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ABOUT TRACK CIRCUIT CALCULATION METHOD DEPENDENT
ON FERROMAGNET PROPERTIES IN CONDITIONS OF TRACTION
CURRENT NOISE INFLUENCE

Purpose. The work is intended to investigate the electromagnetic processes in impedance bond in order to im-
prove noise immunity of track circuits (TC) for safe railway operation. Methodology. To achieve this purpose the
methods of scientific analysis, mathematical modelling, experimental study, a large-scale simulation were used.
Findings. The work examined the interference affecting the normal performance of track circuits. To a large extent,
part of track circuit damages account for failures in track circuit equipment. Track circuit equipment is connected
directly to the track line susceptible to traction current interference, which causes changes in its electrical character-
istics and electromagnetic properties. Normal operability, performance of the main operating modes of the track
circuit is determined by previous calculation of its performance and compilation of regulatory tables. The classical
method for determination of track circuit parameters was analysed. The classical calculation method assumes repre-
sentation of individual sections of the electrical track circuit using the quadripole network with known coefficients,
usually in the A-form. Determining the coefficients of linear element circuit creates no metrological or mathematical
difficulties. However, in circuits containing nonlinear ferromagnets (FM), obtaining the coefficients on the entire
induction change range in the cores is quite a difficult task because the classical methods of idling (I) and short cir-
cuit (SC) are not acceptable. This leads to complicated methods for determining both the module and the arguments
of quadripole network coefficients. Instead of the classical method, the work proposed the method for calculating
the track circuit dependent on nonlinear properties of ferromagnets. Originality. The article examines a new ap-
proach to the calculation of TC taking into account the losses in ferromagnets (FM), without determination of equiv-
alent circuit quadripole network coefficients. When building the FM reversal model in parallel magnetic fields, the
most accurate methods are the approximation ones that take into account not only the changes in values and over
time, but also their derivatives. The development of computer hardware and software makes real the mathematical
methods for calculating TC with significant change in ferromagnetic inductance, including the saturation areas.
Herewith, it is important to search for approximating analytical expression that describes the dynamic limit hystere-
sis loop (HL). Practical value. The changes in the electrical parameters of the same TC were analysed using the
classical and the new calculation methods, the difference made less than 10%. The work introduced some measures
to increase operational noise immunity of TC.

Keywords: track circuit; impedance bond; quadripole network; ferromagnet; hysteresis; spectrum; vortical cur-
rents; magnetic viscosity; magnetizing curve; simulation

Introduction

Experience has shown that certain conditions
and operating modes of the power network create a
powerful influence of the traction current noise on
the work of electric track circuits (TC). Such expo-
sure results in magnetization of nonlinear ferro-
magnets (transformers, impedance bonds and com-
ponents containing ferromagnetic core) in track
circuits and, consequently, in failure of TC and
signalling systems. Adverse conditions [11, 12, 13]
for TC operation are created in the following cases:

1) At a certain switching circuit of DC traction
network of splicing stations the level of permanent
traction current potentials «rail-to-earth» in the rail
network increases. It results in increased leakage
currents into the open-line track of AC electric
traction lines, causing magnetization of impedance
bonds and track transformers, and disruption of
short (less than 500 m) track circuits;

2) In the areas of AC electrified railroads the
ice on the contact network collectors creates an
electric arc, accompanied by electrical transients in
the power circuit of an electric locomotive. Con-
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stant component of this current at the rail line
asymmetry also causes saturation of ferromagnets;

3) Switching on the locomotive main switch in
a certain voltage phase of the circuit power line
also leads to transition process with the conse-
quences given above;

4) When a laden electric locomotive enters the
neutral section on the current collectors there are
several electric arcs repeated aperiodically; this
leads, as mentioned above, to the occurrence of
transients and failures of TC. From the above it
follows that improvement of track circuit noise
immunity in the signalling systems in conditions of
permanent reverse traction current influence is an
actual scientific and technical problem.

Purpose

The purpose of this work is to examine the
causes of traction current harmful influence on TC
operation, to create the calculation method for TC

with nonlinear ferromagnets (FM) and to propose
technical solutions to improve the reliability of TC
and railway automation systems.

