PHYSICS AND CHEMISTRY
OF SOLID STATE

V. 22, No. 1 (2021) pp. 168-174

Section: Physics

PACS: 41.20.Jb

Vasyl Stefanyk Precarpathian
National University

®I3UKA I XIMIA TBEPJOI'O TIJIA
T. 22, Ne 1 (2021) C. 168-174

Dizuko-mamemamudti HayKu

ISSN 1729-4428

R.L. Politanskyi!, Z.M. Nytrebych?, R.I. Petryshyn?, I.T. Kogut?,
O.M. Malanchuk*, M.V. Vistak*

Simulation of the Propagation of Electromagnetic Oscillations by
the Method of the Modified Equation of the Telegraph Line

Yyuriy Fedkovych Chernivtsi National University, Chernivtsi, Ukraine, r.politansky@chnu.edu.ua
2Lviv Polytechnic National University, Lviv, Ukraine, znytrebych@gmail.com
3Vasyl Stefanyk Precarpathian National University, lvano-Frankivsk, Ukraine, igorkohut2202@gmail.com
“Danylo Halytsky Lviv National Medical University, Lviv, Ukraine, oksana.malan@gmail.com

The physical processes associated with the propagation of electromagnetic oscillations in a long line, the size
of which is the same or slightly greater than the length of the electromagnetic wave (not more than ten times) are
considered in the work. As a research method, the differential-symbol method, which is applied to the modified
equation of the telegraph line is used. The two-point conditions for the problem as well as additional parameters
that are coefficients of the first derivatives in terms of coordinate and time in comparison with the classical
equation of the telegraph line are considered as parameters for controlling the process of propagation of
electromagnetic oscillations. Based on the differential-symbol method, the two-point in time conditions under
which the most characteristic oscillatory processes are realized in a long line is found. Based on the research, it is
possible to draw conclusions about the effectiveness of analytical methods for the analysis of specific technical
objects and control of the processes that take place in them.
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Introduction

The development of telecommunication technologies
has led to an active search for new information
transmission technologies which use complex chaotic
signals [1], methods of signal processing [2] and
modulation using artificial intelligence systems [3]. The
transition to new frequency bands and the complexity of
signal processing processes led to the search for new
models and methods in radio systems [4, 5].

Another example where accurate calculation of
transients, phase and amplitude of oscillations in current-
carrying circuits is required are the primary devices of
measuring systems. Thus, highly sensitive optical sensors
are promising for qualitative and quantitative analysis of
harmful substances, including biochemical substances [6-
8]. The combination of humerical and analytical methods
can increase the efficiency of calculations performed to
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model real systems [9] and their practical improvement.
Computer simulation methods designed to calculate the
characteristics of these devices and the precise selection
of their parameters require accurate calculation of high-
frequency processes occurring in signal circuits [10], and

refined models of electromagnetic  oscillation
propagation can solve this problem.
One of the most studied problems of

electrodynamics is the problem of propagation of
electromagnetic oscillations in a long line [11, 12]. A
long line is formed by two or more parallel insulated
conductors, the distance between which is much smaller
than their length. The equivalent electrical circuit of the
long line is shown in Fig. 1.

The equivalent electrical scheme of a long line
allows you to build a mathematical model called the
telegraph equation [13, 14]:
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Fig. 1. Scheme of equivalent electric circuit of a long line.
L1dx R1dx i(x.t) Ldx R2dx (x+dx t) L3dx R3dx
VY I} - Y —_—S
- — Fw o fzdx — fsdx
Quter signal C1ldx Tu(ﬁdx,n 2dx f u(x.t) C3dx
"
Y Y Y
- - -
X dx x+dx

Fig. 2. Equivalent electrical circuit of the modified long line (with additional current and voltage sources).
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In system (1), the unknown variables are the current
i(x,t) and voltage u(x,t) in the line, which in the
general case are functions of the coordinate x and time t.
In this equation, we assume that the line is homogeneous,
and we replace all the point values of resistance,
conductivity, inductance and capacitance by the
distributed values reduced to the unit length of the
circuit: r — specific resistance, Ohm/m; g — specific
conductivity, S/m; [ — specific inductance, H/m; ¢ —
specific capacitance, F/m.

Using Ohm's law, we can derive from system (1) one
equation of the second order with respect to one
unknown function u(x, t) [15, 16]:

a%u

dx2

=L 2%, p. Z+ceu,

a? at? @
where o, D, and C are new parameters of the
mathematical model. Let us turn to the physical content
of these parameters, which are related to the
electrophysical parameters of the system by the
following relations:

a

=lg+rc; C=rg. 3)

—_— 1 .
==

The parameter o is constant for the whole line and
determines the frequency of current and voltage
oscillations. The parameter D plays the role of the
attenuation of the amplitude of oscillations, which is
associated with possible energy losses owing to active
resistance along the line and the conductivity between
the wires which form it. The parameter C affects the
frequency characteristics of the system by changing the
oscillation frequency, as we show in the next section.

