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Abstract: Railway transportation has become essential in transportation systems because of its fast, safe,
cheap and environmentally friendly structure. The safe navigation of trains depends on the correct design
of the signaling system and its components. Developing technology also brings about changes in the
standards used in rail transportation systems such that the railway safety standards recommend using Petri
Nets in the modeling of point machines, which are the most basic actuators of signaling systems. The
working principle of point machines can be easily explained with Discrete Event Systems (DES). In this
study, a model was created for the Unistar CSV24 point machine, which is widely used in Turkey, by using
Petri Nets. The validation of obtained model was verified using the TAPAAL interface. Electromechanical
and Programmable Logic Control (PLC) solutions are presented to control the verified model. Siemens TIA
PORTAL was used to obtain the PLC block of the point machine.

Keywords: Point machine, Petri Net, TAPAAL, PLC control, Electromechanical control, Unistar CSV24
Unistar CSV24 Makas Motoru icin Petri Ag1 Modeli Olusturulmasi ve Kontrolcii Tasarim

0Oz: Demiryolu tasimacihig1 hizl, giivenli, ucuz ve gevre dostu yapisi sayesinde ulasim sistemlerinde énem
kazanmigtir. Trenlerin giivenli bir sekilde seyir etmeleri ise sinyalizasyon sistemlerinin ve bilesenlerinin
dogru tasarlanmasina baglidir. Hizla ilerleyen teknoloji rayli ulasim sistemlerinde kullanilan standartlarda
da degisimleri beraberinde getirmektedir. Oyle ki, demiryolu giivenlik standartlar1 sinyalizasyon
sistemlerinin en temel eyleyicisi olan makas motorlarinin modellenmesinde Petri Aglarinin kullanilmasini
onermektedir. Makas motorlarmin ¢aligma prensibi Ayrik Olay Sistemleri (AOS) ile kolayca
aciklanabilmektedir. Bu ¢alismada, Tiirkiye’de de yaygin bi¢imde kullanilan Unistar CSV24 makas motoru
icin Petri Aglar1 kullanilarak model olusturulmustur. Elde edilen modelin dogrulamasi TAPAAL arayiizii
kullanilarak dogrulanmigtir. Dogrulanan modelin kontrolii i¢gin elektromekanik ve Programlanabilir Lojik
Kontrol (PLC) ¢éziimleri sunulmustur. PLC ¢6ziimii i¢in Siemens TIA PORTAL arayiizii kullanilmistir.

Anahtar kelimeler: Makas motoru, Petri Agi, TAPAAL, PLC kontrol, Elektromekanik kontrol, Unistar
CSV24

1. Introduction

Rail transport must satisfy passenger safety and comfort to compete with road or air
transportation. Safe rail transportation is possible via the control of verified signalization systems.
In railways, signalization systems are used to maintain the safety distance between trains on the
same route and to perform crossings safely at the intersections of railway lines. Therefore, a fault
in the signalization systems can cause accidents that lead to life-threatening losses [1]. The
developing technology uses many software and control algorithms to model signalization systems
and components and verify these models. The main components of railway signalization systems
can be categorized as: points, signals, rail circuits or axle counters, level crossings, interlocking

Atif i¢cin/Cite as: A. Soyi¢ Leblebici, “Petri net modeling and controller design of unistar CSV24
point machine,” Railway Engineering, no. 17, pp. 211-222, Jan. 2023, doi:
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systems and central traffic control (CTC) [1, 2]. There are level crossings where the railway
intersects with the highways. While the rail circuits/axle counters provide information about
whether the railway is occupied by any railway vehicle, point machines allocate lines in one
direction (reverse or normal) [1, 2, 3]. The data from all these field equipment, alarm conditions,
route conditions, and line occupation information are collectors in the CTC. The interlocking
between the equipment is managed from this center. Before the use of computer systems in
signaling systems, especially in conventional lines, electromechanical control systems with relays
were used. These control systems are currently being replaced with today's PLC-controlled
computer and software technology to adapt to the newly added lines' signaling systems and
control centers [4].

