ISSN 2307-3489 (Print), ISSN 2307-6666 (Online)

Hayka ta nporpec Tpancropty. Bicauk J[HinponeTpoBcskoro
HAL[{OHAJIBHOTO YHIBEPCHTETY 3aJIi3HUYHOr0 TpaHcmnopty, 2016, Ne 1 (61)

ABTOMATHU30BAHI CUCTEMMU YIIPABJIIHHA
HA TPAHCIIOPTI

UDC 656.256.3 : 625.162. 4

V.1. HAVRYLIUK", O. M. VOZNYAK?*, V. V. MELESHKO""

"Dep. «Automation, Telemechanics and Communications», Dnipropetrovsk National University of Railway Transport
named after Academician V. Lazaryan, Lazaryan St., 2, Dnipropetrovsk, Ukraine, 49010, tel. +38 (056) 373 15 04,
e-mail diitats@mail.ru, ORCID 0000-0001-9954-4478

¥Dep. «Transportation Technology», Lviv branch of the Dnipropetrovsk National University of Railway Transport
named after Academician V. Lazarian, 1. Blazhkevich St., 12a, Lviv, Ukraine, 79052, tel. 38 (032) 267 99 74,

e-mail ovozom@gmail.com, ORCID 0000-0002-7163-9026

3Head Dep. «Automation, Telemechanics and Communications», Ukrzaliznytsia, Tverska St., 5, Kyiv, Ukraine, 03680,
e-mail soyuz_at@mail.ru, ORCID 0000-0001-6833-964X

IMPROVING THE POSITIONING ACCURACY OF TRAIN
ON THE APPROACH SECTION TO THE RAILWAY CROSSING

Purpose. In the paper it is necessary to analyze possibility of improving the positioning accuracy of train on the
approach section to crossing for traffic safety control at railway crossings. Methodology. Researches were per-
formed using developed mathematical model, describing dependence of the input impedance of the coded and audio
frequency track circuits on a train coordinate at various values of ballast isolation resistances and for all us-
able frequencies. Findings. The paper presents the developed mathematical model, describing dependence of the
input impedance of the coded and audio-frequency track circuits on the train coordinate at various values of ballast
isolation resistances and for all frequencies used in track circuits. The relative error determination of train coordinate
by input impedance caused by variation of the ballast isolation resistance for the coded track circuits was investi-
gated. The values of relative error determination of train coordinate can achieve up to 40-50 % and these facts do
not allow using this method directly for coded track circuits. For short audio frequency track circuits on frequencies
of continuous cab signaling (25, 50 Hz) the relative error does not exceed acceptable values, this allow using the
examined method for determination of train location on the approach section to railway crossing. Originality. The
developed mathematical model allowed determination of the error dependence of train coordinate by using input
impedance of the track circuit for coded and audio-frequency track circuits at various frequencies of the signal cur-
rent and at different ballast isolation resistances. Practical value. The authors propose the method for train location
determination on approach section to the crossing, equipped with audio-frequency track circuits, which is a combi-
nation of discrete and continuous monitoring of the train location.

Keywords: railway crossings; automatic crossing signaling; train coordinate control

Introduction accordance with the conducted analysis, the num-
ber of road traffic accidents at railway crossings in
recent years has decreased significantly in Ukraine,
but is still quite large and is accompanied by sig-
nificant material and human losses (Fig. 1). Analy-
sis of accidents at railway crossings in different
categories (Fig. 2) showed that their considerable

Railway crossings as crossing places in the
same level of the railway roadbed and highway are
one of the most dangerous areas for the rail and
vehicular traffic. Safety control at railway cross-
ings is one of the most acute questions of the gen-
eral problem for traffic safety on the railways. In
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quantity (more than 60%) occurred at crossings
equipped with automatic crossing signaling (ACS)
without a crossing tender.
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Fig. 1.The total number of road traffic accidents
at Ukrainian railway crossings (1) and the number
of victims (2) during 2007-2013 years

A similar situation is typical for other countries.
For example, in Europe more than 300 deaths oc-
cur per year due to accidents at railway crossings
[10], and most of them happen at open railway
crossings.
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Fig. 2. Distribution of road traffic accidents
by types of railway crossings:

1 —unmanned, equipped with ACS; 2 — unmanned,
without ACS; 3 — with man on duty and signalling;
4 — with man on duty and without signslling;

5 — outside of a railway crossing

The main cause of road traffic accidents at rail-
way crossings is noncompliance with rules by
drivers of vehicles, namely, transit through the
crossing after the pre-alarm application before the
approaching train.

