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Abstract 
 

The aim of this work is to determine the effectiveness of active suspension control 

systems in improving the ride quality of railway vehicles. A 13-degrees-of-freedom (DOF) 

full-body model is provided, including lateral, yaw, and rool motions of the body and 

bogies, and lateral displacement of the four wheelsets. The suspension system of railway 

vehicles and the dynamics of track irregularities are combined in a set of governing 

equations. MATLAB/Simulink is used to build a full-body dynamics model of a rail vehicle. 

The effectiveness of the active suspension systems equipped with the suggested 

controller has been tested for the purpose of evaluating its performance. Compared 

to passive systems, the results showed a more than 60 % improvement in vehicle 

performance on irregular tracks. 
 

Keywords: Railway vehicle dynamic, active suspension system, modified-skyhook, ride 

performance, lateral motion 

 

Abstrak 
 

Matlamat kerja ini adalah untuk menentukan keberkesanan sistem kawalan 

penggantungan aktif dalam meningkatkan kualiti perjalanan kenderaan kereta api. 

Model badan penuh 13 darjah kebebasan (DOF) disediakan, termasuk gerakan sisi, 

yaw, dan guling badan dan bogie, dan anjakan sisi empat set roda. Sistem 

penggantungan kenderaan kereta api dan dinamik ketidakrataan landasan 

digabungkan dalam satu set persamaan yang mengawal. MATLAB/Simulink 

digunakan untuk membina model dinamik badan penuh bagi kenderaan kereta api. 

Keberkesanan sistem penggantungan aktif yang dilengkapi dengan pengawal 

cadangan telah diuji untuk tujuan menilai prestasinya. Berbanding dengan sistem pasif, 

keputusan menunjukkan peningkatan lebih daripada 60 % dalam prestasi kenderaan 

pada landasan yang tidak rata. 
 

Kata kunci: Dinamik kenderaan kereta api, sistem penggantungan aktif, cangkuk-

langit diubahsuai, prestasi tunggangan, gerakan sisi 
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1.0 INTRODUCTION 
 

As high-speed railway vehicles have proven to be an 

efficient and less expensive mode of transport, 

numerous governments have expressed interest in 

their development. At high speeds, however, 

important things like riding comfort or safety 

deteriorate, which in the worst case can lead to bad 

things like a railway vehicle derailment. The high 

speed would generate large body vibrations in the 

railway vehicle, leading to problems with running 

stability and ride quality [1] and maintenance costs 

[2]. Therefore, in order to make railway vehicles more 

comfortable and safer, it is necessary to reduce 

vibration and reduce the swaying phenomenon in the 

car body [3]. In addition, an untuned suspension 

system with a state-of-the-art engine can significantly 

affect ride comfort or possibly lead to fatalities, 

making suspension system one of the most important 

technologies in railway vehicles [3]. 

In general, the vehicle's suspension system is the 

key to the safety and comfort of passengers, as it 

effectively isolates the body from ground-induced 

vibrations [4]. The damper should convert vibration 

energy into heat and absorb the vibrations caused by 

the unevenness of the ground surface [5, 6]. There are 

three distinct categories of suspension systems, known 

respectively as passive, semi-active and active [7]. 

Compared to the traditional passive approach, semi-

active suspension technology in railway vehicles offers 

higher opportunities to improve their dynamic 

performances [8, 9, 10]. The use of springs and 

pneumatics in active railway vehicle suspension 

systems offers several advantages, including 

simplifying the overall vehicle design and reducing 

operating costs [11, 12]. When active control is being 

applied to a railway vehicle's secondary suspensions, 

the ride quality is improved, making it more 

comfortable to ride [13, 14]. In addition, an active 

suspension system also has the ability to generate 

energy that can be used to create relative motion 

between the body and the wheelsets that 

dynamically responds to changes in the track profiles 

[15, 16]. However, to do so, they require a significant 

amount of power and a complex control 

implementation. In addition, evaluating the stability of 

the control system is important, as railway vehicles on 

the track could gain or retain more mechanical 

performance through the use of active suspension 

technologies [17, 18]. Active control can be used with 

both lateral and vertical secondary suspensions 

aimed at reacting to track irregularities [15, 17]. Active 

suspension innovation with sensors sensing important 

variables such as displacement, speed, acceleration 

and pressure aid in the development of an actuation 

controller, resulting in a comfortable ride within the 

allowable deflection range [13, 18]. 

Railway vehicle suspension systems consist of 

sensors, actuators, and the force required for 

actuators is been controlled by a specific law to 

produce the desired force. Therefore, the appropriate 

control must be implemented to generate the force 

required by the systems. Control strategy is the hub of 

system control and has a significant impact on how 

efficiently an active control system operates. Due to 

the potential benefits of active control, which includes 

sensors, actuators and electronic controls to create 

an active suspension system, its implementation in 

railway vehicle suspension systems is under 

investigation [19].  

In the previous study, a variety of control systems 

aimed at improving the performance of railway 

vehicles were presented, such as an LQR controller 

[20], fuzzy logic [21, 22], sliding mode [23] and 

magnetorheological damper [24, 25, 26], which helps 

to reduce the vibration of the moving body. Skyhook 

theory has been extensively researched for its 

application in automotive and railway vehicle systems 

as a means of providing suspension control [27, 28]. 

Based on literature reviews, it can concluded that the 

skyhook control law can make railway vehicles more 

comfortable on long journeys [29, 30]. This regulatory 

framework was first proposed in 1974 [31]. The Skyhook 

damper provides damping without transmitting 

unsprung mass vibrations to the body because it is not 

attached to the unsprung mass. For this reason, the 

damper is segmented in such a way that the damping 

force is proportional to the absolute speed of the 

sprung masses [31].  

In this paper, the effects of a modified skyhook 

controller on railway vehicle ride performance were 

determined through active secondary suspensions. In 

the first stage, a full 13-DOF railway dynamics 

mathematical model was developed. In the second 

stage, the railway dynamics model was then 

simulated and analyzed using MATLAB/Simulink. In the 

final stage, the proposed control system was 

implemented on the model. Reductions in vibrations 

were observed at subsequently the reductions 

represented the improvement in ride performance of 

the railway vehicle.    

