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Railway track switch simulation: a new
dynamic model for studying actuator and
switch blade dynamics
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Abstract

This paper proposes a new approach to the dynamic modelling of railway track switches. The approach results in a model
which faithfully reproduces the dynamic bending of the switch blades, allows simulated actuators (forces) to be applied along
the length of the rails and can be simulated in times that are an order of magnitude faster than similar models in multi-body
dynamics software (such as Simpack). These are the main contributions that should be of use to researchers and engineers
concerned with the design of switches and their actuation mechanisms. First, an actuator model is developed; then the switch
blade FEA (Finite Element Analysis) model is developed and validated against static bending predictions; the two are then
combined and validated against the dynamic and steady-state predictions from a validated Simpack model. The complete

model can be found here: https://doi.org/10.25500/edata.bham.00000884.
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Introduction

Track switches are electric or hydraulic mechanical systems
installed on the track, which allow railway vehicles to
switch from one route to another, thereby providing flex-
ibility for the railway network.' There are types of various
railway switches in operation in the UK. The most common
of these are Clamplock, HPSS, HW, and mechanical point
machines.” Figure 1 gives an equivalent track switch
model.

At present, there are a large number of mechanical
modelling and design software for structural optimization
or dynamic evaluation, such as Simpack in Germany,
NUCARS of the North American Railway Association,
MSD.ADAMS/Rail, and general mechanical modelling
software, such as Abaqus, ANASYS, etc.? In the structural
design and bending analysis of the switch, the finite element
analysis method is widely used. To study the interaction
between train and track, Andersson and Dahlberg modelled
the turnout through linear finite elements with modal
damping™. Bruni et al. built a detailed three-dimensional
finite element model in ABAQUS to study the vehicle’s
dynamic behaviour when running over turnouts.’

Recently, researchers have shown increasing interest in
improving the performance, safety, and reliability of the
railway network from projects such as S-CODE,® In2Rail,’
and REPOINT.! A Repoint switch prototype simulation
model is established using McCauley’s method in MAT-
LAB/Simulink.'® The researchers also developed a track
switch model using the multi-body simulator Simpack,
bending the switch track to a single actuator of a REPOINT-

light switch,'" and then a full-scale demonstrator for the
novel railway track switch was built.'? Besides, to research
and design a new approach to railway track switch actu-
ation, Dutta et al. first modelled a rail unit by finite element
analysis (FEA) in ABAQUS, then generated a complete
switch system through Simpack, and finally linked it into
Simulink to form a co-simulation space.'® However, this
kind of simulation in the co-simulation environment re-
quires an extremely long computational time, approxi-
mately several hours to simulate one second. Therefore, it is
helpful to utilize a more effective method for research work
within a limited time range.

Compared to past work, the key innovation in this paper
comes from applying finite element modelling methods, to
represent the switch blades, directly in MATLAB/Simulink.
This simplifies the model somewhat, removes the need for
co-simulation of the track, actuator and control system and
results in a single system model. The first benefit is that this
significantly reduces the time required to run the model and
obtain overall system simulation results. Secondly, inde-
pendent actuation forces (from separate actuators) can be
applied at different locations along the length of the switch
blades model. At the same time, the system-level simulation
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Figure |. Equivalent model of a track switch system.

is able to reproduce the behaviour predicted by the more
complex (and significantly slower) co-simulation approach.

The paper is organised as follows. In the (next) mod-
elling section, the actuator model is developed; then, the
switch blade static and dynamic FEA model equations are
presented. Subsequently, in the simulation results section,
the dynamic model is compared with the static bending
predictions and the dynamic predictions from a previously
published model in Simpack. In the final part of the results
section, the actuator and blade (bending) model are com-
bined and validated against the dynamic and steady-state
predictions from a validated Simpack model; and a set of
static experimental results. The final part of the paper draws
conclusions from the work and suggests future directions
and uses for the new system-level switch model.

System modelling

The full switch model is obtained through a physical
analysis of its components. The aim is to provide an easily
accessible and transparent description of the physical be-
haviour of the switch. Although different switches in the
installation have different parameters, the models and in-
teractions of the sub-components remain the same. In this
paper, the switch layout is based on a typical CVS-type
switch,? and actuation and locking are provided by a High
Performance Switch System (HPSS) type machine, with a
non-back-drive-able lead screw. The complete switch
system is mainly composed of two parts, namely the ac-
tuator and the switch blade. The actuator receives power
from the line-side cabinet and drives the front toe to move
the switch blade from one position to another. Figure 1
gives the structure of the entire track switch system with five
main components: the motor model, the gearbox model, the
mechanical linkage model, the ball screw model, and the
switch blade model. Each of these components is discussed
below where a simulation model is shown in Figure 2.

