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Abstract - The stability of railway locomotive is closely related to the safety of railway 
transportation. A new method for assessing the stability of railway locomotives uses Virtual Reality 
(VR) technology in conjunction with a dynamic simulation exercise. This paper develops the virtual 
test technology of railway locomotive running stability and its prototype system, thus shortening 
the development cycle and guaranteeing the running safety. Additionally, this paper uses numerical 
simulation and VR as technical support to make a more accurate evaluation of locomotive running 
stability. This paper utilizes the robust scientific calculation and numerical simulation functions of 
Matlab and Simulink to realize the simulation control of vehicle model motion and realizes the 
visual interactive display of railway locomotive running stability test results to realize the 
automatic analysis and calculation of various railway locomotive coefficients. In the meantime, this 
paper develops and implements a virtual overhaul system of a railway locomotive based on VR 
technology and simulates the process of equipment overhaul and disassembly on CAD software in 
order to ensure the daily inspection, maintenance, and repair of mechanical and electrical 
equipment of EMU. The system's test results demonstrate that: (1) Matlab can be used as the 
calculation kernel to realize anti-derailment, anti-overturning, numerical simulation analysis, and 
calculation of hunting stability of railway locomotives, providing more precise data support for the 
stable operation of locomotives. (2) The VR-based mechanical and electrical equipment 
maintenance system can satisfy the needs of maintenance personnel's visual inspection and 
disassembly simulation in the virtual maintenance environment and improve the realism of the 
simulation. In order to provide a more accurate virtual simulation of running stability and 
equipment identification of railway locomotives, the real-time presentation of vehicle stability 
characteristics in dynamic operation is investigated in this paper. 
 
Keywords: Railway locomotive; VR technology; Operation stability; Matlab simulation; Equipment 
detection. 

1. Introduction 
 
Railway is a vital component of the nation's 
infrastructure, the economic backbone of the 
country, and a well-liked mode of transportation. In 
order to foster economic success and create a 
peaceful community, railroad construction must be 
accelerated. China's railway sector has advanced 
significantly after years of work, but the gap between 
demand and capacity for rail transportation is still 
quite noticeable, acting as a barrier to the country's 
economic and social advancement. To fulfill the goal 
of having the potential of line transportation and 
increasing the capacity for transportation, railroad 
locomotives have been continuously improving the 
structure of transportation products, enhancing the 
quality of railway service, and adapting to the quick-

paced and varied transportation needs of the broad 
masses of the population. Currently, vehicle 
performance tests are still primarily concerned with 
real vehicle research, which is not only expensive, 
time-consuming, and labour-intensive, but also some 
tests cannot be repeated, and the precision of 
measured data is low, making it simple to make 
evaluation errors. It is a significant waste of human 
and material resources, and the test's safety cannot 
be ensured [1]. 

It is necessary to think about and investigate 
fresh approaches from a variety of angles in order to 
overcome the aforementioned issues. Computer 
technology, sensor and measuring technology, 
simulation technology, and microelectronics 
technology are all combined in virtual reality (VR). 
Computers construct virtual environments by 
utilizing these technologies. Users can experience 
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immersion and direct interaction with the world by 
utilizing the three-dimensional vision, hearing, 
touch, taste, and smell functions. In order for 
researchers to experience the entire running process 
of the vehicle while seated in front of a computer, the 
railway locomotive running simulation system was 
developed. This system can present the fundamental 
facilities, such as stations, lines, signals, and the on-
board equipment in the cab, in front of the 
researchers in a three-dimensional manner. 
Meanwhile, the efficiency of EMU maintenance has 
increased thanks to the development of a virtual 
locomotive repair system based on VR technology 
[2]. 

Based on the aforementioned issues, this paper 
attempts to use VR technology in the research, 
development, and application of railway 
locomotives. It sets up a system for simulating 
vehicle operation, studies the running state and 
dynamic performance of vehicles under different 
working conditions, and attempts to find design 
flaws before the physical prototype is produced to 
build a research platform for railway locomotives 
that is economical, safe, and controllable. The 
platform is made to take advantage of Matlab's 
robust numerical simulation and scientific 
computation capabilities, combine Simulink for 
simulation control of vehicle model movements, and 
produce an interactive visual display of railway 
locomotive running stability test results. The 
development and realization of a virtual overhaul 
system for a railway locomotive based on VR 
technology, which satisfies the needs of visual 
inspection and disassembly simulation of 
maintenance personnel in virtual overhaul 
environment, provides a new method for the 
development and performance analysis of railway 
locomotive products. In the meantime, 3D simulation 
of equipment overhaul and disassembly is 
established by CAD. 

