
Modelling and Control of Active Suspension System 

for Railway Vehicle 

 

A Thesis 

Submitted in the fulfilment for the award 

of 

DOCTOR OF PHILOSOPHY 

in 

Instrumentation and Control Engineering 

 

 

SUBMITTED BY: 

NITISH 

(18506002) 

 
 

 

 

 
 
 
 
 
 
 
 

DEPARTMENT OF INSTRUMENTATION AND CONTROL ENGINEERING 

Dr.  B R AMBEDKAR NATIONAL INSTITUTE OF TECHNOLOGY, 

JALANDHAR 

JULY, 2024 



Modelling and Control of Active Suspension System 

for Railway Vehicle 

A Thesis 

Submitted in the fulfilment for the award 

of 

DOCTOR OF PHILOSOPHY 

in 

Instrumentation and Control Engineering 

 

SUBMITTED BY: 

NITISH 

(18506002) 

 

Under the esteemed guidance of 

 
 

 
 
 
 
 
 

  DEPARTMENT OF INSTRUMENTATION AND CONTROL ENGINEERING 

Dr.  B R AMBEDKAR NATIONAL INSTITUTE OF TECHNOLOGY, 

JALANDHAR 

JULY, 2024

Dr. Amit Kumar Singh 

Assistant Professor  

(Department of Instrumentation and Control Engineering) 



i 
 

 

Department of Instrumentation and Control Engineering  

Dr. B R Ambedkar National Institute of Technology Jalandhar 

Jalandhar, Punjab-144008, INDIA 

 
Certificate 

I hereby certify that the work, which is being presented in the thesis, entitled " 

Modelling and Control of Active Suspension System for Railway Vehicle" in the 

fulfillment of requirement for the award of degree of Doctor of Philosophy submitted in 

the Department of Instrumentation and Control Engineering is an authentic record of 

my own work carried out under the supervision of Dr. Amit Kumar Singh, Assistant 

Professor, Department of Instrumentation and Control, Dr. B R Ambedkar National 

Institute of Technology Jalandhar, Jalandhar, Punjab-144008, India. 

 
...............................................  

Nitish 

Roll. No. 18506002 

 
It is certified that the above statement made by the candidate is correct to the best of our 

knowledge.  

 

  

 Dr. Amit Kumar Singh 

 Assistant Professor 

 Department of Instrumentation and Control 

 Engineering, NIT, Jalandhar 

 



ii 
 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

@2024 All Right Reserved  

Department of Instrumentation and Control  

Dr. B R Ambedkar National Institute of Technology, Jalandhar - 14400



I. Nitish bearing Roll No. I8506002, PhD scholar in the Departuncnt of Instrumcntation and Control 
Engineering, I owe the full responsibility for the infomation. results etc. provided in this thesis 
titled " Modelling and Control of Aetive Suspension System for Railway Vehicle " submitted 
to Dr. B R Ambedkar National lnstitute of Technology. Jalandhar for thc award of PhD degree I 
hereby declare that this wrilten submission represents my own ideas in ny own words. I also 
declare that the other idcas which are included in thcsis have adequately provided the reference 

trom the original reported work. 

Ihave taken care in all respcct to honor the intellectual Property Right and have acknowledged the 

contribution of others for using them in this thesis work for academic purpose. I further declare 
that in case of any violation of intellectual Property Right or Copy Right. I as the candidate will 

be fully responsible for the same. 

No content of this thesis will be published without prior approval of my Supervisor at any stagc. 
Date: 12/07/2024 

Place: Jalandhar 

Dr. Amit Kumar Singh 

Candidate Declaration 

A ssistant Professor 

It is certified that the above statement made by the candidate is correct to the best of our knowledge. 

Department of Instrumentation and Control 

Engineering, NIT, Jalandhar 

ExternarExaminer 

Head of the Department 

Nitish 

Roll No. 18506002 

The Ph. D. Viva-Voce Examination of Mr. Nitish. Research Scholar has been held on 12/07/2024 

and accept for the award of Ph. D. Degrec. 

Súpervisor 

Dean Academics. 



iv 
 

ABSTRACT 

 

A high-speed railway system is one of the sustainable alternatives to other modes of 

transportation and may connect the most congested urban cities with minimum carbon 

emissions. However, the vibration intensity also increases as the train's operating speed 

increases, leading to a decline in both ride comfort and stability.  Both passenger ride 

comfort and vehicle stability are the essential aspect of performance evaluation in high-

speed railway vehicles, which can be accomplished by employing effective vibration 

control techniques. Previously, different control strategies have been adopted in this 

context; however, a completely effective method has not yet been revealed. Hence, the 

prime focus of this work is to investigate a thirty-eight-degree-of-freedom (38-DOF) 

dynamic model of a full-scale railway vehicle integrated with effective control 

strategies to reduce the railway vehicle vibrations using active suspension system. The 

dynamic models of the system are developed by considering the translational and 

rotational motion of the car body, bogies, and wheelsets. The wheel-rail contact model 

and the rail irregularities model are also incorporated in the analytical model. 

The developed dynamic model has been translated into the two-dimensional state-space 

model to evaluate the effect of different track irregularities on the human ride comfort. 

The railway vehicle's vibration analysis is conducted at different speeds for the vertical, 

lateral and longitudinal directions and the critical velocity of the vehicle is evaluated. 

The spectral analysis techniques have been employed to analyze the output frequency 

response of the railway vehicle's motion. The outputs are defined in three-dimensional 

Power Spectral Densities under three random track irregularities: vertical profile, lateral 

alignment, and cross-level. Furthermore, the Sperling's method has been used to 

evaluate the human comfort index. For the case study, a Linke-Hofmann-Busch coach 

based model has been employed, and the results are validated with the experimental 

data of ride comfort reported by the Research Design and Standard Organization 

(RDSO). The simulated results of the proposed model demonstrate a remarkable 

alignment with the experimental data, exhibiting a small error ranging from 2.36 8.81% 

for vertical motion and 5.84 8.30% for lateral motion, respectively. Such promising 



v 
 

results offer valuable insight for the design of future coaches, ensuring enhanced ride 

comfort even at high speeds. 

However, controlling different motions during vibration control is also an imperative 

criterion to achieve the desired passenger ride comfort and stability. Hence, a 

decentralized control structure has been developed, which performs the controlling 

action with five optimized Fractional Order Proportional Integral Derivative controllers 

that suppress the vehicle body's vertical, lateral, pitch, roll, and yaw motions. To obtain 

tight controller tuning parameters of the FOPID, a novel metaheuristic optimization 

technique named hybrid Particle Swarm Optimization-Gray Wolf Optimization has 

been proposed.  The simulated results are compared with the passive system as well as 

other conventional (Z-N) and two metaheuristic optimization tuning techniques named 

as PSO and GWO. Moreover, the performance of the proposed control strategy is 

evaluated in the time and frequency domain under random track irregularities, and the 

results are characterized in terms of power spectral densities. The simulated results 

show that the hybrid metaheuristic algorithm outperforms with a significant reduction in 

vehicle vibration compared to other tuning methods. The percentage reduction of the 

vertical, lateral, pitch, rolls, and yaw accelerations is 34.83%, 29.27%, 39.17%, 24.99%, 

and 33.45%, respectively, ensuring enhanced vehicle ride comfort.  

To better control action further, a sophisticated control strategy with the combination of 

an adaptive neuro-fuzzy inference system and a linear quadratic Gaussian controller 

tuned with equilibrium optimization has been analyzed. The effectiveness of the 

suggested control technique is assessed in the time and frequency domain under random 

track excitations. Moreover, the ride comfort enhancement capability of the proposed 

with passive systems and the classical tuning methods. The findings suggest that the 

EO-LQG controller offers a promising solution for enhancing ride comfort as the 

percentage reduction in RMS values for the vertical, lateral, pitch, roll, and yaw 

acceleration are 35.62%, 24.98%, 38.77%, 27.98%, and 35.68%, respectively. On the 

other hand, the active suspension system tuned with classical methods shows lower 

reduction capability as compared to proposed technique. Also, the ride comfort indices 
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for vertical motion using EO algorithms are found to be 2.482, and for lateral motion, 

the indices were 2.528, representing a superior level of comfort compared to that of 

passive and other tuning algorithms. 

Eventually, despite having sound suspension systems and efficient control algorithms, 

the suspension system performance deteriorates with time. Hence, this work proposes a 

robust active vibration control system with two different robust control techniques, 

and -synthesis, integrated with the Kalman estimator. For analysis, a 27-degree of 

freedom model consisting of structured and unstructured uncertainties has been 

considered. The robust stability and the robust performance of the proposed control 

strategies have been evaluated using the structured singular values. The time and 

frequency domains of the closed loop perturbed responses to random track disturbances 

are shown. The root mean square values of the accelerations of the car bodies are used 

to compare the suggested control schemes to the passive system. The primary focus of 

this study is to examine the level of ride comfort provided by the railway vehicle in the 

uncertain environment. To achieve this, simulated findings are compared and verified 

against experimental data collected and reported by the RDSO. The observational data 

demonstrates that the results obtained from the suggested control methods are in close 

agreement with the experimental findings, with a minimal disparity ranging from 2.36% 

to 8.81% for lateral motion and 2.84% to 6.30% for vertical motion. Also, the 

percentage improvement of RMS values with -synthesis controller confirms the 

enhancement of the ride comfort as compared to other techniques. Some directions for 

the future extension of the current research work have also been identified and 

discussed. 
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CHAPTER 1  

INTRODUCTION 

 

In the dynamic field of railway transportation, mitigating vibrations has emerged 

as a critical pursuit, and the integration of active vibration control systems stands 

at the forefront of enhancing the performance of railway vehicles. This chapter 

presents an overview of the dissertation that contains an introduction to the 

research topic, the motivation behind the proposed research work, research 

objectives, research significance and the outlines of the dissertation. 

1.1 Introduction 

The beginnings of the railway system may be traced back to the early 19th century, a 

period of significant change in the transportation and industrial development of the world. 

Economic expansion and social advancement were greatly aided by the arrival of 

railways, which completely transformed the realm of transportation. The first public 

railway, the Stockton and Darlington Railway in England, opened in 1825, showcasing 

the potential for efficient land transportation (Smith, 2001). This event marked the 

beginning of an era in which steam locomotives became the primary mode of propulsion 

within the transportation industry. The fast expansion of the rail network across Europe, 

North America, and other regions was an inevitable consequence of the early railways' 

success (Bhatt & Kato, 2021). The transportation of raw materials, complete 

commodities, and people on a scale that had never been seen before was made possible 

due to railways, accelerating the pace of industrialization and urbanization. Over the 19th 

and early 20th centuries, rail transit emerged as a symbol of development (Xiao & Lin, 

2021).  

At present, the railway is the largest manmade transportation network in the world, which 

plays a vital role in sustaining the economic growth of any country. This industry employs 

more than 100 million people. Each year, more than 100 billion cargo and more than 1 

trillion passengers are transported (Bogart & Chaudhary, 2015). So, any type of causality 
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is not tolerable, either in terms of infrastructure or in terms of human life. Over the past 

few decades, due to technological advancement, every country has adopted high-speed 

railway vehicle technology to reduce journey times. However, the increased speed will 

also raise the vibration level of railway vehicles, making the passengers' ride unpleasant. 

In addition to elevated speed, the presence of track irregularities further degrades the ride 

comfort and increases the possibility of a train derailing. In India, according to the report 

of the Ministry of Railways, out of 1088 accidents that happened between 2011 and 2023, 

527 or 48.43 % were due to derailment and collision, in which most accidents are due to 

over speed or failure of rolling stocks (Indian Railways, Audit, and 2022). The number 

of causalities reported during this period is shown in Figure 1.1, which is in large 

numbers. Therefore, in order to stop these accidents, increase the service life of rails, 

improve ride quality, and ensure safe operation, it is necessary to build a reliable system 

that mitigates track vibrations even at high speed. Two approaches can be used to address 

these vibration issues: (1) improving the state of the railway tracks and (2) improving the 

vibration mitigation system. Since the track cannot be altered once built, the second 

strategy of improving vibration mitigation systems is more practicable. 

 
Figure 1.1. Number of casualties reported in Indian railway accidents from 2011-2023 

In a modern railway vehicle (as shown in Figure 1.2 (a)), two types of vibration mitigation 

systems are generally present:  

1. Primary suspension and,  

2. Secondary suspension.  
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Primary suspension connects the wheelset to the bogie, while the bogie is connected to 

the car body through secondary suspensions, as shown in Figure 1.2 (b). This suspension 

system can be further classified into three categories: passive, semi-active, and active 

(Karkoub & Zribi, 2006), as depicted in Figure 1.3 (a), (b), and (c), respectively.  

 

(a) (b) 

Figure 1.2 (a) Vande-Bharat express (b) sub-system of railway vehicle 

 

               (a)           (b)                  (c) 
Figure 1.3 Types of suspension systems used in railway vehicles (a) passive (b) semi-active (c) Fully- 

active 
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A passive system consists of static springs and oil/pneumatic dampers. They do not need 

external power supplies for their operation and are comparatively simpler and less 

expensive. However, the performance of passive suspensions is limited since they can 

only store (like a spring) or dissipate (like a damper) energy. This limits the lower natural 

frequency to about 1 Hz with a corresponding static deflection of 250 mm (Goodall & 

Kortüm, 1983). This is a very fundamental limitation of passive elements. To address 

these drawbacks, self-levelling components, typically air springs and non-linear springs, 

have been used. Also, numerous papers on the optimization of passive suspension 

elements have been published (Abdessalem & Abdessalem, 2013; Guizani et al., 2015; J. 

et al. et al., 2012; Redfield; Sharp & Hassan, 1986; Shieh et al., 2005). Even with light 

loads and optimized elements, vehicles still experience the effects of rough tracks and 

fast speeds, making passive suspensions an inappropriate choice for improving ride 

comfort. (L. R. Miller, 1988). 

The concept of semi-active suspension was first introduced by Karnopp et al. in 1988 for 

heavy cars and railway vehicles. The most common semi-active device used for vibration 

control is a variable orifice damper (Jezequel et al., 1992; Stribersky et al., 1998; J. et al., 

1996). It consists of mechanical moving parts and valves that can improve the ride quality 

by up to 15 %  in terms of root mean square acceleration. However, the time delay of the 

valve could degrade the performance of the suspension system. Another type of semi-

active system is equipped with a variable gain damper filled with a rheological fluid 

whose viscosity changes when subjected to an electric or magnetic field. Two types of 

rheological fluids used in semi-active suspension are ER (electro-rheological) and MR 

(magneto-rheological), which are responsible for providing variable damping (Rabinow, 

1948; Winslow, 1947). The pictorial representation of ER and MR damper are shown in 

Figure 1.4 (a) and (b), respectively. Compared with orifice-type dampers, these 

rheological dampers do not have any moving parts except pistons, which makes them 

more reliable. Various past research articles discuss the use of ER and MR fluid in semi-

active suspension to reduce vibrations (Choi et al., 1998; Sims & Stanway, 2003; Wang 

& Liao, 2009b; Wei et al., 2016; X. et al., 1997; Zong et al., 2013). Among them, MR-

based damper is more successful. It has a broader range of applications than ER damper 

because it generates higher power and a wide range of operating temperatures. However, 
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the complex control strategies of a semi-active suspension system make it problematic to 

effectively reduce the vibrations across the large frequency range of the excitations 

(Wang & Liao, 2009 b). Thus, by recognizing the limitations of both passive and semi-

active systems, researchers have found an alternative way of vibration control in the form 

of active suspension (ElMadany & Samaha, 1992).  

 

                                                                      (a) 

 

                                                                        (b) 

Figure 1.4 Semi-active dampers (a) electro-rheological (b) magneto-rheological 

An active suspension system combines the passive components with a controller-

controlled unit that generates mechanical power. It is a complete mechatronic system that 
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incorporates an external power supply, actuator, sensors, amplifiers and an electronics 

processing unit. In this process, the measuring system will collect data about the vehicles' 

positions, velocities, and accelerations from various sensors and filters. A pre-planned 

control unit will examine this data to reach specified objectives. After that, an actuator 

system will generate the desired force to continually reduce the vehicle's vibrations over 

a wide range of frequencies to provide better ride comfort (Fu et al., 2020; Hrovat, 1990; 

Yoshimura et al., 1993). 

The primary goal of the active suspension system is to reduce the vehicle body vibrations 

while maintaining better contact between the track and the wheelset. However, it can also 

be used for the following purposes:  

 Provide good ride comfort 

 Having adequate suspension clearance 

 Following the low-frequency components of the track 

 Isolate the high-frequency components of track irregularities 

To achieve the objectives mentioned above, it is not enough to solely focus on designing 

the suspension system independently; instead, a thorough understanding of the complete 

railway systems, spanning from track inputs to output evaluation methods, is imperative. 

In other words, the performance assessment of the active suspension system is a 

chronological process that consists of four stages, as shown in Figure 1.5.  

The initial stage focuses on formulating the problem by considering various inputs from 

track irregularities, rail profile, wheel-rail interface dynamics, and vehicle-track 

parameters. Once the problem is formulated with constant inputs (wheel-rail interface 

dynamics and vehicle-track parameters), the effect of different track irregularities on the 

vehicle dynamics and ride comfort are analyzed. For this, two types of track inputs, i.e., 

random and deterministic, are generally considered. The deterministic source of 

excitations is induced by specific vehicle and track factors, such as flat and out of the 

round wheel, rail dipped joint, rail dislocation, and rail corrugation (Jing & Wang, 2021; 

Zhai, 2020). The amplitude of such excitation sources is deterministic and falls under the 

regular class of irregularities. On the other hand, the excitation source whose amplitude 
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variation is not deterministic can fall under the random excitation source. The second 

stage involves constructing a mathematical model that captures the dynamic interactions 

between the railway vehicle and the track. Depending upon the complexity and nature of 

the system, the following techniques are utilized to construct the analytical model: 

 First principle modelling (Newton-Euler's law, Conservation of energy and mass, 

Kirchhoff's law) 

 System Identification (Statistical method, black box, transfer function model) 

 Empirical modelling (Based on observation or experimental data, Curve fitting) 

 Bond graph modelling (A graphical technique that represents the energy flow) 

 Finite element analysis (Model physical structures by dividing them into small 

and simple elements) 

 State-space modelling (Using ordinary differential equations and non-linear 

equations)  

 
Figure 1.5 Flow chart for the simulation process of the railway vehicle system 
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The mathematical modeling emerges as the universal language, weaving precision and 

insight across various fields varied as physics (S. Mitra et al., 2019), biology 

(Ashokkumar et al., 2023), and beyond. Formulating a mathematical model is a simple 

task when the system is small, linear, and uncoupled, but it has become a research topic 

when it comes to coupled multi-body systems. In the past, many mathematical models of 

varying complexity have been developed to study the dynamic effect of rail irregularities 

on vehicles' motions (Bhardawaj et al., 2020; C. et al. et al., 2021; Garivaltis et al., 1980; 

X. et al., 2002; Muñoz et al., 2019; Sedighi & Shirazi, 2012; Wang & Liao, 2009b). Also, 

many solutions have been employed to solve the complex nature of rail-wheel dynamics 

(Meymand et al., 2016; Rovira et al., 2011; Sharma & Kumar, 2016; Zhen et al., 2016). 

Most of them are focused on one point and small-scale modelling, and very few research 

studies are focused on considering the coupled motion. Whereas, in practice, the railway 

vehicle exhibits coupled motion while running on the railway track, and the rail-wheel 

contact has multi-point contacts. Hence, a full-scale dynamic model can be used to 

evaluate the complete performance of railway vehicles. 

The second stage also incorporates sophisticated control algorithms and control elements 

designed to mitigate the track vibrations. At this step, the required amount of the 

controlling force is first predicted by the control algorithms and then given to the active 

suspension in terms of current and voltage to fulfil the desired objective. Various control 

strategies ranging from classical to modern approaches have been used mitigation 

purpose (Daniyan et al., 2019; Eski & Yildirim, 2009; Gomonwattanapanich et al., 2020; 

J. He et al., 2020; Metin & Guclu, 2014b, 2014a; Pang et al., 2017; Sezer & Atalay, 2011; 

Yin et al., 2022; Yoshimura et al., 1993; Q. Zhu, Ding, et al., 2018; Zong et al., 2013). 

However, due to the uncertainty and complexity of the system, these techniques have 

some issues in real-time implementations because most of them use classical tuning 

techniques such as Ziegler Nichols and Cohen-Coon in PID, Hit & Trial and Bryson rule 

in LQG, and small gain theorem in Robust control. These classical tuning techniques 

could not provide adequate solutions, especially to higher dimensional non-linear 

systems. 
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Recently, most general nature-inspired meta-heuristic approaches have been used over 

conventional methods to resolve the problems. They have a remarkable ability to deal 

with the ambiguity present in the railway environment. These Nature-Inspired Algorithms 

manage various activities to improve the performance of active suspension systems (U. 

Chauhan et al., 2019; Chhabra et al., 2019; Shukla et al., 2015). As optimization problems 

increase in complexity and dimension, the use of meta-heuristics algorithms is growing 

day by day. The key pros of meta-heuristic approaches are the following: (i) the 

Researcher may include adept information in the search procedure, and (ii) the method 

has the potential to work with numerous possible ways simultaneously instead of 

bumbling around the particular alternative. The evolutionary algorithms-based optimal 

controllers have been used for a variety of applications, including power generation 

(Ahmed, 2020; Robandi et al., 2001), motor speed control (Kaur & Ohri, 2022; 

Maghfiroh et al., 2022), aviation industries (Fessi & Bouallègue, 2019; Mobayen et al., 

2011; Tsai et al., 2013; Vinodh Kumar et al., 2016), inverted pendulum (Howimanporn 

et al., 2017; Introduction, 2021), robotics (Bilgic et al., 2021), load frequency control (S. 

Jain et al., 2022; Sathans & Swarup, 2011), Biomedical and bio-informatics applications 

(H. Kumar et al., 2017; Patel et al., 2023; Wahab et al., 2011), image processing (Kang 

et al., 2021; S. Kumar et al., n.d.; Y. Yang et al., 2021) and many more. However, limited 

studies on metaheuristic-based controllers using an active suspension system in the 

context of vibration control have been published. Also, they have several shortcomings, 

including a lack of intelligence, being trapped in local minima, heavy computation 

requirements, high operational complexity, balancing issues, and a slow convergence rate 

(Bousmalis et al., 2008; Guo et al., 2022; Nyarko et al., 2014; Sonoda & Nakata, 2022). 

Therefore, a pressing need is still to develop a more advanced and effective search 

algorithm to attain smooth and optimal control force in a partially known or unknown 

environment.  

The analysis stage is pivotal in evaluating the performance of the active vibration control 

system. It encompasses various methods, including eigenvalue analysis (Chamorro et al., 

2014; El Beshbichi et al., 2020; Escalona et al., 2012; Srihari & Ramji, 2018; Zboinski 

& Dusza, 2017), time domain analysis (Kouroussis et al., 2014; Ronasi & Nielsen, 2013; 

Zhang et al., 2020; T. Zhu et al., 2022), and frequency domain analysis (Fourie et al., 
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2019; Hurtado-Hurtado et al., 2022; S. Lei et al., 2023; Shim et al., 2021). Eigenvalue 

analysis helps in understanding the stability and dynamic characteristics of the system. 

Any system characterized by mass and stiffness has the propensity to undergo vibrations, 

particularly at specific frequencies and configurations known as modal frequencies and 

mode shapes. In cases where the motion equations exhibit linearity (or can be linearised 

for specific locations or amplitudes of motion), an eigenvalue analysis can be employed 

to identify the modes, their frequencies, and shapes. This analytical approach is called 

modal analysis (Gong et al., 2020; Gong et al., 2022; W. Sun et al., 2016). In time domain 

analysis, the most powerful way to simulate a vehicle's dynamic behavior is to fully solve 

the equations of motion at each of a sequence of very small time steps. The system's 

nonlinearities can be considered at each time step, and the equations are updated 

appropriately. For this kind of simulation, a variety of numerical approaches are available, 

such as Runge-Kutta, Newton-Raphson, Newmark, Wilson and finite-difference method; 

the Runge-Kutta procedures are one such technique that is frequently employed (Dai & 

Singh, 1997; Lu et al., 2022; J. et al., 2015). Each step must be short enough to prevent 

the solution from becoming unstable. Several algorithms employ a variable time step that 

is automatically modified to accommodate the simulation's current condition. This 

method is a powerful tool for analyzing vehicle stability in terms of hunting or critical 

speed. The frequency domain analysis explores the system's response to different 

frequencies. This method is beneficial when analyzing systems that exhibit time-varying 

or periodic characteristics, such as random signals or responses to periodic inputs. Some 

of the frequency domain approaches that are used for controller design are transfer 

function, Bode plot, Nyquist plot, loop shaping, Fourier transform, power spectral 

density, and noise filtering techniques (Z. et al., 2017; Frequency Domain Analysis of 

. The parameters derived from the frequency domain 

analysis provide a quantitative measure of the system's stability in terms of gain and phase 

margin. This third stage provides beneficial insights into how well the control system 

manages vibrations under different conditions.  

The final stage focuses on presenting the simulation results. Different methods are 

employed for output representation, including pictorial and statistics-based approaches. 

Pictorial representation may involve graphical displays or animations illustrating the 
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dynamic response of the system. Statistics-based methods provide quantitative measures 

of the system's performance, offering insights into critical parameters such as ride quality 

or comfort of railway vehicles (Y. Kim et al., 2015). This stage aims to communicate the 

effectiveness of the active vibration control system clearly and comprehensively. The 

four most common/conventional methods used to evaluate human comfort and ride 

quality in railway systems are the ISO 2631 standard (C. Liu et al., 2020), the UIC 513 

(Lauriks et al., 2003), the Mean Comfort index (J. Sun et al., 2021), EN 12299  (Y. Jiang 

et al., 2019; Standard, 2009), and Sperling's method . All these 

methods operate on the frequency-weighted acceleration data, which requires extensive 

measuring instruments and proper installation at appropriate locations. These 

requirements render these methods costly and time-consuming. To remove these 

problems, alternative ride comfort indices have been established that correlate human ride 

comfort with vibration level based on parameters of railway tracks and rolling stocks 

(Body & Graph, 2018; Y. S. Kim et al., 2008; Z. Yang et al., 2013). Among these 

methods, no unified global standard is present. Therefore, in this work, the Ride factor 

 method adopted by Research Design and Standard Organization (RDSO) has been 

preferred for the ride comfort evaluation. 

By systematically progressing through these four stages, the simulation ensures a 

thorough understanding of the vibration control system's behavior and performance in 

real-world railway conditions. Other experts in the same field have already done much of 

this groundwork. The goal is to build on this work by looking at other paths that have yet 

to be looked into. A lot of other experts' work is summed up in Chapter 2, literature 

review. However, the primary focus of the proposed research in this dissertation is mainly 

on developing intelligent control strategies for vibration control of railway vehicles based 

on the classical approach, evolutionary approach, swarm intelligence, and their 

hybridization. 

1.2 Motivations 

Vibration control has emerged as a prominent subject of applied research, receiving 

significant attention from researchers and scientists in recent years. The quest for 

achieving the best possible performance, ensuring safety, and enhancing passenger 
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comfort has strongly emphasized the development of suspension systems. Therefore, the 

following problems are chosen to be solved in the proposed research work: 

1. Safety Enhancement: 

 Reducing Passenger Discomfort: Vibration control helps minimize vibrations 

experienced by passengers, improving the overall comfort and safety of the travel 

experience. 

 Preventing Structural Fatigue: Excessive vibrations can lead to wear and tear on 

the vehicle's structure. A vibration control system can mitigate these effects, 

contributing to the railway vehicle's long-term structural integrity and safety. 

2. Operational Efficiency: 

 Reducing Wear and Tear: Vibration control systems can decrease the wear and 

tear on critical components, such as wheels, rails, and suspension systems. This, 

in turn, extends the maintenance intervals and improves the efficiency of the 

railway operation. 

 Enhancing Track and Wheel Life: By minimizing vibrations, the control system 

contributes to the longevity of the railway track and the vehicle's wheels, resulting 

in cost savings over time. 

3. Energy Efficiency: 

 Optimizing Energy Consumption: Vibration control can help optimize the energy 

consumption of the railway vehicle. By minimizing unnecessary vibrations, the 

system ensures that the energy is efficiently utilized for propulsion rather than 

dissipating as vibrations. 

 Regenerative Braking Optimization: Some advanced control systems can 

optimize regenerative braking, recovering and storing energy during braking 

phases. 

4. Compliance with Standards: 

 Meeting Regulatory Requirements: Railway vehicles are subject to strict 

regulatory standards regarding passenger safety and comfort.  

 Implementing vibration control systems helps ensure compliance with these 

standards, preventing regulatory issues and potential liabilities. 
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5. Passenger Comfort and Satisfaction: 

 Enhancing Travel Experience: Improving the ride quality by controlling 

vibrations enhances passenger comfort. This is particularly crucial for attracting 

and retaining passengers, contributing to overall customer satisfaction. 

 Competitive Advantage: Providing a smoother and more comfortable ride can 

give a railway operator a competitive edge in the transportation market. 

6. Research and Development: 

 Advancing Technological Innovation: Constructing mathematical models and 

implementing vibration control systems contribute to technological advancements 

in the field of rail transportation. It promotes ongoing research and development, 

fostering innovation in railway vehicle design and control systems. 

7. Environmental Impact: 

 Reducing Noise Pollution: Vibration control systems can also reduce noise 

generated by railway vehicles, positively impacting the environment and the 

communities through which the rail lines pass. 

1.3 Research Gaps 

Based on the above discussions and cited literature, it is found that the development of a 

complete control strategy for vibration control of a railway vehicle is very complex 

because many factors affect the dynamics of railway vehicles under various conditions. 

Although much work has been done to study and control the dynamics of railway vehicles 

under various circumstances, the following research gaps are still found:  

 Most of the study has been done by considering the decoupled motions of the 

vehicle body, Whereas, in real-time, the vertical and lateral motion of railway 

vehicles are strongly coupled with roll, pitch, and yaw motions. Hence, it provides 

a further direction to investigate the dynamics of railway vehicles with coupled 

behavior. 

 In the case of contact forces between rail and wheel, a lot of work has been done 

by taking the rigid bodies. Meanwhile, in real-time, the wheel and rail structure is 

not rigid. Their configurations get changed at various conditions. Hence, an 
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advanced algorithm may be used with flexible contacts to determine the contact 

forces. 