 

 

2.0 METHODOLOGY 
 

2.1 Dynamic Mathematical Modelling of Railway 

Vehicle 
 

The model for railway dynamic systems is derived 

mathematically using Newton's second law [X8]. The 

suspension components placed between the vehicle 

body and the bogies are modeled as the secondary 

system, while the suspension components placed 

between the bogie and the wheelsets are modeled 

as the primary suspension. In this study, a 13-degree-

of-freedom model is developed to study the motions 

of the body, bogie, and wheelsets of a train. Figure 1, 

Figure 2 and Figure 3 show the arrangement of the 

railway vehicle with its suspensions.  
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Figure 1 Side view 

 

 
Figure 2 Rear View 

 

 
 

Figure 3 Top View 

 

 

The 13-DOF mathematical equations are 

presented in Equation (1) to Equation (13). All the 

symbols for the parameters are tabulated in Table 1. 

The variables and equations’ states are described in 

Table 2. 

 
i. Car Body Dynamics 

 

The lateral force due to the car body mass is 

represented by: 

    𝑚𝑐𝑦̈𝑐 = −𝑘2𝑦(𝑦𝑐 + 𝑙𝜑𝑐 − ℎ1𝜃𝑐 − 𝑦𝑏𝑓

− ℎ3𝜃𝑏𝑓 − 𝑐2𝑦(𝑦̇𝑐 + 𝑙𝜑𝑐̇

− ℎ2𝜃𝑐̇ − 𝑦̇𝑏𝑓 − ℎ5𝜃̇𝑏𝑓)

− 𝑘2𝑦(𝑦𝑐 − 𝑙𝜑𝑐 − ℎ1𝜃𝑐

− 𝑦𝑏𝑟 − ℎ3𝜃𝑏𝑟) − 𝑐2𝑦(𝑦̇𝑐

− 𝑙𝜑𝑐̇ − ℎ2𝜃𝑐̇ − 𝑦̇𝑏𝑟

− ℎ5𝜃̇𝑏𝑟) 

 

 

 

 

 

 

 

(1) 

 

The yawing and rolling moments of the car body can 

be described by the following equations: 

 

    𝐼𝑐𝑧𝜑̈𝑐 = −𝑘2𝑦𝑙(𝑦𝑐 + 𝑙𝜑𝑐 − ℎ1𝜃𝑐 − 𝑦𝑏𝑓 

− ℎ3𝜃𝑏𝑓)

−  𝑐2𝑦𝑙(𝑦̇𝑐 + 𝑙𝜑𝑐̇ − ℎ2𝜃𝑐̇

− 𝑦̇𝑏𝑓 − ℎ5𝜃̇𝑏𝑓)

+ 𝑘2𝑦𝑙(𝑦𝑐 − 𝑙𝜑𝑐 − ℎ1𝜃𝑐

− 𝑦𝑏𝑟 − ℎ3𝜃𝑏𝑟)

+ 𝑐2𝑦𝑙(𝑦̇𝑐𝑙𝜑𝑐̇ − ℎ2𝜃𝑐̇

− 𝑦̇𝑏𝑟 − ℎ5𝜃̇𝑏𝑟)

− 𝑘2𝑥 𝑏2
2(𝜑𝑐

−  𝜑𝑏𝑓)−𝑐2𝑥 𝑏3
2(𝜑̇𝑐

−  𝜑̇𝑏𝑓)

+ 𝑘2𝑥 𝑏2
2(𝜑𝑐 − 𝜑𝑏𝑟)

−  𝑐2𝑥 𝑏3
2(𝜑̇𝑐 − 𝜑̇𝑏𝑟) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(2) 

 

    𝐼𝑐𝑥𝜃̈𝑐 =  −𝑘2𝑦ℎ1(𝑦𝑐 + 𝑙𝜑𝑐 − ℎ1𝜃𝑐 − 𝑦𝑏𝑓 

−  ℎ3𝜃𝑏𝑓)

+  𝑐2𝑦ℎ2(𝑦̇𝑐 + 𝑙𝜑𝑐̇ − ℎ2𝜃𝑐̇

−  𝑦̇𝑏𝑓 − ℎ5𝜃̇𝑏𝑓)

+ 𝑘2𝑦ℎ1(𝑦𝑐 − 𝑙𝜑𝑐 −  ℎ1𝜃𝑐

− 𝑦𝑏𝑟− ℎ3𝜃𝑏𝑟)

+ 𝑐2𝑦ℎ2(𝑦̇𝑐 −  𝑙𝜑𝑐̇ − ℎ2𝜃𝑐̇

− 𝑦̇𝑏𝑟 − ℎ5𝜃̇𝑏𝑟)

− 𝑘2𝑥 𝑏2
2(𝜃𝑐 − 𝜃𝑏𝑓)

− 𝑐2𝑥𝑏3
2(𝜃̇𝑐 −  𝜃̇𝑏𝑓)

+ 𝑘2𝑥 𝑏2
2(𝜃𝑐 − 𝜃𝑏𝑟)

−  𝑐2𝑥 𝑏3
2(𝜃̇𝑐 −  𝜃̇𝑏𝑟) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(3) 

 
ii. Bogie Dynamics 

 

The lateral forces due to the front and rear bogies’ 

mass are represented by: 

 

    𝑚𝑏𝑦̈𝑏𝑓 = 𝑘2𝑦(𝑦𝑐 − 𝑙𝜑𝑐 − ℎ2𝜃𝑐𝑦𝑏𝑓 − ℎ3𝜃𝑏𝑓)

+ 𝑐2𝑦(𝑦̇𝑐 − 𝑙𝜑𝑐̇ − ℎ2𝜃𝑐̇𝑦̇𝑏𝑓

− ℎ5𝜃̇𝑏𝑓) − 𝑘1𝑦(𝑦𝑏𝑓

− 𝑙1𝜑𝑏𝑓 − ℎ4𝜃𝑏𝑓 − 𝑦𝑤1)