 
2. Literature Review 

 
Currently, VR technology is being used more 
frequently in practical settings, and scientists and 
related government agencies have included VR into 
their research initiatives. Ernst studied and created 
the distributed virtual environment network 
(DVENET) design, creating the computer force 
generator, observer for the virtual battlefield, 
helicopter and tank simulators, and virtual 
simulators of those vehicles [3]. A desktop virtual 
building environment real-time roaming system 
created by Shao uses the pre-blanking and 
overlapping level drawing techniques to achieve 
stereoscopic vision. Additionally, it offers a handy 
interactive tool that raises the level of picture 
realism and real-time performance of the entire 
system [4]. Ma studied the key technology of VR-

stereo display technology. On the basis of human 
visual characteristics, they proposed a new 
compression coding scheme based on Joint 
Photographic Experts Group (JPEG) standard, and 
obtained higher compression ratio, signal-to-noise 
ratio and decompression speed. The experimental 
results prove the superiority of this scheme [5]. 

The research on the application of visual 
simulation technology in rail transit in China is 
mainly due to the speed increase of trains in the late 
1980s and early 1990s and the construction of 
subways and light rails in major cities. Its main 
purpose is to serve as an auxiliary tool for training 
train drivers. Zhang successfully developed a purely 
interactive simulation driving training system for 
automobiles. Because the developed three-
dimensional graphics are very realistic, there is 
almost no difference between the virtual 
environment and the real driving environment, so 
the effect is good after being put into use [6]. Sun can 
present and experience the experiment process in a 
local or wide area and can make a more accurate 
evaluation of running stability in the early stage of 
railway vehicle design by studying web-based virtual 
experiment technology of railway vehicle running 
stability, thereby providing an effective virtual 
experiment platform for the design and optimization 
of railway vehicles [7]. In his research on VR for 
railroad vehicles, Rümeysa created a visual 
simulation of a maglev train running, a train cab, and 
the operation of loading railroad freight cars [8]. 

In conclusion, relevant researchers have 
investigated the use of VR technology for railroad 
transportation and concluded that it can be used for 
simulation studies. The numerical simulation 
function of Matlab in conjunction with Simulink is 
used to implement the simulation control of vehicle 
model motion in this paper, which builds on 
previous research into the virtual test technology of 
railway locomotive running stability. A certain 
theoretical foundation for the development of a 
virtual test system for railway locomotive running 
stability is provided by the interpretation of the 
simulation principle of disassembly and assembly of 
mechanical and electrical equipment maintenance 
objects in the virtual environment and the 
optimization of the low detection accuracy of 
traditional methods in complex virtual maintenance 
environments. 

 

3. Methods and Materials 
3.1 VR Technology 

 
Computer simulation is used in VR technology to 

generate a three-dimensional virtual environment. 
Users can freely see objects in three dimensions and 
create an immersive experience using visual, aural, 
tactile, and other sensory simulation. In order to 
allow users to actively interact with and study the 
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role and changes of simulated items in their 
environment, the system develops an interface that 
reflects the changes and interactions of entities in 
real time through simulation. The same or similar 
sentiments attained in the actual environment are  
gained by interacting with the virtual environment. 
Immersion in multimedia information perception, 
interactivity, and autonomy are features of VR 

 technology. The items are shown using VR 
technology in a dynamic three-dimensional manner, 
which solves the issue that standard two-
dimensional drawings struggle to convey the 
structure of maintenance objects [9]. Among these, 
the typical techniques it employs to accelerate the 
dynamic display speed of 3D sceneries include the 
features shown in Figure 1: 
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Figure 1: Common methods to improve the dynamic display speed of 3D scenes 

 
American scientists put forward a "triangle of VR 

technology", which indicates that VR technology has 

three most prominent features, namely "3I" features, 

including Immersion, Interaction and Imagination. 

