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Abstract

The conventional railway vehicle was designed to ensure running stability using high stiffness elements for primary suspensions.
Curving performance of the railway vehicle is relatively low because the natural steering motion of a wheelset is constrained by the high
stiffness suspensions. High running stability has always been in conflict with good curving performance in conventional design processes.
This conflict problem can be solved with an active steering bogie since active elements properly control the wheelset motions according
to track conditions such as straight or curved lines. In this paper, an active steering mechanism for railway vehicle is introduced, and the
curving performance of the proposed active steering bogie is investigated through simulation and experiments. According to the results,
the proposed active steering bogie is highly effective for curve negotiation.
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1. Introduction

A conventional wheelset for railway vehicle is composed of
two profiled wheels fixed to a common axle. This wheelset
has an advantage of natural curving; however, it has also an
unstable mode referred to as “hunting.” Hunting phenomenon
is a kinematic oscillation of a wheelset on lateral and yawing
directions [1]. When a wheelset is unconstrained, hunting is
generated even at a very low speed. On a conventional railway
vehicle, the wheelset is stabilized by using high stiffness ele-
ments connected to the bogie of the vehicle. However, these
stiffness elements are known to adversely affect the natural
curving of wheelset.

For many years, several researchers have tried to solve the
difficult design trade-off between running stability and curv-
ing performance using the steering bogie. One commercia-
lized steering bogie is a forced steering bogie [2, 3]. The steer-
ing mechanism of the forced steering bogie is composed of
mechanical elements such as links and joints. Basic steering
principle of the forced steering bogie is the transformation of
the relative angular displacement between a car body and a
bogie (or between a bogie and a wheelset) in curved track into
a steering force and transmitted to a wheelset by links and
joints. Curving performance is increased when a forced steer-
ing bogie is used. However, it has limitations because of the
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absence of an active element in the forced steering bogie [4].

The use of active control concepts can overcome the limita-
tions of the forced steering bogie and solve the design conflict
between the stability and the steering performance [5, 6].
Likewise, researchers have developed active steering bogies.
Schneider and Himmelstein [7] developed an active steering
bogie, called “Mechatronic Bogie” or “Flexx Tronic Bogie,”
which was applied to Swedish Regina 250 train. The bogie's
performance has been verified through various field tests to-
ward commercialization. Matsumoto et al. [8] proposed an
active-bogie-steering bogie and investigated the curving per-
formance with rolling test stand. The concept is to steer a bo-
gie by actuators against a car body, rather than wheelsets.
Anti-yaw dampers between a car body and a bogie are re-
placed by actuators in this system.

However, the steering mechanism of the Mechatronic Bogie
is not suited for urban railway vehicles because it has been
developed to control the stability and active steering of high-
speed trains with tilting mechanisms. Similarly, the active-
bogie-steering bogie, although proposed for urban railway
vehicles, has a mechanism that is not applicable to Korean
urban railway vehicles because there are no anti-yaw dampers
in Korean urban railway vehicles. Therefore, the car body and
the bogie should be redesigned so that the active-bogie-
steering idea can be adopted.

In this study, an active steering bogie for urban railway ve-
hicles is proposed. Steering mechanism of the proposed bogie
controls the wheelset motion when it travels in a curved track.
In a straight line, controller is turned-off and wheelsets are
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Fig. 1. Curving of a single wheelset.

supported only by the passive suspension elements. Thus, the
dynamic characteristic of the proposed bogie is equivalent to
the conventional urban vehicle bogie in a straight line. It has
the advantage of fail-safe ability because it’s stability level
without any active elements is similar to that of a conventional
urban vehicle. Since the active steering mechanism of the
proposed bogie is constructed in the bogie system, a car body
of a conventional urban railway vehicle can be used without
modification.

The proposed steering mechanism and its kinematic charac-
teristics are described in Chapter 2. Design strategy for the
steering mechanism is also introduced in Chapter 2. To esti-
mate the performance of the proposed active steering bogie,
simulation results are detailed in Chapter 3, and experiment
results using 1/5-scale vehicle are presented in Chapter 4.
Finally, Chapter 5 discusses the main conclusions and sugges-
tions for future research.