− 𝑐1𝑦(𝑦̇𝑏𝑓 − 𝑙1𝜑𝑏𝑓̇

− ℎ4𝜃̇𝑏𝑓 − 𝑦̇𝑤1) − 𝑘1𝑦(𝑦𝑏𝑓

− 𝑙1𝜑𝑏𝑓 − ℎ4𝜃𝑏𝑓 − 𝑦𝑤2)

− 𝑐1𝑦(𝑦̇𝑏𝑓 − 𝑙1𝜑𝑏𝑓̇

− ℎ4𝜃̇𝑏𝑓 − 𝑦̇𝑤2) 

 

 

 

 

 

 

 

 

 

 

(4) 
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The yawing moments of the front and rear bogies are 

described by the following equations: 

 

     𝐼𝑏𝑧𝜑̈𝑏𝑟  =  𝑘2𝑥 𝑏2
2(𝜑𝑐 −  𝜑𝑏𝑟)

+ 𝑐2𝑥 𝑏3
2(𝜑̇𝑐

− 𝜑̇𝑏𝑟)−𝑘1𝑦 𝑙1(𝑦𝑏𝑟

+ 𝑙1𝜑𝑏𝑟 − ℎ4𝜃𝑏𝑟

− 𝑦𝑤3)− 𝑐1𝑦𝑙1(𝑦̇𝑏𝑟

+ 𝑙1𝜑̇𝑏𝑟 − ℎ4𝜃̇𝑏𝑟 − 𝑦̇𝑤3)

+  𝑘1𝑦 𝑙1(𝑦𝑏𝑟 + 𝑙1𝜑𝑏𝑟

− ℎ4𝜃𝑏𝑟 − 𝑦𝑤4)

+  𝑐1𝑦𝑙1 (𝑦̇𝑏𝑟 + 𝑙1𝜑̇𝑏𝑟

− ℎ4𝜃̇𝑏𝑟 − 𝑦̇𝑤4)

−  𝑘1𝑥 𝑏1
2(𝜑𝑏𝑟 − 𝜑𝑤3)

− 𝑐1𝑥 𝑏1
2(𝜑̇𝑏𝑟 − 𝜑̇𝑤3)

− 𝑘1𝑥 𝑏1
2(𝜑𝑏𝑟 − 𝜑𝑤4)

−  𝑐1𝑥 𝑏1
2(𝜑̇𝑏𝑟 −  𝜑̇𝑤4) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(6) 

 

    𝐼𝑏𝑧𝜑̈𝑏𝑓  =  𝑘2𝑥 𝑏2
2(𝜑𝑐 − 𝜑𝑏𝑓)

− 𝑐2𝑥 𝑏3
2(𝜑̇𝑐 − 𝜑̇𝑏𝑓)

−  𝑘1𝑦 𝑙1(𝑦𝑏𝑓 + 𝑙1𝜑𝑏𝑓

− ℎ4𝜃𝑏𝑓 − 𝑦𝑤1)

− 𝑐1𝑦𝑙1(𝑦̇𝑏𝑓 + 𝑙1𝜑̇𝑏𝑓

− ℎ4𝜃̇𝑏𝑓 − 𝑦̇𝑤1)

+ 𝑘1𝑦 𝑙1(𝑦𝑏𝑓 +   𝑙1𝜑𝑏𝑓

− ℎ4𝜃𝑏𝑓 − 𝑦𝑤2)

+ 𝑐1𝑦𝑙1(𝑦̇𝑏𝑓 + 𝑙1𝜑̇𝑏𝑓

− ℎ4𝜃̇𝑏𝑓 − 𝑦̇𝑤2)

−  𝑘1𝑥 𝑏1
2(𝜑𝑏𝑓 − 𝜑𝑤1)

−  𝑐1𝑥 𝑏1
2(𝜑̇𝑏𝑓 − 𝜑̇𝑤1)

−  𝑘1𝑥 𝑏1
2(𝜑𝑏𝑓 − 𝜑𝑤2)

−  𝑐1𝑥 𝑏1
2(𝜑̇𝑏𝑓 −  𝜑̇𝑤2) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(7) 

 

EqUation (8) and (9) show the rolling moments of the 

front and rear bogies respectively. 

 

 

    𝐼𝑏𝑥𝜃̈𝑏𝑓 =  −𝑘2𝑦ℎ3(𝑦𝑐 + 𝑙𝜑𝑐 − ℎ1𝜃𝑐

− 𝑦𝑏𝑓 −ℎ3𝜃𝑏𝑓)

+  𝑐2𝑦ℎ5(𝑦̇𝑐 + 𝑙𝜑𝑐̇ − ℎ2𝜃𝑐̇

− 𝑦̇𝑏𝑓 − ℎ5𝜃̇𝑏𝑓)

+  𝑘2𝑧 𝑏2
2(𝜃𝑐 −  𝜃𝑏𝑓)

+ 𝑐2𝑧 𝑏3
2(𝜃̇𝑐 −  𝜃̇𝑏𝑓)

+ 𝑐1𝑦ℎ4(𝑦̇𝑏𝑓 + 𝑙1𝜑𝑏𝑓̇

− ℎ4𝜃̇𝑏𝑓 − 𝑦̇𝑤1)

+ 𝑘1𝑦ℎ4(𝑦𝑏𝑓 − 𝑙1𝜑𝑏𝑓

− ℎ4𝜃𝑏𝑓 − 𝑦𝑤2))

+ 𝑐1𝑦 ℎ4(𝑦̇𝑏𝑓 − 𝑙1𝜑𝑏𝑓̇

− ℎ4𝜃̇𝑏𝑓 − 𝑦̇𝑤2)

− 2𝑐1𝑧 𝑏1
2𝜃𝑏𝑓

− 2𝑘1𝑧 𝑏1
2𝜃̇𝑏𝑓 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(8) 

 