Electro-Mechanical actuator model

The electro-mechanical actuator model consists of a DC
(direct current) motor model, a gearbox model, a me-
chanical linkage model, and a ball screw model. The motor
is connected to the gearbox to achieve speed-reduction. The
ball screw converts rotary motion into linear motion. The
front toe of the switch rail is connected to the ball screw
through mechanical linkages. The parameters of the DC
motor, the gearbox, and the ball screw are listed in Table 1.

The motor input voltage, V drives the motor to cause the
motor shaft to rotate at the motor speed of 6,.. The electrical
equations of the DC motor are written by:

V = Rul, + Lol + K.0, (1)
T, m — Kt]m (2)

where R, is the rotor resistance, I, is the motor armature
current, K, is the back EMF (Electro Motive Force) constant
of the motor, and L,, is the rotor inductance. The motor
output torque, 7, is generated by the angular rotation of the
motor shaft. K; is the motor torque constant.

The mechanical equation for the motor is derived using
Newton’s second law of motion, thus, a linear model can be
obtained using the torque balancing rule:

Refer to equation (3) Ty is the transmitted shaft torque
between the motor and the gearbox, J,, and D,, represent
inertia and damping constant of the motor.

The gearbox is a reduction mechanism that reduces the
angular velocity and amplifies the motor’s output torque,
which is linked with the motor by a connecting shaft.

The transmitted shaft torque equation is described as:

Tgx = Ks‘ (em - egi) + Cv (em - H.gi) (4)
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Figure 2. Simulation model of the track switch system.
Jp0 + D0 = Ty — T, (6)

Table 1. Parameters of DC motor, gearbox, ball screw and
switch blade.

Description Value Units
R, Rotor resistance 2.6 Q
L, Area moment of inertia 0.0108 H
K. Back EMF constant 0.2865 Vrms/(rad/s)
K¢ Motor torque constant 0.75 Nm/A
Jm  Motor inertia 75 % 1073 kgm?
D, Motor damping constant 401 x 107*  Nm(rad/s)
Je  Gearbox inertial 2.1 x 1073 kgm?
D; Gearbox damping constant 3 x 10* Nm(rad/s)
n  Gear ratio 15 —
Jo  Ball screw inertial 0.2 kgm?
D, Ball screw damping constant 0.1 x 10* Nm(rad/s)
! The lead of the screw 0.008 m
L Length of the switch blade 9.21 m
I Area moment of inertia 56 x 10° m*
A Full area of cross-section 9.334 x 103 m?
E  Young’s modulus of steel 2% 10" P,
m  Mass of one switch blade 276.58 kg
g  Gravity acceleration 9.8I1 m/s’
Z, Distance of P| from free end 2.3

Z, Distance of P, from free end 0.92
Z3 Distance of P; from free end 0

3 33

The gearbox mathematical equation is written as:

. , T
Jo0 + Dyl = Ty — 2

®)
where_ K, is the shaft stiffness and C; the shaft damping. 0,;
and 8,; is the gearbox angular position and velocity re-
spectively. J, and Dy is inertia and damping constant of the
gearbox, n is the gear ratio. Tj is the transmitted shaft
torque for the gearbox and ball screw.

The ball screw converts the rotational motion of the
connecting shaft into linear motion. Jj, is ball screw inertia,
D, is the ball screw damping constant. The rotation
equations can be written:

The load torque, 7; is caused by the reaction force, F, as the
actuator exerts a force on the switch blade. The relationship
between the two is described by:
L=rFt (7)
"o
Assuming that the ball screw and the switch blade are
rigidly connected, they can be modelled as a stiff spring-
damper assembly. The actuation force can be calculated by
the linear motion of the ball screw and the switch blade,

F = Cb (Vlb — vlf) + K, (x;;, — xlf) (8)

where C, and K, are the damping and stiffness of the ball
screw and front toe mechanical assembly. The linear ve-
locities of the ball screw and the front toe are vy, and vy, xp
and xjr are the linear displacements.