The point machine is the main actuator in the railway signalization system. The route of a railway
vehicle may be set with the correct position of the point machines on the route. Then modeling
and control of a point machine have significant importance. In railways, the EN50128 standard is
used to meet safety conditions, and this standard suggests using Petri Nets in modeling
signalization systems and components [3]. The Petri Nets are used to design, analyze and control
discrete event systems with graphical and mathematical structures [5, 6]. For this reason, it is
possible to see examples of Petri Nets in railways such that in the study [2], a Petri Net model
was designed for a railway interlocking system and for this model, the Programmable Logic
Control (PLC) block was created. The results were simulated on a small part of a railway. The
Petri Net was used for modeling interlocking and signalization systems in [1], and these models
were realized by using PLC. The functional safety requirements have been discussed for the
Turkish National Railway Signalling Project. Petri Net models of signalization system equipment
and software were developed using fail-safe PLCs [7]. Since it was more practical to obtain PLC
codes in the SFC language from a Petri Net model, in this study, instead of function block
diagrams (FBD) language, the Sequential Function Charts (SFC) language was preferred in
coding PLC. The theoretical results for an interlocking system were tested on Interlocking Test
Program with a railway field. The study [8] examined the Automation Petri Nets (APN) in
railway signalization systems. The advantages of APN in railways were summarized. Then by
using the Token Passing Logic method from the designed APN model of a railway yard with two
crossover switches, a PLC ladder logic diagram was obtained and presented in the study.

In this study, an electrical point machine was modeled by using Petri Nets. The obtained model
deadlock analysis was realized by using TAPAAL interface that presents an environment for
editing and simulation of timed-arc Petri Nets. It also provides a verification module that
automatically checks bounded timed-arc Petri Net models main structural properties. It is easy to
design electromechanical / PLC control logic from validated Petri Net models [9]. Then, an
electromechanical control circuit was designed for point machine by using relays. Although the
electromechanical control systems support the real-time control, it is not possible to connect
computers to relays directly. Therefore, today electromechanical control systems are being placed
by PLC controlled systems. Then the PLC block for the point machine was created by using the
Siemens TIA PORTAL interface. Since the Unistar CSVV24 point machine is widely used in
Turkey, all simulations were realized with Unistar CSV24 parameters.

The study is organized as follows: In Section 2, points in railways are summarized. The Petri Net
graphical representation and structural behaviours are examined. A Petri Net model for an
electrical point machine is studied in Section 3 while in Section 4, the point machine controller is
designed by using both electromechanical control method and PLC. Study is concluded with
Conclusions section.
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2. Points

In railways, points allow the trains to go in the desired direction by changing their direction. A
point has three position such that: normal position, reverse position and an intermediate position.
The position of point in which the train goes without changing direction is called as the normal
position, and the position where it goes by changing direction is called as the reverse position.
The intermediate position which may cause trains to derail is used when changing from normal
position to reverse position and vice versa. This feature makes the switches a vital element of the
railway signalization systems [10].

The points can be classified into two groups such that motorized points that is controlled by an
electrical motor and points with detector. While the electrical point machine may be controlled
and its position can be seen from the central traffic control (CTC), only the position may be seen
from the points with detector. Figure 1 shows widely used electrical point machine Unistar
CSV24 structure. In this study, an electrical point machine Petri Net model was discussed for
Unistar CSV24 parameters and both electromechanical and PLC controllers design were realized

[11].
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Figure 1. Unistar CSV24 point machine [12]
3. Petri Nets

The Petri Nets are used for modeling, analysis and control of discrete event systems. A Petri Net
model consists of places, transitions and connections between them. In a Petri Net model, the
circles denote the places (symbolized with P) while the lines show the transitions (hamed with t).
The connections between places and transitions are realized by arrows. The “eo” symbol is used
for tokens in the graphical representation of Petri Net model. In a Petri Net model, firing of a
transition is possible if and only if the number of tokens in the related place are equal to the weight

of the arrow in between the place and the transition [5, 6, 7].

The Figure 2 shows an example of a simple Petri Net model that has the structure of G =
(P,T,N, 0, my) which may be explained as below;

e P={Py,.., B} : The set of places (finite dimension)

o T ={ty .. tn} : The set of transitions (finite dimension)

e N:PXT - N : The input matrice from places to transitions
e 0:TXP > N : The output matrice from transitions to places
e my:P->N > Initial marking
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According to the Petri Net model in the figure, since the place P, has one token and the weight of
the arrow in between place P, and transition t,, at first only t, can be fired. However, the
transition t, could be fired if and only if the state P; has at least two tokens.

™

Figure 2. Petri Net model.

The reachability, liveness and deadlock are the three main structural properties of Petri Nets. In a
Petri Net model, if the system can return to its initial condition regardless of firing order of
transitions, the system is reachable. The liveness property guarantees that system has no deadlock.
If a model has deadlock, it is not possible for the system to continue working [6].