   𝐼𝑏𝑥𝜃̈𝑏𝑟 =  𝑘2𝑦ℎ3(𝑦𝑐 − 𝑙𝜑𝑐 − ℎ1𝜃𝑐

− 𝑦𝑏𝑟 −ℎ3𝜃𝑏𝑟)+ 𝑐2𝑦ℎ5 (𝑦̇𝑐

− 𝑙𝜑𝑐̇ − ℎ2𝜃𝑐̇ − 𝑦̇𝑏𝑟

− ℎ5𝜃̇𝑏𝑟)

+ 𝑘2𝑧 𝑏2
2(𝜃𝑐 −  𝜃𝑏𝑟)

+ 𝑐2𝑧 𝑏3
2(𝜃̇𝑐 − 𝜃̇𝑏𝑟)

+ 𝑘1𝑦ℎ4(𝑦𝑏𝑟 + 𝑙1𝜑𝑏𝑟

− ℎ4𝜃𝑏𝑟 − 𝑦𝑤3)

+ + 𝑐1𝑦ℎ4 (𝑦̇𝑏𝑟 + 𝑙1𝜑𝑏𝑟̇

−    ℎ4𝜃̇𝑏𝑟 − 𝑦̇𝑤3)

+ 𝑘1𝑦ℎ4(𝑦𝑏𝑟 −  𝑙1𝜑𝑏𝑟

− ℎ4𝜃𝑏𝑟 − 𝑦𝑤4)

+ 𝑐1𝑦 ℎ4(𝑦̇𝑏𝑟 − 𝑙1𝜑̇𝑏𝑟

− ℎ4𝜃̇𝑏𝑟 − 𝑦̇𝑤4)

− 2𝑘1𝑧 𝑏1
2𝜃𝑏𝑟

− 2𝑐1𝑧 𝑏1
2𝜃̇𝑏𝑟 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(9) 

 
iii. Wheelset Dynamics 

 

There are four sets of wheels; 1st and 2nd wheelsets are 

at the front bogie and 3rd and 4th wheelsets are at the 

rear bogie. The lateral forces due to the wheelsets’ 

masses are denoted by: 

   

    𝑚𝑤𝑦̈𝑤1 = 𝑘1𝑦(𝑦𝑏𝑓 + 𝑙1𝜑𝑏𝑓 − ℎ4𝜃𝑏𝑓 − 𝑦𝑤1)

+ 𝑐1𝑦 (𝑦̇𝑏𝑓 + 𝑙1𝜑𝑏𝑓̇

− ℎ4𝜃̇𝑏𝑓 − 𝑦̇𝑤1)

− 2𝑓22 [
𝑦̇𝑤1

𝑉
 (1 +

𝜎𝑟0

𝑏
)

− 𝜑𝑤1] + 𝐾𝑔𝑦𝑦𝑤1

− 2𝑓22 [
𝜎𝑟0

𝑉𝑏

𝑦̇𝑎1

+
𝜎𝑟0

2

𝑉𝑏

 𝜃̇𝑐𝑙1] + 𝐾𝑔𝑦(𝑦𝑎1

+ 𝑟0𝜃𝑐𝑙1) 

 

 

 

 

 

 

 

 

 

 

 

 

 

(10) 
 

    𝑚𝑏𝑦̈𝑏𝑟 = 𝑘2𝑦(𝑦𝑐 + 𝑙𝜑𝑐 − ℎ1𝜃𝑐𝑦𝑏𝑟−ℎ3𝜃𝑏𝑟)

+ 𝑐2𝑦(𝑦̇𝑐 + 𝑙𝜑𝑐̇ − ℎ2𝜃𝑐̇𝑦̇𝑏𝑟

− ℎ5𝜃̇𝑏𝑟) − 𝑘1𝑦(𝑦𝑏𝑟

− 𝑙1𝜑𝑏𝑟 − ℎ4𝜃𝑏𝑟 − 𝑦𝑤3)
− 𝑐1𝑦(𝑦̇𝑏𝑟 − 𝑙1𝜑𝑏𝑟̇

− ℎ4 𝜃̇𝑏𝑟 − 𝑦̇𝑤3)
− 𝑘1𝑦(𝑦𝑏𝑟 − 𝑙1𝜑𝑏𝑟

− ℎ4𝜃𝑏𝑟 − 𝑦𝑤4)

− 𝑐1𝑦(𝑦̇𝑏𝑟 − 𝑙1𝜑𝑏𝑟̇

− ℎ4𝜃̇𝑏𝑟 − 𝑦̇𝑤4) 

 

 

 

 

 

 

 

 

 

 

(5) 
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    𝑚𝑤𝑦̈𝑤2 = 𝑘1𝑦(𝑦𝑏𝑓 + 𝑙1𝜑𝑏𝑓 − ℎ4𝜃𝑏𝑓 − 𝑦𝑤2)

+ 𝑐1𝑦 (𝑦̇𝑏𝑓 + 𝑙1𝜑𝑏𝑓̇

− ℎ4𝜃̇𝑏𝑓 − 𝑦̇𝑤2)

− 2𝑓22 [
𝑦̇𝑤2

𝑉
 (1 +

𝜎𝑟0

𝑏
)

− 𝜑𝑤2] + 𝐾𝑔𝑦𝑦𝑤2

− 2𝑓22 [
𝜎𝑟0

𝑉𝑏

𝑦̇𝑎2

+
𝜎𝑟0

2

𝑉𝑏

 𝜃̇𝑐𝑙2] + 𝐾𝑔𝑦(𝑦𝑎2

+ 𝑟0𝜃𝑐𝑙2) 

 

 

 

 

 

 

 

 

 

 

 

 

 

(11) 
 

    𝑚𝑤𝑦̈𝑤3 = 𝑘1𝑦(𝑦𝑏𝑟 + 𝑙1𝜑𝑏𝑟 − ℎ4𝜃𝑏𝑟 − 𝑦𝑤3)

+ 𝑐1𝑦 (𝑦̇𝑏𝑟 + 𝑙1𝜑𝑏𝑟̇

− ℎ4𝜃̇𝑏𝑟 − 𝑦̇𝑤3)

− 2𝑓22 [
𝑦̇𝑤3

𝑉
 (1 +

𝜎𝑟0

𝑏
)

