlled by valves and other mechanical 

components. Another approach in virtual education is found in [13], where a virtual platform for teaching 

Fourier series in mathematics is presented. This platform allows manipulating electrical and physical signals 

using Java-based interactive free software. The simulations employ mathematical models to adjust the 

amplitude and frequency of these signals. In the field of optics and photonics, [14] introduces a virtual platform 

aimed at teaching these subjects to engineering students, where learning is evaluated by means of 2D optical 

diffraction and photonic simulations using VLAB. 
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On the other hand, [15] describes a virtual platform designed for engineering students that allows the 

implementation of virtual industrial control and automation plants. This platform incorporates 

electromechanical systems such as pistons and sensors, and uses Autodesk Inventor to develop the 3D 

environment of the plant, together with MATLAB's Simulink to control the 2D and 3D motions. The control 

system is implemented using a Programmable Logic Controller (PLC). Similarly, [16] presents a virtual 

platform to simulate a smart house, integrating mechanical, electronic and electrical systems. The simulation is 

performed using LabView and a house simulator called HOME I/O, which allows mathematically modeling the 

house systems, including motion sensors and actuators. A comparable approach is found in [17], where a virtual 

platform for teaching electrical machines is introduced. This platform allows students to perform practices of 

different difficulty levels according to their skills, using Web programming for implementation. Although 

algorithms and flowcharts are handled, electrical models and control elements are not detailed. Finally, the work 

in [18] explores a virtual platform for teaching chemical reactions, using software such as kineticsTM and 

MoDSTM to simulate 2D experiments. 

The research in [19] presents a non-immersive virtual platform to simulate the behavior of a Mitsubishi 

Melfa RV 2SDB robotic arm. This simulation, implemented with Unity 3D, integrates mathematical models 

that allow replicating the control, mechanical and electronic components of the robotic arm. In a different 

context, [20] develops a remotely controlled power electronics experiment through a virtual platform. This 

platform includes oscilloscopes and adjustable power electronic circuits, which are operated remotely via Web 

programming. Although physical devices are used, no electronic models or equations are simulated, and the 

platform is limited to the operation of the measurement devices. In addition, [21] introduces a virtual platform 

that simulates the operation of various electrical machines using technologies such as Oculus Rift, Unity3D, 

and Leap Motion. This platform combines electrical models with control systems to simulate different 

electromechanical systems. In the field of motion platform simulation, [22] develops a visual compensation 

scheme for the Stewart 6DOF platform, used in flight simulators. The simulation is carried out with Simulink, 

while a C++ program is used to adjust the virtual information and apply compensation algorithms. The work of 

[23] focuses on virtual training with augmented reality to improve motor skills in medical rehabilitation, using 

virtual reality systems such as HTC VIVE and Oculus Rift. Finally, in [24], a virtual platform is described that 

simulates the interaction of a patient with a respiratory ventilator, using an electromechanical lung simulator. 

This simulator incorporates motors, controllers and sensors, in addition to virtualization technology to emulate 

the normal respiratory functions of a patient. 

A different approach is presented in [25], where a 3D virtual simulator for hysteroscopy is evaluated using 

Leap Motion and Unity 3D. This simulator combines virtual reality with a 3D printed hysteroscope. In the field 

of industrial simulation, [26] introduces a virtual forklift simulator, developed with Unreal Engine. This 

simulator includes 3D models manipulated using a Logitech steering wheel and joystick. The paper in [27] 

describes a 3D simulator to analyze the behavior of aerial manipulator robots in control tasks, using Unity 3D 

and MATLAB. The simulations are based on kinematic equations and a control law, and integrate a haptic 

device to operate the robot. On the other hand, [28] presents an interface between a Siemens PLC simulator and 

a program in Visual Studio, which connects the simulation of an electromechanical plant. This simulation 

includes interactive elements and 2D models of the plant. In [29], a virtual platform for engineering education 

using industrial robots and automation systems is developed. The simulation is implemented with MATLAB 

and Unity3D, employing kinematic and dynamic models for industrial robots, with control elements visualized 

in 3D. The work in [30] introduces a virtual platform for engineering electrical materials, complemented with 

an electronic textbook and databases of virtual experiments, implemented with JSON-based Web technology, 

ASP.Net and Adobe Flash. Finally, [31] describes a virtual platform for testing electrical induction machines, 

using circuit models and electrical equations. The control is performed by PLC, and the simulation is carried 

out in a 3D virtual environment. 

Based on the previous review, many of the simulations in current virtual platforms present significant 

limitations that affect both their effectiveness and accessibility. On the one hand, there are simulations that lack 

a visual interface, showing only numerical results, which can make it difficult to understand the concepts and 

limit interaction with users. In addition, there is a notable shortage of platforms dedicated to electromechanical 
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systems, and those that do include them often do not use kinematic or dynamic models, which decreases the 

fidelity of the simulations compared to reality. This lack of accuracy is compounded by the absence of control 

elements, which restricts the development of advanced tasks such as controller tuning. 

