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Abstract 

 
A conceptual design of an innovative two-axle lightweight railway vehicle for commuter 
services is carried out at KTH Railway Group. An active wheelset steering is introduced to 
improve the curving performance of the vehicle, which is one of the critical performance 
requirements. This thesis aims to improve the steering performance of the active wheelset 
steering. Look-up tables for estimating time-varying wheel-rail contact parameters are 
introduced to supervise a simple PID controller of the active steering system in order to 
improve steering performance.  
 
The look-up table (LUT) estimation is focused on time-varying wheel-rail contact parameters, 
including creep coefficients and contact patch variables due to their direct influence on curving 
performance and lateral stability of the wheelset. As a result, the estimated longitudinal unit 
creep forces (UCF) have the potential to supervise the gains determination of PID controller 
because it can appropriately distinguish running conditions. The estimation of longitudinal 
UCF is achieved by the combination of the results from the LUT of creep coefficients and the 
LUT of contact patch variables. The result from longitudinal unit creep force estimation is 
shifted to the first quadrant to use as critical gain in the Ziegler-Nichols tuning method for the 
PID controller. The critical oscillation period for PID tuning can be expressed as a function of 
vehicle speed. Consequently, the PID controller for the active steering system uses time-
varying gains with real-time tuning. 
 
The proposed control system for active wheelset steering is validated with nine running 
conditions using SIMPACK and MATLAB/Simulink co-simulation. The proposed control 
system provides a stable wheelset lateral displacement control regardless of the running 
condition. The active steering system significantly reduces wheel-rail wear, which 
demonstrates the effectiveness of the proposed active steering system.  
  
Keywords:  Two-axle railway vehicle, Active steering system, Look-up tables, Time-varying 
wheel-rail contact parameters 
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Sammanfattning  
 
KTH:s Järnvägsgruppen utvecklar en konceptuell design av ett innovativt, två-axligt, lättvikts 
järnvägsfordon för tunnelbana eller pendeltåg. En aktiv hjuparsstyrning introduceras för att 
förbättra kurvtagningsförmågan hos fordonet, vilket är ett av de kritiska prestandakraven hos 
dessa fordon. Det här examensarbetet har som målsättning att förbättra styrningsprestandan av 
den aktiva hjulsatsstyrningen. För att uppskatta tidsvarierande hjul-rälskontaktparametrar 
introduceras pre-definierade tabeller (LUT) som en övervakning av en enkel PID-kontroll för 
det aktiva styrningssystemet, för att förbättra styrprestandan.  
 
Uppskattningen som baseras på tabellen fokuserar på tidsberoende hjul-rälsparametrar, 
inklusive krypkoefficienter och kontaktytans storlek och form. Dessa variabler är i fokus på 
grund av deras direkta effekt på kurvtagningsförmågan och den laterala stabiliteten hos 
hjulparet. Den uppskattade longitudinala enhets krypkraften (UCF) har potential att bestämma 
förstärkningen hos PID-kontrollen på grund av att den, på ett lämpligt sätt, kan skilja mellan 
olika körtillstånd.  Uppskattningen av longitudinell UCF uppnås genom en kombination av 
resultat för krypkoefficienter och kontaktytavariabler i LUT. Resultaten från den longitudinella 
UCF-uppskattningen skiftas till den första kvadranten för att användas som kritisk förstärkning 
i Ziegler-Nichols justeringsmetod för PID-kontroller. Den kritiska oscillationsperioden för 
PID-justering kan utryckas som en funktion av fordonets hastighet. Utgående från detta 
använder PID-kontrollen tidsvarierande förstärkning med realtidsjustering för den aktiva 
styrningen. 
 
Det föreslagna kontrollsystemet valideras mot nio körtillstånd med hjälp av SIMPACK och 
MATLAB/Simulink-simuleringar. Det föreslagna kontrollsystemet tillhandahåller en stabil 
lateral förflyttning av hjulparet oberoende av körtillstånd. Det aktiva styrsystemet reducerar 
hjul-räls slitaget signifikant, vilket demonstrerar effektiviteten hos det framtagna aktiva 
styrsystemet. 
 
Nyckelord: Två-axligt järnvägsfordon, aktiv styrning, tidsvarierande hjul-
rälskontaktparametrar 
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Nomenclature and Abbreviations 
 
 
 

𝐶௜௝ Creep coefficient 

𝑎 Semi-minor axis of contact patch [𝑚] 

𝑏 Semi-major axis of contact patch [𝑚] 

𝐴𝑒 Contact patch area [𝑚2] 

MBS Multibody simulation 

UCF Unit creep force [𝑁] 

LUT Look-up table 

NLA Non-compensated lateral acceleration [𝑚/𝑠2] 

𝑁 Normal force [𝑁] 

𝑄𝑜  Static wheel force [𝑁] 

𝑄𝑐  Quasi-static change in wheel load due to curving [𝑁] 

𝑋 Longitudinal direction of vehicle 

𝑌 Lateral direction of vehicle 

𝑍 Vertical direction of vehicle 

𝜉 Longitudinal direction in contact patch 

𝜂 Lateral direction in contact patch 

𝜁 Vertical direction in contact patch 

𝜇 Friction coefficient 

𝐹𝜉 Longitudinal creep force [𝑁] 

𝐹𝜂 Lateral creep force [𝑁] 

𝑀𝜙 Spin creep moment [𝑁.m] 

𝐸 Young¶s modulus [𝑃𝑎] 

𝐺 Shear modulus [𝑃𝑎] 

𝜈 Poisson¶s ratio 

PID Proportional-integral-derivative 

𝐾𝑃 Proportional gain 

𝐾ூ Integral gain 
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𝐾஽ Derivative gain 

𝑇ூ Integral time [sec] 

𝑇஽ Derivative time [sec] 

𝐾𝑐𝑟 Critical gain 

𝑇𝑐𝑟 Critical oscillation period [sec] 
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Chapter 1 

Introduction 
 
 

An innovative two-axle railway vehicle is designed for passenger or commuter services 
within a Shift2Rail project, carried out at KTH Railway Group. In order to develop the rail 
vehicle, not only performance aspects need to be considered, but also the life-cycle costs, 
such as operating costs and maintenance costs. The two-axle railway vehicle has fewer 
components compared to conventional bogie design because it has only one suspension 
level. Thus, the innovative vehicle has a lower weight and has the potential of requiring 
less maintenance.  

 
To design the rail vehicle, its dynamic stability on straight track and the curving 
performance should be considered. These performances are directly affected by vehicle 
properties such as vehicle mass, equivalent conicity, etc. One of the most important factors 
is wheelset longitudinal and lateral suspension which can be usually classified into two 
groups, namely soft running gear and stiff running gear [1]. The main advantage of the stiff 
bogie is good running stability in tangent track resulting in a higher critical speed; however, 
it has a deficient curving performance. The soft bogie, in contrast, has good curving 
performance encountering the risk of hunting motion in straight tracks. Therefore, the 
design of a passive primary suspension is a trade-off between running stability and curving 
performances. One potential solution to overcome this issue is to use active systems to 
control the wheelset. 

 
Consequently, active wheelset steering is proposed to improve the curving performance of 
the innovative two-axle vehicle. The vehicle is designed to have passive suspensions to 
guarantee hunting stability and actuators to control the curving behavior. This system can 
minimize the creepage in the wheel-rail contact during curve negotiation. The reduction of 
the creepage will result in lower wheel wear as an effect of the possibility of actively 
controlling the wheelset to be in a proper lateral position, achieving the wheelset pure 
rolling condition. A simple PID controller to steer the wheelset, however, tends to produce 
unstable results while running in curved tracks with low speed. 