− 𝜑𝑤3] + 𝐾𝑔𝑦𝑦𝑤3

− 2𝑓22 [
𝜎𝑟0

𝑉𝑏

𝑦̇𝑎3

+
𝜎𝑟0

2

𝑉𝑏

 𝜃̇𝑐𝑙3] + 𝐾𝑔𝑦(𝑦𝑎3

+ 𝑟0𝜃𝑐𝑙3) 

 

 

 

 

 

 

 

 

 

 

 

 

 

(12) 
 

    𝑚𝑤𝑦̈𝑤4 = 𝑘1𝑦(𝑦𝑏𝑟 + 𝑙1𝜑𝑏𝑟 − ℎ4𝜃𝑏𝑟 − 𝑦𝑤4)

+ 𝑐1𝑦 (𝑦̇𝑏𝑟 + 𝑙1𝜑𝑏𝑟̇

− ℎ4𝜃̇𝑏𝑟 − 𝑦̇𝑤4

− 2𝑓22 [
𝑦̇𝑤4

𝑉
 (1 +

𝜎𝑟0

𝑏
)

− 𝜑𝑤4] + 𝐾𝑔𝑦𝑦𝑤4

− 2𝑓22 [
𝜎𝑟0

𝑉𝑏

𝑦̇𝑎4

+
𝜎𝑟0

2

𝑉𝑏

𝜃̇𝑐𝑙4] + 𝐾𝑔𝑦(𝑦𝑎4

+ 𝑟0𝜃𝑐𝑙4) 

 

 

 

 

 

 

 

 

 

 

 

 

 

(13) 

 
2.2 MATLAB/Simulink & Simulation Model 

 

Figure 4 shows the schematic structure of 13-DOF 

railway vehicle assembly represented as a block 

diagram in MATLAB/Simulink by referencing the 

derived dynamic mathematical model. The simulated 

assembly includes the vehicle body, bogies and 

wheelsets, all connected by the spring and damper 

components of the primary and secondary 

suspension [X6]. Then the model is simulated to study 

the performance difference between passive and 

active secondary suspension. When it comes to 

technical computing, MATLAB is the language of 

choice because it integrates programming, 

computation, and visualization in a single platform 

[32].  

In order to reduce the possibility of errors occurring 

during the simulation process, the models used in the 

programmed MATLAB Simulink must fully follow the 

specified equations. It is assumed that the complexity 

of the models is reduced, and the number of 

unknowns is minimized. The assumptions imply that the 

excitation of the track is transmitted to the car body 

via the wheelset to the primary suspensions, to the 

bogies, and secondary suspensions systems. It is 

permissible for the car body mass and bogies’ masses 

to roll, yaw and move laterally. The wheelsets’ masses 

are considered as a rigid body apart from their ability 

to move laterally, which is the only direction they can 

move. Finally, the track irregularities in layout are seen 

as the external disturbance in the system. 

 

 
 

Figure 4 Schematic railway vehicle structure in 

MATLAB/Simulink 
 

 

2.3 Modified Skyhook Controller 

 

In this study, Skyhook has been used as the controller 

because Skyhook was the best suspension controller 

because it allowed the vehicle to hold its position as if 

it were hanging from an imaginary hook in the sky, 

regardless of track conditions [X22]. The Skyhook 

damping method is positioned between the spring 

mass and a notional point in the sky. With this 

controller, passive suspension systems no longer have 

to choose between resonance control and high-

frequency operation [X23]. However, due to an issue 

caused by the implementation of the original skyhook 

controller, the skyhook had to be modified to provide 

the adequate force to mitigate the track irregularities 

in the simulation [29, 30]. The dynamic equations of 

the modified Skyhook controller are given as follows: 

 

    𝐹𝑚𝑠𝑘𝑦,𝑓 = 𝐶𝑚𝑠𝑘𝑦,𝑓[𝛼(𝑦̇𝑐𝑓 − 𝑦̇𝑏𝑓) + (1

− 𝛼)𝑦̇𝑏𝑓] 

 

(14) 

 

    𝐹𝑚𝑠𝑘𝑦,𝑟 = 𝐶𝑚𝑠𝑘𝑦,𝑟[𝛼(𝑦̇𝑐𝑟 − 𝑦̇𝑏𝑟) + (1

− 𝛼)𝑦̇𝑏𝑟] 

 

(15) 

Where 𝐹𝑚𝑠𝑘𝑦,𝑓 and 𝐹𝑚𝑠𝑘𝑦,𝑟 are the skyhook forces of 

front and rear dampers, 𝐶𝑚𝑠𝑘𝑦,𝑓 and 𝐶𝑚𝑠𝑘𝑦,𝑟 are the 

coefficients of skyhook controller of front and rear 

damper while 𝛼 is the ratio of the bogie mass modified 

skyhook. Figures 5 and 6 shows the block diagram of 
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modified skyhook controller and schematic diagram 

of railway suspension with skyhook controller. 

 

 
 

Figure 5 Modified skyhook controller 

 

 
 

Figure 6 Schematic diagram of railway suspension with 

skyhook controller  
 

 

The system inputs are the track random input 

disturbances with amplitude of 0.01 to - 0.01 m [8, 26]. 

Sensors are utilized to monitor system outputs such as 

lateral displacement and yaw angle and transmit 

measurements to the controller. The controller 

determines the appropriate amount of control action 

to be applied to the system, and the actuators carry 

out this control action. 
 

2.4 Parameters and Equations’ States  

 
Table 1 Parameters used in developing the 13-DOF 

passenger vehicle model [20]. 