Methodology

Disruption of TC operation. Let’s consider one
of the causes of TC operation disruption — longitu-
dinal asymmetry of track lines. Measurements
show that the asymmetry coefficient is higher in
winter than in summer due to increased insulation
resistance. It is established that the best way to ap-
proximate the conductive joint resistance distribu-
tion is asymmetric Weibull law, resistance varia-
tion reaches 1.8 ... 15 m.e.r. (meters of entire rail);
longitudinal asymmetry coefficient ranges from
10% to 12% — in summer, up to 18% — in winter
[1, 6].
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Fig. 1. Equivalent circuit of track lines

The EMF equation for equivalent circuit con-
tour of the track (Figure 1) consisting of two rails,

Z ,.and choke cables,

for the difference in currents can result in the fol-
lowing expression:

equipment impedance Z'

igo >

Af = AZ"_'-Q’(RCHCI_RCHCZ) I, (1)
L+ Zo+Z e+

+2(RCHC1 + Reper ) +Zywr

where [, — electric locomotive current;

AZ =Z, - Z, - difference in rail resistance, Ohm;
Z — rail loop resistance, Ohm/km; Z,,,, — main

winding resistance DT.1, Ohm; Riycy,, — choke
cable resistance, Ohm.
It follows from (1) that Z'

symmetric action, but their impedance for the sig-
nal current under the track integrity monitoring
conditions is small and can be neglected.

For DC the equation (1) can be written as:

_ ARqc + Z(R,Zlﬂl _R,ZIHZ)
Rp+2( Ry + Ry )+ Ryp

Z . perform the

igo *

oI >

or
A=K, -1I,,, 2)
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Thus, the longitudinal asymmetry coefficient of

track line is:

K = ARpc +2 (RCHCI —Reper )
© Rp+2 (RCHCI + Reyer ) + ARy

NE)
where AR, — difference in track resistance due to

resistance of connectors.
In short TC (less than 500 m) longitudinal
asymmetry is one of the main causes of traction

1_12

current asymmetry K, = , where [, -
1~ 42
traction currents in the rails 1 and 2.

Measurements show that the resistance of the
steel DC rail connector is distributed among its
components, so [4, 3]:

2 3
g RRC +—- RRC >

RRC:RSC+(RN+RWS): 5

where R,, — resistance of nipple — rope junction;

RS C

of weld seam.
For steel connector with 100 mm? cross-section,
which is widely used in practice, it appears that

averages Rg. = 295 mcOhm; R, + R, = 437

— resistance of steel cable; R, — resistance

mcOhm; R,.= 232 mcOhm; for the connector
with 90 mm? cross-section — Ry- = 770 mcOhm
(8]

Rules for protection of metallic structures from
stray-current corrosion allow increasing rail resis-
tance through the joints by max 20%, while the DC

AR
=—=0,12...0,13.

p
Approximate calculation of asymmetry for alter-
nate traction current is performed with the follow-
ing assumptions [3, 8]:

— Resistance of rails differ among themselves
by the amount of resistance of connectors;

— Connector losses do not depend on the fre-
quency;

— Resistance in points of welding and junctions
cable — nipple — plug — rail depends on the fre-
quency as much as the internal resistance of the
rails.

— Herewith, the minimum coefficient of longi-
tudinal asymmetry:

asymmetry coefficient is K_

_K|RSC

(Ry + Ry |
|KZ|— ”‘RCZ

RZ\

<0,008%, or 8.0%, (4)

where Z, — internal resistance of rails, 0.35¢*
Ohm/km; rail loop resistance Rp = 0.1 Ohm; Z =
0.8¢*> Ohm/km — rail resistance to 50 Hz current.
For higher frequency the coefficient |Kz| is re-
duced to 1.608% for 420 Hz frequency and 1.376%
for 780 Hz.

Let’s assess the numerator of the fraction (3)
for TC that most often fail with length of 0.25 ...

0.5 km. We assume that R,.=770-10° Ohm,
Reyiey =8000-107° Ohm (4 cye =3.25m),
Roper =3076-107° Ohm (£, =1.25m), rail link

Cre
0,025
It turned out that AR = 0.026...0.056 Q, and the
value K is in the range of 30.2% ... 38.6%. We

should note here that the resistance of 300 m long
line to 50 Hz current does not exceed 0.1 Ohm/km
and is compared to the total impedance of contact
connectors «cable — plug — nipple -wing IB» (nor-
mative 60 ... 80).

Let us consider the proposed TC calculation
method for nonlinear FM modes of TC circuits,
based on the mathematical model of ferromagnet
reversal magnetization [2, 4].

25m, rail resistance 0.10hm/km, 7. =

Originality and practical value

Mathematical description of model. We assume
that ferromagnetic saturation leads to changes in
induction (intensity) of the magnetic field of
DT.1.150 core according to the complex law

bop +Z{ esin SIN (KOO ) + } 6)

171 | +Dycos cOS (K1)

cos

where k£ =1, 2, ..., m, nd measuring of quadri-
pole network using the known methods of idling
and short circuit is too complicated [2].

