
 

 

  

Abstract— Active steering system of railway vehicles has proven 

its ability to bridge the gap between stability and curve friendliness. 

This system consists of two steering actuators, a steering controller, 

and various sensor systems to detect lateral displacement, vibration, 

track curvature, and so on. Generally scaled railway vehicles were 

developed to reproduce the fundamental dynamic behavior of the full 

size railway vehicle in laboratory conditions. This paper describes the 

design of the active steering controller of a scaled railway vehicle to 

alleviate wheel/rail contact forces and to decrease wheel/rail wear. The 

control strategy is founded on motion of the wheel sets for lateral and 

yawing motions detected wheel/rail displacement. Running test results 

of 1/5 scaled active steering vehicle on the curved track show that the 

proposed active steering control system has good performance. 

 

Keywords— Active Steering Controller, Railway Vehicle, Scaled 

Model, Curved Track  

I. INTRODUCTION 

N urban transit systems, rail passenger vehicles are often 

required to negotiate tight curves. During curve negotiation, 

the wheelsets of conventional vehicles generally misalign 

radically with the track increasing wheel/rail contact forces and 

resulting in increased wheel and rail wear, outbreak of squeal 

noise, fuel consumption, and risk of derailment [1][2].  

To alleviate these problems, modified suspension system 

designs, application for alternate wheel profiles, active and 

semi-active steering techniques have been proposed. Over the 

past few decades, a considerable number of studies have been 

conducted on the effects of the active steering system of railway 

vehicles. And the active steering system has proven its ability to 

bridge the gap between stability and curve friendliness [3]-[10].  

The studies on the stability of a railway vehicle running on a 

curved track can be found in [11]-[23]. The stability of a railway 

vehicle was investigated by [11] which is based on the lateral 

displacement and the yaw angle of each wheelset and studied by 

[12]-[23] considering the lateral displacement and the yaw 
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angle of each wheelset and bogie frame. 

Especially the scaled railway vehicle is carried out for the 

development and testing of a prototype bogie and the 

investigation of fundamental railway vehicle running behavior 

[24]-[29].   

 

In this paper, we design an experimental testbed with a 

vehicle and a curved track of 1/5 scale model and perform the 

performance verification of the proposed active steering 

controller based on the theoretical analysis for active control 

and active strategies. A full vehicle model is utilized for 

calculation [30][31] and a scaled vehicle model composed of 

diving bogie and a steering bogie is used for running test on 

curved track to verify the proposed control system.  

This paper is organized as the followings. Section II 

describes an active steering control system for 1/5 scale model. 

Section III deals with the experimental environment and section 

IV contains the experiment results. The main conclusions are 

then summarized in section V.  

 

II. ACTIVE STEERING CONTROL SYSTEM 

Active steering control system is constituted a steering 

controller module in charge of steering control algorithm as the 

core part including A/D and D/A input/output terminals, a 

control station module having function of remote command and 

data acquisition, actuator module for driving the steering    bogie 

corresponding to the controller output signals, and various 

sensors system module. 

Fig.1 shows the block diagram of the active steering control 

system. 

 

 

 
 

Fig.1 Block diagram of active steering control system 
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Table I Accomplishment contents of each module 

Module Accomplishment Contents 

Control 

Station 

Module 

▪Remotely speed and the direction 

command  transmission 

▪ Steering controller signal monitoring 

▪Wheel/rail contact image acquisition 

using wireless camera systems 

Steering 

Controller 

Module 

▪Generation of steering command to 

actuator based on the control algorithm 

▪A/D and D/A input/output terminals 

▪MATLAB/SIMULINK and dSPACE as a 

rapid control prototyper 

Actuator 

Module 

▪Creation of yaw moment corresponding to 

the control signals 

▪Actuator displacement output 

Sensor 

System 

Module 

▪Wheel/rail relative displacement 

measurement 

▪Carbody vibration characteristic 

measurement 

▪Yaw angle measurement of the steering 

bogie 

▪Detection of the curve information 

▪Wheel/rail dynamics monitoring 

 

 

A. Active Steering Control Strategy 

The basic concept of steering control strategy is to apply a 

controlled torque to the wheelset in the yaw direction. This can 

be achieved through longitudinal actuators as shown in Fig.2. 