For the timely detection of obstacles before the
approaching train at railway crossings many meth-
ods were proposed, including ultrasonic detectors
usage [11], radars [9], satellite positioning [16] and
other sensor devices [8.17], as well as using video

surveillance the rail crossing zone [12,13,15] with
information transfer to the train driver.

Vehicles entry at the railway crossing after the
pre-alarm application in some cases is provoked
with unreasonably high latency time of train’s pas-
sage, which can be 12 minutes or more. This is due
to the fact that the actual motion speed of different
trains can vary greatly, while ACS switching oc-
curs at the train entry to the approaching area with
the fixed length, which is calculated on the maxi-
mum speed of the train.

Thus, in order to improve movement safety at
railway crossings it is necessary to use additional
means of control, allowing to inspect the zone va-
cancy of railway crossing, as well as the section of
approaching the train to the crossing with auto-
matic determination of train position and speed.

A great number of methods and devices of au-
tomatic crossing signaling based on the actual
speed of the trains and coordinates at the approach-
ing section, that are determined by the signals from
the point sensors of different design, placed on the
approaching section to the crossing are described
in the literature. However, none of these devices
was not widely used due to the lack of functional
safety. It is worth mentioning the measuring meth-
ods of train coordinates on the approach section to
the crossing, based on changes of parameters con-
trol of the rail line during the train movement on it.
The [2] proposed a method based on test signaling
supply in to the rail line, [6, 14] proposed to meas-
ure the distance up to cuts on the marshaling yard,
based on signal processing of track circuits using
the states classifier. The authors [4, 5] proposed to
determine the train coordinates by input resistance
of the track circuit (TC), on which there is a train.
Since the accuracy of these methods is signifi-
cantly affected by the ballast insulation resistance
of rail lines, the authors [4-6, 14] offered to ana-
lyze the measured signals and parameters of track
circuits using different state classifiers of track cir-
cuits. However, complete research for the changes
impact of ballast insulation resistance on the on
train positioning accuracy has not been studied
sufficiently.

Purpose

Purpose of this paper is improving the position-
ing accuracy of trains on the approach section to
the railway crossing that eventually will increase
traffic safety at them.
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Methodology

Research were conducted with the mathemati-
cal model method on the developed model that
describes the input impedance dependence of the
coded and audio-frequency track circuits on the
train coordinate at different values of the ballast
insulation resistance for all signal current frequen-
cies that are presently used in track circuits.

Mathematical model. Equivalent circuits of the
coded track circuit with signal circuit frequency of
25 and 50 Hz and jointless audio-frequency track
circuit with frequencies of 25, 50, 420, 480, 580,
720, 780 Hz in the presence of a train on it (i.e. in
shunt mode operation) are presented in Fig. 3.
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Fig. 3. Equivalent circuits of the coded (a)
and audio-frequency (b) track circuits in a shunt mode

In the figure, there are following designations:
— U,, I, — input voltage and current at the output,
supplying TC (transformer, frequency convertor or
track filter for AFTC); U,, I, — voltage and coded
current of automatic signalling for audio frequency
track circuits; C, — capacitor in the current supply
circuit of cab signaling; CL — four-pole network,
corresponding to the cable line for audio frequency
track circuits; B — four-pole network, including all
equipment of TC supply end, located in the track
box or the relay case near a rail line (transformer,
impedance-bond resistors, capacitors in accordance
with electric circuit of TC [3]); Z, — the input im-
pedance of the adjacent track circuit (for jointless
track circuits); RL(x) — four-pole network, corre-
sponding to the rail line with the movable unit
(train) at a distance x from the supply end; Zg —

impedance of train shunt; Z, — impedance of the

rail line after the movable unit. Parameters of RC
elements and coefficients of for-pole network for

matrix in 4 — form are taken from [3]. The pri-
mary parameters of the cable and the rail lines at
the frequency of the current signal were converted
into the coefficients of four-pole network similarly
(as in) [1, 3, 7]. The general matrix accordingly to
the equivalent circuits (Fig. 1) was calculated as
the matrix product of all four-pole network, in-
cluded in it