It is known that when there is cyclical change
in the external magnetic field the ferromagnetic
induction retards in phase from the tension and
enables the cycle of dynamic hysteresis loop (HL)
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(Fig. 2 (a)). HL area defined the power losses
caused by reversal magnetization, vortical currents
and magnetic viscosity [3].

The mathematical model that accurately de-
scribes the research HL is as follows:

b . db
h:(Ae 7b )al s1nh(,6’1b)+azzcosh(ﬂ2b),
b=b,+b, sin(mt) (b=b, sin(mt)), (6)

(Ae"yzb’”2 — makes sense when building the spe-
cific loop exits and depends on constructive fea-
tures of the subject) and allows taking into account
the influence of harmonic spectrum for ferromag-
net reversal input current. The values 4, y, a,,

P, oy, B,
function (6), are determined using numerical
methods by HL experimental end value and mag-
netization curve, taken at the maximum values of
induction and signal frequency. The first term (6)
describes the basic magnetization curve (BMC),
the second one describes dissipative processes both
for hysteresis and vortical currents, and depends on
the magnetic viscosity.

Coefficients o,and f, of anhysteretic compo-

nent (6) are determined by the selected points on
the BMC curve, the values A and vy are determined

— approximation coefficients of the

by expressions [1]
In(A4) = yzbi max ;
In(hy/a, -sinh (b, ))

2 2
b,, max—b,

2 _

Y

B

Herewith, we take the points b,, 4, close to the

maximum induction b

m?

and induction b, max
corresponds to the maximum operating value. The
coefficientsa, u P, are calculated by the formu-
las:

h, 1

Qbm B B2:b_,

o, =

where h, — coercive force, A/m.

Let us consider the ferromagnetic reversal
process affected by induction core created

b=b,+b,sin(Q¢) by direct current field and sig-
nal current field of 25 Hz (Fig. 2 (b)). We substi-

tute this expression as an argument in the formula
(6) and turn it omitting the exponential factor

Ae™"™ | which does not affect the quantitative
result of the first term. As the argument b changes
according to the periodic law, then the functions

sinh(B,0) and cosh(B,b) are also periodic and

can be represented by Fourier series [10], in which
the coefficients in the trigonometric functions are
Bessel functions of different orders of imaginary
argument jx,, . The result is:

h = o, sinh (B,b, ) - cosh (B,b,, sin (1)) +
+a, cosh(B,by )- sinh(Blbm sin(cot)) +
+a, - @b, cos(wr)x

COSh(szO ) : COSh(szm sin (('Ot)) +

y (7
+sinh(B2b0)-Sinh(sz Sm(@t)) "

m

We present the hyperbolic functions in (7) by
TOWS:

sh(x,sin(ot))=2[-jJ; (jx, )] sin(ot)-
2[]] JX, ] sin(3wr)—.
ch(x,, sin(wt)) = [JO (Jjx,, )J +

+2[J2 (Jjx )J -cos(2m1) +

and keeping harmonics no higher than the second
one, after transformations we obtain:

h = hy +m sin(wt)+ n, sin(201) +

+m, cos(ot)+n, cos(2wr),  (8)
where
hy = o, -sinh (b,

)-[Jo(/Bib) ]

m, = o -cosh (B, )-2[~J, (/b )
)-2[ 1, (JBib,) ]

Jo(JBab, )+

)-[=7o (7Bby) ]:

n, = a,0b, -sinh (B,b,)-[ -7, (/B,b,) ]

= o, - sinh (B, b,
m, = o,0b,, - cosh(P,b, )-

+a,0b,, -sinh(B,b,
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We examine the term /4, in the formula (8),

since this is the component of the magnetic field
strength that leads to the choke core saturation and,
ultimately, to failure of TC receiver.

When applying the numerical estimate for field
intensity dependence on induction in the formulas
(6) and (8), the following parameters are used:

A 1 A 1
oy =2.1;, Bl =4.5F, a, 2026;, Bz =077?,

y=0.92%, A=5.92 (steel grade 2412), cross-

sectional area of the DT.1.150 choke core is
29.2.10™* m?, average length of the magnetic power
line £=0.58 m, number of operating winding turns
W,= 16. Maximum values of induction 5,, for dif-
ferent lengths of TC are calculated by the for-

Chmax
4.44 WS’

the choke primary winding, taken according to the
reference data and the regulatory tables of phase-

mulab, = where U, — voltage on

h max

BT

a

1B = B i
1 i

sensitive TC as 25 Hz [10]. For TC of 250 ... 500
mlong Uy px =145 ...25V b, =028 ... 042

T; marginal field voltage %, is in the range of 240
... 280 A/m, bias current [, =h,-0.036 = 8.5 ...