  
This master thesis introduces the look-up tables supervision for the PID controller to 
determine the appropriate gains for each running condition. Therefore, the look-up table 
estimation should be able to distinguish the running conditions of the vehicle while 
negotiating the curved track.  
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1.1. Research question 
 

A large amount of research has been conducted in the field of active wheelset 
steering systems. Previous research papers were not only focusing on designing a 
control algorithm but also on the actuation scheme for the control system. Active 
wheelset steering has been investigated by various authors, and its complexity has 
evolved together with the complexity of the railway vehicle simulation models. For 
instance, Pérez et al. in [2] implemented three control strategies for active running 
gear using a 28-order state-space linear representation to model a bogie-based 
vehicle. The research focused on one running condition consisting of a track with a 
curve radius of 1,375 meters and the vehicle running at 230 km/h. The control 
system for active wheelset steering provided perfect curving conditions, which 
resulted in minimizing wear and lateral contact forces of a solid axle wheelset. 
Subsequently, H. Selamat et al. [3]  introduced a partially non-linear model using a 
fourteenth-order state-space model of a two-axle vehicle for active wheelset 
steering with a self-tuning control system. The controller for the primary suspension 
was designed with a self-tuning linear-quadratic regulator. The control system 
estimates the time-varying parameter to supervise the feedback control gain matrix. 
As a result, the estimation of time-varying wheel-rail contact parameters, assisting 
the feedback controller, can produce better control performance and reduced the 
control effort of the system. 
 
More recent research on a non-linear model of a two-axle railway vehicle with an 
active wheelset steering was conducted by Goissi, R.L. et al. [4]. They found that 
when high fixed gains of a PID controller are used, the system resulted in good 
curving behavior in low speed running; however, it caused the unsatisfactory 
performance of the vehicle at higher speeds. The researchers proposed a gain 
scaling approach for PI- and PID controllers for wheelset steering, which was 
proportional to vehicle speed and track curve radius. A variety of running 
conditions was taken into account to design the control strategy. According to 
Goissi, R.L. et al., the suitable gains of the PID controller for a two-axle railway 
vehicle differ depending on vehicle speed and curvature of the track [4].  
 
Consequently, the main research question is how to design the control system for 
the active wheelset steering of a two-axle railway vehicle, which provides satisfying 
curving performances in various running conditions. The concept of estimating 
time-varying wheel-rail contact parameters [3] will be used as a key idea in this 
research due to the capability to distinguish between running conditions. This will 
be used to adjust the control effort and improve the performances of the controller 
itself. The look-up tables are used for the parameter estimation procedure since the 
pre-calculated values can be stored in tables, reducing the computational time, and 
allowing real-time estimation. The estimated time-varying parameters using look-
up tables procedures are used to supervise the PID controllers of a two-axle railway 
vehicle. 
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1.2. Objective 
 

The goal of this thesis is to improve the curving stability of the active wheelset 
steering for a two-axle railway vehicle. The proposed control strategy with look-up 
table supervision should be able to perform satisfactory running behavior for all the 
considered running conditions. The evaluation of curving stability mainly focusses 
on the lateral displacement of front and rear wheelset while negotiating the curved 
track. Various factors such as oscillation, steady-state error and overshoot will be 
analyzed to illustrate the characteristics of the designed control system. Thus, the 
specific objectives of this thesis are: 

 
1.2.1. To improve the curving stability of active wheelset steering for a two-axle 

rail vehicle 
1.2.2. To design and implement a Look-up table supervision of a simple PID 

controller  
1.2.3. To determine suitable parameters and measurement variables for the look-

up table procedure 
1.2.4. To validate the implemented controller using MBS and SIMULINK co-

simulation environment 
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Chapter 2 

Background 
 
 

This section explains the backgrounds of the thesis covering recent research in a two-axle 
railway vehicle and its curving stability. Moreover, the related researches which have been 
done previously in the field of active wheelset steering will be described in perspectives of 
control strategy and possible actuation configurations.   

 
 

2.1. Two-axle railway vehicle 
 

A general configuration of a two-axle railway vehicle is shown in Figure 1. A two-
axle vehicle is a vehicle that is equipped with two single axle running gears. The 
two-axle vehicle usually has only one suspension level, which lessens the number 
of components. Since a two-axle railway vehicle has fewer components, it has a 
much lower tare weight per vehicle length compared to a conventional bogie-based 
vehicle. Thus, it is one of the potential solutions for lightweight railway vehicle 
design. This kind of vehicle is widely used in freight wagons; however, it is rarely 
used in a passenger railway vehicle because it has to be shorter and therefore has 
less passenger capacity per car. Also, the ride comfort that can be achieved is not 
as good as in bogie vehicles. 
 

 
Figure 1 General configuration of two-axle railway vehicle 

 
In addition, the model of two-axle railway vehicle has been used in a wide range of 
railway research, especially in the field of active suspension systems; in fact, it has 
less complexity compared to conventional running gear.  For example, Selamat, H. 
et al. implemented self-tuning linear-quadratic regulator control for active wheelset 
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steering of a two-axle railway vehicle [3] as shown in Figure 2. Furthermore, Goissi, 
R.L. et al. used the configuration of a two-axle railway vehicle to design an 
innovative lightweight vehicle for commuter operation [4]. 

 

 
Figure 2 Diagram of a two-axle railway vehicle research conducted by Selamat, H. et.al. [3] 

 
2.2. Curving stability 

 
Apart from hunting stability in tangent track, curving stability during curve 
negotiation is one of the critical considerations in the vehicle design process. Also, 
the primary suspension plays a significant role in the lateral stability of the 
suspended wheelset. In order to investigate the lateral stability, the whole vehicle 
must be modelled to take into account the complexity of the railway system. 
Nevertheless, the stability and lateral dynamics behavior of a vehicle can also be 
understood by studying a simple 2-DOF suspended wheelset (Figure 3). 
 

 
Figure 3 Simplified 2-DOF suspended wheelset model [1] 

    
൤𝑚 0

0 𝐽 ൨ ൜
𝑦ሷ
𝜓ሷ ൠ ൌ ሾ𝐹𝑁ሿ ൅ ሾ𝐹௜ሿ ൅ ሾ𝐹𝑣ሿ,    (1) 

  where   𝐹𝑁 is the normal force (𝑁), 
    𝐹௜  is the suspension force (𝑁), 
    𝐹𝑣  is the creep force (𝑁). 
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The equation of motion of a simplified 2-DOF wheelset according to the above 
diagram can be written as [1]:  
 

 

൤𝑚 0
0 𝐽 ൨ ൜

𝑦ሷ
𝜓ሷ ൠ ൅ ൤
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2𝑐௫
൨ ൜
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൤
2𝓀22 2𝓀23

0 2𝑏0
2𝓀11

൨ ൜
𝑦ሶ
𝜓ሶ ൠ ൅ ቎

2𝑘𝑦 ൅ 2𝓀ሺ𝑄0 െ 𝓀మయ
𝑟బ

ሻ െ2𝓀22

2𝑏బ𝓀భభ𝜆೐೜
𝑟బ

2𝑏𝐿
2𝑘௫

቏ ቄ
𝑦
𝜓ቅ ൌ ቄ0

0ቅ, 

          (2) 

 
where   𝑐𝑦  is the lateral suspension damping (𝑁𝑠/𝑚), 

𝑐௫   is the longitudinal suspension damping (𝑁𝑠/𝑚), 
𝑘𝑦  is the lateral suspension stiffness (𝑁/𝑚), 
𝑘௫   is the longitudinal suspension stiffness (𝑁/𝑚), 
𝑣  is the speed (𝑚/𝑠2), 
𝜆𝑒௤   is the equivalent conicity,  
𝓀௜௝  are creep coefficients. 

 
According to Eq. (2), it can readily be seen that the stability of the wheelset is 
influenced by a wide range of forces including suspension forces, normal forces 
between wheel and rail and creep forces [1]. Creep forces play a major role in 
wheelset stability in both damping and stiffness matrices. In fact, these factors are 
time-varying parameters and depending on the running condition can significantly 
influence wheelset behavior. 

 
 

2.3. Active Wheelset Steering  
 
The active wheelset steering is one of the potential solutions to overcome the trade-
off between curving stability and hunting stability in the passive primary suspension 
design of railway vehicles. Several researchers have been studying the active 
wheelset steering systems in a wide range of aspects such as actuation schemes and 
control strategies. There are various actuation configurations for solid-axle and 
independently rotating wheelsets. However, only actuation schemes for solid-axle 
wheelsets will be considered and explained in the master thesis. The potential 
solutions of active steering actuation configurations for a solid-axle wheelset are 
classified into two categories, active steering using yaw torque and active steering 
using lateral actuators.: 
 
2.3.1. Active steering using yaw torque  
 

The first actuation scheme of active wheelset steering is a wheelset actuated 
via yaw torque. There are two actuation schemes for yaw torque actuated 
solid wheelsets, namely (a) yaw actuator and (b) longitudinal linear 
actuators [5] [6] as shown in Figure 4. These actuation schemes directly 
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control the yaw angle of the solid-axle wheelset to achieve perfect curving 
[5].  

