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Abstract Since the concept of active suspensions
appeared, its large possible benefits has attracted continu-
ous exploration in the field of railway engineering. With
new demands of higher speed, better ride comfort and
lower maintenance cost for railway vehicles, active sus-
pensions are very promising technologies. Being the
starting point of commercial application of active suspen-
sions in rail vehicles, tilting trains have become a great
success in some countries. With increased technical
maturity of sensors and actuators, active suspension has
unprecedented development opportunities. In this work, the
basic concepts are summarized with new theories and
solutions that have appeared over the last decade. Experi-
mental studies and the implementation status of different
active suspension technologies are described as well.
Firstly, tilting trains are briefly described. Thereafter, an in-
depth study for active secondary and primary suspensions
is performed. For both topics, after an introductory section
an explanation of possible solutions existing in the litera-
ture is given. The implementation status is reported. Active
secondary suspensions are categorized into active and
semi-active suspensions. Primary suspensions are instead
divided between acting on solid-axle wheelsets and inde-
pendently rotating wheels. Lastly, a brief summary and
outlook is presented in terms of benefits, research status
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and challenges. The potential for active suspensions in
railway applications is outlined.
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1 Introduction

Over the last half-century, railway vehicles have developed
in a way that more and more electronics, sensors and
controllers are applied along with the traditional mechan-
ical structures to meet the new demands for higher speed,
better ride quality and stricter safety requirement. A
number of digital technologies in railway engineering have
been developed and put in practical use in sub-systems
including train management, communication, traction and
braking systems. In contrast, only a limited number of
active control solutions have been introduced to improve
the dynamics of the railway vehicle. Tilting trains, as one
of the successful applications, have shown great benefits,
which encouraged further explorations of active suspen-
sions over last two decades.

Since the suspension of railway vehicles is a compli-
cated system aimed at achieving different functions, active
suspension technologies with different functions and con-
figurations have been developed in various forms. Major
reviews were published in 1983, 1997, 2003 and 2007
[1-4]. Many new theories and implementations emerged in
the last decade, however. Therefore, in this work, a sys-
tematic state-of-the-art review is presented including recent
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Fig. 1 Workflow of an active suspension

studies on active suspension. In Sect. 2, the general con-
cepts are explained, and a classification of active suspen-
sion is introduced. Based on the classification, the different
actuation solutions are introduced. Since tilting train can be
regarded as a quite mature technology and little develop-
ment has been made since 2009 [5], it is only briefly
introduced in Sect. 3. Emphasis is put on active secondary
and primary suspensions that are described in Sects. 4 and
5, respectively. Finally, Sect. 6 provides a summary and an
outlook to future trends and research needs.

2 Basic concepts of active suspension
and classifications

2.1 Basic concepts of active suspension

For a passive suspension, fixed stiffness and damping
parameters define the dynamic response of a system. The
external excitations of the vehicle suspension system
include deterministic (track layout) and stochastic (track
irregularity) excitations in different frequency ranges.
Therefore, a design of passive suspension with fixed
parameters has to find a trade-off solution for different
operating conditions. In contrast, a ‘global optimum solu-
tion’ can be achieved by implementing active suspension
providing variable suspension parameters features com-
bined utilization of sensors, controllers and actuators.
Figure 1 summarizes the generic workflow of an active
suspension.

In the workflow, the measurement system will gather the
information of vehicles including the accelerations,
velocities and displacements directly or indirectly from
sensors and filters. Some other information, such as vehicle
position and track layout, could be obtained from a geo-
reference system and track database. This information will
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be analysed in a control unit designed in advance to
achieve specific targets. Then, commands will be sent to an
actuation system to generate the desired force and finally
improve the dynamic performance of railway vehicles.

2.2 Classifications for active suspension
2.2.1 Classification based on suspension location

There are different approaches to classifying the various
active suspension technologies. A natural way is to cate-
gorize the technologies into two types according to their
location:

a. Active primary suspension.
b. Active secondary suspension.

An active primary suspension is meant to improve the
stability, guidance and curve-negotiation behaviour for
solid-axle wheelsets (SW) or independently rotating wheels
(IRW). An active secondary suspension is aimed at
improving the ride quality and controlling the quasi-static
motion of car-body, for example with a Hold-Off-Device
(HOD). Tilting trains tilt the car-body to a desired rolling
angle in curves so that the lateral acceleration perceived by
the passengers will be reduced, allowing higher curve-ne-
gotiation speed. Tilting trains theoretically belong to active
secondary suspension and can integrate other active
schemes like HOD, but as a distinctive and well-developed
technologys, it is reasonable to split it from active secondary
suspension as is introduced separately in Sect. 3.

2.2.2 Classification based on degree of control
Semi-active and fully active controls are two categories

from the perspective of the degree of control. A clear
distinction between the two can be seen in Fig. 2. The fully

* Sensor *

Car-body Car-body
Actuator —\ |:
Semi-active
device | Bogie | :;)I:;;T;
Primary

suspension

Track

Fig. 2 Schematic diagram for the principles of semi-active (left) and
fully active (right) suspensions
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Fig. 3 Natural tilting (left), controlled natural tilting (centre) and active tilting (right)

active control requires a power supply to produce the
desired force so that the motion of the mechanical structure
can be controlled. In contrast with neither power supply nor
actuation system, the controllable variables in semi-active
suspension are those parameters of passive suspension:
adjustable stiffness spring [6], adjustable inerter [7] and
adjustable damper [8]. Most studies focus on the last one.
In semi-active suspension, as the damping force generated
is still dependent upon the speed of the damper, the
improvement of vehicle dynamics is naturally constrained.
For instance, semi-active control cannot create the desired
force for low-frequency vibrations or in quasi-static con-
ditions. However, the simplicity of semi-active damper
makes it easier to implement so it can serve as a trade-off
solution between passive suspension and fully active
suspension.

2.2.3 Classification based on functions

Another kind of classification for active suspension is
based on the purpose of the active control [1]. Four types
are categorized as follows:

a. Isolating the vehicle body from track irregularities (i.e.
ride comfort).

b. Controlling kinematic modes of the bogie (i.e.
stability).

c. Steering and guidance of the wheelsets (i.e. active
steering).

d. Special functions in addition to passive suspensions
(i.e. tilting trains, HOD).

Since the purpose of active suspension decides control
targets and the interesting frequency range, the active
control schemes consisting of controllers, sensors and
actuators will vary accordingly. Therefore, this
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classification helps the organization of the description of
control strategies and other parts. In this state-of-the-art
review work, the idea of this classification is applied within
each subsection. For instance, when it comes to the active
primary suspension system, the control strategies are
introduced based on the functions of ‘steering’ and ‘sta-
bility’ separately.

3 Tilting trains

Car-body tilting is a well-established technology in railway
vehicles. Its aim is to reduce the lateral acceleration per-
ceived by the passengers by rolling the car-body inwards
during curve negotiation. This solution leads to an
increased comfort that eventually permits a higher speed
during curves negotiation reducing the overall traveling
time. As reported by Persson et al. [5], the running time
benefit can be up to 10% for a tilting train with respect to a
non-tilting one with the same top speed.

A first attempt of tilting mechanism was introduced in
the late 1930s [9] while the first operating tilting coach was
developed in 1938 by Atchison, Topeka and Santa Fe
Railway [10]. In the 1980s, natural tilting trains were
introduced in Spain with the Talgo Pendular trains [11].
The first mass production of actively tilting trains was
introduced in Canada with the LRC in 1981 followed by
Ttaly with the ETR450 and in Sweden with the X2000 in
the 1990s, while the first high-speed train was introduced in
Japan in 2007 with the Shinkansen Series N700 [5, 12].

According to titling principles, tilting trains can be
divided into (1) natural and (2) active tilting. In natural
tilting, the roll of the car-body is obtained thanks to the
centrifugal force acting on the car-body itself. The natural
tilting is possible only if the car-body centre of gravity is
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Fig. 4 Tilting controls: nulling control (left), precedence control (right)

placed below the tilt centre. In Fig. 3 left, a representation
of this mechanism is shown.

One commercial success of the natural tilting is the
Talgo trains [13], in which the natural tilting is achieved by
placing the air springs in a high position, thus shifting the
tilting centre. Natural tilting is a fail-safe and low-cost
mechanical system [5], but it will shift the position of the
car-body centre of gravity laterally and thereby increasing
the risk of overturning. Moreover, the car-body moment of
inertia will delay the tilt motion in transition curves
increasing the risk of motion sickness in sensitive passen-
gers. For these reasons, often a controlled natural tilting is
applied (Fig. 3 centre). Here, an actuator is introduced to
reduce lateral acceleration fluctuation in transition curves.
Additionally, it is used to initiate the tilt motion before the
curve negotiation to reduce the delay in the tilt motion and
decrease the risk of motion sickness. For the active tilt
(Fig. 3 right), the centre of gravity does not have to be
lower than the tilt centre because the motion is provided by
dedicated actuation, but it is often arranged to return the
car-body to an upright position in case of failure. As
reported by Persson et al. [5], tilting control evolved from
the so-called nulling controller to the precedence control
strategy. These control strategies are shown in Fig. 4.

In the nulling controller, the lateral acceleration of the
car-body is measured through the usage of an accelerom-
eter and a negative feedback to tilt the car-body to bring the
car-body lateral acceleration close to zero. This approach
finds difficulties due to that the secondary suspension, with
its low frequencies, is inside the control loop. To solve the
problem, the acceleration measurement is moved outside
the control loop, to the non-tilting part of the bogie. The
control loop without the secondary suspension could now
be designed with high gain and good controllability. The
acceleration measurement in the bogie is creating a refer-
ence to the control loop. A low-pass filter must be added in
this case to attenuate the acceleration contribution due to
track irregularities. The low-pass filter causes delay in
transition curves, which leads to introduction of precedence
control. In this approach, the reference is generated by the
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vehicle in front to command the subsequent vehicle. The
filtering delay is in this case carefully designed to fit the
precedence time corresponding to a vehicle length. Despite
the fact that precedence control is now one of the most used
strategies in European tilting trains, research is continuing
to improve the performance by studying the possibility of
track knowledge control or improving the control on the
actuation systems or to remove precedence control by
applying local vehicle measurements alone.

In the field of local vehicle measurements, Zamzuri
et al. [14] showed a promising utilization of a propor-
tional—integral-derivative (PID) nulling-type control with
fuzzy correction scheme. In the study, the proposed con-
troller was compared with a fuzzy extension of a conven-
tional PI controller showing improved performances.
Concerning the nulling-type control, Hassan et al. [15, 16]
used optimization procedures to enhance the performances
of the PID approach maintaining required robustness of the
controller. Subsequently, Zhou et al. [17] proposed a
combination of tilt and active lateral secondary suspension
control. A decentralization method was used to control
separately tilting and lateral dynamics based on measure-
ments of lateral acceleration, actuator roll and suspension
deflection. Nevertheless, as previously mentioned, feed-
back signals measured on the vehicle can introduce issues
in the control application. To counteract this problem,
Zhou et al. [18] introduced a robust state estimation based
on H,, filtering to estimate the vehicle body lateral accel-
eration and true cant deficiency. The H, filtering was then
compared with a standard Kalman filter showing good
results.

