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Abstract. The aim of the work is to develop a model of a hybrid reactive power compensator with
adaptation of the control system to the parameters of the voltage supply. The task was achieved by
applying the control algorithm for the operation of the control system of the active part of the reactive
power compensator, which is based on the regression analysis method. The traction drive of the AC
electric locomotive VL-80K, which is operated on the railways of the Ukraine, was chosen as the
object of study. The simulation of the traction drive operation was carried out for a traction drive with
and without a reactive power compensator, for cases where the process of changing the voltage in the
catenary was a stationary deterministic process and for the case when this process was a non-
stationary non-deterministic process. The most important result is the development of a block diagram
of the control system for the active part of the reactive power compensator based on the
implementation of the Levinson-Durbin linear prediction algorithm. The significance of the results
obtained lies in the possibility of the proposed control scheme for the active part of the compensator to
adapt the operation of the compensator to the voltage parameters of the catenary, that is, to the actual
operating conditions of the electric locomotive.
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Rezumat. Scopul lucrarii este elaborarea unui model al compensatorului hibrid de putere reactivd cu adaptarea
sistemului de control la parametrii tensiunii de alimentare. Sarcina a fost realizata prin aplicarea algoritmului de
control pentru functionarea sistemului de dirijare al partii active a compensatorului de putere reactiva, care se
bazeaza pe metoda analizei regresiei. Ca obiect de studiu a fost ales sistemul de tractiune al locomotivei electrice
AC VL-80k, care este operata pe cdile ferate din Ucraina. Simularea functionarii tractiunii a fost efectuata pentru
0 unitate de tractiune cu si fard un compensator de putere reactiva, pentru cazurile in care procesul de modificare
a tensiunii in reteaua de contact a fost un proces stationar determinat si in cazul unui proces nestationar
nedeterminat. Cel mai important rezultat este elaborarea diagramei bloc a sistemului de control pentru partea
activa a compensatorului de putere reactiva bazata pe implementarea algoritmului de predictie liniard Levinson-
Darbin. Semnificatia rezultatelor obtinute consta in posibilitatea schemei de control propuse pentru partea activa
a compensatorului de a adapta functionarea compensatorului la parametrii de tensiune ai retelei de contact, adica
la conditiile reale de functionare a locomotivei electrice. Utilizarea unui compensator hibrid de putere reactiva
cu adaptarea sistemului de control al partii active la parametrii de tensiune ai retelei de contact a facut posibila
cresterea factorului de putere al locomotivei electrice si, ca urmare, reducerea puterii totale consumate de catre
locomotiva electrica din reteaua de contact.

Cuvinte-cheie: putere activa, putere reactiva, putere aparentd, compensare putere reactiva, tractiune, locomotiva
electrica, sistem de control.
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I'uOpuaHbIi KOMIEHCATOP PeAKTHBHOM MOIIHOCTH ¢ alaNTanueil padoThl CHCTEMbI YNIPABJIeHUS K
napamMeTpaM HanpsKeHUsl MUTAIOIEH ceTH
I'yaak C.A.!, Tkauenko B.IL', Kupnuenko M.A.%, Kozuaos C.C.2
TocynapcTBeHHbI# yHUBEpCUTET MHPPACTPYKTYpPHI U TeXHONOruit, Kues, Ykpauna
2KueBCcKuii HALMOHABHBIA YHUBEPCUTET CTPOUTENLCTBA U ApXUTEKTYphl, Kues, Ykpauna
SHauuoHanbHbli TeXHUYECKHI YHUBEPCUTET «XapbKOBCKUI HOJIUTEXHUIECKUI MHCTHTYTY,
XapbKoB, YKpanHa

Annomayus. Llensio paboTHI SBIsETCSA pa3padboTKa MOAETH THOPHIHOTO KOMIICHCATOPA PEaKTHBHOM MOIIIHOCTH
¢ ajanTauueid paboThl CHCTEMBI yIpaBJIEHHsS K MapamMerpaM HampspKeHHs nuratomei cetu. IlocraBieHHas
3aja4ya ObUIa JOCTUTHYTA ITyTEM NPUMEHEHHS alrOpUTMa yIpaBieHust paboTON CHCTEMBI yIIPaBIeHUs aKTUBHOM
9acThI0 KOMIIEHCATOpa PEaKTUBHOM MOIIHOCTH, B OCHOBE KOTOPOTO JIEXKHUT METOJ PErpeCCUOHHOro aHanu3a. B
KauecTBe OOBEKTa MCCIICAOBaHUSI ObUI BHIOpAH TATOBBIA NPHBOJ 3JEKTPOBO3a mepeMeHHoro toka BJI-80k,
KOTOPBIM SKCIUTyaTHPYETCsl Ha JKENE3HBIX Joporax YKpawHbl. MojenupoBaHHe padOThl TArOBOTO MPUBOAA
MPOBOJIMIIOCH JUISl TSATOBOTO IIPHBOJIA C KOMIICHCATOPOM M 0€3 KOMIIEHCaTopa PEakTHMBHOW MOIIHOCTH, JUIS
CilydaeB, KOTAa TMPOIECC W3MEHEHHS HANpSDKEHWS B KOHTAKTHOW CETH  SBISUICS — CTAIl[HOHAPHBIM
JETepMHUHUPOBAHHBIM TPOLIECCOM M U1 CIydas, KOTZAa OTOT TPOLEcC SBISUICS HECTAMOHAPHBIM
HEJICTEPMUHHUPOBAHHBIM TponeccoM. Hamboree BaXKHBIM pe3ysbTaTOM SBISIETCS pa3pabOTKa CTPYKTYPHOU
CXEMBI CHCTEMbI yIIPaBICHHU aKTHBHOH YacThI0O KOMIIEHCATOpa PEaKTHBHONW MOITHOCTH Ha OCHOBE pealn3aliin
ITOpPUTMA JIMHEHHOTO mporHo3upoBaHus JleBuHcoHa-/lapOuHa. 3HAYMMOCTH TOJYYCHHBIX pPE3YJIBTATOB
COCTOHT B BO3MOXKHOCTH TIPEUIOKECHHON CXEMBI YIPaBIICHNUS aKTHBHOW YacThIO KOMIIEHCATOPA agalnTHPOBAaTh
paboTy KOMIeHcaTopa K MmapaMeTpaM HarpsHKeHUs KOHTAKTHOM CeTH, TO €CTh K peajlbHbIM YCIOBHSM PabOTHI
aNIeKTpoBO3a. [IpuMeHeHHe THOPHUIAHOTO KOMIIEHCATOpa PEaKTHBHOW MOIIHOCTH C aJanTalueidl CHCTEMBI
yIOpaBJIeHUs. AaKTHBHOM 4YacThbl0 K IapaMeTpaM HaNpsDKEHUS KOHTAKTHOM CETH IO3BOJIMIO IIOBBICUTH
K03(1)¢)I/IHI/IeHT MOMNIHOCTH JJICKTPOBO3a U, KaK CJICACTBUC, YMCHBUIUTL IIOJHYIO MOIIHOCTb, KOTOpasi
MOTPeOIIETCS IIEKTPOBO30M C KOHTAaKTHOM ceTH. Pe3ysnbraThl MOIenMpoBaHMs MOKa3alid, YTO HaWOOJBIIUMA
3¢ QeKT 0 NpUMEHEHUs THOPUIHOTO KOMIIEHCATOPa PEaKTUBHON MOIIHOCTH HMEET MECTO B YCIOBHSX
HECTallMOHAPHOTO HEETEPMUHUPOBAHHOTO IIPOIEcca N3MEHEHHS HAIIPSHKEHUSI KOHTAaKTHOM CETH.