The contact force between the switch rail and the stock
rail is modelled by an extremely stiff spring and damper
which is switching on when the switch blade makes
physical contact with the stock rail, the purpose of which is
to restrict motion. The contact force F; is written by:

K, (xg —x C (x5 — X) (x<xq
Fs{( )+ G — %) (x<xa) o)

K, (x — x2) 4+ C, (% — xi2) (x>x,2)

where x is the displacement of the front toe, x,; and x,, are
the positions of two stock rails, K, and C, are the damping
and stiffness.

Switch blade model

Two methods are adopted for switch blade modelling in this
paper. One is considering the switch blade as a beam to
analyse the deflection properties. The second is to use the
finite element analysis method to establish a dynamic model
in Simulink.'* The static bending analysis can be regarded
as a reference for the dynamic model.
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Static rail model. When the switch blade is in motion, it is
driven by a lateral load. Only one bending mode of the
horizontal (x-z axis) is considered. The bending switch
blade is considered as a cantilever beam under the action of
the three ideal forces to describe the deflection properties.'*
A shear diagram for the switch blade is shown in Figure 3.
Three forces Py, P, and P; are acting on the switch blade at
Zl, Zz, and Z3.

The deflection equation for the switch blade is calculated
by the integral of the bending moment equation. The de-
flection of the switch blade is different in the AB, AC, and
AD sections. The reaction force is calculated as R,,

R,=—P,— P, — P; (10)
The moment concerning the fixed point 4 is M,
M, = P\Z, + P,Z, + P;Z; (11)

The bending moment M and the end deflection x are defined
below:
Section A to B:

M = M,+R,Z (12)
R, 73
= 1
X = (13)
Section B to C:
M =M +R,Z+ P\(Z— 7)) (14)

RZ+P(Z—-27,)
X =

6El (15

Section C to D:

M =MARZ+P\(Z—-27))+P,(Z—-7,) (16)

RZ*+P(Z-7) +P,(Z-2)
X =

6E] a7

The parameters used for the analytical bending equations
(10), (11), (12), (13), (14), (15), (16) and (17) are derived
from the switch rail presented in Table 1.

Dynamic rail model. The dynamic model adopts a finite
element method. In the classical finite element method for
analyzing the beam bending problem, the 2-node Hermite
element is usually used.'® Suppose the switch blade consists
of 2 elements.

The stiffness and mass of each element is obtained as,

Figure 3. Schematic for horizontal deflection of the switch blade.

12 6Le —12 6Le

. El | 6Le 4Le* —6Le 2L’

[k (t)]_ﬁ ~12 —6Le 12 —6le (18)
6Le 2Le* —6Le 4L

156 22Le 54 —13Le
e (0)] _ pALe | 22Le  4L¢*  13Le —3Lé
MUNT00 | 54 13Le 156 —22Le

—13Le —3Lé® —22Le 4Lé
(19)

where E is Young’s modulus, 7 is the moment of inertia of
the cross-section, A is the area of cross-section, Le is the
length of a single element. Note that each switch blade is
made up of many of these elements.

Due to the characteristics of the switch blade, the cross-
sectional area and moment of inertia vary with the position.
Starting from the front of the front toe, the cross-sectional
area of the tip gradually widens. The cross-section is full
until the distance at point Z, 5.037 m away from the front
toe.'* A 3D view of a switch blade model shows the change
in cross-section, displayed in Figure 4.

The area 4; and moment /; of inertia of the changed cross-
section can be expressed by equations (20) and (21). L is the
length of the rail and L; represents the changeable length. The
value range of the number i is from 1 to the mesh size.

L—Z7
L 1[1——16(L_Z)_(L>Li>2) 0
1(Li<Z)
Li—Z7
o A[1_4(L—Z)_ (L>L;>Z) @
A(Li<Z)

The boundary condition corresponding to this switch blade
model is to fix the point O, the element-wise stiffness and
mass matrices are:

24 0 —12 6Le
El; 0 8Le* —6Le 2Lé?

[K]:ﬁ —12 —6Le 12 —6Le (22)
6Le 2Le* —6Le 4L
312 0 54  —13Le
[ ]J)A,-Le 0 8Le’  13Le —3Lé 23)
420 54 13Le 156 —22Le

—13Le —3Lé*® —22Le 4Lé

The frictional force between the switch blades and the
sleepers is included in this model. In this finite element
model, the frictional force can be calculated as the product
of the mass of one element and the frictional coefficient
acting opposite to the motion of the switch blade. Combined
with (21), the calculation formula of the friction force f; of
each element is:

A;

fi= pmg — (24)
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Figure 4. A 3D view of a switch blade model.

where m is the mass of one switch blade, g is the gravity
acceleration, u is the coefficient of friction. The frictional
coefficient can be adjusted according to actual requirements
during application.

