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Development and study of a microprocessor automatic control system for a mono-switch tie
type with a linear inductive electric motor and a discrete speed controller

Introduction. The article is devoted to the development of the microprocessor automatic control system for a gearless controlled
electric drive of a mono-switch tie based on a linear inductor electric motor. This solution provides control the position of the switch
point, to carry out the transfer process with a smooth drive of shanks to the frame rail, to protect electric motor elements from
overloads. Goal. Development and study of the behavior of microprocessor automatic control system for mono-switch tie type with
linear inductive electric motor and discrete PID speed controller which coefficients are adjusted according to Chien-Hrones-
Reswick method to meet modern traffic safety requirements and improve operational reliability factors. Methodology. On the basis
of electric drive theory, a kinematic line of a mono-switch tie type with nonlinear friction characteristic is presented. Using
differential equation theory and Laplace transformation, a mathematic description of a linear inductor electric motor has been made.
Using the z-transform method, a difference equation for describing a discrete PID speed controller is obtained, the coefficients of
which are derived using the Chien-Hrones-Reswick method. A simulation mathematical model of the electric drive mono-switch tie
type as the microprocessor automatic control system with linear inductive electric motor and discrete PID speed controller and
nonlinear friction characteristic was built in MATLAB. Results. Simulation modelling of a mathematical model of the
microprocessor automatic control system of the electric drive mono-switch tie type with the linear inductive electric motor and
discrete PID speed controller and nonlinear friction characteristic have been developed and performed. Studies of dynamics of
switch point movement have shown that, a drive time of less than 0.7 s at a constant speed motor armature of 0.2 and 0.3 m/s
provides to meet modern requirements for railway switch points. The application of discrete PID speed controller has shown
improved dynamics of switch point. Originality. First for the electric drive of the mono-switch tie type with linear inductive electric
motor a mathematical model of the discrete PID speed controller and nonlinear friction characteristic as an object of speed control
of switch point movement, has been developed. Practical value. Mathematical model of a railway track switch of the mono-switch tie
type with linear inductive electric motor and discrete PID speed controller has been developed to carry out the control of the
position of the switch point, process with a smooth drive them to the frame rail, to protect electric motor elements from overloads.
References 25, tables 2, figures 12.

Key words: electric drive with linear inductive electric motor, electromechanical system, control system, discrete PID speed
controller.

Poboma npucesuena pospobyi mikponpoyecopnoi cucmemu agMoOMAmMuyHO20 KepyBamnHus 6e3pe0yKmMOpHUM pe2ylbO8aHUM
eNeKMPOnpPUBOOOM CIMPIIOUHO20 NEPeBoOy MOHOWNAILHO20 MUNY HA 6a3i NiHIlIHO20 THOYKMOPHO20 0sucyHa. Taxe piuents 003801€
KOHMPONI08AMU NONONCEHH 20CMPAKIG, 30IUCHIOBAMU Npoyec Nepegoody 3 NIAAGHUM 008000M 20CMPAKI6 00 pPAMHOI peliKi,
3aXUCIUMU eneMeHmu elekmpoO8UeyHa 6i0 Nepesanmadicetb. 3anpononosano cmpykmypuy cxemy ouckpemmozco I1l/]-pecyismopa
WBUOKOCMI, CUHME308AHO20 8 Z-300PANCEHHI A OMPUMAHO dlazpamu po3nooiny 1io2o Koegiyienmie 3a memooom Yuna-Xpouca-
Pecsixa. Hasedeni pesyiomamu KoMn 1omepHo20 MOOEN08aHHs NOKA3AU, WO YAC Nepedody 2ocmpskie menwiuli Hidc 0,7 ¢ npu
cmanomy pieni 3a0asants weuokocmi axopsa 0,2 i 0,3 m/c, wo 0036015€ peanizysamu CyuacHi 6umozu 00 CMPIIOYHUX Nepesooie
saniznuunozo mpancnopmy. bion. 25, tabn. 2, puc. 12.

Kniouogi cnosa: enekTponpuBoj 3 JIiHIHHMM iHIYKTOPHMM [BHIYHOM, eJeKTPOMEXaHiYHAa CHCTeMa, CHCTeMa KepyBaHHi,
nuckperHuii [II/I-peryasitop mBuakocTi.

Introduction. The transport system is an important
component of the economic growth of the national
economies of the world economy. The development of
railway international transport networks contributes to the
integration of trade between the European Union (EU)
and Ukraine. Therefore, the renewal of the transport
infrastructure of Ukraine is one of the main directions of
the implementation of the National Transport Strategy of
Ukraine for the period until 2030 [1], which lays the
foundation for changes in the transport sector for the next
8 years, namely the development of new high-speed
interregional connections, connections with EU countries
and the renewal urban transport infrastructure [2].