 

Symbol Parameters Value 

𝒎𝒄 

 

𝒎𝒃 

 

𝒎𝒘 

 

𝒌𝟏𝒚
 

Vehicle body mass (kg) 

 

Vehicle bogie mass 

(kg) 

 

Vehicle wheel mass 

(kg) 

 

Double of primary 

lateral stiffness (N/m) 

32000 

 

3296 

 

1750 

 

29000000 

Symbol Parameters Value 

𝒌𝟏𝒙
 

Double primary 

longitudinal stiffness 

(N/m) 

15000000 

𝒌𝟏𝒛 Double of primary 

vertical stiffness (N/m) 

1330000 

𝑪𝟏𝒚 Double of primary 

lateral damping (Ns/m) 

0 

𝑪𝟏𝒙 Double of primary 

longitudinal damping 

(Ns/m) 

0 

𝑪𝟏𝒛 Double of primary 

vertical damping 

(Ns/m) 

30000 

𝒌𝟐𝒚 Double of primary 

lateral stiffness (N/m) 

350000 

𝒌𝟐𝒙 Double primary 

longitudinal stiffness 

(N/m) 

340000 

𝒌𝟐𝒛 Double of primary 

vertical stiffness (N/m) 

680000 

𝑪𝟐𝒚 Double of primary 

lateral damping (Ns/m) 

52000 

𝑪𝟐𝒙 Double of primary 

longitudinal damping 

(Ns/m) 

500000 

𝑪𝟐𝒛 Double of primary 

vertical damping 

(Ns/m) 

160000 

𝒃 Half of wheelset 

contact distance (m) 

0.7465 

𝒃𝟏
 

Half of primary 

suspension spacing 

(lateral) (m) 

1 

𝒃𝟐
 

Half of secondary 

spring spacing (lateral) 

(m) 

1 

𝒃𝟑 Half of secondary 

vertical damper 

spacing (m) 

1 

𝑰𝒘
 

Roll moment of inertia 

of wheelset (kg.m2) 

1400 

𝑰𝒃𝒛
 

Yaw moment of inertia 

of bogie (kg.m2) 

2100 

𝑰𝒃𝒙 Roll moment of inertia 

of bogie (kg.m2) 

1900 

𝑰𝒄𝒛 Yaw moment of inertia 

of car body (kg.m2) 

2100 

𝑰𝒄𝒙 Roll moment of inertia 

of car body (kg.m2) 

1900 

𝒘
 

Load per wheelset (N) 1117000 

𝒍 Half of bogie centre pin 

spacing(m) 

1.25 

𝒍𝟏
 

Half of wheelbase (m) 3.5 

𝑽
 

Vehicle speed (km/h) 300 
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Symbol Parameters Value 

𝒉𝟏 Vertical distance from 

car body centre of 

gravity 

to secondary spring (m) 

0.763 

𝒉𝟐 Vertical distance from 

car body centre of 

gravity 

to secondary lateral 

damper (m) 

0.78 

𝒉𝟑 Vertical distance from 

bogie frame centre of 

gravity to secondary 

spring (m) 

0.0245 

𝒉𝟒 Vertical distance from 

bogie frame centre of 

gravity to primary 

suspension (m) 

-0.0285 

𝒉𝟓 Vertical distance from 

bogie frame centre of 

gravity to primary 

suspension (m) 

0.2175 

𝒓𝟎 Wheel rolling radius (m) 0.4575 

𝒇𝟏𝟏 Longitudinal creep 

coefficient 

11200000 

𝒇𝟐𝟐 Lateral creep 

coefficient 

9980000 

𝝀𝐞 Effective wheel conicity 0.05 

σ Wheelset roll coefficient 0.05 

𝑨𝐚 Scalar factor of lateral 

alignment 

10.80 × 10−7

 

𝑨𝐯 Scalar factor of cross-

level 

6.125 × 10−7 

 
Table 2 Equations’ states 

 

State Description 

𝒚̈𝒄
 

Lateral acceleration of the railway car 

body (m/s2) 

𝒚̇𝒄 Lateral velocity of the railway car 

body (m/s) 

𝒚𝒄 Lateral displacement of the railway 

car body (m) 

𝝋̈𝒄 Yaw angular acceleration of the 

railway car body (rad/s2) 

𝝋𝒄̇  Yaw angular velocity of the railway 

car body (rad/s) 

𝝋𝒄 Yaw angular displacement of the 

railway car body (rad) 

𝜽̈𝒄 Roll angular acceleration of the 

railway car body (rad/s2) 

𝜽𝒄̇ Roll angular velocity of the railway car 

body (rad/s) 

𝜽𝒄 Roll angular displacement of the 

railway car body (rad) 

State Description 

𝒚̈𝒃𝒇
 

Lateral acceleration of the front bogie 

(m/s2) 

𝒚̇𝒃𝒇 Lateral velocity of the front bogie 

(m/s) 

𝒚𝒃𝒇 Lateral displacement of the front 

bogie (m) 

𝝋̈𝒃𝒇 Yaw angular acceleration of the front 

bogie (rad/s2) 

𝝋̇𝒃𝒇 Yaw angular velocity of the front 

bogie (rad/s) 

𝝋𝒃𝒇 Yaw angular displacement of the front 

bogie (rad) 

𝜽̈𝒃𝒇 Roll angular acceleration of the front 

bogie (rad/s2) 

𝜽̇𝒃𝒇 Roll angular velocity of the front bogie 

(rad/s) 

𝜽𝒃𝒇 Roll angular displacement of the front 

bogie (rad) 

𝒚̈𝒃𝒓
 

Lateral acceleration of the rear bogie 

(m/s2) 

𝒚̇𝒃𝒓 Lateral velocity of the rear bogie (m/s) 

𝒚𝒃𝒓 Lateral displacement of the rear bogie 

(m) 

𝝋̈𝒃𝒓 Yaw angular acceleration of the rear 

bogie (rad/s2) 

𝝋̇𝒃𝒓 Yaw angular velocity of the rear bogie 

(rad/s) 

𝝋𝒃𝒓 Yaw angular displacement of the rear 

bogie (rad) 

𝜽̈𝒃𝒓 Roll angular acceleration of the rear 

bogie (rad/s2) 

𝜽̇𝒃𝒓 Roll angular velocity of the rear bogie 

(rad/s) 

𝜽𝒃𝒓 Roll angular displacement of the rear 

bogie (rad) 

𝒚̈𝒘𝟏
 

Lateral acceleration of the 1st wheelset 

(m/s2)  