Facchinetti et al. [19, 20], using a similar approach of
Zhou in [17] of a combination of tilting and active lateral
control, studied the possibility of using active air springs
and pneumatic secondary suspension. A combination of
feedforward and feedback actions was introduced, and its
effectiveness was tested on a full-scale test stand consisting
of one bogie and a ballast mass reproducing the inertia of a
half car-body. A similar approach in terms of feedforward
and feedback combination was used by Colombo et al. [21]
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Fig. 5 Mutual relationship between ride comfort, vehicle speed and
track quality

to control interconnected hydraulic actuators. The purpose
of interconnected hydraulic actuators was to actuate the
car-body tilting and provide the same car-body to bogie
stiffness as a conventional anti-roll bar. Three different
control approaches were tested showing that a combination
of feedforward, PID and sky-hook controls could provide
the best performance in terms of ride comfort for an
acceptable actuation power requirement. An alternative
approach was studied by Jacazio et al. [22]. An adaptive
PID control was developed with the objective of mini-
mizing the hydraulic actuators’ power losses while main-
taining the required dynamic performances. The adaptation
was based on the outside temperature and the force to be
developed by the actuators. Simulation results based on
real track data showed saving of 10%—20% of the electric
power required by train auxiliary systems. Although
hydraulic actuators were described in some references
above, electro-mechanical actuators have been used in
many new European tilting trains today because of their
high efficiency [5].

An enhancement in tilting control is the utilization of
stored track data to predict the upcoming curve and reduce
the delay in the actuation system [23]. Here, lateral
acceleration and roll and yaw signals are combined with
the track data to compute the command angle to be pro-
vided by the actuator. Another usage of stored track data
was given by Persson et al. [24]. Here, a new tilting
algorithm was used for on-track tests to reduce motion
sickness. The algorithm was fed with the stored track data
and the position of the vehicle on the track provided by a
positioning system to select the appropriate data. The
approach was tested on 100 subjects giving promising
results both on comfort improvements and motion sickness
reduction.

4 Active secondary suspension
4.1 Principles and configurations
The secondary suspension in railway vehicles is aiming to

attenuate vehicle vibrations from track irregularities while
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transferring static and quasi-static loads from the car-body
to bogie with constrained deflections.

However, the aim of good vibrational attenuation is
contradictory to small deflections, limiting the performance
of a passive secondary suspension. Active secondary sus-
pension can be designed to meet both aims at the same
time. Three applicable concepts concerning ride comfort,
vehicle speed and track quality are summarized below
according to their mutual relationship shown in Fig. 5.

a. Improve passenger ride comfort at current speed and
track condition;

b. Enable enhanced speed at maintained ride comfort and
no higher demand on track quality;

c. Allow lower track quality without compromising ride
comfort and speed.

The ride quality of most railway vehicles with passive
suspension is already satisfactory today, which means that
the first applicable concept is not so attractive while the
other two still make its implementation worthwhile.

For the configuration of the active secondary suspen-
sion, actuators are generally placed between the bogie and
the car-body in lateral or vertical direction. The passive air
springs can also be modified as actuators to control the
vibration in the low-frequency range [20].

Active secondary suspension can be introduced in dif-
ferent mechanical configurations in relation to the passive
springs, as shown in Fig. 6. Actuators can directly replace
the original passive springs from bogie to car-body and
independently control the motion of the vehicle. However,
considering the dynamic characteristics of different actu-
ators, it is more practical to implement actuators in addition
to passive springs in parallel or in series to complement the
actuators. When paralleled with actuators, passive springs
can carry the static and quasi-static load in vertical and
lateral direction which in turn reduces the requirement for
actuators and thereby enables small dimensions of actua-
tors. When connected in series with actuators, the passive
springs can isolate the high-frequency excitations that
actuation system cannot react because of its potential
ineffectiveness in high-frequency range. In practical
applications, combinations of both series and parallel
springs can be used.

A special configuration for active secondary suspension
proposed by Mei et al. [25] is implementing actuators
between the adjacent car-bodies in a train set, which is
illustrated in Fig. 7. In this configuration, the number of
actuators can be reduced. The working environment is
friendly to sensors and actuators since vibrations have been
attenuated by the passive suspensions. This leads to higher
reliability of the actuation system. Zhou applied a similar
configuration in lateral direction [26].
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Fig. 6 Mechanical configurations of active secondary suspension

Disregarding longitudinal train dynamics, the remaining
five rigid car-body motions (lateral, vertical and the three
rotations) can be controlled by a combination of vertical
and lateral active suspensions. Lateral motion and yaw
motion alone or together can be controlled by active lateral
suspension, while the active vertical suspension is meant to
attenuate bouncing and pitching vibrations. Rolling control
can be realized by either lateral or vertical active control,
which is the main goal for tilting trains. It is common to
consider different motions in an integrated control
scheme which is also known as modal separation control.
This will be introduced in detail in Sect. 4.2.1.

Active systems aimed at improving ride comfort are
typically installed in the secondary suspension, but there
are examples where active control in primary suspension is
proposed to attenuate the vibration of the car-body. A
recent work shows that semi-active vertical primary sus-
pension has potential to reduce car-body first bending-
mode vibration [27]. Although this belongs to active pri-
mary suspension technically, the control strategy and
implementation status are described in Sects. 4.2.13 and
4.3.3, respectively, as the ultimate scope of this application
is to improve ride comfort.

4.2 Active secondary suspension control strategies
4.2.1 Fully active control in high bandwidth

High-bandwidth control deals with stochastic vibration
excited from track irregularities to improve passenger ride
comfort. Before the introduction to the control strategies, it
is worth mentioning different methods to evaluate the ride
comfort. The method prescribed in EN 12299 [28], or the
Ride Index Wy [29] is usually used which takes into con-
sideration the RMS value of frequency-weighted acceler-
ations on the car-body floor. The weighting functions are
used to reflect the human interpretation of ride comfort.
The human body is most sensitive in the range between 0.5
and 10 Hz. The weighting functions vary depending on
methods and directions.

Rigid car-body modes are generally in a frequency range
around 1 Hz while modes involving car-body deformabil-
ity relevant to ride comfort fall between 8 and 15 Hz [30].
Bogie rigid modes are often in the range of 5 to 10 Hz.
Thus, it is important to properly design the secondary
suspension system to avoid unacceptable levels of ride
quality due to poor separation between different resonance
frequencies. Moreover, the general demand of higher
speeds in rail vehicles requires lighter car-bodies resulting
in lower structural stiffness, which eventually results in
lower natural frequencies. This effect tends to worsen ride
comfort. Once a passive system is optimized, a good way
to improve passenger comfort is the usage of an active (or
semi-active) suspension system to suppress undesired
vibrations coming from the track.

In the literature, different control approaches are used
like Modal control, LQG and H,,, but these concepts may
not be adopted independently. Therefore, in Fig. 8 their
relationship is organized in substructures. Other concepts
exist but they are not considered here. One main distinction
can be found between model-based and non-model-based
controllers. Model-based controls including H,, and LQG
can produce better performances but at the same time they
can suffer from unmodeled behaviours and parameter

Vehicle 3 Vehicle 2 Vehicle 1
/f\q’\'} ﬂ [\¢v" /-\ lb\l
2(6) " 4(5) 2(4) A2 4(3) 2(2) A (1)

Fig. 7 Configuration for inter-vehicle actuation system [25]
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uncertainties. The dashed line in Fig. 8 indicates that a
model-based approach may be used but it is not necessary
to design a sky-hook or fuzzy controller. The second dis-
tinction can be found in the application of a modal sepa-
ration approach. This approach goes by the name of modal
control and will be explained next. In the following, six
categories are introduced and their applications in fully
active control in high bandwidth are shown. The control
concepts are as follows: (a) modal control (b) sky-hook
damping control, (c) linear quadratic Gaussian (LQG)
control, (d) H,, control and (e) fuzzy control. A separate
mention will be given to (f) inter-vehicle actuator control.

(a) Modal control

To help the understanding of the concept of modal control,
the so-called local control, shown in Fig. 9, is introduced
first. In this approach, the global system is not directly
considered. Benefits on the system come from separate
localized actions. In this approach, each sensor-controller-
actuator triplet creates a separate subsystem that has no
direct communications with the others.

In contrast, the target of modal control is to attenuate
different motions efficiently using one common control
strategy. The modal decomposition is achieved by pro-
cessing the acceleration measured at different locations in
the car-body. Then, to suppress each single mode, the
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desired actuation forces will be calculated separately, and
these forces will be superimposed so that finally the dif-
ferent vibration modes can be damped at the same time. An
example of modal control is given in Fig. 10 in which the
modal separation is applied to bounce, pitch and roll
motions of the car-body.

Orvnis applied this idea to design control schemes for
lateral, yaw and roll motions control [31] as well as for
bounce, pitch and roll motions control [32]. The control
scheme proposed and applied in [31] is shown in Fig. 11.
In this scheme, sensors mounted on front and rear position
of the car-body will measure lateral accelerations. Then,
the sum and difference of the two signals are processed to
reflect the lateral oscillation and yaw motion separately.
Then, forces aimed at controlling the motions will be
generated according to sky-hook or H,, control. Moreover,
the lateral acceleration of the bogie is low-pass filtered and
half the bogie mass is used as gain to form the force ref-
erence for HOD function. The idea of modal control is also
applied in the studies by Hammood and Mei [33], Sugahara
et al. [34], Yusof et al. [35], and Qazizadeh et al. [36, 37].

(b) Sky-hook damping control

Sky-hook damping control, also known as absolute damp-
ing, was introduced by Karnopp [38], and is one of the
simplest and most effective control techniques for vibration
isolation. The basic idea on sky-hook control relies on the
concept shown in Fig. 12 centre. To solve the trade-off
problem of passive suspensions between resonance fre-
quency amplitude attenuation and higher frequencies
amplitude magnification, the damper is moved from the
original position of Fig. 12 left to be connected to a virtual
constraint called ‘sky’. In practice, the damper still has to
be mounted between the car-body and the bogie. Thus, a
control force is introduced to produce the same effect of the
desired ‘sky’ configuration. This concept is illustrated in
Fig. 12 right.

Ideally, the sky-hook force applied on the car-body can
be calculated according to Eq. (1).

Fsky = _Cpx27 (1)

where Fyy is the desired force acting on car-body, C, is
controllable damping and x; is the velocity of the car-body
in the lateral or vertical direction.

The ride quality on tangent track can be significantly
improved by applying a sky-hook damper, but the deflec-
tion of the suspension is enlarged on deterministic track
segments like curves and gradients. In a real implementa-
tion, the car-body and bogie velocities are produced by
integration of acceleration. Consequently, the integration
of quasi-static acceleration as the lateral acceleration in
curves must be avoided. The velocities are therefore high-
pass filtered after the integration. This solution will also
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Fig. 11 Modal control considering lateral and yaw motion in
conjunction with HOD [31]

mitigate any thermal drift in the sensors. Figure 13 gives
the workflow for sky-hook damping.

Thanks to the simplicity of sky-hook control, it is the
one that finds application in full-size vehicle tests (Qaz-
izadeh et al. [36, 37] and Sugahara et al. [39, 40]). In

gl
m

ky Cp kp

oL

scientific studies, the sky-hook control is also used as ref-
erence to prove the effectiveness of other refined control
techniques by Gopala Rao et al. [41], Sugahara et al. [39],
[40], Pacchioni et al. [42] and Orukpe et al. [43].

