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In high-speed traffic, the pantograph-catenary system is responsible for the continuous 
supply of electrical power to the high-speed train. The pantograph-catenary system is 
stressed by the complex working environment in several ways. The excitation of the 
vehicle by the track is one of the normal disturbances of the pantograph-catenary 
interaction. In previous studies, only the vertical effect of vehicle-track vibration on 
pantograph-catenary interaction was considered. To address this deficiency, both 
pantograph-catenary and vehicle-track models are established in this work. The nine 
degrees of freedom (9DOF) of the railway pantograph model are analysed and verified 
by comparison with the 2D physics-based simulation software Algodoo. The effects of 
weights, steps, and bumps are considered, and the responses of the mass contact strip 
are analysed. The same inputs are used in the MATLAB/Simulink model of the half-
body railway pantograph. The results are compared for verification using an 
appropriate statistical analysis. It can be shown that the model is verified with a small 
percentage of deviations due to the actual gravity and spring deflections at different 
inputs. Statistical analysis for the mean absolute relative error is performed to capture 
the effects of random track irregularities on the pantograph-catenary interaction. The 
verification results show that the developed model can be used for vertical direction 
analysis and is also valuable and instructive for the future experimental approach of 
the active half-body railway pantograph.  
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1. Introduction 
 

Railways are among the land transportation modes that are widely used in various countries to 
connect cities, transport goods, and provide public transportation services on certain routes [1,2]. 
The railway industry is working hard to perfect the design and technology to improve the safety, 
efficiency and comfort of rail transport. An electric train is usually powered by an engine or a 
locomotive, and the widely used system for continuous power transmission to the locomotive is the 
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pantograph-catenary system [3], as shown in Figure 1 and Figure 2. The pantograph is usually 
installed on the roof of the train to connect with catenary wire, which is built along the track to 
provide a continuous power supply for an electric train. In general, the mechanical interaction 
between the pantograph and catenary is very important, because the quality of the current collection 
directly depends on the performance of the interaction between the pantograph and catenary, and 
stable sliding contact is a prerequisite for the quality of a good current collection [4]. This interaction 
is significant for ensuring a reliable current transmission without frequent loss of contact and 
excessive wear of the sliding surface [5]. The increasing speed of railways worldwide is creating 
significant engineering challenges including ride performances [6-8] and electrification through 
pantograph-catenary interaction [9], therefore, the study of pantograph-catenary interaction is 
gaining attention and popularity in both academia and industry.  

Nowadays, there are many types of numerical pantograph-catenary models developed by many 
researchers around the world. Previous research has shown that pantographs are usually modeled 
by a two- or three-degree-of-freedom model, as this model provides an excellent approach for 
simulating the pantograph. The same is true for contact wires, which are usually modeled as a spring 
system with a lumped mass to describe the stiffness distribution along the long span. In 2019, Uehan 
gave a comprehensive overview of the railway-specific phenomena caused by the interaction of 
subsystems such as overhead lines, rolling stock, tracks, and structures to show the complex dynamic 
behavior of railroad systems [10]. Various disturbances are assumed to affect the performance of 
pantograph-catenary interaction, such as damage to railroad wheel treads [11], an irregularity in 
vertical track [12,13], the aerodynamic performance of collector strips [14], and irregular wear [15-
17], which are considered in the numerical simulation. The findings from the above literature show 
that most researchers study the dynamic behavior of pantographs and overhead contact lines 
without considering disturbances in the vehicle trajectory. The interaction of the pantograph and the 
overhead contact line can be classified as vertical contact, and there is a probability that the vertical 
vibration of the vehicle has a significant effect on the contact of the pantograph and the overhead 
contact line. This is evidenced in a study by Song et al., [18] by finding that the vertical vibrations of 
the car body have the greatest influence on the interaction between the pantograph and the 
overhead contact line. However, it is found that the dynamic behavior of the pantograph-catenary 
system is limited when disturbances between the vehicle and the track are considered. 