𝒚̇𝒘𝟏 Lateral velocity of the 1st wheelset 

(m/s) 

𝒚𝒘𝟏 Lateral displacement of the 1st 

wheelset (m) 

𝒚̈𝒘𝟐
 

Lateral acceleration of the 2nd 

wheelset (m/s2) 

𝒚̇𝒘𝟐 Lateral velocity of the 2nd wheelset 

(m/s) 

𝒚𝒘𝟐 Lateral displacement of the 2nd 

wheelset (m) 

𝒚̈𝒘𝟑
 

Lateral acceleration of the 3rd 

wheelset (m/s2) 

𝒚̇𝒘𝟑 Lateral velocity of the 3rd wheelset 

(m/s) 
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State Description 

𝒚𝒘𝟑 Lateral displacement of the 3rd 

wheelset (m) 

𝒚̈𝒘𝟒
 

Lateral acceleration of the 4th 

wheelset (m/s2) 

𝒚̇𝒘𝟒 Lateral velocity of the 4th wheelset 

(m/s) 

𝒚𝒘𝟒 Lateral displacement of the 4th 

wheelset (m) 

 

 

3.0 RESULTS AND DISCUSSION 
 

In this study, the analysis is performed on a full 13-DOF 

railway vehicle model through a simulation approach 

that includes lateral, yaw, and roll displacements and 

accelerations of the car body. The purpose of this 

study is to evaluate the dynamic performance of the 

railway vehicle while moving on the track profile and 

the car body is excited by the lateral disturbance from 

the two bogies. Therefore, the performance 

evaluation was performed by comparing the 

amplitude values between passive and active 

suspension with the implementation of a modified 

skyhook controller in the system. 

 

3.1 Model Verification 

 

The simulation inputs and outputs of the 13-DOF model 

were compared to the experimental inputs and 

outputs from previous research [8] for verification. 

Figure 7 and Figure 8 show the lateral alignment and 

cross-level inputs respectively. The simulation inputs for 

lateral alignment and cross-level are randomized at 

amplitude between -15 to 15 mm and -8 to 8 mm 

respectively to reproduce the experimental inputs. It is 

considered acceptable for the simulation inputs since 

the pattern and range are within amplitudes of the 

experimental inputs. Figure 9 shows car body the 

lateral acceleration responses between simulation 

and experiment. Since the pattern and range of the 

simulation output are almost match the experimental 

output, the model is considered verified and can be 

further used in controller design.      

 

 
Figure 7 Random input for the simulation compared to the 

actual experimental input (lateral alignment) 

 

 
Figure 8 Random input for the simulation compared to the 

actual experimental input (cross-level) 

 

 
Figure 9 Railway body lateral acceleration outputs 

comparison between simulation and experiment 

 

 

3.2 Car Body Displacement 

 

The effectiveness of the active suspension with the 

modified skyhook controller implementation was 

observed on the car body's lateral, yaw and roll 

displacements. Figures 10 to 12 show the controller's 

response when the random input was applied to the 

system. As expected, when the modified controller 

works, a reduction in amplitude compared to passive 

suspension was obtained. The peak-to-peak values 

and the root mean square (RMS) values for lateral 

displacement, yaw and roll angular displacements. 
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Figure 10 Railway body lateral displacement response for 

random input disturbance 

 

 

There are about 5 peaks for the body lateral 

displacement within time range of 10 s but only 2 

peaks show significant values as shown in Figure 10. 

The effect of modified skyhook controller to the 

secondary suspension systems helps the car body 

sway less compared to the passive suspension. One of 

peak-to-peak value of body displacement for the 

passive suspension system is 0.0037603 m at 2.9 s, while 

for the system with modified skyhook controllers have 

small peak-to-peak values of the body displacement 

which is 0.00154495 m where the improvement was 

58.9 %. It also can be seen from the RMS value where 

the percentage differences between passive and 

active was 99.4 % (Table 3).  

 
Table 3 Peak-to-peak and RMS values of lateral body 

displacement  
 

Car body lateral 

displacement 

𝒚𝒄 (m) 

Peak to Peak RMS 

Passive suspension 0.0037603 0.001929 

Active suspension 

(Modified skyhook 

controller) 

 

0.00154495 

 

1.109x10-5 

Improvement (%) 

=
𝑦𝑐,𝑝𝑎𝑠𝑠𝑖𝑣𝑒 − 𝑦𝑐,𝑎𝑐𝑡𝑖𝑣𝑒

𝑦𝑐,𝑝𝑎𝑠𝑠𝑖𝑣𝑒

× 100% 

                    

58.9 99.4 

 

 

When the random inputs applied to the system, the 

result (Figure 11 and Table 4) shows the unwanted yaw 

angular displacement percentage of overshoot 

reduced by almost 76.11 % with 2 peaks show high 

values, in which, one of them gave the value of 6.73 x 

10-5 rad/s with modified skyhook controller and 

0.000281779rad/s for passive suspension. The RMS 

value gave the percentage of 82.63 % with the 

passive suspension value was 0.0002429 rad/s and 

active suspension was 4.217 x 10-5 rad/s. 

  

 
Figure 11 Railway body yaw angular displacement response 

for random input disturbance 

 
Table 4 peak-to-peak and RMS values of body yaw 

displacement 
 

Car body yaw 

𝝋𝒄 (rad) 

Peak to Peak RMS 

Passive suspension 0.000281779 0.0002429 

Active suspension 

(Modified skyhook 

controller) 

 

6.73x10-5 

 

4.217x10-5 

Improvement (%) 

=
𝜑𝑐,𝑝𝑎𝑠𝑠𝑖𝑣𝑒−𝜑𝑐,𝑎𝑐𝑡𝑖𝑣𝑒

𝜑𝑐,𝑝𝑎𝑠𝑠𝑖𝑣𝑒
×

100%  

76.11 

 

82.63 

 

 

For roll angle response (Figure 12), the graph shows 

an almost consistent pattern of amplitudes, with the 

peak-to-peak values for passive and modified skyhook 

are 0.000802927 rad, and 0.000420812 rad respectively. 

