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ABSTRACT ARTICLE HISTORY
This paper presents an in-depth analysis of steering and guidance Received 25 October 2023
problems of independently rotating wheels (IRWs) in railway vehicles ~ Revised 11 December 2023
and provides an engineering insight into the possibilities for passive ~ Accepted 19 December 2023
and/or semi-active control possibilities that do not require expensive KEYWORDS

full-active systems. The theoretical development is then supported Passive and semi-active

in the study by carrying out a comprehensive performance evalua- control; independently
tion in comparison with a full active control. The study demonstrates rotating wheelset; steering;
that the independently rotating wheelset may be effectively con- railway vehicle

trolled via semi-active approaches to provide the wheelsets with the
necessary steering on curves and self-centring ability on a straight
track with irregularities with performance comparable with full active
systems.

List of symbols and parameters

CMR> Cin Damping coefficient of MR damper (Cpin = 62.5Ns/m)

f11, f22 Creep coeflicient

Fdemand Control demand of the wheelset controller
G1, Gy Control gains (G; = 65kNs/m, G, = 1500Ns/m)
g Gravitational constant

I Yaw inertia of wheelset (700 kg.m?)

] Rotation inertia of wheels (100 kg.m?)

L Wheelset half gauge (0.75 m)

m Mass of wheelset (1250 kg)

R Track curve radius

ro Wheel radius (0.45 m)

Tr, Tx Control input

\Y Vehicle speed (m/s)

AV Relative velocity of the MR damper

y Wheelset lateral displacement (m)

Vi Track lateral displacement
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0 Track cant angle (6°)

A Wheel conicity (0.2)

Y, W Wheelset yaw angle

Aw, AQ Relative rotational velocity between two wheels
Vehicle mass (34,460 kg)

Bogie frame mass, without the wheelsets (3447 kg)
Distance between two bogie centres (19.0 m)
Distance between two wheelsets (2.5 m)

Primary lateral stiffness (511 kN/m)

Primary damping per wheelset (37 kNs/m)
Secondary lateral stiffness (471 kN/m)

Secondary damping per wheelset (12 kN/m)

1. Background

Independently rotating wheelsets are sometimes preferred in railway vehicles for applica-
tions where the presence of axles is undesirable and/or where there is a need to avoid the
kinematic hunting problem of solid-axle wheelsets and the difficult trade-oft between the
stability and curving performance in the design of passive suspensions. However, the free
movement between the two wheels causes an independently rotating wheelset to lose the
natural curving and track-following ability of the solid-axle wheelset, and extra steering
actions are needed if the wheels running on flanges and excessive wear are to be avoided.
Passive steering mechanisms such as those used on Talgo trains may be used to provide the
missing curving actions, although active solutions can offer much more effective solutions
[1].

There has been a lot of interest in the study of active control strategies for indepen-
dently rotating wheelsets, and it has been shown that the active control for IRWs requires
a much lower level of power than that for the solid-axle wheelset [1, 2]. A number of con-
trol configurations have been proposed, including actuation to apply a yaw torque to the
wheelset[3-5], independently driven wheels to apply a differential torque to the two wheels
of an IRW [6-8], and directly steered wheelset[9, 10]. Steering and guidance control may
be provided through equal wheel speed [4, 5] or zero lateral clearance [7,9]. Alternatively,
model-based approach may be employed to design control laws with practical sensors [3].

However, full active control systems require the use of actuators that are capable of both
injecting into and dissipate energy from the system and such actuators are not only expen-
sive but also tend to be bulky in size - this can lead to considerable increase in the overall
costs of railway vehicles and also difficulties in installations in space tight bogie frames. In
addition, active wheelset control is safety critical and increased costs for hardware redun-
dancies could potentially hinder or even prevent practical adoption of such technologies
for commercial applications despite its clear advantages [1].