In previous studies, pantograph-catenary models were validated by experiments with real 
models. Although the validation of the model using this method is accurate [19,20], the laboratory 
preparation for the actual pantograph-catenary model involves high testing costs and takes a long 
time [21]. These limitations have led numerical modelling to become the most popular approach [22] 
for studying the performance of pantograph-catenary interactions in academic circles and practical 
industries. Indeed, researchers often opt for numerical models [23,24] and verified pantograph 
catenary models with commercial software, since these models and simulations can be used and 
extended for more critical conditions to ensure the safe and reliable operation of electric trains 
without traffic disruptions [25]. Therefore, the main objective of the present work is to establish a 
half-body pantograph model for the vertical dynamic systems of railways. 
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Fig. 1. Simple overhead catenary Fig. 2. Brecknell Willis TS-6034-type pantograph 

 
Consequently, the primary objective of this research work is to develop a half-body railway 

pantograph model specifically designed for vertical directions. In this paper, the 9DOF lumped-mass 
model is adopted due to this model is an efficient approach for describing the physical characteristics 
of the real pantograph. The 9DOF railway pantograph model in MATLAB/Simulink is compared with 
a 2D physics-based simulation software, Algodoo. Algodoo is a freeware physics-based 2D sandbox 
from Algoryx Simulation AB as a successor to a popular physics application known as Phun [26]. This 
software is always used as a learning tool, open computer game, animation tool and as an 
engineering tool [27]. Algodoo is also a very user-friendly software, aimed at real physics 
environment and visually attractive interface for motions and animations [28]. This software provides 
parameters such as mass, spring, and damper so that the motions and animations can be used to 
study the responses of the half-body railway pantograph to various inputs. However, to the best of 
the author's knowledge, no report has yet been found in which this software has been used to verify 
a half-body railway pantograph model specifically for vertical directions. 
 
2. Methodology  
2.1 Half-Body Railway Pantograph Modelling in MATLAB/Simulink 
 

A schematic drawing of the half-body railway pantograph model is shown in Figure 3. This 
drawing describes the nine degrees of freedom (9 DOF) of the model, which consists of a 3DOF 
pantograph model with three moving masses and a 6 DOF car model that can move or bounce in the 
direction of uplift and pitch. The figure also defines the vehicle notation used in developing the 
model's equations of motion. All motions of the half-body railway pantograph are defined in a 
Newtonian reference frame moving at the constant forward speed of the vehicle.  

The wheelsets are assumed to remain in constant contact with the rails. The suspension and mass 
distribution of the model are assumed to be symmetric so that the vertical and lateral dynamics of 
the model are decoupled. All flexibility is lumped into the suspension elements, which are modeled 
by linear springs and viscous dampers. The angular displacements are assumed to be small when the 
equations are linearized. The resulting equations of motion are given in Eq. (1) through Eq. (9) below. 
The derivation of these equations is straightforward and can be developed directly from Newton’s 
laws of motion. The notation used in the equations is defined in Table 1. 

The vertical dynamics model is intended to serve as a tool for evaluating the effects of variations 
in the design of the half-body railway pantograph suspension on the displacement and acceleration 
of the contact strip in response to track disturbances. The wheelset is excited by irregularities in the 
track profile. The model predicts the time history of the vertical of the pantograph contact strip. The 
system response variables important for evaluating the validity of the model of the vertical dynamics 
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of the half-body pantograph are the vertical and pitch accelerations of the car body, the vertical 
deflections of the primary wheelset and secondary suspension, the vertical and pitch accelerations 
of the bogies, the vertical of the pantograph frame, the vertical of the panhead, and the vertical of 
the contact strips. The accelerations of the contact strips are the primary outputs of the model, i.e., 
the outputs it is designed to predict. 
 

 
Fig. 3. Vertical dynamics model of the half-body railway pantograph 

 
A half-body with nine degrees of freedom (9 DOF) of the railway pantograph system considered 