9.5 A, and asymmetry current 17 ... 19 A.

TC bench tests showed that the limiting current
for choke magnetizing, in which the receiver tran-
sits to zero state, reaches 8.4 ... 9.25 A.

Figure 2 (b) shows the BMC curve, approxi-
mated by the expression (6), and the hysteresis
loop at constant field induction (displacement) b, =

1.1 T; it also represents reversible permeability

h max

curve, W,(h)), calculated by the formula
Ab, .

p, <tan(o) =220 . where Ab,, Ah, — incre-
Ahy m,

mental induction and field intensity in i-th point
of the curve b,(h,) ; m,, m, — axis scales.

150 300

Fig. 2. Dependence of field intensity on induction at 25 Hz frequency:
a — harmonic signal; b — harmonic signal with bias

Coercive force 4, of HL is determined taking
into account the fact that anhysteretic component
(6) is zero, then 62.2 A/m, and maximum loop in-
duction corresponds to b, =b, +b.= 1.4 T. The
given value p, allows easy determination of in-
ductance L, and impedance Z; of the main wind-
ing, and BMC — magnetization current.

The impedance argument Z;can be determined

by the value of power losses for vortical currents
and hysteresis [5]:

2n

PB‘T, = Vf; J. HdB, )
0

where V' — core volume. Phase shift between first
EMF harmonics and winding current is determined
at the intensityu =U,, sinQ¢, if induction and in-

tensity are the given functions:

B(t)=Y B, sin(nQ-v,),

n=1
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i(t)= ilm sin(nQt +vy,). (10)

n=l1

From (10) and the equation of magnetized
winding circuit of the choke DT.1 with the resis-
tancer :

ri—i—WOSd—B:u
dt

(11

we obtain EMF and phase for the first harmonic:

E =QW,@; vy, =Y, +§' Substituting intensity

H, =¥ and core volume V' =S§-/ into (9) we
determine that

Pyr = QWOS[IlBl sin(y, _‘Vl)] . (12)

If induction

b =b, +b,,sin(Qt —v,)=
=1.1+0.38-/2sin(1571 -7, ,

current i, = 2.6 A adopted by BMC for b= 1.1 T,
b, = 0.521 T, r= 0.003 Ohm, then from (11) we

Im
find that E,,= 2.174 V; voltage losses for circuit
resistance 7.810° V, voltage ©=2.7178 B, V, and
full power §=2.7178-2.6= 7.066 VA, where we
get that P, , =7.0563 W.

The impedance argument Z, is

. P .
¢ = arcsin—2L-= 86°57 . The argument Z, can be
S

found in another way. Magnetic flow (11), passing

through the core sheet bands,
:Mtanh(ﬁ(nj)ij, (13)
a+)pd 2

where A, =¥, B=\mf 1M,y , v — steel conduc-

tivity (7-10° yOhm-mm ), W, — magnetic perme-
ability of steel is taken 500, 4= 0.055m, b=
0.18m —thickness and width of the package of core
plates [6].

Calculation of complex impedance growth of

DT.1.150 core winding due to vertical current ef-
fect is possible thanks to (13):

2j~urSHQW2X
(1+j)B-1-d

0,2« AZ=
xtanh(B(l + ])%)

. (14

where S;, =a-b — flowed cross-section area of the
package; a =0.175m m — steel package height.

For low frequencies (below 900 Hz)

Sw? o :

L, =L, where L, — winding DC induc-

tance; S =29.2-10~* m* — cross-sectional area of the

magnetic core covered with windings; /= 0.58m —

average length of the magnetic line for flows. Then
(14) can be written as

2/-Q
"+ pd
AZ = J

xtanh[(l + j)%)

and decomposed into real and imaginary parts. As a

result we will get the formula for inductance evalua-
sh(x)+sin(x

tion AL= LO l . M

d ti ‘o
. Sh(x)+cos(x) and acuve resis

L 1 sh(x)—sin(x)
tance of winding ARszO—-W.
x sh(x)+cos(x

Complete winding inductance L=L;+AL, and

S

n? n

. l
impedance R =R, + AR, where R, = pS—" , 0
— wire length and cross section.

Let us consider the peculiarities of calculation of
the track circuit with nonlinear ferromagnets.

Findings

Calculation of TC operation modes are con-
ducted using the structural equivalent circuit (Fig. 3)
of impedance bond, presented by the circuit of L-
shaped quadripole network and ideal transformer.