Knrouesvie cnoea: akTUBHAs MOIIHOCTh, PEAKTUBHAS MOIIHOCTH, MOJIHAsS MOIIHOCTh, KOMIIEHCAIUs PEaKTHUBHOM

MOITHOCTH, TSTOBBII OPpUBOA, 3JICKTPOBO3, CUCTECMA YIIPAaBJICHUA.

INTRODUCTION

The system of the traction electric supply is
one most powerful load of the public network.
They have serious problems with the electric
energy quality. Various topologies of the supply
for these systems resulted in substantial quantity
of the types of distortions in the network voltage
and current in the system of the traction electric
supply, united energy system and neighboring
consumers [1]. The operational process of the
electric rolling stock leads to occurrence of
nonsymmetric currents, voltage falls in the
catenary, overvoltage, high-order harmonics of
voltage components in the catenary [2]. Increase
in these factors’ impact on the form of voltage in
the catenary enlarges the losses and decreases the
power coefficient, i.e., reduces the quality
indices of the electric energy system of the
traction electric supply. This fact increases the
cash accounts, which the infrastructure managers
must pay to the operator, who supplies the
electric energy to the railway system [3].

The most powerful electric energy consumer
in their traction electric supply system is the
electric rolling stock. It is this transportation
mode that introduces the highest distortions into
the system of the traction electric supply, which

decrease the indices of quality of the traction
electro-supply system. These distortions are
caused by the:

- phase shift between the voltage of the
catenary and the traction current;

- generation the voltage super harmonic
components into the catenary by the electric
rolling stock;

- condition of passing the feeder zone by the
electric rolling stock;

- the presence of several units of the electric
rolling stock at a single feeder zone;

- quality of current collection;

- change in the modes of work of the electric
rolling stock [4-6].

To remove the negative factors that influence
on the distortions of the quality indices of the
traction electric supply system, the electric
locomotive is equipped with the reactive power
compensators [7, 8]. The reactive power
compensators can be realized as:

- passive filters [9, 10];

- active filters [11, 12];

- hybrid filters (combination of passive and
active filter) [13, 14].

To remove the phase shift between the
voltage of the catenary and the traction current,



PROBLEMELE ENERGETICII REGIONALE 1 (57) 2023

the passive filters are the most efficient [9, 10].
However, for the inhibition of the super
harmonic components of the traction current,
these filters are inefficient, since they are
adapted just for a definite frequency [13, 14].
The active filters are efficient for the inhibition
of the super harmonic components of the traction
current [11, 12], however, they are inefficient in
removing the phase shift between the catenary
voltage and traction current [13, 14]. The
efficient for the reactive power compensation on
the electric locomotive are the hybrid
compensators [7, 8]. The passive compensator
part, which is the LC-filter, that removes the
phase shift between the catenary voltage and
traction current, and the active part of the
compensator, which is an independent inverter of
voltage, generates into the circuit of the
secondary winding of the traction transformer
the super harmonic components of the traction
current in a counter phase to those existing [7, 8].
In this context, the algorithm of the work of the
control system of the independent voltage
invertor is constructed based on the analysis of
the super harmonic components of the traction
current. The analysis of the super harmonic
components of the traction current is performed
based on the algorithm of the Fourier fast
transformation [15].

The process of the voltage change in the
catenary is nonstationary, nondeterministic, non-
gaussian process [16, 17]. This fact is resulted
from the operation modes of the electric rolling
stock[18]. In conditions when the process of
changing the controlled  parameter s
nonstationary, nondeterministic, non-gaussian,
the Fourier transformation algorithms application
to it is incorrect [19, 20].

For the spectral analysis under conditions,
when the process of changing the controlled
parameter is nonstationary, nondeterministic,
non- gaussian, there is a good reason to use the
algorithms of a correlation analysis [21, 22].

Since the voltage change in the catenary is a
non-gaussian process, it is reasonable to use the
methods of nonlinear prediction when carrying
out the correlation analysis [23]. In [23], the
system of monitoring by the active part of the
reactive power compensator was offered based
on the modified autoregressive method.
Regardless of high speed of the compensator
operation and high level of inhibition of the
high-order harmonics components of the traction
current, the introduction of additional double

integration into the system decreases the system
tolerance.

In [18], the Levinson-Durbin algorithm is
proposed for the realization of the compensator
monitoring system of the reactive power. Low
speed of operation is the disadvantage of this
method. However, in the track electric-supply
systems the process of changing voltage in the
catenary is not a speedy process from the
viewpoint of signals’ digital processing methods.

The advantages of the method are high
stability and the possibility to process large bulk
of data [18]. However, in [18], this method was
realized conceptually.

In this work, the system of monitoring by the
active part of the hybrid compensator of the
reactive power that allows the reactive power to
be compensated in conditions of nonstationary,
nondeterministic, non-gaussian  process  of
voltage change in the network.