 The dynamic response of railway vehicles has been evaluated under similar types 

of deterministic and random track irregularities. However, different kinds of 

abnormalities can be considered. 

 In most studies, independent controllers control the individual motion of railway 

vehicles, which is very costly. However, a cost-effective, decentralized controller 

can control individual motions. 

 Also, the tuning methods used in previous studies are based on either classical 

approaches or old optimization algorithms. The simulated results with these 

methods will not provide the desired results for a complex system. Hence, it 

further gives the new idea to employ the new soft-computing-based solution 

techniques to solve such complex models and provide the required results. 

 Classical and fuzzy-based controllers are used in most of the study. However, an 

intelligent algorithm-based control law can be integrated with these controllers to 

get a fast and desired response. 

 Previous literature indicates that the robust and accurate control of the railway 

system is complex because of the presence of uncertainties, disturbances, and 

noise. Hence, it provides another dimension to investigate the robustness of the 

controller by using several techniques, including LQG and  design. 

 Finally, the experimental validation has yet to be presented in most studies. 

Hence, it provides an opportunity to validate the simulated results with 

experimental results.  

 

1.4  Research Objectives 

In light of the presented facts and research gaps, the present work proposes to develop an 

active suspension system control system that mitigates the vibration of high-speed 

railway vehicles. Based on the above discussion, the research objectives are proposed: 

 To develop a 38-degree-of-freedom (38-DOF) mathematical model of railway 

vehicles integrated with the wheel-rail contact model. The system is proposed to 
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cope with the vertical, lateral, roll, yaw, and pitch motions of the car body, bogies, 

and wheel sets. 

 To Study the critical speed and dynamic response of full vehicle model under 

different kinds of random and periodic track irregularities.  

 Design an optimal controller to provide better ride comfort and handling 

characteristics. 

o Development of a decentralized controller tuned with new optimization 

algorithms. 

o Development of a centralized controller integrated with state estimators. 

 Design of empirical model-based actuator system. 

 Design an intelligent controller integrated with the neuro-fuzzy controller to get 

the desired response and validate the results with the experimental data. 

 Design and analysis of a robust controller with structured and unstructured 

uncertainties and compare the results with other controllers. 

1.5 Research Significance 

The present work addresses the various issues raised in the above discussions, and it may 

be sketched as follows: 
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1.6 Thesis Outline 

Under the above discussion's umbrella, the thesis's prime objectives have been outlined 

in seven segments and discussed briefly (excluding this chapter) under this section. 

Chapter 1: 

This introductory chapter provides a brief overview of the dissertation and emphasizes 

the inspiration behind the proposed research. The research objectives, gaps, significant 

contributions of the work, and dissertation outline are also explained in detail. In addition, 

the research outputs are presented as research publications in the final section.  

Chapter 2:  

This chapter discusses the previously reported literature on dynamic modelling and 

control schemes used for comfort enhancement. The history and evolution of different 

mathematical models of railway vehicles with wheel-rail contact, solution approaches, 

actuators and control schemes adopted for vibration control applications are covered in 

this chapter. The merits and demerits of selected techniques in the proposed research are 

also defined. 

Chapter 3:  

This chapter aims to describe the analytical model of railway vehicles used for dynamic 

performance analysis. A 38-DOF dynamic model of a railway vehicle integrated with 

wheel-rail contact forces and rail irregularities has been discussed. Then, using a two-

dimensional (2-D) state space model, the critical speed and dynamic responses of the 

vehicle body under various track irregularities are also discussed. Further, for validation 

purposes, the simulated results of ride comfort analysis are compared with the 

experimental data of Research Design and Standard Organization (RDSO), Lucknow, 

India. 

Chapter 4: 

This chapter describes the optimal control action adopted for the vibration control of 

railway vehicles under periodic and random track disturbances. In this chapter, a 
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decentralized Fraction Order Proportional Integral Derivative (FOPID) controller 

integrated with a hybrid PSO-GWO optimization algorithm is developed to suppress 

vehicle vibration. Comparative simulation results with conventional algorithms are also 

described in this chapter.  

Chapter 5: 

An intelligent algorithm-based centralized controller is developed in this chapter to 

overcome the limitation of a decentralized control scheme. Here, a novel optimization-

based linear quadratic Gaussian (LQG) controller integrated with adaptive neuro fuzzy 

interface system (ANFIS)- based actuation has been explored. Afterwards, the ride 

comfort evaluation of railway vehicles using is also presented in this 

chapter. 

Chapter 6: 

In this chapter, a full-scale robust controller is developed to remove the robustness issue 

of the LQG controller. A comprehensive analysis of a robust control system has been 

discussed, considering structured uncertainties in vehicle mass and unstructured 

uncertainties in actuator dynamics. The simulated results of the proposed control scheme 

are compared with previously reported passive, semi-active and active suspension 

systems. 

Chapter 7: 

This chapter gives concluding remarks about the significant findings of this work and 

suggests some suitable discussion for future research. 

1.7 Thesis Outcomes 
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CHAPTER 2 

LITERATURE REVIEW 

 

This chapter aims to present the formal definitions and a brief road map between 

the past and present reported literature. The historical background and the basic 

building blocks used for vibration control of railway vehicles have been described. 

The comprehensive analysis of various mathematical railway vehicle models, 

wheel-rail contact models, actuator technology and control algorithms has been 

reported in this chapter. 

2.1 Background 

The historical background of a railway system comprises an extensive and distinguished 

past. It has a multi-dimensional evolution reflects the dynamic interaction of 

technological advancements, economic imperatives, and sociological changes. It is hard 

to exaggerate the significance of railway networks in terms of their impact on the 

environment of transportation and connection around the globe. The development of 

railways emerged as an essential aspect of the Industrial Revolution. From the early days 

of steam locomotives to the cutting-edge present technologies, the railway industry has 

undergone transformative changes. For example, the beginning of the 20th century 

witnessed the electrification of rail lines, offering cleaner and more efficient alternatives 

to steam power. The second half of the 20th century was focused on high-speed 

technology to cut travel times. In the 21st century, as innovation in materials science and 

digital technology gains popularity, there is a growing emphasis on utilizing lightweight 

and intelligent vehicles (Laiton-Bonadiez et al., 2022). This transformative technology 

completely changes the dynamics of travel, introducing trains that are not only faster but 

also represent a profound shift in the sustainability and overall quality (ride) of rail transit. 

This safe, secure and comfortable ride of railway vehicles is not a result of the single 

research field but a collective effort of the following areas, as demonstrated in Figure 2.1 

(N. Jain & Mathur, 2017). 

(1) Railway track infrastructure and design of railway Vehicles. 
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(2) Systems for controlling and monitoring with advanced signaling systems. 

(3) Security measures and security protocols. 

(4) Suspension system to provide better ride comfort for passengers. 

(5) Preparation for Emergencies. 

Among the above areas, this study primarily aims to improve the ride comfort of a full-

scale railway car, which requires a highly advanced and reliable suspension system. 

 

Figure 2.1 Various inspection areas of railway vehicle systems 

2.2 Basic building blocks of vibration control of railway vehicle 

The primary goal of the suspension system is to reduce the vehicle body vibrations while 

maintaining better contact between the track and the wheelset. This objective is achieved 

with the help of a sophisticated control scheme that generates the required suppression 

force. The general 

Figure 2.2. From the figure, it is seen that the four key components/blocks that actively 

participate in the suppression process are as follows: 
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(1) A comprehensive analytical model that covers every possible dynamics of railway 

vehicles, wheel-rail contact forces and track irregularities. 

(2) A proficient control algorithm that helps provide the precise desired controlling 

force. 

(3) An efficient actuation system that can track the desired control force with 

minimum error. 

(4) Economical and minimum number of sensors that provide accurate and precise 

information in a minimum amount of time. 

By integrating these blocks cohesively, a vibration control system can achieve the desired 

response by actively adjusting the characteristics of the railway vehicle in real time. In 

the context of vibration control of railway vehicles, many research articles about these 

blocks have been published. Some of them are presented below: 

 

Figure 2.2 The basic architecture for vibration control of railway vehicle 

2.2.1 Mathematical modelling of railway vehicle and wheel-rail contact forces 

The mathematical modelling of railway vehicles is a critical aspect of understanding and 

optimizing trains' dynamic behavior, performance, and safety. In the process of 

constructing, analyzing, and enhancing railway systems, these models serve as essential 

tools for engineers, researchers, and policymakers. This section focuses on the historical 

development of mathematical representations of the numerous forces, motions, and 

interactions between a railway car and the track.  
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2.2.1.1   Wheel-rail contact models 

The contact between the wheel and rail plays a crucial role in railway vehicle dynamics. 

This is the main point where all forces from the track are transferred to the vehicle body. 

The nature of these forces is primarily affected by the wear, adhesion and creep 

characteristics, which ultimately depend on the area of contact and contact stresses at the 

wheel-rail interfaces, as shown in Figure 2.3. When a wheel rolls on the rail, relative slip 

can occur at its contact surface. The slip generates the creep forces in the longitudinal and 

lateral directions (Iwnicki, 2006), as shown in Figure 2.4. To evaluate these forces, the 

first step is to determine the geometry of contact, the contact pressure and the tangential 

forces. This determination is generally separated into two procedures: 

1. Determining the normal forces  

2. Determining the tangential forces 

Hertz's contact theory for the normal forces and Kalker's linear theory (Kalker 1973) for 

the tangential forces provide a base for finding the wheel-rail contact forces. In 1880, 

Hertz first described the contact area and pressure distribution as an elliptical shape. He 

explained that when two elastic bodies with semi-infinite spaces are pressed together, a 

semi-ellipsoid-type contact pressure profile is developed between them. In 1926, a 2-D 

Carter theory of rolling contact showed the relationship between the circumferential and 

translational velocity of the wheel over the rail. Here, only longitudinal creepage is 

evaluated at a single point. In 1957, this theory was enhanced by Kalker (Kalker 1991), 

who considered the lateral creepage factor with longitudinal creepage and identified an 

approximate solution to the problem. Then, in 1958, the first 3-D theory of rolling contact 

was proposed by Johnson (Piotrowski & Kik, 2008), where both lateral and longitudinal 

creep forces were evaluated with the exact solutions. This theory did not become popular 

and was soon rejected, but it gives valuable information about the creep force law 

(Srivastava et al., 2013, 2014), which helps further development. Since then, extensive 

research has been performed to identify the creep forces with exact solutions. These 

include the Vermeulen theory, the strip theory, and the kalker theory. Among these, the 

Kalker linear theory has gained popularity because of its ability to determine both creep 

and spin creepage in short intervals. Shen et al. solved these formulations by inserting the 

accurate creepage coefficients instead of approximated values with little deviation. To 
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find these coefficients, computer programs such as CONTACT, ANALYN and 

FASTSIM were used (B. Liu & Bruni, 2022; Sh. Sichani et al., 2016; Sichani, 2016; Y. 

Sun & Ling, 2022; Tao et al., 2016).  

 

Figure 2.3 Normal wheel-rail contact  
 

 
Figure 2.4 Tangentail forces at the wheel-rail interface 

 

Later, the wheel-rail contact problem was solved using the elastic approach (Shabana et 

al., 2004), where the wheel is considered an elastic material. Here, a 6-DOF track model 

is developed to evaluate the normal forces in terms of stiffness and damping. Then, the 

two-point contact problem is solved using the constraint method, where the hybrid 

approach is used with the wheel as it has 5-DOF motion. Piotrowski and Chollet (Taylor, 
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Piotrowski, et al., n.d.) review multi-point contact theories. Vollebregt et al. (Vollebregt, 

2014) assess the accuracy of simplified contact models statistically and generally 

calculate the micro slip velocity and surface traction reliably. Vinayak Ranjan et al. uses 

three-dimensional finite element analysis for the rolling contact (Srivastava et al., 2015, 

2017). Falomi et al. (Auciello et al., 2009) summarize the wheel rail contact to multi-

point, which helps to study the vehicles' multi-body dynamics. Zaazaa and Schwab 

(Zaazaa & Schwab, 2016) focus on Kalker's theories. Sugiyama and Suda discuss the 

methods for detection of wheel rail contact points to avoid the wheel climbing and aids 

in curve negotiation (Sugiyama & Suda, 2009). At present, with the help of modern 

computer programs, it is possible to find these frictional coefficients at multiple points at 

lower computational costs (B. Liu et al., 2023; Meymand et al., 2016b; Ren et al., 2011; 

Sakalo et al., 2016; Spiryagin et al., 2022; Z. Yang et al., 2016).  

2.2.1.2   Modeling of Railway Vehicles  

A railway vehicle is a complex system comprising numerous interconnected components 

linked through mechanical linkages. The system's inherent complexity and non-linear 

nature make it challenging to study the complete dynamics of a railway vehicle 

comprehensively, particularly when it is running on the track. Therefore, to study the 

complete dynamics and construct an error-free system, every vehicle component should 

be observed every second (Bosso et al., 2019; P. Li et al., 2007; Ngigi et al., 2012). For 

that, the trajectories of every component spanning from wheel-rail contact to inter-vehicle 

dynamics should be known mathematically. The essential components constituting a 

standard railway vehicle are as follows: 

(1) Vehicle body 

(2) Two bogies, including bolster and side frames 

(3) Four-wheel set including axle and bearing arrangement 

(4) Four secondary suspensions lying between the bogie and vehicle body 

(5) Eight primary suspensions connect the axle and wheelset 

(6) Couplers connect the two adjacent rail vehicles 

Every individual component possesses its own set of benefits. For example, the vehicle 

body is used to carry people and goods, while the bolster and side frames on the bogies 



CHAPTER 2                                                                                       LITERATURE REVIEW 

25 
 

give the car body mechanical support and help transfer load to the ground. Secondary 

suspensions aid in isolating the body from the bogie in the presence of high-frequency 

components, thereby providing passengers with a comfortable ride. In contrast, the 

primary suspensions linked between the wheel and axle mitigate the impact of track 

irregularities and provide stability to the vehicle against a variety of disturbances (R. M. 

Goodall & Mei, 2006; Harun et al., 2014). All these components are considered rigid 

bodies with six degrees of freedom: vertical, lateral, longitudinal, roll, pitch, and yaw 

motion. Although it is desirable to monitor every component equally to make a sound 

control system practically, it is impossible because of their interconnected dynamics and 

fiscal difficulties. So, there are some trade-offs between them. Many attempts have been 

devoted to improving the performance of railway vehicles, and various mathematical 

models have been studied. Based on the degree of freedom, three types of lumped 

parameter models are generally defined: 

(1) Quarter car 

(2) Half-car 

(3) Full-car 

The pictorial representation of the quarter-car, half-car and full-car railway vehicles is 

shown in Figure 2.5 (a), (b) & (c), respectively. The quarter-car model is the simplest 

railway vehicle model, consisting of a maximum of 9-DOF steady-state motion. This 

model is generally used to study the vertical, lateral and longitudinal dynamics 

(translational) of the railway vehicle, as shown in Figure 2.5 (a). This model requires 

minimal mathematical equations but with a loss of originality. A half-car model, on the 

other hand, provides a maximum of 24-DOF motion. This model is significant for 

studying the 21-DOF translational motion (body, bogies, and wheelsets) and 3-DOF 

angular motion (pitching of body and bogies), as shown in Figure 2.5 (b). This model is 

also essential for studying the coupled behavior between the heave and pitch motions. 

However, a full-scale vehicle model is not only coupled in the vertical direction but also 

possesses coupling in the lateral and longitudinal directions. For that, a full-scale 

analytical model of the vehicle is required. A complete railway vehicle model consists of 

42-DOF, out of which 21-DOF are responsible for translational and the remaining 21 

degrees of freedom are concerned with the angular motion of the body, bogies and 
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wheelsets, as shown in Figure 2.5 (c). The implementation of these models entirely 

depends on the objectives of the applications.  

  
                         (a)                                       (b) 

(c) 
Figure 2.5 Lumped parameter model of a railway vehicle (a) Quarter-car (b) Half-car (c) Full-car 
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In the past, many mathematical models of varying complexity have been developed to 

study the dynamic effect of rail irregularities on vehicles' motions (Bhardawaj et al., 2020; 

C. J. Chen et al., 2021; Garivaltis et al., 1980; X. Lei & Noda, 2002; Muñoz et al., 2019; 

J. Sun et al., 2019; D. H. Wang & Liao, 2009a). Also, many solutions have been employed 

to solve the complex mathematics of vehicle dynamics that evaluate the impact of track 

and vehicle parameter variations. For example, the dynamic model for the vertical 

interaction between railway vehicles and the track was introduced by Wanming Zhai et 

al. (Zhai & Sun, 2008), where the 10-DOF model of a vehicle running with constant 

velocity was taken. The track is modelled as an infinite Euler on a discreet-continuous 

elastic foundation consisting of ballast and sleepers. The effect of vehicle track system 

parameters, such as sleeper spacing and track stiffness, on vertical dynamics has been 

studied. The low-frequency 11-DOF model of vehicle/track interaction was introduced 

by Robert D. Frohling (Taylor et al., 2010) to predict track deterioration due to dynamic 

wheel loading. Sun et al. introduced a similar model of vertical and lateral dynamics of 

wagon tracks (Ren et al., 2005). A three-dimensional 35-DOF model of a vehicle track 

system is introduced by Wanming Zhai et al. (Taylor et al., 2007). Chudzikiewicz 

(Chudzikiewicz, 2000) developed a 27 DOF model, which includes the wheel-rail contact 

model and interconnection of sub-parts to study the dynamics of the railway. 

Guclu and Metin (2009) developed the half-light rail transport vehicle with 22 degrees of 

freedom to study the effect of irregularities on passengers and car bodies. A 17-DOF 

model of a full railway vehicle integrated with the semi-active controlled MR fluid 

dampers is proposed by D.H Wang et al. (D. H. Wang & Liao, 2009b) to study the lateral, 

yaw, and roll motions of the car body, bogies and wheelsets. The evaluation of the model 

is done with the help of MATLAB Simulink. A five-rigid body system with the 8-DOF 

model is proposed by Yuan Yao et al. (Yao et al., 2018) to study the lateral dynamics of 

bogie and the effect of bogie hunting under high speed is investigated. A 23-DOF model 

is proposed by Han Wu et al. (H. Wu et al., 2019) to study the hunting stability under 

aerodynamic load due to crosswind on a curved track. The model is coupled with a wheel 

track interface, and the effect of track irregularities is also taken into account. The 

summary of various mathematical models, such as the wheel-rail contact phenomenon of 

linear and non-linear contact forces, used in the previous study is rendered in Table 2.2. 
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The literature shows that most studies use lateral dynamics to investigate vehicle hunting 

instability and operating speed. However, some papers only investigate the vehicle's 

performance in a vertical direction. Very few studies focused on the coupled behavior of 

railway systems. Therefore, the first aim of this thesis is to develop a full-scale dynamic 

model of a railway vehicle integrated with wheel-rail contact forces and rail irregularities 

so that every dynamic of the vehicle sub-system is monitored. 

2.2.2 Types of suspensions and actuation system 

A suspension system is an essential component of vibration control architecture, playing 

a vital role in maintaining a smooth and controlled ride experience. It isolates the vehicle 

from road or rail imperfections, absorbing shocks and vibrations to improve comfort, 

stability, and overall efficiency. The suspension system ensures that the tyres or wheels 

have the most contact with the surface so that the vehicle remains stable during 

manoeuvres. Throughout the evolution of railway technologies, suspension systems have 

undergone continuous advancements, integrating novel approaches to address the ever-

changing demands of various terrains. According to previous literature, three types of 

suspension systems, i.e., passive, semi-active, and fully active (Karkoub & Zribi, 2006), 

are generally present in railway vehicles, which were already discussed in Chapter 1. 

Among them, the active suspension system is considered more beneficial. However, the 

performance of the active suspension system is purely dependent upon the actuation 

system.   The following four types of actuators are generally used in active suspension:  

1. Electro-mechanical actuators 

2. Electro-hydraulic actuators  

3. Electro-pneumatic actuators 

4. Electro-magnetic actuators 

Electro-mechanical actuators, as described by Friar in 1996, consist of an electric motor 

combined with a mechanism that converts rotating motion into linear motion (Watson, 

2014). There are several types of electric motors, but a brushless DC motor attracts 

attention because of its exceptional reliability and suitable qualities. The conversion 

typically takes the shape of a screw thread, which can be either a 'recirculating ball-screw', 

'roller-nut', or basic 'screw-jack' design. A typical electro-mechanical actuator is shown 
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in Figure 2.6. The speed with which the actuator moves is controlled by the voltages 

applied from electrical connections. 

 
Figure 2.6 Electro-mechanical actuator 

An electro-hydraulic actuation system utilizes a combination of electrical and mechanical 

(hydraulic) means to generate the required force, as shown in Figure 2.7. Here, the 

primary stage of the actuation system contains an electrical motor that provides the torque 

according to the current value, and a hydraulic cylinder connected to the throttle spool-

valve serves as the secondary stage (Akers et al., 2006). The position of the spool valve 

is controlled with motor torque, and accordingly, the controlled oil flows into the 

cylinder, which ultimately generates the force. The mathematical description of the 

electro-hydraulic actuator will be presented in Chapter 4. 

 
Figure 2.7 Electro-hydraulic actuator 
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Electro-pneumatic actuators convert electrical signals into mechanical motion by 

controlling compressed air flow to drive a pneumatic cylinder 

2019). The pictorial representation of the electro-pneumatic actuator is given in Figure 

2.8. The working principle of the electro-pneumatic actuator is similar to that of an 

electro-hydraulic actuator, except that in electro-pneumatic, the air moves in and out of 

the air cylinder. The pressure of the compressed air is essential in determining the force 

and velocity of the actuator's movement. The actuator receives an electrical signal from 

a control system, which typically comes as a voltage or current. Then, these electrical 

signals are processed by the actuator's electronics to determine the desired position or 

movement of the piston. This type of actuator is widely used in industrial automation due 

to its reliability, speed, and precision in controlling various processes. 

 

Figure 2.8 Electro-pneumatic actuator 

The electro-magnetic actuator is comprised of two pairs of electromagnets. One pair is 

mounted between the car body and bogies, and the second is placed between the bogie 

and wheelset. The basic diagram of the electro-magnetic actuator is shown in Figure 2.9. 

The working principle of electro-magnetic actuators involves the interaction between 

magnetic fields and electric currents (W. Wei et al., 2020). When an electric current flows 

through the coil, it generates a magnetic field around it. The strength of the magnetic field 
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is proportional to the current passing through the coil. The generated magnetic field can 

attract or repel the magnet, depending on the configuration. This interaction causes a force 

that results in mechanical movement (Debnath and Biswas, 2021). Electro-magnetic 

actuators have applications in many systems, including solenoids, relays, electric motors, 

and other electro-mechanical devices. 

The actuator selection is based on the particular demands of the application, considering 

criteria such as accuracy, force generation, speed of reaction, and environmental 

circumstances. Every actuator possesses unique benefits and drawbacks, and choosing 

the most appropriate requires a comprehensive assessment of the system's requirements 

and limitations. For this reason, a comparison table between the aforementioned actuation 

techniques has been given in Table 2.1. From the table, it is concluded that the electro-

hydraulic actuator is best suited for railway vehicle applications among other actuation 

systems because of its excellent force/size ratio, reasonable force bandwidth, and good 

reliability.  

2.2.3 Control strategies and implementations 

The vibration control architecture plays a crucial role in the railway system for ensuring 

passenger comfort and train safety. This architecture utilizes several passive and active 

control approaches to mitigate the vibrations caused by uneven tracks and wheel 

 
Figure 2.9 Electro-magnetic actuator 
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imperfections. Previously, the input-output relationship of the control system solely 

depended upon the geometric arrangement of the passive system where the optimum 

value of mass, spring and damper defines the control elements (He et al., 2023; J. Z. Jiang 

et al., 2015; Mitra, Patil, and Banerjee 2015; Satyanarayana et al. 2021) 

Table 2.1 A comparison of different actuators  

Properties Actuator technology 

 Electro-

mechanical 

Electro-

hydraulic 

Electro-

pneumatic 

Electro-

magnetic 

Force-bandwidth Moderate Moderate Low Very high 

Force-to-size 

ratio 

Average Excellent High Poor 

Reliability Good Good Good Excellent 

Stroke High Very high High Low 

Power availability High Low High High 

Efficiency Average Medium High High 

Cost Average Low Low High 

Maintainability Good Average Moderate Average 

Now, in the case of active vibration control, the input-output relationship depends upon 

the configuration of the sensor, actuator and control strategies. In this case, the control 

system's performance is highly dependent upon selecting an appropriate control strategy. 

Specifically, when we talk about vibration control of railway vehicles, two types of 

controllers, the system controller and the force tracking controller, are generally required 

(D. H. Wang & Liao, 2009b). The system controller determines the desired control force 

according to the response, and the force-tracking controller modulates the current or 

voltage to track that desired force. Various control strategies ranging from classical to 

modern approaches that were used to predict the desired force have been given in Figure 

2.10. These include classical control, optimal control, model predictive control, adaptive 

control, robust and sliding mode control, neural-network-based control and fuzzy logic 

control. A summary of their contributions in the context of vibration control of railway 

vehicles is presented in Table 2.2.  

While all the aforementioned control techniques have achieved some degree of success 

in mitigating vehicle vibrations, the three specific control laws classical control, 
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optimal control, and robust control have demonstrated exceptional performance in this 

domain. As a result, these controllers form the basis of this study. 

Figure 2.10 Various control strategies used for vibration control of railway vehicle 

2.2.3.1 Classical control 

Earlier, classical controllers, such as sky-hook and PID, were the most common 

controllers used for the vibration control of railway vehicles. Railway vehicle 

suspensions, as widely recognized, must meet two distinct requirements: good ride 

quality and strong running stability. In passive suspensions, achieving a comfortable ride 

requires a soft connection between the weight of the vehicle body and the wheels while 

maintaining rigid support to improve stability. This conflicting problem can be solved by 

using an imagined sky-hook damper. However, this type of damper has a damping force 

proportional to the sprung mass's velocity and can only be used in a passive system.  

On the other hand, PID is more prevalent in the modern control domains because of its 

simple tuning operation. As the name suggests, the PID controller consists of three 

parameters , and , termed proportional, integral and derivative constants. The 

values of these constants generally depend upon the present, past and future values of 

error. The fundamental equation that explains the operation of PID can be expressed as: 
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(2.1) 

Applying Laplace transform to Eq. (2.1), the control action of the PID controller is 

expressed in terms of the transfer function as: 

 
(2.2) 

where 

 C(s) is the controller transfer function, 

 E(s) is the error 

 U(s) is the output 

 ,  and  gains.  

When combined, these parameters will provide significant advantages in many 

applications. For example, proportional control can produce a fast response, integral 

control can eliminate steady-state errors, and derivative control can increase the system's 

stability by reducing the overshoot and settling time. The traditional tuning methods, such 

as Ziegler-Nichols (Åström & Hägglund, 2004) and Cohen-Coon (36. Pdf), which were 

previously thought to be the best, are now being supplemented by heuristic and 

metaheuristic optimization techniques because traditional methods may fail to provide 

the desired performance in terms of overshoot, settling time, and steady-state error. Also, 

these methods could not provide a fully protected space in terms of data, which helps 

achieve the minimum cost function value. Thus, the intellectual methods based on 

metaheuristic algorithms are promising approaches to enhance search accuracy. The main 

objective of these intellectual methods is to minimize the cost function depending on the 

performance of algorithms. There are several types of evolutionary algorithms: genetic 

algorithm (Eiben, 1997), particle swarm optimization (Slowik, 2011), ant colony 

optimization (Mirjalili, 2019), grey wolf optimization (Mirjalili et al., 2014), firefly 

algorithm (Tilahun & Ong, 2012), cuckoo search algorithm (X. S. Yang & Deb, 2009), 

flower pollination algorithm (Al-Betar et al., 2019), are generally used as intelligent 

optimizers to solve any dynamic problems.  

For instance,  El-Deen et al. (El-Deen et al., 2015) and Mohammed et al. (Mohammed et 

al., 2014) used a GA-based algorithm to tune the PID for speed control of the DC motor 
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and synchronization of generators, respectively. The successful implementation of PSO, 

ACO, and GA for automatic voltage regulator systems has been reported in (39. Pdf) and 

(D. H. Kim & Park, 2005), respectively. Adubi and Misra (Adubi & Misra, 2014) use 

ACO in various applications, and a comparative study is presented. The implementation 

of PSO-based PID for locating the camera position in the unmanned aerial vehicle (UAV) 

and for control of an inverted pendulum has been successfully reported by Rajesh et al. 

in (Rajesh & Ananda, 2015) and Joseph et al. in (Joseph, S, B and Dada, 2018). Mahdieh 

Alamdar et al. (Alamdar Ravari & Yaghoobi, 2019) proposed a chaotic firefly algorithm 

to tune the parameters of FOPID for a continuous stirred tank reactor. The output shows 

better results than integer order PID regarding overshoot, settling time, and steady-state 

error. The cuckoo search algorithm has been used to optimize the PID parameters for 

various applications such as maximum power point tracking (MPPT) (Mosaad et al., 

2019), speed control of induction motors (Peram et al., 2018), and LED driver circuits as 

buck booster converters (Sikander et al., 2018). Apart from these, Li et al. proposed GWO 

for condenser pressure control using a PI controller (S. X. Li & Wang, 2015). Yadav et 

al. used this algorithm to tune the parameters of PID used for the magnetic levitation 

system (Yadav et al., 2016). Ehab et al. (Nayak et al., 2020) used FPA to tune the 

parameters of PID for micro-robotic systems, and Nayak et al. used this algorithm to 

control the load frequency of a thermal power station (Ghith & Tolba, 2022). According 

to the literature, it is observed that PID controllers tuned with meta-heuristic optimization 

have been employed for various applications, including chemical processes, motor speed 

control, sun tracking systems, aviation industries, inverted pendulums, robotics, voltage 

regulation systems, and many more. However, just a few studies have been published in 

the context of vibration control employing an active suspension system. 