Determination of quadripole network coeffi-
cients (usually in A-form) on the entire change
range in the induction cores, which exceeds the
saturation limit, is quite a difficult task because the
classical methods of idling and short circuit are not
acceptable. The proposed method of TC calculation
facilitates the solution of the above problem.
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The calculations require the FM hysteresis loop
(Fig. 2 (a)), taken at maximum induction, and the

magnet permeability dependence M (o) on the
current (intensity) of magnetization. Then taking

into account (8) we determine the intensity hO,

Zo of magnetization needles at a given
of the

impedance
induction and A-matrix coefficients

quadripole networks of DT.1.150 estimated
equivalent circuit (Fig. 3):
Ay =n(l+i], By =nn,
2y
1 1
c, =, p =L (15)
nz, n
olee "
6) i r j
S :
ol |l | LT
= [m| |:| z | ¥ W,
H : i Iy
_'1 2i 4

Fig. 3. Impedance bond equivalent circuit:
a — real; b —design

The design equivalent circuit of choke excludes
the leak inductance of windings and the given ad-
ditional winding resistance that affects the calcula-
tion accuracy to a small extent.

The calculation results for phase-sensitive twin
TC at 25 Hz using the coefficients (15) with choke
bias at the ends of TC showed coincidence with
those obtained by conventional methods.

Table 1 shows comparative design parameters
for the same TC, obtained by two calculation
methods — classic and new, using a mathematical

model of ferromagnet reversal magnetization.
Figure 4 shows the dependence of voltage at
the receiver input resistance on the impedance
module Z, . It can be seen that the end value of re-
sistance at saturation of both chokes reaches 0.44
Ohms, which is 1.6 times less than the nominal
value. Switch of the receiver to zero state is possi-
ble at saturation of one choke up to resistance Z,=

0.2 Ohm (Fig. 4).

Table 1

TC calculations results

Calculation meth- U 1, U S Bp
ods Notes
B A B BA grad
The difference in results is caused
Classic 3750955 | 08205 | 5107 | 4.58 | 6°32 mainly by accounting resistances of
' ' ’ steel ChC.
Values are given without correction
o0 0 0 for angle B,
New 4.1’ 0.77¢** | 55¢ | 423 | ¢
Difference in
calculations, % 93 . 7.8 7.64 B
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U o B
20 .
Uop =15 /.
2 /7 1 - both IB are saturated
10 / ] 2 - one 1B is saturated
// / U, :
// r
Znnom |Z() |! Ohm
0 0,2 0,4 0,6 0,8

Fig. 4. Dependencies of receiver voltage on impedance module Z

Conclusions

To solve the problem of providing TC noise
immunity under the influence of powerful noise of
traction current, several solutions were proposed.

The first solution is to use DT.06.500S type,
used for splicing stations, at the stations of imped-
ance bonds with air gap [2, 3].

The second solution is to use switching units
[9], which excludes spreading of traction DC out
of the splicing station rail network towards the
range of electric traction AC that, beside IB satura-
tion, eliminates electric corrosion of supports and
metal elements at a distance of 30 km from the
source of noise. The device is tested in the labora-
tory of DNUZT and in the field of Pyatikhatky
splicing station of Prydniprovs’ka railway.

The third solution is to install symmetric resis-
tive ( Ryc; OF Reyye, ) units [2, 8] in short TC at AC

electric traction. The impedance values of unit re-
sistors are designed to exceed substantially the sum
of all resistances in the rail line bridge circuit (Fig.
1). The unit resistors (Fig. 1) are switched on in
series with choke cables at one end of the rail line,
which is much cheaper than in the case of choke
replacement.

The conclusion should emphasize the follow-
ing: it is found that the cause of TC failures is fer-
romagnetic core saturation under conditions of rail
line asymmetry, herewith the asymmetry of direct
current magnetizing FM is 4 ... 5 times higher than
the asymmetry of alternating current.

The new method of TC calculation using the
mathematical model of ferromagnet reversal mag-
netization allowed obtaining the numerical evalua-
tion of maximum allowable asymmetry currents
and input impedances at the circuit ends, which
cause failure of signalling system devices.