2. Design of active steering mechanism

2.1 Design strategy of active steering mechanism

The main target of the steering mechanism of railway ve-
hicle is to reduce noise and wear during curve negotiation by
steering wheelsets. The noise and wear in curved track are
mostly related to longitudinal and lateral creepages of wheel-
set. The longitudinal and lateral creepages of railway vehicle
wheelsets are determined as [9]
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where &, &, and ¢, are longitudinal, lateral, and spin creepag-
es, respectively; rp and r, are the time derivatives for the
contact point position vector of wheel and rail in generalized
coordinates, respectively; t; and t) are the unit orthogonal

tangent vectors to the rail at the contact point in the longitu-
dinal and lateral directions; n” is the normal vector unit to the
surface at the contact point; and V' is the magnitude of the
wheel velocity along the longitudinal tangent vector at the
contact point. The creepages generate the creep forces and
creep moments. Generally, large creepages make large creep
forces and moments. These creepages, creep forces, and mo-
ments are the main factors that affect the wear and noise in
curve negotiation.

Fig. 1 shows the curving motion of a single wheelset. Trav-
eling speed of the outer wheel should be faster than that of the
inner wheel in order for all the wheels to satisfy pure rolling
condition along a curved track. If a wheelset moves from ini-
tial position @ to @, and traveling speed of outer and inner
wheels are V, and V), respectively, V, should satisfy Eq.

4,

M 4

where R is the radius of the centerline for curved track and
a is one-half the gage of the track. Since the conventional
wheelset is composed of two wheels fixed to a common axle,
as mentioned in Chapter 1, angular speeds of the inner and the
outer wheels are equal. Thus, to satisfy Eq. (4), the outer
wheel should have a larger rolling radius than the inner wheel.
The desired rolling radius difference between the outer and the
inner wheels on the curved track whose radius is R can be
expressed as,

R+a
r()ltl = R—a r[n M (5)

If the variation of the wheel rolling radius can be expressed
using the lateral displacement of a wheel. The desired lateral
displacement that can satisfy Eq. (4) or (5) can also be deter-
mined as
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where 7, is the nominal rolling radius of the wheels. 4,,,,
and 4, are the equivalent conicities of the inner and outer
wheels, respectively which have various values according to
the lateral displacement of the wheelset. If the profiles of the
inner and outer wheels are the same type of perfect cone,
Aimer and A, have the same constant value independent

of lateral displacement of the wheelset. In this case, Eq. (6)
can be simplified as,

ar,
=0 7
T @)

It should be noted that the lateral displacements of Egs. (6)
and (7) are measured from the centerline of the track. If the
lateral position of the wheelset satisfies Eq. (6) or (7), the
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Fig. 2. Design concept of the proposed active steering bogie.

wheelset is in pure rolling condition, and the longitudinal
creepages and longitudinal creep forces of the two wheels are
ideally zero. Therefore, the wear can be minimized [10].

There are two possible solutions to locate the wheelset to
the desired lateral position. One option is to apply a controlled
torque to the wheelset in the yaw direction. The lateral and
yaw motions of wheelset are dynamically and kinematically
coupled. Thus, the lateral motion of wheelset can be con-
trolled by means of controlling yaw motion of the wheelset.
Actuators required to generate the yaw torque need to be
mounted at the bogie or at the car body. The other option is to
install the actuators onto a wheelset in the lateral direction.
These actuators also need to be mounted at the bogie or car
body. The performances of the two methods are similar. How-
ever, the latter method has a drawback: the actuation force
controlling the wheelset also act directly on the bogie or the
car body in the lateral direction and cause the ride quality to
deteriorate [11]. This undesirable effect is expected to be
much smaller if the actuators are mounted at the bogie, since
the secondary suspensions between the bogie and the car body
reduce the vibration. However, yaw control of the wheelset is
more practical considering space limitation, ride quality, and
so on. Therefore, one of the design strategies of the active
steering mechanism is to control the lateral position of wheel-
set by the yaw directional steering mechanism.