The realization of the monitoring system is
performed based on the algorithm of the
Levinson-Durbin linear prediction, which made
it possible to carry out the monitoring by the
compensator power part with a high stability and
operate using a large data bulk.

The results of this work can be used when
designing the reactive power compensators,
which are introduced into the traction driver of
the AC electric locomotive.

The aim of this research is to create a model
of a reactive power hybrid compensator for the
traction drive of the AC electric locomotive with
taking into account the real conditions of the
electric locomotive operation.

This work is distinguished by the fact that
during the development of the model of the
system for the monitoring by the active part of
the hybrid power compensator, the Levinson-
Durbin linear prediction algorithm was proposed
to determine the high-order  harmonic
components of the traction current.

This allowed the possibility of the high-order
harmonic traction current components to be to
compensated in conditions of the nonstationary,
nondeterministic, non-gaussian  process  of
changing voltage in the catenary.

In addition, the use of the of the proposed
model of the system for the monitoring by
reactive power compensator active part, allowed
considering the real conditions of the electric
locomotive exploitation during the compensator
operation.
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DEVELOPMENT OF STRUCTURAL

ARRANGEMENT OF MONITORING

SYSTEM USING REACTIVE POWER
COMPENSATOR

The traction drive of the VL-80K AC
locomotive that is used for the Ukrainian railway

lines was accepted as the object for the research.
The technical characteristics of the track drive of
the VL-80k AC locomotive are shown in Table
1.

Table 1
VL-80K AC locomotive traction drive technical characteristics
Parameter Designation Unit of Value
measurement
Total power of initial (of network) traction winding of S KVA 4485
transformer
Nominal voltage of traction transformer primary winding Us \Y 25000
Nominal current of primary traction winding Iy A 245
Frequency of supply voltage f Hz 50
Nominal voltage of secondary traction winding of U v 1218
transformer
Nominal current of secondary winding of traction
o ) - I, A 1750
transformer (1 section) in continuous service
Number of traction locomotives in one section K 4
Nominal rotation frequency of motor shaft n rpm 915
Nominal power coefficient of locomotive including drive
of supporting machines ks Ohm 0,866
Nominal coefficient of efficiency considering supporting 0
. : n ) 84
machines drive

All the rest studies will be performed under
condition that the drive of the supporting
machines of the locomotive will be disconnected.

The mathematical model of the active part of
the hybrid filter was based on its calculation
scheme (Fig. 1) [24]. Transistors VT1-VT4 and
diodes VD1-VD4 form the scheme of the four-
guadrant converter connected to the source of the
alternative voltage u; (the transformer secondary
winding) via the smoothing chokelL,. The DC

circuit of the active filter is modeled by the
voltage source, whose internal voltage is r, .

As to its circuit simulation, the converter is an
autonomous inverter of voltage (AIV) with a
voltage pulse-width modulation (PWM). The
scheme of a four-quadrant converter are two
back-to-back bridge rectifiers: monitored VT1-
VT4 and uncontrolled VD1-VD4, connected on
the side of the clamp-locks of the alternative
voltage.

These points are connected with an output
source of the alternative voltage u,

The input voltage in the form of the EMF Ed
is switched on between the anodic and cathode
groups of the uncontrolled VD1-VD4 rectifier.
The principle of the converter operation suggests

including inductance L, into the source circuit
u,.

Switching on and off of the VT1 and VTI4
transistors of the converter is performed
according to the law that ensures the pulse-width
modulation of voltage according to the form of
modulating voltage.

Monitoring voltage for VT1-VT4 is formed
using the controlling system by comparison of
two signals: modulation voltage u, and

generator voltage of sawtooth voltage ugsry,
(Fig. 2).

Generator frequency fgery =k-f,, must be
odd-multiple to the frequency of source u..
Figure 2 shows the diagram voltages and
currents relative to work 4gs - of converter with
k=9.

Pulses monitoring transistors VT1-VT4 are
formed now of equality of voltages u,, and
ugsty and correspond to the following logical
functions (1):
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vTL ¢ T iDL IVT3 T ivD3
VT1
4“\1 /N vD1 /\ vD3
id l rd
u2
Ed
IVT2 T ivT4 ¢ T .
ivD2 VD4
4{ /\ vD2 4{ /\ vD4
Fig. 1. Calculation scheme for the active filter.
At di, /dt>0, increase in the current i, and
energy accumulation in inductance L, occur.
Vle{l it Uy —Ugery 20, Figure 2 shows that the output current i,
0 if Uy —Ugsy <O, looks like as a zigzag line consisting of growing
1 if —uy, —Ugqy 20, 1 and decreasing sections.
Vi2= 0 if u, —Ugy <0, (1) The degree of the smoothing current is

VT3=VT1 VT4=VT2

According to Fig. 2, upon switching on
diagonal transistors VT1 and VT4 (VT2, VT3),
voltage ui; is formed on the clamps of the
alternative current converter with amplitude +Ed
and which is regulated using the law of
modulating voltage u,. Voltage phase un
depends on the phase u,um relatively source
voltage u, and E,the current in circuit i, can be

determined using the following formula:

di
L, - dta =U; —Uy. (2)

At connecting the adjacent elements (e.g,
VT3 and VD), the current contour is formed,
which is closing via the back valve VD1 and
transistor VT3. Upon that, source E, is
disconnected from the converter by the closed
transistors VT2, VT4, therefore the voltage at the
clamps of the alternative current u,,, as well as
the current, equal to zero. The converter output
current i, is restricted by the inductance L,, at
u,=0is expressed using the following
expression:

a'd_ta:uT (3)

defined by inductance L, of the input source, as

well as the frequency of the saw tooth voltage
Ugsry - The increase in these values makes i,

form to be smoother. The system of equations
composed in accordance to the first and second
Kirchhoff laws for the system presented in Fig. 1
looks like as follows:

o1 +hps =i —hrs —1g =0,
W1+ hp2 — 'VTZ VD1+|d =0,
'\/T2+IVT4 '\/DZ_IVD1+Id —O’

'\/Tl Nt IVDl Mo = 0,
hrofyrot 'voz T2 = 0,

di

iVT3' VT3+I\/D1 o1+ Ly ~d—ta=u2, (4)
_ _ di,
I\/T4’rVT4"''voz'rvoz"'l- 'E=U2,

Wrs Rt hps fps = 0,

Wra Wrathps ps =0,

Wrs Rt hps Rpa tlg T :_Ed'

VD4

In equations 4 there are: 1, —Fr,, Fps —Fps—

relevant to resistances of transistors VT1-VT4
and diodes VD1-VD4, u,is the voltage of the

transformer secondary winding, E, is the voltage
in the circuit of the rectified current, i, —iq .,
o1 —lvos » I, @Nd i, are the branch currents.
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Fig. 2. Diagrams of currents and voltages that explain the voltage autonomous inverter operation.