For dynamic simulation, the damping is considered as
proportional Rayleigh damping'®-'” and the full dynamic
system equations are written below. X is the global dls-
placement vector, F is the global actuation force vector, f
is the full friction force vector. It is noticed that the actuation
force has to overcome the full friction force distributing
along the switch blade.

MY + (X + K] = F—7 25)
[C] = co[M] + ¢ [K] (26)

where ayp and a; are damping coefficient and stiffness
coefficient. The values for ay and a; in this model are 1 and
0.6, respectively. These are derived from experimental
results. One switch blade is now relatively modelled in
equations (25) and (26).

Next, a pair of switch blades is built, and the schematic
diagram is displayed in Figure 5. The switch rail 4 and the
switch rail B are both composed of 20 elements. The red
nodes are the joints. The illustration in the circle shows the
principles of the two red nodes’ connection. n; and n’1 are
the masses (matrices) of the nodes, u; and ”,1 are the forces,
x and x/1 are the displacements. & and b correspond to the
spring stiffness and damping coefficient, respectively.

According to Newton’s second law, the force balance
equation for u; is:

— vy — bxy + kY, 4 bx' = mx (27)
In the same way, the force equation for ull is:

fox, + bxy — bx, +u|, = n'x], (28)

The values of k& and b are 10,000 and 10,000,000, re-
spectively, derived from experimental results.

A select function is made in Simulink to choose which
red node or nodes should be rigidly connected. On this
basis, each node acts as an excitation point to control its
degree of freedom. External forces from the actuator can be
applied at any node or nodes to observe the deformation
state of the switch blades.

Simulation results

A full track switch system simulation model is established
in MATLAB/Simulink, including an actuator model and a
switch blade model. Two parts of the results are discussed:
switch blade bending analysis under full-scale parameters
and simulation results when the electro-mechanical actuator
is connected to the switch blades.

Switch blade model results

Based on the previously discussed static bending analysis,
the established finite element dynamics model can be
verified. Note that there are three positions on the switch
blade to bear the load of three points (P;, P, and P3), as
presented previously in Figure 3. The three steps are:

(1) discuss the results when applying an external force
only at the position Pj3;

(i) compare the analytical results with the FE steady-
state dynamic response in seven different
situations;

(iii) validate the forces against results obtained from
Simpack.

Single applied force. A single point load increasing in steps
of 100N from ON to 1000N acts on the rail at P; and the
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Figure 5. A schematic diagram of two switch blades.

other forces are set to 0. This test is used to identify rail
deflections and evaluate the performance when different
forces act on the front toe. The results obtained from
the preliminary analysis shown in Figure 6(a) display the
horizontal deflections of the rail. As the force increases, the
deflection of the rail also increases, and the force that works
on the end of the rail will cause the rail to deform in
proportion to the applied force. The solid lines in the figure
represent the analysed results, while the cross lines indicate
the steady-state response of the dynamic results. It can be
seen that the results obtained from these two analyses are in
good agreement.

Multiple applied forces. Here different combinations of
forces are applied along the length of the rail to observe the
influence of multiple external forces on the switch blade.
Three equal forces of S00N are applied to the three indi-
cated positions P, P,, and P3. Figure 6(b) illustrates the
relationship between the deflection in each direction and the
distance along the length of the rail. In this test, seven cases
are discussed. The static analysed solution and the dynamic
finite element simulation results are compared in each case.
It can be seen that as the applied force increases, the de-
flection of the rail from left to right also increases. The solid
lines in the figure represent the analysed results, while the

cross lines show the steady-state response of the dynamic
results.

In the steady-state, there is a small difference between
the static results and the dynamic deflection of each
element along the track length, caused by the difference
in the number of elements. The dynamic and static
deflection is closest at the points where the individual
forces Py, P,, and P; are applied along the length of the
rail. The error of the deformations between the static
model and the steady-state of the dynamic model is less
than 4%.