Semi-active control approaches offer a possible compromise, as variable dampers can be
much lower in cost and more compact in size compared with the full active actuators. On
the other hand, the control of railway wheelsets must be provided continuously for safety
reasons, unlike the second suspensions for ride quality improvements [11]. Therefore, the
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main research challenge is to develop semi-active control schemes that can deliver the con-
tinued steering/guidance actions within the obvious constraint of energy dissipation only,
i.e. no energy injection into the system. A previous study has shown that it is possible to
use controllable MR dampers for the provision of steering and guidance control [12]. This
paper will, however, carry out an in-depth analysis of steering and guidance problems of
independently rotating wheels and provides an engineering insight into the passive and
semi-active control possibilities. A comprehensive performance evaluation will then be
presented and compared with full active control to demonstrate that the independently
rotating wheelset may be effectively controlled via semi-active approaches to provide the
wheelsets with the necessary steering on curves and self-centring ability on a straight track
with irregularities.

2. Control analysis

The linearised model of an independently rotating wheelset is used in the analysis and
development of steering control strategies, as given in Equations (1)-(3) where Tx and Tr
are possible control inputs in the yaw and rotational directions [3]:

. 2. V2
225 2y =m | — —gb 1
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The corresponding state-space equation of the model is shown in Equation (4) for the
purpose of control analysis.
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Close examination of A matrix reveals that the yaw motion (in row 3) and the relative rota-
tion motion (row 5) are dependent on each other with a common scaling factor, Jro/(2LI),
and therefore A is not full rank and there is a pole at s = 0. This can be readily proven
using an additional matrix K as demonstrated in Equation (6)

KA =

S O O O+

oS o O

0o 0 o[-& o o
0 0 0 1 0 0 0 0
_ Zfll)nL _ 2f11L2 _ ZngllL
1 0 0 0 Jro JV 0 \Z)
0 1 (; 0 0 1 0 0
-1 0 -5 fur rofill fire?
mllo g ooty
2/,
0 o Iz
0 0 0 0
_Zfll)»L _2f11L2 0 _2r0f11L (6)
Jro JV V]
0 1 0 0
0 0 0 0

It is clear that K is full rank, as all diagonal elements are non-zero and all elements above
the diagonal are zero. It is also true that the rank of KA (both 5 x 5 in dimension) will be
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Table 1. Typical poles (eigenvalues) of independently rotating wheelset at low and high speeds.

V = 90 km/h (25 m/s) V = 300 km/h (83 m/s)
Poles Damping (%) Frequency (rads/s) Poles Damping (%) Frequency (rads/s)
—640 100 640 —189 100 189
—138 100 138 —66.6 100 66.6
0.71+£12.6i —5.6 12.7 11.4£31.6i —34 33.6
0 0 0 0 0 0

the same as that of A, i.e. rank(A) = rank(Kx*A). In this case, KA is clearly not full rank
due to all elements in row 5 being 0, therefore A is not full rank.

The dependency between the yaw and the relative rotation means that the two motions
are in phase and it is the root cause for the lack of steering of the independently rotat-
ing wheelsets. Factors such as gravitational stiffness can help to provide limited capability
of track following, but additional steering measures will be necessary to avoid wheelsets
running on flanges and excessive wear especially on tight curves. Steering control may be
provided by applying a yaw torque (Tx) to the independently rotating wheelsets, or a dif-
ferential torque (TR) to the two wheels in the rotational direction. The two approaches
play very similar roles because of the dependency between the two motions. This study is
focused on the application of the yaw torque but will aim to study control options that may
be implemented with the use of passive and/or semi-active devices.

Numerical analysis of the independently rotating wheelset reveals that, in addition to
the lack of steering action due to the pole s = 0, there is also a pair of positive complex
poles representing a dynamic instability as shown in Table 1. This dynamic instability has
also been reported before in the literature [3, 4].