The work formulated the technical measures for
improvement of noise immunity and TC protection
under conditions of powerful traction current
noise.
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A. 10. )KYPABJILOB'"

"Kad. «ABTOMATHKA, TeIEMeXaHiKa Ta 38’5305, JIHIIPONETPOBCHKHUIT HAIIOHANBHIIA YHIBEPCHTET 3aTi3HUIHOTO
TpaHCHOPTY iMeHi akafemika B. Jlazapsina, Byi. Jlasapsna, 2, /lninporneTpoBekk, Ykpaina, 49010, ten. +38 (067) 990 76 51,
en. nomta anton.zhuravlev@gmail.com, ORCID 0000-0001-6885-5177

PO METO/I PO3PAXYHKY PEMKOBHUX KL
I3 YPAXYBAHHSAM BJACTUBOCTEN ®EPOMATHETHUKIB
B YMOBAX BIIVIUBY 3ABAJl TAT'OBOI'O CTPYMY

Merta. YV po6oTi HEOOXiTHO MOCHIIWTH eNeKTPOMATHITHI TPOIECH B IpOcelb-TpaHchopMaTopi 3 METOIO
MiABUINEHHS 3aBafocTiiikocTi peiikoBux kin (PK) Ta, sk Hacmimok, migBUIIEHHS O€3MEKH pyxXy Ha 3ai3HUII.
Metonuka. [ IOCATHEHHS IOCTAaBIEHOI METH 3aCTOCOBAHO METOIM HAayKOBOTO aHali3y, MaTeMaTH4YHOIO
MOJEIIIOBAHHS, EKCIEPUMEHTAIBHOTO MOCTIPKEHHS, MacIITaOHOro MozemoBaHHA. PesyabraTu. PosrmsHyTo
MEPEIIKOIH, [0 BIUTUBAIOTh HA HOPMAJIbHY HpaIe3AaTHICTh PeHKOBHX KiJl. 3HAYHOIO MIPOI0 YaCTHHA MOIIKOIKEHb
y pelKoBOMy KOJi JOBOIMTBHCS Ha BIiAMOBY B Horo amapaTypi. AmapaTypa peiKOBOrO Kojia IiIKIIOYeHa
Oe3nocepeHbO IO PEUKOBOT JIiHIT, CXMIBHOT IO BIUIMBY IIEPEIIKO]] TATOBOTO CTPYMY, SIKi BUKIMKAIOTh Y HUX 3MIHY
CJIIEKTPUYHUX XapPaKTCPUCTHK Ta EICKTPOMATHITHHX BjacTUBOcTeil. HopMmasbHa mpare3faTHICTh MPH BHUKOHAHHI
OCHOBHHUX PEXHMIB POOOTH PEHKOBOrO KOJa BU3HAYAETHCS IIOTEPEIHIM PO3paxyHKOM il XapaKTEpPHCTHK Ta
CKJIaZIaHHSIM PeTyJIIOBaJIbHUX HOPMAaTUBHUX TaOuuipb. [IpoananizoBaHo KIacMYHMK METO BHU3HAYEHHs HapaMeTpiB
peiikoBoro JyaHmora. Kimacnunuii MeTon po3paxyHKy nepeadayae NOAAHHS OKPEMHX JTUITHOK €JIEKTPUYHOI CXeMHU
PEHKOBHX KT YOTHPHUIIONIOCHUKAMH 3 BiIOMHMH KoedimieHTamu, 3a3Budail B A-dopmi. BimmryxyBaHHS
KOE(QiIieHTIB cXeM i3 JIHIHHUMH eJeMEHTaMH He MPEeICTaBIs€ METPOJOTIYHMX Ta MATEeMaTHYHUX TPYIHOIIIB.
Pazom i3 TuM, y maHIforax, mo MicTATh HemiHiiHI GepomarHeTuku (OM), oTpuMaHHS KOEQIIiEHTIB Ha BCHOMY
Jliama3oHi 3MIiHM {HAYKIIH y cepAedHIKaxX — JOCHUTHh BaXXKE 3aBJAHHS, OCKUIBKH KJIACHYHI METOIH XOJIOCTOTO XOIY
(XX) Tta xoportkoro 3ammkanHA (K3) crarore mHempuiiHATHHMH. lle MpU3BOOWTE 10 YCKIAJAHEHHS METOMIB
BHU3HAYEHHS, 5K MOIYJS, TaK 1 apryMeHTiB KOe(iIi€HTIB YOTHUPUIOIIOCHHUKIB. 3aMiCTh KIACHYHOTO METOIy
3alpONOHOBAHUI  METOJ  PO3pPaxyHKy pPEHKOBOro Kojia 3 ypaxyBaHHSAM HENIHIHHOI  XapaKTepUCTHUKH
(epomarnerukis. HaykoBa HOBHM3HA. Y cTaTTi pO3IJSIHYTO HOBUM TMiOXiJ A0 PO3pPaxyHKY PEHKOBOro Koiia
3 ypaxyBaHHJIM BTpaT y (epoMarHeTukax Oe3 MOIIyKy KOe]illi€HTIB YOTHPHIIOIIOCHUKIB CXeMHU 3aMilieHHs. [1pu
noOyzoBi Mozeni nepemMardidyBants @M y napanenbHUX MarHiTHUX MOJISX HaHOLIBII TOYHHMH € arpoKCHMaIiiHi
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METO/IY, L0 BPaxOBYIOTh HE TIIBKM 3MiHM BEJHMYMH 1 y 4Yaci, a mie ¥ iX moXifHi. 3 pO3BUTKOM OOYHCIIOBAILHOT
TEXHIKH Ta MPOrpaMHOro 3abe3redyeHHss MaTeMaTHYHI MeToau po3paxyHky PK mpu 3Ha4Hiil 3MiHI 1HIYKTHBHOCTI
(hepoMarHeTuKiB, BKJIIOYAIOYM [JUISHKM HACHYEHHS, CTAlOTh peaJbHUMH. [Ipy 1bOMY BaXIIMBHM € TIOIIYK
aNpOKCUMYIOUOTO aHAJITUYHOrO BHpasy, IO ONHCYE JAWHAMIYHY TpaHW4Hy nermo Tricrepesucy (IIT).
IMpakTnyna 3HauuMicTs. [IpoBeneHo aHai3 3MIHM ENEKTPUYHMX MapamerpiB omHoro M toro » PK mpm pos-
paxXyHKy KJIaCHYHUAM 1 HOBUM METOJIOM: pi3HHUIlA ckiana He Outbmie 10 %. HaBeaeHo nesiki 3aX0au 3 IMiIBUIICHHS
eKcIuTyaTaniitHoi 3aBagoctiikocTi PK.