Turnouts are an integral part of the railway
infrastructure. The development of their automation
systems and the improvement of service technologies
contribute to a large extent to the increase of traffic safety
and the improvement of economic indicators of railway
activity [3-5].

Global companies are working on the creation of
new types of turnouts [6, 7], namely, their mono-switch

tie implementation. Their general concept, both for
normal and high-speed traffic, comes down to ensuring
maximum reliability and safety, with minimal ongoing
maintenance costs. Modern turnouts are equipped with
new electric motors [7—-10] and control systems [4, 11].

In Ukraine, the lack of adjustable electric drives for
turnouts requires the creation of specialized electric
drives. To increase their efficiency, there is a need to
create new types of electric drives [12—14]. In [15], the
questions of the development of the functionality of the
railway turnout by introducing an electric drive with a
valve-inductor motor were considered, which is justified
by the simplification of the mechanical part of the turnout
by replacing the gearbox with a ball-screw pair and
placing the entire kinematic line of the turnout on one
sleeper.

The replacement of rotary electric motors with linear
ones provides even more simplification of the design,
which ensures an increase in efficiency, a decrease in
maintenance costs, and an increase in the reliability of the
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operation of turnouts. A distinctive feature of such motors
is their ability to convert electrical energy into mechanical
translational movements of the executive mechanisms of
the turnouts — points and movable cores of the crossbars,
directly, without intermediate mechanical converters. The
electric drive taking into account linear electric motors of
the electromagnetic type (LMEMT) was considered in
[16]. The rationality of such a technical solution consists
in the reserve of excess energy, which takes place at the
end of the cycle of the electric drive of the turnout, in
order to use it later at the beginning of the movement of
the turnout. This article is devoted to the improvement of
the microprocessor system of automatic control of the
gearless adjustable electric drive of the mono-switch tie
type based on the linear motor of the inductor type to
obtain a given law of control of the movement of the
sharps and reduce the time of the switch transfer.

The peculiarity of turnouts of this type is that, thanks
to the unique properties of the structures and the
capabilities of the control systems, they ensure high
accuracy of the positioning of the spikes and the
necessary controllability of the traction force, taking into
account the increase in speed and cargo flow of
transportation.

Thus, the way proposed in the article to create a new
control system for the electric drive of the turnout is
relevant from the point of view of the need to transition to
a new modern element base of automation systems and
new design solutions.

The purpose of the article is the development of a
microprocessor-based system for automatic control of a
mono-switch tie type turnout with a linear inductive
electric motor (LIEM) and a discrete proportional-
integral-differential (PID) speed controller with adjusted
coefficients according to the Chien-Hrones-Reswick
method to ensure modern traffic safety requirements.

To achieve the intended goal, the following tasks
are set:

e development of a system of automatic control of a
mono-switch tie type turnout with LIEM, which allows
the transfer process to be carried out with a smooth
approach of the spikes to the frame rail, protection of the
motor from overloads and control of the position of the
spikes for high-speed and ultra-high-speed electric
transport railways;

e synthesis of a discrete PID speed controller for an
electric drive with an inductive motor, as an element of
improvement of the microprocessor system of automatic
control of the turnout transfer to improve its operation
both in regular and non-stationary modes.

Research material. The functional diagram of the
electric drive of the turnout is shown in Fig. 1, which
includes three units: a LIEM, a speed regulator with a
power converter as part of the control unit, and a sensor
for the position of the spikes, which monitors the
movement of the spikes and their close fit to the
frame rail.

Figure 2,a shows the cross-section of the LIEM,
which is placed in the sleeper as shown in Fig. 2,b.

Control unit LIEM
(Rt e e s
! 1
1| Speed Power 1
——> =

: regulator converter 1 -
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e e &

Spike

position I
sensor

Fig. 1. Functional diagram of the electric drive of the turnout
with LIEM
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thrust

Control
unit

Transverse
thrusts
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Fig. 2. Design of LIEM (a)
and placing it in one sleeper (b):
1 — stator; 2 — pole tips of the external stator;
3 — poles; 4 — armature; 5 — phase coils; 6 — housing

The linear electric motor has four phases 4, B, C, D
and consists of two stators 1 (internal and external), which
makes it possible to obtain a minimum air gap in the
inter-tooth area with small dimensions of the machine,
concentrating the magnetic flux in the tooth area.
Alternating switching on of the phases of the electric
motor (4, B, C, D) ensures a uniform distribution of the
electromagnetic force during the movement of the
armature 4. When increasing the number of coils (phases),
it is possible, if necessary, to significantly reduce the
fluctuation of the force acting on the armature during its
movement. Additional armature advantage of this design
of the induction motor is the relatively long length of the
armature compared to the electromagnet, which will allow
to easily implement the movement of the spikes without
changing other overall dimensions of the motor.