The influence of the two-point in time conditions and
the above-mentioned parameters in the found solutions is
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investigated in the work. These solutions are exponential
decrease or increase in the amplitude of oscillations and
decreasing oscillations.

A significant limitation of the classical model is that
it does not provide a solution to the problem of the active
line, which contains additional sources of current and / or
voltage. However, the introduction of additional sources
of currents and / or voltages can significantly change the
wave process. In order to give this process the properties
of the controlled, you need to know in advance all the
possible types of waves that can be implemented. The
equivalent  electrical circuit of the modified
homogeneous long line is shown in Fig. 2.

To model a homogeneous long line with external
current and/or voltage sources, which we will
hereinafter call an active long homogeneous line, we
proposed a modified telegraph line equation in which the
influence of external sources is modelled by adding the
first derivatives in time and wave propagation
coordinates.

The modified equation of the telegraph line has the

following form:

2
D N LY LN

0x%2  a? ot? (3)

Modification of this equation by introducing terms,
which are the first derivatives in time and coordinate,
makes it possible to increase the number of possible
solutions of the equation, covering a wider range of
processes. In practice, such a modification means a
complication of the physical system.

I. Calculation of processes in a long line
with the superimposed conditions of a
two-point problem

1.1. Physical parameters of the problem and their
physical meaning
Consider a long line by setting the values of linear
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inductance, capacitance, resistance and conductivity,
which are characteristic of the propagation of high-
frequency electromagnetic oscillations with frequency
f = 3-108 Hz, specific inductance: [ = 0.2 -107® H/m,
specific capacity c¢=2-10"11 F/m, resistivity
r =3-10"7 Ohm/m (aluminium), specific conductivity
g =10"% S/m (soil of medium humidity). Then the
values of the coefficients a, D, and C determined by the
selected electrophysical parameters: a =5-10% s/m
(the parameter which determines the oscillation
frequency), D = 2-107° s/m? (the parameter which
determines the ability of the line to absorb
electromagnetic energy due to leakage of conduction
currents), C=3-1071° 1/m? (the gain of the voltage
gradient along the line, it is determined by the specific
resistance r and the conductivity g in the line).

Next, we consider a two-point problem with time

_ath

conditions of the Dirichlet type (4) for two types
conditions, namely for a constant value and a periodic x
coordinate function:

{u(O, x) = (Pl(x): (4)
u(l,x) = @, (x).

1.2. A two-point problem with a constant voltage
along a long line

Consider a two-point problem with two-point
conditions in the form of a constant voltage applied along
a line at the initial moment of time t = 0 and at some
other point in time t = [. Using the differential-symbol
method [17-20], we can write a generalized solution of
the two-point problem (3), (4) in the following form:

a®Dl

e 2 - cl-sinh(a(t—l)/z-\/ (aD)2—4C)—czeT-sinh(at/2-\/ (aD)2—4-C)

U(x,t) = —

Obviously, the nature of the wave process is
determined by the sign of the root expression
(aD)? — 4C, but for the selected parameter values the
first term is much higher than the second, so the root
expression will always have a positive value for
oscillations of electromagnetic nature.

For further calculations we use the value of the time
constant [ = 107¢ ¢, or 1 microsecond. The accuracy of
determining this time is at least 0.1 microseconds, which
is a realistic value for modern electronic devices. Next,
using the approximate value of the root expression
(aD)? — 4C =~ (aD)? and an approximate value for the

a?Dl
expression sinh (al/Z -/ (aD)? — 4C)

x~e z ,We are
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writing the solution of the problem in a form convenient
for analysis:
U(x,t) = ¢y + (¢, — ¢y) - e~ Pt (6)
Figure 3 shows the time dependences of the voltage
in the line for two cases: a) voltage rise, b) voltage
decline. The values of the two-point conditions for the
case of growth are: ¢; =1V, ¢, =2 V. In the case of a
decline, the two-point conditions have the following
values: ¢c; =2V,c, =1V.
Thus, if the two-point conditions of a problem are
constant voltage along a long line, then the system
undergoes an exponential decrease or increase in voltage,

w
(=]

100
Time, nanoseconds

b)