The Petri Net models can be designed and analyzed via computer programs such that PNEditor,
PNetLab, WoPeD, MATLAB, PIPE2, TAPAAL etc. In this study PIPE2 was used to design Petri
Net model of Unistar CSV24 point machine and TAPAAL was used to verify these model.

3.1. The electrical point machine Petri Net model

Since the Unistar CSV24 point machine is suitable for points that are made in Turkey, then it is
preferred in the signalization projects of Turkish State Railways (TCDD). The point machine
may be controlled either automatically or manually (with a crack handle or manual command).
While preparing a route for a train the point machine will be controlled automatically. In
automatic control, if the point reach the desired position (reverse / normal) within the given time
(for Unistar CSV24 the time is 10 s) the point machine will be locked electrically. In manual
control electrical lock is not applied. If the point machine is tried to turn with a crack handle or
the point could not reach its final position in given time (either automatic control or manual
control) there will be a fault signal on the CTC [11, 13]. Then a Petri Net model was created
based on this information and given in Figure 3.

Figure 3. Petri net model of point machine Unistar CSVV24
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Table 1. Places of the Petri Net model

Place Description
P, (State P,) Control Enable
P, (State P,) Automatic control for normal position
P, (State P,) Point machine turns to normal position
P; (State P;) Manuel control for normal position
P, (State P,) Fault
P: (State Ps) Point machine locked electrically
P, (State P;) Point machine turns to reverse position
P, (State P;) Automatic control for reverse poisiton
Pg (State Pg) Manuel control for reverse poisiton

According to the figure, the places set P = {P,, ..., Pg} is given in Table 1 while the transition set
T = {t,, ..., t;5} is presented in Table 2. The initial marking is givenasm, =[1000000 0 0]7
which means that at the beginning there is only one token in place P,.

The model is verified to examine deadlock by using TAPAAL software. As a result, there is no
deadlock on system and also the system is reachable.

Table 2. Transitions of the Petri Net model

Transitions Description Transitions Description
Turn to normal signal The reverse po_smon_ls not
t0 - t8 reached in given time
(automatic control) .
(automatic control)
. The reverse position is
Turn to normal signal o r .
t1 t9 reached in given time
(manuel control) .
(automatic control)
The normal position is The reverse position is
t2 reached in given time t10 reached in given time (manuel
(maneul control) control)
t3 Point free signal t11 Crack handle
The normal position is Crack handle (while point is
t4 reached in given time t12
. locked)
(automatic control)
The reverse position is not
t5 Reset signal 113 reached in given time (manuel
control)
. The normal position is not
Turn to reverse signal L .
t6 - t14 reached in given time
(automatic control) .
(automatic control)
. The normal position is not
Turn to reverse signal . -
t7 t15 reached in given time (manuel
(manuel control)
control)

4. Point Machine Control

An electrical point machine is a mechatronic system that consists of sensors, a controller and
actuators. Sensors collect data from the point machine such that “point in reverse position,” “point
in normal position,” “point free signal,” and “crack handle”. In an electrical point machine, the
actuator part is an electrical motor. ON/OFF controllers may be used to control such a system.
The sensors and actuators remain the same even if the controller type changes. In this study, as
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an ON/OFF controller, the electromechanical control circuit and PLC block were designed for
Unistar CSV24 point machine by using Petri Net model.

4.1, The electromechanical control

The electromechanical term has included both mechanical and electronical systems. In
automation systems especially controlling of motors the electromechanical control circuits has
been used for many years. The electromechanical relays, time relays and counter relays form the
backbone of the electromechanical control circuits. The main advantage of the electromechanical
control systems is that it provides real-time control. On the other hand, the connections between
computers and relays could not be done directly [14, 15, 16].