Immersion is the most important technical feature of 

VR. The goal pursued by VR is to make users feel 

fully engaged in the three-dimensional virtual 

environment created by computer, and have the 

feeling of being there, which is called "immersion". 

Interaction mainly means that participants interact 

with the virtual world in a natural way by using 

special hardware devices, such as data gloves and 

force feedback devices to realize the investigation 

and operation of the virtual environment. It is the 

key factor of man-machine harmony.  

 

Imagination refers to the imagination of design 

developers. Because VR has a wide range of 

applications, it can solve many problems, and these 

applications rely heavily on human imagination to 

simulate the real world and even create a brand-new 

virtual world. Therefore, VR is not only an interface 

between users and terminals, but also enables users 

to immerse themselves in this environment to 

acquire new knowledge, improve their perceptual 

and rational knowledge, and thus produce new ideas 

[10]. 

Computers, input and output devices, application 

software systems, and databases make up the 

majority of a typical VR system. Its model structure 

is displayed in Figure 2 below: 
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Figure 2: Model structure of VR technology (a. VR feature triangle; B. Composition of VR system) 
 

In a VR system, the computer is the brains of the 
apparatus, creating the virtual environment and 
making it possible for people to interact with it 
naturally. The employment of specialized input and 
output devices that can identify different user input 
formats and produce pertinent feedback data in real 
time is required to achieve the natural interaction 
between users and the virtual environment. The 
establishment of geometric, physical, and motion 
models of objects in the virtual world, the generation 
model management technology of 3D virtual stereo 
and real-time display technology,  the  establishment 

 

and management of virtual world databases, among 

other functions, are all completed by application 

software in a VR system. The virtual world database 
mainly stores all aspects of information of all objects 

in the whole virtual world. There are a large number 

of objects in the virtual world, so the database needs 
corresponding models [11]. 

In practical application, VR technology can be 

divided into four typical types according to the 

different levels of "immersion" and interaction 
(Figure 3): 
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Figure 3: Typical types of VR technology 

 
A new area of study for human-computer 

interaction technology, a new platform for the use of 
intelligent engineering, and a new means of 
describing large-scale data visualization of diverse 

 

projects have all been made possible by the 
development of VR technology. In the meantime, it 
also suggests enormous social and economic 
benefits, and people are aware of its vast potential 
for use. Workers in the rail transit industry are more 
dedicated to implementing this quickly evolving 
technology to the train operation control simulation 
system, and they have had success [12]. 

 
3.2 Dynamic Simulation of VR Technology in 

Railway Locomotive 
 
Rail transit simulation involves using 3D VR and 

simulation technologies to replicate every step and 

connection in the production of a rail transit vehicle, 

including design, manufacturing, operation, and 

maintenance. Users can dedicate themselves to all 

types of tasks in the rail transit project in this setting, 

which broadens the cognitive capabilities and fields 

of practitioners who need them, reduces the cost and 

duration of the construction project for the rail 

transit system as a whole, and boosts quality and 

efficiency [13]. Figure 4 below illustrates the major 

three components of it: 
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Figure 4: Content of virtual technology used in rail transit 

 
Rail transit uses VR technology for virtual 

assembly, virtual operation, and virtual design, 
which includes designing the environment, 
vehicles, and rails for rail transit. Checking each 
component's embeddability and immersive 
component assembly are examples of virtual 
assembly. Virtual operation entails modelling 
how trains will operate, keeping track of how 
parts will change, and paying attention to how 
the environment will change [14]. 

The three-dimensional geometric model of 
the vehicle, the processing of the VR model, and 
the VR model of the running scene make up the 
majority of the three-dimensional scene of the 
locomotive running simulation system.  

