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Abstract. The article discusses the possibility of applying the results of regression analysis [1],
fuzzy logic modelling and adaptive systems as such for use in heating control circuits of railway
turnouts in order to reduce energy consumption, reduce current surges during on/off switching,
and extend the life of heating elements. Based on various researches [2-4] some new solutions are
proposed to fulfil shortages of current solutions. As a proposed solution to the described problem,
an experimental point electric heating adaptive control system is proposed and described.
Experiment of controlling point electric heating system using pulse-width modulation driven by
values of regression analysis and fuzzy logic elements. Adaptive methods allowed to dismiss
contact temperature sensors, which is associated with a decrease in the reliability of the system,
but this fact is prevented by the use of such control methods that can indirectly determine the
required rail heating temperature. Conclusions show that the approach of introducing adaptive
methods like pulse-width modulation allows to control point electric heating in more efficient way
— using program code, control system will adjust heating by adjusting time intervals when the
heating is turned on and off.

Keywords: railway, point heating, intelligent control system, adaptive systems.
1. Introduction

In order to transport cargo safely and uninterruptedly using railway, all elements of railway
infrastructure must function without failures. According to researches [1-6] main safety focus is
on railway automatics and signalling, shunting movement, level crossings and turnouts or points.
All of these elements are not heavily dependent on weather conditions except points. During
winter, condition of the area between stock rail and blade can become icy or it can be filled with
snow thus blocking point switching from one extreme position to another.

Railways in Commonwealth of Independent States (CIS) countries are usually equipped with
point pneumatic cleaning systems and electric heating systems. This article will focus on one of
the most effective methods of point cleaning — point heating with electric heating elements. By
using point electric heating (PEH), snow and ice most definitely will be melted, and point will be
clean. Unfortunately, the downside of this method is cost for consumed electricity. Existing
systems do not apply the method of limiting the power of the heating elements, which significantly
increases the energy consumption in “mild to medium” weather conditions. The article considers
the possibility of developing a control system for heating a turnout with reduced energy
consumption.

2. Main objectives

In order to evaluate the point as a regulated thermal object, it is necessary to know the thermal
technical parameters: heated mass, exposure and stabilized temperature, reaction time.
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Point material is steel with a specific heat capacity of 460 J/(kg-°C). Usually, the length of the
1/9 type point is 8 meters, and the heated length is 5 meters. Heating elements are located and
attached to the point frame rail exactly 5 meters long. Since the frame rail is heated, the parameters
of the frame rail were used in the calculations. The frame rail has a rail type (brand) R50, which
in practice means that the mass of one running meter rail is 50 kg. The total heated mass is 250 kg
[7, 8].

For example, to heat one point frame rail to a temperature of +5 °C, if the ambient air
temperature is —15 °C, the amount of heat is required, which is calculated according to the formula:

Q=mxcx* (6, —6p), ()

where Q — thermal energy J, m — mass kg, ¢ — specific heat capacity of the material J/(kg-°C), ),
— the final temperature of the material after heating, 6, — initial temperature of the material.
Q =250-460-(5—(-15)) =2 300 000 J =2 300 kJ.

If it is necessary to heat such a mass in 1 minute, then the supplied power can be calculated as
follows:

Q 2300000
TS e - 38333,33W = 38,33 kW,

where T is the required heating or reaction time. Of course, in real conditions, there is no need to
heat the frame rail to a stable positive temperature in such a short time. As a rule, the frame rail
should be heated to a stable positive temperature, which ensures melting of snow between it and
the blade within no more than 15 minutes from the moment of turning on the heating. Therefore,
recalculating the result according to the formula above, the following result is obtained:

P—Q—2300000 = 3883,33W ~ 4kW,
T 600 ’ ~ ’

which is a correct result since the rated power of the heating element is 2,3 kW.

However, the continuous use of the maximum power of the entire heating element is not
economically feasible, since most of the time the effects of the environment and precipitation are
not at extreme values and overheating and excessive consumption of electricity ultimately has a
negative impact on the environment [9]. Thus, the task is to control the power of the heated
element depending on a variety of climatic and physical factors.

3. Development of the heating element power control concept
In order to obtain the effect of all impact factors on power, a power expression was formed:
P =P0+a19;mb+a2N*+a3V*. (2)

For temperature correction 8, = +5 °C, Opin = —45 °C, Opax =15 °C, for the effect of
precipitation Ny, = 30 mm/h, N,,,;;, = 0 mm/h, wind speed V,,;,, = 0 m/s, V0, = 30 m/s.

Three impact coefficients are adopted: a; (ambient temperature), which can take the values
—1 (45 °C) and +1 (+5 °C), a, (precipitation in the form of snow and ice), which can take the
values —1 (precipitation level is 0 mm/h) and +1 (precipitation intensity is 30 mm/h) and a; (wind
speed), which can take the values from —1 (0 m/s) and +1 (30 m/s).