 
Figure 4 Active steering actuation scheme using yaw torque [6] [5] 

 
This configuration has been used in active steering by Selamat, H. et al. [3] 
where a control system based on a yaw torque actuation scheme actuated by 
a yaw actuator as illustrated in Figure 2 is implemented. Moreover, Mei, 
T.X. and Goodall, R.M. applied yaw torque actuation scheme actuated by a 
yaw actuator for the control system of independently rotating wheelsets [7]. 
Subsequently, Qazizadeh, A. et al. [8] and Goissi, R.L. et al. [4] used the a 
yaw torque actuation scheme via longitudinal actuators for designing a 
control system of an innovative two-axle railway vehicle. 

 
2.3.2. Active steering using lateral actuators 
 

The second alternative is active steering actuated by lateral actuators, as 
illustrated in Figure 5 below. This actuation scheme provides hunting 
control of the wheelset; in other words, controlling wheelset oscillation in 
the lateral direction. The disadvantage of this scheme is that the car body is 
also excited by the lateral actuators which results in a worsening of the ride 
quality [6]. 

 

 
Figure 5 Active steering actuation scheme using lateral forces [5] [6] 
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2.4. Control system for active running gear 
 

In general, a control system for active suspension systems consists of (1) a plant or 
mechanical system, (2) a measurement system for control variables, (3) a control 
unit and (4) an actuation system with its power supply. The generic schematic of an 
active suspension system is shown in Figure 6 [8]. The control variables are 
changed depending on the control strategy of an active suspension system. In this 
subsection, the feasible control strategy and its control variables for active wheelset 
steering will be addressed.   
 

 
 

Figure 6 Schematic of an active suspension workflow [8] 

Research in the area of active wheelset steering was carried out under a wide range 
of control strategy designs. Among them, Pérez, J., Busturia, J.M. and Goodall, 
R.M. [2] proposed three potential control strategies for active wheelset steering 
which are: the control of wheelset lateral position to achieve pure rolling, the control 
of rail-to-wheelset yaw moment and the control of relative yaw angle between the 
wheelsets. 

 
2.4.1. Control of lateral position for pure rolling condition 

 
The first strategy aims to control the wheelset lateral position to achieve a 
pure rolling condition. In pure rolling condition, the longitudinal creep 
forces are balanced between the left and right wheel. Moreover, in this 
condition, they are minimal for a trailing wheelset. Assuming a conical 
wheel, the wheelset lateral displacement for the pure rolling condition can 
be written as  [1] [2]: 

𝑦 ൌ 𝑏బ𝑟బ
𝜆𝑅

 ,     (3) 

where   𝑦 is the lateral position (𝑚), 
     𝑏0 is the half-track distance (𝑚), 
     𝑟0 is the nominal wheel radius (𝑚), 
     𝑅 is the radius of curved track (𝑚), 
     𝜆 is the wheel conicity. 
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The scheme of the control system using the first strategy is illustrated in 
Figure 7. 
 

 
 

Figure 7 Control scheme of wheelset lateral displacement [2]  

 
It can be seen that the control strategy of wheelset lateral displacement 
control requires real-time curve estimation for calculating the desirable 
position. The curve radius estimation also plays a major role in control 
performance and system effectiveness.  

 
2.4.2. Control of yaw moment 

 
The second control strategy for active wheelset steering is to control the yaw 
moment. This strategy also aims to achieve pure rolling condition; in 
contrast to the first strategy, it directly considers contact force instead of 
lateral displacement of the wheelset. The forces, which influence the 
wheelset apart from contact forces and inertia forces, are primary 
suspension forces. Thus, this strategy can be achieved by removing the 
frequency range that influences the primary suspension via low bandwidth 
control [2]. Consequently, the control diagram of the second strategy is 
shown in Figure 8. 
 

 
 

Figure 8 Control scheme of yaw moment [2] 
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2.4.3. Control of relative yaw angle 
 
The third control strategy for active wheelset steering is to control the 
relative yaw angles between the wheelsets. This strategy is designed based 
on the minimization of lateral contact forces and the wheel-rail contact 
angle. In order to achieve the balance of the lateral contact forces between 
the front and rear wheelset, the relative yaw angle between wheelsets should 
be zero, as expressed in Eq. (4) [2].  
 

𝜓௪1 െ 𝜓௪2 ൌ 0     (4) 

Where   ψ୵1  is the yaw angle of front wheelset (rad) 
     ψ୵2 is the yaw angle of rear wheelset (rad)  

 
The diagram for controlling the relative yaw angle of the front and rear 
wheelsets is illustrated in Figure 9. 

 

 
Figure 9 Control scheme of relative yaw angle [2] 

The relative yaw angle control strategy has been applied in active control of 
steering two-axle bogies by Hwang, I. et al. [9]. Hwang, I. et al. 
implemented a steering device connecting two wheelsets in order to control 
the relative yaw angle [9]. In this strategy, the accuracy of curvature 
estimation directly affects the performance of the active steering system. An 
inspection vehicle was used to validate the developed curve estimation 
process in order to ensure the effectiveness of the control system [9]. 

 
The control system for the active wheelset steering of an innovative railway vehicle 
will be designed considering the actuation scheme and control strategy aspects. The 
chosen actuation configuration and control strategy for the active wheelset steering 
system will be described and discussed in chapters 3 and 5 respectively.  
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Chapter 3 

Methodology and Modeling of Vehicle 
 
 
 

 
This chapter describes the research methodology to design, implement and validate a look-
up table supervision for a simple PID controller of the active wheelset steering system. In 
addition, the configurations and modeling of the innovative two-axel railway vehicle using 
SIMAPCK multibody simulation will be explained.   
 
The main objective of this thesis is to improve the control performance of a simple PID 
controller for an active system. So, the look-up table estimation of time-varying wheel-rail 
contact parameters is proposed to supervise the control system. The proper measurement 
parameters of wheelset will be selected accordingly with consideration of the practical 
approach and robustness. The details of the estimation process of time-varying wheel-rail 
contact parameters using the look-up table procedure will be described in chapter 4. After 
that, the supervision procedure will be designed in order to frame the suitable gains for 
each condition with estimation results from the look-up table. Thus, the controller will use 
the time-varying gains to vary the proportional, integral and derivative parts of a PID 
controller in accordance with the operational condition. 
 
Finally, the proposed control strategy assisted by look-up table supervision will be 
validated by co-simulation between SIMPACK multibody simulation and 
MATLAB/Simulink. The validation process will be performed with nine running 
conditions corresponding to three different curvatures with the vehicle running at 
equilibrium speed, cant deficiency and cant excess. The control system for active wheelset 
steering should give a stable result with a satisfactory curving performance for all running 
cases. 

 
3.1. Modeling of two-axle railway vehicle 

 
The innovative two-axle trainset consists of three vehicles, where each car is 
equipped with two solid wheelsets. Each wheelset has two longitudinal actuators to 
control the yaw torque of the wheelset. The actuators are mounted between the 
carbody and the running gear structure. The running gear is composed of a solid 
wheelset and a connection frame. The connection frame acts as an anti-roll bar to 
reduce the body roll angle of the vehicle, especially in curve negotiation. Figure 10 
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illustrates the vehicle configuration and coordinate system of an innovative two-
axle railway vehicle.   
 

 
 

Figure 10 Diagram of two-axle railway vehicle 

The vehicle design consists of only one-level suspension, namely the primary 
suspension system. There are several possibilities of actuation schemes for the 
active wheelset steering system as described in chapter 2. In this thesis, the yaw 
torque control via longitudinal actuators, as described in section 2.3.1., is selected 
as the actuation scheme for the active wheelset steering of the innovative two-axle 
railway vehicle. The actuation scheme is also shown in Figure 10. The advantages 
of this actuation scheme are ease of installation and lower actuation effort for each 
actuator. 
 