Validation against Simpack and experimental results. Here, a
constant force is considered as the input of the following
validations. First, the input forces are validated against the
experimental and Simpack forces, as listed in Table 2. It
should be noted that the force here acts on the front toes of
the two switch blades. The results in the third column are
implemented in Simpack using the finite element method.
As a one-off for model validation, Simpack is useful.
However, when the Simpack and the control model (like
MATLAB) are connected for co-simulation, it takes several
hours to simulate each second. The comparison result
shows that this paper’s model performs very well for the
switch blade.
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Combined blade and actuator model results

In this section, a complete switch model is compiled
using  MATLAB/Simulink, as shown previously in
Figure 2. The input of the actuator model is voltage, and
the output is the actuator force. The force is applied to the
front toe position. This combined model is validated with
the HPSS model built-in co-simulation of Simpack/

Simulink and the data details can be found in the ref-
erence [13]. The available data is the displacement of the
front toe and the current of the DC motor, as displayed in
Figure 7. The same command input step of a constant
voltage of 120 V is applied to the Simulink model to
cause a movement at time 1 s. Once the switch blade
closes the gap at the corresponding stock rail, the motor
current will rise and the motor will be switched off. The
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results show that at around 3.7 s, the front toe dis-
placement can reach 0.1 m, which matches the required
switch blade travel. The slight differences in the current

Table 2. Force comparisons of different methods.

figure between the Simpack and Simulink models are due
to the inclusion of some other mechanical connections in
the original complicated Simpack model. Overall, the
comparison between the simulation results and the
available data shows that the model has a good fit. It can
be concluded that the model is a good representation of
the full switch system.

(mm) Ezr::r(m:\cla)n «l Iszlomrcpzc(kN) r:gj;sfgz::r&c) The paper’s model requires 1.2 s of computational time to
y simulate 1 s, while the co-simulation costs several hours.
57.5 460 468 4735 Although the model built in Simulink is not as complex as
56.5 454 460 465.5 Simpack, it has the great advantage of very fast computation
54 436 440 443.5 time while still producing very similar results (error of the
49.8 402 406 408.5 deformations <4%). That is to say, the switch model proposed
44 358 358 360.3 in this paper can be used as a model for a series of other
37 298 302 3023 applications such as controller design, intelligent algorithm
2838 232 234 235 design, etc., thereby greatly improving the design efficiency.
19.7 158 160 159.8 This is also the fundamental significance of this model. A
10 82 82 80.2 summary comparison between the paper’s model and the
0 0 0 2 conventional co-simulation approach is presented in Table 3.
01
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Figure 7. Model validation for the front toe displacement and the DC motor current.

Table 3. Comparison of paper’s model and the co-simulation model.

FE Simulink Track Switch Model

Co-simulation Track Switch Model

Differences Build in Matlab/Simulink
Significantly reduce the computational time
Use easily and user friendly

Applications Controller design, System validation

or Other Matlab based design
Computational Time
(to simulate |s) 1.2's
(apply with controller) 2s

Build in Co-simulation (Simpack and Simulink)
3D straightforward model

More complex

Controller design, Railway surface analysis

or Other Simulink based design

>3 h
>4 h
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Conclusion

In this paper, a new approach to the dynamic modelling of
railway track switches has been proposed. The model has been
described and compared to static and dynamic results obtained
using other methods. It has also been shown to be consistent
(in terms of static forces and deflections) with experimental
results. The outcome is that the model is judged to be valid in
that it correctly predicts both the dynamic and static bending
of the switch blades. It also has the benefit that it allows
actuator forces to be applied along the length of the rails.
These positions can be specified by the user/designer. Ulti-
mately it was found that this model operates close to real-time
and that it is an order of magnitude faster than similar models
developed through co-simulation of MATLAB/Simulink with
multi-body dynamics software such as Simpack.

It is intended that this model has a number of potential
uses by researchers and engineers. Firstly, it can allow re-
searchers to design, compare and evaluate safely a range of
control system designs for railway track switches (which
presently are all controlled open-loop). In addition, re-
searchers can use the model to examine actuation options
ranging from one actuator to several actuators distributed
along the length of the switch. To facilitate these future uses
by researchers, the complete model is made freely available
and can be found here: https://doi.org/10.25500/edata.bham.
00000884 or can be obtained directly from the first author. In
terms of future work, we note that it may be possible to model
everything in Simpack (i.e. simulate the electro-mechanical
actuator and control system in Simpack itself). This is
something which could be investigated in the future.
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