Formula to calculate the impact factor a;:

.8_ P+ a,;
o = Zm it 6
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The heating process of the frame rail is impacted by several factors: the most important is the
outdoor temperature during the heating process 0,5, which in Latvian climatic conditions can
vary from —45 °C, marking on the linear scale — the extreme left point with a relative value of —1
and up to +5 °C with a relative value +1 on the linear scale. At temperature 0,,,;, = +5 °C, heating
is only necessary if there is precipitation in the form of rain and the wind is so strong that all the
generated heat is dispersed in the outdoor space and there is a risk of the point blade freezing to
the frame rail. A wind with a speed of V' > 30 m/s (+1 on the linear scale) can be considered a
very strong wind. If it is completely windless and there is no precipitation in the form of rain or
ice, then at ©,,,;, = +5 °C the point may not be heated. So, a very important factor is the amount
of precipitation — if the rails are covered, then the amount of heating can be reduced. Similarly, if
there is no snowfall (N = 0 mm/h), then it is accepted on the linear scale as —1, but if there is
heavy snowfall (N = 30 mm/h), then it is accepted as +1.

The impact of all three factors on the required heating power can be estimated with the
following regression expression:

P =P0+a19;mb+a2N*+a3V*, (4)

where P, is the required power at the average values of all 3 impact factors (zero on the linear
scale).

If only the extreme values of the linearized scales —1 and +1 are used, then it is necessary to
initially create a table of the required powers with 23= 8 possible factor situations. It is best to
make such a table experimentally, but then it is necessary to find the possibility to change all 3
factors in a wide range. Therefore, the expert method is usually used with an approximate
calculation of power — an expert’s assessment by the size of the effect.

By setting the minimum value (—1), the maximum value (+1), a power table with the following
powers is obtained, which according to experts looks like this for the 10-minute mode. Expert’s
assessment was made based on experimental data of the heating power using actual measurements
of temperature and power in different climatic conditions. After experimental measurements,
results were analysed and table with assessment of required power was created (see Table 1).

Table 1. Expert’s assessment of required power

Value / impact factor 0 N vV Power P, kW

-1 -1 -1 P, =8
-1 -1 +1 P, =13
-1 +1 -1 P, =12
] +1 +1 P, =38
+1 -1 -1 P =38
+1 -1 +1 Pg=2
+1 +1 -1 P,=15
+1 +1 +1 Pa=2

* In case the power exceeds the maximum power of the heating element, this parameter indicates an

increase in the heating time

The average power value is determined simply by summing all 8 power measurements and
dividing the sum by 8 (3 factors):

b 8 P, 8+134+12+8+8+2+15+2
0: —
8 8

= 6,81 kW.

The ambient air temperature impact factor is determined by summing the product of each
measurement result with the relative value of the factor in the measurement:
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YPiPixay —-8-13-12-8+8+2+15+2

= —3,44.
8 8 3

Similarly, the snowfall impact coefficient is determined:

—-8—-13+12+8-8-2+15+2

a, = = —0,94,

8

and the wind effect factor:

—-8+13-12+8-8+2-15+2

as = = _0,56.

8

Overall:

P = 6,81 — 3,446, — 0,94N* — 0,56V (kW).

no

*

amb =

26

Impact factor

-15
Ambient temperature, °C
Fig. 1. Changes in the impact factor depending on ambient temperature changes

1.5

Impact factor

Precipitation intensity. mnvh
Fig. 2. Changes in the impact factor depending on changes in the precipitation intensity

)

Maximum power will be required in low ambient temperature, heavy precipitation and very
strong wind: Py, = 11,8 kW.
The minimum required power in the evaluation area will be at ,,,, = +6 °C, uncovered rails,

snowfall and no wind: P,,;;, = 0 = 1,88 kW.

Actually, at ambient temperature 8,,,,,= +5 °C heating can be stopped.

It should be noted that the link between the relative and the real value is expressed as:
2(eamb - emin)

Qmax - Gmin

~1+

JOURNAL OF MEASUREMENTS IN ENGINEERING. MARCH 2023, VOLUME 11, ISSUE 1

(6)



INDIRECT MEASUREMENTS IN THE INTELLIGENT HEATING CONTROL SYSTEM FOR THE TURNOUT USING ADAPTIVE SYSTEMS.
RUSLANS MUHITOVS, MAREKS MEZITIS, GUNTIS STRAUTMANIS, VLADIMIRS IRISKOVS

If 0,5, = —45 °C, 0,54 = 15 °C and for example, 8,,,, = —15 °C, then the relative value is:

2(-15—(—45)) _ 14500,

amp = ~1+ = s = 50

If the amount of precipitation intensity is 5 mm/h, then the relative value:

2(5 — 0) 10
=—1+—=-067

N =-14+4"——=—
300 30

but if the wind speed is 3 m/s, then relatively it is:

23-0)

=1t

-0,8.