TO_SIGNAL
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DLE
NUAL,
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S_REVERS

RACK_HA
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REVERSE_AUTO_SIGNAL
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\\\\\\

Point Machine
Electromechanical Control
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STATEPA  * | g
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STATERS  * |
STATEPT  *
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Figure 4. Electromechanical controller for Unistar CSV24

In this study for Unistar CSV24, an electromechanical control circuit was designed using Petri
Net model. Figure 4 shows the electromechanical control unit with control circuits in Figures 5 -
6. The inputs and outputs are summarized in Table 3 and Table 4. In this electromechanical
control unit for each sensor and CTC command, a relay is used as a memory variable (LS-N, LS-
R and R1 — R6). The electromechanical control circuit is designed using the related contacts of
these relays. In the control circuit, as shown in Figure 6, T1 and T2 are on delay timers and PO —
P8 are relays that correspond to the states in the Petri Net model. Though the relays can process
real-time data (parallel signal processing), in recent years, the relay control has been replaced by
PLC technology. The PLC control commands are evaluated based on time (serial signal
processing), but PLC is not affected by bad environmental conditions. Also, relays could not
communicate with computers directly. In case of possible error, fail-safe PLCs (especially those
certified according to Safety Integrated Level — SIL) are preferred, which greatly contribute to
ride and passenger safety by protecting the system. Then in this study, a PLC block was created
to control Unistar CSV24.

216


http://dergipark.org.tr/demiryolu
http://dergipark.org.tr/demiryolu

Demiryolu Miihendisligi Railway Engineering

CRACK_HANDLE

LS_NORMAL
LS_REVERSE

-REVERSE_MANUAL_SIGNAL

-NORMAL_AUTO_SIGNAL
-NORMAL_MANUAL_SIGNAL
-REVERSE_AUTO_SIGNAL
-POINT_FREE_SIGNAL

-RESET

2

4
2

=
~

Figure 5. Electromechanical control circuit for Unistar CSV24

RS 7

L P4
PO ) J

-R6

1 P3| -P7\ P8

LS N LS R
TIE T2

—

P67 P2 o -P1\ PS5\ -PT\ -PS\

|

R1\ -P1\ R2\ P3| -P1|  -P3, R

.

ASN7 SR/
-P7\ -R3, P8\ -PT £

\— — T T2

4
T2 &

1 CJ M T2 ] 1 ] -Ps ] PO ]
ts ts

P1 P3 -P2 -P7 -Pg -PB P4
Nt » , . h . 1

T

15
P

Figure 6. Electromechanical control circuit for Unistar CSV24

Table 3. The Electromechanical control circuit and PLC block Inputs

Electromechanical Inputs / PLC _— Petri Net Model
Description .
Inputs Variable
LS_NORMAL Point at normal position 6l
limit switch
Point at reverse position
LS_REVERSE limit switch Eolltio
CRACK_HANDLE Crack handle sensor ti1 ||t12
NORMAL_AUTO_SIGNAL Turn to normal signal to
- - (automatic control)
NORMAL_MANUAL_SIGNAL Turn to normal signal t,
- - (manual control)
REVERSE_AUTO_SIGNAL Turn to reverse signal te
- - (automatic control)
REVERSE_MANUAL_SIGNAL Turn to reverse signal t
- - (manual control)
RESET Reset ts
POINT_FREE_SIGNAL Point free signal ts
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Table 4. The Electromechanical control circuit and PLC block Outputs

Electromechanical Description Petri Net Model
Outputs/ PLC Outputs Variable

P, / State P, Control Enable Py

P, / State P, Automatic coqtrol for normal P,
position

P, | State P, Point machlne'tL'lrns to normal 3
position

P; [ State Ps Manuel control for normal position P,

P, / State P, Fault P,

Ps [ State Pg Point machine locked electrically Ps

P, I State P, Point machlne.tL_Jrns to reverse P,
position

Automatic control for reverse
P, | State P, poisiton P,
Pg [ State Py Manuel control for reverse poisiton Pg

4.2. The PLC control

In general, to obtain PLC logic from the Petri Net model Token Passing Logic (TPL) method is
suggested [18]. According to this method, if a place has one token, one local variable will be
defined. If the number of tokens is greater than one, a counter will be assigned. When the place
or transition is related to time, on delay timer will be used. Then, the PLC block for Unistar
CSV24 is given in Figure 7, with logic in Figures 8-12. The block was designed in Siemens TIA
PORTAL software by using Petri Net model.