Another important limitation is that most simulators require the installation of specialized software, which 

is often proprietary, which restricts their accessibility and may involve additional costs. In addition, the need to 

acquire expensive hardware for their operation can be a considerable obstacle, especially in contexts where 

resources are limited. Finally, it has been observed that current virtual platforms have not taken advantage of 

emerging technologies such as Web Virtual Reality (WebVR), which could offer more accessible, immersive 

and flexible solutions for the development and exploitation of simulations of these systems and their 

environments. 

Aiming to overcome these limitations, this work proposes a methodology to develop virtual platforms for 

electromechanical systems, taking advantage of the benefits of WebVR technology, such as its low cost and 

high accessibility. It is intended that the platforms developed under this methodology simulate kinematic, 

dynamic and control aspects of electromechanical systems, providing realistic 3D visualizations of their 

behavior in real time. In addition, we seek to integrate interactive mechanisms that facilitate the manipulation 

of the visualizations and the configuration of various parameters of the simulation. 

The remainder of this paper is organized as follows. Section 2 briefly describes the stages of the proposed 

methodology. In Section 3, the methodology is applied in the development of a virtual platform for three fully-

actuated electromechanical systems: the simple pendulum, the linear inverted pendulum, and the double 

pendulum. Finally, Section 4 presents conclusions and offers future perspectives on this work. 

 

II. DEVELOPMENT METHODOLOGY 

 

The stages that make up the methodology for the development of virtual platforms in WebVR, intended for the 

simulation and control of electromechanical systems, are illustrated in Fig. 1. 

 

 

 

Fig. 1. Methodology for the development of virtual platforms in WebVR for the simulation and control of electromechanical systems. 
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A. Electromechanical systems description 

 

The first stage focuses on the analysis of the electromechanical systems that will integrate the virtual platform. 

This analysis allows identifying and describing the most relevant aspects of each system and its operation, 

which is essential for its subsequent modeling or abstraction in the different stages of the methodology. Key 

information to be analyzed for any electromechanical system includes its dimensions in a standard measurement 

system, the movements that its mechanical parts can perform (both independently and together), the electrical 

inputs that generate those movements and their limitations, the states that describe its behavior at any time, the 

parameters (internal or from the operating environment) involved in its operation, the initial configuration in 

terms of states, the controllers, and the operational constraints. In addition, it is crucial to collect information 

about the physical appearance of the systems and their environment (i.e., the platform and other objects that 

might be present), in order to create models or visual representations that are familiar to users. 

 

B. Dynamic modeling of systems 

 

Due to the very nature of electromechanical systems, there are well-defined electrical and mechanical rules that 

allow us to derive accurate models of their behavior at different levels of detail. At this stage, these rules are 

used to obtain dynamic models of the systems that make up the platform. A dynamic model is a mathematical 

representation that describes how the relationships between the inputs and outputs of a dynamic system vary 

over time. Like any model, the accuracy with which the dynamic model reflects the real system depends on the 

values of its parameters. Some of these values can be derived from the system description performed in step 

(A), while others require estimation through a system identification process based on data or measurements of 

the real system [32]. 

 

C. Dynamic simulation of systems 

 

Dynamic simulation consists of using the dynamic models obtained in step (B) to predict, by means of a 

computer, the time evolution of the states of the electromechanical systems from their initial configurations, 

taking into account the operational constraints, both defined in step (A). Depending on the characteristics of the 

model, its use can be direct or indirect. In the indirect case, in addition to the model, some numerical or 

computational method is required to make the predictions. It is advisable to encapsulate the functionalities of 

the dynamic simulation in a computer program built with Web technology, particularly with JavaScript (JS), to 

facilitate its use in other stages. 

As a result of the dynamic simulation, values of the states of the systems are obtained in discrete sampling 

intervals with a reasonably small size. These values will be used in later stages to manipulate visual 

representations of the systems in real time, creating a realistic perception of their motion. Therefore, it is crucial 

to consider that if the sampling intervals are too large, the visualization of the systems will not be smooth. On 

the other hand, if the intervals are too small, the computational load will increase proportionally, which could 

affect the smoothness of the visualization. 

 

D. 3D modeling of the systems 

 

This type of modeling refers to the creation of visual representations of dynamic systems and other objects 

present on the platform, using 3D geometries that can be visualized on a computer. This task requires specialized 

software that allows generating and manipulating 3D geometries through operations such as translation, 

rotation, scaling and extrusion. In addition, these tools allow the assignment of materials, i.e., properties of the 

surfaces of 3D objects that determine their appearance, such as color or texture. Although there are many 3D 

modeling software options on the market, free software alternatives such as Blender [33] are highly 

recommended to overcome the cost limitations observed in other virtual platforms. 
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Since the methodology contemplates the deployment of the virtual platform on the Web, it is important to 

consider certain aspects during modeling to optimize the visualization of the 3D elements. In this regard, care 

must be taken to ensure that the polygons that define the surfaces of the 3D objects are well distributed and that 

there is no interference between the independent geometries that make up the objects. The dimensions and 

appearance of the 3D objects should be congruent with those of the real objects, as defined in step (A). Fine 

details in the models should be moderated to avoid excessive computational cost when displaying them, and it 

is recommended that the moving parts of the virtual electromechanical systems be identified with representative 

names to facilitate their manipulation in later stages. 