2.2.3.2 Optimal control law 

The optimal control is the oldest and broadest field used for the multi-input-multi-output 

(MIMO) control schemes. The main goal of the optimal control law is to find the 

minimum value of control signal (u) that forces the system, , to 

follow an optimum trajectory with the minimization of the following cost function:  



CHAPTER 2                                                                                       LITERATURE REVIEW 

36 
 

 

 

(2.3) 

This problem of minimization can be solved using different approaches such as 

variational calculus, the principle of pontryagin, the dynamic programming and the 

quadratic solution method (Chachuat, 2007; F. Lin et al., 2010; Livesey, 1986; S. Singh, 

2021). The variational calculus and pontryagin principle are based on Euler-Lagrange 

equations and can be employed in non-linear and time-varying systems. Here, a non-

quadratic and time-varying performance index is formed, which is challenging to solve 

in real time. On the other hand, the Hamilton-Jacobi equation forms the basis of quadratic 

solution methods and can be successfully applied to linear time-invariant systems. This 

method produces an optimal control law, which is a linear function of state variables and 

can be solved linearly with the Matrix Riccati equation. The formulation of optimal 

control law requires three basic steps: 

1. A mathematical description of the process with an accurate state-space model. 

2. The specifications of the performance index. 

3. The statement of boundary conditions with proper knowledge of physical 

constraints.  

In the context of vibration control of railway vehicles, two types of optimal controllers, 

linear quadratic regulator (LQR) and linear quadratic Gaussian (LQG), are primarily 

used. The pictorial representation of these controllers is shown in Figure 2.11. The LQR 

is a full-state feedback controller that works on the principle of full rank. This implies 

that the all the system's state must be controllable and observable. This controller provides 

remarkable performance that guarantees gain and phase margins. However, two 

significant problems that the LQR encountered when applying to the vehicle suspensions 

are: (1) all the states are not physically available for feedback, and (2) zero steady-state 

error is not possible in deflection-type problems.  

To overcome these limitations, a full-state estimator combined with an integral controller 

is required. The Kalman-bucy filter best estimates state variables and introduces an 

integral compensator (Davis & Thompson, 1988; Elmadany, 1990, 1991) in the state-
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space model giving the zero steady-state error. The general equations of the Kalman 

estimator are as follows: 

 

                                        

 
    (2.4) 

where are system, input, output and transfer matrices, respectively. The 

coefficient, , is Kalman filter gain. The value of  is evaluated so that Eigen values 

of system should remain highly negative and stable. 

 
Figure 2.11 General structure of LQR and LQG control law 

The idea of LQR/LQG was first applied to the quarter car model for analyzing the ride 

comfort and track holding 

2017; Nagarkar & Vikhe Patil, 2012; Rawool & Mohan, 2022; Satapathy et al., 2014; 

Wilson et al., 1986; X. Yu et al., 2021). This implementation leads to the basic 

understanding of suspension design, and then this control is further applied to the higher 

dimensional models (Ben, Hasbullah, and Faris 2014; Elmadany and Qarmoush 2011; 

Esmailzadeh and Taghirad 1998; Fu and Bruni 2022a; Gomonwattanapanich et al. 2020; 

Graa et al. 2018; Karkoub and Zribi 2006; Sugahara et al. 2008; Taghirad and 

Esmailzadeh 1998; D. H. Wang and Liao 2009a; Yi-Xuan et al. 2018; Zhu, Ding, and 
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Yang 2018). As expected, the LQR/LQG control has been considered one of the most 

commonly used control structures for suspension control because of its simple design and 

relatively low online processing needs. Also, the state space formulation required for the 

functioning of optimal controllers may be quickly established by experts in vehicle 

dynamics.  

Although LQ controllers are considered for preview-augmented suspension control, they 

aren't reliable because the performance of the optimal feedback controller depends on the 

optimum weighting matrices (Q, R, and S) of the quadratic cost function (Tyler & Tuteur, 

1966). Most often, the traditional tuning methods such as  

were used to get the optimum values of weighting matrices (Esmailzadeh and Taghirad 

1998; Fu and Bruni 2022b; Gomonwattanapanich et al. 2020; Graa et al. 2018; Sugahara 

et al. 2008; Taghirad and Esmailzadeh 1998; D. H. Wang and Liao 2009b; Yi-Xuan et al. 

2018; Yu et al. 2021). Unfortunately, these methods could not provide the desired 

performance, even after spending ample time. Therefore, to reinforce these techniques, 

the neural network and evolutionary-based optimization algorithms play an essential role  

[37,38]. In these techniques, the values of weighting matrices are selected in the minimum 

time according to the designer's preferences.  

The evolutionary algorithms based optimal controllers have been used for a variety of 

applications, including power generation (Ahmed, 2020; Robandi et al., 2001), motor 

speed control (Kaur & Ohri, 2022; Maghfiroh et al., 2022), aviation industries (Fessi & 

Bouallègue, 2019; Mobayen et al., 2011; Tsai et al., 2013; Vinodh Kumar et al., 2016), 

inverted pendulum (Howimanporn et al., 2017; Introduction, 2021), robotics (Bilgic et 

al., 2021), and many more. However, limited studies on metaheuristic-based-LQG have 

been published using an active suspension system in the context of vibration control. A 

few of them are: Nagarkar et al. (Nagarkar & VikhePatil, 2016) proposed genetic 

algorithms (GA) based linear quadratic regulator for the quarter car suspension system. 

The RMS values of sprung acceleration and controller force were optimized for better 

ride comfort. Similarly, Kun Wu et al. (K. Wu et al., 2021) used a genetic K-mean 

clustering LQG algorithm for quarter car suspension. Baumal et al. (Baumal et al., 1998) 

and Hui Pang et al. (Pang et al., 2017) used a GA-based LQG controller to optimize the 
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performance of a half-car vehicle model. The effect of particle swarm optimization (PSO) 

based LQG controller on the lateral and yaw displacement of the railway vehicle was 

evaluated by Arfah et al. (Nor, Selamat, and Alimin, 2011). The outcomes of the 

proposed scheme were compared with the hit-and-trial method. Mahmood Ali et al. (Ali 

et al., 2014) discussed the use of PSO-tuned LQG for active suspension systems. Here, 

the performance of the proposed algorithm was tested on a quarter-car vehicle model, 

and the results were simulated by adding a hydraulic actuator. Rashmi et al. (Ranjan et 

al., 2018) presented the adaptive predator-prey optimization for tuning the LQR, applied 

for vibration control, and the results were validated experimentally on a laboratory scale. 

From the above literature, it can be inferred that the effectiveness of metaheuristic-based 

LQG controllers has been examined on the quarter or half-car model. Also, most of the 

work has been done using traditional optimization techniques. However, a new 

optimization algorithm based on LQG with a full-scale model of the vehicle may be 

considered to suppress the track vibrations. 

Moreover, the force tracking controller is another crucial part of the active suspension 

system, which determines the command current according to the desired force. In the 

past, some force feedback methods were used to build this part (Dyke et al., 1996; S. 

Singh & Kumar, 2022; D. H. Wang & Liao, 2009a). However, these methods require 

some extra force sensors that will increase the cost of the system. Therefore, some 

inverse-model-based methods must be required to accomplish the tasks economically. 

Previously, in semi-active suspensions, both parametric (Kwok et al., 2006; Spencer et 

al., 1997; Stanway et al., 1987) and non-parametric models (C.-C. Chang & Zhou, 2002; 

X. Lin & Chen, 2016; Schurter & Roschke, 2000; Tsang et al., 2006) were developed to 

describe the inverse behavior. The non-parametric models, such as neural networks and 

adaptive neuro-fuzzy-interface systems, are most accurate because of their strong non-

linearity disposal ability. In the case of an active suspension system, the same approach 

may be adopted to predict the command current accurately. 

2.2.2.3 Robust control  

The robustness of closed-loop systems is another critical aspect of the controller design. 

In the classical and optimal control architecture, we considered the vehicle system linear 
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and time-invariant. However, in practice, the vehicle's total mass varies due to changes 

in passenger and cargo loads. Also, the characteristics of the actuator may alter due to age 

and non-linearity (H. Li, Liu, Hilton, et al., 2013). Consequently, actual plants are 

considered time-variant systems. When such alterations occur in the system's parameters, 

the controller performance specified in the design phase tends to deteriorate (1998; Du, 

Lam, and Sze, 2003; Kashani and Kiriczi, 1992; Xu et al., 2021). Therefore, a robust 

control must be synthesized to maintain a constant performance of automotive 

suspensions. This technique has the primary advantage of keeping the controller robust 

even when the system response is significantly affected by unmodeled dynamics, non-

linear behavior, parameter change, and vulnerability to disturbances (Chevrie et al., 2015; 

Fadiga et al., 2013; Farges et al., 2013; M. Kumar & Hote, 2022; S. Singh et al., 2023). 

This control law can also apply to heavily couple multivariable systems and 

circumstances in which the desired closed-loop modal characteristics are not clearly 

defined as part of the design requirements. The standard configuration of robust control 

law is shown in Figure 2.12. This approach is based on the minimization of  or  

norms of transfer function taken from exogenous input ( ) to the desired outputs ( ). 

Mathematically, it can be represented as: 

where  is the predefined upper limit, and is the lower linear fractional 

transformation (LLFT) matrix. 

 
Figure 2.12 Standard configuration of robust control law 

 (2.5) 
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               = System transfer function matrix         = Uncertainties block 

                = Controller gain matrix         = Control inputs 

                 = Exogenous inputs         = Controlled outputs 

By introducing appropriate structured and unstructured uncertainties in the process, a 

continuous linear time-invariant system can be described by the following model: 

 

 

 

 
(2.6) 

where  and  are the measured and the controlled outputs. The primary goal of 

robust control is determining the value of  so that the effect of disturbance on the 

controlled output is minimal. To achieve this, two types of robust control laws, i.e.,  

and -synthesis, are mostly adopted. In the past, many research papers have been 

published discussing the use of robust control in active/semi-active suspension systems. 

For example, M. Yamashita et al. (Automotive & Suspension, 1990) and L. Ray (2016) 

first introduced a robust control system for the active suspension system. Here, 

a control scheme for a simple quarter-car model has been implemented. H. Chen et 

al. (Chentit, 2003) and H. Gao et al. (Gao et al., 2006) proposed a robust controller for a 

quarter-car model to deal with parametric uncertainties. Here, the linear matrix inequality 

(LMI) technique has been employed to solve the optimization problem. A robust control-

based active suspension system for vibration mitigation has been proposed by Y. Yin et 

al. (Yin et al., 2022). In the design of the -synthesis control scheme, the structural 

uncertainties with time delay in the actuator have been considered. The results are 

compared with controller. D. Sammier et al. (Sammier et al., 2000) proposed the 

controller for a half-car model in which the vertical and roll motion of the car body 

is controlled with a mixed sensitivity approach. G. Wang et al. (G. Wang et al., 2016), H. 

Li et al. (H. Li, Liu, Hand, et al., 2013) and K. Afshar et al. (Afshar & Javadi, 2019) 

proposed the state feedback robust controller for the half-car model. Here, the robustness 

of the controllers is evaluated by considering the parametric uncertainties and input 
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delays. M. Yamashita et al. (Yamashita, 1994), A. Orvnas et al. (Orvnäs et al., 2011), J. 

Park et al. (Park & Kim, 1999), and P. Gaspar et al. (Gaspar et al., 2010) extend the idea 

of robust control for the full-scale model. Here, the three controlling algorithms, , -

synthesis, and mixed- -synthesis, are successfully implemented to enhance ride comfort. 

The closed-loop robustness of the proposed controllers is evaluated in the frequency 

domain. Apart from this, the concept of a robust controller is also applied to the flexible 

models (H. Cao et al., 2022; Fu & Bruni, 2022b; Kamada et al., 1997; Kamada & Karaki, 

2023; Zheng et al., 2020a). From the literature, it is evident that the majority of the 

research has been carried out with the quarter-car or half-car models. Even in the full-car 

models, the controllers are designed with the decoupled approach. Moreover, most of the 

studies are primarily focused on the single uncertainties. However, a complete model 

consisting of structured and unstructured uncertainties can be developed, and a full-scale 

robust control scheme can be adopted to suppress the track vibrations effectively.  

Apart from the above literature, a complete summary of various mathematical models of 

railway vehicles, wheel-rail contact models, actuators technology, and control laws used 

to control the vibration of railway vehicles is also presented in Table 2.2. 

Table 2.2 Summary of various mathematical modelling and control algorithms 

Authors 
Title type/ 

DOF 
Control 

Technique 
Proposed Work 

(Q. Wang et al., 
2023) 

 
 

Parameter 
optimization of 
multi-suspended 

equipment to 
suppress car body 
vibration of high-

speed railway 
vehicles: a 

comparative study 

 
 
 
 

21-DOF 

 
 
 

Improved niche 
Genetic 

algorithm 
(INGA) 

A rigid-flexible 
coupling model with 
three suspended 
equipment is 
developed. A 
comprehensive 
analysis of the multi-
objective parameter 
optimization 
theoretical 
optimization has been 
conducted. 

(C. Zhang et al., 
2023) 

 
A combine review 

for vibration control 
strategies for high 

speed train and 
railway 

 
 

2-DOF with 
passengers 

model 

 
 

Sky-hook, 
ground-hook, 

LQG 

A comprehensive study 
of direct and indirect 
methods applied for 
vibration control of 
railway vehicles are 
presented. The 
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infrastructure: 
Challenges and 

solutions 
 

available solutions for 
reducing undesired 
vibrations that effect 
the critical velocity and 
ride comfort are 
discussed. 
 

(Shen et al., 
2023)  

 

 
 

 
 

Vibration 
suppression using a 
mechatronics PDD-

ISD combine vehicle 
suspension system 

 

 
 
 
 
 

Quarter-car 
model 

 
 
 
 
 

Fractional-
order sliding 

mode controller 

In order to solve the 
issue of vehicle 
vibration suppression 
at low and high 
frequencies, the 
performance of a new 
combination 
suspension system 
using power-driven 
dampers and inerter-
spring dampers is 
examined for a quarter-
car model. The 
controller is a sliding 
mode controller with 
fractional-order 
derivatives. 

(Fu et al., 2023) 

 
 
 

Modelling, 
hardware-in-the-loop 
tests and numerical 

simulation of 
magneto-rheological 
semi-active primary 

suspensions in a 
railway vehicle 

 

 
 
 
 
 

Quarter-car 
model 

 
 
 
 
 

Sky-hook, 
LQG 

This paper presents a 
semi-active primary 
suspension system 
designed to enhance 
the ride comfort of 
railway vehicles. The 
magneto-rheological 
dampers prototype 
undergoes testing, and 
three control strategies 
for semi-active primary 
suspensions are 
offered. Sky-hook, 
LQG, and Mix-1-
Sensor. 

(Kamada & 
Karaki, 2023) 

 
 
 

Active vertical 
vibration 

suppression of high-
speed railway 
vehicles by 

controlling internal 

 
 
 
 

Full-car 
model 

 
 
 

 
µ-synthesis 

A vertical vibration 
reduction controller 
was designed using µ-
synthesis. A 
comparison was made 
between the nominal 
performance and 
robust performance of 
a 1/6 scale train model 
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pressure of the air 
spring using µ-

synthesis control 
 

theory. The advantage 
of µ-synthesis control 
lies in its ability to 
provide robust 
performance. 

(Tiwari et al., 
2023) 

 
 

Ride comfort 
analysis of high-
speed rail vehicle 
using laminated 

rubber isolator based 
secondary 
suspension 

 
 
 

13-DOF 

 
 
 

A laminated 
rubber based 

spring 

The static stiffness 
spring is optimized in 
both inflated and 
deflated positions. The 
spring gives 
satisfactory results in 
terms of ride comfort 
enhancement at a speed 
of 16-200 Km/h. 

(S. Singh & 
Kumar, 2022) 

 
 
 
 

Modelling 
and Analysis 

of a Passenger Train 
for Enhancing 

the Ride 
Performance Using 

MR-Based 
Semi-active 
Suspension 

 

 
 
 
 
 

17-DOF 

 
 
 
 

Sky-hook and 
continuous 

state control 
algorithm 

A rail vehicle model 
with seventeen degrees 
of freedom, 
incorporating 
Magneto-rheological 
(MR) dampers, is 
developed. The 
performance of the MR 
damper is assessed 
using a modified Bouc-
Wen model. In this 
case, two separate 
controllers are utilized 
to manage the complete 
suspension system: one 
for rejecting 
disturbances and 
another for accurately 
tracking the damper 
force.  
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(H. Cao et al., 
2022) 

 
 
 
 

Active Vibration 
Control of Railway 

Vehicle Car Body by 
Secondary 
Suspension 

Actuators and 
Piezoelectric 

Actuators 
 

 
 
 
 
 
 

Half-car 
flexible 

 
 
 
 
 
 

 and  

The study focused on 
the active reduction of 
vibrations in the 
automobile bodies of 
high-speed electric 
multiple units. The 
optimal placements of 
the piezoelectric 
actuators and sensors 
were determined using 

The vehicle's vibration 
acceleration decreased 
by 10% and 18% at 
speeds of 200 Km/h 
and 350 Km/h, 
respectively. 

(Fu & Bruni, 
2022a) 

 
 
 
 
 
 

An examination of 
alternative schemes 
for active and semi-

active control of 
vertical car-body 

vibration to improve 
ride comfort 

 

 
 
 
 
 
 
 

9-DOF 

 
 
 
 
 
 
 

LQG and H1 
model-based 

control 

A simplified 
representation of car-
body bending modes is 
utilised to construct a 
two-dimensional 9-
DOF vehicle model. 
Four mechatronic 
suspensions, which 
incorporate both active 
and semi-active 
technology in both 
secondary and primary 
suspensions, are being 
compared to 
demonstrate their 
respective advantages. 
The control strategies 
based on LQG and H1 
models have been 
established. 

(Joseph et al., 
2022) 

 
 
 

Metaheuristic 
algorithms for PID 

controller parameters 
tinning: A review, 

approaches and open 
problems 

 
 
 

Numerous 
mathematical 

model 

 
 
 

Classical and 
Metaheuristic 

based PID 

 
Several classical and 
metaheuristic-based 
optimization 
algorithms used to tune 
the PID controller used 
in various applications 
has been presented. 
 



CHAPTER 2                                                                                       LITERATURE REVIEW 

46 
 

(Zeng et al., 
2022) 

 
 
 

Lateral-vertical 
coupled active 
suspension on 

railway vehicle and 
optimal control 

methods 

 
 
 
 

14-DOF 

 
 

 
 

LQG and 
optimal sky-

hook 

The lateral and vertical 
coupled dynamics of 
secondary suspension 
system is studied with 
14 DOF non-linear 
model. The theoretical 
study proves that 
optimal sky-hook 
method is more 
successful as compare 
to LQG control 
method. 

(Yan et al., 
2022) 

 
 

Vibration control of 
superconducting 
electro-dynamic 

suspension train with 
electro-magnetic and 
sky-hook damping 

methods 

 
 
 
 

14-DOF 

 
 
 
 

ON-OFF Sky-
hook damping 

The vertical and pitch 
vibrations of EDS train 
are suppressed with 
active primary 
suspension system. The 
electro-magnetic 
damping of 5kN·s/m 
to10kN·s/m. is 
successfully achieved. 

(S. Liu et al., 
2022) 

 
 
 

Strongly perturbed 
sliding mode 

adaptive control of 
vehicle active 

suspension system 
considering actuator 

non-linearity 

 
 
 
 

Non-linear 
Half car 
model 

 
 
 
 

Sliding mode 
adaptive 
control 

The vertical and pitch 
motions of railway 
vehicle are 
successfully controlled 
by active suspension 
system. The 
uncertainty in vehicle 
parameters with non-
linearity in actuator 
dynamics has been 
added to check the 
robustness of control 
algorithm. 

(Theunissen et 
al., 2021) 

 
Preview-based 
techniques for 

vehicle suspension 
control: a state-of-

the-art review 

 
Quarter and 

half-car 

 
LQR,  and 

 and MPC 

A comprehensive 
review of preview 
based control strategies 
used in active 
suspensions has been 
presented. 

(Gong et al., 
2021) 

 
 
 

Research on 
mechanism and 

control methods of 
car body chattering 

 
 
 

23-DOF 

 
 
 

Multi-objective  
synchronization 

Optimization 
(MOSO) 

To study the car body 
chattering, wheel and 
rail profile test, modal 
parameters test and 
root locus analysis is 
carried out. The car 
body acceleration at 10 
Hz is decreased by 40 
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of an electric 
multiple-unit train 

% using proposed 
optimization 
technique. 

(Dumitriu & 
 

 
 
 
 

Study on the 
Evaluation Methods 
of the Vertical Ride 
Comfort of Railway 

Vehicle Mean 
Comfort Method and 

 
 

 
 
 
 

Vertical and 
lateral 

comfort 

 
 
 
 
 

This research examines 
the ride comfort of 
railway vehicles in 
terms of vertical 
vibrations. The 
evaluation is conducted 
using two methods: the 
mean comfort 
technique and 
Sperling's method. The 
perception of comfort 
is measured using 
comfort indices, 
specifically the ride 
comfort 
index and ride 
comfort  index. 

(J. Sun et al., 
2021) 

 
 

An investigation into 
evaluation methods 
for ride comfort of 
railway vehicles in 
the case of car body 
hunting instability 

 
 
 

Field test 

Sperling 
method, Mean 

Comfort 
standard 

method and 
Continuous 

Comfort 
method 

Three methods of ride 
comfort analysis have 
been reviewed. The 
simulated results are 
compared with 
experimental results of 
hunting instability. 

(Dahunsi et al., 
2020) 

 
 
 
 
 
 
 
 

Proportional 
+integral + 

derivative control of 
non-linear full-car 
electrohydraulic 

suspensions using 
global and 

evolutionary 
optimization 
techniques 

 

 
 
 
 
 
 
 
 
 

Non-linear 
full-car 

 
 
 
 
 
 
 
 
 

Metaheuristic 
based PID 

An active vehicle 
suspension system 
using multi-loop 
proportional integral 
derivative controllers 
tuned with global and 
evolutionary 
optimization is 
proposed. Non-linear 
full-car 
electrohydraulic active 
vehicle suspension is 
used. Controlled 
random search, 
differential evolution, 
particle swarm 
optimization, modified 
particle swarm 
optimization, and 
modified controlled 
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random search are 
Global and 
evolutionary 
optimization 
approaches. 

 
 
 

(Jin et al., 2020) 

 
 
 

Development and 
evaluation of a 

versatile semi-active 
suspension system 

for high-speed 
railway vehicles 

 
 
 

Proto type of 
variable 
stiffness 
variable 
damping  

suspension 
(VSVD) 
model 

 
 
 

Sky- hook and 
short term 

Fourier 
Transform 

(STFT) 

A versatile semi-active 
(VSVD) suspension for 
the mitigation of lateral 
vibration is developed. 
A comparison between 
the passive-off, 
passive-on, pure VS, 
pure VD and proposed 
model is conducted. 

(Alfi et al., 
2019) 

 
 
 
 

Active secondary 
yaw control to 

improve curving 
behavior of a railway 

vehicle 
 

 
 
 
 
 

Lateral wheel-
set model 

 
 
 
 
 

LQR and LQG. 

Investigated an active 
secondary suspension 
control method using 
secondary yaw control 
to improve the curving 
behavior. To achieve 
desired state feedback 
controller is designed 
using LQR and LQG. 
The effectiveness of 
the proposed actuation 
concept is investigated 
in a multi-body 
simulator. 

(Y. Jiang et al., 
2019) 

 
 
 
 
 

A comparison study 
of ride comfort 
indices between 

and EN 12299 
 

 
 
 
 
 

Continuous 
Comfort 

index, Mean 
Comfort 

index, and 
Sperling 
index. 

 
 
 
 
 
 

Ride comfort 
evaluation methods 
such as ISO 2631, EN 

method, for assessing 
passenger comfort on 
trains are presented. 
The dynamic response 
of a V/Line passenger 
train in Australia is 
evaluated and utilized 
to evaluate the 
Continuous Comfort 
index, Mean Comfort 
index, and Sperling 
index. 
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(Dumitriu & 
Fologea, 2019) 

 
 
 

Numerical analysis 
on the correlation 

between bogie 
dynamic response 
and vertical track 

Irregularities 

 
 
 
 

Half-car 
model 

 
 
 
 

(Pearson 
correlation) 
Covariance 

method 

Presented a frequency 
response analysis of 
correlation between the 
bogie dynamic 
response and vertical 
track irregularities. The 
result shows that 
correlation function 
between the bogie 
dynamics and 
displacement are 
highly dependent upon 
velocity, frequency and 
suspension damping. 

 
(Zheng et al., 

2020b) 

Combined active 
suspension and 
structural damping 
for suppression of 
flexible bodied 
railway vehicle 
vibration 

Flexible and 
rigid half-car 
model 

,  and 
Sky hook 
damping 

A decentralized active 
control scheme for 
suppressing the vertical 
vibration is presented 
in which sky hook 
damping is used for 
active suspension 
control. The 
model/parametric 
uncertainties are also 
added in both flexible 
and rigid mode to 
guaranteed the 
robustness of system. 

(Muñoz et al., 
2019) 

 
 
 

Multi-body model of 
railway vehicle with 

weakly coupled 
vertical and lateral 

dynamics 

 
 
 

3-D coupled 
dynamic 
model 

between 
vehicle and 

track 
irregularities 

 
 
 

Numerical 
procedure 

Presented a numerical 
model which calculate 
the lateral and vertical 
dynamics in the 
presence of track 
irregularities on 
straight track. While on 
a curved path, the 
simulation is done 
without irregularities. 

(Zhu et al., 
2018) 

 
 
 

 
A Low-Cost Lateral 
Active Suspension 

System of the High-
Speed Train for Ride 
Quality Based on the 

 
 
 
 
 

A 17 DOF 

 
 
 
 
 

IM -based 
resonant, LQR 
and H-infinity 

An internal model 
based resonant control 
system is presented to 
control the lateral 
vibrations. A 17 DOF 
model including 
suspension deflection, 
actuator saturation and 
irregularities (random 
and periodic) is 
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Resonant Control 
Method 

considered. To 
suppress the vibration 
three principles (IM -
based resonant, LQR 
and H-infinity) are 
presented.  

(Molatefi et al., 
2017) 

 
 
 

Stability and safety 
analysis of an active 

steering bogie 
according to EN 
14363 standard 

 
 

 
 
Five wagons 
with single 
wheel-set 

bogie 

 
 
 
 

Phase lead-lag 
compensator/ 
SIMPACK 
software 

Proposed a dynamic 
model which study the 
effect of change in 
angle of attack and 
conicity of wheelset on 
lateral dynamics. This 
system uses a simple 
phase lead-lag 
compensator controller 
for active steering to 
improve the derailment 
coefficient and ride 
characteristics.  

(Verma et al., 
2017) 

 
 
 
 
 
 

Optimization of 
Fractional Order PID 

Controller Using 
Grey Wolf 
Optimizer 

 

 
 
 
 
 
 

Second-order 
plus time- 

delay 

 
 
 
 
 
 

GWO tuned 
PID 

This study proposes a 
novel evolutionary 
technique for 
optimising the 
parameters of a 
fractional order 
controller in order to 
regulate two types of 
systems: systems with 
time-delay and higher 
order systems. The 
grey wolf optimizer, an 
evolutionary approach, 
is employed for the 
optimization of both 
integer and fractional 
order controllers. 

(X. Wei et al., 
2016) 

 
 
 

A semi-active 
control suspension 
system for railway 

vehicles with 
magneto-rheological 

fluid dampers 

 
 
 
 

17-DOF 

 
 
 

Simple 
feedback 

control method 

Proposed a system 
which is composed of 
four magneto-
rheological fluid 
damper in the primary 
suspension to improve 
the ride comfort and 
curving performance. 
A 17 DOF model is 
used to study the lateral 
dynamic behavior of 
vehicle. 
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(Leblebici & 
Türkay, 2016) 

 
 
 
 
 

Track Modelling and 
Control of a Railway 

Vehicle 

 
 
 

 
 

14-DOF 

 
 
 
 

 
LQG 

Active suspensions are 
designed with the help 
of LQG controller to 
resist the vibration 
level that comes due to 
random track input. 14 
DOF lumped 
parameter model is 
used in which 10 DOF 
represent the half rail 
model and one degree 
of freedom each under 
four wheels represent 
the track model. 

(Bailey & 
Hedrick, 2015)  

 
 
 
 

Railway vehicle 
energy dissipation 

due to  lateral 
vehicle/track 
interaction 

 
 
 
 

23-DOF 

 
 
 
 

DUVOROL 
algorithm 

This paper reviews the 
use of active 
suspension to improve 
the ride quality of a 
railway vehicle in 
lateral and vertical 
direction along with 
stability analysis in 
lateral direction. The 
various actuation 
technological ongoing 
work across world at 
that time are also 
discussed. 

 
 

 (Zhou et al., 
2014) 

 
Robust system state 
estimation for active 
suspension control in 

high-speed tilting 
trains 

 
 

12- DOF  
tilting model 

 
 

H-infinity 

Proposed an active 
control for train tilting 
integrated with active 
lateral suspension 
system. The extended 
H-infinity state 
estimator filter is used 
to estimate the vehicle 
body lateral 
acceleration and cant 
deficiency. To check 
the robustness of 
system various model 
uncertainties are also 
added.  

(Metin & Guclu, 
2014a) 

 

 
Rail Vehicle 

Vibrations Control 
Using Parameters 

 
5-DOF 

 
GA based PID 

controller 

An adaptive PID 
controller is designed 
to control the vertical 
vibration of a quarter 
car rail. A 5 DOF 
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Adaptive PID 
Controller 

model is used. GA is 
used for select the new 
parameters of PID 
controller. The 
simulation is done on 
different rail speed and 
varying load conditions 
to check the robustness 
of proposed system. 

(Zong et al., 
2013) 

 
 
 
 

Semi-active 
control of high-

speed railway 
vehicle suspension 

with magneto-
rheological dampers 

 

 
 
 
 

17-DOF 

 
 
 
 

 and ANFIS 

A semi-active 
suspension system to 
improve the lateral 
dynamics of railway 
vehicle is proposed. 
The suggested semi-
active controller 
consists of a ANFIS 
inverse MR damper 
model for the damper 
control and a  
controller for the 
system controller. 

 
(Sezer & Atalay, 

2011) 

 
Dynamic modeling 

and fuzzy logic 
control of vibrations 
of a railway vehicle 
for different track 

irregularities 

 
54-DOF 

 
Fuzzy logic 
controller 

The simulations of 
vibration analysis with 
fuzzy logic controller 
are obtained in time 
and frequency domains 
with 54 DOF 
mathematical model 
and the results are 
compared with passive 
controlled status. 