Since railway vehicles in a curved track undergo the centri-
fugal force, superelevation is constructed in the outer rail to
reduce the centrifugal force. However, due to the ride quality
and stability problem, superelevation angle is designed to be
slightly lower than the balanced angle where the centrifugal
force is canceled by the superelevation. As a result, wheelsets
move to the outside excessively in a curved track. If the ve-
hicle speed is slower than the regulation speed, wheelsets
move inward due to the superelevation. Moreover, the effects
of the external forces such as the centrifugal forces, the forces
created by the superelevation, and the contact forces produced
by the track irregularities change instantaneously; thus, they
are different according to each wheelset condition. Therefore,
each wheelset should be controlled independently to maxim-
ize the active steering performance. This is another design
strategy in relation to the active steering mechanism. A control

Fig. 3. Kinematic diagram of the proposed steering mechanism.
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Fig. 4. Kinematic analysis results of the steering mechanism: (a) angu-
lar displacements of the driving link and the wheelset with various
actuator displacements and (b) force amplitude ratio along the actuator
displacement.

strategy for the control of the relative angle between two
wheelsets using one controller has been proposed [10]. This
method is useful in the steady-state curving condition when all
the instantaneous radii of the curved track under each wheelset
are equal.

The basic design strategies of the active steering mechanism
are summarized as follows:

(1) Control of the lateral displacement of the wheelset,

(2) Control of the lateral displacement of the wheelset by

the controlled yaw torque, and
(3) Independent control of each wheelset.
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2.2 Active steering bogie

The proposed active steering mechanism is composed of
several links and a linear actuator. Fig. 2 shows the schematic
design of the active steering bogie in which the proposed ac-
tive steering mechanisms are implemented. Bogie system of
Fig. 2 is a typical Korean urban EMU bogie. In the figure, the
proposed steering mechanism can be applied with minimal
changes in the main structures and functions of the bogie sys-
tem. Since, in addition to the active elements, passive primary
suspension elements also support the wheelset to the lateral
and longitudinal directions, the stability level of the proposed
active steering bogie is very similar to the passive bogie.

The proposed active steering mechanism is composed of
two driving links, two steering links, a transverse link, and a
linear actuator. The driving links are connected to each other
through the transverse link and are located on both sides of the
bogie frame. Since the driving links are supported to the bogie
frame by revolute joints, they can rotate according to the linear
motion of the actuator. The steering links are connected be-
tween the axle boxes and the driving links by universal joints.
Therefore, they can push or pull the axle boxes along with the
rotation of the driving links. The positions where the steering
links are connected to the driving links are different between
left and right sides. For example, the left steering link of the
front wheelset is connected to the end of the left driving link
but the right steering link is coupled to the middle of the right
driving link. Thus, if the actuator pushes the driving links, the
left steering link of the front wheelset pushes the left axle box
but the right steering link pulls the right axle box. As the result,
yawing of the wheelset can be generated. Role of the trans-
verse link is to transmit the displacement and the force of the
actuator to the driving links and to synchronize the rotational
motions of the left and the right driving links. The active steer-
ing mechanisms of the front and rear wheelsets are symmetri-
cally diagonal.

2.3 Kinematic analysis of the steering mechanism

Fig. 3 shows the kinematic diagram of the steering mechan-
ism. A4 is the mover of the linear actuator, C is the universal
joint between the steering link and the axle box, O is the revo-
lute joint between the driving link and the bogie side frame,
and P is the universal joint between the driving and steering
links. Since the yaw motion of the wheelset is small, the ki-
nematic design and analysis of the steering mechanism can be
carried out in two-dimensional space. If the steering mechan-
ism does not affect the vertical motion of the wheelset, the
point C always lies on the x-axis. Initial position of C
is(x,,,0) . If the angular displacement of the driving link is
6, due to the linear motion of the actuator mover, the posi-
tion of the point C, namely the axle box becomes
(x,,+L,w,.,0), where L, is the distance between mass
center of the wheelset and point C. y, is the yaw angle of
the wheelset generated by the steering mechanism. From the
trigonometric formula, x,, +L,y,, can be calculated as

(b)

Fig. 5. VI-Rail model for numerical simulation: (a) active steering
bogie model and (b) full vehicle model.