The damping factor (gain) for sky-hook control can be
set as critical damping, but this is not necessarily the best
choice. Efforts are made to improve the performances of
sky-hook control and a few examples are given here.
Linear and nonlinear approaches were explored with dif-
ferent filtering techniques to improve ride comfort and
minimize suspension deflection [44]. Turnip et al. [45]
introduced a sensitivity approach to improve sky-hook
performances at high frequencies. Hammood and Mei [33]
used a gain-scheduling approach based on the difference
between car-body and bogie speeds to improve the per-
formances while Yusof et al. [35] used non-dominated sort
genetic algorithm II (NSGA II) to optimize control gain
and actuator stiffness. With a careful choice of the control
parameters, sky-hook performances can match the perfor-
mances of a linear quadratic regulator (LQR) [41].

Accelerometer ﬁ

Fig. 12 One-DOF problem: passive system (left), ideal sky-hook (centre), and sky-hook damping control (right)
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(¢) Linear quadratic Gaussian (LQG) control

LQG control is a combination of LQR and a Kalman filter
to create a model-based control. The LQG controller is
aimed at optimizing the performances based on specific
penalty values assigned to the state vector x and the input
vector u. It must be mentioned that in many implementa-
tions, the Kalman—Bucy filter or its digital equivalent is
used rather than the more general form of Kalman filter. A
graphical representation of this control is given in Fig. 14.

A successful implementation of LQG was described by
Gong et al. [46], where it was combined with preview
control. It is shown that LQG control is effective in control
of both rigid and elastic modes together over a wide fre-
quency range. An interesting application was studied by
Leblebici and Tiirkay [47]. Here, a lumped track model
was introduced, and it was proven through simulations that
the LQG control can effectively counteract bounce and
pitch motions of the car-body. A quarter car model with
nonlinear suspensions was studied by Nagarkar et al. [48]

Rail. Eng. Science

where NSGA II was used to optimize PID and LQR control
parameters with a multiple objective problem compro-
mising ride comfort, suspension space and control force.
Sugahara et al. [40] compared sky-hook damping and LQG
control both by simulation and test on a full-scale model. It
is shown that LQG control works better when the natural
frequency of the first bending mode of the car-body is far
from the bogie one while the sky-hook damping improves
the response when these two are close to each other. A
similar approach was applied by Pacchioni et al. [42].
Here, it is shown that with a careful choice of the gains
similar effects can be produced by sky-hook and LQG.
Nevertheless, as discussed by Sugahara et al. [39], LQG
control can be a precise control but it can suffer from
unmodeled uncertainty or even dynamics that can cause a
drastic decrease in the controller performances.

(d) H control

H, control is a robust model-based control technique using
measurement feedback to produce a stable controller that
handles unmodeled dynamics of the plant and model
uncertainties. A graphical representation of this control is
given in Fig. 15.

H, was introduced into control theory in the late 1970s.
One of the first applications of H, control to the control of
vehicle modes was carried out by Hirata et al. [49, 50]
where lateral roll and yaw motions were successfully
attenuated in the low-frequency region. This type of control
was extensively used by Kamada et al. [51-53]. Here, the
effectiveness of the control strategy is shown both with
simulations and experimental tests on a 1:6 scale model of
Shinkansen vehicle. The usage of the H,, control is espe-
cially useful for piezoelectric actuators. The robust H,
control overcomes the problem of unmodeled behaviours
and uncertainty on parameters of the piezoelectric actuators
[51]. A H,.-sky-hook control was developed by Leblebici
and Tiirkay [54] showing the possibility of achieving good
amplitude reduction near the resonance frequencies of the
car-body. The development of a H..-sky-hook control is
possible due to the measurement feedback approach. A
comparison in performance evaluation was carried out
between sky-hook control and model predictive control
(MPC) based on mixed H,/H, using linear matrix
inequality (LMI) by Orukpe et al. [43]. It is shown through
simulations that MPC better suppresses the bounce motion
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of the vehicle than the classical sky-hook control while
keeping the suspension deflection within a similar range
and producing comparable forces.

(e) Fuzzy control

Fuzzy logics come from the definition of fuzzy sets which
was first introduced by Zadeh [55] in 1965. By definition, a
fuzzy set is a set to which a variable may belong partially.
This gives the possibility to the fuzzy logic to decide
accordingly to a defined linguistic rule which output
(control input) to choose depending on the combination of
the inputs it takes (error between reference signal and
system output or measurements). A graphic representation
of a fuzzy logic implementation is given in Fig. 16.
Fuzzy logic control was successfully applied by Guclu
and Metin [56] on a tram with a three-bogie configuration.
Good results were presented in time and frequency domain
with simulation results. In a subsequent work Metin and
Guclu [57] compared the results obtained with a PID
control with fuzzy logic control. Both controls are tuned
with the use of genetic algorithms (GAs). It is shown by
simulations that the fuzzy one improves the performances.
A self-tuning fuzzy logic approach was implemented by
Sezer and Atalay [58] achieving good results in terms of
acceleration reduction and proving the robustness of the
implemented approach against car-body mass variation.

The simulation results were shown in terms of time and
frequency domain analysis showing that low-frequency
amplitude was properly attenuated.

(f) Inter-vehicle actuator control

Since the inter-vehicle actuation system has a special
arrangement as shown in Fig. 7, the proposed control
strategy is unique. When actuators connect the adjacent
car-bodies, the motions of the car-bodies are coupled so
that the whole train set should be considered as a complete
system. As each car-body is equally important, control
objectives are multiplied with increasing number of
interconnected car-bodies. The complexity of the system
makes model-based control strategies too complicated to
implement, while multi-objective GAs are introduced and
turn out to be effective [25]. In this work, a three-car-body
train set is studied, where the objective function J is created
considering RMS values of acceleration measured from the
front, middle and rear positions for each car-body.

Each desired actuator force is optimized through GAs to
minimize the objective function. Constraint function could
also be introduced to limit the deflection of suspension in
low bandwidth. In this way, the knowledge of the vehicle
dynamic model is not required. Instead, the control is
purely based on an optimal mathematic model. This control

—————————————————————————————————————————————————————————————————————————————————————————

-------------

Railway Vehicle

.
[
o
[

Over Current .
Inverter

Sensor
Diagnosis

Electromagnetic Car body
Linear Actuator Rear-side

Controller H DMUX T

Inverter

Sensor
Diagnosis

T T

Electronzagnetic Car body
Linear Actuator Front-side

]
I High pass filter H Low pass filter H Mux |
|

— Control Loop

---- Fail-Safe Loop

Acceleration signal

Fig. 17 Fail-safe control scheme for active lateral suspension system [75]

@ Springer

Rail. Eng. Science



Active suspension in railway vehicles: a literature survey

Fig. 19 Actuator replacement in Regina 250 [36, 37]

idea can be applied for other multi-objective control tar-
gets, as is shown in Eq. (2) [59].

J= / (q1a; + g2x3 + rF})dt, (2)

where ay,xq and F, are body acceleration, suspension
deflection and actuator force, respectively, and the coeffi-
cients in front of each index are their weighting factors. So,
through the definition of objective function J, different
control targets can be considered in one scheme.

4.2.2 Fully active control in low bandwidth (hold-off-
device)

Hold-off-device, as a typical application of active control
in low bandwidth, was first proposed by Allen [60]. The
target of this application is to generate a force in the lateral
direction to counteract the movement of the car-body with
respect to the bogie in curves so that the car-body will hold
off the stiff bump stop. Consequently, the ride comfort will
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be improved, and bump stop clearance can be reduced to
increase the width of the car-body. Alternatively, with the
suspension deflection unchanged, the HOD allows for
softer lateral secondary springs which means a better ride
comfort can be achieved. Besides, the instability and risk of
overturning in strong crosswind can be reduced since the
car-body centre of mass position displacement will be
restricted by the reduced bump stop gap.

For the control strategy, the low-pass filters are used to
process the lateral acceleration of bogie or car-body so that
the track layout information will be extracted. Orvnis
calculated the reference actuation force for centring the
car-body as product of car-body mass and bogie lateral
acceleration [31]. A recent work considered the allowed
small deflection of secondary suspension [61]. When lat-
eral displacement exceeds the limit value dj, the HOD will
be activated and provide the actuation force according to
Eq. (3) [62].

Fact = Mcac - K]d], (3)

where M. a. is the product of car-body mass and lateral
acceleration; K; represents the sum of lateral stiffness in
secondary passive suspension.

4.2.3 Semi-active control

For the control of semi-active suspension, the above-in-
troduced full-active control strategies can be referred. The
idea of modal separation, sky-hook control, H,, control,
LQG control, etc., can also be applied in a semi-active
suspension. In the design of control schemes, the features
of a variable damper must be considered. They can be
divided into two types according to the degree of control:
two-state/on—off variable damper and continuously vari-
able damper. The former damper works either with maxi-
mum or minimum damping rate. The control strategy for
this simple damper is decision-making between the two
states, which can be achieved by high-level and low-level
voltage or current signals. In contrast, the continuously
variable damper requires a more complicated control, but it
has the potential to provide better performance. Sky-hook
control is used here as example to further illustrate their
features.

Two-state sky-hook control is the most frequently used
control strategy. The high damping state Cpx and low
damping state Cp,j, are determined by the sign of directions
of car-body velocities (x;) and relative velocity between
car-body and bogie (X, — X1),

C = Cmax Xz(Xg—Xl)ZO
b Cmin

}Q(Jéz — xl) <0
However, Eq. (5) shows a damping force applied on the
car-body which does not fit the definition of sky-hook

(4)
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Fig. 20 Roller rig test in 1:5 scale [86]

control in Eq. (1), since the dampers connect bogie and
car-body and therefore the bogie velocity is involved.

F _ _Cmax(xz - )C]) )Q()Q —)61) ZO
T —Coin(2 — %1)  Xp(d —X1) <0

(5)

This problem can be solved by implementing continuous
sky-hook control shown in Eq. (6), where not only the sign
but also the magnitude of the bogie and car-body velocities
decides the reference damping.

X2
(%2 —x1)
"k — 1)

min |:Cmax ) Cmax:| )&2 (.Xz - xl) > 0
/

C, = :
max |:Cm s Cmin:| X (.X'2 — xl) <0

(6)

This control law can produce the ideal sky-hook
damping force, but it means a higher demand for
adjustable damping technology and an additional
controller for the damper to generate the desired force.
For instance, a magneto-rheological (MR) damper is a
promising technology, but it has strong nonlinear dynamic

behaviour. The input current or voltage is not proportional
to the damping force generated. Therefore, in order to
obtain the reference damping force, the command signals
for the damper need to be pre-calculated [62].

Sky-hook control for semi-active suspension has rela-
tively poor performance in the high-frequency range, so
various improvements of this classic control law have been
proposed. Savaresi introduced acceleration-driven-damper
(ADD) where the acceleration of the car-body was used to
calculate the reference damping [63]. The results validate
the improved attenuating effect in high-frequency vibration
but also confirm the poor performance of this control
scheme in the low-frequency range. Therefore, a mixed
sky-hook and ADD control strategy was proposed to take
advantages of the two controls and provide good results
over a wider frequency range [64].