 
(Jalili & Salehi, 

2011) 

 
 
 
 
 

Wheel/rail contact 
model for rail 

vehicle dynamics 

 
 
 
 
 

A new wheel-
rail contact 

model 

 
 
 
 
 

Virtual 
penetration 

theory 

A new method to find 
the contact angle and 
contact forces is 
proposed which allows 
to calculate the contact 
forces by taking 
flexible, non-elliptical 
and multiple contact 
patches. This is the 
advancement of 
STRIPE method in 
which contact points at 
penetrated surface are 
joined as such they 
make isosceles triangle 
as their projection. 
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(Metin & Guclu, 
2011) 

 
 
 

A Comparison of 
Control Algorithms 

for a Half Rail 
Vehicle Model under 

Track Irregularity 
Effect 

 
 
 

Half-car 
model 

 
 
 

PID and Fuzzy 
controller 

Bounce and pitch 
motion (vertical 
motion) of railway 
vehicle body with 
passenger seat is 
investigated. The 
suspensions are 
actively controlled by 
the PID and Fuzzy 
controller. Then 
performance of both 
controllers is compared 
with each other for 
same track 
irregularities. 

(Pacchioni et al., 
2010) 

 
 
 
 
 
 

Active suspension 
for a two-axle 

railway vehicle 

 
 
 
 
 
 

Half car 
model 

 
 
 
 
 
 

sky hook 
damping and 
LQG optimal 

control 

Proposed a system to 
improve the ride 
comfort of a two-axle 
light weighted train. 
Two active 
configurations are 
considered: sky hook 
damping and LQG 
optimal control. The 
transfer function model 
of actuation element is 
also considered with 
suspension element to 
review the 
performance of whole 
system. 

(D. H. Wang & 
Liao, 2009a) 

 
 
 

Semi-active 
suspension systems 
for railway vehicles 

using 
magnetorheological 

dampers. Part I: 
System integration 

and modelling 

 
 
 
 
 

17-DOF 

 
 
 
 
 

LQG 

Acceleration level of 
car body, truck (bogie) 
frame and wheelset are 
evaluated. The 
simulated results are 
compared with passive 
control strategies (ON 
and OFF mode) used 
for suspension in 
railway vehicle. 

(Eski & 
Yildirim, 2009) 

 
 

Vibration control of 
vehicle active 

suspension system 
using a new robust 

 
 
 

7-DOF 

 
 
 

Robust 
recurrent 

Proposed a neural 
network based robust 
controller for vehicle 
active suspension to 
suppress the vibration. 
A full 7 DOF model is 
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neural network 
control system, 

Neural-
Network 

used along with 
relative displacement 
of sprung mass with 
respect to all four un-
sprung masses. The 
PID controller is used 
to compare the 
developed RNN 
control system. 

(D. H. Wang & 
Liao, 2009b) 

 
 
 

Semi-active 
suspension systems 
for railway vehicles 

using magneto-
rheological dampers. 

Part II: simulation 
and analysis 

 
 
 

17-DOF 

 
 
 

Kalman filter 
with LQG 
control law 

This part of paper 
proposed the 17 DOF 
mathematical model to 
investigate the lateral, 
yaw and roll motion of 
rail body, bogie and 
wheelset using MR 
damper. The state 
variables of model are 
predicted with the help 
of Kalman filter 
corporate with LQG 
control law.  

(Piotrowski & 
Chollet, 2007) 

 
 
 
 
 
 
 
 

Wheel  rail contact 
models for vehicle 
system dynamics 

including multi-point 
contact 

 
 
 
 
 
 
 
 

Multi-point 
contact model 

 
 
 
 
 
 
 
 

Computer 
program 

CONTACT 

Presented a multi-point 
interaction model to 
find the contact forces. 
The various non- 
elliptical contact 
patches geometry is 
approximated by 
ellipse and resulted 
creep forces are 
calculated. Another 
way is to represent the 
contact surfaces 
geometry as penetrated 
one and creep forces 
are calculated by the 
use of approximation 
method and program 
CONTACT. The 
results are compared 
with the results that 
come from FEM. 

 
 

(R. Goodall, 
2007) 

 
 

Active railway 
suspensions: 

Implementation 

 
 

Review on 
multi-models 

 
 

Various control 
strategies 

This paper gives a 
comprehensive survey 
of active suspension 
technology evolved for 
last thirty years. This 
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status and 
technological trends 

gives a brief idea about 
the scope, degree and 
technology used so far 
in railway history. This 
survey mainly focusses 
on establishment of 
active steering and 
active primary 
suspension  

(Steenbergen, 
2006) 

 
 
 
 
 

Modelling of wheels 
and rail 

discontinuities in 
dynamic wheel rail 

contact analysis 

 
 
 
 
 

Two- or 
multi-point 

contact model 

 
 
 
 
 

Numerical 
solution 

method based 
on time and 
frequency 
domain. 

The behavior of contact 
forces is studied by 
applying step or dip 
type of irregularities 
over the track. The 
transient double or 
multi-point contact is 
considered. Forces 
developed at wheel rail 
interface are not only 
due to geometrical 
impact load but also 
due to short length 
irregularities. 

(Shabana et al., 
2004) 

 
 

 
 
 
 
 

Development of 
elastic force model 

for wheel/rail 
contact problems 

 
 
 

 
 
 
 

An elastic 
based wheel-
rail contact 

model 

 
 
 

 
 
 
 

Differential 
equations; 
Lagrange 

formulation 

A new formulation 
based on elastic 
approach for wheel rail 
contact is presented. 
Four surface 
parameters are used to 
describe the wheel rail 
surface and multiple 
contact points are 
taken. Train arc length 
travelled by wheelset is 
calculated by adding 
first order differential 
equation to multi body 
equation separately. 
Numerical results 
obtained by this 
method are compared 
with constraint 
approach. 

(Tronic et al., 
2000) 

 
 

Mechatronic 
solutions for high-

speed railway 
vehicles 

 
 

Various active 
steering 
models 

 
 

 optimal 
control and 
robust  

Different control 
schemes are presented 
for active steering of 
railway vehicle. The 
main purpose of study 
is to improve the 
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curving behavior and 
ride comfort of three 
wheelset vehicle 
system. The lateral 
acceleration is studied 
with active control 
strategy such as IRW, 
DSW and compared 
with passive control 
strategies. 

(Eickhoff et al., 
1995) 

 
 
 
 
 

A Review of 
Modelling Methods 
for Railway Vehicle 

Suspension 
Components 

 
 
 
 
 

All railway 
vehicle 

suspension to 
control 

algorithms 
defined 
above. 

 
 
 
 
 
 
 
 

This paper gives the 
comprehensive idea for 
studying the dynamic 
behavior of railway 
vehicle in real 
situation. Since real 
systems are non-linear 
in nature it, is 
necessary to include 
that non linearity in the 
mathematical model. 
This paper also 
provides the 
complication that 
comes by adding the 
non-linearity in the 
simulation process and 
how accuracy affected. 

(Zhai & Sun, 
1994) 

 
 
 
 

A Detailed Model 
for Investigating 

Vertical Interaction 
between Railway 
Vehicle and Track 

 
 
 
 

10-DOF 

 
 
 
 

Hertzian non-
linear elastic 

contact theory 

A model is developed 
to study the vibrational 
characteristics and 
dynamic vertical 
interaction between 
vehicle and track 
coupling system in the 
domain of high speed. 
It concluded that wheel 
rail forces are directly 
proportional to velocity 
and also affected by the 
un-sprung mass. 

(Hrovat, 1993) 

 
 

Applications of 
optimal control to 

advanced automotive 
suspension design 

 
 

Quarter, half 
and full-car 

model 

 
 

LQG 

The optimal control 
technique for study the 
ride and handling 
capabilities of vehicles 
by considering quarter, 
half and full car model 
is presented. 

(Jawahar et al., 
1990) 

 
Mathematical 

modelling for lateral 
dynamic simulation 
of a railway vehicle 
with conventional 

 
 

7-DOF 

 
 

ADAMS 
method 

Present a non-linear 
mathematical model of 
railway vehicle and 
track model to find the 
lateral dynamics by 
evaluating the contact 
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and unconventional 
wheelset 

forces. The factors 
which affect the 
hunting behavior along 
with vibration of rail 
are calculated. The 
time domain analysis 
shows that 
unconventional system 
has lower level of 
vibration as compare to 
conventional wheelset.   

(Kaiker 1991; 
Willumeit and 
Kalker 1979) 

 
 
 
 
 
 
 

Wheel-Rail Contact 
Theory 

                 
Survey of Wheel-
Rail Rolling Contact 
Theory 

 
 
 
 
 
 
 

Hertzian 
model to 3-
dimensional 

model 

 
 
 
 
 
 
 

Various 
computer 

program such 
as CONTACT,  
FASTSIM etc. 

This paper surveyed 
the rolling contact 
theories that are 
established to solve the 
common problem of 
contact forces. It 
surveyed the evolution 
of force-creepage law 
starting from Carter 2-
D theory to kalker 
complete theory which 
involve kalker 
simplified theory and 
others contribution 
also. Numerical 
solutions with the help 
of computer programs 
such as CONTACT or 
FASTSIM are also 
discussed.  

 

2.3 Conclusions 

This chapter covers various facets of active suspension systems: 'Modeling of vehicle and 

rail-wheel contact', 'real actuators', and control architecture. A wide range of research on 

active vibration control of railway vehicles has been documented. Over 1000+ relevant 

articles have been published in this field within the past three decades. Nevertheless, a 

significant portion of the controller development has primarily been examined on small-

scale models, and only a small number of them have been put into practice. Although the 

theoretical studies have shown promising results, there needs to be more documentation 

on the full-scale model of high-performance controllers in real systems. This lack of 

reporting may raise concerns about the reliability of the techniques.  
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Inspired by the aforementioned literature, the present work is focused on intelligent 

control strategies aimed at improving the ride comfort of railway vehicles through the 

application of hybrid techniques that combine classical methods with metaheuristic 

approaches.
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CHAPTER 3  

DYNAMIC MODELING OF RAILWAY VEHICLE 

Mathematical modeling is a navigator that leads us to an in-depth understanding 

of the behavior, complexities, and practical applications of dynamic systems. This 

chapter introduces a mathematical model of the railway vehicle that has 38 degrees 

of freedom. The model includes the wheel-rail contact forces and the rail 

irregularity model. The critical and operating speed of LHB coach under different 

track irregularities are evaluated using the 2-dimensional state space model. Then, 

the proposed model is validated with the experimental data on human ride comfort.  

3.1 Introduction 

The ride comfort of passengers is an important parameter for evaluating the performance 

of railway vehicles. As discussed in the literature, many standards/models, such as quarter 

car, half car, and full car, have been proposed to evaluate the human comfort of railway 

vehicles.  Most of the analytical models have predominantly focused on the uncoupled 

behavior of the railway vehicle. But, in the real world, a strong coupling exists between 

the six motions of a railway vehicle. Therefore, in this work, first, a 38-DOF coupled 

dynamic model of railway vehicles integrated with the wheel-rail contact forces and rail 

irregularities is developed. All the equations of motion are developed in the body frame 

of reference. For this purpose, a general coordinate system of the vehicle body with 

respect to an inertial frame of reference is selected. Then, the developed model is solved 

using the two-dimensional state-space continuous approach, and the performance is 

analyzed in three parts. In the first part, the model determines the vehicle's stability 

region, specifically focusing on critical speed. This analysis helps to identify the speed 

range within which the vehicle remains stable. The second part uses the model to evaluate 

the acceleration response of the vehicle's motions under three types of random track 

irregularities (vertical profile, lateral alignment, and cross-level) (Q. Zhu, Li, et al., 2018), 

and the 3-D graphical representation of the response PSDs has been given. The root mean 

square values of the vehicle's vertical, lateral, pitch, roll, and yaw acceleration at different 

train speeds are analyzed numerically. Finally, in the third part, the ride comfort index of 
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railway vehicle is evaluated using Sperling's method, and the simulated results are 

validated with experimental results reported by the Research Design and Standard 

Organization (RDSO), Lucknow (India). In this work, the system outputs are represented 

in the frequency range, aligning with the sensitivity range of human organs. 

3.2 General Co-ordinate system 

Multibody dynamics are expressed by rigid and flexible bodies on the basis of their elastic 

deformation. C -ordinates 

system are defined, in which OXYZ defines the global inertial frame of reference and 

 are the fixed body coordinates at center of mass shown in Figure 3.1.  

 

Figure 3.1 General co-ordinate system of railway system 

Consider an arbitrary point P on one rigid body, then absolute position vector  can be 

expressed as: 

= R +     (3.1) 

    (3.2) 

where  is the rotational matrix with respect to global co-ordinate system described as: 

   About Z-axis: 

   (3.3)  

 About Y-axis:

     (3.4) 

    About X-axis: 

(3.5)  
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3.3 Wheel-rail contact model 

For calculating the forces at contact point same global co-ordinate system is considered. 

The only difference is that a local coordinate system  is added in the system in 

which position =X-Vt, where V is the velocity of vehicle. Contact forces between 

wheel and rail can be calculated by using Hertzian spring stiffness model in which normal 

contact forces are developed due to deformation (Spring et al., 2011) of surfaces at contact 

and tangential creep forces are calculated using Kalker linear theory by considering the 

bodies as elastic in nature. These creep forces arise because of relative velocities 

difference at wheel and rail contact patch. The calculation of normal and tangential 

stresses assumes that the pressure distribution at the contact patch is parabolic, as 

described in Eqn. (3.6), and pressure profile is shown in Figure 3.2 (a). Hertzian spring 

coefficients are derived by using Simpson 1/3rd rule whose values are given in Appendix 

1 and pressure profile along half space is shown in Figure 3.2 (b). 

 

 
 (3.6) 

Where  is maximum load on the wheelset. 

The creep forces are determined by imagining a train going on a straight track without 

any curves (Srivastava et al., 2019). The three creep factors lateral, longitudinal, and 

spin moment (along the z-axis) are expressed as follows in the Kalker linear theory: 

            (3.7) 

            (3.8) 

            (3.9) 

where,  

 
     

(3.10) 

 +         
(3.11) 

 
      

     (3.12) 
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(a) (b) 

Figure 3.2 (a) Pressure distribution and (b) Pressure profile at contact patch 

3.4 Analytical model of railway vehicle system 

The railway vehicle used in this study is similar to LHB coaches used in the Shatabdi 

Express (Mech, 2018) chair train, which has one car body, two FIAT bogies (Handbook 

& Bogie, 2012), and four pairs of wheelsets. The spring system connecting the wheelsets 

with bogies is a primary suspension system. In contrast, the system that connects the 

bogies with the car body is the secondary suspensions system. This part focuses on 

dynamic modelling, namely the analysis of the six-degrees-of-freedom (6-DOFs) 

behaviors of the car body and bogie, along with the five-degrees-of-freedom (5-DOF) 

motions of the wheelsets. It gives a total of 38-degrees-of-freedom (DOFs) lumped 

parameter model as shown in Figure 3.3. The proposed mathematical model also 

collaborates with the wheel-rail creep forces and tracks irregularities as given in the Eqns. 

(3.14)-(3.30). For the wheel-rail contact forces, the non-Hertzian contact model proposed 

by Piotrowski et al. has been utilized (Piotrowski & Kik, 2008), in which the creep forces 

are determined with the help of FASTSIM algorithm. The physical parameters used in 

this study have been collected from Rail Coach Factory Kapurthala (Rail Coach Factory 

Kapurthala Official Website 2021), Jalandhar. The dynamic model of the vehicle is 

developed by using the Newton-Euler equations (Bongardt & Kirchner, 2017) of force-

moment balance given as: 
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(3.13) 

Where  is the sum of all forces and  is the change in linear momentum 

 is the sum of all moments and  is the change in angular momentum 

Assumptions: 

(1) All bodies are rigid. 

(2) The parameters of vehicle and track do not change with time. 

(3) The linear range of spring stiffness is used with viscous damping. 

(4) Rolling, pitching, and yawing angles are small such that, 

Sin ( ) =  and Cos ( ) = 1, where  

(5) The vehicle is moving with constant velocity in +ve - direction. 

(6) There is no wheel lift, and wheels are always in contact with rails. 

3.4.1 38-DOF dynamic model of railway vehicle 

The definitions of various symbols used in the dynamic modeling of the vehicle have 

been given in the list of symbols. 

3.4.1.1 Vehicle body differential equations 

  (3.14) 

+
= +  + +  

    
(3.15)            

+ +2

 = +  

    
(3.16) 

   

    
(3.17) 

(

=
 

 

     
 
 
(3.18) 

   
    
(3.19) 
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3.4.1.2 Bogies differential equations ( =1, 2) 

  

  
 
(3.20) 

   

  
 
 
(3.21) 

   
 

  
 
 
(3.22) 

  

  
 
(3.23) 

  

 
(3.24) 

  

   
(3.25) 

3.4.1.3 Wheelsets differential equations ( =1, 2, while =1; =3, 4, while =2) 

     (3.26) 

                       

 
(3.27) 

                                                                                                                             

  
 
 
(3.28) 
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(3.29) 

  
 
(3.30) 

The values of parameters used in Eqns. (3.14) - (3.30) are given in Appendix 1, which 

are the same as that in (S. D. Singh et al., 2017), and (D. H. Wang & Liao, 2009b). 

                                            (a)                                              (b) 

 
(c) 

Figure 3.3 38-DOF analytical model of a railway vehicle (a) end view (b) front view (c) top view 



CHAPTER 3                                                DYNAMIC MODELING OF RAILWAY VEHICLE 

66 
 

3.4.2 State-space formulation 

In this section, the state-space model is formulated by defining the state vector as 

control vector as  and the disturbance vector as 

 

where  and  vectors are defines as: 

             

(3.31)               

  (3.32) 

        , (3.33) 

Then, the governing Eqns. (3.14) - (3.30) can be written in the following matrix form: 

     ; u(t)=0 (3.34) 

where [M] ( ), [K] ( ) are the constant mass and stiffness coefficient matrix. 

C( ) is the variable damping coefficient matrix which can be segregated as [C] 

( ) , where  is the viscous damping matrix, taken as structural 

damping proportional to the stiffness matrix (S. D. Singh et al., 2017) and  is the 

constant coefficient matrix that contains the constant creep forces. ( ) is the 

disturbances coefficient matrix, acting as an input to the railway vehicle. At different 

speeds of vehicle, the values of M, C, K, and  matrices can be determined from the 

two dimensional steady space model as given in Eqns. (3.35) & (3.36). 

Now, the state and output equations of the railway vehicle using two-dimensional state-

space model (Duan & Xiang, 2017) are defined as:  

 +  

 
(3.35) 

 + ,           
   
(3.36) 
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where,  is a  state vector toward South and,  is a  state vector 

toward East, respectively.  and,  are the disturbances and output vectors, 

where denotes the DOFs, time, velocity points and no. of perturbations, 

respectively. According to Eqn. (3.34), the coefficient matrices of Eqns. (3.35), and (3.36) 

are determined as: = , = , 

 and, .  

3.5 Modeling of railway track irregularities 

The leading cause of vibrations in the railway's vehicle body is due to the irregularities 

on railway tracks and wheel structure. These irregularities act as input excitation to the 

railway vehicle. There are three types of track irregularity, such as vertical profile , 

lateral alignment , and cross-level ( are defined in the literature (Goodwin, 1987), 

which excite the vehicle's body in both vertical and lateral directions. These irregularities 

can be periodic as well as random in nature.  

3.5.1   Periodic track irregularities  

The track irregularities can be broken down into harmonic components with the help of 

a Fourier transformation, in which the wavelengths possess special significance. At a 

particular speed and direction, the car body's bounce, pitch, roll, lateral and yaw motion 

is excited by some wavelengths, as shown in Figure 3.4.These wavelengths can be 

described as "critical wavelengths" for the speed (Lewis & Olofsson, 2006). According 

to this, the sinusoidal or periodic input function used for bounce and lateral motions is 

defined as 

 
 (3.37) 

where  is the velocity of the vehicle.  is the amplitude, and  is the spatial wavelength 

for bounce and lateral motion, respectively, as shown in Figure 3.4 (a) & (c). 

Similarly, the input function used for bounce and yaw motion is defined as: 

 
    (3.38) 
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where represents the spatial wavelength for bounce and yaw motion, respectively, as 

shown in Figure 3.4 (b) & (d). 

And the input function used for roll motion is defined as: 

where,   is the spatial wavelength for roll motion as shown in Figure 3.4 (e). 

If  are the excitations applied on the front wheelsets of railway vehicle, then 

 are related by the following relation: 

, ,  

, ,  

, ,  

 

(3.40) 

where , , are the time delays between the front and 

consecutive wheelsets. 

 
 

Figure 3.4 Track irregularities (a) vertical profile (b) Lateral alignment (c) Cross-level 

 
(3.39) 
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3.5.2   Random track irregularities 

The real track irregularities are the superposition of harmonic waves of different 

amplitude, phase, and wavelength. Describing the random track irregularities is always 

convenient in the form of PSD (power spectral density), which are calculated by taking 

the Fourier Transform of the autocorrelation function (W. Zhai, 2020) . In this study, the 

vertical and lateral responses of the vehicle's body to random track input from different 

classes are examined. The single-sided density function for the vertical profile, lateral 

alignment, and cross-level are defined in Eqns. (3.41) - (3.43). These PSDs are generally 

determined from the extensive collection of measured data of tracks recorded by the 

German Railway (Iwnicki, 2006) are given in the form of the spatial domain as: 

 =   (3.41) 

 =   (3.42) 

 =   (3.43) 

where  is the spatial frequency of the track measured in rad/m, while ,  and   

denote the cut off frequencies in rad/m. Additionally, , , and  are the roughness 

constant measured in , and  represents half the distance between the two-rolling 

cycles of wheelset (m) (D. H. Wang & Liao, 2009a).  

Now, for a railway vehicle moving at a velocity V, the excitation or input function is 

converted from spatial domain to time domain by using the following dispersion relation 

as; 

,     (3.44) 

where  is the angular frequency,   is the spatial wavelength of rail 

Since in both spectrums, i.e., in S ( ) and S ( ) the energy contents should be the same. 

Therefore, let,   

S ( ) =   (3.45) 
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Now, the irregularity functions are obtained by putting the Eqns. (3.44), and (3.45) into 

Eqs. (3.41) - (3.43), and the obtained single-sided PSDs functions can be rewritten as: 

 

 (3.46) 

(3.47) 

(3.48) 

where  is the angular frequency of the track measured in rad/sec and ,  and   are 

the cut-off frequencies taken in rad/m; ,  and  are roughness constant taken in 

; is the velocity of the vehicle;  is the half the distance between the two-rolling 

circle of the wheelset (m). The values of these constant factors and cut-off frequencies 

for different classes of track (W. Zhai, 2020)   are given in Appendix 1. The pictorial 

representations of track PSDs in frequency and time domain are given in Figure 3.5. The 

required frequency ranges of PSDs are obtained by varying the track wavelength from 

1.24-125 m. 

3.6 System response to track irregularities and vehicle velocity 

Now, for system output, the Eq. (3.34) can be simplified as follows: 

 (3.49) 

where  denotes states,  are the disturbances,  are the damping ratios and  

are natural frequencies of respective DOFs. Suppose H ( ) is the complex frequency 

response function for state  when a sinusoidal input of a specific frequency is applied 

to it, and  be the frequency response function of that input. In this case, the 

frequency domain output and input of the system are related by the following equation: 

 

 (3.50) 
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(a) 

(b) 

 

(c) 

Figure 3.5 PSDs and time series of track irregularities (a) vertical profile (b) lateral alignment (c) 

cross-level 
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For the complex frequency response, three PSDs of random track irregularities i.e., 

vertical irregularities ), lateral irregularities , and cross-level ( ) are considered 

as disturbance to the system. Now, 

Let  and, 

   

Then,  = ( ) (3.51) 

where   

Accordingly, the delayed versions of rail disturbances are expressed in their spectral term 

as: 

where , ,   and V is the velocity of the vehicle, while 

, are given in Appendix 1. 

In the case of random excitations, the spectral densities provide a convenient way to 

analyze the system's behavior across different frequencies. Therefore, the relation 

between the output mean square  and the input mean square spectral density  

can be written as: 

where 

 
 
   (3.56) 

where  is the normalized frequency and  is the damping ratio. 

;  

(3.52) 

  

 

 

(3.53) 

  

 

(3.54) 

 (3.55) 
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Then finally, the root mean square acceleration response is calculated as: 

 
 
 (3.57) 

3.7 Results and discussions 

In this section, the critical velocity of the railway vehicle is evaluated under periodic track 

irregularities, and then, the dynamic response of railway vehicle in terms of accelerations, 

and ride comfort is examined under random track irregularities. 

3.7.1 Calculation of critical velocity of the train 

Since the vehicle's dynamic equations of motion involved the velocity term. So, with the 

help of governing equations of motion, we can estimate the critical speed of the vehicle 

at a given value of damping. To do this, we first equate the right side of Eqn. (3.34) equal 

to zero.  Then, using the matrix [A], the poles or eigenvalues of the dynamic system are 

calculated with the help of . These eigenvalues are expressed as: 

where  varies from 1 to n and n is the no. of the degree of freedom and and  are the 

real and imaginary parts of poles of the system's dynamics. 

Similarly, the poles of the 38-DOFs system are evaluated by varying the vehicle speed. 

As the train speed increases, the system's poles start moving and eventually cross the zero 

line, as shown in Figure 3.6. The speed at which the poles cross the zero line and become 

positive is the critical speed of the train. In this study, the critical point occurs at a speed 

of 62 m/s. Figure 3.6 (a), illustrates the variation of poles for all degree of freedom, 

demonstrating that the poles for most DOFs remain negative. However, only the poles 

associated with wheelsets move towards the positive side, rendering the system unstable, 

as depicted in Figure 3.6 (b). 

Based on the above observation of the critical speed, the RMS value of the vehicle body's 

acceleration under high class-track irregularities are evaluated. In which body 

acceleration will be further used to calculate and compare the ride comfort of passengers 

in both vertical and lateral directions. 

 (3.58) 
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(a) (b) 

Figure 3.6 Movement of locations of poles with respect to velocity (a) all poles of the 38-DOFs system 

(b) poles of the wheelsets 

3.7.2 Car body accelerations 

In this section, the acceleration responses of the vehicle body are evaluated under three 

types of random track irregularities. Using Eqns. (3.35), (3.36) & (3.51), the output 

frequency responses of vertical, lateral, roll, pitch, and yaw motion are represented in the 

form of power spectral densities (PSDs). The 3-D PSDs of acceleration responses are 

plotted against two variables: vehicle velocity and the frequency range sensitive to human 

organs. Moreover, the RMS values of the outputs are calculated using Eqn. (3.57). The 

high-class track irregularities from the German Railway dataset have been considered for 

the simulation. 

The frequencies at which the PSDs of generalized accelerations exhibit their most 

prominent peaks are referred to as resonant peaks for the respective motion under 

consideration. At different speeds, the PSDs of vertical and pitch acceleration of the car 

body under vertical track imperfections are shown in Figure 3.7. From Figure 3.7; it is 

observed that the vertical and pitch motion of the car body are highly sensitive in the 

lower frequency range and has two dominant peaks at approximately 10 rad/sec and 20 

rad/sec. It is also seen that with increasing vehicle speed, the output responses do not 

show significant variation along the frequency axis, except at two resonant points. In 

contrast, the magnitude of acceleration response increases linearly along the velocity axis. 
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Also, the RMS values of the acceleration response of the vertical and pitch motion under 

high-class track disturbances are given in Table 3.1.  

The PSDs of the car body's lateral, roll, and yaw acceleration under lateral track 

irregularities are shown in Figure 3.8. From Figure 3.8 (a) & (b), it is seen that the lateral 

and roll acceleration of the car body has three dominant peaks. Among these peaks, two 

demonstrate dominance in the low-frequency range (6 rad/sec, 8 rad/sec), while one is 

prominent in the middle-frequency range (42 rad/sec). Notably, the magnitude of the 

third peak becomes more pronounced as the vehicle's velocity approaches the critical 

point. Simultaneously, the magnitudes of the other two peaks increase linearly. Despite 

these changes in magnitudes, the overall response along the frequency axes remains 

unchanged. On the other hand, the yaw acceleration has two resonant peaks around 

8 rad/sec and 42 rad/sec, as depicted in Figure 3.8 (c). The growing behaviors of these 

two peaks are similar to that of vertical and roll motion. However, in terms of magnitudes, 

a significant difference is observed in the vehicle's yaw motion, which exhibits higher 

sensitivity to the track's lateral irregularities. These differences in amplitude can also be 

conformed from the RMS values provided in Tables 3.1. 

(a) 

 

(b) 

Figure 3.7  PSDs of vehicle body acceleration under vertical irregularities (a) vertical acceleration (b)  

pitch acceleration 
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(a) (b) 

 

(c) 

Figure 3.8 PSDs of vehicle body acceleration under lateral irregularities (a) lateral acceleration (b) roll 

acceleration (c) yaw acceleration 

 
The PSDs of the car body's lateral, roll, and yaw motions under high-class cross-level 

track irregularities are presented in Figure 3.9. On observing, Figures 3.9 (a) & (b), it is 

observed that the lateral and roll acceleration of the car body exhibit three dominant peaks 

(around 6 rad/sec, 8 rad/sec, and 40 rad/sec), with the first peak being flatter than the 

other two resonant peaks. This behavior is similar to what is observed in the case of lateral 

irregularities. However, under the cross-level irregularities, the magnitude of lateral 

acceleration is greater than that of lateral acceleration evaluated under the same amplitude 

of lateral alignment. In the case of vehicle roll and yaw motions, from Figures 3.9 (b) & 

(c), it is seen that the resonant peak under cross-level irregularities shows the same 
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behavior as we have seen in the case of lateral irregularities. The primary and significant 

difference between cross-level and lateral irregularities is that the RMS level of 

acceleration has comparatively large values under cross-level conditions. In the case of 

yaw motion, this difference is minimal but still higher than lateral irregularities. The RMS 

values of lateral, roll and yaw motions under cross-level track irregularities are given in 

Table 3.1. 