 

E. 3D modeling of the platform 

 

In this stage, the 3D models of the electromechanical systems and other objects present on the platform, obtained 

in stage (D), are arranged within the same virtual space. This arrangement of the models should be similar to 

that of the real platform, so that it is familiar to the end users. The same 3D modeling software used in stage 

(D) can be used for this purpose. 

Once the 3D elements are organized in the same environment, the platform can be exported to a format that 

facilitates manipulation on the Web. In particular, this methodology proposes the use of the glTF format (GL 

Transmission Format), as it allows an optimized transmission and loading of the 3D environments, and 

facilitates the manipulation of its elements using Web technologies such as JS). 

 

F. Web site development 

 

This refers to the use of Web technology to create a customized Web site or page that will host the virtual 

platform and allow interaction with it [34]. In this process, the interactive, navigation and content elements in 

the site's user interface, as well as their structure and layout, are implemented using HTML (HyperText Markup 

Language). The visual appearance of these elements is defined using CSS (Cascading Style Sheets). The real-

time manipulation or update of these elements and the handling of the interactivity related to the triggered 

events is achieved through JS. 

 

G. Virtual simulation integration 

 

In this stage, the dynamic simulation of the electromechanical systems, described in stage (C), is performed in 

real time, i.e., aligning the selected sampling interval with the time elapsed in reality. The data obtained are 

used to manipulate the 3D objects representing these systems within the virtual platform, developed in step (E). 

First, the 3D model of the virtual platform in glTF format, obtained in step (E), is loaded into the Web site 

created in step (F). Then, the virtual environment is configured using JS to obtain a proper visualization of the 

platform. This configuration includes the adjustment of the elements that simulate the lighting and the camera, 

i.e., the point of view of the virtual space. This viewpoint is rendered as a visible image within the site and is 

periodically updated to visually reflect changes in the platform, providing a sense of dynamism to the user. In 

addition, references are created to the moving elements of the 3D objects on the platform, previously identified 

with representative names, to facilitate their manipulation. 

Secondly, the functionality related to the dynamic simulation of the electromechanical systems, obtained in 

stage (C), is also loaded into the website in stage (F). Next, variables are created in JS to store the current states 

of the simulation. 

Finally, the integration of the results of stages (C) and (E) is achieved by implementing a scheduled task in 

JS, which is executed each time a real-time sampling interval elapses. This task is in charge of calculating a 

step forward in the dynamic simulation of the systems, i.e., obtaining the states of the systems in a future 

sampling interval. Once this calculation has been performed, the state information is immediately used to 

manipulate the position and orientation of the moving elements in the 3D virtual models of the 

electromechanical systems. 
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H. Implementation of interactive mechanisms 

 

This stage is responsible for receiving and processing all actions or inputs generated by the user on the Web 

site created in stage (F) to trigger changes in the integrated virtual simulation of stage (G). In this way, 

functionalities can be added with JS that allow the user to navigate the virtual platform using their computer 

input devices, enhancing their level of immersion in the environment. In addition, the user can be allowed to 

configure different aspects of the simulation, such as the tasks to be performed by the electromechanical 

systems, their initial conditions and other control elements, by processing the input fields in the user interface 

with JS. Through other interactive elements in the interface, such as buttons, the user can make decisions, such 

as when to start or stop the simulation, using functions implemented in JS. 

 

I. Deployment and utilization 

 

The deployment of the interactive Web site obtained at the end of step (H) for the simulation and control of 

electromechanical systems on a virtual platform consists of making it accessible to end users by hosting it on a 

Web server. Since a WebVR application does not require specialized hardware or software infrastructure, nor 

large amounts of server-side processing, the virtual platform can be effectively deployed on an inexpensive or 

even free hosting service. Once deployed, end users can access the platform from anywhere, anytime, using 

only an up-to-date Web browser on any type of computing device, from a low- to mid-range mobile device to 

a high-capacity workstation. This helps overcome many of the limitations present in today's virtual platforms. 

 

III. DEVELOPMENT OF A VIRTUAL PLATFORM FOR ELECTROMECHANICAL SYSTEMS 

 

This section analyzes the results obtained during the development of a virtual platform in WebVR for the 

simulation and control of electromechanical systems, based on the methodology presented in this work. It is 

assumed that the real platform incorporates two electromechanical systems: a simple pendulum and a linear 

inverted pendulum, both fully actuated. 

 

A. Electromechanical systems description 

 

For the purposes of this work, systems visually similar to those shown in Fig. 2 are considered. In addition, it 

is assumed that other objects and office furniture are also found within the virtual platform. All measurements 

taken during the description stage are in the International System of Units. 

 

  

(a) Simple pendulum (b) Inverted pendulum 
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(c) Double pendulum 

Fig. 2. Electromechanical systems included in the platform. 