The model establishment consists of two 
different types of objects. The engineering 
object is the vehicle and study line. Second, 
natural items include topography, the 
surrounding environment, and structures [15].  
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Figure 5 below depicts the hierarchical structure of its active simulation system. 
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Figure 5: Hierarchical structure of railway locomotive running simulation system (a. Railway locomotive running 
scene; B. Built-in structure of scene simulation) 
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Railway locomotive is a vibration system with 
complex mechanical and kinematic characteristics. 
When studying vehicle vibration, three mutually 
perpendicular coordinate axes X, Y and Z can be 
established through the center of gravity O point of 
the car body. At this time, the car body's motion has 
six independent forms, namely, the linear motion 

along the three directions of X, Y and Z axes and the 
three rotary motions around the X, Y and Z axes 
represented by θ, ψ. So, the position of the car body 
in space is completely determined by six 
coordinates, so the car body is a motion system with 
six degrees of freedom, as shown in Figure 6 below: 
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Figure 6: Coordinate position of railway locomotive in space 

 
In general, car body movement is a different 
combination of the above six forms of movement. 

These six forms of movement are summarized in 
Table 1 below: 

 
Table 1: Motion form of car body 

Coordinate axis  
(straight line) 

X axis Y axis Z axis 

Name Stretch Transverse pendulum Ups and downs 

Movement form Longitudinal vibration Transverse vibration Vertical vibration 

Coordinate axis 
(rotation) 

X axis Y axis Z axis 

Name Side roll Shake head Nod 

Movement form Rotating vibration with 

amplitude angle  is 

made 

Rotating vibration with 

amplitude angle of  

is made 

Rotating vibration with 

amplitude angle of  

is made 
 

Because of the complexity and diversity of the 
train structure, it is difficult to accurately describe its 
dynamic characteristics, which brings difficulties to 
model establishment and data processing. According 
to the different contents of this paper, different 
simplification methods can be adopted to establish 
the system model, and corresponding analysis and 

calculation methods can be adopted, which can not 
only meet the requirements for the correctness of 
the calculation results, but also greatly simplify the 
analysis and calculation [16]. The vehicle dynamics 
equation can be expressed as: 

 

                       (1) 
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In the above equation, M represents the quality of 
the system. C represents the damping of the system. 
K represents the stiffness matrix of the system. y 
represents the state variable of the system. 

 represents nonlinear wheel-rail force and 

suspension force. 
Then, using Matlab program to solve the 

characteristic root of equation (1), 17 pairs of 
conjugate complex roots can be obtained, and their 
forms are as follows: 

 

                                               (2) 

 

In the above equation,  represents the 

vibration frequency of the system.  represents the 

vibration damping of the corresponding frequency 

. J represents the moment of inertia. 

The force borne by the vehicle in operation is 
complex and varied, but the main forces that affect 
the overturning of the vehicle are lateral wind force, 
centrifugal force, lateral vibration inertia force, etc. 
According to the balance conditions of forces acting 
on the vehicle, the overturning system D of the 
vehicle can be derived as follows: 

 

                                           (3) 

 

In the above equation,  represents the vertical 

static load between wheel and rail when there is no 

lateral force.  indicates the variation of vertical 

force between wheel and rail under the action of 

lateral force.  represents the vertical force 

between the wheel and rail on the loading side.  

represents the vertical force between the wheel and 
rail on the load reducing side. 

The vertical force of the wheel acting on the 
contact spot is P, the lateral force is Q, the force of 
the rail acting on the contact spot is N, the friction 
force of the rail to prevent the wheel from sliding 

down to the contact spot is , and the flange angle 

is . The contact spot is in a balanced state under the 

action of the above forces. After decomposing the 
forces acting on the contact spot into normal and 
tangential components, the conditions for the wheel 
to climb the track can be obtained as shown in the 
following equation: 

 
                                (4) 

 
                                (5) 

 

In the above equation,  represents the 

maximum inclination angle of the rim.  indicates 

the friction coefficient between the rim and the rail 
side. 

According to the conditions of force balance on 

the left and right wheel-rail contact spots, it can be 

obtained as follows: 

 

                                            (6) 

 

                                            (7) 

 

where  represents the rim angle of the left wheel. 

 represents the rim angle of the right wheel.  

indicates the friction coefficient between the left 

wheel rim and the rail.  indicates the friction 

coefficient between the rim of the right wheel and 
the rail. 