 

Furthermore, time-varying profiles of car body accelerations in response to three different 

categories of random track deficiencies are illustrated in Figures (3.10)  (3.12). Here for 

the simulation purpose, two different vehicle velocities (180 km/h and 200 km/h) have 

been considered. From Figures 3.10 (a) & (b), it is seen that the amplitude of vertical and 

pitch acceleration of the vehicle body is greater at the speed of 200 km/h. Similarly, the 

vehicle body's lateral, roll, and yaw accelerations show dominance at a speed of 200 km/h 

compared to 180 km/h, as depicted in Figures (3.11) & (3.12). However, it is also noted 

Table 3.1 RMS value of vehicle body acceleration under high class disturbances 

 Vertical Profile Lateral Alignment Cross-Level 

Speed 

(m/s) 

Vertical 

(m/s2) 

Pitch 

(rad/s2) 

Lateral 

(m/s2) 

Roll 

(rad/s2) 

Yaw 

(rad/s2) 

Lateral 

(m/s2) 

Roll 

(rad/s2) 

Yaw 

(rad/s2) 

50 0.0416 0.0106 0.0379 0.0251 0.0105 0.0451 0.0299 0.0125 

51 0.0428 0.0109 0.0395 0.0263 0.0110 0.0471 0.0313 0.0131 

51 0.0441 0.0112 0.0413 0.0275 0.0115 0.0491 0.0327 0.0136 

53 0.0453 0.0115 0.0431 0.0287 0.0120 0.0512 0.0341 0.0142 

54 0.0466 0.0118 0.0450 0.0300 0.0125 0.0534 0.0357 0.0148 

55 0.0478 0.0121 0.0469 0.0314 0.0130 0.0558 0.0373 0.0155 

56 0.0491 0.0125 0.0491 0.0329 0.0136 0.0583 0.0391 0.0162 

57 0.0504 0.0128 0.0513 0.0344 0.0142 0.0610 0.0409 0.0169 

58 0.0517 0.0131 0.0538 0.0362 0.0149 0.0639 0.0430 0.0177 

59 0.0529 0.0134 0.0566 0.0381 0.0156 0.0672 0.0453 0.0186 

60 0.0542 0.0138 0.0598 0.0404 0.0165 0.0710 0.0479 0.0196 

61 0.0556 0.0141 0.0642 0.0433 0.0177 0.0762 0.0514 0.0218 

62 0.0569 0.0144 0.0676 0.0458 0.0186 0.0802 0.0544 0.0221 
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that the vehicle running at the cross-level type of irregularities will encounter higher 

acceleration values when compared to those resulting from lateral irregularities.    

  

(a) (b) 

 

 

 

                                                                              (c) 

Figure 3.9 PSDs of vehicle body acceleration under cross-level irregularities (a) lateral acceleration (b) roll 

acceleration (c) yaw acceleration 



CHAPTER 3                                                DYNAMIC MODELING OF RAILWAY VEHICLE 

79 
 

  
     (a) (b) 

Figure 3.10 Time histories of vehicle body acceleration under vertical irregularities (a) vertical acceleration (b)  

pitch acceleration 

  
         (a)           (b) 

 
      (c) 

Figure 3.11 Time histories of vehicle body acceleration under lateral irregularities (a) lateral acceleration  

(b) roll acceleration (c) yaw acceleration 
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      (a)        (b) 

 
      (c) 

Figure 3.12 Time histories of vehicle body acceleration under cross-level irregularities (a) lateral acceleration (b) 

roll acceleration (c) yaw acceleration 

 

3.8 Evaluation of ride comfort using Sperling's method 

To evaluate the ride comfort of passengers, the  ride factor introduced by Sperling 

(Alehashem et al., 2021) is used. In this method, the vehicle's ride comfort is to be 

assessed according to the effect of mechanical vibration on the occupants. The evaluation 

scale used for determining ride comfort is given in Appendix 1. Given that the 

acceleration spectrum is a continuous function of frequency, should also be a 

continuous function of frequency. The following equations can be used to find the 

comfort index  in the frequency domain: 

 
 
(3.59) 
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(3.60) 

where  is the acceleration amplitude, and and   are the frequency weighting 

functions given as: 

For vertical motion 

 
 
 (3.61) 

For lateral motion 

 
 
 (3.62) 

The ride comfort index for the vertical motion of the body is calculated by multiplying 

and integrating the PSDs of the vertical acceleration with the vertical weighing 

function  within the frequency range of 0.5-30 Hz. The graphical representation of 

ride comfort for vertical motion under a vertical profile is shown in Figure 3.13 (a). From 

Figure 3.13(a), it is seen that human exposure to mechanical vibration increases with the 

vehicle's velocity. The ride comfort index surpasses the safe limit as the vehicle's velocity 

exceeds 58 m/s speed. 

Similarly, the ride comfort index of lateral motion is calculated by multiplying and 

integrating the PSDs of lateral acceleration output with lateral weighing function  

within the frequency range of 0.5-30 Hz. The ride comfort indices for the body's lateral 

motion under the high class of lateral and cross-level track irregularities are shown in 

Figures 3.13 (b) & (c), respectively. On observing Figure 3.13 (b), it is found that in the 

case of high-class track disturbances, there is a sharp increase in the level of lateral 

vibration as the velocity of the vehicle starts increasing beyond 58 m/s (208 km/h) and 

becomes worst in terms of human comfort at speed overcome 62m/s (223 km/h).  

From Figure 3.13 (c), it is seen that the ride comfort index of the body's lateral motion 

under cross-level track disturbance shows more slope than lateral track disturbances. The 

value of ride comfort crosses the safe limit as the vehicle's velocity reaches 55 m/s speed 
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in case of high-class disturbance. Thus, based on the above findings, it can be concluded 

that the cross-level track irregularities affect the passenger's comfort more than vertical 

and lateral irregularities of the same class.           

  

(a) (b) 

 

         (c) 

Figure 3.13 Ride comfort index ) of  (a) vertical motion under vertical profile, (b) lateral motion 

under lateral alignment, (c)  lateral motion under cross-level 

3.9 Experimental verification of the proposed model 

The results of the proposed analytical model of LHB-FIAT coach with passive suspension 

are validated using the oscillations test experiment results. In particulars, RDSO 

conducted the test trials on a prototype LHB chair car (as shown in Figure 3.14 (a) to 

evaluate the ride comfort in a test speed range of 33.33 55.55 m/s (120 200 km/h). In 
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the measurement, strain gauge-based accelerometers (  range) and optical 

displacement sensors (max. range  100 mm) are connected by a cable to the data 

acquisition system in the equipment cabin, as shown in Figures 3.14 (b) & (c), 

respectively. During oscillation test trials, these sensors record acceleration and 

displacement signals on the wheelsets axle-box, the car body's floor, and the test coach's 

bogie frame (RDSO Test Trials 2013). The data acquisition sampling rate is 200 

sample/sec/channel within the 0-10 Hz frequency band. 

RDSO/Sperling's criteria were used to evaluate the ride index of coaches equipped with 

coil springs in the secondary suspensions. The comparison between the experimental and 

simulated results of ride comfort (  in both vertical and lateral directions have been 

shown in Figures 3.15 (a), (b) & (c), respectively. The simulation has been performed at 

180 km/h and 200 km/h of speed. From Figure 3.15, it can be noted that the values 

(a) 

 
(b) 

 

(c) 

Figure 3.14 Field test photo of (a) prototype LHB chair coach (b) sensor installation (c) data acquisition 

chamber 
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obtained using the suggested model exhibit a more significant level of agreement with 

the experimental data. The error ranges for vertical motion are found to be between 2.36% 

to 8.81%. Similarly, for lateral motion, the error ranges from 5.84% to 8.30% under lateral 

alignment and 8.68% to 18.65% under cross-level irregularities. The above findings 

conditions and vehicle speeds. 

  

(a) (b) 

 

(c) 

Figure 3.15 Comparison of experimental and simulation ride comfort index (a) vertical ride index (b) 

lateral ride index under lateral alignment (c) lateral ride index under cross-level 
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 3.10 Conclusions  

This chapter presents a 38-DOFs dynamic model of the Linke-Hofmann-Busch (LHB) 

coach integrated with wheel-rail creep forces and track irregularities.  The effect of 

various track irregularities and vehicle speed on the ride comfort of railway vehicle has 

been evaluated. The analysis is performed with the help of a 2-D state-space continuous 

model under three types of random track irregularities (vertical profile, lateral alignment, 

and cross-level). The efficiency of the proposed model has been demonstrated in three 

parts: In the first part, the critical velocity of the vehicle is calculated using the classical 

method of poles-zeros theory. Then in the second part, the 3-D acceleration power 

spectral densities (PSDs) of the vehicle body under random track disturbances are 

roll, and yaw motion have also been calculated. Finally, in the third part, the ride comfort 

are compared with the experimental results.  

As per the simulation, the following outcomes are obtained: 

 Different track irregularities have different impacts on the dynamic 

performance of high-speed vehicles. 

 The vertical and pitch acceleration of the body shows a linear relationship with 

velocity. In contrast, lateral, roll, and yaw accelerations behave differently 

(discontinuously) as the velocity approaches the critical point. 

 -level 

irregularities than lateral and vertical irregularities, which means these 

motions require extra attention during cross-level type rail irregularities. 

 At specific constant values of vehicle and rail parameters, the operating and 

critical speeds of the vehicle are found to be different while running on the 

same track. 

 According to Sperling's criteria, the simulated result suggests an average 

operating speed of up to 208 km/h, satisfying the human comfort level. In 

contrast, the critical speed is 223.2 km/h, nearly identical to that reported by 

the Indian railway board for LHB coaches. 



CHAPTER 3                                                DYNAMIC MODELING OF RAILWAY VEHICLE 

86 
 

 The simulated results of the proposed model demonstrate a remarkable 

alignment with the experimental data, exhibiting a small error ranging from 

2.36 8.81% for vertical motion, 5.84 8.30% for lateral motion under lateral 

alignment, and 8.68 18.65 % under cross-level rail irregularities. 

Although the 38-DOF model successfully evaluates the vehicle body's vertical, lateral, 

pitch, roll and yaw acceleration under various track irregularities. However, the 

longitudinal acceleration of the car body, bogies or even wheelset cannot affected by these 

irregularities significantly, as shown in Figure 3.16. Under the high class of cross-level 

track disturbance, the range of acceleration level is about  to  m/s2, which is 

a minimum value to affect the human ride comfort. Therefore, a 27-DOF model will be 

utilized for analytical and control purposes in further study. 

 
(a) (b) 

(c) (d) 

Figure 3.16 PSDs of longitudinal acceleration of (a) vehicle body (b) bogie (c) wheelset and pitch 

acceleration  of (d) wheelset under cross-level irregularities 
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CHAPTER 4                

SYNTHESIS OF DECENTRALIZED CONTROLLER 
The pursuit of a smoother, more comfortable train journey leads us into the area of 

controller design for vibration control in railway vehicles. This chapter delves into 

the complexity of designing intelligent controllers that handle the complexities of 

rail dynamics and assure an efficient and vibration-free ride. To achieve this, a 

decentralized control approach with five metaheuristic-tuned FOPID controllers 

has been presented. A novel hybrid PSO-GWO optimization algorithm is proposed 

to tune the parameters. The performance of the proposed controller is evaluated 

under both periodic and random track disturbances.  

4.1 Introduction  

Optimizing the dynamic performance of railway vehicles is crucial for ensuring passenger 

comfort and system stability. In this chapter, we explore advanced vibration control 

techniques, explicitly employing a Multi-Input Multi-Output (MIMO) control strategy to 

enhance the ride quality of railway vehicles. For a MIMO system, two types of control 

structures, i.e., centralized and decentralized, are reported in the literature (Luo et al., 

2011). In a centralized control structure, all the data collected from an individual sensor 

is fed back to the central controller to take necessary actions. However, this technique 

creates the problem of a large amount of data transmission at one time and makes the 

system complex. This problem of large data transmission can be overcome using a 

decentralized or multi-loop control strategy (Saxena & Hote, 2016), which has a single 

loop structure for every control element and also offers a simple control structure 

(Lengare et al. 2012; Lei et al. 2011). As a result, in this chapter, a multi-loop or 

decentralized control structure is developed to suppress the vibrations of the railway 

vehicle, as illustrated in Figure 4.1. The developed control structure constitutes five 

optimally tuned FOPID controllers that operate diagonally and work independently to 

control the vertical, lateral, pitch, roll, and yaw motion of the vehicle body. Based on the 

error and command signal, the above five body motions are controlled by implementing 

six hydraulic actuators. The four actuators are vertically mounted on the right and left 
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side of the front and rear bogies, which accelerate to control the bounce, pitch, and roll 

motions. The two actuators are mounted horizontally above the front and rear bogies, 

which control the lateral and yaw motion of the vehicle body, as demonstrated in Eqn. 

4.1.  

 

  

  

  

       (4.1) 

   

 

 

 

 
Figure 4.1 Decentralized control structure for railway vehicle 

Oustaloup et al. first put up the idea of FOPID controllers in 1991. It is a more 

sophisticated form of traditional PID since it has five tuning parameters ( , , ,  and 

) instead of three, which allows for more design flexibility. The performance of the PID 

controller may also degrade, if the order of the system increases (Arora et al., 2019; A. 
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Kumar & Suhag, 2017; Mohan et al., 2019). This limitations of PID controller can be 

overcome by using fractional order PID (FOPID) combining with heuristic or meta-

heuristic optimization algorithms  as the real-world applications are well represented in 

terms of higher fractional order (Stephen Bassi Joseph et al., 2022). 

Duarte Valerio et al. (Valério & da Costa, 2006) proposed two sets of tuning for FOPID 

using the same method as that of Z-N, and the results were successfully observed on first-

order plus time delay processes. A comparative study of tuning FOPID in the time and 

frequency domain has been given by Saptarshi Das et al. (Das et al., 2011). The results 

demonstrate the superiority of the frequency domain technique over the time domain in 

terms of noise rejection and robustness. Jun-Yi-Cao et al. (J. Y. Cao et al., 2005) 

presented a GA-based FOPID controller for providing good dynamic response and 

stability in various systems. The successful implementation of FOPID using PSO, ACO, 

and GA for automatic voltage regulator systems (AVRS) has been reported in (Babu et 

al., 2016) and (D. H. Kim & Park, 2005), respectively. Gad et al. (Sherif Gad et al., 2015; 

2017) employed GA to optimize the parameters of FOPID and PID used for semi-active 

suspensions, in which semi-active suspension with a human body model was used to 

investigate the influence of vertical vibration. Verma et al. (Verma et al., 2017) use GWO 

optimization to tune the parameters of FOPID, and the simulation has been performed 

for higher order and time-delay process. The effect of adding fractions to control the DC 

servo motor velocity has been analyzed by Ramiro S. Barbosa et al.(Barbosa et al., 2010), 

in which the ZN tuning method was used to tune the parameters of the fractional order 

controller. The implementation of PSO-based FOPID for a second-order system has been 

successfully reported by Mohammad Reza et al. (Dastranj et al., 2012). A comparison of 

PSO and ABC-based FOPID has been performed for second order system with time delay 

(Bingul & Karahan, 2018), and the robustness of the controller has been checked by using 

different cost functions such as mean square error (MSE), mean time square error 

(MTSE). Mahdieh Alamdar et al. (Alamdar Ravari & Yaghoobi, 2019) proposed a 

chaotic firefly algorithm to tune the parameters of FOPID for a continuous stirred tank 

reactor (CSTR). The output shows better results than integer order PID in terms of 

overshoot, settling time, and steady-state error. Shivam Jain et al. (S. Jain & Hote, 2020) 
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proposed a new technique for tuning FOPID using modified ZN rules and a big bang 

crunch optimization algorithm, and results are verified on different applications. 

According to the literature, FOPID controllers with meta-heuristic optimization have been 

employed for various applications, including electrical (S. Singh et al., 2022), 

physiological processes (H. Singh et al., 2021), robotics (Delavari et al., 2013; Mohan et 

al., 2019) ,sun tracking systems, vibration control, voltage regulation systems, and many 

more. However, just a few studies on FOPID have been published in the context of active 

vibration control of railway vehicle. As per the contribution of this chapter, a decentralized 

FOPID controller integrated with the metaheuristic optimization techniques for active 

suspension is proposed, which is expected to provide the optimum results that satisfy the 

need for better ride comfort of railway vehicles. In order to accomplish this, a 

comprehensive state-space representation of a full-scale railway vehicle with 27 degrees 

of freedom is developed. The governing equations of motion represent the translational 

and rotational motions of the car body, bogies, and wheelsets. Then, a decentralized 

control structure with five independent FOPID controllers is adopted to suppress the 

vibration of the car body's vertical, lateral, roll, pitch, and yaw motion. A novel hybrid 

optimization technique hybrid PSO-GWO has been utilized to calculate the optimal active 

force for the suspension system. To justify the performance of the proposed work, the 

FOPID is also tuned using the ZN, PSO, and GWO and the results are critically analyzed 

in the time and frequency domains. A comparison between the proposed metaheuristic 

algorithm and passive system is carried out on the basis of root mean square values of 

acceleration. The results of the simulations and studies demonstrate the performance of 

the suggested controller with the highest possible potential gains that are based on the 

quadratic cost function. 

4.2   State-space formulation 

In this section, the control force vector, u(t), exempted in the previous mathematical 

model, is now incorporated for the control analysis. 

Now, let,  

 

, , and  
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be 

define the displacement (linear and angular), control, and disturbance vectors, respectively. 

Then, the equations of motion, represented by the Eqns. (3.14)-(3.30) can be written in 

the following matrix form: 

where [M] ( ), [C] ( ), and [K] ( ) are the mass, damping, and stiffness 

matrices of the vehicle system; ( ), ( ) are the position matrices of 

control inputs and track disturbances acting on the railway vehicle body and wheels of 

wheelsets, respectively. 

Now by defining the state vector as the state and output equations of the 

railway vehicle system in the form of state-space are given as 

where

, ,

,and  are the coefficient matrices, which can be 

derived from Eqn. (4.2). 

4.3 Controller and optimization algorithms 

This section presents the description of proposed FOPID controller and the different 

algorithms used to tune the controller parameters.  

4.3.1   FOPID controller  

Over the last decade, the applications of fractional calculus have shown a significant 

impact in the field of Engineering and Mathematics. Leibniz and L'Hospital, in1695, first 

coined the idea of fractional calculus. Since then, fractional calculus has been an ongoing 

research area. Its applications in control engineering have attracted many researchers 

because fractional order differential equations better characterize real-world physical 

systems. Recent research studies show that fractional order controllers perform better 

than integer order controllers in terms of system performance and robustness. Fractional 

  (4.2) 

                            (4.3)
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calculus is the main foundation of FOPID.  Here, the differentiation and integration 

operations are collaboratively used in fractional order (Nisar et al., 2016). The continuous 

form of integral-differential is defined as 

 

 

   (4.4) 

where s is the order of operation, and t are the confines of operation. Fractional calculus 

empowers the derivative and integral to be in non-integer order.   

In the fractional order PID the integral-differential equation which defines the control 

action of the controller can be expressed as: 

 (4.5) 

Applying Laplace transform to Eq. (18), the control action of the FOPID controller is 

expressed in terms of the transfer function as: 

,   ( ) (4.6) 

where 

 C(s) represents the transfer function of controller 

 E(s) defines the error 

 U(s) is the output 

 ,  and,  are proportional, integral, and derivative gains of the controller  

  defines the degree of integration 

  is the degree of differentiation. 

The fractional order PID is an expanded version of the integer PID. It is obtained by 

applying fractional-ordering to the integral and derivative action. In other words, the 

FOPID combines fraction operators with controller gains. From the Eqns. (4.6), it can be 

seen that FOPID has two more parameters (such as and ) as compared to conventional 

PID, which provides additional flexibility in designing the control system. The controller 

architecture of the proposed system utilizes the FOMCON toolbox, employing 

Oustaloup's analytical approximation technique as stated in (Baranowski et al., 2015; 
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Lanusse et al., 2015). Many tuning methods are available for these five parameters, 

generally named rule-based, numerical, and analytical methods. Here, the following 

methods are used for tuning the optimum parameters of FOPID. 

4.4. Optimization Algorithms 

4.4.1  Ziegler-Nichols (Z-N) Method 

To tune the FOPID parameters, firstly, the modified form of the Z-N method proposed 

by Duarte Valerio et al. has been implemented, which comes under rule-based methods. 

The tuning rules of FO-PID are similar to that of conventional PID. Here, the step 

response of the plant assumes to have an S-shaped curve and depending upon the value 

of L and T, two sets of tuning are established, as shown in (Valério & da Costa, 2006). 

The parameters obtained from these rules can be used as a good initial guess for the 

metaheuristic optimization algorithms discussed below. 

4.4.2   Particle swarm optimization (PSO) algorithm 

The PSO algorithm uses the nature-inspired mechanism of bird flocking or fish schooling 

with a targeted position in searching for potential food. Kennedy et al. (Slowik, 2011) 

proposed this algorithm in 1995, which uses the actions of swarm intelligence in which 

each particle focuses on finding the potential solution according to the given objective 

function. Each particle reaches its best position according to its own experience and 

awareness of the neighboring particle they are going through. Due to its diverse nature, 

such as by changing its parameters and population size, PSO can be easily used in 

conjunction with other heuristic algorithms. It uses in various kinds of applications such 

as medical, financial, structural studies, communications and control applications (W. 

Der Chang & Chen, 2014; Eshtay et al., 2018; Ganguly et al., 2010; Hajihassani et al., 

2018; Shie et al., 2012). In the control system the use of PSO is mainly to solve the single 

or multi-objective function, which helps to get the desired transient and steady-state 

responses. The present investigation employed this algorithm to solve a single objective 

multivariable optimization problem using for proposed vibration control structure. The 

pseudo-codes of this algorithm for the present investigated problem are illustrated in 

Appendix 2. 
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4.4.3.   Grey wolf optimization (GWO) algorithm 

GWO is a new optimization technique developed by Mirjalili et al. in 2014 (Mirjalili, and 

Lewis 2014). The motivation for developing the GWO algorithm is inspired by the 

intellectual hunting tactics followed by grey wolves. Generally, grey wolves have well-

defined groups of 10-12 wolves called packs, and the duty of each wolf in a group is 

defined in a pa

and 

delta, are the sub-ordinates that help the alpha to make the best possible solutions. The 

applications of GWO show tremendous results in the field of machine learning (Al-Tashi 

et al., 2019; Emary et al., 2016), medical or bioinformatics (Sharma et al. 2019; 2020), 

image processing (L. Li et al., 2017), and wireless sensor network (Rajakumar et al., 

2017). However, in recent years there has been an explosion in the publication that 

explores the use of GWO in control engineering applications (M. K. Debnath, 2016; Sule 

et al., 2020). In this work, we use this algorithm to tune the five parameters of the FOPID 

controller that helps to achieve the desired output response. The pseudo-code of this 

algorithm used for the proposed control scheme is illustrated in Appendix 2.  

4.4.4   Hybrid PSO-GWO algorithm 

The metaheuristic algorithms work on the principle of randomization, which employs a 

particular mix of local and global searches. Heuristics and metaheuristic are not defined 

in a way that can be checked or used as a standard. However, these techniques show 

significant results by providing the optimum solution for integer order systems within a 

reasonable time. But when it comes to the non-integer world, it may get trapped into local 

minimum points and can take ample time to provide the optimum solution. Therefore to 

address these problems, a novel hybrid PSO-GWO optimization algorithm is proposed, 

in which the three parameters (i.e. ,  and, ) of the FOPID controller are tuned with 

the help of PSO, and the other two parameters ( and ) are tuned with GWO. The 

proposed hybrid algorithm has been worked in two stages, with each stage being 

performed to accomplish the same cost function without getting into the trapping 
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problem. The functional flow diagram of hybrid PSO-GWO has been illustrated in Figure 

4.2. 

Figure 4.2 Work flow diagram of hybrid PSO-GWO 

4.5 System response based on a decentralized control structure 

In order to achieve better ride comfort, the acceleration response of the vehicle body in 

translational as well as rotational motion should be minimized. Thus, from Eqn. (4.2), the 

controlled output vector  defined as: 

 (4.7) 

If  are the excitations applied on the front wheelsets of railway vehicle, 

then  are related by the following relation: 

, ,  

, ,  

, ,  

 

 (4.8) 

where , ,  are the time delays between the front and 

consecutive wheelsets. 
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Let,

 , Then we have  

  (4.9) 

where   

Thus, from Eqns. (4.2), (4.7), and (4.9), the two transfer function matrix, i.e., between the 

inputs and outputs of the system, can be evaluated as 

  

    

    

 

   (4.10) 

where,  represents the disturbance transfer function matrix and  is a 

system transfer function matrix. 

Now, for a  control system, the transfer function matrix for the decentralized 

controller can be represented as: 

 

 

 (4.11) 

The single-loop structure of the regulatory feedback system with actuator transfer 

function A(s) is shown in Figure 4.3. The closed-loop transfer function between the 

disturbance and output is 

 

T(s)  (4.12) 

 
Figure 4.3 Single loop structure of regulatory feedback system 
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Likewise, the overall transfer function matrix of the decentralized control system shown 

in Fig. 2 can be written as: 

Now, if ( ) is considered as frequency response function due to harmonically varying 

input of unit amplitude having frequency response function  for input with all 

other input kept at zero. Then output and input of the system in the frequency domain are 

related by the relation as: 

And such equation in the time domain can be represented as: 

 
 
 (4.15) 

In the case of random input, the input is generally considered in terms of PSD's. Then, 

the output mean square spectral density  is related to input mean square spectral 

density  as: 

where, 

 
 
(4.17) 

where  is the normalized frequency and  is the damping ratio. 

Then finally, the root mean square acceleration response is calculated as: 

 
 
(4.18) 

 

 

  

 
                 
(4.13) 

 (4.14) 

 (4.16) 
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4.6 Results and Discussions 

This section consists of three parts that thoroughly evaluates the performance of FOPID 

based active suspension control system used for vibration mitigation of railway vehicles. 

In the first part, the controller parameters are tuned with metaheuristic optimization 

algorithms and, in the second part the effectiveness of the tuned controller have been 

investigated in the time and frequency domain under periodic and random track 

disturbances, respectively. Then in the third part, the ride comfort of railway vehicle using 

Sperling criteria has been calculated. 

4.6.1 Tuning of decentralized controller 

In this paper, the five motions (vertical, lateral, pitch, roll, and yaw) of railway vehicle 

have been controlled by using the decentralized control structure which comprises of five 

independent FOPID controllers, as discussed in section 4.1. The performance of these 

controllers depends on how well the controller parameters are tuned to control the 

maximum ranges of vehicle motion. The maximum responses of vehicle body are 

generally occurs at the particular wavelengths ( ) of the track irregularities. For that 

purpose, the following function  has been used to tune the controller 

parameters. Where, defines the spatial wavelengths for respective motion and, V is the 

velocity of vehicle. Also, a comparison was conducted between the proposed FOPID 

control with the Z-N, PSO, GWO, and hybrid PSO-GWO tuning strategies. The 

improvement of proposed control schemes over the passive system was evaluated based 

on the following linear quadratic regulator cost function 

 

 

(4.19) 

where and  represents the maximum accelerations and control efforts of controlling 

states, respectively. According to the cost function, the vertical, lateral, pitch, roll, and 

yaw motion of the vehicle body can be regulated by changing the values of the 

coefficients , and . The appropriate choices of the coefficients for translational and 

angular motion have been provided in Table 4.1. The various parameters of railway 

vehicle, and track used in this study have been given in Appendix 1. The simulation has 
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been done in MATLAB/SIMULINK environment using the FOMCON toolbox with a 

maximum step size of 1e-3. 

Table 4.1 Different Values of coefficients used in the cost function 

Motions   

Vertical 0.50 3000 

Lateral 0.50 3000 

Pitch 0.50 3000 

Roll 0.50 3000 

Yaw 0.50 3000 

The performance of an optimization-based FOPID controller depends on the values of 

controller parameters that are tuned within the constraints of the required objective 

function.  Thus, by taking the classical approach (Z-N) as training optimum parameters, 

this method can provide an excellent initial guess for controller parameters and be a 

benchmark in designing the FOPID with the other metaheuristic techniques. The 

parameters required for implementing the proposed optimization techniques have been 

given in Pseudo code (Appendix 2). Each algorithm has been run ten times by setting the 

same number of iterations, particles, and other parameters of PSO, GWO and hybrid 

PSO-GWO. Then, the best convergence graphs to find the optimum values of the FOPID 

controller have been given in Figure 4.3. As discuss above in section 4.2.3, the proposed 

algorithm is a two stage algorithm, in which the best optimum FOPID parameters is 

calculated in two stages. The first stage provides the value of  and second 

stage is used to evaluate the other two parameters . The values of these 

parameters and their corresponding cost function ( ) values for vertical, lateral, pitch, 

roll, and yaw motion, results from classical and metaheuristic tuning have been provided 

in Table 4.2. According to Figure 4.4, it is observed that the convergence rate of PSO and 

GWO is slower than that of hybrid PSO-GWO, and also they have the problem of being 

trapped in local minima, as demonstrated in Figures 4.4 (c), (d) and (e). Therefore, one 

cannot rely on PSO and GWO for the optimum solution. On the other hand, the hybrid 

PSO-GWO shows faster convergence rate with better performance for the minimization 

of the cost function ( ) as given in Table 4.2. Moreover, it does not have the problem of 
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getting trapped into local minimum points, which shows the efficacy of the proposed 

algorithm over PSO and GWO.