M,=]]M,. (1)

1

The input impedance of the track circuit with
the movable shunt on it is found by formula:

, _MADR +M(12)
= MQDR +M(2,2)

2

The above mentioned mathematical description
is implemented in MatLab. The selected variable
parameters included the following: signal current
frequency f equal to 25, 50, 420, 480, 580, 720 or
780 Hz; length of the rail line L and the current
coordinate of the movable unit x =0..L, and the

ballast insulation resistance #;.

Findings

The simulation resulted in obtained depend-
ences of the input impedance of track cicuit in
shunt mode Zinp(x,f,r;) on TC parameters.
Simulation was performed for the coded track cir-
cuits with signal current frequency of 25 Hz,
length of 2.5 km and 50 Hz, length of 2.6 km at
two values of ballast insulation resistance 7; , equal
1 and 50 Ohm/km. For audio-frequency track cir-
cuits simulation was performed for signal current
frequency of 25, 50, 420, 480, 580, 720 and
780 Hz at a RC length of 0.3 km and ballast insula-
tion resistance 7; 0.8 and 50 Ohm / km. Cable line
length is taken equal to 1 km.

The simulation obtained dependences of the in-
put impedance modulus abs(Zinp) from train
coordinate x =0..L are presented in Fig. 4. The
figure shows that at distance up to the train
x<lkm

abs(Zinp) is not significant, but when xis in-

resistance impact 7 on value

creased this impact becomes essential that does not
allow determining the train coordinate * by input
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impedance of track circuits Zinp(x, f ,i;) with

sufficient accuracy for practical usage.
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Fig. 4. Dependences of the input impedance modulus
of the coded track circuits on the coordinate x

To study the impact of ballast insulation resis-
tance changes 7. on the train coordinate accuracy

x accordingly value Zinp (x, 1, I;) for each value

Zinp(x, f ,I;) at given frequency f the values of
the corresponding train coordinate were calculated
at two values of ballast insulation resistance 7;,
equal 50 and 1 Ohmwm/km. Deference between
these values

deltax = x,(r; =50) — x,(r; =1)

characterizes the absolute error in determining the
coordinate x, due to the change of ballast insula-
tion resistance.

Dependence deltax on x is presented in Fig. 5.
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Fig. 5 The dependence of the absolute error
deltax on the coordinate x

The figure shows that absolute error in deter-
mining the coordinate deltax increases signifi-
cantly with raise x >0,5 km and at maximum val-

ue x =L the relative error is ~40-50 %.

Thus, it can be concluded that the direct use of
the method for determining the train coordinate
accordingly the input impedance of the coded track
circuits does not provide the necessary accuracy
for practical use due to the significant impact
change of ballast insulation resistance. To reduce
error of the coordinate measurement in [4, 5] pro-
posed the use of the additional measurement re-
sults processing using the classifier of track cir-
cuits states.

For the coordinate x<0,5 km error of meas-

urements x accordingly input impedance is not
significant one.

Based on research the paper proposed the
method of accuracy increase of determining the
train coordinate on approach section to the railway
crossing, equipped with audio-frequency track cir-
cuits. It comprises the simultaneous usage of dis-
crete and continuous monitoring of the train’s posi-
tion. Discrete monitoring is carried out by signals
from track relays of audio frequency track circuits
in accordance with the control scheme concerning
sequence of occupancy and clearing the track cir-
cuits. Continuous monitoring is based on the input
resistance dependence of audio frequency track
circuits on the train coordinate.