In [18] it was noted that one method for the
construction of the system for monitoring by the
active part of the reactive power compensator
can be the system, whose operation is adapted to
the form of the current, which is passing in the
secondary winding of the traction transformer
(for instance, the monitoring scheme exhibited in
Fig. 3).

The operation principle of this scheme is as
follows. Using a current sensor, the value of the
passing current is measured in the circuits of the
secondary winding of the traction transformer.
The measurements are performed discretely. The

discrete values, using the analogue-digital
convertor (ADC), turn into the binary code and
are supplied to the harmonic components
evaluator, where the spectral components of the
amplitude-frequency Ar(®) and phase-frequency
oiz(w) are calculated. In the block of selection of
high spectral components, all of the spectral
components like the amplitude-frequency and
phase-frequency spectrum, except for the first
harmonics, are multiplied by unity. The spectral
components of the first harmonics are multiplied
by zero.

— o, () - P, ()
Current | 12 i Block for determining > Selection block
sensor ADC > the harmonic A, (@) higher harmonic A, (o)
components of current —-—»!  components of current |
Usstv Generator of saw-
VT1 < Comparator | iy type voltage
€ m 'l m
VT2 <« inverter |« iy Block of
— DAC |« inverse Fourier
Uy transform |«
VT3 < Comparator Ueery
VT4 <— inverter [« -

Fig. 3. Monitoring scheme of the active part of reactive power compensator.
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After this the inverse Fourier transformation
is fulfilled for the purpose of obtaining the
current modulation curve i . The current of

modulation is supplied to the digital-analogous
converter (ADC), which transforms the current
from the digital into analogous form. Since to
obtain the modulation current curve from the
power circuit current, it is necessary to subtract
the obtained current value (the scheme
designates it as um). To realize the pulse-duration
modulation (PDM) according to Fig. 2, it is
necessary to have two channels. One channel
that works with a direct form of modulation
signal, realizes the laws of monitoring for
transistors VT1 and VT2. The second channel
that works with a modulation signal form, whose
phase differs by = radian from the direct form of
modulation signal, realizes the laws of
monitoring for transistors VT3 and VT4. For this
purpose, the direct modulation signal -u,, , which

realizes the monitoring law for transistors VT1
and VT2 at the output of the ADC, is multiplied
by -1 and is supplied into the comparator where
it is compared with the voltage of the saw-type
generator ugsry - FoOr transistors VT3 and VT4,
the modulation signal is fed to the other
comparator, where it is compared to the
generator voltage of the saw-type voltage uggy -
At the outputs of the comparators, the
monitoring pulses are formed by transistors VT1
and VT3.

4 Linear - Discrete

15 (t -~ t .

dl prediction v ( Fourier
filter transform

According to equations (1), the monitoring
signals for transistors VT2 and VT4 are
inversions of the monitoring signals for
transistors VT1 and VT3. On the scheme, this
operation is fulfilled by the invertor, which
inverts the monitoring signals’ values for
transistors VT1 and VT3, correspondingly.

- using the linear prediction filter the output
value, which in this case is the power circuit
current of the traction drive, turns from the
random nonergodic value into the ergodic value,
which can be applicable to the discrete Fourier
transformation;

- the discrete Fourier transformation allows
determining the components of the amplitude-
frequency and phase-frequency spectrum.

Hcexons r3 BBIIEU3II0KEHHOTO, CTPYKTYPHAs
Based on the aforementioned, the structural
scheme of the block of determination the
harmonic components looks like as shown in
Fig. 4.

Since the input current at the output of the
analogue-digital converter is a discrete value in

time, we can introduce the following
designation:
is (t)=iy (nT)=i; (n)=x(n). (5)

where T is the discretization period; n is the
account number.

Block of calculation [ ¢, (o)
—»| of phase-frequency |—»
components
Y(w)
Block of calculation
of amplitude- | A, (@)
- frequency >
components

Fig, 4. Structural scheme of the block for harmonic components’ definition.

The essence of the method for definition of
the spectral components of current and voltages
in the traction drive circuits of the AC
locomotives for the scheme offered (Fig. 4)
consists in the following [18]:

-the statistical series of the input data x(n) is
applicated with the L length Hamming window;

-the equation system is arranged for the input
data of x(n), whose matrix form of the record is:

R-a=r,

(6)

where R is the matrix of

coefficients;

symmetrical

a is the vector of parameters of linear prediction;
r is the vector of free terms.

The elements of symmetric matrix of the
coefficients are calculated using formula (7):
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Yx(-K)x(1-D)=R, (@)

1=1

where k is the column number;
1 is the line number.

The elements of the vector free terms are
calculated using formula (8):

S x(1)x(1-i) = R. ®

- the order of prediction K is selected, and the
obtained equation system is used to separate the
first block with a size of K-1;

— for each equation of the first block of data,
the coefficients of the prediction filter a) are

calculated using the Levinson-Durbin method.
The initial conditions are preset

E, =Ry, (9)

where E, is the initial mean quadratic error of the

linear prediction.
Gradually, at a step of iteration
i (i=12,...,K) the calculations are performed

using the recurrent formulas (10-13):

i-1

(i-1)
zak : Ri—k

r=—- 10
. » (10)
al =r; (11)
al)=alV _r.al? 1<k<i-l (12)
E = (1— ﬁz)' Ei. (13)

-prediction is increased by 1 with each step,
as long as it achieves the value of K ;

-the output signal value is calculated using
formula

y(n)=3a x(n-k). (14)

-the transition to the next block of data by
increasing the line index by 1 of each equation;

-for each equation of the data block the
prediction filter coefficients a!’ are calculated
by the Levinson-Durby method. The value of the
output signal is calculated by (14) only for the
last equation of the block;

-the quantity of the blocks processed will be
L-K-1;

-the spectral components are defined for the
obtained series of stationary determinate output
signals using the discrete Fourier transformation

L-1 Lo 2m
_ i .k,T’ (15)

n=0

where K is the harmonic component number;
Y (k)is the value of harmonic component in a

complex form.