Fig. 3. Time dependence of oscillation amplitude in a telegraph line for constant two-point conditions and
constants corresponding to the process of electromagnetic wave propagation in a telegraph line:
a) voltagerisec; =1V, c, =2V, b) voltagedropc; =2V,c, =1V.
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depending on which of the voltage values is greater: at use the simplest periodic function, namely the harmonic
the initial or at some other point in time. The course of oscillation. Then the two-point conditions of the problem
the process under such conditions does not depend on the have the following form:

x coordinate, i.e. the voltage has the same values for the

entire line at any time. The decrement is determined by U(0,x) = @,(x) = ¢;sin(nyx), 7
the values of the parameters a and D, and its value is: UL, x) = ¢,(x) = c,sin(n,x), 7
x=a?D=5-10"s71,
where n, and n, are arbitrary real numbers.
1.3. Conditions of a two-point problem in the The general solution for the factors ¢, i ¢, for the
form ofa_perlodlc function on_a§pat|al _vgrlable given conditions (7) of the two-point problem is
Consider the case with periodic conditions of a two-  determined by the fundamental solutions of the partial
point problem, in which the voltage value at the initial differential equation (3):
moment t = 0 and some other time t = | are given as a
periodic coordinate function. As a periodic condition, we
1 A ux A ux
U(t' X) = Z_i{cl ) [Gl(t' .u)e ]lu:inl —C [Gl(t: ﬂ)e ]lu:—inl +
+cy [éz(t» ,u)eﬂx]l,uﬂnz -G [62(t' .U)e'ux]lu=—in2} ©))
“le2pt o Le2p-n .o
~ _e 2 -smh[ia(l—t)n(y)] ~ _e 2 -smh[gatn(u)]
where G, (t, 1) = SinhEm](m] Gy (tu) = SinhEan(m] .
We find the value of the function n(u) for values u = tin,, tin,:
n(tin,) =/(@D)2 + 4- (—n? F inyB — C), (9a)
n(xin,) = /(@D)? + 4 - (—n? F in,B — C). (9b)

Let us find the solutions of the equation for B = 0. Because the values of the constants (aD)? = 0.01,
C =3-10710 then (aD)? » C, therefore value () can be considered approximately equal:
n(xing) = i-2ny, (10a)
n(xin,) = i-2n,. (10b)
We will write down separately all terms of expression (8):

[61 t, #)eux“u:inl _ e(—%athﬂ'nlx) _Sinh.[i%a‘if—t)rn] _ e(—%azzz+in1x) s [a(l_t) Tl1] | (113)
smh[l;nll] sm(;nl) 2
1 .
e =g )
(G2, 1" ymin, = % -sin Sy, (11c)
(6,6 )" ]| ein, = [a:((;:)"] sin [, (11d)

Substituting the obtained expressions into formula (8) we write the general solution in a form convenient for
analysis:

U(t,x) = et - [A; - sin(nyx) * sin(w t + @;) + A, - sin(n,x) - sin(w,t)]. 12)

As before, write down the value of the damping two-point problem: w, = an,/2; w, = an,/2.

factor y, oscillation frequency w; and w,, phase ¢y, Phase shift ¢, is determined by both the parameters

amplitude of oscillations A; and A,: of the line and the value of the time, in the condition of
The damping coefficient of oscillations depends only the two-point problem: ¢, = ain, /2.

on the parameters of the line, as for the problem with The amplitudes of oscillations depend on the

constant two-point conditions: constants that define the two-point conditions c;, ¢, n,,

x=a’D/2=25-10"c". n, and line parameters: A, = c,/sin (a;lnl),

The oscillation frequencies are determined by both .
the line parameters and the two-point conditions of the A, =ce 2 /sin (“_’nz).
2
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Fig. 4. Spatio-temporal dependence of the amplitude
of oscillations in the telegraph line for periodic
conditions and constants corresponding to the process
of attenuating electromagnetic oscillations with the
x-dependent amplitude in the telegraph line (standing
wave).

In the previous problem, the value of the time
constant was determined [ = 10¢ s = 1 ps. In this case,
a large multiplier e25 appears in the expression for the
amplitude A,. Therefore, to determine the conditions of a
two-point problem that can be physically realized, we
can set the value ¢, = 0, which is equivalent to the
condition U(l,x) = ¢,(x) = 0. Under such conditions,
single-frequency damped oscillations are formed:
U(t,x) = A; - e X - sin(nyx) - sin(w it + @1).  (13)

We present the results of numerical simulations for
parameter values: ¢c1=1V; ni=2; Ai=-214V, w, =
a = 5-108 Hz; ¢, = 500 radian, or up to the full phase
of oscillations: ¢; = 0.49 radian.

The spatio-temporal dependence of oscillations in
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the long line is given in Fig. 4.

Figure 5 shows plots of the voltage distribution along
the length of the line in order to demonstrate their
dynamics over time.