This strategy is founded on the coupling of the lateral and 

yawing motions of the wheelsets by using the laser sensor 

signals represented in the wheel/rail displacement.     

 

 
Fig.2 Active steering control strategy: longitudinal actuator 

method 

 

As feedback signals, the relative movement between the 

wheels and the rail, called ‘relative displacement’, are 

considered in the development of controllers using the 

measured distance of the laser sensor from axle box to rail head.  

 

B. Design of Active Steering Controller 

The dSPACE system (DS1103 PPC Controller Board) is a 

powerful controller board for rapid control prototyping [32]. 

The PC runs the user interface and data logging code, and the 

DSP runs the real-time signal processing and analog I/O. The 

dSPACE has connections to MATLAB and Simulink. These 

connections allow a simulation on the PC and then run in 

real-time on the DSP. Fig.3 shows a realization of the active 

steering control module with MATLAB/ SIMULINK for a scale 

model.  

 

 
 

Fig.3 The dSPACE system (DS1103 PPC Controller Board) 

 

 

Table II Specification of the DS1103 PPC Controller Board 

Type PPC 750GX 

Clock 1GHzCache Processor 

Bus frequency 133MHz Memory 

Local 32MB SDRAM 

Memory 

Global 96MB SDRAM 

Channels 
16 multiplexed channels, 

4 parallel channels 

Resolution 16-bit Output range ADC 

Input range ±10 [V] 

Channels 8 channels 

Resolution 16-bit Output range DAC 

Output range ±10 [V] 

 

The lateral displacements of front and rear axles are directly 

measured from four laser sensors. The center line of front and 

rear axles can be obtained as (1). 
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where 
1y  and 

2y  mean laser sensor signals which is  

installed both ends of the front axle, 
3y  and 4y  represent laser 

sensor signals which is installed both ends of the rear axle, and 

fronty  and 
reary  denote center lines of the front and rear axle. 

 

The error signals can be obtained by calculating the 

difference between center lines and reference line, and used 

with input of the steering controller.  

 

   yye d −=                                         (2) 

  

where y denotes a center line of the lateral displacement (i.e. 

fronty  and  
reary ) and 

dy  represents the reference lateral 

displacement which is calculated as (3). 

 

                     
λR

lr
yd

0=                                              (3) 

 

where l denotes a half gauge of wheelsets (=0.15 [m]), 
0r    

represents a wheel radius (=0.086 [m]), and λ  means a wheel 

conicity (=0.2). 

 

 
 

Fig.4 Realization of the active steering control module with 

MATLAB/SIMULINK 

 

 

 
 

Fig.5 PID controller for active steering control with 

MATLAB/SIMULINK 

 

Realization of the active steering control module with 

MATLAB/SIMULINK appears in Fig.4.  The controller output 

)(tu  is calculated as (4). 

 

   
dt

tde
KdeKteKtu D

t

IP

)(
)()()(

0∫ ++= ττ              (4) 

 

The classic PI controller is applied to the active steering 

control as illustrated in Fig.5. The proportional gain 9.0=PK  

and integral gain 9.0=IK  are used for two controllers with same 

values.  

 

 

Table III Signal list for the active steering controller 

Name 
Range 

[v] 
Physical 

Input/ 

Output 

Velocity 0 ~ 5 0 ~ 3.9 [m/s] Input 

Direction 0 , 5 
0: Forward 

5: Backward 
Input 

 

Driving 

Bogie 

Module 

 Braking 0 , 5 
0: 0 [N] 

5: 18 [n] 
Input 

Steering 

Bogie 

Module 

 

Actuator -3 ~ 3 

-3: -150[N] 

3: 150[N] 

 

Input 

photoelectric 

sensor 
0 , 10 0 , 10  Output 

Laser 

displacement 

sensor 

-4 ~ 4 10 ± 4[cm] Output 

Magnetic 

sensor 
0 , 10 0 , 10 Output 

Gyroscope 

sensor 
0 ~ 5 

-100 ~ 100 

[deg/sec] 
Output 

Acceleration 

Sensor 
0 ~ 4 0  ~  4 [g] Output 

Data 

Acquisi-

tion 

Module 

Wireless 

Camera 
- 

320×240 

[Pixel] 
Output 

 

Table III shows the signal list of the embedded system for the 

active steering controller which includes all the inputs and 

outputs that the embedded system has and describes their range, 

resolution, and so on. 