This method is implemented due to widespread
introduction of automatic block signalling with
audio frequency track circuits instead of the nu-
meric coded automatic block signalling, occurring
in recent times, supports implementation of this
method. According to typical materials for the
crossing signaling design for sections, equipped
with automatic block signaling with audio fre-
quency track circuits, for crossing signaling opera-
tion for each track near crossing, two track circuits,
usually with a common feed end and with a fre-
quency of 720 Hz for one track and 780 Hz for a
different one, length of at least 150 are provided.
The rest of approach section to the railway cross-
ing in the right and the wrong directions includes
several audio frequency track circuits. Prior to ap-
proaching section audio-frequency track circuit
also has a short length and frequency of 720 or
780 Hz, which allow reducing the area of the addi-
tional shunting, and, respectively, to record more
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precisely the entry of the train on the approach sec-
tion.

Fig. 6 presents the dependences of input im-
pedance modulus abs(Zinp) audio frequency track

circuits (TC) on coordinate x train for signal cur-
rent with frequencies of 420, 480, 580, 720, 780
Hz and for ACS current, frequency of 25 u 50 Hz
at r,=0,8 Ohm/km are presented in Fig. 6.
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Fig. 6. Dependencies of input impedance modulus
abs(Zinp) of audio-frequency track circuits on x

for different frequencies

As it can be seen from the figure monotone de-
pendence abs(Zinp) on x allow using it to de-
termine the train coordinates at all tested frequen-
cies. The resolution capability of the method de-
pends on change rate of the input impedance of
track circuit Zinp by variation x . To evaluate rate
of change Zinp from x at different frequencies

the derivative from Zinp upon x was calculated

dif (abs(Zinpy) = CLabs(Zinp %C .

Fig. 7 presents the dependence of derivative
dif (abs(Zinp)) onx. One can see that graph

dif (abs(Zinp)) takes fairly large values, which

increase with the frequency increase and decrease
of the distance to the train.
To study the impact of change of the ballast in-

sulation resistance Z.

Zip (x,ri) we bring into con-
sideration value, equal to the difference between
the input impedance of the TC at the two extreme
values of  ballast insulation  resistance

. =0,8 u 500hm/km

Zdif (x) = Zinp (x,SO) _Zinp (x,l) :
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Fig. 7. Dependence of the derivative dif (abS(Zinp))

on x for the different frequencies

Fig. 8 presents the dependence Z,, on the co-

ordinate x for frequencies f =25, 50 420, 480,

580, 720, 780 Hz is presented in Fig. 8. From this
Figure one can see, that value 4bs(Z,;,) is signifi-

cantly increased by raising the coordinate x and
signal current frequency. It should be noted, that
obtained values are large enough Abs(Z,,) and

they do not fully characterize the error of meas-
urement. To characterize the relative measurement
error, let us consider the relative change of the TC

Z,,(x,r), caused by changes of

Zinp

input impedance

the ballast insulation resistance

z

Zinp

(X5 50) - Zinp (X3 03 8))
Zinp (0’ 8)

Z,(x)=

Calculated dependence Z, onx is presented in
Figure 9. From the above dependence one can be
Z, (x,ri) at

Linp
variation of ballast insulation resistance have ac-
ceptable for practical use values, equal < 1 %, only
for frequencies of 25 and 50 Hz. It may be con-
cluded that on the short track circuits is possible
direct determination of train coordinate by their
input impedance at operation frequencies of auto-
matic cab signalling, i.e. 25 and 50 Hz, since the
relative measurement error caused by the change
of ballast insulation resistance at these frequencies,
does not exceed the allowable values for practical
use.

seen that relative values of change
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Measurement error of train coordinate upon the
input resistance of track circuits on tonal frequen-
cies is significant and these results application to
determine the position of the train is only possible
after the appropriate intellectual processing of
measurement results.