Fig. 6. Control block diagram.

x,+ Ly, =—1sin6 + 12 —17cos’ 6, . ®)

From Eq. (8), steering angle of the wheelset according to the
angular displacement of the driving link is expressed as

_ —l;sin6, +\/122 — 17 cos* 6, —\/122 -1
w L .

a

()

If the design parameters are /; and /,, they should satisfy
the following inequality for the maximum steering angle:

—1,sin6, +\/Zz2 — 1} cos’ 6, —\/122 -1
1 )

a

V/w,max < (10)

As shown in Fig. 3, total length of the driving link is /, + &/, ,
and k is the length ratio of OB to OP. The angular dis-
placements of OB and OP are equal; however, due to the leve-
rage principle, the moving distance of B is k times longer
than that of P, and the force on Pis k times larger than on B.

The position of B from the origin O can be expressed using



J.-H. Park et al. / Journal of Mechanical Science and Technology 24 (6) (2010) 1353~1362 1357

Table 1. Specifications of the urban railway vehicle for simulation.

Parameters Values
Wheelset 1400 (kg)
Mass |Bogie 3800 (kg)
Car body 28000 (kg)
‘Wheelset (roll, pitch, yaw) 134, 965, 965 (kgm®)
Moment . . 2
of Inertia Bogie (roll, pitch, yaw) 1900,1900,3800 (kg'm")
Car body (roll, pitch, yaw) 90000,38000,90000 (kg-m?)
Axle length 1.97 (m)
Wheel base (in a same bogie) (2.1 (m)
Nominal radius of wheel 0.43 (m)
Dimension| Wheel conicity
Conventional bogie 0.05
Active steering bogie 0.2
Distance between bogies 13.8 (m)
. Driving link 0.42 (m)
mit:}f;’:sgm Steering link 0.654 (m)
Actuator link 0.15 (m)
1st suspension
Stiffness (longlmdlngl, latc?ral, Yemeal) 6.6,4.4, 1.5 (MN/m)
2nd suspension (air spring)
(longitudinal, lateral, vertical){0.167, 0.167, 0.37 (MN/m)
1st suspension
Damping (longltudm.al, lateral, vertical)| 0, 0, 0 (MN-s/m)
2nd suspension
(longitudinal, lateral, vertical)| 0, 0.096,0.16 (MN-s/m)
Track gage 1.435 (m)
Track |Radius of curve (clockwise) 300 (m)
Cant 152 (mm)
kl, and 6, as follows:
(xp,25)= (K, sin 6, kI, cos 6, ). (11)

Since the motion of the actuator mover is only the linear reci-
procating motion, the vertical position of 4 is always &/, . If
the actuator mover moves to x, from the initial position
when the driving link revolves from zero to , , position of 4
is (xu ,kl, ) Since the points 4 and B are connected by a link
whose length is /,, the distance between A and B has to be
equal to /, and the relation between x, and /, is calcu-
lated as

x, =kl sin6, + sz —(kl, — kI, cos 6, ) . (12)
From Eq. (12), the following inequality can be found:
x2<(l, + kL) -k (13)
A constraint condition of the actuator mover motion can be
determined using Eq. (13) when the total length of the driving
link and 7, are fixed. From Eq. (12), a constraint for [, is

given as follows:

12 > (kl, — kI, cos 6, ) . (14)
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Fig. 7. Wheelset displacements of the conventional vehicle: (a) lateral
displacements and (b) angles of attack.
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Fig. 8. Creepages of outer wheels for conventional vehicle: (a) lateral
creepages and (b) longitudinal creepages.

The design process of the steering mechanism comprises
the selection of desired range of the steering angle of the
wheelset by the analysis of the track condition. Using Eq. (10),
lengths of the driving link and the steering link, and maximum
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Fig. 9. Creep forces of outer wheels for conventional vehicle: (a) later-
al creep forces and (b) longitudinal creep forces.

angular displacement of the driving link are designed with
consideration to space limits and interference problems be-
tween the steering mechanism and other existing components.
From Eq. (14), proper [/, is selected. From Eq. (13), actuator
position and moving range of the actuator mover are calcu-
lated.