Depending on the signal from the sensor of the
position of the spikes, which are installed on the outside
of the frame rail and provide control over the tight fit of
the spike to it, the power converter, located in the control
unit and made on the basis of field-effect or IGB
transistors, connects the stator coil to the power source.
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And the electric motor converts electrical energy into
mechanical energy, setting the armature in motion.

Such an electric motor requires a different automatic
control system than LMEMT and, as a result, another
solution, but provides reverse operation without the use of
additional springs [16].

The mathematical description and simulation model
of LIEM based on the solution of the Lagrange equation
is given in [17] and in the normal Cauchy form has the
form:
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where Uy, Up, Uc, Up is the voltage of power sources;
T4, ¥, Vo, Tpy 4, Ip, ic, ip are the active resistances and
currents in the corresponding phases of the stator;
¥y, ¥, Yo, ¥p are the flux linkages of the respective
phases; x is the displacement of the armature; F,, is the
resistance force; « is the coefficient of friction between
the guide and the armature; v is the armature movement
speed; m is the mass of the armature; F,; is the driving
force of the electric motor.

An electronic switch is required to connect the
motor phases to the power source and adjust the voltage
on it. Since the operation of the LIEM does not depend on
the direction of the current in the phase, a half-bridge
circuit is usually used to switch the current in it [18].
A fragment of the circuit of the electronic switch (for
phase 4) is shown in Fig. 3.
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Fig. 3. Schematic of phase 4 of the electronic switch
for a 4-phase LIEM

Phases (4, B, C, D) are
semiconductor switches (phase 4 — V'T1 —

included between
VT2; phase B —

VT3 — VT4; phase C — VTS — VT6; phase D — VT — VT8)
operating in PWM mode depending from the position of
the spikes and the direction of their movement. Protective
diodes (for phase 4 — VD1 — VD2, for phase B — VD3 —
VDA4; for phase C — VD5 — VD6, for phase D — VD7 —
VD8) ensure the flow of current after closing the upper or
lower switches in the phases.

To control the LIEM, a digital PID speed controller
was synthesized, which is described by the transfer
function:

Tyz z—1
W K,+K——+K , 2
ple)=Kp 4 K T Koo @

where K, is the transfer coefficient of the proportional
component; K; is the transfer coefficient of the integral
component; K, is the transfer coefficient of the
differential component; 7y is the period of discretion, s.

Based on the transfer function (2), a difference
equation was obtained that describes the algorithm of the
discrete PID controller:

u[n] = er[n]+ K, (u[n - 1]+ Toe[n])+

+ o eln]-eln-1)- ®

0

= er[n]+ K[Y"Oe[n]+%(e[n]— e[n - 1])+ K[.u[n - 1] .
0
According to (3), the structural diagram shown in

Fig. 4 is built.

eln]

Fig. 4. The structure of the discrete PID controller

Since the LIEM is described by a nonlinear
function [17], the standard methods used for adjustment
of linear objects are not suitable for adjustment of the
coefficients of the PID controller [6, 19]. Therefore,
their calculation was performed according to the Chien-
Hrones-Reswick method [20], which allows obtaining a
larger stability margin than the traditional Ziegler-
Nichols method [21, 22].

According to the Chien-Hrones-Reswick method
for calculating the coefficients of the PID controller the
response of the control object to the step input signal is
observed. The elements of the control object, which

have an aperiodic characteristic (Fig. 5), are
approximated by the serial connection of the aperiodic
link and the delay link.

From Fig. 5 it can be seen that two parameters a and
L are used to calculate the coefficients of the PID
regulator using the Chien-Hrones-Reswick method. Their
calculation was performed under the conditions of the
absence of overregulation (CHR0%) and its presence in
20% (CHR20%). The formulas by which the coefficients
K, K; and K are calculated are given in Table 1.
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Fig. 5. An example of the acceleration curve of the control
object
Table 1
Calculation of the coefficients of the PID regulator according to
the Chien-Hrones-Resvik method in the absence of
overregulation and its presence

Method K, K; Ky
CHR0% 0,6 L 0.3L
A .6 £
a K p K P
. 0,95 L4L 0,47L
CHR20% P Kp Kp

The calculated parameters of the PID controller were
adjusted manually to improve the quality of the control,
since the analytical expressions are based on simplified
models of the object and give an error. Adjusting the
parameters of the regulators is performed according to the
following rules: an increase in the proportional coefficient
K, increases the speed of operation and reduces the
margin of stability; with a decrease in the integral
component K;, the adjustment error decreases faster over
time; reduction of integration constant 7; reduces the
margin of stability; increasing the differential component
K, increases the speed.