 

III. EXPERIMENTAL ENVIRONMENT 

A. Scale Railway Vehicle 

Two axle bogies are used for the 1/5 scaled railway vehicle. A 

curve track with R=20[m] and 27.11[m] length is considered for 

a running test of the scale model. Fig.6 indicates the scaled 

railway vehicle composed of a driving bogie and a steering 

bogie, and test track. 
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Fig.6 Experimental environments (a scaled vehicle and a 

curved track)  

 

B. BLDC Motor for Driving Bogie 

For calculating the number of wheel rotation, we use a 

photoelectric sensor which is installed on the wheel in the 

driving bogie. Fig.7 shows the BLDC motor and for 

photoelectric sensor for calculating vehicle speed, and Fig. 8 

indicates a pulse train generated from the photoelectric sensor. 

 

 
 

Fig.7 BLDC driving motor and photoelectric sensor for 

calculating vehicle speed  

 

 

 
 

Fig.8 Pulse train for calculating the vehicle speed  

 

The vehicle speed can be adjusted from 0 [m/s] to 3.8 [m/s] 

by changing of the input voltage between 0 [V] and 4 [V] at the 

control unit of the diving motor in the driving bogie. Fig.9 

shows the load test results of the driving motor as velocity - 

voltage curve.  

 

 
 

Fig.9 Load test results of the driving motor: velocity - voltage 

curve  

 

 
 

Fig.10 Velocity profile for driving bogie (red-line: the 

vehicle velocity profile [m/s], blue-line: the real voltage [v], 

green-line: the vehicle speed [m/s]) 

 

C. Actuator for Steering Bogie 

The linear tabular motor is used for the actuator which can 

generate the yaw moment with control effort signals by using 

the measurement values of the relative lateral displacement 

between wheel and rail. The schematic view of linear tabular 

motor and the test product is depicted in Fig.11. 

 

 

 
 

(a) Schematic view of linear tabular motor 
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(b) Linear tabular motor 

 

 Fig.11 Linear tabular motor of F-link type    

 

The actuator force is proportional to the input voltage values 

as (5). That is, the actuator force increases linearly from 0 [N] to 

200 [N] approximately proportionally to the actuator command 

voltage (0 [V] to 4 [V]). 

 

     
comact VF  50=                                           (5) 

 

 where 
actF  means a actuator force [N] and 

conV  represents 

a voltage command [V]. 

 

Table IV Specification of the linear tabular motor  

Size 70×70×230 [mm] 

Stroke Range ±30 [mm] 

Tubular 

Linear 

Motor 

Thrust Continuous 200 [N] 

Input Voltage 24VDC (200W) 

Control type 3φ PWM Vector Control 

Driving Control Force Control Mode 

Motor 

Driver 

Resolution 10µm 

 

Table IV summarizes the specification of the linear tabular 

motor for generating steering force. 

  

 

D. Measurement System for Scale Railway Vehicle 

To detect the relative displacement between wheel and rail in 

the steering bogie, we utilize the four laser sensors. Fig.12 

shows the shape of the laser sensors (Omron E3S-AD13 model) 

and mounted position. 

 

 

 
 

Fig.12 Laser sensors for measuring the relative displacement 

between wheel and rail 

  

To measure the lateral force, one of the performance 

measures of the active steering system, the following 

measurement system which is consists of strain gage sensors, a 

strain amplifier and a data acquisition system is used.  