Disregarding the inertial effects of the links, the steering
force of each axle box can be expressed as Eq. (15) when the
actuator force is F, .

F :(X1 sing, + X, siné, + X, cos 6,

wx

, 15
—X4c0s6’1)-(ir%Faj (1)
x, —ki, sin@ x> —1?
x, <L Hsing g =13). (16)
24,1
_ 2_ .2
Xzz(kll kllcosé?l)(laz xa+2kllla)’ n
24,12
: 2 2
X3=(x“ K, s1n01)(la2 xa+2kllla), s
20,12
(kl, — ki, cos®, x> —I2)
X, = 1 1 1 a al. 19
! 21,1 (19

Since the actuation force is divided into two and transmitted to
the left and the right driving links by the transverse link, the
upper sign in Eq. (15) is for the right axle box. The lower is
for the left axle box.
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Fig. 10. Wheelset displacements of the proposed active steering bo-
gies: (a) lateral displacements and (b) angles of attack.

Fig. 4 shows an example of the kinematic analysis results
when [ is 0.07 m, [, is 0.654 m, and [, is 0.15 m. Leve-
rage ratio (& ) is 5. In Fig. 4 (a), steering angle of the wheelset
has a linear relation to the actuator stroke. It is also linear to
the angular displacement of the driving link. However, force
amplitude ratio is not linear to the actuator stroke because the
direction of the actuator force exerted on the driving link is
changed according to the actuator stroke. Generally, desired
steering angle is less than 0.3° in most curved tracks, the max-
imum stroke of the actuator will be about +£0.03 m from the
nominal position and the force amplitude ratio will be approx-
imately 5.4-4.5.

3. Simulation

To estimate the performance of the proposed active steering
mechanism, and to evaluate steering effects, numerical simu-
lation was carried out. VI-Rail, one of the famous commercial
S/W for dynamic analysis of railway vehicles, is used for the
simulation. Fig. 5 shows the VI-Rail model for simulation and
main parameter values are given in Table .

In order to simplify control algorithm, wheel profile of the
active steering bogie is selected as a cone type with linear
conicity 0.2. Even though a linear cone type profile is not
suitable for real railway vehicle, it is appropriate for analyzing
the performance of steering mechanism because the nonlinear
effects generated by nonlinear wheel profile can be disre-
garded. To implement the active steering bogie to a real rail-
way vehicle, the wheel profile has to be modified but the
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Fig. 11. Creepages of outer wheels for the proposed active steering
bogie: (a) lateral creepages and (b) longitudinal creepages.

equivalent conicity will be maintained at 0.2.

In the simulation, four PID controllers are used to control
the lateral displacement of each wheelset. Control block dia-
gram is shown in Fig. 6. As mentioned in Chapter 2, control
forces are exerted on the yaw direction of the wheelsets.

In a railway vehicle, frequency range for a wheelset nego-
tiating an arbitrarily curve is generally less than 1 Hz. This
implies that bandwidth of the active steering mechanism
should be 1 Hz or higher. In this work, bandwidth of the active
mechanism was selected as 3 Hz. In order to achieve an actua-
tor force range, the maximum steering angle was calculated,
0.3° at 3 Hz. Control gains for the generated control forces are
tuned to be within the calculated actuator force range, to satis-
fy the servo bandwidth (3 Hz). Selected gains are 1x10’,
2x10°, and 4.3x10° for P, I, and D.

Fig. 7 shows the lateral displacements and the angles of at-
tack for each wheelset in a conventional vehicle. All data are
calculated from the reference coordinates on the track center-
line. Positive x-axis of the reference frame is the running di-
rection of the vehicle and positive z-axis is the gravitational
direction. Wheelsets 1 and 2 denote front and rear wheelsets
of front bogie and Wheelsets 3 and 4 indicate front and rear
wheelsets of rear bogie, respectively. In Fig. 7(a), all the
wheelsets move to outer rail due to the centrifugal force. Spe-
cifically, flange contact is generated on the front wheelsets of
all bogies. Lateral displacements of rear wheelsets are relative-
ly small compared to the front wheelsets because of the yaw
displacements of bogies. Angles of attack of front wheelsets
are also larger than those of rear wheelsets.
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Fig. 12. Creep forces of outer wheels for the proposed active steering
bogies: (a) lateral creep forces and (b) longitudinal creep forces.