The implementation with passive and/or semi-active means requires no power injection
from the control devices and two possibilities are to use the velocity feedback such as the
yaw velocity and/or relative rotational velocity and then to apply a control effort in the
same phase as the motions. The transfer functions between the two velocity feedback cases
and the yaw torque are given in Equations (7) and (8).

sW(s) s*(s + an1) (s + ass) 7
Te(s)  s(s*+ T383 + Tos? + Tis + To)
AQ(s)  bsi(as3s’ + aiias3s® + asyaie) ®)

Te(s) — s(s* + T383 + Tos? + Tys + Tp)

where

T3 = a1 +as3 +ass
Ty = anass + anass + azzass — azsass
Ti = anasszass — ai1a35as3
To = aisasz
The pole at s = 0 in the transfer functions again confirms the lack of track-following

ability of the independently rotating wheelsets so it needs to be moved away from 0 to
an appropriate negative value for the purpose of steering. Unfortunately, this cannot be
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Figure 1. Root locus diagram when yaw velocity is used as feedback.

achieved with the use of yaw velocity feedback because there are also two open loop zeros
at s = 0 in Equation (7) which prevent the pole s = 0 from moving away as closed loop
poles are attracted to open loop zeros. In the root locus diagram produced using Equation
(7) as given in Figure 1 (where arrows indicate the direction of the migration of closed loop
poles as the control gain is increased), the pole s = 0 is attracted to one of the zeros s = 0
and is not moved with the increase of the control gain. However, the second zero at s = 0
helps to move the unstable poles to the negative side, and therefore the dynamic instability
in independently rotating wheelset can be overcome with passive yaw damping.

On the other hand, the use of relative rotational velocity between the two wheels does
not have a similar problem as there is no zero at s = 0 in equation 8. Figure 2 shows the cor-
responding root locus diagram, where a passive yaw damping is also added for the dynamic
stability. As the control gain increases, the closed loop pole at s = 0 is moved from s = 0
towards the negative side, indicating the provision of steering actions. Caution is needed
when tuning this control gain, as it also has the opposite effect to the yaw damping for
the dynamic instability and this is demonstrated in Figure 2 with the two poles stablised
through the use of yaw damping now moving towards the unstable region, so there is clearly
a trade-off between the steering and stability.

3. Semi-active control approach

The control of independently rotating wheels through the use of semi-active means has
been shown to be possible in computer simulations at IAVSD2023 [12] and is now backed
up with the theoretical analysis above. This paper provides a more comprehensive evalu-
ation of the active steering of independently rotating wheelsets using semi-active means
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Figure 2. Root locus diagram when relative rotational velocity is used as feedback.

(via the use of magnetorheological or MR dampers). Figure 3(a) shows the overall con-
trol schedule for each wheelset. A magnetorheological damper (MR damper) in the yaw
direction, or in practice two linear MR dampers placed on either side of each wheelset (as
illustrated in Figure 3(b)), is used to provide the controllable yaw torque. As discussed in
Section 2, there are two parts of the control law. The stability of wheelset is provided by
controlling the yaw velocity of each wheelset as feedback or by controlling the relative yaw
velocity between the body and each wheelset by measuring the actuator movement directly.
The steering/guidance control is achieved by producing a control effort proportional to the
relative rotational speed of the two wheels of each wheelset such that the independently
rotating wheelset would behave in a similar way to its solid axle counterpart. The control
law for each wheelset is given in equation 9 and the tuning and optimisation of the control
gains are carried out in two steps with the use of a root locus diagram to place the eigen-
values in the desired locations as demonstrated in Figures 1 and 2. The stability control
gain G is first tuned to give a damping ratio between 20 and 30% to provide a sufficient
stability margin for the instability mode. The value obtained for G; is then added to the
wheelset model and used in the second step to find the guidance control gain G;, which
is set to move the pole from s = 0 to around s = 5 in this study. This would give a time
constant of 0.2s for a relatively fast response for steering/guidance control.