A bogie-based sky-hook control was compared with the
classic car-body-based sky-hook by Hudha [65]. The sim-
ulation results of a 17 DOF dynamic model show that the
bogie-based control can better attenuate the vibration in
terms of lateral, roll and yaw motions.

Advanced controls are investigated through simulation
to achieve more complicated control targets. A LQG con-
trol law was applied by Wang [66, 67] where a MR damper
was applied to reduce the vibration in lateral, yaw and roll
directions. Three working modes of semi-active control
(passive-off, passive on and semi-active) were compared.
Zong investigated H., and the use of adaptive neuro-fuzzy
interference system (ANFIS) for the control of MR dam-
per. The lateral, yaw and roll acceleration can be reduced
by 30% according to the simulation results [62].

A control strategy for an adjustable damper in primary
vertical suspension was explored for suppressing high-
frequent first bending mode of the car-body vibration
[39, 68]. Through the idea of modal separation, both
bounce and pitch motions of the bogie are controlled
according to the sky-hook control. Although any mea-
surement of car-body vibration is not required in this

frame

! Variable primary
vertical damper

Fig. 21 Roller stock test plant [68] (left) and installation of semi-active primary vertical damper [40] (right)
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Table 1 Six concepts of active primary suspensions

Wheelset types Configurations of active primary

suspension

Actuated solid-axle wheelset (ASW)
Secondary yaw control (SYC)
Actuated yaw force steered bogie (AY-FS)

Solid-axle wheelsets

Independent rotating
wheels

Actuated independently rotating wheels
(AIRW)

Driven independently rotating wheels
(DIRW)

Directly steered wheels (DSW)

control, its vertical acceleration between 5 and 10 Hz can
be suppressed. Then, LQG control with tuned weighting
function turns out to be more effective for attenuating the
first bending motion at 8.5 Hz than sky-hook control. In
addition to this semi-active damper dealing with car-body
flexible modes, the air spring with controllable orifice valve
is applied simultaneously to cope with rigid motions at low
frequency.

4.3 Implementation of active secondary suspension

4.3.1 Implementation of active secondary suspension
in lateral direction

In the late 1970s and early 1980s, British Railways Tech-
nical Centre in the UK carried out a series of theoretical
and experimental studies on active suspension [69]. The
assessment methods for ride comfort and the limitations of
passive suspensions were thoroughly analysed. Experi-
mental tests for both vertical and lateral active suspension
were undertaken considering different actuator technolo-
gies. In the vertical direction, electromagnetic actuators
were mounted on a Mark III coach with BT10 bogies in
parallel with the air springs. An alternative solution was

also explored where an air pump actuator can vary the
pressure and volume of air spring by an electric motor.
According to the measured acceleration, around 50%
vibration reduction can be achieved at 1-2 Hz. For the
lateral active control, servo-hydraulic actuators were
placed in parallel with air spring, and the vibration between
0.5 and 2 Hz was significantly reduced. A specially
designed electro-mechanical actuator was involved in the
field test for lateral active suspension and proved fail-safe
when a failure of the control system occurred.

In the 1990s, Fiat Pendolino implemented a HOD
function through pneumatic actuators in addition to tilting
technology in operation. In a later stage, the centring
function was integrated with the tilting devices [4].

In the mid of the 1990s, Siemens in Austria performed
field tests on a prototype vehicle where tilting, lateral
centring, and lateral and vertical semi-active technologies
were put together [70-72]. The integrated active control
strategy improved the overall dynamic performance.

KTH and Bombardier Transportation in Sweden have
explored and developed active suspension in the program
Green Train since 2005 [73]. Active lateral suspension and
active vertical suspension were implemented on Regina
250 trains and tested in the line from 2007 to 2013
[31, 37, 74]. The HOD function was incorporated in the
suspension to centre the car-body above the bogies in
curves. The field tests were performed in curves with radii
changing from 300 m to 3200 m showing that the maxi-
mum lateral displacement of the car-body could be reduced
from 50 mm to 25 mm, and significant improvement of
ride comfort was observed as the contact of bump stop
could be avoided. An active lateral suspension similar to
the one tested in the Green Train project is now in use in
the ETR1000 high-speed trains in Italy.

In recent years, Korea Railroad Research Institute carried
out roller rig tests and field tests for active lateral suspension
[75]. Electromagnetic actuators were implemented, and sky-
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Fig. 22 General mechanical arrangements for actuated solid-axle wheelset (ASW)
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Fig. 24 Yaw relaxation scheme [96]

hook control was applied in these experiments. Both urban
vehicles and intercity vehicles were tested on a roller rig at
70 km/h and 100 km/h, respectively. The lateral accelera-
tions were reduced by 7 dB for both types of vehicle. The
intercity vehicle was then tested on track at speeds of
90-100 km/h, showing a good agreement with measured
results on rig tests. A fail-safe control scheme was proposed
and examined in the field test. When the vehicle speed and
actuator temperature signals exceeded beyond the ‘yellow’
or ‘red’ threshold, the control commands for active suspen-
sion were reduced (60%) or deactivated. Redundant sensors
were also implemented to achieve the fail-safe target as
presented in Fig. 17.

Japan started the research for active suspension in the
1980s and has launched the first commercial train with
fully active suspension in early 2000.

In the beginning of the 1980s, the old Japanese National
Railways (JNR) tested lateral active suspension with
pneumatic actuators which halved the vibration at 120 km/h
[76]. After the privatization of JNR, the JR-East in 1991
made field tests on Series 400 EC train where pneumatic

@ Springer

actuators and H,, control were implemented for full-active
suspension in lateral direction at maximum test speeds up
to 240 km/h. In 1993, a new field test on Star 21 with a
maximum speed 425 km/h was carried out. Both tests
showed that 50% or more lateral vibration can be sup-
pressed by active suspension. At the same time, JR West
installed lateral pneumatic actuators in the test train WIN
350 and prototype of Series 500 EC [77]. Hitachi tested an
active suspension with hydraulic actuators on WIN 350.
Kawasaki Heavy Industries made field tests on the test
Train 300X also with hydraulic active suspension based on
the H,, control law. These activities were the major field
tests before the real implementation of active suspension.
Research about rig tests and investigations of H, control in
the same period can be found in [50, 78].

In 2001, the commercial operation of Series E2 and E3
Shinkansen trains started using fully active lateral suspen-
sion. In these vehicles, pneumatic actuators are implemented
on the end cars and the green car (first class car). Semi-active
suspensions have been installed in all cars [79]. Hy, control is
adopted to eliminate the yaw and roll car-body vibrations.
After that, the fully active suspension was further explored
and developed in the project Fastech 360, aimed at devel-
oping higher speed trains. The test trains 360S and 360Z had
electromagnetic actuators with high bandwidth installed
[80], while electro-mechanical actuators are applied in Ser-
ies E5 and E6 in 2011 and 2013 [81].

4.3.2 Implementation of active secondary suspension
in vertical direction

Regarding the active suspension in the vertical direction,

extensive tests on a 1:6 scaled Shinkansen vehicle were
performed by Kamada et al. [S1-53]. In their studies, the
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Fig. 25 Secondary yaw control (SYC)

control strategy applied was a robust H,, modal control.
The 1:6 scaled experimental set-up is shown in Fig. 18.

Firstly, five modes were considered: two rigid modes
and three elastic modes [51]. A weighting function for
disturbance suppression (W) was chosen separately for
each considered mode. A combination of linear and 20
stack piezoelectric actuators was used. The tasks were split
between the two different actuators types. Linear actuators
were used to control the two rigid modes while the
piezoelectric ones were used to suppress the three elastic
modes. Subsequently, the usage of pneumatic actuators in
parallel with the air spring was considered [52]. Despite
rigid body modes were effectively suppressed, the control
performance became worse near the elastic vibration
modes due to the nonlinearity of the electric-pneumatic
valve. Lastly, air suspensions were directly used to control
the first and second rigid modes and the first bending mode
[53]. The air spring was controlled by adjusting the air
pressure, and accelerometers were placed at the edges and
the centre of the 1:6 scaled vehicle. Satisfactory results
were obtained for the 1:6 scaled vehicle and for a simulated
full-size vehicle. Here, a careful model of the pressure
valve should be considered.

On-track tests of a vehicle with active vertical secondary
suspensions were reported by Qazizadeh et al. [36, 37].
Here, secondary lateral and vertical dampers were replaced
by electro-hydraulic actuators on the high-speed train
Regina 250. A view of the actuator installation is given in
Fig. 19.

A modal sky-hook approach was used on a two car-body
train in which one car was equipped with conventional
suspension and the other with the active devices. Accel-
erations were measured on the car-bodies above the
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Fig. 26 Actuated yaw force steered bogie (AY-FS) [104]

secondary suspensions. The measurements were performed
at speeds up to 200 km/h, showing 44% reduction of
weighted vertical acceleration compared to the passive
reference car.

4.3.3 Implementation of semi-active suspension

In the early 1990s, UK started an initial exploration of
semi-active suspension on a test rig in GEC-Alstom
Engineering Research Centre [82], with the purpose of
studying the potential of semi-active damper in secondary
lateral position. In the experimental work, a simplified
scaled test rig was applied where an electro-hydraulic
actuator produced excitation to simulate the bogie vibra-
tion. A two-state damper was realized by external pipework
and solenoid valve enabling high and low damping. An
interesting control strategy was proposed based on one
single lateral velocity of the car-body. A threshold value
was to switch between high and low damping rate. This
switch damper scheme was shown to produce more than
25% improvement of the lateral ride index.

In the middle of the 1990s, on-track tests of secondary
lateral semi-active suspension on a X2000 train set were
carried out in Sweden [83]. A control strategy based on
sky-hook law was applied to attenuate the lateral and yaw
motions of the car-body. A mixed hydraulic and electro-
magnetic actuator was created to enable continuously
variable damping rates. In the field test, semi-active devi-
ces were mounted on the driving trailer at the end of the
train set. The RMS values of lateral acceleration decreased
by 30% from 0.8 to 2 Hz but increased below 0.8 Hz.

At around the same time, Austria Siemens carried out
field tests for semi-active suspension [70-72]. Two lateral
and two vertical hydraulic dampers with continuously
adjustable damping valves were mounted on the vehicle in
addition to the electro-mechanical tilting and pneumatic
lateral positioning devices on the prototype bogie SF 600.
The ideal damping force was calculated based on sky-hook
control, and a lookup-table method was used to produce
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demand current signals. Field measurements showed that
the ride quality improvements in the range of 15% in terms
of RMS acceleration.

In Korea, studies for semi-active suspensions through
rig tests and field tests in the last decade were carried out in
the last decade [84—88]. Shin et al. [84-86] carried out 1:5
scaled (Fig. 20) and full-scale [86] roller rig tests to study
the effects of semi-active lateral suspension with MR
dampers at different speeds. The classic sky-hook control
and later H,, control were applied to suppress the vibra-
tion. After that, a field test to evaluate ride quality was
carried out [88]. The semi-active MR damper with sky-
hook control scheme could provide more than 29%
improvement of weighted acceleration compared to the
passive system.

Japanese researchers started to explore semi-active
suspension technologies in the early 1990s and the tech-
nologies have been applied in commercial use since the end
of the 1990s [77].