 

The simple fully-actuated pendulum (ASP) depicted in Fig. 2(a) consists of a pendulum of length 𝑙1, whose end 

is fixed coupled with a base at the origin O, and which can rotate freely around the 𝑍-axis thanks to the torque 

τ generated by an electric motor. The state describing its behavior at any instant of time 𝑡 is given by 𝑧 =

[𝜃, 𝜃̇]
𝑇
, where 𝜃 and 𝜃̇ are the angular position and velocity of the pendulum measured with respect to the −𝑌-

axis. This system is considered to be influenced by Earth gravity and nonconservative frictional forces, and is 

initially found to be in stable equilibrium, i.e., 𝑧 = [0,0]𝑇. In addition, a position regulation task is set for the 

system with the desired state 𝑧𝑑 = [𝜃𝑑, 0]𝑇, where 𝜃𝑑 is the desired angular position for the pendulum. The 

controller used to perform this task is a Proportional Integral Derivative (PID), as shown in Eq.1 [35], where 

𝑢 = τ is the control signal calculated from the error 𝑒 = 𝜃𝑑  − 𝜃 at any time, using the proportional 𝑘𝑝, integral 

𝑘𝑖 and derivative 𝑘𝑑 gains. 

𝑢 = 𝑘𝑝 𝑒 + 𝑘𝑖  ∫ 𝑒  𝑑𝑡 + 𝑘𝑑  𝑒̇  (1) 

 

On the other hand, the fully-actuated inverted pendulum (AIP) shown in Fig. 2(b) has a moving base that is 

linearly displaced by the force 𝑓. This force is generated by a moving belt driven by an electric motor. The 

linear motion of the base occurs within the limits defined by  [𝑥𝑚𝑖𝑛 , 𝑥𝑚𝑎𝑥] along the 𝑋-axis, which belongs to 

a fixed coordinate system with origin 𝑂 at the center of the rigid frame of the system. At the origin 𝑂′, which 

coincides with the position of the moving base, is located the end of a pendulum of length 𝑙2, which can rotate 

freely around 𝑍′  thanks to the torque τ generated by another electric motor. The state of this system at any 

instant of time 𝑡 is defined as 𝑧 = [𝑥, 𝜃, 𝑥̇, 𝜃̇]
𝑇
, where 𝑥, 𝑥̇ represent the linear position and velocity of the 

moving base with respect to 𝑂, and 𝜃, 𝜃̇ are the angular position and velocity of the pendulum measured from 

−𝑌′. This system is affected by Earth gravity and frictional forces. Initially, the moving base of the AIP is at 

the center of the rigid frame of the system and the pendulum is in stable equilibrium, i.e., 𝑧 = [0,0,0,0]𝑇. As 

with the ASP, the AIP is sought to perform a position regulation task, with a desired state of 𝑧𝑑 = [𝑥𝑑, 𝜃𝑑, 0,0]𝑇, 

where 𝑥𝑑 and θ𝑑 are the desired positions of the moving base and pendulum, respectively. To achieve this, a 

pair of PID controllers is employed, as shown in Eq. 2, where 𝑢1 = 𝑓 and 𝑢2 = τ are the control signals 
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calculated from the errors 𝑒1 = 𝑥𝑑 − 𝑥 and 𝑒2 = 𝜃𝑑 −  𝜃 at any instant of time, using the proportional 𝑘𝑝1 and 

𝑘𝑝2, integral 𝑘𝑖1 and 𝑘𝑖2, and derivative 𝑘𝑑1 and 𝑘𝑑2 gains. 

 

𝑢1 = 𝑘𝑝1  𝑒1 + 𝑘𝑖1  ∫ 𝑒1  𝑑𝑡 + 𝑘𝑑1  𝑒̇1 

𝑢2 = 𝑘𝑝2  𝑒2 + 𝑘𝑖2  ∫ 𝑒2  𝑑𝑡 + 𝑘𝑑2  𝑒̇2 

 

(2) 

 

Finally, the fully-actuated double pendulum (ADP) observed in Fig. 2(c) consists of a first pendulum of length 

𝑙1 with one end coupled by means of a rotating joint to a fixed base at the origin 𝑂, and the other end coupled, 

also by means of a rotating joint, to the end of a second pendulum of length 𝑙2. Both pendulums can rotate freely 

around the 𝑍-axis by the motion due to the torques 𝜏1 and 𝜏2 generated by two electric motors. The state of the 

ADP at any instant of time 𝑡 is defined as 𝑧 = [𝜃1, 𝜃2, 𝜃̇1, 𝜃̇2]
𝑇
, where 𝜃1, 𝜃̇1 are the angular position and velocity 

of the first pendulum measured from −𝑌′, and 𝜃2, 𝜃̇2 are the angular position and velocity of the second 

pendulum measured with respect to θ1. This system is also affected by Earth gravity and frictional forces. 

Initially, both pendulums of the ADP are in stable equilibrium, i.e., 𝑧 = [0,0,0,0]𝑇. As in the case of the other 

electromechanical systems, the ADP aims to perform a position regulation task, considering a desired state of 

𝑧𝑑 = [𝜃1𝑑 , 𝜃2𝑑, 0,0]𝑇, where 𝜃1𝑑 and 𝜃2𝑑 are the desired angular positions of both pendulums. Two PID 

controllers are utilized with this purpose. These are in the form of Eq. 2, where 𝑢1 = 𝜏1  and 𝑢2 = 𝜏2  are the 

control actions obtained with the errors 𝑒1 = 𝜃1𝑑 − 𝜃1 and 𝑒2 = 𝜃2𝑑 −  𝜃2 at any instant of time, using the 

proportional 𝑘𝑝1 and 𝑘𝑝2, integral 𝑘𝑖1 and 𝑘𝑖2, and derivative 𝑘𝑑1 and 𝑘𝑑2 gains. 