Fig. 8 displays the lateral and the longitudinal creepages of
outer wheels. Fig. 9 shows the creep forces. From the simula-
tion results, curving performance of the front wheelset is esti-
mated to be very poor. Large creepages and creep forces give
rise to severe wear of wheel and rail. Particularly, large lateral
creepages and creep forces generated by the flange contact
cause flange wear and flange squeal noise. In addition, large
longitudinal creepages and creep forces are two of the domi-
nant factors for wheel tread wear. Therefore, steering perfor-
mance should be enhanced in conventional urban vehicles.

Fig. 10 shows the lateral displacements and the angles of at-
tack of wheelsets when the proposed active steering bogies are
applied. Track condition is the same with the former simula-
tion. In Fig. 10(a), wheelsets were controlled well to track the
desired lateral displacement calculated as 5.13 mm from Eq.
(7). The angles of attack of Wheelsets 1 and 3 are reduced
remarkably, but somewhat increased in the case of Wheelsets
2 and 4.

The lateral and the longitudinal creepages of outer wheels
are decreased outstandingly, as shown in Fig. 11. Lateral creep
forces are also decreased in a curved line (7-43 s) but are in-
creased in a straight line in Fig. 12(a), compared to Fig. 9(b).
Spin creepages affect the lateral creep forces and large spin
creepage produces large lateral creep force. Since the spin
creepage increases with the conicity, the lateral creep forces of
the proposed bogie in straight line are larger than those of the
conventional bogie. However, the variation of lateral creep
force between the straight line and the curved line is small in
the proposed bogie. Fig. 12(b) shows that longitudinal creep
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Fig. 13. Wear indices of conventional and active steering vehicles: (a)
outer wheels and (b) inner wheels of conventional vehicle; (c) outer
wheels and (d) inner wheels of active steering vehicle.
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Fig. 14. Strokes of each actuator during control process.

forces can be reduced when the wheelsets are controlled ac-
tively.

One of the useful parameters to describe the enhancement
of curving performance due to active steering control is wear
index [12]. Wear index below 0.8 is considered as “low wear”
and above 0.8 as “high wear” [11]. Wear index is defined as
Eq. (20):

0.005-(F, - & +F,-& JF.-& +F, -& )<160N
_{0.025-(@ £ +F, £ )32 - (20)

Fig. 13 demonstrates the wear index of the conventional and
active steering vehicles on curved track. Maximum wear in-
dex of the conventional vehicle is 0.72 at front outer wheel of
front bogie and the minimum at rear inner wheel of rear bogie
is 0.14. In the case of the active steering vehicle, maximum is
0.065 at front outer wheel of rear bogie and minimum is
0.0026 at front outer wheel of front bogie. Simulation results
show that active steering can reduce the wear index above
80% and can be more powerful on tight curves.

In the active steering process, Actuator 1 has the maximum
stroke among the four actuators and Actuator 3 has the mini-
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Fig. 15. Absolute values of the control force and the steering force: (a)
front wheelset and (b) rear wheelset of the front bogie; (c) front wheel-
set and (d) rear wheelset of the rear bogie.

(b)

Fig. 16. Scaled vehicle model: (a) scaled active steering bogie and (b)
scaled full vehicle.

mum. In Fig. 14, Actuators 1 and 2 indicate front and rear
actuators of the front bogie, respectively, and Actuators 3 are
4 for rear bogie.

Fig. 15 shows absolute values of the control forces from the
actuators and the steering forces exerted on each axle box. As
predicted in Chapter 2, the steering forces are about five times
larger than the half of actuator forces.

4. Experiment with 1/5-scale vehicle

A 1/5-scale vehicle is constructed to verify the performance
of the proposed active steering mechanism. Tests and experi-
ments in the railway vehicle research have widely used the
scaled railway vehicle because of a large cost saving, ease of
operability, and ease of changing a large number of vehicle
parameters even with the presence of scaling errors in contact
mechanics. It is very useful to compare the steering perfor-
mance between the active steering bogie and the passive bogie.
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Fig. 18. Lateral displacements of the steering bogie wheelsets with
active control.