In 1994, JR-West used the test train WIN350 to explore
the performance of semi-active suspension where 6-level
variable dampers were implemented. The control was
based on the sky-hook control law, showing 30% vibration
reduction at a speed of 300 km/h with no influence on
safety. Later, this system was implemented on Series 500
Shinkansen EC trains.

JR-Central installed semi-active suspension on Series
300 EC in 1994 for field tests, with similar variable dam-
pers similar to the ones of JR-West. An improvement was
achieved by introducing delay compensation and a band-
pass filter to achieve a larger controllable frequency range.
Series 700 Shinkansen EC trains have this system installed
and are in operation since 1999.

To explore the concept of semi-active control for pri-
mary vertical damping introduced in Sect. 4.2.3, a Shin-
kansen vehicle was tested recently on a roller rig and in the
line. Field tests were carried out on a line having a rela-
tively poor track quality, to verify the effectiveness of the
scheme [27, 39, 89]. The semi-active primary suspension
can selectively reduce the vibration of the first bending
mode of the car-body, and with tuned LQG controller, the
rigid car-body motions can also be attenuated to some

Table 2 Comparison of different schemes for perfect steering control

degree. The roller rig test and installation of semi-active
damper are shown in Fig. 21.

5 Active primary suspension

5.1 Solid-axle wheelsets versus independently
rotating wheels

For conventional vehicles with passive suspension system,
a compromise between stability and curve-negotiation
behaviour has to be made even if passive steering mecha-
nisms are implemented [90]. In contrast, controlling
wheelset kinematics by applying active suspension can
provide flexible solutions to ensure stability and good
curving behaviour at the same time. The implementation of
active primary suspension is expected to produce greater
monetary benefits than active secondary suspension due to
its relation to the wheel-rail contact. The wear between
wheel and rail will be significantly reduced and rolling
contact fatigue tends to be improved, contributing to cost
saving for both vehicles and infrastructures [91].

The wheelsets can be generally classified into two types
according to their mechanical structures: Solid-axle
wheelsets and independently rotating wheels. For solid-
axle wheelsets, the two wheels rigidly mounted on the
same axle will have the same rotating speed. Consequently,
longitudinal creepage is produced enabling guidance and
self-centring capability. However, longitudinal creepage
causes hunting instability and undesired wear of wheel and
rail during curve negotiation. In contrast, independently
rotating wheels are free to have different rotational speeds
leading to a virtual absence of longitudinal creepage,
eventually losing guidance and self-centring ability and
increasing the risk of flange contact.

In general, in the design of active primary suspensions,
for solid wheelsets, ‘stability’ and ‘steering’ are two issues
to be considered while for independently rotating wheels,
‘guidance’ is required too.

Because of the natural difference between solid-axle
wheelsets and independently rotating wheels, it is intuitive
to split the active primary suspension section into two
parts. In Sect. 5.2, active solutions for solid-axle wheelsets

Control target Measurement

Wheelset lateral displacement

Zero yaw moment applied from
primary suspension

Ideal angle of attack

Equal lateral displacement and angle
of attack

Wheel conicity, curve radius, and lateral displacement of wheelset
Actuation force, and spring force (stiffness and deflection of spring)

Curve radius, cant deficiency, creep coefficient, angle of attack

Attack angle and lateral displacement of wheelset/lateral and longitudinal forces of primary suspension/
lateral and longitudinal deflection of primary suspension
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Table 3 Comparison of three control strategies for stability

Control name Input/measurement

Output

Active lateral damping
Active yaw damping
Sky-hook spring/absolute stiffness

Yaw angular velocity of the wheelset
Lateral velocity of the wheelset

Absolute yaw angle of wheelset

Lateral force proportional to input signal
Yaw torque proportional to input signal

Yaw force proportional to input signal

are presented while solutions for independently rotating
wheels are described in Sect. 5.3. Six configurations are
considered in total and they are summarized in Table 1.

5.2 Active primary suspension for solid-axle
wheelsets

5.2.1 Principles and configurations

(a) Actuated solid-axle wheelset (ASW)

For solid-axle wheelsets, ASW is the most extensively
studied configuration where either yaw torque or lateral
force is applied directly to the wheelset to control the yaw
and lateral motions so that curve negotiation and stability
will be improved [3]. This principle can be realized by
three general mechanical arrangements. Yaw torque could
be applied directly by one yaw actuator mounted between
bogie and wheelset as shown in Fig. 22a or in a more
practical way utilizing two actuators in the longitudinal
direction at the ends of the wheelset, as indicated in
Fig. 22b. Since wheelset yaw motion and lateral motion are
coupled, implementing lateral actuators (see Fig. 22c) is
another way to achieve the motion control of the wheelset.
However, a study [92] based on a simplified two-axle
vehicle model concluded that the lateral actuation requires
a larger force to achieve the same stability of the vehicle
than the yaw actuator. Moreover, when this scheme is used,
a deterioration of the ride quality can be expected and the
installation space for lateral actuators would be an issue.

Among the three schemes, arrangement (b) is the most
favourable idea from which some new specific schemes
have been proposed as shown in Fig. 23.

In the left scheme shown in Fig. 23, introduced by Park
et al. [93], each wheelset has one longitudinal actuator. The
mechanical linkages are designed to transfer the mutually
opposite actuation force on the left and right ends of each
wheelset. Therefore, there is only one actuator imple-
mented for each wheelset. In the right scheme, introduced
by Umehara et al. [94], a more elaborately designed set of
connecting rods couples the front and rear wheelset motion
so that only one actuator is required for each bogie to
achieve the steering effect. Reducing the number of actu-
ators by introducing articulated mechanical linkages can
save installation space and cost for actuation system.
However, implementing fewer actuators means higher
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performance requirements for each actuator, such as higher
maximum force and maximum pressure, but it still has
potential to improve the reliability of the whole system.
When the number of actuator is reduced, the installation
space and cost can be saved for fault-tolerant actuators with
redundant structures. This is an important aspect in the
practical design process [95].

In the concept of ‘yaw relaxation’ [96], as shown in
Fig. 24, a spring is arranged in series with a longitudinal
actuator connecting the axle to the bogie frame. On tangent
track, the stability is ensured by the passive spring and high
stiffness of the actuation system working in low bandwidth
frequency range or passive mode. In curves, the actuation
works in active mode and can steer the wheelset with low
force.

If the primary spring remains in parallel with yaw
actuators in the longitudinal direction to ensure the stability
of the vehicle, a higher actuation force is required to cancel
out the action of the passive spring in curves. However,
having a passive suspension in parallel to the actuator is an
efficient approach to guarantee fault tolerance of the active
suspension, which is crucial for the implementation of
ASW [95]. In real design of a primary suspension, longi-
tudinal stiffness of the passive spring is difficult to be
completely removed, because of the existence of either coil
spring or rubber spring required to bear the vertical load.
Nevertheless, reducing conventional longitudinal stiffness
is instrumental to achieve lower actuation force as shown
in [97, 98].

(b) Secondary yaw control (SYC)

Secondary yaw control was firstly proposed by Diana et al.
in order to improve stability in tangent track and curving
performance of a tilting train [99, 100]. Yaw torque from
car-body to bogie is produced by two longitudinal electro-
mechanical actuators in the position where the original
passive yaw damper is mounted. This scheme is also called
active yaw damper (ADD, in German: ‘aktiver Dreh-
didmpfer’). A schematic of this concept is shown in Fig. 25.
The concept SYC can enhance the vehicle critical speed
and reduce track shift forces. Since the motion of the
wheelset is uncontrolled, the steering effect is not as
effective as ASW, but the improved stability can allow
lower primary yaw stiffness and consequently lead to an
improvement of the curving performance. Although it is
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Fig. 27 Actuator device for steering [97] (left) and prototype of steering bogie [107] (right)

reasonable as well to classify the SYC into active sec-
ondary suspension, the target of SYC is to improve stability
and reduce track shift forces in curves rather than
improving ride quality. Therefore, this control scheme is
closer to the nature of active primary suspension.

Sharing the similar idea of SYC, a new active control for
a bogie is proposed to improve the stability as is introduced
in [101]. In this work, two inertial actuators are applied in
lateral direction on the front and rear beam of the bogie
frame. Simulation results proved the enhancement of sta-
bility and recently a scaled roller rig test demonstrated a
reduced lateral displacement of the bogie [102].

(c) Actuated yaw force steered bogie (AY-FS)

Based on SYC, a new active suspension AY-FS was
proposed by Simson for heavy hauling locomotives
[103—105]. In this concept, force steering linkage is
implemented with SYC. It can be seen as a combination
of SYC and passive steering linkages through which
wheelsets can be forced into an ideal position according to
the kinematic relationship between bogie and car-body, as
presented in Fig. 26. This concept can significantly
improve the curving behaviour of locomotives with high
tractive effort.

5.2.2 Control strategies for steering and stability

The control strategy varies according to the control targets,
from which different strategies are classified into two main
categories: (a) control strategies for steering and (b) control
strategies for hunting stability.

a. Control strategies for steering

The fundamental objective of implementing an active
primary suspension is often to improve the curving
behaviour. Wear number/wear index and equality of track
shift force among different wheelsets are often used to
assess the vehicle’s curving behaviour. Different principles
of steering introduced in literature are summarized below:
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(a.1) Radial control, (a.2) Perfect control, (a.3) Steering
control in locomotives, and (a.4) Other controls

a.l1 Radial control

The idea of radial control is to steer each wheelset to
achieve a radial position in curves. In other words, the
attack angle of wheelset should be as small as possible.
Based on this idea, some schemes of steering bogies by
means of passive linkages or coupling of wheelsets have
been proposed. Well established is for example the design
of Talgo [106]. However, theoretically this control concept
produces perfect curving behaviour only when cant defi-
ciency is zero which seldom is the case in real operation.
An appropriate small angle of attack is needed to produce
lateral creep force that can balance the un-compensated
lateral force in normal cases. Despite its simplicity, this
control scheme has been shown to provide significant
improvement for curving behaviour [107].

a.2 Perfect steering control

The perfect steering defined by Goodall and Mei [59]
points out that the longitudinal creep forces on wheels on
the same axle should be equal to zero if no traction or
braking force is applied. Meanwhile, the equal lateral creep
force on each wheelset should be achieved. However, in
operation, direct measurements of creep forces are very
difficult. Therefore, some equivalent indicators that can be
formulated for perfect steering conditions are proposed and
summarized as below.

e Perfect control based on wheelset lateral position

Zero longitudinal force (without traction and braking force)
and equal lateral forces mean pure rolling of each wheel.
To achieve the pure rolling, a yaw torque can be applied to
control the lateral position of the wheelset [108, 109].

Under the assumption that the wheel is a straight cone
[93], the needed lateral displacement of the wheelset can be
calculated according to Eq. (7):
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where e is the half track clearance; r( represents the rolling
radius; /4 refers to the wheel conicity, and R is the curve
radius. In this control, wheel conicity and lateral dis-
placements of the wheelset may be difficult to measure or
estimate. The approach was used for a two-axle vehicle
where a scaling procedure based on vehicle speed and
estimated curvature was applied to improve the stability of
a PID controller in different running conditions [110].

e Perfect control based on yaw moment applied from
primary suspension

This control strategy was first proposed in the previously
mentioned yaw relaxation method by Shen and Goodall
[96] and some following studies were carried out by Perez
and Shen, respectively [108, 109].