in this study developed by the vertical dynamic of the model, hence this research focuses on the 
performance of a railway pantograph model in vertical direction. A 3DOF pantograph model with 
three moving masses; contact strip, 𝑚𝑚𝑠𝑠, panhead, 𝑚𝑚𝑝𝑝, and frame, 𝑚𝑚𝑎𝑎 which can move in the uplifts 
𝑧𝑧𝑠𝑠, 𝑧𝑧𝑝𝑝, 𝑧𝑧𝑎𝑎 respectively. 6 DOF car model with another three masses in motions; car body, 𝑚𝑚𝑐𝑐, which 
can move in the directions of uplift 𝑧𝑧𝑐𝑐 and pitch 𝜃𝜃𝑐𝑐  directions. Two bogies, 𝑚𝑚𝑏𝑏1 and 𝑚𝑚𝑏𝑏2 that can 
bounce and pitch with 𝑧𝑧𝑏𝑏1𝑓𝑓 , 𝑧𝑧𝑏𝑏1𝑟𝑟 , 𝑧𝑧𝑏𝑏2𝑓𝑓 , 𝑧𝑧𝑏𝑏2𝑟𝑟 respectively and four rigid wheelsets 
𝑧𝑧𝑤𝑤1𝑓𝑓 , 𝑧𝑧𝑤𝑤1𝑟𝑟 , 𝑧𝑧𝑤𝑤2𝑓𝑓 , 𝑧𝑧𝑤𝑤2𝑟𝑟 . There are spring-damper elements 𝑘𝑘𝑠𝑠, 𝑘𝑘𝑝𝑝,𝑘𝑘𝑎𝑎 , 𝑐𝑐𝑠𝑠, 𝑐𝑐𝑝𝑝, 𝑐𝑐𝑎𝑎 between 𝑚𝑚𝑠𝑠 and 𝑚𝑚𝑝𝑝, 
𝑚𝑚𝑝𝑝 and 𝑚𝑚𝑎𝑎, as well as between 𝑚𝑚𝑎𝑎 and car body 𝑚𝑚𝑐𝑐. A secondary suspension system, consisting of 
a parallel configuration of spring and damper pairs 𝑘𝑘𝑐𝑐𝑐𝑐 ,𝑘𝑘𝑐𝑐𝑐𝑐 , 𝑐𝑐𝑐𝑐𝑐𝑐, 𝑐𝑐𝑐𝑐𝑐𝑐 is installed between the car body 
and bogie frame. The bogie frame, which includes two wheelsets, is connected to the wheelsets 
through a primary suspension system comprising pairs of springs 𝑘𝑘𝑏𝑏1𝑟𝑟 ,𝑘𝑘𝑏𝑏2𝑟𝑟 ,𝑘𝑘𝑏𝑏1𝑓𝑓 ,𝑘𝑘𝑏𝑏2𝑓𝑓 and dampers 
𝑐𝑐𝑏𝑏1𝑟𝑟, 𝑐𝑐𝑏𝑏2𝑟𝑟, 𝑐𝑐𝑏𝑏1𝑓𝑓, 𝑐𝑐𝑏𝑏2𝑓𝑓. For analysis purposes, the contact wire is modeled as a basic spring and damper 
system. All parameters should be defined based on the user experience in the numerical analysis. 
The larger the value of the spring and damper coefficient, the lower the numerical efficiency and the 
longer the running time, but the more accurate it is. 

The equation of motion of this model is given by the equation of motion and pitch of the bogies 
and car body in Eq. (1) to Eq. (6), the equation of motion of the contact strip in Eq. (9), the equation 
of motion of the pan head in Eq. (8), and finally the equation of motion of the frame in Eq. (7). 
Consequently, all dynamic equilibrium equations of the half-body railway pantograph should be 
expressed as all equations below. 
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Table 1 
Notation for vertical half-body railway pantograph model 
Symbol Parameter Units 
𝑧𝑧𝑠𝑠 Vertical displacement of contact strip m 