Table 1 Specification 

Parameter Specification 
Maximum operating speed 120 km/h 
Type of car Tailing car without powered axles 
Car length 12 m 
Wheelbase 8 m 
Static wheel load  50 kN 
Track gauge  1.435 m or standard track gauge 
Wheel profile UIC S1002 
Rail profile UIC 60 
Rail cant 1:40 

 
The innovative two-axle railway vehicle is modeled with SIMAPACK for 
multibody simulation (MBS). The vehicle model is a trailing car of the train, so it 
does not have powered axles. Some basic vehicle characteristics are given in Table 
1. Figure 11 illustrates the implemented vehicle model in SIMPACK. 

 

𝑋𝑣 

𝑌𝑣 𝜓𝑣 
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Figure 11 Model of a two-axle railway vehicle in SIMPACK 

 
3.2. Co-simulation environment and running conditions 

 
In the validation process of the implemented control system, co-simulation between 
SIMAPACK (MBS) and MATLAB/Simulink will be utilized. The SIMAPACK 
model is considered as a plant of the system, and MATLAB/Simulink is used to 
implement the control algorithm. Thus, the PID controllers and look-up tables 
supervision are implemented in Simulink with feedback signals from SIMPACK. 
The details of designing the controller and its look-up tables supervision strategy 
will be described in chapter 5. The co-simulation environment is illustrated in 
Figure 12.  
 

 
Figure 12 Co-simulation environment 

In the subsequent step, the co-simulation environment will be used as a tool to 
validate the control performance in nine running conditions stated in Table 2. In the 
validation process, three curved tracks, 400 m, 600 m and 1000 m, are considered. 
Each track curvature condition has three different vehicle speeds, including 10 
km/h, equilibrium speed (𝑣𝑒௤) or zero non-compensated lateral acceleration (NLA) 
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and vehicle speed at NLA of 0.65 m/s2. The vehicle speed at particular track 
curvature, track cant and NLA can be calculated to: 

 

 𝑣 ൎ ට𝑅 ቀ𝑁𝐿𝐴 ൅ 𝑔∙ℎ೟
2𝑏బ

ቁ,      (5) 

where   𝑣  is the vehicle speed (𝑚/𝑠2), 
   𝑅 is the radius of curved track (𝑚), 

    ℎ௧ is the track cant (𝑚). 
 
The validation process using the co-simulation environment covers all possible 
actual operational conditions for the innovative two-axle railway vehicle. The 
conditions expressed in Table 2 are representative of a real case scenario for the 
innovative vehicle. The co-simulation with nine representative running cases is also 
used to investigate the control performance of a designed control strategy.  

 
Table 2 Running conditions for validating the control system 

Radius Cant 𝒉𝒕 NLA variable NLA = 0 m/s2 NLA = 0.65 m/s2 

400 m 100 mm 10 km/h 58 km/h 82 km/h 

600 m 80 mm 10 km/h 64 km/h 96 km/h 

1000 m 60 mm 10 km/h 71 km/h 116 km/h 
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Chapter 4 

Estimation of time-varying wheel-rail contact 
parameters 

 
 

 
This chapter explains the estimation process, as well as the look-up table construction of 
time-varying wheel-rail contact parameters. The estimation process focuses on parameters 
that influence the stability of the wheelset. A look-up table is a key tool in the estimation 
process of the wheel-rail contact parameter because it replaces the real-time computation 
with simple index operations. In fact, the determining variable is interpolated along with 
pre-calculated values stored in static storage instead of being calculated per each time step. 
The look-up tables are used in a wide range of research in the railway field, especially in a 
vehicle monitoring system, wheel-rail contact model and vehicle dynamic simulation [6] 
[7]. 
 
According to the simplified 2-DOF wheelset equations of motion stated in chapter 2 (Eqs. 
(1) and (2)), the creep forces play a major role in vehicle stability in curve negotiation. The 
creep forces influence the curving stability of the wheelset in both the damping and stiffness 
matrices. According to Kalker¶s linear theory, the creep forces can be written as 
 

ቐ
𝐹𝜉
𝐹𝜂

𝑀𝜙

ቑ ൌ െ𝐺𝑎𝑏 ቎
𝑐11 0 0
0 𝑐22 √𝑎𝑏𝑐23

0 െ√𝑎𝑏𝑐23 𝑎𝑏𝑐33

቏ ൝
𝜉
𝜂
𝜙

ൡ.   (6) 

 
The creepages (𝜉, 𝜂 and 𝜙) are difficult to estimate in real operation. Thus, the unit creep 
forces (UCF), which are a combination of creep coefficients, semi-axes of the contact patch 
and shear modulus, are considered instead of actual creep forces to neglect the effect of 
creepages. The parameters, including creep coefficients (𝑐11, 𝑐22, 𝑐23 and 𝑐33) and contact 
patch sizes (a and b), are mainly considered because they directly imply in the creep forces, 
as shown in Eq. (6). Nevertheless, the neglection of the creepages will remove the 
information of the vehicle speed from the look-up table supervision process. This will 
require an additional supervision layer related to the speed, as will be discussed in chapter 
5. The results of the estimation process of creep coefficients and contact variables will be 
analyzed and discussed in the following sections.  
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4.1. Unit Creep Force determination 
 

According to Kalker¶s linear theory, the creep forces, including longitudinal creep 
force, lateral creep force and spin moment, can be expressed as in Eq. (6). To estimate 
the unit creep forces of wheel-rail contact, the creep coefficients, contact patch 
variables and creepages need to be calculated. As mentioned earlier, the creepages are 
difficult to measure and monitor in operation. So, in this thesis, the unit creep force is 
considered instead of actual creep forces. Consequently, in order to carry out the 
estimation process of unit creep force, the contact patch variables and creep coefficients 
are considered.  

 
The procedure to determine the look-up tables for the UCF calculation relies on two 
main steps. Firstly, the size of the contact patch between wheel and rail using the 
Hertzian contact theory is calculated. The Hertzian theory is widely used to analyze the 
wheel-rail contact patch variables, including semi-major and semi-minor axis [11]. 
Subsequently, the ratio between the semi-minor and semi-major axis of the contact 
patch will be used to find the creep coefficients, namely 𝑐11, 𝑐22, 𝑐23 and 𝑐33, by 
applying Kalker¶s creep coefficients table [1] [12].  
 
In the initial step of the Hertzian contact solution, the relationship of the wheel-rail pair 
is used to determine the wheel lateral contact position (𝑦௪ሻ and rail lateral contact 
position ሺ𝑦𝑟ሻ in the specific wheelset lateral position ሺ𝑦ሻ. Subsequently, the radius of 
the wheel (𝑟௪) and rail (𝑟𝑟) at the contact point considering wheel and rail profiles are 
determined. Then, the Hertzian contact theory is applied to find the semi-minor and 
semi-major axis of the contact patch using 𝑟௪ and  𝑟𝑟 as input variables. Since the 
normal force (𝑁) in the contact patch results in different contact patch area, the look-
up table for contact patch variables estimation needs to include the effect of normal 
contact force. The overall procedure is illustrated in Figure 13. 

 

 
Figure 13 Look-up table for contact patch variables 

Hence, the look-up table for the contact patch variable, including semi-axes, has 2-
dimensional inputs, which are normal force (𝑁) and wheelset lateral position (𝑦). In 
order to estimate the normal force, the wheel load change due to quasi-static curving 
condition (𝑄𝑠) is taken into account, which can be calculated by the following equation 

 
𝑄𝑐 ൎ 𝑄ೞ

2𝑏బ𝑔
൫𝑁𝐿𝐴 ∙ ℎ𝑐𝑔 ൅ 𝑔𝛥𝑦൯,    (7) 

where   𝑁𝐿𝐴  is the non-compensated lateral acceleration (𝑚/𝑠2), 
  ℎ𝑐𝑔  is the height of vehicle¶s CG (𝑚), 
  𝑄𝑠  is the static axle load (𝑁). 
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Figure 14 Vertical contact force estimator 

 
The assumption behind the estimation process is that the normal force is equal to the 
vertical wheel load. This assumption is valid for small wheelset lateral displacement 
because the contact angle between the wheel and rail is small. In other words, there is 
no wheel flange contact, and only one wheel-rail contact point is assumed. 