 
3.3 The Application of VR Technology in 

Mechanical and Electrical Equipment 
Testing of Railway Locomotive 

 
The use of VR technology in mechanical and 

electrical equipment maintenance is referred to as 

virtual maintenance. Before doing an equipment 

repair quickly, maintenance preview and simulation 

are conducted. It overcomes the space and time 

constraints of mechanical and electrical equipment 

maintenance inspection and is capable of carrying 

out realistic operations like equipment disassembly, 

fault maintenance, etc. It can also extract current 

data and equipment state data and test the 

functionality of production equipment. By modeling 

the operation process, virtual maintenance 

technology may also calculate the maintenance time, 

design of maintenance jobs, choice of maintenance 

tools, order of equipment component disassembly, 

space required for maintenance, predicted 

maintenance cost, etc. [17].  

In recent years, virtual technology has undergone 

significant research in the areas of virtual inspection 

and maintenance. Its goal is to demonstrate the 

upkeep process for mechanical and electrical 

equipment on a computer and to improve 

maintenance personnel's capacity to make decisions 

throughout the equipment life cycle, taking into 

account the following factors (Figure 7): 
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Figure 7: Decision-making ability of each stage of equipment inspection 

 
The real characteristics of associated resources in 

the EMU repair workshop are first determined using 
two-dimensional drawings and other data, and then 
the 3D model of the EMU maintenance object is 
created using CAD software. The developed model is 
then interpreted by the 3DMax program, formatted, 
and added to the scene graphic library.  

Finally, execute an interactive maintenance 
simulation while loading the model into the virtual 
environment to complete the simulation of the 
EMU's virtual maintenance system [18]. The 
simulation system's overall design is depicted in 
Figure 8 below: 
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(b) 

Figure. 8: Overall design of equipment testing simulation system (a. development process of simulation system; B. 
The overall framework of the simulation system) 

 
The creation of a 3D model serves as the basis for 

virtual simulation systems. CAD software is used to 
produce the full object model, and 3DMax software is 
used to render the 3D model as efficiently as 
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possible and transform its format into the scene. The 
scene structure is used to express the parent-child 
hierarchical organization structure of various 
elements and assemblies in the virtual environment. 
It is converted from the original CAD model and is 
similar to the original CAD model design tree. 

In order to simulate the translation of 
maintenance personnel's viewpoint, it is necessary 
to change the position of viewpoint in the world 
coordinate system. Let the coordinates of the 

viewpoint before transformation be E ( ), 

the coordinates of the viewpoint after translation 

transformation be E ( , ), and the moving 

speed of the viewpoint be V.  
The equation when the viewpoint moves forward 

or backward is as follows: 
 

              (8) 

 

In the above equation, when the value of t is 1, 
the viewpoint moves forward. When t is -1, the 
viewpoint moves backward. 

The specifications of the anti-hunting shock 
absorber are altered to produce various critical 
speeds of hunting instability in order to compare the 
dynamic characteristics of railway locomotive 
system instability at various speeds. In this study, 
the anti-hunting shock absorber is chosen for 
comparison analysis under three working situations, 
and the parameter values are listed in Table 2 below: 

Tables 2: Parameters of anti-snake shock absorber under three working conditions 
Speed (m/s) 0.0015 0.06 0.1 0.2 

First working condition 
damping force (N) 

1750 2300 2600 2800 

Second working condition 
damping force (N) 

3475 4100 4400 4600 

Third working condition 
damping force (N) 

3850 4400 4800 5130 

 

4. Results and Discussion 
4.1 Results 

 
By modifying the parameters of anti-snake shock 

absorber, the hunting frequency of vehicle system at 
different critical speeds can be obtained. When the 
instability speed is between 251 km/h and 351 
km/h, the corresponding hunting frequency is 
between 2.4 Hz and 4.3 Hz, and the hunting 
frequency increases with the increase of instability 
speed. If the lateral acceleration of the frame is 
filtered by 3Hz~9Hz,  the  vibration information with 

the instability frequency of 2.4Hz will be missing, 
which will surely lead to the critical speed obtained 
by the frame acceleration amplitude method being 
higher than that obtained by the limit cycle method. 
In order to avoid the influence of the car body 
snaking once, it is more reasonable that the filtering 
frequency of frame acceleration amplitude method 
should be 2Hz~9Hz.  