𝑧𝑧𝑝𝑝 Vertical displacement of panhead m 

𝑧𝑧𝑎𝑎 Vertical displacement of frame m 

𝑧𝑧𝑐𝑐𝑐𝑐 Vertical displacement of front car body m 

𝑧𝑧𝑐𝑐𝑐𝑐 Vertical displacement of rear car body m 

𝑧𝑧𝑏𝑏1𝑓𝑓 Vertical displacement of front bogie 1 m 

𝑧𝑧𝑏𝑏1𝑟𝑟 Vertical displacement of rear bogie 1 m 

𝑧𝑧𝑏𝑏2𝑓𝑓 Vertical displacement of front bogie 2 m 

𝑧𝑧𝑏𝑏2𝑟𝑟 Vertical displacement of rear bogie 2 m 

𝑧𝑧𝑤𝑤1𝑓𝑓 Vertical irregularity of front wheel 1 m 

𝑧𝑧𝑤𝑤1𝑟𝑟 Vertical irregularity of rear wheel 1 m 

𝑧𝑧𝑤𝑤2𝑓𝑓 Vertical irregularity of front wheel 2 m 

𝑧𝑧𝑤𝑤2𝑟𝑟 Vertical irregularity of rear wheel 2 m 

𝐼𝐼𝜃𝜃𝜃𝜃 Pitch inertia of car body kgm2 

𝐼𝐼𝜃𝜃1 Pitch angle of front bogie  kgm2 

𝐼𝐼𝜃𝜃2 Pitch angle of rear bogie kgm2 

𝑚𝑚𝑠𝑠 Mass of contact strip kg 

𝑚𝑚𝑝𝑝 Mass of panhead kg 

𝑚𝑚𝑎𝑎 Mass of frame kg 

𝑚𝑚𝑐𝑐  Mass of car body kg 

𝑚𝑚𝑏𝑏1 Mass of front bogie kg 

𝑚𝑚𝑏𝑏2 Mass of rear bogie kg 

𝑙𝑙𝑏𝑏 Distance between 2 bogies m 

𝑙𝑙𝑤𝑤1 Distance between front wheels m 

𝑙𝑙𝑤𝑤2 Distance between rear wheels m 

𝑘𝑘𝑠𝑠  Vertical stiffness panhead to contact strip Nm-1 

𝑘𝑘𝑝𝑝 Vertical stiffness arm to panhead Nm-1 

𝑘𝑘𝑎𝑎 Vertical stiffness car body to frame Nm-1 

𝑘𝑘𝑐𝑐𝑐𝑐 Vertical stiffness front bogie to car body Nm-1 

𝑘𝑘𝑐𝑐𝑐𝑐 Vertical stiffness rear bogie to car body Nm-1 

𝑘𝑘𝑏𝑏1𝑓𝑓 Vertical stiffness wheel 1 to front bogie Nm-1 

𝑘𝑘𝑏𝑏1𝑟𝑟 Vertical stiffness wheel 1 to front bogie Nm-1 

𝑘𝑘𝑏𝑏2𝑓𝑓 Vertical stiffness wheel 2 to rear bogie Nm-1 

𝑘𝑘𝑏𝑏2𝑟𝑟 Vertical stiffness wheel 2 to rear bogie Nm-1 

𝑐𝑐𝑠𝑠 Equivalent viscous damping panhead to contact strip Nsm-1 

𝑐𝑐𝑝𝑝 Equivalent viscous damping frame to panhead Nsm-1 

𝑐𝑐𝑎𝑎 Equivalent viscous damping car body to frame Nsm-1 

𝑐𝑐𝑐𝑐𝑐𝑐 Equivalent viscous damping front bogie to car body Nsm-1 

𝑐𝑐𝑐𝑐𝑐𝑐 Equivalent viscous damping rear bogie to car body Nsm-1 

𝑐𝑐𝑏𝑏1𝑓𝑓 Equivalent viscous damping wheel 1 to front bogie Nsm-1 

𝑐𝑐𝑏𝑏1𝑟𝑟 Equivalent viscous damping wheel 1 to front bogie Nsm-1 

𝑐𝑐𝑏𝑏2𝑓𝑓 Equivalent viscous damping wheel 2 to rear bogie Nsm-1 

𝑐𝑐𝑏𝑏2𝑟𝑟 Equivalent viscous damping wheel 2 to rear bogie Nsm-1 
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2.2 Half-Body Railway Pantograph Modelling in Algodoo 

 
In this study, the half-body railway pantograph model is simplified to 9DOF lumped model with 

six masses in motions; contact strip, pan head, frame, car body, bogies and wheelsets as seen in 
Figure 4 which can characterize the vertical motion of the half-body railway pantograph effectively. 
While the component of catenary wire is depicted by a simple spring and damper for analysis. 
Initially, only the weights of the masses affect the motions as depicted in Figure 4(a) show the 
responses at 𝑧𝑧𝑠𝑠 while as Figure 4(b) show the responses at 𝑧𝑧𝑤𝑤1𝑓𝑓. 