 
Once the Hertzian contact problem has been solved, the look-up table for creep 
coefficient estimation can be created (Figure 15). The look-up table of creep coefficient 
estimation has only one input which is a lateral position. This results from using a ratio 
of semi-axes of the elliptical contact, and the normal force does not affect the ratio 
between axis length. 
 
The full process of estimation of contact patch area and creep coefficients is 
implemented in a single look-up table to reduce the computational time and ease its 
usage in the control system. 

 

 
Figure 15 Creep coefficients determination procedure and look-up table scheme 

 
4.1.1. Wheel-rail and geometry 

 
As described in the previous subsection, the wheel and rail combination and 
its geometry need to be known for the Hertzian normal contact solution. The 
innovative two-axle railway vehicle is equipped with UIC S1002 wheels 
and operates on standard track gauge (1435 mm) with rail cant of 1:40 and 
UIC60 rail profile. The wheel-rail pair relationship of UIC S1002 and UIC 
60 is shown in Figure 16. The relationship between wheelset lateral position 
(𝑦), and wheel and rail lateral contact position (𝑦௪ 𝑎𝑛𝑑 𝑦𝑟) can be 
determined from the wheel-rail combination, as shown in Figure 17.  
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Figure 16 Wheel S1002 and rail UIC60 pairs with rail cant of 1:30 and 1:40 [6] 

 
After determining the wheel and rail lateral contact point, the radii of a 
wheel (𝑟௪) and rail (𝑟𝑟) at a particular contact point can be found by using a 
wheel and rail geometry data as illustrated in Figures 18-19. 

 
Figure 17 Relationship between wheelset lateral position and wheel-rail contact position 

 
Figure 18 Curvature of the wheel profile with respect to wheel lateral contact position 
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Figure 19 Curvature of rail with respect to rail lateral contact position 

  
4.1.2. Normal contact solution according to Hertzian theory 

 
Hertzian contact theory is widely used for the normal contact problem in a 
wheel-rail application. The actual contact patch shape is however not 
precisely an elliptical shape, but it can be approximated as elliptical [1] [7].  
The Hertzian theory determines the contact properties of wheel and rail 
based on the half-space assumption. In addition, the wheel and rail materials 
are considered as homogenous and isotropic  [1]. So, the wheel-rail contact 
is Hertzian elliptical contact shape due to two bodies with a curved shape in 
both axes, as shown in Figure 20.  
 

 
Figure 20 Hertzian contact of two solid bodies [6] 

 
The semi-axes of the elliptical contact, namely 𝑎 and 𝑏, can be calculated 
by using Eqs. (8) and (9) for semi-minor and semi-major axes respectively. 
In this thesis, the Poisson¶s ratio and Young¶s modulus of wheel and rail 
materials are 0.25 and 2 ∙ 1011 𝑃𝑎 respectively. 
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𝑎 ൌ 𝑚 ට3
2

𝑁ሺ1−𝜈మሻ
𝐸ሺ𝐴+𝐵ሻ

 య      (8) 

𝑏 ൌ 𝑛 ට3
2

𝑁ሺ1−𝜈మሻ
𝐸ሺ𝐴+𝐵ሻ

 య      (9) 

   Where   𝑎   is the semi-major axis (𝑚) 
     𝑏   is the semi-minor axis (𝑚) 
     𝐸   is the Young¶s modulus (𝑃𝑎) 
     𝑁   is the normal contact force (𝑁) 
     𝑣   is the Poisson¶s ratio 

 
In order to determine the semi-axes of the elliptical contact shape, the A and 
B functions need to be calculated using Eqs. (10) and (11) as helping 
functions for the determination of the coefficients 𝑚 and 𝑛 in Eqs. (8) and 
(9). The variables 𝑚 and 𝑛 in the semi-axes calculation are interpolated from 
the Hertzian theory using the angle 𝜃 as expressed in Eq. (12) [1] [12].  

 
𝐴 ൌ 1

2
൬ 1

𝑟ആೃ
െ 1

𝑟ആ
൰       (10) 

𝐵 ൌ 1
2

൬ 1
𝑟഍ೃ

െ 1
𝑟഍

൰      (11) 

Where   𝑟𝜂   is the radius of a solid body in lateral direction (𝑚) 
𝑟𝜉   is the radius of a solid body in longitudinal 
direction (𝑚) 

 
𝜃 ൌ 𝑎𝑟𝑐𝑐𝑜𝑠 ቀ𝐴−𝐵

𝐴+𝐵
ቁ     (12) 

4.1.3. Tangential contact and creep coefficients according to KalkeU¶V lineaU 
theory 
 
In reality, creep forces are nonlinear functions depending on friction 
coefficient (𝜇) and creepages. Nevertheless, Kalker¶s linear theory is widely 
used to determine the creep forces and study the lateral stability of the 
wheelset, especially in the linear analysis [1]. This theory is suitable for 
small creepages. The creep forces and moment according to Kalker¶s linear 
theory are written as in Eq. (6) in matrix form.  
 
To simplify the estimation process, this thesis uses linear Kalker coefficients 
for determining creep coefficients, including 𝑐11, 𝑐22, 𝑐23 and 𝑐33. The creep 
coefficients can be interpolated from the Kalker coefficient table with 
respect to the semi-axes ratio (𝑎/𝑏 𝑜𝑟 𝑏/𝑎) and Poisson¶s ratio. In this step, 
a dry friction condition is assumed, so the friction coefficient (𝜇) between 
wheel and rail contact is constant and equal to 0.6. The results of the creep 
coefficient estimation using the look-up table and its validation process will 
be explained in the following section. 
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4.2. Results of creep coefficient estimation  
 
The process described in subsection 4.1 for determining the creep coefficients for 
each wheel is implemented into a single table for ease of the estimation process 
purpose. The LUT for each creep coefficient consists of a 24X9 dimensions table 
with 24 discretization points for the lateral displacements and 9 discretization points 
for the normal forces. Figure 21 shows the result of the LUT of the 𝑐11 creep 
coefficients by using the Hertzian theory together with Kalker¶s coefficients, as 
described in subsection 4.1. It can readily be seen that the estimated creep 
coefficient does not vary with the normal force. Thus, the normal contact force is 
ignored in the creep coefficients LUT because of the indifferent semi-axes ratio 
resulting from the Hertzian contact solution to the normal forces, as described in 
the previous section. 

 
Figure 21 LUT of 𝑐11 coefficient with respect to lateral displacements and normal forces 

 
A second approach can be used to implement the look-up table for creep 
coefficients. Instead of using the Hertzian theory together with Kalker¶s 
coefficients, the second method takes advantage of the SIMPACK simulation 
database and directly uses the exported trends of the creep coefficients from the 
MBS program. The comparison of the LUT for both methods is shown in Figure 
22. Both methods give similar results for all the creep coefficients within the 
lateral position range. In the construction process of creep coefficients LUT 
using manual calculations, there are spikes for zero lateral displacement and in 
the flange region (y > 5mm). The spikes occur because of a numerical 
approximation in the neighborhood of discontinuity of the contact patch 
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calculation. This occurred because of the change of the contact patch shape from 
the negative region to the positive region. The spikes in the estimation process 
were avoided by changing the data point to slightly higher than zero and 
marginally lower than zero. In the following step, LUTs of both methods will 
be validated with actual simulations in SIMPACK. 

 
 

Figure 22 Comparison of estimated creep coefficients and exported data from SIMPACK 

The validation process of the LUTs estimation for the creep coefficients was 
performed by using a vehicle running at 96 km/h on a curved track of 600 m 
without an active wheelset steering. Figure 23 shows the results of 𝑐11 
estimation using the two different LUTs methods in comparison with the result 
from SIMPACK multibody simulation.  
 

 
Figure 23 Comparison of estimated 𝑐11coefficients with result from SIMPACK 
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According to Figure 23, the LUT with exported data gave the same result as the 
SIMPACK simulation. The LUT with the calculated coefficient gave accurate 
estimation results in the curved track region; however, it caused inaccurate 
estimation results in the tangent track region. Since the supervision system is 
mainly used in the curved track region to control the curving stability, the 
inaccuracy on the tangent track is acceptable. Thus, the LUT for creep 
coefficients estimation with exported data will be used in the subsequent step 
of designing the supervision procedure.  
 