 

In addition, considering the control concept of the steering 

bogie, it coincides with an objective of active steering control in 

minimizing the lateral force which is calculated the absolute 

difference values between the front and rear wheel axis. Fig.13 

indicates the lateral force measurement system using full bridge 

strain gage as a performance measure. 

 

 
 

Fig.13 Lateral force measurement system using full bridge 

strain gage 

 

IV. EXPERIMENT RESULTS 

A. Experiment Results: Lateral Force 

From Fig.14 and Fig.15, we can confirm that the lateral force 

is remarkably reduced under the active steering control.  
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Fig.14 Experimental results: strain gage measured data 

  

 
Fig.15 Experimental results: the absolute difference of lateral 

force between the front and rear wheel axis 

 

Compared with the passive system, the active steering control 

system outstandingly reduces the difference of lateral force 7.6 

[µ] strains from 30.6[µ] strain. Consequently this measurement 

of the difference of lateral force is able to confirm the lateral 

force reduction effect through track lateral force measuring 

system.  

 

 

Table V The absolute difference between the lateral force 

value of the front axle and the rear axle   

 No control Active Control 

Value 30.6µ 7.6 µ 

 

B. Experiment Results: yaw velocity  

The lateral displacement as well as the actual curve radius is 

important signals from which the lateral dynamics of the vehicle 

can be observed. The actual curve radius can be estimated or 

measured by means of gyroscopic sensors. In order to analysis 

the yaw movement, a gyroscopic sensor (Silicon Sensing 

CRS03-02) which is mounted at the center of the steering bogie 

was used.  
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Fig.16 Experimental results: the gyroscopic sensor signals 
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Fig.17 Experimental results: the gyroscopic sensor signals 

passed through the LPF  

 

The gyroscopic sensor signals have been measured for the 

curve running of the passive system and the active system, 

respectively. Fig.16 shows the output signals of the gyroscopic 

sensor and Fig.17 indicates the output signals of the gyroscopic 

sensor passed through a low pass filter (LPF). To remove a high 

frequency noise from the gyroscopic sensor signals the noised 

signals were passed through a LPF such that its frequency 

response is equal to the response given by Fig.18 and Fig.19. 

 

 

Fig.18 The frequency response of the LPF 

 

The LPF which is composed of the FIR filter and is specified 
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as Fs=2[kHz], Fpass=0.1[kHz], Fstop = 0.25[kHz], and Apass = 

60[dB]. Graphically, the filter specifications look similar to 

shown in the following Fig.19.  

 

 

Fig.19 The filter design specifications of LPF 
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Fig.20 Experimental results: the gyroscopic sensor signals 

passed through the LPF and the moving average 

 

To obtain more pure gyroscopic sensor signals the filtered 

signals is passed through a simple moving average with k=256 

samples such as (6). 

 

∑
+−=

=
n

kni

MA ix
k

ny
1

 )(
1

)(                              (6) 

 

Fig.20 shows the gyroscopic sensor signals passed through 

the LPF and the moving average. In Fig. 20 the gyroscopic 

sensor signal initially starts with 2.4[V] at the running of the 

straight track, then rotates clockwise 0.12[V] (or 4.8[〫]) at the 

curving track. While moving a transition zone between a 

straight track and a curve track the rising time of the active 

steering system is faster than that of the passive system.  

 

C. Experiment Results: Lateral displacement 

Fig.21 shows the result of the relative lateral displacement in 

case of no steering control. The reference displacement of the 

front and rear axle is 3.085 [mm] as  (3). 

 

 
 

Fig.21 Experimental results: lateral displacement of no 

steering control (green-line: the front axle center line of the 

wheel/rail relative displacement [mm], red-line: the rear axle 

center line of the wheel/rail relative displacement [mm], 

cyan-line: reference displacement of the front axle [mm], 

blue-line: reference displacement of the rear axle [mm]) 

 

Fig.22 indicates the result of the relative lateral displacement 

in case of active steering control based on PI controller. 