Since the input impedance of track circuits is
a complex quantity, the behavior of each of its
components is of interest, depending on the train
coordinate, frequency and the ballast insulation
resistance to select the most suitable complex im-
pedance component for the practical use. Fig. 10
presents the graphs of complex impedance compo-
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L hs(Zelit), Ohm

001
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Fig. 8. Dependence of Abs(Z,,) on x

for different frequencies
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nents of the track circuit, namely, Abs(g r)
modulus, Arg(Z,) argument, real Re(Z,) and

imaginary part Im(Z r) from frequency and train

coordinate. From the analysis of the mentioned
graphs one can conclude that the most appropriate
value for determining the coordinates x is consid-

ered above Abs(Z,) modulus, since the rest com-

ponents dependences of complex value of the input
impedance of track circuits on coordinates x has
more complex nature, which may lead to ambigu-
ity of measurement results interpretation.
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Fig. 9. Dependence of Abs (Z,) on x
for different frequencies
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Fig. 10. Dependence of Abs ( Z, ) module, Arg ( Z, ) argument, real Re(Z , ) and imaginary Im (Z , )

part of the impedance Z, on the frequency f* and coordinate x
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The results obtained at simulation for other
lengths of track circuits and of cable line have
shown that the above considered regularities are
performed for them too.

Originality and practical value

The developed mathematical model allowed
determination of the error dependence of the train
coordinate upon the input impedance of the track
circuit for coded and audio-frequency track circuits
at various frequencies of the signal current and
ballast insulation resistance.

The paper proposed the method for train loca-
tion determination on approach section to the
crossing, equipped with audio-frequency track cir-
cuits, which is a combination of discrete and con-
tinuous monitoring of the train location. Discrete
monitoring is carried out by signals from track re-
lays of audio-frequency track circuits in accor-
dance with the control scheme concerning se-
quence of occupancy and clearing the track cir-
cuits. Continuous monitoring of train position is
controlled with the input resistance of audio-
frequency track circuits.

Conclusions

1. A mathematical model was developed; it de-
scribes the dependence of the input impedance of
coded and audio-frequency track circuits on the
train coordinate at different values of the ballast
insulation resistance for all usable frequencies of
current signal in track circuits.

2. Relative error of detecting the coordinates of
the train by input impedance of the coded track
circuits due to the change of ballast insulation re-
sistance was determined. It can reach 40-50%,
which makes impossible a straight-forward adapta-
tion of a method for determining the coordinates of
the train by the input impedance of the coded track
circuits.

3. For the audio-frequency track circuits at fre-
quencies of automatic cab signaling the relative
error in determining the coordinate of the train by
the input impedance does not exceed the accept-
able values, it allows using this method to deter-
mine the train location on approach section to the
railway crossing.
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MIIBUIIEHHSA TOYHOCTI BU3HAUYEHHS NMMOJOKEHHS MOi3A
HA JIUISTHI HABJWKEHHS 10 EPEI3TY