If the regression expression with impact factors has been obtained, then the values of the
necessary powers can be obtained at all the real values of the impact factors, the research range of
these values, i.e. for ambient air temperature from —45 °C to +5 °C, precipitation amount from
1 mm/h to 30 mm/h, wind strength from 0 m/s to 30 m/s, i.e. get P = f (O 4mp, N, V).

In reality, it is very difficult to estimate the required power, because it depends on both
stationary parameters (mass, heat capacity, partly the difference between the required changeover
temperature and the temperature of the surrounding environment) and dynamic ones — the rate of
environmental temperature change, changes in climatic conditions depending on the climatic
dynamic impacting factors — wind strength, humidity, atmospheric pressure [10, 11]. In the study
[12], the study of power changes depending on various environmental factors was carried out. The
research was conducted in one of Scandinavian country, where the climatic conditions are close
to the conditions in Latvia. The last impacting factor is the geographical position (location) of the
object, which is very important [13], and this geographical location largely determines the
requirements for the creation of the exchange heating system. The movement route can start (end)
at a geographical point where special heating is not needed at all, and end (start) in harsh climatic
conditions. This means that even for one route, if it is long, it may be necessary to create an
individual system for each section according to the required nominal power, as well as the
maximum power for extreme situations, which must be ensured by the functioning of the turnout.

If maximum impact factors are observed, the power will be very high, but in reality, such a
situation is unlikely, and the system will operate with a reduced power compared to the maximum
possible value.

The above shows that the study of impact factors is a very important issue that needs to be
addressed, because the rational and efficient operation of the system depends on it.

4. Definitions of equations of the state of the system

To implement the task, a system was chosen based on an industrial programmable logical
controller with feedback implemented as a rail temperature sensor. In this case, the system is
described by the following equations.

The state of the system Z(t) at any time t depends on the input function X (t):

Z(t) = F[X(@®)], (7
where F, — system state function (transient function).

The state of the system Z(t) at any moment ¢ also depends on its previous states at time
moments Z(t — 1), Z(t — 2), ..., i.e. from its state functions (transitions):
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where F, — system state function (transient function).

Inputs States Oulpms‘

x() Z) v

Feedback
Fig. 3. Block diagram of a single feedback system

The relationship between the input function X (t) and the output function Y (t) of the system,
ignoring the previous states, can be represented as:

Y(t) = Fa[X(0)], )

where Fp — function of system outputs.

A system with such an output function is called static.

If the system depends not only on the input functions X (t), but also on the state (transition)
functions Z(t — 1), Z(t — 2), ..., then:

Y(t) = Fo[X(6), Z(), Z(t — 1), Z(t = 2), ..., (Z — v)]. (10)

Systems with this output function are called dynamic (or behavioural systems).

Depending on the mathematical properties of the input and output functions of the systems,
discrete and continuous systems are distinguished.

For continuous systems, expressions Eq. (10) and (11) are calculated as follows:

T8~ R,z al
Y = RX©O.20] (12)

5. Synthesis of an intelligent control system and the results of practical experiment

The results of the effectiveness of the proposed solution can be simulated in various simulation
programs [5, 14-18], however, in this case, the method of practical experiment was chosen. For
practical implementation, an object was identified — a point in the neck of the station, which is
located in urban area and thus is subject to rather strong changes in temperature, wind and snow
cover. An experiment on a point in a woodland area or in an open greenfield could not cover all
possible combinations of impact factors and their changes.

On the basis of two SIEMENS S7-1214 programmable logical controllers (PLCs), a project of
an automated heating system was created, taking into account the influence of temperature, wind
speed and precipitation to determine the heating power for the turnout. The main blocks of the
program are blocks for transmitting and receiving information between controllers (Fig. 4), which
allows transmitting metrological data from the PLC to which the sensors are connected into the
PLC that directly controls the heating power. In the %DB1 “TSEND C DB” block input there
are: REQ — sets the periodical data exchange, CONNECT and DATA inputs — describe array of
data for exchange, DONE output is 1 when data transfer is successful, BUSY and ERROR outputs
indicate bit | if the channel is busy or data transfer has error, STATUS output provides information
about block status. The %DBS5 “TRCV_C_DB” block has same inputs for data array description
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(CONNECT and DATA), also designation of outputs is totally same as for the block %DBI1
“TSEND _C_DB”.

a1
“TREND_C_DE"

TSEND_C » ey

| & s

EM EMNO
10010 W3002.0
“Cleck_10Hz" DOME — "Tag_163"
| | REQ TI002.1
true == CONT BUSY = Tag_164"
TM3IN02.2
“Tag 166"
<082 ERROR — "Tag_166
"Mester_Send_ TWA00D0
DB” — CONMECT STATUS — "Tog_162"