 

 

 
 

Fig.22 Experimental results: lateral displacement of active 

steering control (green-line: the front axle center line of the 

wheel/rail relative displacement [mm], red-line: the rear axle 

center line of the wheel/rail relative displacement [mm], 

cyan-line: reference displacement of the front axle [mm], 

blue-line: reference displacement of the rear axle [mm]) 

 

The experimental results of the active steering controller with 

the lateral wheel/rail displacement image using the 2.4 [GHz] 

wireless cameras are shown in Fig.23. 

 

INTERNATIONAL JOURNAL OF CIRCUITS, SYSTEMS AND SIGNAL PROCESSING

Issue 3, Volume 2, 2008 205



 

 

 
(a) Start position (time =0[sec]) 

 

 
(b) Curve position (time=10[sec]) 

 

 
(c) End position (time =20[sec]) 

 

Fig.23 Experimental results: wireless camera image of 

wheel/rail lateral displacement  

 

D. Experiment Results: Actuator Command 

The experimental results of the active steering controller with 

the actuator voltage are shown in Fig.24. As the Fig.24 

indicates, a real actuator force of 150 [N] is applied to the 

wheelsets in case of 3 [V] actuator command voltage. The max 

actuator command voltage of the front axle is large values as 3 

[v], in comparison with that of the rear axle as 2 [v]. 

 

 

 

Fig.24 Experimental results: actuator command voltage 

graph of active steering control (green-line: the actuator 

command voltage of the front axle [V], red-line: the actuator 

command voltage of the rear axle [V]) 

 

E. Experiment Results: Relative Displacement Error 

Fig.25 and Fig.26 shows the lateral displacement and the 

error responses ( yyd − ) which are calculated as the difference 

between the relative lateral displacement ( y ), and the reference 

displacement (
dy ). 
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Fig.25 Experimental results: lateral displacement graph 

(dotted blue-line: the lateral displacement of the front axle in 

case of no control [mm], dotted red-line: the lateral 

displacement of the rear axle in case of no control [mm], solid 

blue-line: the lateral displacement of the front axle in case of 

active steering control [mm], solid red-line: the lateral 

displacement of the rear axle in case of active steering control 

[mm]) 

 

0 2 4 6 8 10 12 14 16 18 20 22
-12

-10

-8

-6

-4

-2

0

2

4

Time [sec]

E
rr
o
r 
o
f 
L
a
te
ra
l 
D
is
p
la
c
e
m
e
n
t 
[m

m
]

 

 

Front Axle - No Control

Rear Axle - No Control

Front Axle - Active Control

Rear Axle - Active Control

 
Fig.26 Experimental results: relative displacement error 

graph (dotted blue-line: the error displacement of the front axle 

in case of no control [mm], dotted red-line: the error 

displacement of the rear axle in case of no control [mm], solid 

blue-line: the error displacement of the front axle in case of 
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active steering control [mm], solid red-line: the error 

displacement of the rear axle in case of active steering control 

[mm]) 

 

 

MSE is used to evaluate the margin of the error, being given 

by  
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where y  denotes a center line of the lateral displacement  

and 
dy  represents the reference line. 

 

Table VI Comparison of MSE (Mean Square Error) of the 

error signals over the interval between 4 [sec] to 20 [sec]  

 No control Active Control 

Front 

Axle 
44.5661 1.5550 

MSE 

Rear 

Axle 
14.3908 0.3036 

 

Table VI summarizes the mean square value of the error 

signals, respectively. The error decreased by approximately 

from 3 times to 5 times. 

  

V. CONCLUSION 

Active steering system of railway vehicles is designed to 

alleviate wheel/rail contact forces and to decrease wheel/rail 

wear. In this paper, we present active steering controller design 

in the railway systems using classic PI controller. Control 

strategy to the active steering system based on two axle vehicle 

attached to actuator of the yaw torque considering the riding 

quality has been applied. Compared with passive system, 

experiment results have been shown that the proposed active 

steering control system outstandingly reduces the difference of 

lateral force and the mean square error of the front and rear axle. 

For future research to the mechatronic vehicles, new 

suspension concepts should be considered offering more 

comfort, curving performance and running stability. 
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