(a)    (b)

  (c)   (d)

    (e)

Figure 4.4 Convergence curves for (a) vertical,(b) lateral,(c) pitch,(d) roll, and (e) yaw motions
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(c) For pitch motion 

       

 - - - - - - 

 4.655e+04 3.573e+04 2.672e+04 0.071 0.072 - 

 2.645e+05 4.328e+04 1.994e+04 0.642 0.694 0.791 

 5.601e+05 6.118e+04 3.332e+04 0.642 0.408 0.182 

 4.607e+05 5.221e+04 3.842e+04 0.672 0.844 0.170 

Table 4.2 FOPID parameters and cost function values resulted from different tuning algorithms 

(a) For vertical motion 

       

 - - - - - - 

 3.732e+04 6.086e+03 3.015e+04 0.022 0.041 - 

 1.842e+05 4.322e+04 4.803e+04 0.953 0.422 0.510 

 1.820e+04 2.251e+04 1.492e+04 0.648 1.431 0.507 

 2.642e+05 5.804e+04 3.642e+04 0.696 0.440 0.485 

 
 

   
 
 
 
 
 
 
 
 
 
 
 
 
 
(b) For lateral motion 

       

 - - - - - - 

 4.694e+03 5.783e+03 2.404e+04 0.058 0.082 - 

 3.648e+04 2.955e+04 3.0675e+04 0.065 1.208 0.198 

 2.880e+04 3.274e+04 3.008e+04 0.440 0.783 0.305 

 4.841e+04 5.475e+04 2.748e+03 0.274 0.405 0.182 

(d) For roll motion 

       

 - - - - - - 

 2.668e+04 3.853e+04 2.053e+04 0.069 0.073 - 

 2.700e+05 4.284e+04 5.588e+04 0.132 0.274 0.480 

 5.601e+04 4.729e+04 2.052e+04 0.183 0.205 0.439 

 4.482e+05 6.022e+04 3.502e+04 0.481 0.595 0.378 
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4.6.2 Simulation under periodic track irregularities 

The mathematical expressions of periodic track irregularities are already discussed in 

chapter 3. In this section, their first harmonic periodic functions are used as input to check 

the performance of an optimally tuned FOPID controller. Let the parameters , , , 

and  in Eqns. (3.37) - (3.39) be 0.01m, 0.01m, 18m, 9m and , respectively, 

which implies that the fundamental frequency ( ) for vertical, lateral, and roll 

motion equals 17.45 and for pitch and yaw motion, equal 8.72 . 

4.6.2.1   Time domain responses of acceleration of the body    

The time histories of open-loop output responses and the FOPID-tuned closed-loop 

responses for the accelerations of the vehicle body in all five modes (vertical, lateral, 

pitch, roll, and yaw) have been illustrated in Figure 4.5. Also, the root mean square (RMS) 

values, and the percentage improvement of  RMS value of vertical, lateral, pitch, roll and 

yaw acceleration over passive system (open loop) are given in Tables 4.3. The percentage 

improvement of RMS values using different tuning algorithms over the passive system 

has been calculated by using the following equation: 

 (4.20) 

where  and  are the RMS values of the passive system and different FOPID tuned 

control systems, respectively. 

In the case of vertical motion, from Figure 4.5 (a) and Table 4.3 (a), it is evident that the 

FOPID controller tuned with the ZN method can reduce the vertical vibrations only up to 

(e) For yaw motion       

       

 - - - - - - 

 2.268e+04 3.853e+04 3.252e+04 0.080 0.038 - 

 2.004e+03 5.883e+04 5.588e+05 0.067 1.320 0.203 

 3.082e+03 2.580e+05 3.084e+03 0.572 0.205 0.136 

 2.266e+05 3.954e+05 5.820e+03 0.382 0.788 0.118 
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74.32% as compared to the passive system. However, when the controller is tuned with 

PSO, GWO, and hybrid PSO-GWO algorithms, this % improvement has increased to 

75.65%, 82.05%, and 84.60%, respectively. As for lateral motion, from Figure 4.5 (b) 

and Table 4.3 (b), it is observed that the hybrid PSO-GWO technique provides better 

results over ZN and PSO when compared to the passive system as it can lower the lateral 

acceleration up to 77.81%, which is greater than the percentages achieved by ZN 

(50.08%) and PSO (75.02%). However, compared to GWO, the percentage improvement 

of RMS values with a hybrid algorithm is almost similar (approx. 77%).From the Figure 

4.5 (c) and Table 4.3 (c), regarding the pitch motion, it can be seen that when compared 

to the passive system, the ZN, PSO, GWO, and hybrid algorithm reduces the pitch 

acceleration by up to 49.98%, 70.42%, 58.52%, and 71.42%, respectively. In the case of 

pitch acceleration, the vibration attenuation capability of the suspension control system 

using hybrid and PSO algorithms are almost identical. From Figure 4.5 (d) and (e), it is 

worth observing that when compared to a passive control system, the percentage 

accelerations (RMS) of roll and yaw motion achieved with FOPID controllers employing 

the proposed hybrid algorithm are reduced by 75.29% and, 63.74%, respectively, which 

are comparatively more than other tuning methods as shown in Tables 4.3 (d) and (e), 

respectively. 

  

(a) (b) 
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(c) (d) 

 

(e) 

Figure 4.5 Time histories of vehicle body acceleration under periodic track disturbances (a) vertical acceleration 

( (b) lateral acceleration (c) pitch acceleration (d) roll acceleration ( (e) yaw acceleration (  

Now, by using the FOPID controller (4.14), the control force  could be calculated, which 

is regarded as the desired force. For the different modes of railway vehicle, the desired 

force could be achieved with a hydraulic/pneumatic actuator or motor (P. Wang et al., 

2015).  Based on Eqn. (4.3), the time histories of the active force generated by the 

optimally tuned suspension system to suppress the vibrations of the car body in five 

modes are shown in Figure 4.6. Observing Figure 4.6, it can be seen that the FOPID with 

hybrid algorithm provides a balanced and optimum actuation force for all modes of 

vehicle, which satisfies all the parameters of the cost function. Moreover, the FOPID 

controller satisfies the constraints of maximum force ( ) in all five modes (given in 

Table 4.1) because all the values of the corresponding cost function are less than unity.   
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(a) (b) 

 

(c) (d) 

 

(e) 

Figure 4.6 Time histories of active force for different motions of railway vehicle (a) vertical motion 

( (b) lateral motion  (c) pitch motion  (d) roll motion and (e) yaw motion  
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4.6.3 Simulation under random track irregularities 

In this part, the performance of an optimally tuned FOPID controller is evaluated under 

random track disturbances. To obtain the results in both time and frequency domain, the 

PSD functions defined in Eqns. (3.46)-(3.48) of chapter 3 have been utilized.  

 

Table 4.3 RMS values and % improvements of vehicle body accelerations under periodic track 

disturbances 

(a) For vertical acceleration 

 Open-loop Z-N PSO GWO PSO-GWO 

RMS Values 5.512e-02 1.415e-02 1.342e-02 9.891e-03 8.484e-03 

% improvement - 74.32 % 75.65 % 82.05 % 84.60 % 

 

(b) For lateral acceleration 

 Open-loop Z-N PSO GWO PSO-GWO 

RMS Values 5.662e-02 2.826e-02 1.414e-02 1.271e-02 1.256e-02 

% improvement - 50.08 % 75.02 % 77.55 % 77.81 % 

 

 

(c) For pitch acceleration 

 Open-loop Z-N PSO GWO PSO-GWO 

RMS Values 5.264e-03 2.633e-03 1.557e-03 2.184e-03 1.504e-03 

% improvement - 49.98 % 70.42 % 58.52 % 71.42 % 

 

(d) For roll acceleration 

 Open-loop Z-N PSO GWO PSO-GWO 

RMS Values 5.445e-03 3.386e-03 2.623e-03 2.848e-03 1.345e-03 

% improvement - 37.81 % 51.82 % 47.64 % 75.29 % 

 

 

(e) For yaw acceleration 

 Open-loop Z-N PSO GWO PSO-GWO 

RMS Values 4.380e-03 4.103e-03 2.944e-03 1.862e-03 1.588e-03 

% improvement - 6.3 % 32.78 % 57.48 % 63.74 % 
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4.6.3.1 Frequency domain Responses of acceleration of the body  

The power spectral densities (PSDs) of the vehicle body's vertical, lateral, pitch, roll, and 

yaw accelerations calculated from the open loop and closed loop control systems have 

been represented in Figure 4.7. The frequencies at which the PSDs of generalized 

accelerations show its largest peaks are denoted as resonant frequencies for the respective 

motion. The calculated natural frequencies of car body accelerations have been provided 

in Table 4.4. Also, the root mean square (RMS) values, and the percentage improvement 

of RMS value for different motions are given in Table 4.5. The percentage improvement 

of RMS values using different tuning algorithms over the passive system has been 

calculated by using Eqn. (4.20).  

Table 4.4 Resonance frequencies of car body 

Car body motion Resonant frequency (Hz) 

Bounce 1.884 

Lateral 0.502 

Pitch 1.652 

Roll 0.433 

Yaw 0.856 

In the case of vertical motion, from Figure 4.7 (a), it is found that the two resonant peaks 

of vertical acceleration are effectively reduced by the FOPID controller tuned with 

metaheuristic algorithms. However, among metaheuristic algorithms, hybrid PSO-GWO 

performs better in attenuating the vertical vibration at the range [1-10] Hz. Also, the % 

improvement (RMS) of vertical acceleration with a hybrid algorithm over the passive 

system is found to be 34.83%, which is comparatively higher than that of other 

metaheuristic algorithms, as rendered in Table 4.5(a). When it comes to lateral motion, if 

we take a look at Figure 4.7 (b), we can see that the active suspension system has good 

vibration attenuation ability for the first and second resonant peaks with all tuning 

algorithms. However, for the third resonant peak in the range of [1-5] Hz, the ZN and 

PSO algorithms perform worse compared to the GWO and hybrid algorithms. However, 

among GWO and hybrid algorithms, the performance of the hybrid algorithm retains the 

good attenuation ability as it can reduce the lateral vibration up to 29.27%, which is more 
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than that of GWO and other tuning techniques shown in Table 4.5 (b). It can be seen from 

Figure 4.7 (c) that the resonant peak of pitch acceleration at the range [0-1.5] Hz is 

successfully reduced with a suspension system controlled by an optimally-tuned FOPID 

controller, where the proposed hybrid mode algorithm dominates the other tuning 

methods.  

 (a)           (b) 

(c)        (d) 

 

       (e) 

Figure 4.7 Power spectral densities of vehicle body acceleration under random track inputs (a) vertical 

acceleration ( (b) lateral acceleration  (c) pitch acceleration (d) roll acceleration ( and 

(e) yaw acceleration (  
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The dominance of the FOPID controller with a hybrid algorithm over passive, ZN, PSO, 

and GWO is also verified in Table 4.5 (c), where the suspension system tuned with the 

hybrid method can reduce the vibration level up to 39.17%, which is higher than that of 

other tuning methods. Regarding roll acceleration, as shown in Figure 4.7 (d), it can be 

noticed that the active suspension system, when tuned with three metaheuristic 

algorithms, exhibits better attenuation capabilities for the first and second resonant peaks 

compared to the passive suspension system and ZN tuning algorithm. According to Table 

4.5 (d), the hybrid algorithm has a lower RMS value of roll acceleration compared to 

other tuning methods. The decrease percentage of RMS values is approximately 24.99%, 

which is the highest among all the tuning algorithms. Moreover, in the case of yaw 

Table 4.5 RMS values and % improvement of vehicle body acceleration under random track 

disturbances 

(a) For vertical acceleration 

 Open-loop Z-N PSO GWO PSO-GWO 

RMS Values ( ) 3.828e-02 3.304e-02 2.866e-02 2.706e-02 2.505e-02 

% improvement - 13.78 % 25.32 % 29.54 % 34.83 % 

(b) For lateral acceleration 

 Open-loop Z-N PSO GWO PSO-GWO 

RMS Values  5.253e-02 4.664e-02 4.233e-02 4.009e-02 3.715e-02 

% improvement - 11.21 % 19.41 % 23.08 % 29.27 % 

(c) For pitch acceleration 

 Open-loop Z-N PSO GWO PSO-GWO 

RMS Values ( ) 5.603e-02 4.295e-02 4.128e-02 3.908e-02 3.408e-02 

% improvement - 23.34 % 26.32 % 30.25 % 39.17 % 

(d) For roll acceleration 

 Open-loop Z-N PSO GWO PSO-GWO 

RMS Values ( ) 6.285e-02 5.790e-02 5.468e-02 5.106e-02 4.714e-02 

% improvement - 7.87 % 12.99 % 18.75 % 24.99 % 

(e) For yaw acceleration 

 Open-loop Z-N PSO GWO PSO-GWO 

RMS Values ( ) 4.174e-02 3.592e-02 3.276e-02 3.019e-02 2.778e-02 

% improvement - 13.94 % 21.52 % 27.67 % 33.45 % 
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motion, from Figure 4.7 (e) and Table 4.5 (e), it is also seen that an active suspension 

system controlled with an optimal tuned FOPID controller can reduce the yaw 

acceleration of the vehicle body by a large extent as compared to the passive system. 

However, among all tuning methods, hybrid PSO-GWO achieves a 33.45% reduction in 

RMS values of yaw acceleration. In contrast, the percentage reduction is only 13.94%, 

21.52%, and 27.67%, as in the case of ZN, PSO, and GWO.  

4.6.3.2   Time responses of acceleration of the body    

The time histories of open-loop output responses and the FOPID-tuned closed-loop 

responses for the accelerations of the vehicle body in all five modes (vertical, lateral, 

pitch, roll, and yaw) have been illustrated in Figure 4.8. From Figure 4.8, it is seen that 

the FOPID controller tuned with the ZN and metaheuristic algorithms are able to reduce 

the body acceleration when compared to the passive system. However, when the 

controller is tuned with hybrid PSO-GWO algorithms, this % improvement has increased 

and also it satisfies the constraints of cost function. Therefore, we can conclude that the 

suspension control system using hybrid PSO-GWO has a greater ability to reduce 

vibrations compared to passive systems and other metaheuristic algorithms. 

  
(a) (b) 
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(c) (d)

      (e)
Figure 4.8 Time histories of vehicle body acceleration under periodic track disturbances (a) vertical 

acceleration ( (b) lateral acceleration (c) pitch acceleration (d) roll acceleration ( and (e)

yaw acceleration(

4.7 Conclusions

This chapter introduces a novel active suspension system that regulates an optimally 

tuned FOPID controller. The model consists of 27 degrees-of-freedom. A decentralized 

control structure having five independent FODIP controllers was adopted to suppress the 

vibration of the different motions of the car body. To calculate the optimal active force, 

a novel hybrid metaheuristic algorithm named hybrid PSO-GWO was proposed, and the

simulated results were compared with a passive system as well as classical (ZN) and two 

metaheuristic tuning algorithms (PSO, GWO). The outcomes of the car body's vertical, 

lateral, pitch, roll, and yaw acceleration under periodic and random track irregularities 

were analyzed in both time and frequency domains. According to simulation and analysis, 

the following outcomes are encased:
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 The proposed hybrid algorithm (PSO-GWO) tuned FOPID controller provides the 

best trade-off between maximum acceleration and control efforts expressed in 

terms of quadratic cost function compared to PSO and GWO. Apart from this it 

is also seen that the PSO and GWO have a trapping issue at the local minimum 

points with the slower convergence rate as compared to proposed hybrid 

algorithm. 

 Under periodic track disturbances, it was also noted that the suspension system 

controlled with a hybrid-tuned FOPID controller has comparatively better 

attenuation towards the vehicle vibration in terms of the percentage improvement 

in RMS values. It provides approximately 84.60%, 77.81%, 71.42%, 75.29 %, 

and 63.74% improvement of RMS values as in the case of the vehicle's vertical, 

lateral, pitch, roll, and yaw motions, respectively. 

 Under random track disturbances, it is evident that the FOPID controller using 

hybrid algorithm provides better suppression results of resonant peaks at the 

extensive range of frequency. The percentage reduction in RMS values for the 

vertical, lateral, pitch, roll, and yaw motion were 34.83%, 29.27%, 39.17%, 

24.99%, and 33.45%, respectively, as compared to the classical and other 

metaheuristic (PSO and GWO) techniques. 

From the above discussions, it may be concluded that the active suspension system with 

PSO-GWO tuned FOPID controller shows its effectiveness in attaining good vibration 

attenuation ability under periodic and random excitations. However, it can also be seen 

that the attenuation ability of the proposed controller is significantly higher in the case of 

periodic track irregularities compared to the random track. The reason behind this is the 

configuration of a decentralized controller, which calculates the control force based on 

the periodic wavelengths of the track. In practical scenarios, a train is more likely to 

encounter random track irregularities than periodic ones. Consequently, this point 

suggests that a centralized control strategy is required, which would independently 

determine the required damping force to manage such chaotic circumstances successfully. 

Also, the dynamics of the actuator will be added in further study, which make the control 

system more practicable and real. 
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CHAPTER 5  

 SYNTHESIS OF CENTRALIZED CONTROLLER 

In the quest for precision and efficiency in railway dynamics, the spotlight turns to 

centralized controller design. This section addresses the fundamental ideas and 

revolutionary effects of a centralized approach, in which a single intelligence 

performs the symphony of control, guaranteeing a harmonious and optimal riding 

experience for railway cars. A modified LQG controller with ANFIS-based 

actuation is presented in this chapter. The efficiency of the proposed control scheme 

is evaluated under random track disturbance, and the results are validated with the 

human comfort data of RDSO.  

5.1 Introduction 

As per previously reported literature on control algorithms, the optimal control law is the 

most preferred field of vibration control in railway vehicles. This control technique is 

based on the centralized control architecture in which a single controller is responsible for 

every control action. The schematic of the proposed active suspension control system used 

to control the vibrations of railway vehicle is shown in Figure 5.1. From Figure 5.1, it can 

be seen that the proposed scheme constitutes two types of controllers: the system controller 

and the force tracking controller. These two controllers can work in two steps alternately. 

Based on the measured output, the system controller generates the desired controlling force 

in the first step. Then, in the second step, with the help of the force-tracking controller, the 

command current is generated that compels the actuators to track the required controlling 

force. In this study, the part of the system controller is realized by the metaheuristic-based 

linear quadratic Gaussian control law. On the other hand, the ANFIS inverse model is used 

as a force-tracking controller. The five body motions are controlled by implementing the 

six electro-hydraulic actuators. Among them, the four actuators are vertically mounted on 

the right and left sides of the front and rear bogies, which control the bounce, pitch, and 

roll motions, and the remaining two actuators are mounted horizontally above the front 

and rear bogies, controlling the lateral and yaw motion of the vehicle body as demonstrated 

in the previous chapter.  
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      Figure 5.1 Schematic of centralized vibration control system for railway vehicle 

As per contribution of this chapter, following points are worthy to note: 

 A twenty-seven-degree-of-freedom dynamic model of a full-car railway vehicle 

incorporated with rail irregularities and wheel-track contact forces is developed.  

 An ANFIS inverse model using a hybrid algorithm is trained to mimic the forward 

dynamic behavior of an electro-hydraulic (E-H) actuator.  

 A linear quadratic Gaussian controller tuned with a novel evolutionary algorithm 

(EO-LQG) is adopted to generate the active control forces, in which state 

variables are estimated with the Kalman filter.  

 The performance of the proposed strategy is assessed by integrating the LQG 

controller with the ANFIS inverse model. The evaluation is conducted using 

random track abnormalities, and the results are thoroughly studied in both the 

time and frequency domains.  
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 The proposed control scheme, passive system, and classical tuning methods are 

compared using root mean square (RMS) acceleration data.  

 Additionally, the assessment of the comfort of railway vehicles is conducted 

utilizing Sperling's methodologies. Comparing the simulation findings with 

previously reported semi-active and active suspension systems, it is evident that 

the proposed controller has the potential to enhance the ride comfort of railway 

trains.  

5.2   A 27-DOF dynamic model of a railway vehicle  

The analytical model of vehicle-track system integrated with active suspension system is 

developed in this section. The definitions of various symbols related to the vehicle body, 

bogies, and wheel-set motion used in dynamic modeling have already been given in list 

of symbols. The governing equation of motion of railway vehicle dynamics is presented 

as follows: 

5.2.1    Vehicle body dynamics 

+ = +  + +  (5.1)              

+ +2

 = +  

(5.2) 

  

(5.3)                     

(

=

 

(5.4)                                                                

  

(   (5.5) 

5.2.2. Bogie dynamics ( =1, 2) 

  

(5.6) 
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(5.7) 

  

 (5.8) 

  

 (5.9) 

  

 (5.10) 

5.2.3. Wheel-set dynamics ( =1, 2, while =1; =3, 4, while =2) 

  

(5.11) 

  

(5.12) 
 

  

(5.13) 

5.3   State-space formulation 

In this section the complete state-space formulation of vehicle-track system is presented. 

Let,  

are  

the displacements, control, and disturbance vectors, respectively. 

Then the Eqns. (5.1)-(5.13) can be represented in the following matrix form: 

                                                      (5.14) 
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where [M] ( ), [C] ( ), and [K] ( ) are the mass, damping, and stiffness 

matrices of the railway vehicle; ( ), ( ) are the position matrices of 

control inputs and track disturbances acting on the railway vehicle body and wheels of 

wheelsets, respectively. 

Now by defining the state vector  for railway vehicle system, the state and 

output equations are given as 

 

 

    (5.15) 

where

, , ,and

are the coefficient matrices, which can be derived from Eq. (14). The 

vector N defines the sensors noise. 

5.3.1 Track irregularities model 

The abnormalities present on the tracks are the fundamental cause of vibrations in the 

railway vehicle. These irregularities can be periodic or random in nature. Here, three types 

of random track irregularities such as vertical profile , lateral alignment , and 

cross-level (  are used as an input to the system, where . A good 

approximation of the random irregularities can be realized by stationary random 

processes in the form of power spectral densities (PSDs) (Zhai 2020). These PSDs are 

calculated by taking the Fourier Transform of the autocorrelation function and can be 

expressed as: 

    (5.16) 

    (5.17) 

    (5.18) 
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where ,  and   are the cut-off frequencies taken in rad/m; ,  and  are 

roughness  constant taken in ; is the velocity of the vehicle;  is the half the 

distance between the two-rolling circle of the wheel-set (m). The values of these constants 

and cut-off frequencies are given in Appendix 1. 

According to Eqns. (16)-(18), for a white noise input , the following 

state space representation can be used to define the PSDs in the time domain 

where  , ,  are the states, and  , 

 are the output vectors related to vertical, lateral and cross-level irregularities, 

respectively.  

Similarly, , , , , , , , ,  are the coefficient matrices of shaping filter (D. 

H. Wang & Liao, 2009a).  

If  are the excitations applied on the front wheelsets of railway vehicle, 

then  are related by the following relation 

, 

                                                      

 
    (5.20) 

where   are the time delay between the wheelsets 

and can be realized using fifth order Pad  approximation (Hanta & Procházka, 2014). 

 +  

                                      

   

 

 

  
(5.19) 

 (5.21) 
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Now, using Eqns. (5.19)-(5.21), the complete state space form of random rail input for 

all wheels can be represented as: 

 

                                                  

 
 (5.22) 
 

where w  is the disturbance vector defined in Eqn. (5.14). The coefficient 

matrices, ,  , and   can be determined from Eqns. 

(5.19)-(5.21).

5.3.2   State-space formulation for complete vehicle-track system 

Let us consider a vector . Then, according to Eqns. (5.15) & (5.22), the 

following state space representation can be used to define the combined dynamics of the 

vehicle and track system. 

 

 

 

 (5.23) 

where

, , ,and

are the coefficient matrices of complete system.  

The expected or mean values for the random white noise ( ) and measurement noise (N) 

are  

  
 
(5.24) 

5.4 Dynamics of electro-hydraulic actuator 

An essential component of any active suspension system is an actuator. It is a complete 

unit by which the external force is injected into the system, complementing the passive 

suspension system. The fundamental requirements of high frequency isolation and low 

frequency track undulation are achieved with suspension system that contains a superior 
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actuation system. There are three major type of actuation systems that are reported in the 

literature (Abdelkareem et al., 2018): Electro-hydraulic, Electro-pneumatic and Electro-

magnetic. Among them, the electro-hydraulic actuator is best suited, because of its 

excellent force/size ratio, good force bandwidth and reliable operation.  

Electro-hydraulic actuation system utilizes the combination of electrical and mechanical 

means to generate the required force as shown in Figure 5.2 (a). The primary stage of the 

actuation system contains an electrical motor that delivers torque based on the current 

value, and the secondary stage contains a hydraulic cylinder connected to a throttle spool 

valve. The position of spool valve is controlled with motor torque and accordingly the 

controlled oil flows into the cylinder which ultimately generates the force expressed as: 

 

 

   (a)                                        (b) 

Figure 5.2 Hydraulic actuator (a) basic architecture (b) dynamic behavior 

For the modeling purpose, the two stages are segregated into electrical and mechanical 

sub-parts.  In the mechanical part, the actuation force is generated on the either side of 

cylinder by compression or decompression. Eqns. (5.25) & (5.26) represents the oil flow 

which is the main cause of pressure. 

 
(5.25) 

 
(5.26) 
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where   and  represents the flow into two side of cylinder and accordingly  and 

 are the pressure on that side of cylinder.  is the oil volume,    is oil compressibility 

and  is the extension of actuator. 

As we know that the flow described by Eqns. (5.25) & (26) are controlled by the position 

of spool valve, which follows a square root characteristics as  

 (5.27) 

                                                               (5.28) 

where  is the hydraulic supply pressure,  is the spool valve displacement and  is 

the flow coefficient. 

Eqns. (5.27) & (5.28), can be represented in the linearised form as 

 
(5.29) 

 
(5.30) 

By equating the cylinder oil flow Eqns. (5.25) & (5.26) with the spool valve oil flow 

Eqns. (5.27) & (5.28), it will provide the following equations 

 
(5.31) 

 
(5.32) 

Here the Eqns. (5.31) & (5.32) represents the pressure of cylinder in terms of spool-valve 

and actuator extension. 

Now the relation between the spool valve and motor torque may be described as 

 
(5.33) 

where  is the spool displacement for a input current . The motor develop a torque 

proportional to current, and this torque is converted into linear force which derives the 

spool-valve as shown in Fig. 3(a). According to Eqns. (5.31), (5.32) & (5.33), the 

following state-space model may be used to define the actuator performances: 
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(5.34) 

 

 

(5.35) 

The various parameters of electro-hydraulic actuator used in simulations have been given 

in (Williamson et al., 2009).  The basic architecture and dynamic behavior of the 

hydraulic actuator is illustrated in Figures 3(a), and (b), respectively. Figure 3(b) shows 

the output force response to a square wave input of 1000 N at 10 Hz frequency. From the 

figure, it is clear that the performance of actuator may satisfy the need of application. 

5.5 Inverse modeling of electro-hydraulic actuator 

The inverse electro-hydraulic model constitutes the force tracking controller that is used 

to determine the command current based on the required force. In the present study, the 

adaptive neuro fuzzy-interface technique (ANFIS) is adopted to build the inverse E-H 

model. 

5.5.1 Training of ANFIS model  

To train the electro-hydraulic actuator, a five layer two-input two-rule ANFIS technique 

is employed (Zong et al., 2013). The architecture used for training of ANFIS model has 

been shown in Figure 5.3. In general, the accuracy of ANFIS model relies on the size of 

the input dataset (A. Singh & Sathans, 2017). As the number of input data set increases, 

its accuracy improves, but concurrently, the training time of model will also increase. 

Therefore, in order to maintain a balance between time consumption and accuracy, the 

inputs are selected as current damping force, previous damping force, current velocity, 

and previous velocity. The resulting output is the current command current. Then, based 

on hybrid algorithm, the ANFIS constructs the fuzzy interface system and the 

membership function are adjusted with given input/output datasets. 
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Figure 5.3 ANFIS modeling for inverse dynamics of electro-hydraulic actuator 

The input command current (t), and input velocity (t) are considered as white noise 

signal with amplitudes ranging from 0-2 A and , respectively. The operational 

frequency range is 0-2 Hz for both the inputs. According to command current and 

displacement, the desired damping force is generated with electro-hydraulic model as 

discussed in section 5.4. The data is collected at a sampling rate of 1000 Hz for duration 

of 20 seconds, resulting in generation of 20000 data points.  Out of which 10000 points 

are chosen for training purpose, and remaining 10000 points are used for test the system. 

The effectiveness of ANFIS inverse model in active suspension control system will be 

discussed in result section. However, the testing performance of inverse model is shown 

in Figure 5.4. Figure 5.4 (a) and (b) demonstrate a close alignment between the active 

force generated by the expected command current and the desired controlling force. Also, 

the predicted amount of force and command current remains in defined limits, indicates 

that inverse model can satisfy the need of proposed scheme.  
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     (a)       (b) 

         Figure 5.4 Validation of ANFIS inverse model (a) force prediction (b) command current 

5.6 System controller based on LQG control law 

The LQG controller combines the linear quadratic regulator with the Kalman filter. The 

mathematical equations that describe the operation of LQG controller are given as (Q. 

Zhu, Li, et al., 2018) 

(5.36) 

(5.37) 

where  are the observed states of X, and  is the Kalman filter gain given by following 

equation: 

 (5.38) 

where  is the solution of following algebraic Riccati Equation (ARE), 

, with the covariance matrices  and  defined as 

,   . 

Note: There is no correlation exist between and V i.e.  

In Eqn. (5.37), u is the control signal that is designed to minimize the following 

performance index 
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(5.39) 

and,   is the controller gain matrix given by the following equation: 

 (5.40) 

where  (semi-positive-definite), R (positive-definite), and S are the weighting matrices. 

 is determined by following Riccati equation 

. 

5.7 Methods of finding the weighing matrices , ) 

The performance of LQG controller depends upon the weighting matrices , R and S, 

which needs to be optimally tuned according to the cost function. Since, this study focuses 

on the improvement of ride comfort while minimizing the acceleration and control effort. 

Therefore, considering the assumption that the pair (A, B) is stabilizable and (A, C) is 

detectable (Aslam et al., 2023), the performance index (5.39) can be rewritten in the 

following form: 

 

 
 
 
(5.41) 

where  are the car body accelerations.  are the control forces which are 

calculated by multiplying the position vector with the control vector, . (where i = 1, 2, 

3, 4, 5). 