The force applied on the wheelset can be divided into
two parts: the force from the wheel-rail contact, and the
force transmitted from the bogie through the primary sus-
pension. The two creep forces pointing in opposite direc-
tion on the two wheels exert a yaw torque but in the ideal
steering condition this torque should be zero. If the inertia
force of the wheelset is neglected, the yaw torque gener-
ated by the primary suspension should be reduced to zero.
In other words, to make the wheelset take the pure rolling
position, the yaw motion of wheelset is set to free.
Therefore, this control is also known as yaw relaxation.
The measurement of this yaw torque can be realized by
calculating the longitudinal forces applied on the axle box.
The actuation force could be measured from the actuation
system, and the spring force could be obtained by mea-
suring the deflection of the springs and the knowledge of
the stiffness characteristics. A measurement error could be
introduced because stiffness varies at different load levels.

e Perfect control based on ideal angle of attack

Equal ideal angle of attack for each wheelset is another
indicator for equal lateral contact force on both wheelsets in a
bogie [109]. The ideal angle for each wheelset is determined
by track data (curvature and super-elevation), cant defi-
ciency (vehicle speed) and creep coefficient. Feedforward
control could be implemented to simplify the control design
and avoid instability of the system. However, many inaccu-
rate measurements of these parameters and uncertainty of
primary suspension stiffness can cause ineffectiveness of the
control. Therefore, the application of feedback control will
improve the effectiveness of steering.

e Perfect control based on same position/movement of
wheelsets

In this control strategy, neither ideal angle of attack nor
ideal lateral displacement is required. Instead, zero
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difference of the angle of attack and lateral displacement
between the wheelsets is prescribed as the control target.
The force or deflection of the primary suspension in lateral
and longitudinal direction can be measured as alternative
solution to eliminate the difference of wheelsets motions.

In summary, the above-mentioned four strategies are all
based on the same principle about creep forces. In the ideal
condition that all the parameters can be accurately mea-
sured, all four control strategies can provide perfect
steering effect. If sensing issues and uncertainty of mea-
surement are considered, the steering effect of these control
strategies could be deteriorated and present different
characteristics. Table 2 compares the above control
schemes.

The above four control strategies are proposed because
of the difficulty to measure creep forces. With some
specific filtering methods being proposed for estimation of
creep forces [111], the estimated creep forces can be
directly considered as a control target to achieve the perfect
steering control [98].

a.3 Steering control in locomotives

Even though perfect steering in (a.2) can be applied in a
abroad range of railway vehicles, it may not be suited well
for hauling locomotives. Because of the significant tractive
effects in longitudinal directions, heavy haul trains in curves
have longitudinal and lateral forces on couplers which will
generate a yaw moment [103]. However, this moment
cannot be balanced in the concept of perfect steering where
equal longitudinal and lateral creep forces are required.

Given that, Simson et al. proposed two steering princi-
ples for locomotives. ‘Modified perfect locomotive steer-
ing’ was firstly proposed as modification of perfect
steering. It requires equal longitudinal creep force at each
wheel and equal lateral creep force for the wheelsets in the
same bogie. In other words, it allows different lateral forces
generated from front and rear bogies so that the yaw
moment can be balanced. However, the equality of longi-
tudinal force will limit the utilization of adhesion, as the
vertical load of each wheel varies in many operations.

To solve this problem, ‘Ideal locomotive steering’ was
proposed where the requirement for equality of longitudi-
nal creep forces is released but its direction should be kept
the same as the traction force. This strategy allows more
flexible positions of the wheelset and can minimize the
creep forces. Moreover, flange contact can be avoided
effectively even in tight curves and the risk of derailment is
said to be reduced [103].

a.4 Other controls

For the scheme SYC, reducing/equalizing track shift forces
of the two axles on the same bogie is the major control
target. When the vehicle passes a specific curve radius with
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a particular non-compensated acceleration, the reference
actuation force will be obtained from a lookup
table derived from a large number of simulations consid-
ering different operational scenarios [100].

Regarding the scheme AY-FS, a reference yaw angle of
the bogie can be calculated according to the position of the
bogie in the curve. A PID controller is introduced to
achieve the target angle. The control idea based on sensing
longitudinal forces can be found in [104, 105].

b. Control strategies for hunting stability

The self-excited oscillation of solid-axle wheelset intro-
duces hunting instability of the vehicle system. Achieving
stabilization is the primary interest of active primary
suspension apart from steering. The yaw angle, lateral
velocity and yaw angular velocity of the wheelset are three
indicators for wheelset instability. Three corresponding
control strategies are proposed to stabilize the kinematic
modes of the wheelset.

Active lateral damping and active yaw damping are two
similar control strategies. The former one applies a lateral
force that is proportional to the yaw velocity of the
wheelset, while the latter one introduces yaw torque pro-
portional to the lateral velocity of the wheelset. The sta-
bilization effects of these two control strategies are
theoretically verified in [3] based on a model of a two-axle
vehicle. The active yaw damping is preferable to active
lateral damping as it requires lower actuation force and can
produce better ride quality [92]. The active yaw damping
effect was also validated with tests by Pearson et al. [112].

The third stability control strategy named ‘Sky-hook
spring’ (also known as ‘Absolute yaw stiffness’) is inspired
by the ineffectiveness of passive yaw stiffness [44, 113]. In
a passive primary suspension, springs produce yaw force
that is proportional to the relative rotation between bogie
and wheelset, but an ideal yaw force should be proportional
to the absolute yaw motion of wheelset. Increasing stiffness
of the spring can enhance the effect of yaw force and
thereby the stability will be improved, but the effect will
still be deteriorated by the motion of the bogie. In order to
solve this issue, ‘Sky-hook spring’ was proposed [113].
The yaw force acting on the wheelset is proportional to the
measured absolute yaw angle of the wheelset with a high-
pass filter to remove the low-frequency signal from curv-
ing. Table 3 presents the above three control strategies.

In SYC, the stabilization of the vehicle is achieved by
two longitudinal actuators used to mimic secondary yaw
dampers. The reference forces of actuators can be calcu-
lated according to Eq. (8):

Fref == _(varel + mvax), (8)

where vy is relative velocity between bogie and car-body
and ¢, is a gain like viscous damping. The delays from

@ Springer

sensors and action of the actuator are compensated by
introducing term mya, [100].

The control principles for stability and steering are
separately summarized above, while the control of actuator
behaviour can also be realized by adopting a controller like
H,. The efficiency of H, has been investigated for a
conventional bogie vehicle (Mousavi et al. [114]) and two-
axle vehicle (Qazizadeh et al. [115]), where the improve-
ment of curving performance can be achieved with reduced
actuation force.

5.2.3 Implementation

Except for the concept of SYC, there is no commercial
application of active primary suspension, but significant
new progress has been made since the last review work in
2007 [4].

SYC has been tested on a full-scale roller rig and track
[99, 100, 116] in the early 2000’s. Reduced wheelset
guiding force and improved vehicle stability were con-
firmed in the tests. Siemens has implemented active yaw
damper (ADD) into electric locomotives (types ES64F4
and ES64U2 [117]) and intends to use this system for the
new locomotive generation ‘Vectron’.

In recent years, the concept of ASW received more
attention. In the following, roller rig tests and field tests
carried out in different countries are described.

Umehara et al. [94] developed a steering truck based on
the scheme shown in Fig. 23 right. For each bogie, there is
only one electro-hydrostatic actuator (EHA) which is
designed through special circuit and valves to rule out any
risk of inverse control of actuators [118]. If inverse steering
occurs, the actuator will produce no force, i.e. the actuation
system is fail-safe. A test was carried out at 10 km/h on
tangent track to validate the fail-safe function of the EHA
actuator, showing no increase in wheelset guiding force in
case of inverse steering control.

At around 2010, the Korea Railroad Research Institute
carried out an experiment on a 1:5 scaled roller rig test
based on the mechanical arrangement shown in Fig. 23 left
[93]. A perfect steering control based on ideal lateral dis-
placement of the wheelset was implemented, with the
assumption of perfectly coned wheels. Electromagnetic
linear actuators are applied in this experiment. The test
demonstrated improvement in terms of wheelset lateral
displacement and guiding force.

After this work, a series of studies focusing on a new
steering arrangement were performed ranging from simu-
lations to on-track tests. The control strategy is based on
the radial position of wheelset in curves as introduced in
Sect. 5.2.2 (a.1). A real-time curve radius estimation
method is proposed where the only measurement is relative
displacement between two points from car-body and bogie,
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respectively [97]. A special electro-mechanical actuator
was created in which the rotation of a drive motor is used
together with linkages to achieve the linear motion of rods
at both ends, as shown in Fig. 27 (left), different from a
conventional linear actuator. By doing so, there is only one
actuator device at each side of the bogie. Additionally, a
primary rubber spring is redesigned to achieve lower lon-
gitudinal stiffness. Figure 27 (right) presents the prototype
of the steering bogie, which was firstly put on track for a
stationary experiment to examine the movement of the
actuation system [119]. The curvature signal measured in
advance was sent to the control system to simulate the real
track information, and then, measurements were carried out
for yaw angle of wheelset and actuation force. Considering
maintenance and cost of the yaw angle measurement sys-
tem, a feedforward control is adopted for controlling the
displacement of the actuator. Therefore, the measurement
of the wheelset yaw angle is only to assess the wheelset
movement. The maximum error between reference steering
angle and the measured one is 8%. Moreover, the controller
has a self-diagnosis function. When an error signal is
identified, the actuation system will switch into passive
bogie mode.

A recent publication [107] presents experimental results
carried out on a commercial line. The curvature estimation
and steering angle are satisfactory with a maximum error of
2.4% and 4.9%, respectively. The wheel lateral force is
significantly reduced, and a total of 1000 km test runs
showed negligible flange wear on the wheels.

In China, CRRC has presented a prototype of the next
generation of metro vehicle ‘Cetrovo’ which is equipped
with an active steering system [120]. Dr. Wang Xu, a
senior engineer in R&D Center, CRRC Qingdao Sifang Co.
Ltd. presents us the recent progress. The steering system
adopts hydraulic servo actuators. The reference displace-
ment of the actuator is computed according to the track
curvature that is obtained through the utilization of track
curvature database and geo-localization technology. Initial
field tests have been finished recently, showing significant
improvement in terms of wheelset guiding force and noise
from the wheel-rail contact.

Bombardier has developed a double-deck train called
TWINDEXX [121] where active steering is implemented.
However, no further technical information has been pub-
lished so far and the current development status is
unknown.

It should be noted that when approaching the final
implementation of active primary suspension, a serious
look at fault tolerance of active suspension systems should
be taken. While beneficial effects have been confirmed,
safety critical issue must be dealt with properly at the same
time. Some fail-safe designs have been made in the above-
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mentioned works. In the future, continuous attention should
be put on fault-tolerant design of actuation system.