-the components of the amplitude-frequency
(16) and phase-frequency (17) spectrum are
calculated:

mod (Y (k)), (16)
k) ar( (k). (17)

-to obtain the monitoring signal the inverse
Fourier transformation is necessary to perform

L-1 ink 2-m

(=5 SA (e g

Since to realize the algorithm of operation of
the reactive power compensator monitoring
system, the recurrent formulas are used, during
the development of the imitation model the
monitoring system is simpler to realize as the
program block.

DEVELOPMENT OF MODEL OF VP-
80K LOCOMOTIVE TRACTION DRIVE
WITH REACTIVE POWER
COMPENSATOR

The scheme of connection the hybrid
compensator with AC locomotive power
network is shown in Fig. 5 [24].

The simulation model of the reactive power
hybrid compensator is carried out in the
MATLab program medium. The power part,
which realizes scheme of (Fig. 5), is performed
using the elements of the library
Simscape/Electrical/Specialized Power Systems.
The monitoring system is realized using the
program from which the monitoring signals are
supplied into the power part by transistors VT1-
VT4. The simulation model reactive power
compensator is combined into block “Reactive
power compensator” (Fig. 6).
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Fig. 5. Scheme of connection the hybrid filter to VL-80K locomotive.

In the work (Goolak et al. System Model
Traction  substation-contact  network-traction
drive of the VL-80K series electric locomotive.
Collection of scientific papers of the State
Economic and Technological University of
Transport. Series: Transport systems and
technologies, 2016, vol. 28, pp. 99-109. irbis-
nbuv.gov.ua), the simulation model of the
traction drive of VL80K electric locomotive is
described. In this work, one section of the
electric locomotive has two sections of the
secondary winding of the traction transformer
x1-01 and x2-02. Therefore, the simulation
model has two compensators of the reactive
power “Reactive power compensator 17 and
“Reactive power compensator 2”. The simulation
model of the traction drive of one section of the
electric locomotive with the reactive power
compensators is shown in Fig. 6. All studies
were carried out for the nominal mode of
operation of the traction electric drive, which
corresponds the 28" position of the machinist
controller.

The elements of the passive part of the hybrid
reactive power compensator are calculated based
on the following reasons.

The filter condenser capacity is defined by
the reactive power, consumed by the load and
calculated using the following ratio [25]:

Q. 1066-10°

c. - _ _ 8827, uF, (19
"2 71U 2-7-50-620° #F.(19)

where fi=50 Hz is the frequency of the main
voltage harmonics on the secondary winding of
the traction transformer;

Uc=U,=1218 V is the voltage across the
condenser (Table.1);

Qrom is the nominal value of the reactive power

Qnom = |2 'UZ \ll_ki =

=1750-1218-4/1-0,866° =1066, KVAr,

(20)

where 1,=1750 A is the current of the first
harmonics of the second winding of the traction
transformer (Table 1);

k,=0,866 is the power coefficient of the
secondary winding of the traction transformer
(Table 1).

According to the obtained value of the
condenser capacity, the necessary value of the
choke inductance was established, satisfying the
condition of voltage resonance at a frequency of
the first voltage harmonics on the secondary
winding of the traction transformer.

Power Systems and entered the blocks of
“Reactive power compensator]l” and “Reactive
power compensator2”.
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Fig. 6. Single-section traction drive model for VL-80K locomotive with reactive power
compensator

I
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1

(2-7-50)" -2287-10°°

L, =

The elements of the passive filter at the
simulation model are realized on the elements of

(21)

= 4,44, mH.

the library Simscape/Electrical/Specialized

At

RESULTS OF MODELING

experiments
experiment consisted of
diagrams of voltage and current on the primary

the simulation
were

model
carried out.
reading the time

(Fig.6) four
The first

winding of the traction transformer (Fig. 7) in
the absence of the reactive power compensator

and under condition that the process of changing
is of a stationary deterministic character.

10
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Fig. 7. Time diagrams of current (a) and voltage (b) on the primary winding of the traction
transformer obtained during the first experiment.

The second experiment consisted in taking
the time diagrams of voltage and current on the
primary winding of the traction transformer (Fig.
8) with the reactive power compensator and
under condition that the process of changing is of
a stationary deterministic character.

The third experiment consisted in taking the
time diagrams of voltage and current on the
primary winding of the traction transformer (Fig.
9) without the reactive power compensator and
under condition that the process of changing is of
a nonstationary nondeterministic character. For
the task of the nonstationary nondeterministic

300

200

100 ¢
o
100/
200

-300
49.98

49.99  49.995
t,s
a)

49.985 50

process on the primary winding of the traction
transformer in addition to the voltage of the
catenary the interferences of the type of a “white
noise” were supplied with a dispersion of 5000
V. For the conditions analogous to the third
experiment there was a forth experiment. Unlike
the third experiment, into the composition of the
track drive, the reactive power compensator was
introduced. The diagrams of the current and
voltage at the primary winding of the track
transformer are shown in Fig. 10.

>
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Fig. 8. Time diagrams of current (a) and voltage (b) on the primary winding of the traction
transformer obtained during the second experiment.
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Fig. 9. Time diagrams of current (a) and voltage (b) on the primary winding of the traction
transformer obtained during the third experiment
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Fig. 10. Time diagrams of current (a) and voltage (b) on the primary winding of the traction
transformer obtained during the fourth experiment

All four experiments were performed for the
nominal mode of operation of the traction drive,
maintaining the nominal frequency of the motor
shaft of 915 rot/min. Figures 7-10 show the
graphs of currents and voltages of the traction
transformer primary winding for the steady-state
mode.

According to the results obtained, the
amplitude-frequency  and  phase-frequency
spectra of currents and voltages of the traction
transformer primary winding were obtained in
accordance with (15). The number of indications
for the period was N=256. Based on the obtained
spectral components for the four experiments,
the coefficients of power and the total power that
was consumed by the electric locomotive from
the catenary were calculated.