The force/torque demand from the wheelset controller is used to vary the damping coet-
ficient of the MR damper as given in Equation (10). The wheelset control is expected not
to demand power injection (i.e. negative power), but a condition is added in the MR con-
troller to set the damping coefficient to a minimum anyway. The damping coefficient is
then converted to a current input using a lookup table. Additional local feedback control
for the MR dampers is also designed to ensure fast and robust responses of the dampers to
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MR

Force/torque
demand
IRW MR
Control control
A A h

damper force/torque

\4

IRW
damper

yaw velocity

Relative rotational velocity

(a) Overall control scheme

I N

MR
damper

(b) Arrangement of MR dampers

Figure 3. Semi-active control scheme with MR damper.

deliver the control effort as demanded by the wheelset control law.

Tx

Cmr

—G1¥ + Gy Aw

Cmin;

AV

Fiemand
e <0

Fiemand  Fdemand
{ nged, Enga >

9)

(10)

Two feedback measurements are required for the wheelset control law. The relative rota-
tional speed can be measured by using tachometers/digital encoders on both sides of a
wheelset. The yaw rate can be obtained via axle-mounted gyroscope directly. Alternately,
the relative displacement of the MP dampers may be measured and the differentiation
could be used to produce the relative velocity between the wheelset and the bogie frame
which is equally effective for stability as mentioned above.
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__Semi-active with MR damper and lookup table +

Pl controller, Wheelset 1-Front bogie
___Semi-active with MR damper and lookup table +
PI controller, Wheelset 2-Front bogie
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- - Full active Wheelset 2-Front bogie
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(a) front bogie

10

Lateral displacement

__Semi-active with MR damper and lookup table +

between wheelset and track (m)
N
T

Pl controller, Wheelset 3-Rear bogie
___Semi-active with MR damper and lookup table +
Pl controller, Wheelset 4-Rear bogie
- - -Full active,Wheelset 3-Rear bogie T =
- - -Full active, Wheelset 4-Rear bogie |
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Time (s)

(b) rear bogie

Figure 4. Wheelset lateral deflection (on low-speed curve).

4. Simulation results

Mathematical models for a conventional bogie vehicle are used in computer simulations to
evaluate the performance of the proposed control scheme. The model of the MR dampers
with the local force controller is also included to account for the effect of potential control
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Figure 5. Wheelset lateral deflection (on high-speed curve).

lag. The vehicle model is based on a high-speed intercity vehicle with some modifications to
take full advantage of the semi-active control system. The conventional solid axle wheelsets
are replaced with independently rotating wheelsets. Also, the longitudinal stiffnesses in the
primary suspensions and the secondary yaw damping are removed as the stability is now
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Figure 6. Wheelset angle of attack at the front bogie (on low-speed curve).
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Figure 7. Wheelset angle of attack at the front bogie (on high-speed curve).

provided by the proposed control system. Values of some key parameters of the models
can be found in the list of symbols and parameters. For comparison, a full active control
scheme is also used in the computer simulation. The full active control applies the same
control laws as defined in Equation (9), but ideal actuation is assumed which represents the
best scenario of the full active control. The following scenarios are examined as listed below.
There is a cant deficiency of 6° on both low and high-speed curves. The measured track
irregularities are real mis-alignment of a UK intercity mainline, whereas the generically
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Figure 8. Wheelset lateral creep force at the front bogie (on low-speed curve).

generated irregularities represent a broader spectrum of random data and provide a more
severe testing condition for the evaluation.

(1) Low-speed curve at 72 km/h (20 m/s), with a curve radius of 200 m and cant angle of
60

(2) High-speed curve at 300 km/h (83 m/s), with a curve radius of 3500 m and cant angle
of 6°

(3) Straight track with measured track irregularities

(4) Straight track with generically generated irregularities

Figure 4(a, b) shows the wheelset lateral deflections at the front and rear bogies on the
low-speed curve respectively, and Figure 5(a, b) is those on the high-speed curve. On the
constant curves, the lateral deflections of all wheelsets are the same and almost identical to
those of full active control, indicating an ideal curving condition.