Merta. VY craTTi He0OXiTHO MMPOAHAI3yBaTH MOKIJIMBICTh TiIBUIIEHHS TOYHOCTI BU3HAYCHHS MTOJIOKEHHS 1013712
Ha NUISHII HaOMIKEHHs OO0 Tepei3my Il 3a0e3meueHHs Oe3meKd pyxy Ha 3alli3HHYHUX Mepeizmax. Meromguka.
JlociikeHHS. TIPOBE/IeH] 3 BUKOPUCTAaHHIM PO3pOOJIEHOT MaTeMaTHYHOI MO, IO OIUCY€E 3aJIeKHICTh BXiTHOTO
iMIIe1aHCy KOOBUX 1 TOHANBHUX peiikoBux Kin (PK) Bix koopanHath moi3na mpu pi3sHUX 3HAYEHHIX OMOPY 1307l
Gamacty A1 BCIX BUKOPHUCTOBYBAHUX 4acTOT. Pe3yjbTaTu. Po3pobieHo MaTeMaTHIHy MO, IO OIUCYE 3aIexkK-
HICTB BXIZJHOTO IMII€JJaHCY KOJIOBUX i TOHAJIBHUX PEHKOBUX KL BiJl KOOPIUHATH I0i3]a IIPU Pi3HUX 3HAYEHHSX OIIO-
py i3omswii 6anacTy Ta BCix BUKopucToBYBaHHX B PK yacToT curnansHoro crpymy. JlociinkeHo 3alIeXHICTh BiJHO-
CHOI MOXUOKKM BU3HAYCHHS KOOPIMHATH T0I3/7]a MO BXIJHOMY IMIEIAHCY KOMOBHX PEHKOBHX KiJ, sika 00yMOBJICHA
3MIHOIO OTIOpY 130JIAIiT Oamacty. 3HaYeHHs BiTHOCHOI ITOXUOKH BU3HAYCHHS KOOPAWHATH IT0137]a MOXKYTh HOCSTaTH
40-50 %, mo He 03BOJsAE OE3MOCEPETHBO 3aCTOCOBYBATH LIEH CITOCIO TS KOJOBUX PEHKOBHUX KUT. J[Isi KOPOTKHX
TOHAJPHUX PEHKOBHUX KiJl HA YaCTOTAaX aBTOMATHYHOI JIOKOMOTHBHOI CHTHali3a1lii Oe3nepepBHOro UMy (25, 50 I'm)
BiTHOCHA MMOXMOKAa BU3HAYEHHSI KOOPAMHATH MO0i3/1a TI0 BXITHOMY iMIIEJaHCY HE TIEPEBUILYE JOMYCTHMI 3HAYCHHS.
Ie mo3BOJIsIE BUKOPUCTOBYBATH PO3TIIAHYTHH CIIOCIO [UIST BU3HAUSHHS MICIIsI PO3TAIIyBaHHS 101312 Ha JUISHII Ha-
OommxenHs npo mnepeizny. HaykoBa HoBu3Ha. Ha ocHOBI po3poOieHoi MareMaTWyHOi MOZENi JOCIiIKeHa
3aJICKHICTh MOXHUOKM BU3HAUEHHS KOOPAWHATH TOi37]a MO BXiJHOMY IMIIEJaHCY PEWKOBOTO KOJia I KOJIOBHX
1 TOHAJIPHUX PEUKOBUX KUT MPH PI3HUX YaCTOTAaX CHUTHAJIBHOTO CTPYMy Ta NPH PIi3HUX Omopax izoysmii Oamacty.
I[pakTnyaa 3HAYMMicCTh. ABTOpaMH 3ampOIIOHOBAHO METOJ] BH3HAYCHHS IMOJIOXKCHHS TIOi3[]a Ha AUISHIN
HaONM)KEHHS [0 mepei3my Ul MeperoHiB, 00JaJHaHUX TOHAJbHUMH PEUKOBHMH KOJAaMH, SKUH 3aCHOBaHWH Ha
BUKOPUCTAHHI JUCKPETHOTO Ta OE3MepepPBHOTO KOHTPOJIIO KOOPAUHATH T0i3/1a.

Kmiouosi croea: 3ani3uudHi nepei3au; aBTOMaTHYHA MTepei3Ha CUrHaIi3allis; KOHTPOJIb KOOPIUHATH T0i31a
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HOBBIINEHUE TOYHOCTHU OIPEJAEJEHUA TOJIOKEHUA ITOE3 1A
HA YYACTKE IIPUBJINKEHUA K ITIEPEE3 1Y