12

The locomotive power coefficient upon the
disconnected drive of the auxiliary machines was
determined using formula of [25]:

Py

k (22)

p S !

where Py is the active power consumed by the
traction transformer primary winding at the main
frequency of the catenary;
S is the total power consumed by the traction
transformer primary winding.

The active power consumed by the traction
transformer at the main frequency of the
catenary [25, 26] is as follows:

= |1(1) 'Ul(l) -COs (%m) Py )v (23)

1(2)
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11y IS the amplitude of the first harmonics of the

current in the primary winding of the traction
transformer;
U,y Is the amplitude of the first harmonics of the

voltage at the primary winding of the traction
transformer;
@yl the phase of the first harmonic

component of voltage in the primary winding of
the traction transformer.

The total power consumed by the traction
transformer was determined using formula of
[25, 26]:

(24)

5= ZN: (Pw))z +(Q1(i))2’

i=0

where B, is the active power of the i-th

harmonic component consumed by the primary
winding of the traction transformer;
Qy Is the reactive power of the i-th harmonic

component consumed by the primary winding of
the track transformer.

The active power of the i-th harmonic
component consumed by the primary winding of
the traction transformer is calculated using the
formula from [25, 26]:

Pay =Yy Ly 08 ) (25)

The reactive power of the j-th harmonic
component consumed by the primary winding of
the traction transformer is calculated using the
formula from [25, 26]:

Quy =Yyl sin( ) (26)

In formulas (24-26) U is the amplitude of
the i-th harmonic component of voltage in the
primary winding of the traction transformer; 11(i)
is the amplitude of the i-th harmonic component
of current in the primary winding of the traction
transformer; ¢1(i) is the phase shift between the
i-th harmonic components of voltage and current
of the primary winding of the traction
transformer; N is the number of harmonic
components of voltage and current of the
primary winding of the traction transformer.

The phase shift between the first harmonic
components of voltage and current of the
primary winding of the traction transformer was
defined by the formula from [25, 26]:

Puiy = Puagiy ~ Puagiy- (27)

The results of the calculation are presented in
Table 2.

Table 2

Results of calculations of power coefficients and total power consumed by electric locomotive from
the catenary

Number of experiment

Parameter 1 > 3 7
Coefficient of power, o.e. 0,85 0,918 0,833 0,912
Total power consumed by electric locomotive from the 4886 4525 6543 4643
catenary, kV-A

From Table 2 is seen that the use of the
reactive power hybrid compensator in the system
of the traction drive increases the coefficient of
power of the traction driver and hence decreases
the total power consumed by the electric
locomotive from the catenary.

The most marked here is the effect of the use
of the reactive power hybrid compensator upon
the nonstationary nondeterministic process of the
change in voltage of the catenary. Thus, in the
traction drive in the absence of the compensator,
at the nonstationary nondeterministic process of
the voltage change in the catenary, the total

power that was consumed by the electric
locomotive from the catenary increased by
33.9 % compared to the case of the stationary
deterministic process of the change in the
voltage of the catenary. A similar comparison for
the traction drive in the presence of the reactive
power compensator showed that the total power
increase that was consumed by the electric
locomotive from the network was 2.6 %.

CONCLUSIONS
B pabore mpenioxeHa mozenb THOPUAHOTO
In this work, the reactive power compensator
model was offered with adaptation of the
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monitoring system operation to the supply main
voltage parameters. To solve this problem:

-the algorithm of the monitoring system
operation of the compensator active part was
developed;

-the monitoring system structure of the
compensator active part was developed;

-the compensator passive part elements were
calculated;

-the modeling was fulfilled,;

-the simulation modeling of the traction drive
operation of VL-80k locomotive with the
reactive power compensation was fulfilled,;

-for the nominal mode of the electric
locomotive operation at the nominal value of
frequency of the motor shift rotation, four
experiments were performed. The first consisted
of obtaining the time current and voltage
diagrams of the primary winding of the traction
transformer for the traction drive with no
compensator under condition that the process of
voltage change in the catenary is a stationary
deterministic process. The second was to obtain
time diagrams of current and voltage of the
primary winding of the traction transformer
under the same conditions of voltage changing in
the catenary, but with a reactive power
compensator. The third had to obtain time
diagrams of current and voltage of the primary
winding of the traction transformer with no
compensator under condition that the process of
changing voltage in the catenary is a
nonstationary nondeterministic process. The
fourth one was aimed at obtaining the time
diagrams of current and voltage of the primary
winding of the traction transformer with a
compensator in condition that the process of
changing voltage in the catenary is a
nonstationary and nondeterministic process.

-according to the diagrams obtained for the
steady-state mode the amplitude-frequency and
phase-frequency spectra of currents and voltages
, using which we calculated the locomotive
power coefficient and the total power consumed
by the electric locomotive from the network. The
analyses of the results showed that the reactive
power compensator use in the traction drive
system increases the traction drive power
coefficient, decreasing thus the total power that
is consumed by the locomotive from the
catenary.
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Development of the Experimental Stand for Studying and

Testing Digital Protection Terminals
Shabovta M., Besarab O., Plis V.
Odessa National Polytechnic University
Odessa, Ukraine

Abstract. However, the approach to designing laboratory stands for training students and electrical per-
sonnel on the specifics of using digital protections in most cases has remained the same, which does not
allow for fully realizing their potential. The purpose of the work is to improve the quality of the
knowledge and practical skills received by students in the work with digital protection blocks. To
achieve the goal, a specialized laboratory stand for testing digital security terminals has been developed.
The stand consists of a mathematical model of the protected object, implemented in the form of a com-
puter program and hardware, which allows real-time conversion of changes in model mode parameters
into physical signals transmitted to the digital protection device. The stand provides the terminal feed-
back with the model, which makes it possible to study the protection behavior in the characteristic op-
erating modes of the protected element. The protection of the "line-transformer" block using the Siprotec
4 7SJ6 Siemens terminal is considered. It is possible to calculate the protection operation parameters,
configure the digital protection device, and also check the correct operation of the protections by auto-
matically simulating normal and emergency operation modes of the protected object. The software and
hardware of the stand makes it easy to expand its capabilities by adding new models of power system
objects and other digital protection devices. The equipment used in the developed stand does not require
significant capital investments, which makes this approach accessible to higher educational institutions.
Keywords: digital security terminal, experimental stand, crate system, analog-to-digital converter; digi-
tal-to-analogue converter.
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Dezvoltarea standului experimental pentru studierea si testarea terminalelor digitale de protectie
Sabovta M., Besarab O., Plis V.
Universitatea Politehnicd Nationald din Odesa
Odessa, Ucraina