Knouosi cnosa: peiikoBe KOJIO; APOCENb-TpaHC(HOPMATOP; YOTHPHIIONIOCHUK; ()EPOMATHETHK;, TiCTEepPE3HC;
CIEKTp; BUXPOBI CTPYMH; MarHiTHa B'SI3KiCTh; KPHBa HaMarHi9eHHs; MOICTIOBAHHS

A. 10. )KYPABJEB!

1*Ka(p. «ABTOMATHKa, TeIEMEXaHUKa U CBS3bY, J|HEMPONETPOBCKUIT HAIIMOHAIBHBIN YHUBEPCUTET YKEIE3HOIOPOKHOTO
TpaHcIOpTa UMeHH akanemuka B. JlasapsHa, yiu. Jlasapsna, 2, lnenponeTpoBck, Ykpauna, 49010, ren. +38 (067) 990 76 51,
11, moyra anton.zhuravlev@gmail.com, ORCID 0000-0001-6885-5177

O METOJAX PACUETA PEJIbCOBBIX IIENIEA
C YYETOM CBOMCTB ®EPPOMATHETHKOB
B YCJIOBUAX BJUAHUA IIOMEX TAT'OBOI'O TOKA

Heas. B pabore HEOOXOOMMO HCCIEIOBATH JIEKTPOMAarHUTHBIE TPOILECCH B ApOCCENb-TpaHchopMaTope ¢ Iie-
JBI0 TIOBBIIICHUS MTOMEXOYCTOWYMBOCTH peibcoBeIX memned (PL]) m, kxak ciencTBue, MOBHIIICHHS 0€30IaCHOCTH
JIBUYKEHUS Ha XkKeJle3HOU nopore. Meroauka. i 1OCTHKEHUS TOCTABJIEHHOM LIEJIM IPUMEHEHbBI METO/Ibl HAYYHOI'O
aHaJIN3a, MaTeMaTHYECKOTO MOJAEIHPOBAHNUS, IKCIIEPIMEHTAILHOIO MCCIIEJOBAHUS, MAaCIITA0HOTO MOJIEITUPOBAHUSL.
PesyabraTsl. PaccMoTpeHbl OMexH, BIUSIONIME HA HOPMAIBbHYIO PabOTOCIIOCOOHOCTh PENbCOBBIX Lienei. B 3Ha-
YUTENIbHON Mepe 4acTh MOBPEXKICHHU B PEIbCOBOM IIENM MPHUXOAUTCS Ha OTKA3 B €ro ammaparype. Amnmapartypa
PENbCOBOM LENU MOAKIIOYEHA HEMOCPEICTBEHHO K PEIbCOBOM JIMHHMM, MOJBEPKEHHOM BIMSHUIO MOMEX TSITOBOIO
TOKA, YTO BBI3BIBAET B HUX U3MEHEHHE NEKTPUUECKUX XAPAKTEPUCTUK U AIIEKTPOMArHUTHBIX CBOUCTB. HopmanbHas
paboTOCIOCOOHOCTH TPH BHINOJHEHNH OCHOBHBIX PEKUMOB paOO0THI PEIIbCOBOH LIENH ONpeIeNsieTcs] IpeIBapUTEIb-
HBIM PAacYeTOM €€ XapaKTePHCTHK M COCTaBJICHHEM PEryTUPOBOYHBIX HOPMATHUBHBIX TaOmui. [IpoaHammsupoBan
KJIACCUYECKHUM METOJ OIpeAeTeHHs] mapaMeTpoB pesbcoBoil nenu. Kiaccuueckuil MeTon pacyera mpeanosiaraer
MIPEACTABICHUE OTHEJIbHBIX YYACTKOB DJIEKTPUUYECKON CXEMbI PEJICOBBIX LIENEH YETBHIPEXIOMIOCHUKAMU C U3BECT-
HbIME KO3(unmeHtamu, o0biuHO B A-dopme. Ilouck koaQ(UIMEHTOB cXeM C JMHEWHBIMH JIIEMEHTaMHU