The RMS giving the percentage difference of 58.26% 

between passive and active as shown in Table 5. Thus, 

the proposed controller clearly demonstrated its ability 

to reduce body vibrations in terms of body linear and 

angular displacements. 

 

 
Figure 12 Railway body roll angular displacement response 

for random input disturbance 
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Table 5 Peak-to-peak and RMS values of body roll 

displacement 
 

Car body roll  

𝜽𝒄(rad) 

Peak to 

Peak 

RMS 

Passive suspension 0.00080292 1.704x10-5 

Active suspension 

(Modifed skyhook 

controller) 

0.00042081 7.111x10-6 

Improvement (%) 

=
𝜃𝑐,𝑝𝑎𝑠𝑠𝑖𝑣𝑒 − 𝜃𝑐,𝑎𝑐𝑡𝑖𝑣𝑒

𝜃𝑐,𝑝𝑎𝑠𝑠𝑖𝑣𝑒

× 100% 

47.59 

 

58.26 

 

 

3.3 Car Body Acceleration 

 

Figures 13 to 15 show the lateral, yaw and roll 

accelerations responses of the railway car body with 

the same random inputs. From Figure 10 and Table 6, 

it can be found that the amplitude for lateral 

acceleration of the car body using active suspension 

is lower than that of using passive suspension with the 

percentage differences of 30.69 %. The passive 

suspension gave the value of 0.0596851 m/s2 while 

active suspension was 0.0413657 m/s2. The RMS values 

for the lateral acceleration were 0.01796 m/s2 and 

0.01546 m/s2. 

 

 
Figure 13 Railway body lateral acceleration response for 

random input disturbance 

 
Table 6 Peak-to-peak and RMS values of body acceleration 
 

Car body lateral 

acceleration 

𝒚̈𝒄 (m/s2) 

Peak to Peak RMS 

Passive suspension 0.0596851 0.01796 

Active suspension 

(Modified skyhook 

controller) 

0.0413657 0.01546 

Improvement (%) 

=
𝑦̈𝑐,𝑝𝑎𝑠𝑠𝑖𝑣𝑒 − 𝑦̈𝑐,𝑎𝑐𝑡𝑖𝑣𝑒

𝑦̈𝑐,𝑝𝑎𝑠𝑠𝑖𝑣𝑒

× 100% 

30.69 

 

13.92 

 

 

The percentage difference of body yaw acceleration 

(Figure 14) between the passive and active 

suspension is 60.90 % as shown in the Table 7. The value 

of high peaks for passive and active suspension with 

implementation of controller are 0.00424053 rad/s2 

and 0.00160677 rad/s2 respectively. The RMS gave the 

reduction in amplitude with the percentage 

difference of 65.58 %. 

 

 
Figure 14 Railway body yaw acceleration response for 

random input disturbance 

 
Table 7 Peak-to-peak and RMS values of body yaw 

acceleration for railway vehicles with different suspension 

systems 
 

 

Car body yaw 

acceleration 

𝝋̈𝒄 (rad/s2) 

Peak to Peak RMS 

Passive suspension 0.00424053 0.000991 

Active suspension 

(Modified skyhook 

controller) 

0.00160677 0.000344 

Improvement (%) 

=
𝜑̈𝑐,𝑝𝑎𝑠𝑠𝑖𝑣𝑒 − 𝜑̈𝑐,𝑎𝑐𝑡𝑖𝑣𝑒

𝜑̈𝑐,𝑝𝑎𝑠𝑠𝑖𝑣𝑒

× 100% 

60.90 

 

65.28 

 

 

Figure 15 shows the results of body roll acceleration 

with different types of suspension where the value of 

peak-to-peak for the active suspension is lower than 

passive suspension due to the existing of modified 

controller that helps to reduce the acceleration of the 

car body. Table 8 tabulated the percentage 

difference of 30.55 % with the value of passive is 

0.0261084 rad/s2 and active suspension was 0.0181327 

rad/s2. The RMS improvement was 90.30 % with passive 

value of 0.002801 rad/s2 and active value of 0.0002705 

rad/s2.  
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Figure 15 Railway body roll acceleration response for   

random input disturbance 

 
Table 8 Peak-to-peak and RMS values of body roll 

acceleration for railway vehicles with different suspension 

systems (unit: lateral – rad/s2) 
 

Car body roll 

acceleration  

𝜽̈𝒄(rad/s2) 

Peak to Peak RMS 

Passive suspension 0.0261084 0.002801 

Active suspension 

(modified skyhook 

controller) 

0.0181327 0.0002705 

Improvement (%) 

=
𝜃̈𝑐,𝑝𝑎𝑠𝑠𝑖𝑣𝑒 − 𝜃̈𝑐,𝑎𝑐𝑡𝑖𝑣𝑒

𝜃̈𝑐,𝑝𝑎𝑠𝑠𝑖𝑣𝑒

× 100% 

30.55 

 

90.30 

 

 

Body accelerations and body displacements were 

both significantly reduced when the proposed 

controller was implemented. The modified skyhook 

controller shows a slight improvement and has the 

ability to significantly reduce unwanted body motions 

in response to random track irregularities input 

disturbances. 
 

 

4.0 CONCLUSION 

 
In this paper, a 13-DOF mathematical models of a full 

railway vehicle suspensions, including the car body, 

two bogies and four wheelsets, were developed and 

verified. The proposed modified skyhook controller 

played important roles at the secondary suspension 

system in reducing the vibrations. The random inputs 

at 0.01 m are considered as common track 

irregularities. The active secondary suspensions with 

proposed controller have suggestively reduced the 

car body lateral displacement and acceleration, yaw 

and roll angular displacements and accelerations at 

satisfactory percentages compared to the passive 

suspensions. These reductions in vibrations represent 

significant improvement in ride performance and ride 

quality of the railway vehicle. With available sensors, 

data logger, embedded electronic board and 

reliable actuators, the proposed controller can be 

implemented on the hardware-in-the-loop (HIL) for 

lab-scale experiment and actual railway vehicle for 

actual on field operation.         
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