Rezumat. Dezvoltarea tehnologiilor a contribuit la utilizarea pe scara larga a terminalelor digitale multifunctionale
de protectie a releelor la instalatiile de energie electrica. Cu toate acestea, abordarea proiectarii standurilor pentru
predarea studentilor si personalului specificul utilizarii protectiilor digitale in majoritatea cazurilor a ramas aceeasi,
ceea ce nu le permite sa-si dezviluie pe deplin capacitatile largi. Scopul lucrarii este de a imbunatati calitatea
cunostintelor si abilitatilor practice primite de studenti in lucrul cu blocuri de protectie digitald. Pentru a atinge
scopul, a fost dezvoltat un banc de testare de laborator specializat pentru testarea unitatilor de protectie digitala.
Urmand tendintele actuale, standul constd dintr-un model matematic al obiectului protejat implementat sub forma
unui program de calculator si hardware, care permite conversia in timp real a modificarilor parametrilor modului
model in semnale fizice, transmis catre un dispozitiv digital real de securitate. Standul ofera un feedback al
terminalului cu modelul, ceea ce face posibilad studierea comportamentului de protectie in modurile de functionare
caracteristice ale elementului protejat. Se are in vedere protectia unitdtii ,transformator de linie” folosind
terminalul Siprotec 4 7RJ6 fabricat de Siemens. Este posibila calcularea parametrilor de functionare a protectiei,
configurarea dispozitivului digital de protectie folosind atat butoanele de control de pe panoul frontal, cat si
software-ul specializat DIGSI 4, precum si verificarea functionarii corecte a protectiilor prin simularea automata
a modurilor normal si de urgenta ale obiectul protejat. Software-ul si hardware-ul standului faciliteaza extinderea
capacitatilor acestuia prin adaugarea de noi modele de obiecte ale sistemului de alimentare si alte dispozitive de
protectie digitala.

Cuvinte-cheie: terminal de protectie digitald, stand experimental, convertor analog-digital; convertor digital-ana-
logic.
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Pa3paboTka 3xcnepuMeHTAJbHOI0 CTEHA JISl H3yYeHHs
H TeCTHPOBaHMS HH(POBBIX TEPMUHAJIOB 3aLINTHI
MladosTa M. 1O., Becapad A. H., Ilauc B. II.
HanmonansHsiit yauBepcuret "Opnecckas IOIHTEXHUIKA"
Opnecca, YkpanHa

Annomayus. brarogapsi pa3BUTHIO TEXHOJIOTHI Ha 3aMEHY IHPOKO PacHpPOCTPAHEHHBIM B JJIEKTPOIHEPTEeTHKE
JIEKTPOMEXaHNYECKUM pelie MPHIUIH MHOTO(YHKIHOHAIBHBIEC HU(POBBIE TEPMHUHAIBI peNeiHoi 3amuTel. On-
HAKO ITOJXOJ K MPOEKTHPOBAHUIO JTa00PATOPHBIX CTEHIIOB IS 00y4YEHHS CTYICHTOB H JIEKTPOTEXHUIECKOTO IIep-
coHaJla 0COOEHHOCTSIM NPUMEHEHHUS I(POBBIX 3alIUT B OOJIBIINHCTBE CIIy4aeB OCTAJICS MPEKHHUM, YTO HE 1103~
BOJISIET TIOJIHOLICHHO PAacKpbITh MX BO3MOXHOCTH. Llenbro paboThl SIBIISIETCS MOBBIILICHUE YPOBHS HOTYyYaeMbIX
00y4aloIUMHKCS] COBPEMEHHBIX 3HAHUH W MPAaKTHYECKUX HABBIKOB PaOOTHI C NU(POBBIME TEPMHHAJIAMHU 3aLIHT.
Hawnbouee cyiecTBeHHBIM pe3yIbTaTOM JTOCTHXKEHUS LEIH SBIISIETCS pa3paboTKa CIeHaIn3upOBaHHOIO Jadopa-
TOPHOTO CTEH/IA JUIS TECTUPOBAHMUS LU(PPOBBIX TEPMUHAJIOB 3aUThl. Clieys COBPEMEHHBIM TPEH/1aM, CTEH]I CO-
CTOMT M3 MaTeMaTH4YeCKOH MOJIENN 00BEKTa 3aIlUThl, PEIN30BaHHOM B BUJIE allrOPUTMa U IIPOTPaMMBI IS Iep-
COHAJIIEHOT'O KOMITBIOTEpa, a TAKKE allapaTHOH YacTH, TO3BOJIIOIICH B pe)KUMe PealbHOTO BpeMeHH Ipeobpaso-
BaTh U3MCHCHHE [TApaMETPOB PEXKUMA MO B (DM3MYECKHE CUTHAJIBL, IIepeiaBaeMble Ha peabHOe YCTPOHCTBO
nu¢posoi 3amutel. CTeH obecreunBaeT 0OpaTHYIO CBA3b TEPMUHANIA C HHPOPMALMOHHONH MOJCIBIO, YTO HO3-
BOJISICT MPOBECTH HMCCIICOBAHIE MMOBEACHHUS 3AIIUT B XapaKTEPHBIX JUIS 3allUILAEMOro dJIEMEHTa peKUMax pa-
60T1b1. PaccMoTpeHa 3aiura 6J10Ka «THHUS-TpaHc(hopMaTop» ¢ UCTOIb30BaHueM TepMuHana Siprotec 4 7SJ6 mpo-
U3BOJCTBA (hUpMBI Siemens. 3HaYnMbBIMH pe3yJIbTaTaMu Il 00yJaroerocs sSBIseTcs BO3MOXXHOCTh PACCUUTATh
napaMeTpsl cpadaThIBaHUs 3aIUT, MPOU3BECTH HACTPOMKY U(POBOrO yCTPONCTBA 3aIUTHI, HCIONB3Ys KaK Op-
raHbl PY4HOI'O YIIPABJICHUS Ha IEPEAHE aHelH, TaK U ClieHHalu3upOBaHHOE porpaMmMHoe obecrniedenue DIGSI
4, a TaKKe MPOBEPHUTH MPABUILHOCTh PAOOTHI 3alIUT MYTEM aBTOMAaTHYECKOTO MOJIEINPOBAHUS HOPMAJBHBIX U
aBapUHHBIX PEKUMOB pabOTHI 3alKIIaeMoro oobekTa. [IporpaMMHOe 1 TeXHHYECKOE oOecrieueHre CTeHAa M03-
BOJISIET JIETKO PACIIMPSITh €ro BO3MOXKHOCTH ITyTEM JOOABJICHUS HOBBIX MOJEJIEH OOBEKTOB IHEPrOCHCTEMBI U
JOPYTUX YCTPOMCTB HU(POBBIX 3alIUTHL. BaxKHBIM SABISETCS, YTO IPHMEHsIEMOE B pa3pabOTaHHOM CTeHAE 000py-
JOBaHUE HE TpeOyeT 3HAUMTEIbHBIX KalMTAIbHbIX BJIOKCHHUMH, YTO JAeNaeT NaHHBIH TOIX0 ] JOCTYIHBIM JUIS BEIC-
IIMX Y4eOHBIX 3aBEJCHUI H II03BOJISICT MOTYYUTh U3/ISIIIE C ONTUMAIbHBIM COOTHOLICHHEM CTOMMOCTh—BO3MOX-
HOCTH.