After adjusting the coefficients of the PID speed
controllers, they take the form shown in Fig. 6.
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Fig. 6. Coefficients of the PID regulator

From Fig. 6 it can be seen that all coefficients
depend on the speed of movement of the spikes, namely:
the coefficient of the proportional link K, increases
sharply from 0.25 to 1 at speed above 0.3 m/s;
the coefficient of the integral link K; has a sharply
decreasing linear characteristic at low speeds of
movement up to 0.08 m/s and changes in the range from
0.7 to 0.2; the coefficient of the differential link K, has a
gentler characteristic and varies from 0.3 to 0.5 at the
speed of movement of the spikes above 0.2 m/s.

Taking into account this Fig. 4 will look as shown in
Fig. 7.
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Fig. 7. The structure of the discrete PID speed controller
with adjusted coefficients according to the Chien-Hrones-Resvik
method

The detailed functional scheme of the turnout
transfer is shown in Fig. 8, where LIEM with a sensor of
the position of the spikes, an electronic switch (Fig. 3), a
distributor with a pulse converter and a speed regulator
(Fig. 7), which are parts of the control unit, is separated
by dashed line.

The control system of the mono-switch lie type
turnout is considered as a two-loop system of subordinate
coordinate regulation with a PID speed controller, which,
together with the LIEM, is reduced to a general
simulation model in MATLAB [23, 24], taking into
account all elements, parameters and relationships
between them in Fig. 9, and Fig. 10 shows the diagram of
the mechanical part.
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Fig. 8. Expanded functional scheme of the electric drive of the turnout with LIEM
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Fig. 9. Generalized simulation model of turnout with LIEM
in the MATLAB environment

il % ! | x
ms S

k:

Fig. 10. Structural diagram of the mechanical part of the turnout
with LIEM
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In the feedback of the system, there is a load block
v = f(F_), which reflects the friction characteristic [25],
since the turnouts operate in different weather conditions
under the influence of random factors (fallen leaves, rain,
snow, substances that spill from the cars, etc.).
The average values of the coefficient of friction on the
rail-cushion surface (steel-steel) are given in the Table 2.

Table 2
Coefficient of friction at rest and sliding
Coefficient of friction
Friction at rest in a sliding state
materials without with without with
lubrication | lubrication | lubrication | lubrication

rail - 0.8 0.5-04 | 0.15-03 | 0.05-0.18

cushion

Figures 11, 12 show the transients of the electric
drive of the turnout, namely the movement of the spikes
and the speed of the turnout with a PID speed controller,
taking into account the nonlinear characteristic of friction
at different settings of the speed of movement of the
spikes.
v, m/s
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Fig. 11. Transients in mono-switch tie type with PID speed
controller when setting the speed v, = 0.2 m/s
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Fig. 12. Transients in mono-switch tie type with PID speed
controller when setting the speed v, = 0.3 m/s

From the obtained graphs of transients, it was
established that the PID controller supports the set speed
of movement of the spikes of 0.2 m/s (Fig. 11) and
0.3 m/s (Fig. 12), which allows control of the position of
the spikes. It also provides a transfer process with a
smooth transition of the spikes to the frame rail, which
protects the elements of the electric motor from
mechanical overloads.

The graphs of the transients of the movement of the
spikes show their impact-free tweaking to the frame rail,
which is confirmed by the speed curves at the end of the
transfer process at ¢ > 0.6 s.

Conclusions.

1. A microprocessor-based system for automatic
control of a mono-switch tie type with LIEM and a
discrete PID speed controller was proposed and
researched, which made it possible to improve the quality
of the dynamics of its operation.

2.0n the basis of the analytical methods of
z-transformation, a discrete PID speed controller was
synthesized and its simulation model was developed
taking into account the nonlinear characteristic of friction,
which confirmed the improvement of the dynamics of the
operation of the turnout drive with LIEM.

3. Using the Chien-Hrones-Resvik method, distribution
diagrams of the PID regulator coefficients were obtained
depending on the speed of the armature movement: the
coefficient of the proportional link increases sharply from
0.25 to 1 at speeds above 0.3 m/s; the coefficient of the
integral link has a sharply decreasing linear characteristic
at low speeds of movement up to 0.08 m/s and varies
from 0.7 to 0.2; the coefficient of the differential link has
the smoothest characteristic and varies from 0.3 to 0.5 at a
speed of movement of spikes above 0.2 m/s.

4.0On the basis of the study of the transients of the
movement of the spikes, the possibility of shock-free
bringing them to the frame rail is shown, which is
confirmed by the speed curves at the end of the turnout
transfer process, which go to 0 as well as the possibility of
obtaining the transfer time of the spikes in less than 0.7 s
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at a constant setting level of speed of 0.2 and 0.3 m/s of
armature movement for LIEM.
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