 

B. Dynamic modeling of systems 

 

At this point, the Euler-Lagrange method is used to derive the dynamic models of the ASP, AIP and ADP. 

The Euler-Lagrange method is a generalization of Newton's laws that allows obtaining the equations of 

motion of mechanical systems from the analysis of the potential and kinetic energies of their independent 

components [36]. 

This method can be carried out by performing the following steps for a wide variety of electromechanical 

systems: 

 

1. Select the generalized coordinates that allow describing the behavior of the system at any instant of time. 

Usually, each generalized coordinate 𝑞𝑖 is related to the angle 𝜃𝑖 or the displacement 𝑥𝑖 of each joint in the 

system, considering that it has revolution or prismatic motion, respectively. 

 

2. Calculate the total kinetic energy of the system as the sum of the kinetic energy of each rigid body that 

makes up the system. This is calculated from the mass 𝑚𝑖, the inertia 𝐼𝑖, the velocity of the center of mass 

𝑣𝑖 and, if applicable, the rotational velocity 𝑤𝑖 (in motions of revolution): 

 

 𝐾 = ∑ (
1

2
𝑚𝑖‖𝑣𝑖‖

2 +
1

2
𝐼𝑖𝑤𝑖

2)

𝑛

𝑖=1

 
 

(3) 

 

3. Calculate the potential energy of the system due to gravity as the sum of the potential energy of each rigid 

body that makes it up. It is obtained from the mass 𝑚𝑖, the acceleration of gravity 𝑔, and the vertical 

component of the position of its center of mass ℎ𝑖: 
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𝑉 = ∑ 𝑚𝑖𝑔ℎ𝑖

𝑛

𝑖=1

 
 

(4) 

 

4. Define the Rayleigh dissipation function to model non-conservative effects in the system such as frictions. 

For the term corresponding to each generalized coordinate 𝑞𝑖, the viscous friction coefficient 𝑏𝑖 is used: 

 

𝐷 = ∑ 𝑏𝑖

𝑛

𝑖=1

𝑞̇𝑖
2 

 

(5) 

 

5. Form the Lagrangian: 

𝐿 = 𝐾 − 𝑉 (6) 

6. Based on the Lagrangian, calculate the terms of the equation of motion with dissipation corresponding to 

each generalized coordinate 𝑞𝑖. In each equation of motion, the generalized input 𝑄𝑖 can be either a force 

𝐹𝑖 or a torque 𝜏𝑖 when the coordinate is related to a prismatic or a revolute joint, respectively: 

 

𝑑

𝑑𝑡
(

𝜕𝐿

𝜕𝑞̇𝑖

) −
𝜕𝐿

𝜕𝑞𝑖

+
𝜕𝐷

𝜕𝑞̇𝑖

= 𝑄𝑖 
(7) 

 

7. Rewrite the equations of motion obtained in matrix form to facilitate their transformation to the state form. 

 

Applying this method, the behavior of the ASP shown in Fig. 2(a) in state space for any instant of time 𝑡 is 

described by Eq. 8, where 𝑚1 is the mass of the pendulum, 𝑙𝑐1 is the distance from the origin 𝑂 to its center of 

mass, 𝑏1 is the coefficient of viscous friction due to air friction, 𝐼1 is its inertia, 𝑢 is the control signal, and 𝑔 is 

the gravity acceleration. 

 

 𝑧̇(𝑧, 𝑢, 𝑡) = [

𝜃̇
𝑢 − 𝑚1𝑔𝑙𝑐1 sin 𝜃 − 𝑏1𝜃̇

𝑚1𝑙𝑐1
2 + 𝐼1

] 

 

(8) 

 

On the other hand, the operation of the AIP depicted in Fig. 2(b) is described in state space by the matrix 

equation in Eq. 9. In this equation, 𝑚1 and 𝑚2 are the masses of the moving base and the pendulum, 

respectively;  𝑏1 and 𝑏2 are the viscous friction coefficients associated with the motion of the mechanical 

components and the air friction;  𝑢 = [𝑢1, 𝑢2]𝑇 represents the control input; 𝑙𝑐2 is the distance to the center of 

mass of the pendulum from 𝑂′; 𝐼2 is its inertia; and 𝑔 is the gravity acceleration. 

 

𝑧̇(𝑧, 𝑢, 𝑡) = [
𝑞̇

𝑀̂−1(𝑢 − 𝐶̂𝑞̇ − 𝐺)
] 

(9) 

 

with: 

𝑞 = [𝑥, 𝜃]𝑇 

𝑞̇ = [𝑥̇, 𝜃̇]
𝑇
 

 

 

 

(10) 
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𝑀̂  =  [
𝑚1 + 𝑚2 𝑚2𝑙𝑐2 cos 𝜃

𝑚2𝑙𝑐 cos 𝜃 𝑚2𝑙𝑐2
2 + 𝐼2

] 

 

𝐶̂  =  [
𝑏1 −𝑚2𝑙𝑐𝜃̇ sin 𝜃
0 𝑏2

] 

 

𝐺  =  [0, 𝑚2𝑔𝑙𝑐2 sin 𝜃]𝑇 

 

 

Finally, the dynamic behavior of ADP from Fig. 2(c) is established in state space by the matrix equation in Eq. 