HE IPEICTaBISIET METPOJOTMYECKMX M MaTeMaTHYECKUX 3aTpylHeHui. Bmecte ¢ TeM, B LENsAX, COAEpXKAIIMUX
HenuHeHbie (eppoMaraetuku (PM), momyueHne Ko3(pPHUIMEHTOB HAa BCEM IUAITa30HE W3MEHEHHS WHIYKIHHA
B CEpJCUHUKAX — JOBOJIGHO TPYIHAA 33]a4a, IIOCKOJIBKY KJIACCHYECKHE METOBI X0I0CTOT0 X012 (XX) 1 KOPOTKOro
3ambikanus (K3) craHoBsiTcsi HenpueMIeMbIME. JTO IPUBOAUT K YCIIOKHEHHIO METOJIOB OINPEEIICHNUs], KaK MOJYJIs,
TaK ¥ apryMEHTOB KOA((HIMECHTOB YETHIPEXIOIIOCHUKOB. BMECTO KIIacCMUECKOro MeTo/a NPEIUIOKEH METO[
pacdera perbCOBOH LIEIH C Y4€TOM HEIWHEWHOH XapakTepucTuku ¢peppomarueTnkoB. Hay4unasi HoBu3Ha. B cratse
paccMOTpeH HOBBIH Imoaxon K pacuery PL] ¢ yderom moreps B (eppomarneTnkax, 0e3 moucka koddduireHToB
YETHIPEXIIOIIOCHUKOB CXeMbl 3amMelieHus. Ilpu moctpoeHnn mozenu nepemarHuuuBaHus @M B mapaniienbHbIX
MarHUTHBIX MOJIIX HamOoliee TOYHBIMH SIBIIAIOTCSA AINIPOKCHMAIIMOHHBIE METONBI, YUYUTHIBAIOIINE HE TOJBKO
W3MEHEHHs BEIIMYMH W BO BPEMEHH, HO W UX mpousBogHble. C pa3BUTHEM BBIYHCIUTEIEHOW TEXHHUKH
U TPOTpaMMHOIO oOOecredYeHnsi MaTeMaTHYecKhe MeToAasl pacdera PLl mpu 3HAYUTETPHOM HM3MEHEHUH
MHIyKTUBHOCTH (DEppPOMArHETHKOB, BKJIOUYasl YYaCTKH HACBILICHHs, CTAHOBSTCS pealbHbIMH. [IpH 3TOM Ba)KHBIM
SIBJISIETCS TIOMCK AlIIPOKCUMUPYIOIIErO aHAJTUTHUECKOTO BBIPAYKEHUS, OIIUCHIBAOIIETO IMHAMUYECKYIO IIPEACIIbHYIO
nerio  rucrepesuca (IIIN). IlpakTuyeckast 3HaumMocThb. [IpoBeieH aHaIM3 WM3MEHEHHUS AJIEKTPUUECKHX
napameTpoB OfHOW M ToM e P npu pacyere kiaccMYecKMM M HOBBIM METOJIOM: pa3HHIIa cocTaBuia He 6osee 10
%. IIpuBeeHbl HEKOTOPBIE MEPOTIPHUS-THS 1O TOBBIIIIEHHUIO SKCILTyaTalluOHHON ToMexoycToiuuBoctu PII.

Kniouegvie cnosa: penbcoBas Lielb; JpOCcelb-TpaHc(HOpMaTOp; YETHIPEXIIOMIOCHUK; (PeppOMAarHeTHK; THCTepe-
3UC; CICKTP; BUXPCBLIC TOKU; MarHUTHasA BA3KOCTb, KpHUBasd HaMarHnivMBaHusA; MOACJIMPOBAHUEC
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