 

4.3. Result of contact patch areas estimation 
 

This section analyzes and discusses the estimation process of contact patch 
variables. The LUT result of contact patch variables for right and left wheels are 
shown in Figure 24 using the procedure of subsection 4.1. The LUT for contact 
patch variable (𝑎 ∙ 𝑏) consists of a 24X9 dimensions table with 24 discretization 
points for the lateral displacement and 9 discretization points for the normal force.  

 
Figure 24 LUT of contact patch variable for right (upper) and left (lower) wheels 

 
In the validation process, the running condition of a vehicle speed of 96 km/h on a curve 
track of 600 m radius is used without an active steering system. The estimated contact 
patch area is compared with contact patch results from the SIMPACK simulation, as 
illustrated in Figure 25. It can be readily seen that the estimation of the contact patch 
area is highly accurate in the curve region; however, it gave a slightly inaccurate result 
in the tangent track region. The maximum relative error and absolute error of the 
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estimation results are 22.2% and 4 ∙ 10−5 𝑚2 respectively, which occurs in the tangent 
track region. In the circular part of the curve, the relative and absolute errors are 4.41% 
and 3.19 ∙ 10−6 𝑚2  respectively. 
 

 
Figure 25 Estimation of contact patch area of right wheel 

 
Subsequently, the estimation of the contact patch area in equilibrium speed, cant 
deficiency, and cant exceed on curved track of 600 m were measured as shown in Figure 
26. According to estimation results in Figure 26, the estimated contact patch area is 
able to partially recognize the running conditions during curve negotiation. The contact 
patch areas in the case of 64 km/h and 10 km/h have a similar value, i.e. those two 
scenarios cannot be distinguished.  
 

 
Figure 26 Estimated contact patch areas of right wheel with vehicle running at curved track of 600 m 
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4.4. Unit longitudinal creep force (UCF) estimation 
 

According to previous sections, the creep coefficients or contact patch area itself 
are not able to clearly distinguish the running conditions. Thus, the unit creep forces 
are observed. Since the main influence of the creep forces on the yaw moment is 
the creep force in the longitudinal direction, the unit longitudinal creep force is 
introduced as a key parameter to assist the PID controller. According to Eq. (13), 
the unit longitudinal creep coefficient is the product of the longitudinal creep 
coefficient, shear modulus, and semi-minor and semi-major axes of the contact 
patch, 
 

𝐹𝜉,𝑢 ൌ െ𝐺𝑎𝑏𝑐11,     (13)  

where   𝐺   is the shear modulus (𝑃𝑎), 
  𝑐11 is the longitudinal creep coefficient. 
 

Consequently, the look-up tables of creep coefficients and contact patch parameters 
from sections 4.2 and 4.3 can be combined to determine the longitudinal unit creep 
force (UCF). The estimated longitudinal UCFs in Figure 27 are determined by using 
the three running speeds on the curved track with 600 meters radius without the 
active steering system. It can be noticed that the UCF in the longitudinal direction 
is able to distinguish the three running conditions. Thus, the longitudinal UCF is 
chosen to supervise the control system. 

 
Figure 27 Estimated longitudinal UCFs with the curved track of 600 m 

 
The estimated time-varying wheel-rail contact parameters, in particular, the 
longitudinal UCF is selected to design the control strategy for a simple-PID controller. 
The suitable control gains in each running condition will be framed with the estimated 
longitudinal UCFs in order to design the gain determination procedure for all operating 
cases.  
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Chapter 5 

Control system for active wheelset steering  
 
 
 

This chapter presents the design process of the control system for the active wheelset 
steering of the two-axle railway vehicle. A control strategy based on a simple PID 
controller is applied. Then, the supervision procedure based on the LUT estimation of 
longitudinal UCF is designed and implemented. The goal of the supervision system is to 
assist the control system of a simple-PID controller in dynamically changing the gains 
according to the running condition and provides an always stable controller. In the final 
step of the controller design, suitable control parameters and the tuning technique will be 
investigated and explained.   
     

 
5.1. Control strategy design with look-up tables supervision 

 
There are several potential control strategies for active wheelset steering, as discussed 
in chapter 2. In this thesis, the control of wheelset lateral displacement for pure rolling 
has been chosen because of ease of implementation and feasibility with regard to the 
active wheelset steering system. The proposed control scheme for the active wheelset 
steering of the two-axle railway vehicle is shown in Figure 28. It can be seen that the 
active steering control system consists of two separate PID controllers for front and rear 
wheelsets. The PID controller is considered as the torque controller of the solid 
wheelset. Thus, each controller needs to have a decoupling torque system that 
decouples the torque command into two forces for two longitudinal actuators. The 
decoupling torque system decouples the torque into force components by dividing the 
torque with the perpendicular distance between two actuators. 
 
The proposed control strategy utilizes a feedback PID controller to achieve the desirable 
wheelset position. So, the lateral positions of the front and rear wheelsets are considered 
as outputs and as feedback signals of the control system where the idealized lateral 
displacement of the wheelsets for pure rolling is used as a reference signal. The front 
and rear wheelset are not negotiating the curve at the same time. So, the desired lateral 
position of the rear wheelset has a lagging signal with respect to the front wheelset 
proportional to the half-wheelbase length and vehicle speed. In order to determine the 
ideal lateral displacement, the curvature of the track needs to be previewed by a real-
time curvature estimator. The curvature can be computed from carbody yaw velocity 
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(𝜓ሶ𝑐) divided by traveling velocity (𝑣) [4]. Hence, the ideal wheelset lateral 
displacement in each running condition can be determined appropriately for using as a 
reference signal. 
 
In order to enhance the steering capability of the active wheelset system, the supervision 
system is utilized to choose appropriate gains for a particular running condition. The 
supervision is assisted by the estimated time-varying wheel-rail contact parameter, 
which is the longitudinal UCF, as described in section 4.4. Several measurable 
parameters such as lateral displacements, acceleration, vehicle speed, etc. are measured 
during operation to be used as an input to the LUT and variable estimators. The 
procedure for UCF-supervised gains will be explained in section 5.1.2 and 5.1.3.  The 
PID controller uses time-varying gains for proportional, integral, and derivative parts 
supervised by the LUT estimation process of time-varying parameters. 
 

 
Figure 28 Control scheme with look-up tables supervision 

 
5.1.1. Ideal lateral position as a reference signal 

 
As mentioned earlier, the ideal wheelset lateral position for the pure rolling 
condition is used as a reference signal of the PID controllers. The ideal lateral 
displacement as a reference signal can be calculated by using Eq. (3).  
 
When running on a straight track, the wheelset lateral position should ideally be 
zero. The ideal lateral position in the curve varies with respect to the curvature of 
the tack. Thus, higher curvature of the track results in a lower lateral displacement 
due to a conical wheel profile assumption. The ideal lateral displacement of each 
curved track for a right-hand curve is shown in Figure 29. The graph shows the 
desired lateral position in the tangent track, transition period, and curved track 
region. 
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Figure 29 Ideal lateral displacement of a wheelset 

 
5.2. Control system parameters  

 
In this subsection, the control parameter and the tuning method for the PID 
controller will be described. The control parameters for a simple PID controller 
consist of proportional (𝐾𝑃), integral (𝐾ூ), and derivative (𝐾஽) parts. Each part 
influences the control system¶s characteristics, including steady-state error, 
overshoot, rise time, and settling time. The proper gains depend on the 
dynamical system and model parameters. In terms of the parameter tuning 
process, there are several methods for tuning, such as manual tuning and the 
Tyreus Luyben method. In this thesis, the Zigler-Nichols tuning technique will 
be utilized because it has been applied and proven in the field of the active 
steering system for railway vehicles, for example [4] and [9].  
 