11, where 𝑚1 and 𝑚2 are the masses of both pendulums;  𝑏1 and 𝑏2 are their viscous friction coefficients related 

to the air friction;  𝑢 = [𝑢1, 𝑢2]𝑇  is the control input; 𝑙𝑐1 and 𝑙𝑐2 are the distance to the center of mass of each 

pendulum measured from the nearest end to the base; 𝐼1 and 𝐼2  are their moments of inertia; and 𝑔 is the gravity 

acceleration. 

 

𝑧̇(𝑧, 𝑢, 𝑡) = [
𝑞̇

𝑀̂−1(𝑢 − 𝐶̂𝑞̇ − 𝐺)
] 

(11) 

 

with: 

𝑞 = [𝜃1, 𝜃2]𝑇 

 

𝑞̇ = [𝜃̇1, 𝜃̇2]
𝑇
 

 

𝑀̂  =  [
𝑚1𝑙𝑐1

2 + 𝑚2𝑙1
2 + 𝑚2𝑙𝑐2

2 + 2𝑚2𝑙1𝑙𝑐2 cos 𝜃2 + 𝐼1 + 𝐼2 𝑚2𝑙𝑐2
2 + 𝑚2𝑙1𝑙𝑐2 cos 𝜃2 + 𝐼2

𝑚2𝑙𝑐2
2 + 𝑚2𝑙1𝑙𝑐2 cos 𝜃2 + 𝐼2 𝑚2𝑙𝑐2

2 + 𝐼2

] 

 

𝐶̂  =  [
𝑏1 − 2𝑚2𝑙1𝑙𝑐2𝜃̇2 sin 𝜃2 −𝑚2𝑙1𝑙𝑐2𝜃̇2 sin 𝜃2

𝑚2𝑙1𝑙𝑐2𝜃̇1 sin 𝜃2 𝑏2

] 

 

𝐺  = [
𝑚1𝑔𝑙𝑐1 sin 𝜃1 + 𝑚2𝑔𝑙1 sin 𝜃1 + 𝑚2𝑔𝑙𝑐2 sin (𝜃1 + 𝜃2) 

𝑚2𝑔𝑙𝑐2 sin (𝜃1 + 𝜃2)
] 

 

 

 

 

 

 

(12) 

 

The dynamic parameters used in the above models are assumed to be known and are presented in Table 1. 

Details on how these dynamic models were obtained can be found at [37]. 
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TABLE 1 

PARAMETERS USED IN THE ASP AND AIP DYNAMIC MODELS. 

 

Parameter Value for the ASP Value for the AIP Value for the ADP 

𝒎𝟏 1.0000 (𝑘𝑔) 1.0000 (𝑘𝑔) 1.0000 (𝑘𝑔) 

𝒎𝟐 − 1.0000 (𝑘𝑔) 1.0000 (𝑘𝑔) 

𝒍𝟏 1.0000 (𝑚) − 1.0000 (𝑚) 

𝒍𝟐 − 1.0000 (𝑚) 1.0000 (𝑚) 

𝒍𝒄𝟏 0.5000 (𝑚) − 0.5000 (𝑚) 

𝒍𝒄𝟐 − 0.5000 (𝑚) 0.5000 (𝑚) 

𝑰𝟏 0.0050 (𝑘𝑔 𝑚2) − 0.0050 (𝑘𝑔 𝑚2) 

𝑰𝟐  − 0.0050 (𝑘𝑔 𝑚2) 0.0050 (𝑘𝑔 𝑚2) 

𝒃𝟏 0.5000 (𝑁 𝑚 𝑠) 0.5000 (𝑁 𝑠/𝑚) 0.5000 (𝑁 𝑚 𝑠) 

𝒃𝟐 − 0.5000 (𝑁 𝑚 𝑠) 0.5000 (𝑁 𝑚 𝑠) 

𝒈 9.8100 ( 𝑚/𝑠2) 9.8100 ( 𝑚/𝑠2) 9.8100 ( 𝑚/𝑠2) 

 

 

C. Dynamic simulation of systems 

 

The models of the ASP, AIP, and ADP systems are first order differential equations with initial conditions, 

whose numerical solution at any time instant 𝑡 allows predicting their future state at instant 𝑡 + 𝑑𝑡, where 𝑑𝑡 es 

el intervalo de muestreo. is the sampling interval. Because of this, the dynamic models of the systems cannot 

be used directly and must go through a numerical integration process. In this work, the Euler numerical 

integration method, also known as ode1, is used due to its computational efficiency and ease of implementation 

in any development technology, including JS. For this purpose, a sampling interval of 𝑑𝑡 = 0.005 (𝑠) is used 

with the objective of generating smooth simulations and smooth visualizations of the virtual electromechanical 

systems. 