Fig. 16 shows a 1/5-scale active steering bogie and a scaled
vehicle. Due to space problem, electromagnetic linear actua-
tors are located at the middle of the bogie. Leverage ratio of
the driving link is 5 and spherical joints are used instead of
universal joints. Combinations of coil springs are used to
match the scaling law for the stiffness of the suspensions. The
scaled bogie is manufactured according to Iwnicki’s scaling
law [13]. The scaled vehicle is composed of a traction bogie,
an active steering bogie, and a car body. Controllers using
dSPACE 1103 control the vehicle speed and the lateral dis-
placements of each wheelset. Lateral displacements of the
wheelsets are measured with four laser displacement sensors.

Track and rail profile are also scaled along the scaling law.
Total length of the scaled track is 27 m. The straight line for
acceleration is 6.5 m, curved line of 20 m radius is 14 m, and
the other straight line for deceleration is 6.5 m. In the middle
of curved rail, strain gages are attached to measure the defor-
mation of the rails when the vehicle is passing.

Fig. 17 shows the lateral displacement of the wheelsets
without control. The scaled vehicle starts to move at 3 s and
accelerates until the speed becomes 2 m/s. Initial positions of
wheelsets were approximately -10 mm from the center of the
track; however, when the vehicle starts to travel, the lateral
displacements converge to zero due to the creep forces. On
curved line, wheelsets move to the outside of the rail because
of the centrifugal force and the front wheelset undergoes the
flange contact.

Fig. 18 illustrates the controlled lateral displacements of
wheelsets using fuzzy control algorithm. Wheelsets track the
desired lateral displacement well, even though there are some
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Fig. 19. Comparison of lateral forces exerted on wheelsets.

tracking errors and vibrations. It is expected that the error and the
vibration can be reduced through fine-tuning the control gains.

Lateral forces exerted on the wheelsets by the reaction of
the rails can be acquired using the measured data from the
strain gages on the rails. In Fig. 19, active steering control
reduces the lateral forces by about 70%.

5. Conclusion

In this paper, an active steering bogie is proposed for urban
railway vehicles. Secondly, active steering mechanism using
leverage principle is suggested. Due to the leverage principle,
the proposed steering mechanism has the advantage of control
over the wheelsets using low control forces. Since wheelsets
are constrained by high stiffness primary suspensions required
to acquire high running stability, active steering force should
be sufficiently large to overcome the high stiffness force of
primary suspension; however, it is difficult to use high power
actuator because of cost, space, and weight problems. The
easiest way is to use soft primary suspension or eliminate the
longitudinal and lateral stiffness of the primary suspension. In
this case, active mechanism has to play a role of stabilizer for
the wheelset and steering. Furthermore, additional fail-safe
function should be developed against emergencies such as
control failure and sensor trouble.

In the proposed active steering bogie, high stiffness primary
suspensions stabilize the wheelset on high-speed straight line,
and the proposed active mechanisms control the steering on
low-speed curved line. The active mechanism is turned off
when an emergency occurs. Then, the proposed bogie be-
comes a passive bogie with high stability and low steering
performance. To cope with the high primary suspension force,
lever ratio was selected to be 5.

Kinematic design and analysis for the proposed steering me-
chanism were carried out mathematically, and the performance
is verified with dynamic simulation using VI-Rail and several
experiments. From the simulation, the proposed active steering
bogie is proven to have high curve negotiation performance.
The creepages and creep forces, which are dominant factors
that cause squeal noise and wheel/rail wear, were significantly
reduced. Steering performance of the proposed bogie is also
estimated by experimental investigation using a 1/5-scale mod-
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el. The proposed bogie is found to be practical and the steering
mechanism is feasible for urban railway vehicle.

In future studies, more useful control strategy to satisfy pure
rolling condition will be developed and proper wheel profile
designed instead of the perfect cone type. Optimal stiffness of
primary suspension will be also studied in order to reduce the
control force and to maintain the minimum stability criteria.
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