Then, the variation of lateral acceleration 
amplitude of frame with speed after 2Hz~9Hz 
filtering under three working conditions is shown in 
Figure 9. 
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Figure 9: Variation of lateral acceleration amplitude with speed 
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According to the data in Figure 9, the critical 
speeds under three working conditions are re-
evaluated by the improved frame acceleration 
amplitude method with the filtering frequency 
ranging from 2 Hz to 9 Hz, and the results are 
256km/h, 316km/h and 363km/h, respectively, 
 

which are closer to the actual train running results. 
The calculation results of lateral acceleration and 

lateral running stability of car body after lateral 

instability under three working conditions are 

shown in Figure 10 below. 
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(b) 

Figure 10: Influence of lateral instability on train running stability (a. Changes of lateral acceleration of car body 
with speed under three working conditions; B. Changes of lateral stability index of car body with speed under three 

working conditions) 

 
The data in Figure 10 shows that with the further 

increase of speed, the indexes of lateral acceleration 
and lateral running stability of the vehicle body will 
increase significantly after the vehicle system 
snaking instability. It can be seen that the modeling 
and numerical simulation technology of railway 
locomotive running vibration in this study can 
improve the authenticity of numerical simulation of 
rolling stock running, realize the functions of scene 
display and real-time roaming, model driving and 
real-time control and natural landscape simulation 
of the system, and visually and truly display the 
running process of rolling stock under different 
working conditions. It shows that the adopted 
technology and development method are feasible 
and the development work is successful. 

 
4.2 Discussion 

 
In order to establish the mechanism by which the 

fundamental motion control data for vehicle models 
are generated, Olivier examined the running 
characteristics and motion simulation scheme of 
railway vehicles on the track. The visual simulation 
model of a railway vehicle and running scenario is 
produced using 3D CAD modeling and the VRML 
modeling language, and Simulink is used to 
accomplish motion control and simulation of the 
railway vehicle model. On the created visual 
simulation platform, realistic visual simulation of 
railway car operation is realized [19]. Cui 
investigated the modeling and numerical simulation 
technique for the running vibration of rolling stock, 
and on the basis of this, he explained the procedure 
for creating a VR-based virtual simulation 

application software for rolling stock. A prototype of 
a railway car running simulation system is created 
using Visual C++ as the development platform and 
VR modeling and simulation software after 
researching and creating the system's overall 
structure and functional components [20]. In this 
paper, the vehicle model is simulated and controlled 
using Simulink and Matlab software, and a visual 
interactive display of the outcomes of railway 
locomotives' operating stability tests is achieved. 
Meanwhile, a new approach to product development 
and performance analysis for railway locomotives is 
provided by the development and realization of a 
virtual maintenance system for railway locomotives 
based on VR technology. This system satisfies the 
needs of maintenance personnel for visual 
inspection and disassembly simulation in virtual 
maintenance environments. 

 

5. Conclusions 
 

The six-degree-of-freedom locomotive model is 
utilized in this paper to more accurately depict the 
motion characteristics of railroad vehicles. For the 
purpose of simulating the motion of railway vehicles, 
the technique for producing the basic motion control 
data of the vehicle model offers the essential data 
support. The vehicle model can be made simpler, and 
hierarchical node optimization techniques can be 
used for virtual scenes to improve the dynamic 
graphic simulation process. Simulink can be used to 
manipulate the model more quickly and easily than 
creating scripts. Because the simulation is based on 
Matlab software, the experimenter can directly 
observe the test simulation process without using 
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any other software interfaces, which accelerates the 
analysis of vehicle running performance. Matlab 
software has a powerful mathematical calculation 
function that is used to obtain the stability analysis 
results of railway locomotive running performance. 

The shortcoming of this paper is the inability to 
thoroughly examine various VR technologies, and 
the necessity for extensive follow-up work to 
enhance the system that has been created. There are 
not many well-established models of vehicles or the 
ground environment, thus further study is constantly 
needed. The issues of how to streamline the terrain 
model, accelerate the display of the terrain, and 
achieve natural texture transition must be further 
investigated and resolved. 
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