As a result of this stage, we obtain the JS code that encapsulates the computations of each dynamic model 

and the functionality that allows predicting the future states  𝑧(𝑡 + 𝑑𝑡) of the system, one step 𝑑𝑡 ahead in time, 

using 𝑜𝑑𝑒1, from the current state 𝑧(𝑡) and the control input 𝑢(𝑡). 

At this point, it is worth verifying that the simulations performed in JS adequately describe the behavior that 

would be expected in the real world of the electromechanical systems studied. To this end, JS simulations of 

the three systems are carried out under controlled conditions, and the results are compared with those obtained 

using Simscape. Simscape is a MATLAB tool that allows to graphically model multidomain physical systems 

using blocks, and to perform dynamic simulations of these systems. This tool is integrated with Simulink and 

uses advanced numerical solvers to handle differential equations of complex physical systems. Thanks to this, 

Simscape allows to obtain simulations with a high degree of accuracy and fidelity with respect to the real 

behavior of the systems. 

For each electromechanical system, simulations are performed considering two controlled scenarios: (1) 

using initial conditions far from equilibrium without the application of a control signal, in order to observe the 

free response of the system, and (2) using initial conditions in stable equilibrium and applying control signals 

for the regulation task. These comparisons allow validating that the JS implementation adequately represents 

the expected dynamics of the physical system. In this sense, the initial conditions used for the first scenario are: 

𝑧0 = [
150

180
𝜋, 0]

𝑇

 for the ASP, 𝑧0 = [0,
150

180
𝜋, 0,0]

𝑇

 for the AIP, and 𝑧0 = [0,
150

180
𝜋, 0,0]

𝑇

 for the ADP. For the 

second scenario, the gains of the PID controller are: 𝑘𝑝 = 40, 𝑘𝑖 = 5, and 𝑘𝑑 = 20 for the ASP; 𝑘𝑝1 = 𝑘𝑝2 =

40, 𝑘𝑖1 = 𝑘𝑖2 = 5, and 𝑘𝑑1 = 𝑘𝑑2 = 20 for the AIP; and 𝑘𝑝 = 40, 𝑘𝑖 = 5, and 𝑘𝑑 = 20 for the ASP; 𝑘𝑝1 =

𝑘𝑝2 = 40, 𝑘𝑖1 = 𝑘𝑖2 = 5, and 𝑘𝑑1 = 10 and 𝑘𝑑2 = 5 for the ADP. 

Figures 3 to 5 show the results of the simulations performed in JS and Simscape for the ASP, AIP, and ADP 

systems, respectively, under the two controlled scenarios described previously. Each figure shows the time 

evolution of the positions of the moving elements of each system, allowing a direct comparison between both 

results. In addition, internal plots illustrate the differences between the position signals obtained from the two 
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simulations. In all cases, it is observed that the results obtained with the JS simulations present minimal 

differences with respect to those obtained by Simscape, especially during the execution of position regulation 

tasks. These discrepancies, for the most part, are not significant from the point of view of the overall dynamic 

behavior of the system. Based on these results, the simulations implemented in JS constitute an effective and 

sufficiently accurate alternative to represent the dynamic behavior of the electromechanical systems analyzed. 

 

 

 
 

(a) Position of the pendulum under the first scenario 

 
 

(b) Position of the pendulum under the second scenario 

 

Fig. 3. Simulation results for the ASP under two controlled scenarios. 
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(a) Positions of the cart and pendulum under the first scenario 
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(b) Positions of the cart and pendulum under the second scenario 

 

Fig. 4. Simulation results for the AIP under two controlled scenarios. 

 

 

(a) Behavior of the positions of the two pendulums under the first scenario 
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(b) Behavior of the positions of the two pendulums under the second scenario 

 

Fig. 5. Simulation results for the ADP under two controlled scenarios. 
 

 

D. 3D modeling of the systems 

 

The 3D models that visually represent the most relevant elements of each electromechanical system are shown 

in Fig. 3. These models were created using the free software tool Blender. In each of them, simple 3D geometries 

with basic materials showing only one color were used in order to reduce the computational load required to 

visualize them on the Web. 

 

In the ASP model, shown in Fig. 6(a), the fixed base, electric motor, and pendulum are highlighted. For the 

AIP, illustrated in Fig. 6(b), the two electric motors, the rigid frame of the system, the pendulum, the moving 

base and the band that induces its motion are included. The ADP in Fig. 6(c) includes the base and the two 

pendulums with their respective electric motors. During the modeling of these systems, the moving elements 

were identified with representative names. In the case of the ASP, the only moving element is the pendulum. 

In the AIP, it is possible to move the base together with all the elements located on it, i.e. the pendulum and the 

electric motor that controls it, while in the ADP, both pendulums are moving, the second along with its electric 

motor. 
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(a) Simple pendulum (b) Inverted pendulum 

 

 
(c) Double pendulum 

 

Fig. 6. 3D models of electromechanical systems. 