The Ziegler-Nichols tuning method is widely used for tuning optimum gains of 
closed-loop PID controllers [16]. The estimation of proper gains tuned by using 
the second method of Ziegler-Nichols tuning is described in Table 3. The 
different types of controllers, including P-, PI- and PID controllers, have 
different suitable proportional gain and time constants depending on critical 
gains (𝐾𝑐𝑟) and critical oscillation period (𝑇𝑐𝑟).   

 
According to Table 3, the gains for the PID controller estimated by the Ziegler-
Nichols technique can be written as  

 
𝐺𝑃ூ஽ሺ𝑠ሻ ൌ 𝐾௣ ൅ 𝐾ூ

1
𝑠

൅ 𝐾஽𝑠 ൌ 𝐾𝑃 ቀ1 ൅ 1
𝑇಺𝑠

൅ 𝑇஽𝑠ቁ.    (14)  
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Table 3 Gain estimator for the second method of Ziegler-Nichols Tuning 

Controller 𝑲𝑷 𝑻𝑰 𝑻𝑫 
P 0.5𝐾𝑐𝑟 ∞ 0 
PI 0.45𝐾𝑐𝑟 𝑇𝑐𝑟/1.2 0 

PID 0.6𝐾𝑐𝑟 𝑇𝑐𝑟/2 0.125 𝑇𝑐𝑟 
 

The initial step of tuning controller gains using the Ziegler-Nichols method is 
to find a critical gain (𝐾𝑐𝑟). The 𝐾𝑐𝑟 can be determined by increasing the 
proportional gain of a P-controller until the output of the system shows 
sustained oscillation. The period of sustained oscillation will be measured, and 
it is considered as the critical oscillation period (𝑇𝑐𝑟). Consequently, gains for 
proportional, integral, and derivative parts are stated in Table 4. 

 
Table 4 PID gains of Ziegler-Nichols rule 

Controller 𝑲𝑷 𝑲𝑰 𝑲𝑫 
PID 0.6𝐾𝑐𝑟 1.2𝐾𝑐𝑟/𝑇𝑐𝑟 0.075𝐾𝑐𝑟𝑇𝑐𝑟 

 
 

In this thesis, the suitable gains for each running case will be determined and 
tuned in real-time while performing simulation by using parameters in Table 4. 
As described earlier, the Ziegler-Nichols method needs critical gain (𝐾𝑐𝑟)  and 
critical oscillation period (𝑇𝑐𝑟) as inputs for tuning of the PID controller. Thus, 
the suitable critical gain and critical oscillation period for each running 
condition will be determined in the subsequent step. Then, it will be adapted 
with the help of the look-up table estimation. The details of this procedure will 
be explained in the following sections.  

 
5.2.1. UCF-supervised critical gain (𝑲𝒄𝒓) 

 
In this step, the relationship between critical gain and estimated UCF from 
LUTs will be investigated. After an initial investigation, it was found that 
suitable 𝐾𝑐𝑟 can be directly determined with the supervision of the estimated 
UCF. The UCF from the LUT estimation varies in negative values range, but 
the critical gain has to be positive. Thus, the critical gain can be calculated by 
shifting UCF into the positive values as shown in Figure 30. Despite the fact 
that the control action needs to be low in the tangent track region, the UFC 
output was not shifted to be zero in the tangent track period because the control 
system needs to be active in the tangent track region to ensure zero steady-state 
error in the exit transition curve. 
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Figure 30 The modification of UCF (dashed lines) into critical gains (solid lines) 

Consequently, the 𝐾𝑐𝑟 can be written as a function of estimated UCF in the 
following equation: 
 

𝐾𝑐𝑟 ൌ 𝑈𝐹𝐶 ൅ 1.689 ∙ 107.    (15) 

Figure 31(a) shows the trend of the 𝐾𝑐𝑟 in comparison with the UCF output in 
Figure 31(b). 

  
(a)      (b) 

Figure 31 Example of UCF estimation output (left) and modified UCF as a critical gain (right) 

 
5.2.2. Velocity dependent critical oscillation period 

 
In terms of the critical oscillation period (𝑇𝑐𝑟), the proper 𝑇𝑐𝑟 for each running 
condition was observed during the process of critical gain determination. The 
period (𝑇) of sustained oscillation response is measured and considered as a 
critical oscillation period (𝑇𝑐𝑟) for each running case. It can be noticed that the 
suitable 𝑇𝑐 for each condition varies as a function of vehicle speed, as shown in 
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Figure 32. Consequently, the relationship between critical oscillation period and 
vehicle speed, the function can be written as:  
 

𝑇𝑐 ൌ 0.0052𝑣2 െ 0.2795𝑣 ൅ 4.2146 .   (16) 

 
Figure 32 relationship between critical oscillation period and vehicle speed 

 
This function is fitted by second-order polynomial regression. The accuracy of 
the fitted function with the observed parameter is 99.01%. Thus, the fitted 
function is able to represent and give a highly accurate critical oscillation period 
variable in all running conditions. 

  
Consequently, the determination of the critical gain in the Ziegler-Nichols tuning 
method will be supervised by the estimated UCF from LUTs while performing the 
simulation. The determination of the critical oscillation period is calculated with the 
function of vehicle speed. The proposed control system, control parameters, and its 
tuning method are implemented in MATLAB/Simulink. Then, the control system is 
linked to SIMPACK multi-body simulation in order to perform a co-simulation. The 
lateral wheelset displacement will be compared with the ideal lateral displacement, 
corresponding to the nine running cases of Table 2 as a validation process.    
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Chapter 6 

Simulation results for vehicle with the 
proposed active wheelset steering 

 
 

This chapter presents the simulation results of the railway vehicle with the above described 
active wheelset steering system. The validation process is performed with SIMPACK and 
MATLAB/Simulink co-simulation. The simulation conditions cover nine possible running 
cases, as mentioned in chapter 3. The results are divided into two parts, including outputs 
of the control system and its curving stability, and reduction of wheel-rail wear. 

 

6.1. Wheelset lateral displacement results 
 

In this subsection, the wheelset lateral displacement, considered as an output of the 
system, is analyzed by comparing it with the ideal lateral displacement of each running 
condition. The results of the active wheelset steering are divided into three parts, 
consisting of a vehicle speed of 10 km/h, equilibrium speeds, and running conditions 
corresponding to non-compensated lateral acceleration (NLA) of 0.65 𝑚/𝑠2. The 
results are shown with the comparison of the ideal lateral displacements, marked as 
black dashed lines.  

 
6.1.1. Vehicle running at 10 km/h 
 
For the first running condition, vehicle speed of 10 km/h, simulation processes in 
the low-speed running were done with three curves, including 400, 600, and 1,000 
meters. Lateral displacements of front and rear wheelsets are shown in Figure 33(a) 
and 33(b) respectively.  

 
(a) (b)  

Figure 33 Results of controlling (a) front and (b) rear wheelsets lateral displacement with a speed of 10 km/h 
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The control system is able to produce stable results in all running cases. The system 
reached zero steady-state error in the circular part of the curve. However, the front 
wheelset shows an overshoot when entering the curve, especially for low 
curvatures, while the same phenomena appear for all the cases after the exit 
transition curve ends. In contrast, the rear wheelset has overshoots at the beginning 
of the transition¶s curves.  

 
 

6.1.2. Vehicle running at equilibrium speeds 
 
The second condition is a vehicle running through a curve with equilibrium speeds. 
Figure 34(a) and 34(b) show lateral displacements of front and rear wheelset 
respectively. It can be seen that the control system produces similar output 
characteristics to the low speed running condition. The controller, once again, 
performs stable results regardless of running condition.  

 
 

 
(a) (b)  

Figure 34 Results of controlling (a) front and (b) rear wheelsets lateral displacement with equilibrium speed 

 
 

6.1.3. Vehicle running at NLA of 𝟎. 𝟔𝟓 𝒎/𝒔𝟐 
 

The last condition is a vehicle running at speeds corresponding to NLA of 0.65 
𝑚/𝑠2. The results of the front and rear wheelset are illustrated in Figure 35(a) and 
35(b) respectively. It can be noticed that the outputs have less overshoot compared 
to low speed running and equilibrium speed. All outputs have well reached the 
reference signal. Small oscillations occur when the vehicle starts to run on the 
curved track; however, the oscillation is damped out during the curve negotiation.     
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(a)          (b)  

Figure 35 Results of controlling (a) front and (b) rear wheelsets lateral displacement with NLA of 0.65 𝑚/𝑠2 

 
According to the results of the implemented active wheelset steering system in the 
previous subsection, the look-up table controller produced a stable output regardless of 
running conditions. In other words, there is no excessive oscillation of the lateral 
displacement in the circular region of the curve. In terms of output characteristics, all 
conditions have zero steady-state error in the circular part of the curve and negligible 
overshoot in the transition curve. The control system is also able to reach the zero 
steady-state error on the tangent track after the curve.  