"Data_Master".
Staticl DATA

Network 3: Data trensmitireceive arganisation block

eSS
"TRCV_C_DB"
TRCV_C

| 1]

EM END
true = EN R TWA3002.3
TUE = CONT DOMNE =t "Tag_165
TM3002.4

S BUSY =1 "Tag_167

“hMaster_ 30025
Receive_DE" COMNNECT ERROR ==1"Tag_168"
“Data_from_ WA 003
slave” Sm@tc? DATA STATUS “Tag_169"

Bl — = RCWD_LEN

Fig. 4. Project of an automated system based on programmable controllers

The power control of the heating element was implemented by means of PWM control of a
solid-state relay directly switching the voltage supply to the heating element. The program code
for PWM processing is shown in Fig. 5. The elements ADD and MUL on the first row calculate
right level on PWM signal, on next row by the MOVE block this figure is written to the output
%QW1000 “RelayControl” and for change actualisation, block %DB7 “CTRL PWM DB is
used which is shown in row 3.

The calculation of the value of the pulse-width modulation coefficient, and, accordingly, the
required power supplied to the heating element, is implemented as a function block Calculate
(Fig. 6) (FB1). Inputs of this block: #FuzzySnow, #FuzzyTemp and #FuzzyWind contain fuzzy
set of variables. Next step is to process fuzzy rules in block %FC1 “PowerCalculation”. In this
block, the value is calculated based on Fuzzy Logic algorithm which is implemented as array of
values: Fuzzy Temp Values; Fuzzy Wind Values and Fuzzy Snow Values. The information
about current weather conditions is put into the Power Calculation block trough the inputs:
Temp AVG; Snow AVG and Wind AVG. After conversion in CONV block the output value is
sent to Output register.
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Fig. 5. Implementation of PWM controller output control
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Fig. 6. Implementation of power calculation based on regression analysis
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The result of the developed intelligent heating power control system is shown in Figs. 7 and 8.
Analysis of the rail temperature shows a spread of values within 2-3 degrees, which clearly
indicates that Fuzzy Logic algorithm integration to the power control system increases precision
of target temperature.

As can be seen from the presented photograph (Fig. 8), the turnout zone is completely cleared
of snow (snow is melted), which makes it possible to reliably control the turnout and ensure the
safe movement of trains. The photo was taken by authors on the railway turnout zone at the
Zasulauks station area, during real experiment in winter conditions. Analysis of the rail
temperature showed a spread of parameters within 2-3 degrees, which clearly indicates the
correctness of the approach.
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Fig. 7. Graph of stabilized rail temperature in various outside temperature ranges

Fig. 8. Results of practical experiment in heavy snowfall conditions

Another way how authors verified the work of proposed control system was using the FLIR
TG267 thermal camera. FLIR TG267 displayed and recorded Multi-Spectral Dynamic thermal
images and visual images with temperature readings (Fig. 9). Hot and cool zones were easily
identified using this FLIR TG267 thermography camera. As can be ascertained from Fig. 9, during
operation of the experimental system, the area between the point’s blade and the frame rail was
thawed and at the same time the temperature in the lower part of the rail neck was 3.8 °C, which
is the desired result — the frame rail was not heated excessively, and the snow has melted.

Fig. 9. Overall thermal image of the experimental turnout

As can be seen in Fig. 10, then the average temperature in district of point No. 9 (outside the
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heated area) was —8.6 °C, which roughly corresponds to the outdoor temperature at the time of
observation (-9.4 °C). As confirmation of a positive result of the experiment, a common thermal
image from point No. 9 area (Fig. 10), where the ambient temperature at the point machine of the
turnout (outside the heated zone) is shown. Also, a relatively dark overall thermal image can be
observed, which indicates a low temperature at the location of the thermal image.

Fig. 10. Overall thermal image of the experimental turnout
6. Conclusions

In the article, a system of control of the heating of the turnout is proposed, the basis of which
is adaptive system utilising the automated control principle with the use of negative feedback. The
effectiveness of the proposed method directly depends on the correctness and accuracy of the
calculation of coefficients a,, a, and a; [19-21], which in turn determines the complexity of
building and copying such systems for various situations.

The results of the experiment showed that the proposed solution will reduce the energy
consumption of the turnout heating system by 15-20 % for the entire winter period compared to
the systems currently in use on the Latvian railway and built on the basis of heating to a certain
temperature with the subsequent turning off of the heating element and cooling rail. Adaptive
methods make it possible to dismiss the contact temperature sensors, which is associated with a
decrease in the reliability of the system and use such control methods that can indirectly determine
the required rail heating temperature.
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