5.3 Independently rotating wheels

Apart from implementing active primary suspension for
solid-axle wheelsets, independently rotating wheels is
another solution to overcome the well-known trade-off
problem between running stability and curving perfor-
mance. Compared to solid-axle wheelsets, a change in the
wheelset configuration enables the wheels on the same axle
to independently rotate with respect to each other. In this
way, the dependency between the yaw and lateral move-
ment of the wheelset is removed, virtually eliminating the
longitudinal creep force at the wheel-rail interface. Thus,
pure rolling is no more dependent on the lateral position of
the wheelset, which significantly reduces wear and also
inhibits hunting motion (Goodall and Mei [122] and Pérez
et al. [123]). Additionally, if the use of two-axle railway
vehicles is considered together with IRWs, as described by
Kurzeck and Valente [124] for the ‘Next Generation Train’
(NGT) project, a double-deck train set configuration with
continuous low floor is possible. One of the first applica-
tions of IRW was presented in 1941 by Talgo in which
passive steering capability was achieved by linkages
between wheels [106]. Talgo’s first solution is shown in
Fig. 28. IRWs are also applied to low speed applications
such as tramways [125].

Nevertheless, some drawbacks are generated when the
constraint between the wheels is removed. The absence of
coupling between the wheels leads to the loss of the self-
guidance ability [122, 123] that will eventually lead to
flange contact. It is further demonstrated by Goodall and
Mei [122] through the usage of a linearized model of a two-
axle vehicle that dynamic instability is still present for the
IRWs configuration. Moreover, the longitudinal creep

Fig. 28 Talgo solution of 1941 [106]
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forces on the wheel-rail interface cannot be completely
removed and can still affect the stability of the wheelset
[126, 127]. Active solutions for IRWs were first introduced
by Mei and Goodall [3, 92]. The absence of self-guidance
capability and the risk for dynamic instability will lead to
poor ride, noise and wear, and must be addressed, either by
passive design as done by Talgo or by active control. This
aspect is clearly pointed out in the literature by Mei and
Goodall [92], Goodall and Mei [122] and Gretzschel and
Bose [128].

In order to achieve guidance and stability, different
types of mechatronic configurations of the IRW can be
used. As defined by Bruni et al. [4, 129] and subsequently
adopted as definitions, it is possible to divide the active
primary suspension related to the IRWs in three main
categories: AIRW [92], DIRW [128] and DSW [130].

Other passive designs than Talgo’s one exist (differen-
tial coupling wheelset [131], apparently independently
rotating wheels [132], inverse tread conicity [133]), but
they are not concern of this work.

5.3.1 Principles and configurations

(a) Actuated independently rotating wheel (AIRW)

The concept of AIRWs (Fig. 29) is based on the possibility
of controlling the yaw and lateral displacement of the
common axle on which the independently rotating wheels
are mounted with an external actuator. This can be done
either by the direct application of a torque to the axle
(Goodall et al. [122, 134, 135] and Mei et al. [136]), or use
of a linear actuator (Pérez et al. [123, 137]). The example
of Fig. 29 shows this last possibility. The possibility of
using a semi-active approach was shown by Mei et al. [§]
where MR dampers are considered. Using a two-axle linear
model, it was proved by Mei and Goodall [92] that the
torque required to steer the AIRW is lower than the one
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required by a solid-axle vehicle due to the early zero lon-
gitudinal creep forces. A combination of AIRW and DIRW
was though presented by Perez et al. [137].

(b) Driven independently rotating wheel (DIRW)

The concept of DIRWs (Fig. 30) is based on the possibility
of controlling the speed of the two wheels of one axle
autonomously. This was done firstly by applying a
differential torque provided by electric servomotors
through a gearbox connecting the two wheels by Gret-
zschel et al. [128, 138]. More recently, thanks to the
advances in asynchronous induction motor control meth-
ods, an AC motor is assigned to each wheel. These are then
used to provide traction, wheel guidance and stability
control. The motors can be externally mounted and
connected to the wheelset through a gearbox (Pérez et al.
[137], Liang et al. [139, 140], Ahn et al. [141], Lu et al.
[142] and Farhat et al. [98, 143]) as shown in Fig. 30 or
embedded inside the wheels (Mei et al. [144], Ji et al. [145]
and in the ‘Next Generation Train’ project in [124],
[146-149]). The absence of additional actuators leads to a
reduction in the space required by the wheelset frame, and
to the possibility to provide both traction and control within
the same system reducing cost and improving reliability.
The DIRW solution is therefore an attractive solution and
has been the subject of extensive studies in recent years.

(c) Directly steered wheels (DSW)

The concept of DSW (Fig. 31) involves the removal of the
common axle between the wheels which is replaced by a
frame on which the two wheels connected by a track rod
are mounted. In this way, the two wheels can be directly
steered. An actuation can be provided applying a displace-
ment to the steering rod (Aknin et al. [130] and Wickens in
[150], [151]) as shown in Fig. 31 or by applying a
differential torque through hub-mounted traction motors
(Powell in [152]). A configuration of DSW having self-

Rail. Eng. Science



Active suspension in railway vehicles: a literature survey

=23 .3

Frame 'W\' 'W
Track rod I l— | |
- =1 =

2-axle vehicel % % % %

Fig. 31 Directly steered wheels (DSW)

steering capability was presented by Michitsuji et al.
[153-155]. It was also shown by Wickens in [151] that the
stability issue achieved through active control is less
affected by friction and traction than with other types of
active control. Nevertheless, this idea is one of the less
studied.

5.3.2 Control strategies for stability and guidance

In this section, the control strategies proposed to solve the
stability and guidance problems are discussed in the per-
spective of: (a) stability control and (b) guidance and
steering Control.

(a) Stability control

Stability control is aimed at increasing the running speed of
the vehicle by reducing unstable wheelset motion that may
occur. When necessary, in IRW, stability control needs to
be applied in conjunction with guidance control. In fact, as
mentioned above, the lack of the self-centring mechanism
in IRWs makes the presence of active guidance control
strongly recommended when passive solutions are missing.
The stability problem is particularly evident when the
longitudinal suspensions are removed. Although both
AIRW and DIRW can share some control strategies, this
is not generally valid for the DSW due to its peculiarity.

a.l Differential yaw rate feedback

The yaw speed difference approach to IRW stabilization
concerns the actuated type (AIRW). Nevertheless, it is
possible to apply it on different types of IRW. This
approach was introduced by Goodall and Mei [122]. Here,
yaw damping for each wheelset is actively introduced in
the system through the feedback of the difference between
the wheelset and bogie/car-body yaw velocity. This choice
is done to simplify sensing issues in the implementation of
the concept. Moreover, in his studies Goodall proposed the
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adaptation of the control effort based on the train speed
[122], [135]. Subsequently, Mei and Goodall in [134]
developed an H,, control using p-synthesis based on the
same concept as described above. This is to overcome the
problem of parameter variation, non-modelled actuator
dynamics and the necessity of a simple model to describe
the complexity of a real train. The concept was further
investigated by Mei et al. [8]. A semi-active approach
using MR dampers is used observing that the required
control effort is much lower than what is needed for a solid
axle with the same control objective. Moreover, only the
feedback signals that are in phase with the control force can
be considered [135]. The stability problem was less crucial
in the work by Perez et al. [123, 137] because of the
consideration of a conventional bogie vehicle with longi-
tudinal suspension.

a.2 Absolute yaw rate feedback

Absolute yaw rate feedback provides stability to DIRW by
controlling the rotational speed of the two wheels through a
common gearbox or the differential torques provided by
independent wheel motors. The first approach was intro-
duced by Gretzschel et al. [128, 138]. In this work, stability
and guidance are considered at the same time. The yaw
velocity of the leading axle together with the front and rear
axle lateral displacements are fed back into a common PID
controller that sets the direction and the amount of torque
to be produced by the steering motor through a gearbox
that connects the two wheels on the same axle. The same
approach was studied by Liu et al. [156], where cascade
PID controllers are used instead of the common PID
approach. Here, each wheelset is controlled by a separate
cascade control scheme and differential torque control is
applied instead of a common gearbox.

a.3 Absolute yaw stiffness

Absolute yaw stiffness is aimed at increasing the stability
of the IRW by actively introducing yaw stiffness through
the feedback of the yaw angle. This approach relies on the
possibility to measure the yaw angle which might not be
feasible in real applications. Absolute yaw stiffness for
DIRW was introduced by Mei et al. [144] where wheel
embedded permanent magnet synchronous motors are
used. The desired yaw stiffness is achieved through the
differential torque generated by the two motors. The yaw
angle measurement is high-pass filtered to influence only
kinematic behaviours and not interfere with the quasi-static
ones, such as guidance and curving action. Based on the
same principle, the stability action for this control was
tested in a test rig and compared with simulation results by
Liang and Iwnicki [139, 140].
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Table 4 Comparison of different schemes for stability control on IRW

Control strategy Control target Measurement Application
Differential yaw rate feedback Introduce damping Bogie/car-body and IRW yaw velocity AIRW
Absolute yaw rate feedback Introduce damping IRW yaw velocity DIRW
Absolute yaw stiffness Introduce stabilization longitudinal stiffness IRW yaw motion DIRW

a4 DSW
Concerning the DSW configuration, stabilization is
achieved by simply applying guidance control with a large
stability margin with respect to the speed as shown by
Wickens in [150, 151]. In [151], Wickens compared
stability limits of conventional passive vehicle, yaw
relaxation control, ASW and DSW showing that only for
the DSW configuration no stability limits exist for speed
and equivalent conicity variation.

The comparison among above-mentioned schemes for
stability control is summarized in Table 4.

(b) Guidance and steering control

Guidance control is necessary when high-speed applica-
tions of IRW with absence of otherwise passive solutions
are considered, especially considering AIRW and DIRW.
As mentioned before, guidance control is aimed at actively
restoring the self-steering mechanism and provides steering
capability. Often, guidance control is applied together with
stability control. As mentioned in the stability control
section, the DSW configuration relies on different
approaches with respect to the other two configurations.
In fact, mechanical configurations are generally preferred
for DSW to restore the self-centring capability.

b.1 Equal wheels speed

Controlling the two wheels to have the same speed will
mimic the behaviour of a wheelset with solid axle. In this
way, guidance and self-centring mechanism are restored
leading though to the possibility of facing the same
problems affecting a solid wheelset. This approach was
proposed by Goodall et al. [122, 135] for AIRW. The
external actuator will steer the IRW wheelset such that the
speed difference of the two wheels is set to zero. The
problem of adaptation was introduced too. As mentioned
for the stability part, an H,, control using pl-synthesis was
subsequently developed in [134]. Concerning DIRW, the
same approach can be used where the wheel speed
difference is controlled directly through the wheel motors.
Ji et al. [145] studied the dependency between the
synchronous motors control accuracy and the rail-wheel
clearance, proposing an optimized tread profile to reduce
this dependency. A model of the synchronous motors is
introduced where torque ripples generated by non-uniform
magnetic field and stator high harmonics currents are
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considered. Liu et al. [156] combined absolute yaw rate
feedback (1.b) with the equal wheels speed control in a
cascade PID control. Enhancement of the vehicle’s running
behaviour is found when the cascade control is applied
with respect to the application of the equal wheels speed
control alone.

b.2 Nonzero lateral clearance

Concerning AIRW, an approach to restore guidance was
proposed by Pérez et al. [123, 137]. To avoid flange contact
lateral clearance is set to zero. Because of the impracti-
cality of measuring the lateral displacement of the wheelset
with respect to the track centre line, a reference signal for
the wheel speed difference based on the curvature of the
track and the velocity of the train is derived. The reference
value is obtained from the dynamic equations that describe
the system. The wheels speed difference is found to be
related to the rest of the variables by a first-order transfer
function with low time constant that allows to neglect this
contribution in the frequency range of the guidance control.
The relation is then further simplified by considering the
quasi-static condition during curving. The simplifications
done eventually lead to an error of the obtained lateral
displacement with respect to the centre line.