According to the PLC block, inputs (from field or CTC command), and outputs (to field or CTC)
are given in Table-3 and Table-4. Memory variables (neither input nor output) are also used. The
PLC block in Figure 7 consists of 5 parts. The first part of the PLC block shown by Figure 8
corresponds to place PO in the Petri Net model, which means that the motor is enabled for control.
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Figure 7. PLC block for Unistar CSV24

Network 2:
% CONTROL ENABLE (INITIAL CONDITION) - STATE PO

#CONTROL_
& #STATE_PO ENABLE

#FAULT =0 - -
#LOCK=0 3% b — -

Figure 8. PLC block network?2 logic for Unistar CSV24

Railway Engineering

Network 1:

% AUTOMATIC CONTROL FOR POINT MACHINE NORMAL POSITION - STATE P1
% MANUEL CONTROL FOR POINT MACHINE NORMAL POSITION - STATE P3

% POINT MACHINE TURNS TO NORMAL POSITION - STATE P2

#AUTO_
>=1 NORMAL_MODE
#CONTROL_ SR
ENABLE —0 #NORMAL STATEF
#LS_NORMAL =0 AUTO_SIGNAL e 5 -
#REVERSE_TURN == 31 Rl Q= —
#MANUAL_
NORMAL_MODE
SR
#NORMAL_ #STATE_P3
MANUAL_SIGNAL e =
Rl Qe— -
>=1 %DB1
“TIME_NORMAL"
NORMAL_MODE e TON
#MANUAL_ T
NORMAL_MODE —me 3t N ET
T#105 — Q=
& #STATE_P2 #NORMAL_TURN
“TIME_NORMAL".Q =0 = =
* —_— JR— -

Figure 9. PLC block network1 logic for Unistar CSV24
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Figure 9 and Figure 10 show the motor normal/reverse turnout commands that can be found in
the Petri Net model state P2 and P6. The fault signal is generated in Figure 11 while, electrically
locking is realized by using the program part in Figure 12.

The Siemens TIA PORTAL is an interface that may be used to program Siemens automation
devices. The interface provides writing PLC codes with function blocks defined by standard
IEC61131-3 [19]. The results are verified by computer simulations. Similar studies in the
literature are generally creating Petri Net models to meet safety standards and creating PLC codes
in different languages (ladder logic / FBD / SFC) using these models. In this study, Petri Net
model of the point motor was created and PLC block was obtained from this model in FBD
language. In this study, unlike the literature, an electromechanical control unit, which is one of
the old methods, is also designed. It has been observed that similar methods are used to create a
PLC block or electromechanical control unit of a signalization system element with a Petri net.
Therefore, it is seen that it is explanatory discussion for railway workers in revising the systems
of electromechanically controlled railway lines, in which relays are used, into new generation
PLC-controlled systems, in which computers and software are used.

Network 3:

% AUTOMATIC CONTROL FOR POINT MACHINE REVERSE POSITION - STATE P7
% MANUEL CONTROL FOR POINT MACHINE REVERSE POSITION - STATE P8
% POINT MACHINE TURNS TO REVERSE POSITION - STATE P6

#NOI - R1 Q— —
AANUAL_
EVERSE_MODE
SR
H#REVERSE_ TATE
A SIGNAL e g =
R1 Q=— —_

—_— T

TIME_REVERSE".Q =0 - -

Figure 10. PLC block network3 logic for Unistar CSV24

Network 4:

% FAULT - STATE P4

#CRACK_HANDLE ==

TIME_NORMAL".Q === 3§

>=1

#AUTO_
REVERSE_MODE =

#MANUAL_ &

REVERSE_MODE mmm st — #FAULT

{1

TIME_REVERSE".Q —m3f —_— — $STATE_P4

$RESET =0 R Q— _

Figure 11. PLC block network4 logic for Unistar CSV24
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Network 5:

% POINT MACHINE ELECTRICALLY LOCKED - STATE P5

>=1

#RESET mO 35 — 1 () m— —

Figure 12. PLC block network5 logic for Unistar CSV24

4. Conclusion

In this study, the Petri Net model of an electrical point machine was obtained. For Unistar CSV24
parameters, the deadlock analysis was applied to the model by using TAPAAL. The deadlock
verification of this model has a significant importance to ensure the reliability and continuity of
the point machine control. In the past, the electromechanical control method was preferred for
point machine control but nowadays PLC control is used. The PLC logic might be set up easily
from the validated Petri Net model with token passing logic (TPL) method. In this study, for
Unistar CSV24, at first an electromechanical control circuit was designed. Although the
electromechanical control method has real time control capability, in this study also a PLC control
block was designed by using today’s technology. Designed controllers are simulated by using
computer programmes. A fail-safe PLC block can be created, based on the PLC control block
developed in this study. The point machines also used in the industry such that iron and steel
industry or mining industry. The developed control blocks also may be applied to the point
machines in the other industrial area.
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