 

E. 3D modeling of the platform 

 

The 3D models of the ASP, AIP, and ADP systems, developed in the previous stage, are integrated into a single 

virtual space using Blender. In this space, other virtual objects that are familiar to users of the real platform are 

added. By distributing all objects, it is ensured that their dimensions, aspects and locations are consistent with 

reality. This arrangement of objects is shown in Fig. 7 and originates from a Web-optimized glTF file exported 

from Blender. 

 

 
 

Fig. 7. 3D model of the platform. 
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F. Web site development 

 

In this stage, the Web site shown in Fig. 8 is implemented, which will host the virtual platform of the 

electromechanical systems. Web technologies such as HTML, CSS and JS were used for its development, 

together with the Bootstrap and JQuery frameworks to speed up the process [38]. In the figure, several elements 

of the user interface can be seen, organized in a form that allows configuring different aspects of the simulation 

of each system, such as the initial conditions, the desired positions for the regulation task, and the control gains. 

In addition, buttons are included to start and stop the simulation of the systems. The user interface also features 

a simple navigation bar that includes a title and a button to show or hide the configuration form. Importantly, a 

space has been reserved in the interface for rendering the virtual platform. 

 

 
 

Fig. 8. Personalized Web site. 

 

 

G. Virtual simulation integration 

 

In the developed Web site, the dynamic simulation code and the virtual representation of the platform are 

integrated and coordinated. 

 

To handle all aspects related to the virtual space, Three.js [39], a JS library that simplifies the operations 

required to display and manipulate 3D graphics on the Web, is used. At this stage, Three.js is used to import 

the glTF file from the platform, maneuver the elements within the virtual space (such as the moving components 

of the virtual electromechanical systems), and manage other elements essential for the successful rendering of 

the virtual environment on the Web site. Among these components are the lights, which illuminate the scene to 

highlight the colors and textures of objects and create 3D depth perception. Other key elements are the camera 

and renderer. The camera acts as the viewpoint of the virtual environment, determining how the scene is 

projected onto a 2D surface. The renderer, in turn, uses the information from the camera to draw the 2D 

projection of the scene as an image within the Web site. The Three.js editor (accessed April 09, 2025) was 

used to preview various configurations of these elements. During the loading of the virtual platform, JS 

references are created for the moving elements of the ASP, AIP, and ADP, which will later be manipulated 

using Three.js. 
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The JS code that encapsulates the functionalities of the dynamic simulation of electromechanical systems is 

imported directly into the site. Next, scheduled tasks are created in JS for each of the systems. These scheduled 

tasks repeatedly call a function or code block at fixed time intervals. Within each task, first a step forward in 

the corresponding system dynamics, i.e., the next state of the system, is calculated. Immediately afterwards, the 

state information is used to adjust the positions and orientations of the moving parts in their 3D representation 

with the help of Three.js. In order for the changes in the virtual space to be reflected in real time, the waiting 

interval is set to dt, i.e., 0.005 (𝑠) for each system. 

 

H. Implementation of interactive mechanisms 

 

At this stage, functionality is added to the Web site to manage all user actions and interactions. The user is 

allowed to navigate through the virtual space and observe the behavior of the electromechanical systems from 

any angle. To achieve this, the camera viewpoint is adjusted using the orbital controls provided by Three.js. 

These controls allow orbiting (rotating around a point), zooming (zooming in and out), and panning (moving 

vertically or horizontally) operations. 

Another functionality of the Web site allows the user to start or stop the simulation by means of two buttons. 

For both buttons, event handlers are implemented in JS that execute a specific task when the user presses them. 

When the start button is pressed, first the start button (which is originally visible) is hidden and the end button 

(which is initially hidden) is shown. Then, the values provided by the user through the input elements in the 

interface are acquired and preprocessed, i.e. transformed into numerical values, to set up the simulation that is 

started next. When the end button is pressed, it is hidden while the start button becomes visible again, and the 

update of the simulations is stopped. 

 

I. Deployment and utilization 

 

The Web site has been deployed on an inexpensive hosting service, and the result can be seen in Fig. 9. The 

platform is available to any user from an up-to-date Web browser on any computing device, at any time and 

from any location in Virtual platform (accessed April 09, 2025). The availability of the platform is limited only 

by the availability of the hosting service, which is generally active about 99% of the time. 

 

 
 

Fig. 9. Final platform deployed on a Web server. 
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IV. CONCLUSIONS AND FUTURE WORK 

 

The proposed methodology for developing virtual platforms in WebVR has proven to be effective for the 

simulation of electromechanical systems, such as the simple pendulum, the linear inverted pendulum, and the 

double pendulum, all fully actuated. The resulting virtual platform allows performing numerical simulations of 

these systems, considering their kinematic, dynamic and control aspects, and visualizing the results in a 3D 

environment that reproduces elements similar to those of the real world. This type of platform is low-cost, does 

not require specialized virtual reality equipment, nor the installation of additional software beyond an updated 

Web browser. The methodology described can be applied to the development of platforms for other types of 

systems. 

As future work, it is planned to include a wider variety of electromechanical systems in the virtual platform. 

In addition, the possibility of extending the platform developed in WebVR to an extended reality environment 

in WebXR will be explored. Finally, we will seek to incorporate mechanisms that allow collaborative 

interactions within the platform. 
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