The wheelsets also form the same angle of attack on both low and high-speed curves in
the same way as the full active control as shown in Figures 6 and 7. This provides an equal
amount of lateral creep forces, which share evenly between all the wheelsets the vehicle
centrifugal force due to the cant-deficiency as confirmed in Figures 8 and 9. The control
effort on curves is low as shown in Figures 10 and 11. This is because the longitudinal creep
forces of independently rotating wheelset are in general very small due to the free rotation
between the two wheels.

On a straight track, Figures 12 and 13 show that the wheelsets follow the track irreg-
ularities well, and there is no tendency to drift from the central line which would mean
wheelsets running on flanges in practice. For the measured track irregularities, the maxi-
mum wheel-rail deflections are under 5 mm, well within the flange contact. On the generic
generated irregularities, the peak lateral deflections appear to exceed 10 mm. However, this



2698 (&) T.X.MEIETAL

__Semi-active with MR damper and lookup table +
Pl controller, Wheelset 1- Front bogie
___Semi-active with MR damper and lookup table +
0 Pl controller, Wheelset 1- Front bogie
—~ - --Full active, Wheelset 1- Front bogie
p - - -Full active, Wheelset 2- Front bogie
N
@ -1000
]
=
L
Q ~ o
2 2000
[}
—
(]
® -3000 - 1
(2
[}
-
©
- -4000 - g
-5000 | . ,

Time (s)

Figure 9. Wheelset lateral creep force at the front bogie (on high-speed curve).

15 -

10-

Force (N)
o

Semi-active witﬁ MR damper_
—and lookup table +PI controller,

-10 - Wheelset 1-Front bogie
Semi-active with MR damper
—and lookup table +PI controller,
-15- Wheelset 2-Front bogie

- - -Full active, Wheelset 1-Front bogie
| | | | - - -Full active, Wheelset 2-Front bogie

0 1 2 3 4 5 6 7 8 9
Time (s)

Figure 10. Control effort at the front bogie (on low-speed curve).

is mainly due to the use of a constant conicity in the simulation models and is not expected
to occur with the non linear wheelset profiles as the equivalent conicity would substantially
increase closer to the wheel flanges which would reduce the lateral deflections.

In general, the control effort required for independently rotating wheelsets is much
higher to overcome the track irregularities than that needed to negotiate curves as the much
faster control actions are necessary to respond to the components of high frequencies in
the track mis-alignment, as illustrated in Figures 14 and 15 in comparison to Figures 8 and
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Figure 11. Control effort at the front bogie (on low-speed curve).
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Figure 12. Wheelset-rail deflection with measured track irreqularities (V = 50 m/s).

9. The size and power requirement of the control devices are therefore determined by the
severity of the track irregularities and vehicle operation speed.

5. Conclusions

This paper has presented a comprehensive study of the semi-active strategies for the steer-
ing and stability control of railway vehicles with independently rotating wheelsets, with
detailed theoretical analysis and computer simulation evaluation.
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Figure 13. Wheelset-rail deflection with generic track irreqularities (V = 83 m/s).
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Figure 14. Control effort with measured track irregularities (V = 50 m/s).

The study has demonstrated that the control of independently rotating wheelset for
guidance and stability can be achieved without the use of the more costly full active control
and it is possible to formulate control strategies such that no power injection in the control
is necessary. The semi-active control scheme with controllable MR dampers used in this
study has been shown to perform as well as full active control on all four different track
input scenarios. Ideal curving conditions are achieved on the curved track inputs with the
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Figure 15. Control effort with generic track irregularities (V = 83 m/s).

lateral deflections and angles of attack of all the wheelsets being identical. The wheelsets
also follow the track well on straight track inputs with no drifting away from the central
line to the flange contact. The control effort is relatively small in comparison to the con-
trol of solid-axle wheelsets and the size and power requirement of the control devices are
mainly determined by the vehicle operation speed and severity of track irregularities.
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