b.3 Zero lateral clearance

An alternative approach to the nonzero lateral clearance is
often applied. Here, the IRW is controlled to be at the
centre line and thus having a zero lateral clearance. This
kind of approach involves the necessity of measuring the
lateral displacement of the wheelset or the usage of
estimation procedures. This approach is generally applied
to DIRW where additional feedback variables may be
introduced. Within the ‘Next Generation Train’ project, a
PD control was used by Kurzeck et al. [146] to implement
the zero lateral clearance approach. In his study, Kurzeck
focused on the peak torque and power required due to track
irregularities. Here, a torque limiter is introduced, and a
pattern search optimization is used to tune the controller
with the objective of reducing the wear in curved track with
irregularities. Using the same control approach but focus-
ing on the synchronous motor control, Ahn et al. [141]
successfully showed the effectiveness of this control
scheme on a 1:5 scaled test rig. A feedforward action
was introduced by Grether in [147] to compensate the
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Table 5 Comparison of different schemes for guidance control on IRW

Control strategy Control target Measurement Application
Equal wheels speed Creation of a solid-like wheelset Wheels rotational velocity AIRW/DIRW
Nonzero lateral clearance Avoid flange contact Wheels rotational velocity AIRW

Zero lateral clearance Avoid flange contact IRW lateral displacement DIRW

Differential traction control

Equal contact forces on the two wheels

Motor torques DIRW and AIRW

gyroscopic moment introduced into the system in transition
curves. This concept was then used by Heckmann et al.
[148] in combination with a feedback control on lateral
displacement, yaw angle and yaw velocity of the wheelset.
In his work Heckmann also introduced a gain-scheduling
approach based on the vehicle velocity to avoid possible
control instability caused by speed variation. A preceding
control was then implemented to improve the performance
of the rear wheelset by Grether et al. [149]. The informa-
tion of the leading bogie is used for an advanced control of
the trailing one, leading to a further improvement in terms
of wear number.

Using the lateral displacement and the yaw angle of the
IRW wheelset as feedback, Lu et al. [142] developed a
robust torque control using p-synthesis. To reduce the
complexity of the model, the control is based only on the
model of the IRW wheelset using the bogie force and
torque as external inputs. The simulation results are then
experimentally validated on a 1:5 scaled test rig.

A comparison of the control performances between
ASW, SYC and DRIW controlled with zero lateral clear-
ance was proposed by Farhat et al. in [98]. Simulations are
performed showing that for the cases studied DIRW per-
forms better than other solutions. In particular, SYC is the
least advantageous method. Nevertheless, Farhat et al.
[143] showed that degraded performances can be seen in
the diverging route of switches with respect to standard
solid wheelsets, especially for high-speed switches. This
does not apply to the through route though.

b.4 Differential traction control

By a combination of AIRW and DIRW concepts, Pérez
et al. [137] provided steering with the AIRW concept and
guidance with the DIRW concept. To facilitate the task of
the steering procedure of the AIRW part, the torque on the
two wheels is controlled to be equal with the DIRW part. In
this way, the contact forces on the left and right wheel are
virtually kept equal. In [137], the dynamic model of the
synchronous motor was introduced. The separation method
of field and armature winding equations is used, and the
control is designed considering the field current constant.

b.5 DSW
On DSW, a first approach for guidance was proposed by
Wickens in [150] where the wheels are steered by an angle
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proportional to the tracking error. The tracking error is here
defined as the error of the vehicle position with respect to
the track centreline. Subsequently, a passive bogie with
self-steering capability was introduced by Michitsuji and
Suda in [153]. Here, a feedforward action is introduced to
improve the vehicle behaviour during curve transition by
compensating the disturbances that emerge from the time
variation of the track curvature. The effectiveness of the
solution is shown by simulation results and experimental
ones carried out on a 1:10 scaled test rig.

Table 5 compares the features of different guidance
controls.

5.3.3 Implementation

Controlled independently rotating wheels are an interesting
concept, having potential advantages over actively con-
trolled solid wheelsets. Nevertheless, known implementa-
tions consist of scaled models, with exception described in
[157].

The first application of a DIRW concept was developed
by DLR in 1999 by Gretzschel and Bose [128] and was
further developed in [138]. In the 1:5 scaled test rig of
Fig. 32, the differential control is provided by an external
servomotor mounted directly between the two wheels
through a gearbox. The applied scaling procedure together
with the obtained results is given in [158].

Fig. 32 First 1:5 scaled test rig for DIRW [138]
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Fig. 33 A 1:5 scaled test rig for high-depth subway system [141]

A 1:5 scaled wheelset was developed and tested by
Liang et al. [139], [140]. Both DC and AC motors were
considered. Only AC motors were tested. Equal wheel
speeds and absolute yaw velocity feedback controls were
applied. Good agreement of results between simulations
and experiments are found. Additionally, the behaviour of
the test wheelset with and without absolute yaw velocity
feedback control are reported to show significant
improvements when the control is applied. Another 1:5
scaled test rig was implemented by Ahn et al. [141] rep-
resenting a high-depth subway system where a linear
scaling was applied. Surface permanent magnet syn-
chronous motors are used, and zero lateral clearance
strategy is applied with the usage of a saturated PI con-
troller. In Fig. 33, the above-mentioned test rig is shown.

A robust control approach was successfully applied on a
1:5 test rig by Lu et al. [142]. The scaled vehicle runs on a
real track with reduced gauge differently from most of the
applications that involve tests on experimental IRW

5m radius
curve track

Computer
MATLAB/SIMULINK

Fig. 34 A 1:5 scaled vehicle on scaled track [142]
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Fig. 35 Hardware-in-the-loop test configuration [159]

vehicles. A zero lateral clearance control is applied where
eddy current displacement sensors are used on both left and
right wheels. The two signals are then used to estimate the
wheel-rail lateral displacement and the yaw angle. In
Fig. 34, the experimental vehicle is shown.

A different approach was chosen by Oh et al. [159].
Instead of developing a scaled model of the vehicle, a
hardware-in-the-loop (HIL) approach is used to study the
real-time behaviour of a full-scale wheel motor. A linear
vehicle model is used to simulate the vehicle behaviour in
which the longitudinal dynamics is considered too. Simu-
lations and wheel motor are coupled by a load motor. The
use of a linear model is justified by the need to run the
model in real-time, while a more complex, nonlinear model
might cause time lag in the computation of the vehicle
dynamics, eventually hindering the implementation HIL.
The vehicle is controlled using the zero lateral clearance
strategy. The experimental set-up is shown in Fig. 35. The

Discharge
Resistance
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Fig. 36 EEF 1:10 scaled bogie test [153]

same authors designed the wheel motor armature windings
to improve the motor performance [160, 161].

An application of DSW was proposed by Michitsuji
et al. [153] on a 1:10 scaled model for the EEF bogie
(Fig. 36). The vehicle was tested on a 25 m track with a
curve of 3.3 m radius that corresponds to a very narrow
curve of 33 m in real-scale track. The steering capability of
the vehicle is improved with a feedforward control that
assists the self-steering capability of the proposed design
during transition curves. The vehicle is not actively steered
during the circular part of the curve. A satisfactory
agreement between simulation and experimental results is
reported.

6 Summary and outlook

Active suspension for railway vehicles is defined as a
technology with the inclusion of electronics like sensors,
controllers and actuators. Over the past 40 years, it has
developed into a comprehensive combination of various
technologies which can substantially improve the dynamic
behaviours of the vehicle in different aspects.

In this work, the basic concepts and classifications of
active suspension are fully explained. For active primary
suspension and secondary suspension, technologies are
carefully summarized from perspectives of working prin-
ciple, mechanical configurations, control strategies and
implementation status. Over the last decade, many classic
concepts have evolved much new progress from theory to
implementation but, apart from tilting trains, widespread
adoption of active suspension technology into service
operation has not taken place. A general overview of dif-
ferent active suspension concepts is summarized in Table 6
in terms of targets, benefits, maturity/research status,
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current research attention, challenges and relevant sections
in this paper. Both benefits and research attention are
graded from ‘low’ to ‘very high’. The level of maturity/
research status is represented by stars, where one star
means that only simulations results are performed so far
while five stars mean developed technology.

The authors believe that extensive application of active
suspension technologies is only a matter of time, but there
are key issues for the future which will help to liberate their
wider use.

Firstly, industry-based cost-benefit analyses are essen-
tial to fully identify the prospective impact in an emphatic
manner. Until now, business cases have been found in high
performance trains, where the additional cost of the active
system is small in relation to the overall cost. Nevertheless,
as shown in Table 6, the benefits that may derive from the
application of active systems are meaningful. Considering
the large maintenance cost on train and infrastructure
arising from the wear and RCF on wheel and rail, the future
best business case may be a train with active primary
suspension, which is expected to produce more benefits
than active secondary suspensions. Among active primary
suspensions, ASW may be one of the most promising
technologies in the near future due to its potential high
benefits in terms of wear and its relatively simple imple-
mentation. A further significant improvement would be
achieved by controlled independently rotating wheels, for
which a field test has been performed recently.

Also, fault tolerance design and analysis, especially for
the actuation systems, is very important because safe
operation is an aspect which the industry is most concerned
about. The development of affordable safe and reliable
solutions which yield excellent maintainability and avail-
ability solutions is therefore critical. This is a topic
deserving more research work in the future, also taking
benefit from examples and best practices from other tech-
nology fields, aircraft industry in particular, to ensure the
safety and improve the reliability of railway vehicles with
mechatronic suspensions, for instance adopting backups or
redundant structures.

The future may lie in downsizing the actuator, which
gives less resistance to relative motion and thereby less risk
for vibrational transfer. A typical application of a down-
sized actuator may be in the secondary suspension aiming
to improve the vibrational ride comfort. This means that
quasi-static forces must be handled by the passive system
and the passive suspension be made stiffer if less dis-
placements are requested. The active system will in this
case compensate for the increased force transfer the stiffer
passive suspension brings.

The academic world has for a long time tried to find
control algorithms that provide better performances. A
recent trend is that the performances are set in relation to
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the complexity and that fewer sensors and sensors less
likely to fail are used. Moreover, experimental studies are
increasing for both active primary and secondary suspen-
sions actuation systems. The more historically developed
active secondary suspension technology tends to result in a
higher possibility of field tests. Nevertheless, some active
primary suspensions field tests have been carried out,
showing promising results.

Recently, the work done in the Run2Rail project, for
which this state-of-the-art survey has been undertaken,
makes important contributions. In particular, it has inclu-
ded the following aspects: new lightweight architectures
for vehicles made possible by mechatronic suspensions;
assessment of semi-active secondary and primary suspen-
sions to improve ride comfort and running gear perfor-
mance; the design and optimization of fault-tolerant
configurations; an authorization framework for a vehicle
with mechatronic suspensions; potential impact assess-
ments. Several of the above-mentioned aspects will be
followed up in the recently started Shift2Rail projects
NEXTGEAR and PIVOT-2. Studies will be extended to
higher TRL-levels to be able to propose concepts that
clearly demonstrate the potential benefits of active sus-
pension technology.
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