According to the Eqn. (5.39) and 41, the weighting matrices , R and S can be determined 

as: 

,   ,    (5.42) 

where , , , ,and  are the weights of vertical, lateral, roll, pitch, and yaw 

acceleration, respectively. Similarly, to  are the weights related to the control inputs. 
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(Chevrie et al., 2019; Soni & Sathans, 2018). Most often, these weights are evaluated by 

onstrated by Robandi et al. (Robandi et 

al., 2001). An experience-based iterative procedure is performed in the hit-and-trial 

normalization-based iterative process. In both methods, several steps are repeated until 

the cost function reaches to small value. Even performing a number of iterations, these 

methods failed to achieve satisfactory results. Hence, to rectify these problems, the 

metaheuristic-based optimization algorithms are introduced in the LQG controller design 

framework. In this paper, two types of metaheuristic algorithms, i.e. PSO and EO are 

utilized to compute the dynamic weights of LQG controller. The descriptions of these 

algorithms are given below: 

5.7.1. Particle Swarm Optimization (PSO) 

In particle swarm optimization, the principle of swarm intelligence (Slowik, 2011) is used 

to find the optimum values of controller gain matrix ( ), whereas no optimization has 

been used for the Kalman gain ( ). The diagonal elements (  of 

weighting matrices Q and R, are considered as PSO particles and chosen as positive real 

number, initially. Then, for each particle the solution of  is solved from ARE, and the 

feedback gain  is calculated. Using feedback gain, the fitness of each particle is 

evaluated according to the following cost function: 

 
 
(5.43) 

where  is the weighted sum mean square error (MSE) of the output 

accelerations. If the current fitness value is less than the previous value, then the current 

values of Q and R are considered the best solution. Else, the values with the previous best 

solution are given preference. The particles with minimum MSE among all the particles 

are chosen as the global best (Pandey, 2017; Samuel et al., 2022). The present 

investigation employed this algorithm to solve a single objective optimization problem 

used for vibration control of railway vehicle. The parameters and pseudo-codes of this 

algorithm for the present investigated problem are illustrated in Appendix 2. 
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5.7.2. Equilibrium optimization (EO) 

In equilibrium optimization algorithm, the concept of physics-based dynamic source and 

sink model are used to estimate the equilibrium states or best solutions (Faramarzi et al., 

2020). In this method, the diagonal elements (  of Q and R, with its 

concentration acts as a search agent equivalently to particles and positions in PSO. Then, 

based on formation of equilibrium pool in exploration state, the solutions of ARE and 

corresponding feedback gain , is calculated. Using feedback gain, the concentration 

(positions) of each candidate is calculated using the cost function defined in Eqn. (5.43). 

After that, the attentiveness of each particle is updated according to generation rate and 

to come closer and will aid the local search to find the equilibrium state or optimum 

solution. Hence, in this paper, we proposed this algorithm is used to tune the LQG 

parameters, which control the suspension system of railway vehicles. The values of 

parameters and pseudo-code of the proposed algorithm are given in Appendix 2. 

5.8 Results and Discussions 

This section evaluates the performance of a modified LQG-based active suspension 

system used for vibration control of railway vehicles. The effectiveness of the controller 

tuned with equilibrium optimization (EO) is investigated in the time and frequency 

domains, and the results are compared to the passive system as well as conventional 

tuning technique . The various parameters of railway vehicles, 

tracks, and electro-hydraulic actuators, used in the simulation are given in Appendix 1 

(Alexander, Vacca, and Cristofori 2017). The architecture of the proposed active 

vibration control system is already illustrated in Figure 5.1. From Figure 5.1, it can be 

seen that the complete process of vibration suppression consists of two units: force 

prediction and force tracking. It may also be noted that although the working procedures 

of both units differs from each other, the overall performance of entire system relies on 

the minimization of same cost function, defined in Eqn. (5.43). Therefore, to minimize 

the cost function, the simulation is run ten times by setting the same number of iterations, 

particles, and other parameters. In each iterations, the Kalman filter, the LQR and the 

ANFIS controller works together to achieve the desired performance.  
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The outputs evaluated by the Kalman filter in the first step remain constant throughout 

the whole process and serves as an input to the LQR controller. The successful operation 

of the Kalman filter depends upon the values of Kalman gain ( ), which ultimately rely 

on covariance matrices (  and ) as discussed in Eqn. 5.42.  In this study, the 

covariance matrix of disturbance source ( ) is taken as that can imitate 

the track irregularities. The covariance matrix of sensor noise ( ) is determined as 

 that can available from 

commercially used accelerometer. With these parameters, the outputs of Kalman filter is 

evaluated and demonstrated in Figure 5.5. From Figure 5.5, it is seen that the Kalman 

filter successfully filters the noise components and also provide appropriate outputs.  

  

      (a)     (b) 

 
 

        (c)         (d) 
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     (e) 

    Figure 5.5 Outputs of Kalman filter estimated different states (a) vertical (b) lateral (c) Pitch (d) roll (e) yaw 

Based on these estimated outputs, the controller gain ( ) 

two metaheuristic algorithms (PSO and EO) in order to minimize the acceleration level 

of vehicle body. The best convergence graph to find the optimum values of the LQG 

controller using these techniques have been given in Figure 5.6. According to Figure 5.6, 

it is observed that the convergence rate of equilibrium optimization is substantially faster 

optimum values of Q, R, and  results from classical and metaheuristic tuning have been 

provided in Table 5.1

acceleration and human comfort are discussed in the next section.  

 

Figure 5.6 Convergence curves of tuning methods 
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Table 5.1 Values of Q, R and  calculated different from tuning techniques 

 PSO EO 

Q=   

 

  

 

  

5.9 Simulation under random track irregularities 

In this part, the performance of an optimally tuned LQG controller is evaluated under 

random track profile and the results are shown in both frequency and time domain. 

5.9.1 Acceleration responses of the vehicle body  

The performance of a metaheuristic tuned LQG controller has been demonstrated under 

the random track disturbances depicted in chapter 3 (section 3.5.2). Figure 5.7 shows the 

amplitude spectra and time series of the vehicle body's accelerations in yaw, pitch, roll, 

and vertical. Tables 5.2 also include the root mean square (RMS) values and the 

percentage improvement of RMS value for various motions. Also, the root mean square 

(RMS) values, and the percentage improvement of RMS value for different motions are 

given in Tables 5.2. The percentage improvement of RMS values using different tuning 

algorithms over the passive system has been calculated by using the following equation 

 
(5.44) 
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Observing Figure 5.7 (a), it is found that the vertical acceleration of the vehicle body is 

effectively reduced by the LQG controller tuned with metaheuristic algorithms. However, 

among them, EO-LQG performs better in attenuating the vertical vibrations at the range 

[1-10] Hz as depicted in Figure 5.7 (b). Also, the % improvement (RMS) of vertical 

acceleration with EO optimization over the passive system is found to be 35.62%, which 

is comparatively higher than that of other metaheuristic algorithms, as shown in Table 

5.2 (a). In case of lateral motion, from Figure 9 (c) and (d), it can be seen that the vibration 

attenuation ability of the active suspension system using metaheuristic algorithm at [2-

12] Hz is higher than that at [0-2] Hz frequency range. This situation arises because the 

resonant peaks of lateral motion mostly occur at this particular frequency range. 

Mo

be 5.68 %, while the percentage reduction with PSO and EO optimization algorithms are 

19.43% and 24.97 %, respectively, as rendered in Table 5.2 (b). Therefore, we can say 

that the EO-LQG controller has more attenuation ability as compare to passive system 

and other tuned controller. 

From Figure 5.7 (e) and (f), it can be seen that the amplitude spectrum of pitch 

acceleration in the range [0-2.5] Hz is successfully reduced with a suspension system 

controlled by an optimally-tuned LQG controller, where the proposed EO algorithm 

dominates the other tuning methods. The dominance of the LQG controller with EO 

algorithm over passive, Bryson, and PSO is also verified from Table 5.2 (c), where the 

suspension system tuned with the EO method can reduce the vibration level up to 38.77%. 

On the other hand, the % improvements of RMS values with Bryson and PSO over 

passive system are 13.53 %, and 30.55%, respectively. In terms of roll acceleration, we 

can see from Figure 5.7 (g) and (h) that the active suspension system, which is tuned 

using metaheuristic algorithms, has a better ability to reduce vibrations in the required 

frequency range of [0-2] Hz compared to the passive suspension system and conventional 

tuning algorithm. Table 5.2 (d) shows that the RMS value of roll acceleration with the 

EO algorithm is lower than that of other tuning methods; the percentage reduction of 

RMS values is about 27.98%, which is the highest among all the tuning algorithms. 

Furthermore, in the case of yaw motion, from Figure 5.7 (i, j) and Table 5.2 (e), it is also 

observed that an active suspension system controlled with an optimal tuned LQG 
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controller can reduce the yaw acceleration of the vehicle body by a large extent as 

compared to the passive system. However, among all tuning methods, EO algorithm 

achieves a 35.68% reduction in RMS values of yaw acceleration. In contrast, the 

percentage reduction is only 14.82%, and 29.72%, as in the case of Bryson and PSO 

tuning algorithms.  

Therefore, we can say that the comfort enhancement capability of the active suspension 

system using EO- based LQG controller is better than that of passive and other 

metaheuristic algorithms. 

 

       (a) (b) 

 

       (c) (d) 
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      (e) (f) 

  
       (g) (h) 

  
            (i) (j) 

Figure 5.7 Time series and amplitude spectrums of vehicle body acceleration under random track inputs (a, b) 

vertical acceleration ( (c, d) lateral acceleration  (e, f) pitch acceleration (g, h) roll acceleration 

( and (i. j) yaw acceleration (  
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Moreover, the time histories of the active force generated by the optimally tuned 

suspension system to suppress the vibrations of the car body in five modes are also shown 

in Figure 5.1. Now, by using the system controller, the control force  could be calculated, 

which is regarded as the desired force. For the different modes of railway vehicle, the 

desired force has been achieved with the combination of ANFIS controller and hydraulic 

actuator as discussed in section 5.4. Observing Figure 5.8, it can be seen that the LQG 

controller with EO optimization provides a balanced and optimum actuation force for all 

Table 5.2 RMS values and % improvement of vehicle body acceleration under random track disturbances 

(a) For vertical acceleration 

 Passive  PSO EO 

RMS Values ( ) 3.864e-02 3.359e-02 2.690e-02 2.488e-02 

% improvement - 13.06 % 30.38 % 35.62 % 

(b) For lateral acceleration 

 Open-loop  PSO EO 

RMS Values  6.235e-02 5.880e-02 5.023e-02 4.678e-02 

% improvement - 5.68 % 19.43 % 24.97 % 

(c) For pitch acceleration 

 Open-loop  PSO EO 

RMS Values ( ) 5.534e-02 4.785e-02 3.843e-02 3.388e-02 

% improvement - 13.53 % 30.55 % 38.77 % 

(d) For roll acceleration 

 Open-loop  PSO EO 

RMS Values ( ) 7.465e-02 6.862e-02 5.824e-02 5.376e-02 

% improvement - 8.07 % 21.98 % 27.98 % 

(e) For yaw acceleration 

 Open-loop  PSO EO 

RMS Values ( ) 4.642e-02 3.954e-02 3.262e-02 2.985e-02 

% improvement - 14.82 % 29.72 % 35.68 % 
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modes of vehicle, which satisfies all the parameters of the cost function. Moreover, the 

proposed LQG controller satisfies the constraints of maximum force and controlled 

currents in all five modes because all the values of the corresponding cost function are 

less than unity.  

     (a)       (b) 

(c)      (d) 

 

     (e) 

Figure 5.8 Time histories of active force for different motions of railway vehicle (a) vertical motion 

( (b) lateral motion  (c) pitch motion  (d) roll motion and (e) yaw motion  
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5.10   

In this section, for the ride comfort evaluation, Ride factor  method has been used. 

The evaluation scale used for determining the ride comfort has also been given in chapter 

3. The ride comfort indices of this methods has been obtained by integration over the 

frequency interval of the human sensitivity range, i.e. 0-30 Hz. The graphical 

representations of ride comfort indices for passive and active control strategies 

rule, PSO, and EO) have been given in Figure 5.9. From Figure 5.9 (a), in case of vertical 

motion, it is observed that the ride index of passive suspension system with Sperling 

method is found to be 3.223, which may cause unpleasant ride. On the other hand, the 

ride indices for active control system using metaheuristic algorithms (PSO and EO) are 

found to be 2.598, and 2.203, that can significantly improves the ride quality of a railway 

vehicle. Observing Figure 5.9 (b), a similar kind of behavior is found in case of lateral 

motion, where the ride indices of railway vehicle using passive suspension are found to 

be 3.014. However, the ride indices reach to 2.695 and 2.408 when we use PSO, and EO 

tuned active suspension system.  

  

(a) (b) 

Figure 5.9 Ride comfort indices ) of  (a) vertical motion (b) lateral motion 

Based on the simulation results presented and discussed in the preceding sections, it is 

observed that the utilization of a metaheuristic-based LQG controller can significantly 

improves the acceleration level of the vehicle body as compared to the passive system. 
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7. Conclusions 

This chapter explore an active suspension system controlled with an optimal tuned LQG 

controller to suppress the translational and angular vibrations of the car body. A 27-DOF 

dynamic model of a full-scale railway vehicle incorporated with wheel-rail contact forces 

and track irregularities is proposed. After constructing the 27-DOF dynamic model, two 

controller termed as system controller (LQG) and force tracking controller (ANFIS) with 

electro-hydraulic actuator is adopted to suppress the vibration of the five motions of the 

car body. To calculate the optimal active force for the suspension system, two 

metaheuristic algorithms named 

are used and the simulated results are compared with a passive system. The simulated 

results of the car body's vertical, lateral, pitch, roll, and yaw acceleration under random 

track irregularities are analyzed in both time and frequency domains. Furthermore the 

. 

According to simulation and analysis, the following outcomes are encased: 

 The active suspension system controlled with metaheuristic based LQG controller 

provides the best trade-off between maximum acceleration and control efforts 

expressed in terms of quadratic cost function. It is also seen that the controller 

O have the slower convergence rate as compared 

to proposed equilibrium optimization algorithm. 

 The output of ANFIS inverse model trained with hybrid algorithm is closely 

aligned with the forward dynamics of electro-hydraulic actuator, indicating the 

effectiveness of tracking the desired controlling force. 

 In case of EO optimization, the percentage reduction in RMS values for the 

vertical, lateral, pitch, roll, and yaw acceleration were 35.62%, 24.98%, 38.77%, 

27.98%, and 35.68%, respectively. On the other hand, the active suspension 

compared to proposed EO optimization technique. 

 Also, the ride comfort indices for vertical motion using EO algorithms are found 

to be 2.482, and for lateral motion, the indices were 2.528, respectively. These 
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values represent a superior level of comfort compared to that of passive and other 

tuning algorithms. 

However, from the above discussion, it is evident that an active suspension system 

equipped with an EO-tuned LQG controller exhibits a tremendous capability to mitigate 

the track vibrations effectively. The proposed LQG controller has an inherent problem of 

robustness. To check the robustness of the proposed controller, the response of EO-LQG 

is evaluated considering the 10% variation in vehicle mass and the results are shown in 

the frequency domain. The bode plot of the proposed control strategy is shown in Figure 

5.10, and the corresponding stability margins are given in Table 5.3. According to the 

investigated results, the range of stability margin with a proposed controller is very low, 

which signifies that if a controller is implemented in an uncertain environment, it might 

not deliver the desired results. These observations motivate a shift toward the robust 

control theory, which can provide a comfortable ride despite certain uncertainties. 

Table 5.3 Stability margin evaluated from EO-LQG control law 

Gain margin:    [0.8836  1.1317] 

Phase margin:  [-7.0730  7.0730] 

Disk margin:     [0.1236] 

Lower bound:   [0.1236] 

Upper bound:   [0.1239] 

 
Figure 5.10 Perturbed frequency response of LQG controller 
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CHAPTER 6 

              SYNTHESIS OF ROBUST CONTROLLER 

As the railway journey encounters the unpredictable terrain of external 

disturbances and uncertainties, the need for resilience and stability takes center 

stage. In this section, we delve into the realm of robust controller design a 

sophisticated approach that fortifies railway systems against uncertainties, 

ensuring steadfast performance and reliability in the face of challenging conditions. 

For the purpose of control, two types of robust controllers i.e., and -synthesis 

have been used to address both structured and unstructured uncertainties. After 

that, the evaluation of the ride comfort provided by the proposed active suspension 

system is conducted, and the simulated outcomes are compared to the experimental 

data.   

6.1 Introduction 

Robust control theory is a fundamental paradigm in control systems engineering that aims 

to enhance the performance and stability of a system even when uncertainties and 

disturbances are present (Haq et al., 2020; Mohan et al., 2017; V. Sharma et al., 2017). 

Unlike traditional control methods that assume perfect knowledge of system dynamics, 

robust control theory acknowledges the inherent imperfections and variations that might 

arise in real-world systems (Dorato, 1987). As per previously reported literature, it is 

evident that the majority of the research has been carried out with the quarter-car or half-

car models. Even in the full-car models, the controllers are designed with the decoupled 

approach. Moreover, most of the studies are primarily focused on the single uncertainties. 

However, a complete model consisting of structured and unstructured uncertainties can 

be developed, and a full-scale robust control scheme can be adopted to suppress the track 

vibrations effectively. Therefore, in this chapter, a robust active vibration control system 

for a full-scale railway vehicle is proposed. For the analytical purposes, a 27-DOF 

dynamic model of railway vehicles (discussed in previous chapter), consisting of 

structured and unstructured uncertainties has been considered (Y. Chauhan et al., 2021). 
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Two robust control techniques, and -synthesis, have been utilized to estimate the 

desired controlling force. The robust stability and robust performance of the proposed 

control strategies have been evaluated using the structured singular value theorem. Then, 

the effectiveness of the and -synthesis controllers is analyzed in time and frequency 

domains under the random track disturbances. Finally, using Spe

comfort of the railway vehicle is investigated, and the simulated results are validated with 

experimental data given by the Research Designs and Standards Organization, Lucknow, 

India. From the findings, it is believed that the proposed robust control techniques might 

be beneficial to mitigate the track vibration even in the presence of various uncertainties.  

6.2 Analysis and synthesis of a robust controller 

The schematic of the active suspension system used to control the vibrations of railway 

vehicles is shown in Figure. 6.1. Figure shows that the proposed control scheme 

constitutes a system controller integrated with electro-hydraulic (E-H) actuators. In this 

section, the part of the system controller is realized by combining the Kalman estimator 

and robust controller that generates the desired controlling force based on the measured 

and estimated output (Mathur & Sharma, 2017).  Then, with the combination of six E-H 

actuators, the controlling force is applied to control the five motions of the vehicle body 

as demonstrated in Chapter 4 (section 4.1).  

 
Figure 6.1 Schematic of robust vibration control system for railway vehicle 
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6.3 Mathematical formulation of Robust control strategy 

Let, 

are the displacements, control, and disturbance vectors, respectively. Then, the equation 

of motion derived in chapter 3, can be represented in the following matrix form:

where [M] ( ), [C] ( ), and [K] ( ) are the nominal mass, damping, and 

stiffness matrices of the railway vehicle; ( ), ( ) are the position 

matrices of control inputs and track disturbances acting on the railway vehicle body and 

wheels of wheelsets, respectively. 

If the uncertainties and perturbations are taken into account, the Eqn. (6.1) can be 

rewritten in the following form 

where , ,  , and  are the nominal system parameter matrices; , , , and 

 are the uncertain damping, uncertain stiffness, uncertain control, and uncertain 

disturbance matrices. These matrices can be constant or time-varying.  

6.3.1 Uncertain model of the railway vehicle system 

Generally, two types of uncertainties, i.e., structured and unstructured, exist in any system 

(Grimble & Johnson, n.d.). Especially the structured one usually exists in the railway 

system. However, in this study, both types of uncertainties have been considered. 

Structured uncertainties are treated in body mass ( ) and moments of inertia 

( ), while unstructured uncertainties are considered in actuator dynamics. In this 

section, the dynamic model with unstructured uncertainties is described. The block 

diagram of the railway system with parametric uncertainties has been shown in Figure 

6.2. Where  is the perturbed block, and  and  are the input and outputs of the 

 (6.1) 

 
   (6.2) 
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perturbed block, respectively. The following parametric uncertainties have been 

considered in the mass and moment of inertia of the vehicle body. 

 (6.3) 

where and  are nominal values of the corresponding mass and moment of inertia, 

respectively.  and  are the maximum relative error with , . 

 
Figure 6.2. Block diagram of uncertain railway system 

Now, define the state vector, , perturbed signal,

 and sensor noise signals . The state and output equations of the perturbed 

system are presented as follows. 

 

  

                       

 

 
 
 
    (6.4) 



CHAPTER 6                                                                                 SYNTHESIS OF ROBUST CONTROLLER 
 

143 
 

where   is the controlled output vector, and  is the measured output 

vector. The open loop input/output relation of the uncertain railway vehicle is described 

as follows: 

 (6.5) 

where 

 

 

  (6.6) 

6.3.2 Dynamics of the electro-hydraulic actuator with unstructured uncertainties 

In this section, the actuator dynamics with unstructured uncertainties have been 

described. An actuator is an essential component of the active suspension system 

(Beltran-carbajal et al., n.d.). It is the mechanism by which the external force is injected 

into the system that complements the passive suspension system (Omar & Abdelghaffar, 

2018). In this paper, an electro-hydraulic actuator is used to provide the desired force. 

The actuator's nominal transfer function, denoted as ( ), is modeled as a second-order 

phase lag according to Eqn (6.7). 

 
(6.7) 

The various parameters of electro-hydraulic actuators used in simulations have been 

given in (Taylor, Williamson, et al., n.d.). The nominal output force response to a square 

wave input of 1000 N at a 10 Hz frequency has already been given in chapter 5 (section 

5.4). 

Now, in order to account for unstructured uncertainties, the actuator model is 

approximated by input multiplicative uncertainties that give rise to the perturbed transfer 

function as: 

 (6.8) 

where  and  are the frequency-dependent uncertain blocks denoted as . 
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Now, by introducing the vector , the equation of actuation force 

can be rewritten , where (  Finally, 

modeled the railway vehicle and actuator with possible perturbation, the complete block 

diagram of the railway vehicle system is shown in Figure 6.3.  

Following is a representation of an upper linear fractional transformation (ULFT) that 

can be utilized to represent the entire perturbed railway vehicle system:  

 
Figure 6.3 Uncertain model of the railway system 

where  is a complete transfer function matrix of the system, and  represents the 

overall perturbation block. 

6.4 System controller based on robust control laws 

When accounting for both structured and unstructured uncertainty, it is necessary to build 

the controller to have higher robustness.  and -synthesis are the two robust techniques 

that proved more successful in providing robust stability and performance for the vehicle 

system (Kamada & Karaki, 2023; M. Yu et al., 2023). Thus, in this section, the and 

-controllers are emphasizing to establish the system controller that mitigates the vehicle 

vibrations in the wide range of uncertainties.  

 (6.9) 
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In order to achieve better ride comfort, the acceleration response of the vehicle body ( ) 

in all five modes should be minimized. Also, at the same time, the control effort (F) of 

the actuators should be limited. For this reason, the controlled output vector before 

weighting is chosen as = , which constitutes parametric uncertainties 

( ), the acceleration of vehicle body ( ), and control effort 

( ). On the other hand, the measured signal vector used to provide feedback 

to the controller is , which is the acceleration plus weighted 

sensor noise. The general structure of the robust control system is shown in Figure 6.4. 

Where  is the transfer function matrix from external disturbance vector ( ) to control 

vector ( ), and  is the estimated states of vehicle body , , , and are 

the weighting functions used to optimize all aspects of controller performances.  

 
Figure 6.4 Robust control structure for vibration control of railway vehicles 

In matrix form, the above system can also be written as: 

 (6.10) 

                                                                    (6.11) 

 (6.12) 
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where  is the estimated state of the nominal plant, and  is the regulator control gain. 

The main objective of the proposed control scheme is to obtain the gain, , in such a 

way that it will provide robust stability and performance. The two controllers employed 

to achieve the desired performances are described in the next section. 

6.4.1  Controller 

The standard configuration of the  controller is shown in Figure 6.4. The control 

techniques that allow us to incorporate the design specifications (robust stability and 

performance) in the control framework are based on structured singular values ( ) 

(Brunton & J. Nathan Kutz, 2019; Dahleh, n.d.). In a closed-loop system, the controller 

is designed to satisfy the following design specifications: 

a. Nominal performance ( ) 

The nominal closed-loop stability and the required performance specifications have to be 

achieved by the controller. These specifications are usually achieved by reducing system 

gains from the disturbance to desired outputs. In this paper, the weighted  norms used 

for these system gains are expressed as follows: 

 
(6.13) 

where  is the system transfer function matrix without uncertainties ( ), 

 and  are the weights used to improve performance in a particular 

frequency range. A description of these weights is given in section 6.3. The 

matrices ) and ) represent the mixed sensitivity functions w.r.t. 

disturbance vector,  .  

b. Robust stability ( ) 

The stability of the nominal closed loop system has to be maintained even if the 

uncertainties perturb the closed loop system. The weighted  norms used for this 

specification are expressed as: 

 (6.14) 
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where  are the weights used to normalize the  norms of 

uncertainties  to 1. The description of is already presented in section 6.3.1.  

c. Robust performance ( ) 

The performance specifications of a closed-loop system have to be satisfied even if the 

uncertainties perturb the closed-loop system. The  norms used for this specification 

are expressed as follows: 

 

 
  (6.15) 

where the matrices ) is the perturbed sensitivity function of  . 

6.4.2 -synthesis controller 

The standard configuration for the -synthesis controller (N. Singh & Bhangal, 2017) is 

shown in Figure 6.5, where M is the transfer function matrix with respect to the 

uncertainties set . Let M be partitioned as: 

 (6.16) 

 =  (6.17) 

where  represents the upper linear fractional transformation (ULFT) matrix.  

For robust stability, the following conditions should be satisfied, i.e., .  

Now, the relationship between  and M can be represented as:  

 (6.18) 

where  represents the lower linear fractional transformation (LLFT) matrix. For robust 

stability and robust performance, it is necessary to find a stabilizing controller  such 

that 

 (6.19) 

For optimal robust stability and performance, the aim is to solve for  such that  
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 (6.20) 

The main idea of -synthesis controller is to minimize the largest value ( of the 

LLFT matrix, occurring at a particular frequency (Grimble & Johnson, n.d.). It is an 

iterative process in which boundary criterion is achieved according to the weighting 

function applied to the input and output signals of the system. The optimum values of 

weighting functions considered to achieve robust performance are described in the next 

section. 

 
Figure 6.5  -synthesis control configuration 

6.5 Design of weighting functions 

The robust stability and performance of the control system depend upon the choice of 

appropriate weighting functions. This study aims to improve ride comfort over a 

particular frequency range, where the impact of vibration on the human body is largest. 

Therefore, frequency-dependent weighting functions  proposed by ISO have been 

introduced (Fard et al., 2014). These weights were applied to the desired output ( ) in 

the frequency range of 0.5-10 Hz. The gain of these weighting functions is set to increase 

in the frequency range below 8 Hz, where the human body is more sensitive to vibrations. 

Furthermore, it is imperative to impose penalties on the control effort in the low-

frequency range due to the potential difficulty of the E-H actuators in accurately 

following the control force at high frequencies. Therefore, the actuator performance ( ), 

is modified by incorporating a low pass filter transfer function ( ), resulting in a 



CHAPTER 6                                                                                 SYNTHESIS OF ROBUST CONTROLLER 
 

149 
 

reduction of control effort throughout the frequency range of up to 10 Hz. The values of 

these frequency-dependent weighting functions for acceleration and control efforts are 

denoted as follows (Yamashita, 1994): 

  (6.21) 

  (6.22) 

Where   and  . 

The weighting function,  is the sensor noise, which may corrupt the measurement. 

The sensor noise has a combination of low and high-frequency components. For five 

measurements, the is taken as ). Where ( ) is designed 

with the following transfer function (Orvnäs et al., 2011):  

  

 

(6.23) 

The graphical representation of , , and  is given in Figure 6.6. 

 

Figure 6.6 frequency response for , , and  

The weighting function,  represents the track disturbances, a low pass filter expressed 

in terms of spatial frequency. To express this, the power spectral densities (PSDs) of three 
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types of track disturbances (Goodwin, 1987): lateral alignment , vertical profile , 

and cross-level ( are considered as: 

The various symbols and pictorial representations of track PSDs defined in Eqns. (6.24)-

(6.26) are already discussed in chapter 3 (section 3.5.2). 

Let  implies the track inputs to the first wheelset. 

Then,  are related by the following relation: 

,   

 
   
      
      (6.27) 

where  are the time delays between the wheelsets. The 

values of  and  are given in Appendix 1.  

6.6 Results and Discussions 

This section evaluates the performance of a robust control-based active suspension 

system employed to mitigate vibrations in railway vehicles. In the first part, the 

robustness of the and -synthesis controller in terms of design specifications is 

investigated in the frequency domains. Then, in the second part, the closed-loop 

performances of the regulated system are evaluated in the time and frequency domains, 

and the results are compared to the passive system. Finally, the ride comfort of rail 

vehicles is evaluated, and the results are validated with the empherical data reported by 

RDSO. The various parameters of railway vehicles, tracks, and electro-hydraulic 

actuators used in the simulation are given in Appendix 1. 

 

 (6.24) 

 (6.25) 

 (6.26) 
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6.6.1 Robustness analysis  

To check the robustness of proposed controllers, the following uncertainties have been 

considered in the railway vehicle system. Consider the structured uncertainties in the 

body mass ( ) and moments of inertia ( ), which have 10 % and 15 % relative 

errors to their nominal value, respectively. On the other hand, the unstructured 

uncertainties in the actuators have a 30 % error in the low-frequency range, around 2 

rad/s. The % variation starts increasing and crosses 100 % at 15 rad/sec and reaches 

1000% at 1000 rad/sec. With these uncertainties and proposed weighting functions, 

the and -synthesis controllers are built in  using hinfsyn and musyn, 

respectively. Then, the robust stability and performance of the proposed controllers is 

evaluated in term of structured singular value (µ).  

shown in Figure 6.7. Looking at Figure 6.7 (a)

0.828. This indicates that the system remains stable even when subjected to perturbations. 

The system stays stable as long as the uncertainty levels are less than 120% of the 

provided values. However, when it comes to analyzing performance in a strong and 

reliable way, we can see from Figure 6.7 (b) 613. It seems 

that the proposed controller does not achieve robust performance in the closed-loop 

system.  

Similarly, Figure 6.8 displays the upper and lower bound plots of the structured singular 

value with µ-synthesis control. Looking at Figure 6.8 (a), we can see that the maximum 

remains stable even when it is disturbed by 137% of its nominal values. The frequency 

 analysis may be shown in Figure 6.8 (b). 

Looking at the graphic, it's evident that the closed-loop system performs well in different 

assured that the closed-loop system will stay stable as long as the uncertainty level is less 

than 141% of the supplied values. Additionally, the values of the performance index will 

be equal to or less than 0.70.  
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Hence, it is concluded that both controllers ( and -synthesis) ensure robust stability. 

But, as far as robust performance is concerned, the -synthesis controller guarantees 

robust performance, while the controller does not perform well in the desired 

frequency range.