In the second simulation, step input (𝑧𝑧𝑤𝑤1𝑓𝑓) of 0.125 m (Figure 5b) is applied. Thirdly, a bumper 
input (𝑧𝑧𝑤𝑤1𝑓𝑓) of 0.1875 m (Figure 5a) is applied. Due to the software constraint to produce such inputs, 
the bottom support of the pantograph is modified to a rotational part (Figure 5). The inputs are 
assumed directly from track to body to the pantograph support. The input is move and hit the support 
at certain force. In general, the linearization of the frame's nonlinear motion equation at a specific 
height can be used to determine the lumped mass of the frame. Considering this, a simplified linear 
model of the half-body railway pantograph is produced, which comprises of the damper and the 
spring as it mass. This model can accurately define the half-body railway pantograph's vertical motion 
by considering the masses’ weights only. 

This study used a combination of MATLAB/Simulink based on the zero-dimensional model to build 
the railway pantograph model according to the mathematical equations above. The model should 
include the input 𝑧𝑧𝑤𝑤1𝑓𝑓 from Algodoo as the disturbance to generate the output of vertical 
displacement  𝑧𝑧𝑠𝑠. The damping ratio is expressed as: 
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km
c

2
=ξ                                                                           (10) 

 
where ξ  is the damping ratio, c is the equivalent viscous damping, k is the vertical stiffness and m is 
the mass of each element.  
 

 
Fig. 4. Half-body simulation in Algodoo (a) Responses at 𝑧𝑧𝑠𝑠 (b) Responses at 𝑧𝑧𝑤𝑤1𝑓𝑓 

 

 
Fig. 5. Simulation inputs (a) bump input (b) step input 
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2.3 Damping and Stiffness Parametric Analysis 
 
The data for some of the structural stiffnesses and damping are nonlinear. Since the model is 

linear, a procedure had to be used to linearize this data. This procedure could be applied iteratively 
to correct the values for each input. The sensitivity of the predicted responses to errors in the 
parameters could be calculated using parametric analysis of the damping and stiffness. Statistical 
errors used in analysis to evaluate the accuracy or error of the model include the mean absolute 
relative error and its percentage. Statistical error is an element of uncertainty in statistics that can 
occur when a sample of data is used to make statistical estimates or inferences about a larger 
population. Mean absolute relative error measures the average absolute value of the relative error 
between the predicted values and the actual value in a data set, while mean absolute percentage 
error measures the average absolute value of the relative error percentage between the predicted 
values and the actual value in a data set. The error from the both models ( iε ) can be calculated by 
using Eq. (11), the mean absolute relative error (ε ) can be calculated by using Eq. (12) while the 
mean absolute percentage error (%ε ) formula is represented in Eq. (13). Table 2 shows the range of 
damping ratio used in order to find the optimal damping ratio at the lowest error in the half-body 
railway pantograph model. 
 

iMiAi xx ,, −=ε                                                      (11) 

 

n
x

xxn

i
iA

iMiA∑ =

−

=
1

,

,,

ε                                                                  (12) 

 

% 100
1

,

,,

×

−

=
∑ =

n
x

xxn

i
iA

iMiA

ε                                                                              (13) 

 
where iε  refers to error values between Algodoo model iAx , and MATLAB/Simulink model iMx ,  while 
as ε  is the mean absolute relative error,  %ε  is the mean absolute percentage error and n is the 
total set of data used in the simulation. The parametric analysis of damping is initiated by changing 
the value of the damping ratio, which includes the value of 𝑐𝑐𝑏𝑏1𝑓𝑓 and 𝑐𝑐𝑏𝑏1𝑟𝑟. If the value of the damping 
ratio is changed gradually, no optimal value is obtained. Therefore, the analysis must be performed 
by first changing both damping ratios for 𝑚𝑚𝑏𝑏1, followed by changes in 𝑚𝑚𝑏𝑏2.  