Thus, in Fig. 5a shows graphs of the stress diagram
at the beginning of the oscillating process immediately
after the application of voltage to a long line, and in Fig.
5b - at the end of the oscillating process (approximately
90 nanoseconds after applying voltage to the line), when
the amplitude of oscillations has decreased significantly.

Interestingly, the frequency of these oscillations may
not coincide with the frequency of free oscillations of the
system. Based on this, it can be concluded that the long
line can serve as a device for generating high-frequency
oscillations that may exceed the natural frequency of the
system. To do this, you need to set the initial voltage
distribution in the line, which is described by the
harmonic sinusoidal function (Fig. 5a).

I1. Discussion of results and conclusions

Another aspect of applying the differential-symbol
method for a two-point problem is the ability to control
the flow of processes in a long line. Measuring the values
of the process only at two arbitrary time points allows
you to get a complete picture of the value of voltage or
current in the line. This leaves open the question of
approximating a discrete set of measured values by an
analytical function in order to obtain an accurate
solution.

The use of two-point conditions can be an effective
method of monitoring the state of a long line, because
measuring the values of the amplitude of oscillations of
physical quantities in the line can give a complete picture
of the whole physical process. In particular, this method
allows you to predict unwanted increases in amplitude,
which can cause damage to the device.

Circles with distributed parameters play an important

2 r r
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Fig. 5. Voltage distribution along the line: a) at the beginning of the process (maximum oscillation amplitude), b) at
the end of the process (reduced oscillation amplitude).
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Mopeir0BaHHS NOIIMPEHHS €JIEKTPOMATHITHIUX KOJTUBAHb METOA0M
MOAU(IKOBAHOT0 PIBHAHHS TeserpadHoi JiHii

YYepuiseyvruii nayionanvnuii ynisepcumem imeni IOpis @edvrosuua, m. Yepnisyi, Yrpaina, r.politansky@chnu.edu.ua
2Hayionanvnuii ynisepcumem «JIvgiscoka nonimexuixay, m. Jveis, Ypaina, znytrebych@gmail.com
$[Mpuxapnamcviuil nayionansnut ynieepcumem imeni Bacunsa Cmegpanuxa, m. Isano-®pankiscvk, Yrpaina,
igorkohut2202@gmail.com
4Tveiecoruii Hayionanbuuii Meduynuil yuisepcumem imeni Januna Fanuywvkozo, Yrpaina, m. Jvsis, oksana.malan@gmail.com

Y po6oTi po3risHyTO (Hi3WYHI MPOIECH, MO MOB’SA3aHiI 3 MOIIMPEHHSAM EIeKTPOMArHITHUX KONUBaHb Y
JOBTiH JiHii, po3MipH SIKOi € CHiBPO3MIpHUMH a00 MEPEeBUINYIOTH JOBKUHY €IEKTPOMArHiTHOI XBUIi. B sxocTi
METOAY HOCIHiKEHHS OyJ0 BHKOPUCTAHO IU(EepeHLIATbHO-CUMBOJIBHUAN METOA, AKHW OyB 3aCTOCOBaHHI IO
MonudikoBaHOTO piBHAHHA Tenerpaduoi umiHii. [lapamerpamm KepyBaHHS HIpPOLECOM  MHOUIMPEHHS
€JIEKTPOMArHITHUX KOJIMBAaHb € TPAaHMYHI YMOBH JUIS TBOTOYKOBOI 3a/adi, a TAKOK JOAATKOBI MapameTpH, IO €
Koe(illieHTaMH TIpH NepUIMX HOXIAHUX 332 KOOPAMHATOIO i YacoM Yy IOPIBHAHHI i3 KJIQCHYHUM PIBHSIHHIM
tenerpaduoi miHil. Ha ocHOBI audepeHmiabHO-CUMBOJIEHOTO METORy OyJio 3HAHICHO TpaHH4YHI YMOBH
JIBOTOYKOBOI 3aj1adi, MpY SIKMX y JOBTiil JIHIT peanizoBaHi HAHOUIBII XapakTepHi KOJIMBHI mponecu. Ha ocHoBi
MIPOBEICHHUX JOCTIKEHb MOXHA 3pOOUTH BUCHOBKH PO €(PEKTUBHICTH 3aCTOCYBAHHS aHATITHYHUX METOJIB IS
aHaJi3y KOHKPETHUX TEXHIYHUX 00’ €KTIB Ta KEpyBaHHS MMPOLECAMH, SIKi Y HAX BiOyBalOThCS.

KiouoBi ciioBa. TenerpadHa miHis, JBOTOYKOBA 33/1a4a.
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