(a) (b)
Figure 6.7 Singular values test of controller for (a) robust stability, (b) robust 

performance

(a) (b)
Figure 6.8 Singular values test of µ-synthesis controller for (a) robust stability, (b) robust 

performance

Now, to investigate the feasibility of the proposed strategy for the vibration mitigation of 

high-speed railway vehicles, the simulation studies were carried out in the next section.  

(under different types of uncertainties)
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6.6.2 Simulation under random track irregularities 

6.6.2.1 Acceleration responses of the vehicle body  

To examine the effect of a robust controlled-active suspension system on the acceleration 

of the vehicle body, three types of random track irregularities have been used (discussed 

in chapter 3). A comparison has been made between the -synthesis 

controller, and the passive system. The closed loop perturbed frequency responses of the 

car body's acceleration with their corresponding time histories are shown in Figure 6.9. 

Also, the best and worst root mean square (RMS) values and the percentage improvement 

of RMS values for different control strategies are given in Table 6.1. The percentage 

improvement of RMS values using robust active control over the passive system has been 

calculated by using the following equation: 

 (42) 

where  and  are the RMS values of the passive and active control systems, 

respectively. 

According to Figure 6.9 (a) -synthesis controllers 

successfully suppress the lateral acceleration of the vehicle body. Among them, the -

synthesis controller is more significant in reducing the resonant peaks in the desired 

frequency range of 1-20 Hz as shown in Figure 6.9 (b). In the case of the controller, 

there exists some set of uncertainties around the frequency range of 1-5 Hz, where the 

closed loop frequency response does not behave according to the design specifications. 

This situation forces the controller to generate a non-robust performance. Moreover, 

the percentage improvement of RMS values with -synthesis controller is 22.79%, 

more than that of the controller (4.92%) in the worst-case scenario, as given in Table 

6.1 (a). However, in the best case, the percentage improvements with both robust 

controllers are almost the same (approx. 26%). 

From Figures 6.9 (c) and (e), in the case of vertical and pitch acceleration, it can be found 

that the presence of uncertainties does not affect the performance of and -synthesis 

controllers by a significant amount. The closed loop frequency responses of both 

accelerations show smooth behavior in the entire frequency range, as shown in Figures 



CHAPTER 6                                                                                 SYNTHESIS OF ROBUST CONTROLLER 
 

154 
 

6.9 (d) and (f). However, the active suspension system controlled with -synthesis control 

law offers more attenuation power than the passive system and control law. According 

to Table 6.1 (b) and (c), the percentage improvement of RMS values with -synthesis 

controller is found in the range of 21%-35%, which is more than that of the  controller 

that achieves 21%-24 % improvement. 

In case of roll acceleration, from Figure 6.9 (g), it can be seen that the vibration isolation 

capability of the active suspension system with -synthesis controller is superior to that 

of the  controller. In the case of the  controller, the effects of uncertainties are more 

prominent in the extensive frequency range, because of which the closed loop frequency 

response shows very high peaks, as shown in Figure 6.9 (h). These high peaks are the 

primary cause of instability within the system. In contrast to the  controller, the 

resonant peaks of roll acceleration occurring between 2-12 Hz are effectively reduced by 

the - -synthesis controller over the controller can 

also be verified from Table 6.1 (d), where the improvement of RMS values with -

synthesis controller shows a higher percentage as compared to the  controller. 

Now, observing Figure 6.9 (i), it can be seen that the behavior of -synthesis controller 

corresponding to yaw acceleration is similar to those of lateral and roll acceleration. In 

the case of the controller, near 5 Hz frequency, some set of variation in parameters 

causes the designed controller to perform even worse than the passive suspension system, 

as shown in Figure 6.9 (j). This behavior can also be verified from Table 6.1 (e), where 

the percentage reduction of RMS values with controller in the worst-case scenario is 

-2.73%. However, the percentage reduction of RMS values with -synthesis controller 

is 31.04% in the best case and 26.30% in the worst case, which proves the effectiveness 

of the -synthesis controller.  

Hence, from the above discussion, it can be concluded that the active suspension system 

controlled with proposed robust control schemes may enhance the ride comfort of a 

railway vehicle over the passive suspension system. The presence of uncertain dynamics 

can deteriorate the performance of the controller, but the performance of -

synthesis controller is not affected by the uncertainties in the entire frequency range. In 
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the next section, the simulated results of the proposed control strategies are validated with 

the experimental data on ride comfort.

(a) (b)

(c) (d)

(e) (f)
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(g) (h) 

  
(i) (j) 

Figure 6.9 Perturbed frequency responses and time series of vehicle body acceleration under random 

track disturbances (a,b) lateral acceleration ( (c,d) vertical acceleration (e,f) pitch 

acceleration (g,h) roll acceleration ( and (i, j) yaw acceleration (  

Table 6.1  RMS values of car body accelerations and % improvement under random track disturbances 

(a) Lateral acceleration 

Worst case Best case 

System RMS Values  % improvement RMS Values  % improvement 

Passive 5.603e-02 - 5.603e-02 - 

H-  5.327e-02 4.92 % 4.128e-02 26.32% 

-synthesis 4.326e-02 22.79 % 4.104e-02 26.75% 

(b) Vertical acceleration 

Worst case Best case 

System RMS Values  % improvement RMS Values  % improvement 
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6.7 Validation of the proposed control schemes with experimental results 

The simulated results of the proposed control schemes with active suspension are 

validated using the oscillations test results (Railways, Audit, 2022). The RDSO carried 

out the test trials on a prototype LHB chair car (as shown in Figures 3.14 ) to assess ride 

comfort in a test speed range of 33.33 55 m/s (120 200 Km/h). The accelerometers and 

displacement sensors are linked by a cable to the data acquisition system in the 

 cabin for recording the oscillation data. In the course of oscillation test trials, 

these sensors capture acceleration and displacement signals on the wheelset axle box, the 

Passive 5.253e-02 - 5.253e-02 - 

H-  4.115e-02 21.66 % 4.031e-02 23.26% 

-

synthesis 

3.602e-02 31.42% 3.429e-02 34.72% 

(c) Pitch acceleration 

Worst case Best case 

System RMS Values  % improvement RMS Values  % improvement 

Passive 4.843e-02  4.843e-02  

H-  3.995e-02 17.50 % 3.606e-02 25.54% 

-

synthesis 

3.528e-02 27.15% 3.414e-02 29.50% 

(d) Roll acceleration 

Worst case Best case 

System RMS Values  % improvement RMS Values  % improvement 

Passive 6.285e-02  6.285e-02  

H-  5.993e-02 4.64 % 5.119e-02 18.55% 

-

synthesis 

4.686e-02 25.44% 4.426e-02 29.57% 

(a) Yaw acceleration 

Worst case Best case 

System RMS Values  % improvement RMS Values  % improvement 

Passive 4.174e-02  4.174e-02  

H-  4.288e-02 -2.73 % 3.288e-02 21.22% 

-

synthesis 

3.076e-02 26.30% 2.878e-02 31.04% 
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car body's floor, and the test coach's bogie frame. Here, the RDSO/Sperling's criteria were 

used to evaluate the ride index of coaches equipped with coil springs in the secondary 

suspensions. Therefore, the same Sperling's method has been used in this paper to 

evaluate the ride comfort of railway vehicles integrated with proposed control strategies, 

and the results are compared with the experimental outcomes. 

6.7.1.  

To evaluate the ride comfort of passengers,  method discussed in the chapter 3 has 

been used. The experimental and simulated implementations of ride indices in the lateral 

and vertical directions under worse and best conditions have been shown in Figure 6.10. 

The comparison has been made at a speed of 200 Km/h. From Figure 6.10, it can be 

observed that the values produced using the suggested model show greater agreement 

with the experimental data, with an error range of 2.36 8.81% for the lateral motion and 

2.84 6.30% for the vertical motion, respectively. 

Further, from Figure 6.10 (a), it can also be noted that the ride comfort with the -

synthesis controller is less than 2.5 in both worst and best conditions. This value implies 

that -synthesis controller significantly improves the lateral ride of railway vehicles 

compared to the  controller and passive system. Observing Figure 6.10 (b), a similar 

kind of behavior is found in the case of vertical motion, where the ride indices of railway 

vehicles using -controlled active suspension are close to 2.5 in both cases. On the other 

hand, the ride indices for the passive and worst-case  controller are more than 2.5, 

which may cause an unpleasant ride experience. However, in the case scenario, the  

controller provides an acceptable level of ride comfort since the value of  is close to 

2.5.  

Therefore, from the above analysis, it is observed that the active suspension controlled 

with -analysis technique significantly improve the ride comfort of railway vehicle. 

Even in the presence of uncertainties, the performances of the proposed controller stay 

robust. 
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(a) (b)
Figure 6.10 Comparison of ride comfort indices with different control algorithms for 

(a) lateral motion and (b) vertical motion

6.8 Conclusions 

This chapter proposed a robust active suspension system to suppress the vibrations of the 

railway vehicle. For analytical purposes, a 27-DOF uncertain model of railway vehicles 

integrated with an uncertain actuator model is utilized. Then, two robust controllers based 

on and -analysis are successfully implemented using . The effectiveness 

and robust performance of proposed controllers have been investigated in the time and 

frequency domain under three types of random track irregularities. Furthermore, the ride 

comfort of the railway vehicle is evaluated using Sperling's method, and the simulated 

results are validated with the experimental data. According to simulation and analysis, 

the following outcomes are encased:

When dealing with uncertainties, both controllers ensure stability. However, when 

-synthesis controller offers greater robustness 

compared to the controller.

The vibration suppression capability of -synthesis controller is superior to 

that of the controller as it can provide 22-35% RMS reduction for the car 
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body's accelerations. On the other hand, in case of the  controller, this 

percentage is comparatively lesser, even in the best-case scenario.  

 The simulated outcomes of the proposed study exhibit a high degree of conformity 

with the experimental data, showing a minimal margin of error within the range 

of 2.36 8.81% for the vertical motion and 4.84 5.30% for the lateral motion. 

 Also, the ride comfort indices ( ) for vertical and lateral motion using -

synthesis are found to be less than 2.50 in both the best and worst-case scenarios. 

These values represent a superior comfort level compared to passive and  

controller where the value of  is greater than 2.5. 

 The robustness issue of the LQG controller is successfully resolved by the 

implementation of both robust controllers as shown in Figure 6.11 and Table 6.2.  

The stability margins of both and -synthesis controllers are significantly 

higher than that of EO-LQG controller (defined in previous chapter). However, 

-synthesis controller are substantially larger 

compared to controllers. 

 

Hence, based on the above discussions, it is evident that an active suspension system 

equipped with -synthesis controller exhibits a tremendous capability to mitigate track 

vibrations. The robust stability and robust performance of the proposed -synthesis 

controller are perfectly achieved in the desired frequency range.  
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Figure 6.11 Robustness comparison of  and -synthesis controller 

 

Table 6.2 Stability margins of proposed robust controller 

                                           

Gain margin:    [0.7617  1.3129] 

Phase margin:  [-15.4069 15.4069] 

Disk margin:     [0.2705] 

Lower bound:   [0.2715] 

Upper bound:   [0.2711] 

Gain margin:    [0.5147  1.9382] 

Phase margin:  [-35.653 35.653] 

Disk margin:     [0.6348] 

Lower bound:   [0.6348] 

Upper bound:   [0.6342] 
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CHAPTER 7  

CONCLUSIONS AND FUTURE SCOPES  

This chapter briefly summarizes the research outcomes and the significant 

contributions of this dissertation. It includes the research findings, highlights the 

research's limitations, and enlightens the future scope for improving the proposed 

research works.  

7.1 Conclusions 

This thesis describes the research's contribution to improving vehicle ride performance 

for high-speed railway cars by controlling active secondary suspension system. To 

achieve this, we primarily focus on developing a full-scale vehicle model and intelligent 

vibration control strategies. The work began with developing a dynamic railway vehicle 

model combined with wheel-rail contact forces and track irregularities. Then, for the 

controlling purpose, two types of control structures i.e., centralized and decentralized 

integrated with classical and metaheuristic optimization algorithms, have been proposed. 

The performance of the proposed models are evaluated under three types of periodic and 

random track irregularities. Finally, the railway vehicle ride comfort index with every 

control scheme is evaluated, and the simulated results are compared with the experimental 

results. A brief summary of the proposed work, along with dissertation outcomes, is given 

below: 

 A mathematical model with 38 degrees of freedom was created to simulate the 

motion of a full-scale railway vehicle. This model takes into account the vertical, 

lateral, roll, yaw, pitch, and yaw motion of the car body, bogies, and wheelsets. 

The governing equations of motion bring together the physics of railway vehicles 

with the wheel-rail contact model and rail irregularity model. The contact forces 

between the wheel and rail were assessed using the Kalker and non-Hertzian 

contact model. This model used the FASTSIM algorithm to calculate the creep 

forces. For the case study, a Linke-Hofmann-Busch coach (LHB) based model 

was employed. Based on pole-zero theory of control system, the critical speed of 
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the vehicle was evaluated. Then, the effect of various track irregularities and 

vehicle speed on the ride comfort of railway vehicle has been evaluated. The 

analysis is done using a 2-D state-space continuous model, and the findings were 

examined in both the time and frequency domains. The simulation results indicate 

that the different track imperfections can have different impacts on the dynamic 

performance of high-speed vehicles. Such as, the relationship between the vertical 

and pitch acceleration of the body and velocity is linear. In contrast, lateral, roll, 

and yaw accelerations behave differently as the velocity approaches the critical 

point. -

level irregularities than lateral and vertical irregularities, which means these 

motions require extra attention during cross-level type rail irregularities. At 

specific constant values of vehicle and rail parameters, the operating and critical 

speeds of the vehicle are found to be different while running on the same track. 

According to Sperling's criteria, the simulated result suggests an average 

operating speed of up to 208 km/h, satisfying the human comfort level. In contrast, 

the critical speed is 223.2 km/h, nearly identical to that reported by the Indian 

railway board for LHB coaches. Finally, the simulated results of the proposed 

model demonstrate a remarkable alignment with the experimental data, exhibiting 

a small error ranging from 2.36 8.81% for vertical motion, 5.84 8.30% for lateral 

motion under lateral alignment, and 8.68 18.65 % under cross-level rail 

irregularities. Although the 38-DOF model successfully evaluates the vehicle 

body's vertical, lateral, pitch, roll and yaw acceleration under various track 

irregularities. However, the longitudinal acceleration of the car body, bogies and 

wheelset cannot affected by the high class of cross-level track irregularities 

significantly. Therefore, these motions were eliminated in further studies.  

 A novel hybrid PSO-GWO-based decentralized control system was developed to 

suppress the translational and angular vibrations of the car body. This scheme 

utilizes a 27-DOF dynamic model of a full-scale railway vehicle incorporated with 

wheel-rail forces and an active suspension system. Three types of periodic and 

random track irregularities, named vertical profile, lateral alignment, and cross-

level, were used as input to the vehicle. To calculate the optimal active force, a 
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novel hybrid metaheuristic algorithm named hybrid PSO-GWO was proposed, 

and the simulated results were compared with a passive system as well as classical 

(ZN) and two metaheuristic tuning algorithms (PSO, GWO). The outcomes of the 

car body's vertical, lateral, pitch, roll, and yaw acceleration under periodic and 

random track irregularities were analyzed in both time and frequency domains. 

According to simulation and analysis, the proposed hybrid algorithm (PSO-

GWO) tuned FOPID controller provides the best trade-off between maximum 

acceleration and control efforts expressed in terms of quadratic cost function 

compared to PSO and GWO. Apart from this, it is also seen that the PSO and 

GWO have a trapping issue at the local minimum points with the slower 

convergence rate as compared to proposed hybrid algorithm. Under periodic track 

disturbances, the time domain controller performance shows a significant 

decrement in the translational and angular accelerations of the vehicle body 

relative to the passive system. It was also noted that the suspension system 

controlled with a hybrid-tuned FOPID controller has comparatively better 

attenuation towards the vehicle vibration in terms of the percentage improvement 

in RMS values. It provides approximately 84.60%, 77.81%, 71.42%, 75.29 %, 

and 63.74% improvement of RMS values for the vehicle's vertical, lateral, pitch, 

roll, and yaw motions, respectively. Under random track disturbances, the success 

of the proposed controller has been tested in the frequency domain, and the results 

are critically analyzed in terms of PSDs. From the results, it is evident that the 

FOPID controller using hybrid algorithm provides better suppression results of 

resonant peaks at the extensive range of frequency. The percentage reduction in 

RMS values for the vertical, lateral, pitch, roll, and yaw motion were 34.83%, 

29.27%, 39.17%, 24.99%, and 33.45%, respectively, as compared to the classical 

and other metaheuristic (PSO and GWO) techniques. However, it can also be seen 

that the attenuation ability of the proposed controller is significantly higher in the 

case of periodic track irregularities compared to the random track. The reason 

behind this is the configuration of a decentralized controller, which calculates the 

control force based on the periodic wavelengths of the track. In practical 

scenarios, a train is more likely to encounter random track irregularities than 
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periodic ones. Consequently, this point suggests that a centralized control strategy 

is required to manage such circumstances. 

 This research presents a new algorithm-based centralized control system for the 

suppression of railway vehicle vibrations. An active suspension system controlled 

with an optimal tuned LQG controller to suppress the translational and angular 

vibrations of the car body was proposed. Two controllers, termed system 

controller (LQG) and force tracking controllers (ANFIS) with electro-hydraulic 

actuators, are adopted to suppress the vibration of the five motions of the car body. 

To calculate the optimal active force for the suspension system, two metaheuristic 

algorithms named PSO and EO with one classical method, i.e. Bryson's rule, were 

used, and the simulated results were compared with a passive system. The time-

domain and frequency-domain analyses are performed on the simulated results of 

the vehicle's acceleration in the presence of randomly generated track 

imperfections. Furthermore, the ride comfort of the railway vehicle is also 

evaluated using Sperling's methods. The outcomes prove that the active 

suspension system controlled with a metaheuristic-based LQG controller provides 

the best results compared to traditional LQG, as the controller tuned with Bryson's 

rule and PSO have a slower convergence rate than the proposed equilibrium 

optimization algorithm. The output of the ANFIS inverse model trained with a 

hybrid algorithm is closely aligned with the forward dynamics of the electro-

hydraulic actuator, indicating the effectiveness of tracking the desired controlling 

force. The performance of the proposed control scheme has been tested under 

three types of random track disturbances, and the results are critically analyzed. 

The results show that the LQG controller tuned with the metaheuristic algorithm 

(EO) provides better suppression results at the desired frequency range. In the 

case of EO optimization, the percentage reduction in RMS values for the vertical, 

lateral, pitch, roll, and yaw acceleration were 35.62%, 24.98%, 38.77%, 27.98%, 

and 35.68%, respectively. On the other hand, the active suspension system tuned 

to Bryson's rule, and PSO shows lower reduction capability than the proposed EO 

optimization technique. Also, the ride comfort indices for vertical motion using 

EO algorithms are found to be 2.482, and for lateral motion, the indices were 
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2.528 respectively. These values represent a superior comfort level compared to 

passive and other tuning algorithms. Although the proposed LQG control scheme 

exhibits a tremendous capability to mitigate the track vibrations effectively, it has 

an inherent robustness problem. To check the robustness of the proposed 

controller, the response of EO-LQG is evaluated considering the 10% variation in 

vehicle mass, and the results show that the stability margin with a proposed 

controller is shallow. Therefore, we should move toward robust control that 

provides better suppression in the presence of various uncertainties. 

 Then, finally, this work proposed a robust active suspension system that 

suppresses the vehicle vibrations even in the uncertain environment of railway 

system. For this, a 27-DOF uncertain model of railway vehicles integrated with 

an uncertain actuator model was utilized. Then, two robust controllers based on 

and -analysis were successfully implemented using . The 

effectiveness and robust performance of proposed controllers have been 

investigated in the time and frequency domain under three types of random track 

irregularities. Furthermore, the ride comfort of the railway vehicle is evaluated 

using Sperling's method, and the simulated results are validated with the 

experimental data. The simulated findings indicate that when encountered with 

structured and unstructured uncertainty, both controllers demonstrate robust 

stability. However, in terms of robust perfo -synthesis controller 

outperforms the  controller. The vibration suppression capability of -

synthesis controller is superior to that of the  controller as it can provide 22-

35% RMS reduction for the car body's accelerations. On the other hand, in the 

case of the  controller, this percentage is comparatively lesser, even in the best-

case scenario. The simulated outcomes of the proposed study exhibit a high degree 

of conformity with the experimental data, showing a minimal margin of error 

within the range of 2.36 8.81% for the vertical motion and 4.84 5.30% for the 

lateral motion. Also, the ride comfort indices ( ) for vertical and lateral motion 

using -synthesis are found to be less than 2.50 in both the best and worst-case 

scenarios. These values represent a superior comfort level compared to passive 

and  controller where the value of  is greater than 2.5. The robustness issue 
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of the LQG controller is successfully resolved by the implementation of both 

robust controllers. The stability margins of and -synthesis controllers are 

significantly higher than that of EO-LQG controller. However, the stability 

margins of the -synthesis controller are considered to be much larger than those 

of controller. 

  Hence, based on the above discussions, it is evident that an active suspension 

system equipped with EO-LQG and -synthesis controller exhibits a tremendous 

capability to mitigate track vibrations. The ride comfort index of railway vehicles 

with both controllers is significantly improved compared to the passive system, 

as shown in Figure 7.1. Also, the vibration attenuation ability of the proposed 

active suspension system with three control strategies is superior as compare to 

previously reported semi-active or active suspension systems, as rendered in 

Table 7.1. Therefore, we can say that the ride quality of railway vehicles with 

active suspension systems controlled with the proposed control schemes is 

significantly improved in the desired frequency range.  

 

  

(a) (b) 

Figure 7.1 Comparison of ride comfort indices  with different control algorithms for (a) vertical 

motion and (b) lateral motion 
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7.2 Future scopes 

As with all PhD thesis research, there are constraints on resources and time, which restrict 

the investigation of every possible aspect, regardless of its level of interest. However, 

fresh research ideas continue to emerge during the task. Fortunately, these ideas may help 

other researchers to improve the control scenario in the challenging field of the railway 

system. The suggested ideas are as follows: 

 

 The 38-degree-of-freedom lumped model of a railway vehicle can be improved 

by extending it to a distributed model. 

 The 2-D continuous sate-space model may be further used to investigate the ride 

quality and comfort level by varying the damping ratio and stiffness values of the 

suspension system. 

Table 7.1  Comparison of proposed control scheme with previous control techniques 

Techniques Authors/Year Ranges of %age reduction 

Semi-active (C. W. Zhang et al., 2006) Up to 30 % 

Semi active (Zong et al., 2013) 27.4 %  32.1% 

Semi-active (H. C. Kim et al., 2017) 29.8%  34.05% 

Active (Ripamonti & Chiarabaglio, 2019) 17.0 %  22.0 % 

Semi-active (S. Singh & Kumar, 2022) 18.3 %  25.3% 

Active (H. Cao et al., 2022) 5.0 %  10.0% 

Semi-active  28.3%  33.6% 

Fully-active (Huang et al., 2023) 20.0% 32.0% 

Proposed Active with PSO-GWO 

tune FOPID controller 

 63.7%  84.6% 

(periodic) 

24.8%  34.7% 

(random) 

Proposed Active with EO-LQG 

control 

 24.8%  38.7% 

Proposed Active with robust 

control 

 24.9%  39.1% 
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 Only a single objective cost function is evaluated in this study. However, the ride 

quality of railway vehicles could also be enhanced using a hybrid control structure 

tuned with a multi-objective cost function. The controller parameters could also 

be finely tuned with advanced metaheuristic optimization techniques that can help 

to increase ride pleasure.  

 Actuator delay and non-linearity n order 

to remove these limitations, the proposed control scheme can be integrated with 

predictive and adaptive control algorithms.  

 In the future, the proposed control scheme can be utilized to evaluate the ride 

comfort in the curved track also.  The ride comfort can be evaluated and compared 

with more standard methods of ride quality. 

 The effect of aerodynamics forces on the dynamics of railway vehicle and the 

human ride comfort can also be studied in the future. 
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Parameters of railway vehicle and track  

Symbols Values Symbols Values 

 32,000  kg  5.2 104 N.s/m 

Jcx 7.50 104   kg.m2  1.6 104 N.s/m 
Jcy 2.48 106  kg.m2  0 

Jcz 2.24 106  kg.m2  3 104 N.s/m 
 3296  kg  0.78 m 

Jtx 1900  kg.m2  0.22 m 
Jty 2100  kg.m2  -0.2085 m 
Jtz 2200  kg.m2  9 m 

 1750  kg  1.28 m 
Jwz 1400  kg.m2  0.05 m 
W 1.117 105  N  0.05 

 3.4 105   N/m a 0.8751m 
 3.5 105   N/m  1 m 

 6.8 105   N/m  1 m 
 2.90 107 N/m dp 1 m 
 107  N/m ds 1 m 

 1.33 106  N/m  0.4575 m 
 1.25 105  N/m V 55.55 m/s 
 7.5 103   N/m  1.12 107 

 4 105  N.s/m  9.98 106 
 0.8246 rad/m  1.08 10-6  
 0.438 rad/m  6.125 10-7 

 

 

 

 

 

Roughness coefficients and cut-off frequencies for German track irregularities PSDs 

Track class  (rad/m)  (rad/m)  (rad/m)  ( rad/m) ( rad/m) 

Low 0.8246 0.0206 0.4380 2.119  4.032  
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Ride evaluation scale  

Ride index ( ) Comfort (vibration sensitivity) 
1 Just noticeable 
2 Noticeable 

2.5 More pronounced but not unpleasant 
3 Strong, irregular, but still tolerable 

3.25 Very irregular 
3.5 Extremely irregular, unpleasant, annoying; prolonged 

exposure intolerable 
4 Extremely unpleasant; prolonged exposure intolerable 

 

 

Parameters of electro-hydraulic actuator 

Symbols Values 

 0.075 Kg 
 185000 N/m 
 471 Ns/m 
 142 Nm/A 
 2 107 N/  

 
0.00935 

 
0.01218 

 
2.022 10-12 

 
-1.9232 10-12 

 1.38 109 
 5.063 10-6  
 9.093 10-4  
 2.25 10-4  
 4.02 10-4  
 1.20 103 Ns/m 
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Pseudo-code of PSO and GWO for tuning of FOPID controller 

PSO 
Define objective function J( , ) = 

//using Eqn.(32) 
Set known parameters of railway vehicle// 
Appendix 1 
Parameter setting  
Lower Bound & Upper Bound  

=[10 - ] 
= [0 - 2] 

Population size (N=100) 
Inertial weight,

 
Acceleration factors  
Maximum iteration (T=100) 
Initialization  
Generate N particles with random 
velocities( and particles  
Calculate the fitness of each particle in the 
swarm  
Set iteration = 0 
Update the pBest and gBest values 
Update the position and velocity of each 
particle  
Set iteration=1 
While t < T 

- [( ) ] 

for i = 1:N 
Calculate the fitness value  
Update the velocity and position  

 

 

Calculate the fitness , find 
the index of best particle 
end for 
If the fitness increases then update the pBest 
and gBest value 
end while 

GWO 

Define objective function J( , ) = 
 //using Eqn.(32) 

Set known parameters of railway vehicle// 
Appendix 1 
Parameter setting  
Lower Bound & Upper Bound  

=[10 - ] 
= [0 - 2] 

Population size (N=100) 
Maximum iteration (T=100) 
Initialization 
Randomly initialize Grey wolf population P  
Initialize a, A and C  
a linearly decreasing from 2 to 0 

, // r1 and r2 are random 
vectors [0, 1] 
Calculate the fitness of each search agent 
X = Best search agent  
X = Second Best search agent 
X = Third Best search agent 
While t < T 
 
for i = 1:N 
Update the distance and position of each 
search agent 

 

 

end for 
Update a, A and C 
Calculate the fitness value f 
Update  

 
end while 
Display the optimum solution 
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Display the optimum solution Guest 

Pseudo-code of PSO and EO for tuning of LQG controller 

PSO 
 
Define the objective function  
Set known parameters of railway vehicle// 
Appendix 1 
Set the parameters of algorithms 
Fix the lower and upper Bound  

=[0 - 1000],  [R]=[0-0.01], [S]=0 
Set the size of population  (N=100) 
Set the inertial weight,

 
Fix the acceleration factors  
Se the maximum no. of iterations (T=100) 
Initialization phase  
Generate the  N particles with random 
velocities( and particles  
Then, calculate the fitness of each particle in 
the swarm  
Set iteration = 0 
Update the pBest and gBest values 
Update the position and velocity of each 
particle  
Set iteration=1 
 
while t < T 

- [( ) ] 

for i =1:N 
Calculate the fitness value  
Update the velocity and position  

 

 

Calculate the fitness , find 
the index of best particle 
end for 
If the fitness increases then update the pBest 
and gBest value 
end while 
Display the optimum solution Guest 

EO 
 
Define the objective function   
Set known parameters of railway vehicle// 
Appendix 1 
Set the parameters of algorithms 
Fix the lower and upper Bound  

=[0 - 1000],  [R]=[0-0.01], [S]=0 
opulations (i = 1 

to n) 
Assign 
large number 
Assign free parameters 

 
While iter < Max_iter 
for t=1:no. of particle (n) 
Calculate fitness of  particle 
if fit ( ) < fit ( ) 

       Replace with  and  fit ( ) 

with fit ( ) 
Else if  fit ( ) > fit ( ) &  fit ( ) <  fit 

( ) 

       Replace with  and  fit ( ) 

with fit ( ) 
Else if  fit ( ) > fit ( ) &  fit ( ) > fit 

( ) & fit ( ) <  fit ( ) 

       Replace with  and  fit ( ) 

with fit ( ) 
Else if  fit ( ) > fit ( ) &  fit ( ) > fit 

( ) & fit ( ) <  fit ( ) & fit ( ) <  

fit (  

       Replace with  and  fit ( ) 

with fit ( ) 
End (if) 
End (for) 
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Construct the equilibrium pool 
 = { , , , , 

} 
 
Accomplish memory saving (if iter > 1) 

Assign t =  

For i = no. of particle (n) 
Randomly choose one candidate from the 
equilibrium pool (vector) 
Generate random vectors of ,   from 
Eqn. (1b) 

Construct =                              
(1b) 

Construct =      

Construct =     

Construct             
Update concentration = 

            

End (For) 
Iter =iter +1 
End while 