This procedure yields the optimal value for the damping ratio with the least error, as shown in 
Figure 6 and Figure 7. The effect of different damping ratio parameters for each mass was 
investigated. Simulated system performance was evaluated for the damping ratio values listed in 
Table 2. Basically, the tuning range is between 0 and 2 in agreement with the lowest error presented. 
Consequently, from the obtained optimal value for the damping ratio, the damping coefficient can 
be derived by the above Eq. (10). The information from this table shows that at this stage of the 
parametric analysis, the lowest error is 0.0221. As seen from Figure 8 to Figure 12 the damping 
parametric analysis for required damping coefficient are obtained. 

Next, the parametric analysis of stiffness is performed to find the least error. The analysis is 
performed only for both bogies since the error value obtained when the stiffness value is changed at 
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other locations will give a higher error value. As shown in Figures 13 and 14, the parametric analysis 
of stiffness is performed for the required stiffness. Once the parameter variables of the optimum 
stiffness are determined, the responses of the half-body railway pantograph system can be 
calculated. The simulated system performance was evaluated for the stiffness ratios listed in Table 
3. From this table, the optimal value of the mean absolute relative error resulting from the parametric 
analysis of the stiffness is 0.0173, where the mean absolute percentage error is 1.73%. 
 

 
Fig. 6. Damping parametric analysis for 𝑐𝑐𝑏𝑏1𝑓𝑓 and 𝑐𝑐𝑏𝑏1𝑟𝑟 

 

 
Fig. 7. Damping parametric analysis for 𝑐𝑐𝑏𝑏2𝑓𝑓 and 𝑐𝑐𝑏𝑏2𝑟𝑟 
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Table 2 
Damping parametric analysis value 

Parameter Tunning 
range 

Optimal 
value 

Mean absolute 
relative error 

Damping 
Coefficient 

𝑐𝑐𝑏𝑏1𝑓𝑓, 𝑐𝑐𝑏𝑏1𝑟𝑟 0 - 0.3 0.13 0.0277 11.2051 
𝑐𝑐𝑏𝑏2𝑓𝑓, 𝑐𝑐𝑏𝑏2𝑟𝑟 0 - 1.0 0.40 0.0274 34.4771 
𝑐𝑐𝑐𝑐𝑐𝑐 0 - 1.0 0.45 0.0254 73.9425 
𝑐𝑐𝑐𝑐𝑐𝑐 0 - 2.0 0.65 0.0224 106.8059 
𝑐𝑐𝑎𝑎 0 - 1.0 0.60 0.0222 50.9117 
𝑐𝑐𝑝𝑝 0 - 1.0 0.70 0.0221 59.3970 
𝑐𝑐𝑠𝑠 0 - 2.0 0.95 0.0221 80.6102 

 

 
Fig. 8. Damping parametric analysis for 𝑐𝑐𝑐𝑐𝑐𝑐 

 

 
Fig. 9. Damping parametric analysis for  𝑐𝑐𝑐𝑐𝑐𝑐 
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Fig. 10. Damping parametric analysis for 𝑐𝑐𝑎𝑎 

 

 
Fig. 11. Damping parametric analysis for  𝑐𝑐𝑝𝑝 

 

 
Fig. 12. Damping parametric analysis for  𝑐𝑐𝑠𝑠 
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Fig. 13. Stiffness parametric analysis for 𝑘𝑘𝑏𝑏1𝑓𝑓 and 𝑘𝑘𝑏𝑏1𝑟𝑟 

 

 
Fig. 14. Stiffness parametric analysis for 𝑘𝑘𝑏𝑏2𝑓𝑓 and 𝑘𝑘𝑏𝑏2𝑟𝑟 

 
Table 3 
Stiffness parametric analysis value 

Parameter Tunning 
range 

Optimal 
value 

Mean absolute 
relative error 

𝑘𝑘𝑏𝑏1𝑓𝑓, 𝑘𝑘𝑏𝑏1𝑟𝑟 280 - 300 290 0.0174 
𝑘𝑘𝑏𝑏2𝑓𝑓, 𝑘𝑘𝑏𝑏2𝑟𝑟 300 - 310 298 0.0173 

 
3. Results and Discussion 

 
In this study, three different values of input such as weight, step and bump were selected for the 