 
Figure 36 UCF-supervised critical gains of front wheelset controller (curved track of 600 meters) 

 
As an example, in Figure 36 the critical gains (𝐾𝑐𝑟)   for three vehicle speeds 
running on the 600 meters curve are shown. The 𝐾𝑐𝑟 varies with respect to time 
and running conditions. The combination of condition-dependent  𝐾𝑐𝑟 in 
combination with a velocity-dependent critical oscillation period makes it possible 
to adjust the control effort for each running condition.    
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6.2. Reduction of wheel-rail wear   
 

The reduction of solid wheelset wear is one of the advantages of an active wheelset 
steering system. It results from an appropriate wheelset lateral position, causing 
nearly pure rolling conditions during curve negotiation. In this thesis, the total wear 
number or wear index is used to represent the wear of the wheel-rail contact. The 
wear number is defined by energy dissipation per meter of wheel travelled distance 
[1]. Hence, wear number can be written as: 
 

𝑊𝑒𝑎𝑟 𝑛𝑢𝑚𝑏𝑒𝑟 ൌ 𝐹𝜉𝜈𝜉 ൅ 𝐹𝜂𝜈𝜂 ൅ 𝑀చ𝜙  ሺ𝑁ሻ.    (17) 

The total wear number represents the combined wear of both left and right wheel-
rail contact. In order to analyze the reduction of wheel-rail wear regarding the active 
steering system, running conditions on a curved track of a 600-meter radius were 
selected to demonstrate the total wear number of both front and rear wheelset. The 
comparison of total wear number for both passive primary suspension and active 
wheelset steering for each running case is illustrated in the following. 

 
6.2.1. Vehicle speed of 10 km/h 
 
The total wear number of the front and rear wheelset is illustrated in Figure 37(a) 
and 37(b). The active wheelset steering can reduce the wear number of the front 
wheelset from 156.00 N to 2.79 N, i.e. approximately 56 times lower than the 
passive system while curving. The wear number of the rear wheelset decreases from 
68.18 N to 3.05 N or 22.35 times lower than the passive system. 

 

 
(a) (b)    

Figure 37 Total wear number of (a) front and (b) rear wheelsets with running condition of 10 km/h and R600 

 
6.2.2. Vehicle speed of 64 km/h 
 
For the vehicle speed of 64 km/h on the curve of 600 meters, the total wear number 
of the front and rear wheelset is shown in Figure 38(a) and 38(b). The active 
wheelset steering can reduce the wear number to 0.259 N and 0.348 N during the 
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curve negotiation for front and rear wheelset respectively, corresponding to a 
reduction of 96.681 N and 35.609 N with respect to the passive one. 

 

 
(a)          (b)  

Figure 38 Total wear number of (a) front and (b) rear wheelsets with running condition of 64 km/h and R600 

 
6.2.3. Vehicle speed of 96 km/h 
 
The results on the 96 km/h condition are illustrated in Figure 39(a) and 39(b). The 
active wheelset steering can reduce the wear number to 2.269 N and 1.870 N for 
front and rear wheelsets respectively, corresponding to a reduction of 85.750 N and 
24.054 N with respect to the passive one. 

 

 
(a) (b)  

Figure 39 Total wear number of (a) front and (b) rear wheelsets with running condition of 96 km/h and R600 

 
According to the results of the total wear number above, it can be seen that the active 
wheelset steering shows much lower wear in both front and rear wheelset. The results 
also confirm the benefit of having an active wheelset steering system in a railway 
vehicle. However, it can be noticed that the control system gives a deteriorating effect 
when exiting the curve. This is especially evident for the rear wheelset.  
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Chapter 7 

Conclusion and future work 
 
 
 

In this chapter, the conclusions and future work will be addressed and discussed with 
respect to the objectives of the thesis. This master thesis aims at improving the control 
performance of an active wheelset steering of an innovative two-axle railway vehicle. 
Various curving performance targets such as steady-state error and overshoot will be 
discussed. Thereafter, recommendation and future work will be proposed in terms of the 
possibility of further improvements in active wheelset steering using look-up table 
estimation as supervision to simple PID controllers.   

 
7.1. Conclusions 

 
The look-up table (LUT) estimations of creep coefficients and contact patch 
variables are key tools for improving the control performance of an active wheelset 
steering. The measurable vehicle variables can give a direct estimation of time-
varying wheel-rail contact parameters through the look-up table procedure. 
Moreover, the results achieved with the estimated parameters make it possible to 
distinguish the operating conditions of the vehicle accurately.  
 
The longitudinal unit creep force (UCF), which is the combination of creep 
coefficient LUT and contact patch variables LUT, was able to supervise in the 
critical gain determination process. In other words, the shifted longitudinal UCF 
can be directly used as a critical gain in the Ziegler-Nichols tuning method for PID 
controller. Thus, the control system uses time-varying PID gains with the real-time 
tuning of the Ziegler-Nichols technique. It can be concluded that estimating the 
time-varying wheel-rail contact parameters for supervising the control system of 
the active wheelset steering can improve steering performance and result in stable 
running behavior. In this study, the look-up table estimation process accuracy was 
not taken into account because the estimated parameters do not directly affect the 
plant of the system. Instead, look-up table estimation is used to supervise and 
determine the appropriate gains of the PID controller. 

 
In terms of steering performance, the two-axel railway vehicle equipped with the 
proposed UCF-supervised PID controller performed in a satisfactory way for all 
considered running conditions. The control system outputs have practically zero 
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steady-state error and small overshoot in both tangent track and curved track 
compared to the reference lateral displacement signal.  However, it is difficult to 
control the lateral position of the wheelset in the transition curve. The small but 
different from zero control effort in the tangent track helps the control system to 
ensure the zero steady-state error when exiting the curve.  

 
In addition, the total wear numbers of wheelsets are measured and evaluated to 
visualize the advantages of the active wheelset steering system. The active steering 
system has the capability to reduce wheel-rail wear. The total wear number of the 
front and the rear wheelset with an active steering system dramatically decrease in 
comparison to the passive system. The analysis of wheel-rail wear also 
demonstrates the performance and effectiveness of the control system.  

 
Nevertheless, the control system worsens the situation when exiting the curved 
track, especially in the rear wheelset. This might be caused by the curvature 
estimation and signal filter scheme, which leads to lagging signals especially in high 
speed running conditions. The effectiveness of curvature estimation directly affects 
the control performance due to its direct relationship with the lateral displacement 
strategy [9].       
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7.2. Future work  
 

In the design process of feedback control, several output signals are measured from 
the vehicle. These signals might be quite noisy from the measurement process, and 
some noise might affect the performance of the control system. Thus, a proper 
signal filter needs to be implemented in order to ensure the performance of the 
control system. 
During the analysis and the design of the proposed UCF-supervised control 
strategy, several points were addressed to improve the performances of the active 
system. In future work, the following aspects should be considered to further 
improve the results: 
 
 

1. Alternative time-varying wheel-rail contact parameters such as unit creep 
force in lateral or spin direction or other creep coefficients as supervision of 
the PID controller. 
 

2. An increased number of running conditions between vehicle speed of 10 
km/h and equilibrium speed to determine a more accurate critical oscillation 
period versus vehicle speed function.  

 

3. Non-linear wheel conicity in the generation of the reference signal instead 
of the equivalent conicity.  

 

4. Investigation of the effect of two-point wheel-rail contact, which can occur 
when the wheelset has excessive lateral displacement.  

 

5. Implement the proposed supervision system with other control strategies for 
active wheelset steering, such as control of the relative wheelset yaw angle. 

 

6. Technical and economic feasibility assessment of the proposed control 
system.  
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