Hean. B crathe HEOOXOIUMO MPOAHATH3UPOBATH BO3MOXKHOCThH MOBBIINICHHUS TOYHOCTH OMPEACICHHUS MOJIO-
JKCHUS M0€3/1a Ha YYaCTKe MPUOIMKEHUS K Mepee3y Uit oOecreueHus 0€30MacHOCTH JBHKCHUS Ha JKEJIC3HOIO-
POXKHBIX mepee3nax. Meroauka. VccienoBanus MpOBEACHBI ¢ UCIOIB30BAHUEM pa3pabOTaHHONH MaTeMaTHYSCKON
MOJIEJIH, OTHCHIBAIOMICH 3aBUCHMOCTh BXOJIHOTO MMITEaHCa KOJOBBIX M TOHAIBHBIX peibcoBbIX Henei (PLI) ot ko-
OpIMHATHI TIO€3/1a TIPU PA3IUYHBIX 3HAUCHUSIX COMPOTHBICHHS M30JIALIMU Oaliacta JUisl BCEX HCIOIb3yEeMBIX Yac-
ToT. Pe3yabTaThl. Pa3zpaboTana MaremaTnyeckass MOJENb, OMHCHIBAIONIAs 3aBUCHMOCTh BXOAHOTO MMIIEIaHCa KO-
JIOBBIX U TOHAJIBHBIX PEIbCOBBIX LIENEH OT KOOPAMHATHI O€3/1a MIPHU PAJIUYHBIX 3HAYEHUSX COIMPOTUBIIEHHS U30JIsI-
UM Oaymmacta U BCexX HCHoib3yeMbix B PLI acToT curHambHOro TOKa. MccinenoBana 3aBHCHMOCTh OTHOCHTEIBHOM
MOTPEIIHOCTH OIPEISIICHIs] KOOPANHATHI TOe3/[a M0 BXOJHOMY MMIIEJAHCY KOIOBBIX PENbCOBBIX IEMel, 00yCIoB-
JIeHHAas U3MEHEHHWEM CONPOTHUBIICHUS M30JSIIMU OayiiacTa. 3HAYEHHS OTHOCHTEIHHOW MOTPENTHOCTH OTpEeIICHUs
KOOpJMHATHI Noe3/1a MoryT pocturath 40—50 %, 4To He MO03BOJISIET HEMOCPEICTBEHHO IPUMEHSTh 3TOT CrIoco0 st
KOJIOBBIX PENbCOBBIX Lieneil. [ KOpOTKUX TOHAJIBHBIX PEJIbCOBBIX LENEN Ha YacTOTaX aBTOMAaTHUYECKOM JIOKOMO-
TUBHOW CHUTHAJIM3alMKM HempepbiBHOro tumna (25, 50 I'm) oTHocHTeNnbHAs MOTPEIIHOCTh ONpeAeeH!s KOOPAUHATHI
mnoe3fa IO BXOJHOMY HMIIEIAHCY HE TMPEBBILAET [ONYCTUMBbIE 3HA4YeHHs. IJTO IO3BOJISIET HCIOJIB30BaTh
PaCCMOTPEHHBIN CIIOCO0 I ONPEACICHUS MECTOIOJOXKCHUS IM0e3a Ha YYacTKe MPHONMKCHHS K Tepees3iy.
Hayunas HoBu3Ha. Ha ocHOBe pa3paboTaHHOI MaTeMaTU4YeCKON MOJEITH UCCIIEI0OBaHA 3aBHCUMOCTH ITOTPEITHOCTH
ONpENEJICHNUsl KOOPIMHATBHl IO€3[a IO BXOAHOMY HMIIEIAHCY PEIbCOBOM LENU I KOJOBBIX M TOHAJIBHBIX
PENbCOBBIX LENel MpU Pa3iMyYHbIX YAaCTOTAaX CUTHAJIBHOIO TOKA M NPHU Pa3IMYHBIX CONPOTHUBIIECHUSX H30JIALUU
Oamracta. IlpakTHyeckasi 3HAYMMOCTb. ABTOpaMH TIPEIJIOKEH METOJ OIPEICIICHHs TMOJOXKEHHS Ioe3la Ha
y4acTKe MPHOTIKEHHS K Tepee3ay Ui IeperoHoB, 000pyA0BaHHBIX TOHAJIEHBIMHU PETECOBBIMH IETSIMUA, KOTOPBIN
OCHOBaH Ha MCIIO0JIb30BAHUH IUCKPETHOTO Y HEMPEPHIBHOTO KOHTPOJISI KOOPAUHATHI 110€3/1a.

Knrouesvie cnoga: xene3HoNOpOKHBIE NEPEE3/Ibl; aBTOMATUUECKas! NEPEe3IHas CUTHAIM3ALUs; KOHTPOJIb KO-
OpAMHATHI MTOE3/1a
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