simulation test represent the track irregularities was given to the system at front wheel 𝑧𝑧𝑤𝑤1𝑓𝑓. The 
initial state of a system greatly affects the dynamic results of the simulation. Before the system runs 
at a certain speed, the action of tension and gravity leads to an initial disturbance of the system to 
reach an initial state of equilibrium. Therefore, the correct initial equilibrium conditions must be 
calculated and supplied to this model to obtain an accurate dynamic response. Verification procedure 
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is initiated with the analysis responses of contact strip displacement 𝑧𝑧𝑠𝑠 at masses motion then 
followed by step input at 0.125 m and finally bump input at 0.1875 m. Each of the results are analysed 
in term of the mean absolute relative error for both simulation and Algodoo data and measure the 
percentage of errors. The Algodoo model is plotted blue solid line while the Simulink model is plotted 
with red dashed line. It can be observed that the responses are almost the same between the 
Simulink model and the Algodoo model. The differences are due to the damping parameters; the 
damping ratio is used in the Algodoo, while the actual damping value is used in MATLAB/Simulink 
which is depending on the mass and spring stiffness. The mean absolute relative error between the 
models is depicted in Table 3 for no input (weight only), step input, and bump input respectively. The 
mean absolute percentage error is less than 2.5 % compared to the results in Algodoo. 

 
3.1 Weight Input 
 

Figure 15 depicts the responses of contact strip displacement 𝑧𝑧𝑠𝑠 at masses motion. It can be seen 
that due to the influence of tension and gravity, the minimum time to reach initial equilibrium should 
be greater than 10 s. It can be observed that the responses are almost the same between the Simulink 
model and the Algodoo model with the mean relative absolute error between the models is 0.0173.  

 
Fig. 15. Vertical displacement output responses of contact strip for weight 
considering only 

 
3.2 Step Input 
 

Figure 16 below show the vertical displacement at 𝑧𝑧𝑠𝑠 when disturb by the step input. Numerical 
simulations show that the application of the input is given after the system reach the initial 
equilibrium at 11 s. Figure shows that the displacement time series obtained from the numerical 
model describes the real response well, including both displacement magnitude during the whole 
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passage and the shape with the mean relative absolute error between the models is 0.022. There is 
a peak in the figure when the system is disturbed by the input. 

 

 
Fig. 16. Vertical displacement output responses of contact strip for step 
input 

 
3.3 Bump Input 
 

Figure 17 below show the vertical displacement at 𝑧𝑧𝑠𝑠 when disturb by the bump input after the 
system reach the initial equilibrium at 13 s. It can be observed that due to the effect of input, the 
fluctuation in displacement value is significantly increased, manifested by the increase of minimum 
value and the decrease of maximum value. The mean relative absolute error between the models is 
0.023. 

 
3.4 Mean Absolute Relative Error Analysis 
 

The results for mean absolute relative error and mean absolute percentage error under different 
input are presented in Table 4. Noted that the lower the error value, the better the accuracy of the 
model because, the error analysis measures the relative error in the form of a percentage against the 
range of true values. It gives an idea of how closely the model or prediction approaches the variation 
of the true values in the dataset.  
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Fig. 17. Vertical displacement output responses of contact strip for bump input 

 
Table 4 
Statistics of error in different inputs 

Input Mean Absolute Relative 
Error before tuning 

Mean Absolute Relative 
Error after tuning 

Weight 3.4996 × 10−2 1.7340 × 10−2 
Step 3.9063 × 10−2 2.1613 × 10−2 
Bump 3.9762 × 10−2 2.2543 × 10−2 

 
4. Conclusions 
 

The 9DOF model with the lumped mass is used to describe the physical characteristics of the real 
pantograph. The results show a good and clear explanation of the vertical displacement of the 
contact strip of the real pantograph in terms of the mean absolute relative error for both the Algodoo 
simulation and the MATLAB/Simulink model. The simulations were performed with the model of a 
half-body railway pantograph using different input weights, steps, and bumps. Since the differences 
are very small, which are less than 2.5 %, it can be concluded that the models are verified. The results 
of the verification show satisfactory performance of the developed model in MATLAB/Simulink 
compared with a 2D physics-based simulation software, Algodoo model with acceptable error. Both 
models can be used for further analysis of the interaction between pantographs and overhead 
contact lines to obtain results from experimental measurements.  
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