Kntouesvie crosa: mudpoBoil TepMHHAN 3alIUTHL, SKCIICPUMEHTAIBHBII CTEHA, KpelToBas cCHCTeMa, aHaJoro-
U poBoit MpeodpazoBaTenb; HUPPO-aHATOTOBHIN IIPeodpa3oBaTeb.

INTRODUCTION modern laboratory stand the simulation of opera-
tion of these elements, which is achieved using

The knowledge of specialists to correctly cal- the mathematic modeling,

culate the parameters of protective relaying and
automatics (PRA) to adjust the PRA devices in-
creases the operation reliability and safety of the
electric equipment service. It is therefore im-
portant still at the stage of study at a higher school
not only to obtain theoretic knowledge but also
practical skills of work with a modern equipment.
To achieve this goal the laboratory stands are
used.

Nowadays, microprocess protections are used
mostly in the energy system. Functionality is their
major advantage. A single device can fulfil the
functions of the current, voltage, frequency, time
relays and be integrated into the SCADA system
(Supervisory Control And Data Acquisition); mi-
croprocess protections take a lesser place, they are
characterized by a high flexibility and accuracy in
measurements, automatic registering of emer-
gency modes with their subsequent analysis [1, 2].

The devices of protective relaying are meant
for protect various elements of the electric supply
system, like the electric supply lines, motors,
transformers, etc. Therefore, one possibility of a

Analysis of existing solutions

At CIS countries high schools, during the ful-
filment of the laboratory works by the students,
the outdated laboratory stands are used the ones
primarily obtained in the 60th--80th years of the
20th century, or those manufactured by students
or teachers using the equipment of electromag-
netic or induction types, which ceased being used
at plants [3, 4, 5, 6]. The latter fact interferes with
the students’ obtaining modern knowledges and
competencies necessary for the work. Often, at a
separate stand only one laboratory work is being
fulfilled, which requires using rooms with large
areas.

Modern industrial samples of the educational
PRA stand [7, 8] are presented by constructions
with several relays and a mimic diagram. Such
kind of a scheme is shown in Fig. 1. These stands
are multifunctional. A student is supposed to per-
form the work in two steps: first, calculation-the-
oretical, where he in the process of preparation to
fulfil the task calculates the protection parameters
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and, secondly, is a practical stage, which includes
adjusting the stand for the work, for the protection
of the necessary parameters of response and
checking the correction of its work. The stand is
applied with the instructional guidelines for the
performance of possible laboratory works.

Fig. 1. NTTS-10.66 laboratory stand “Protection
relaying in electric-supply systems”.

To be able to work with the microprocess ter-
minals is an important skill for the modern spe-
cialist. This is why the educational stands that use
the microprocess relay protection must be pointed
out separately [9, 10]. The protection of this kind
can be set far more parameters than, e.g., in elec-
tromechanical relays. The example of such a stand
is shown in Fig. 2.
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Fig. 2. NTTS-10.10.3 laboratory stand “Protection
relaying and automation MP500”.

The above constructions of stands make it pos-
sible to learn how to use the equipment and check
the correction of its operation. However, because
of the construction peculiarities, it is impossible
to reveal all resources of the microprocess termi-
nals, as well as to ensure a sufficient flexibility
during their modernization.
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There are also virtual laboratory stands being
developed using special software [11, 12, 13]
such as MATLAB, LabView, Multisim, etc. The
example of the virtual laboratory stand is shown
in Fig. 3.

Ao s e PR TerS pere ey P
|

Fig. 3. Example of virtual laboratory stand for
protection relaying and automation.

They are characterized by a high flexibility
and possibilities to model various equipment pay-
ing only once for the software and a personal com-
puter (PC).

The students work with files of the ready-as-
sembled models of corresponding stands for each
laboratory work. These stands gain from the eco-
nomic view point and the quantity of laboratory
works, which can be modeled, however in this
case the students fail to obtain the working skills
using a real equipment.

The combination of the above approaches are
the education stands, where, first, the develop-
ment and testing are performed of the computer
model of power-system in the program, and then,
using the devices for terminal operation testing,
the real currents or voltages are supplied onto the
device examined. For this, special program mod-
ules are used, which can be obtained coming with
the testing device for checking the operation of
terminals. The ‘RL-model’ is the example of such
a model that can be obtained coming with a PE-
TOM-61 device. It can simulate various kinds of
short-circuits (SC), synchronous running and
swaying, phase-failure (without SC), load step-
like change. This module allows watching out for
the process, which is preset in the RM-model and
yield to PETOM the calculated currents, voltages
and fix the states of digital inputs on the oscillo-
gram [14]. The RL-model program window is
shown in Fig. 4.

The program module ‘Generator of sequences’
allows creating several banks with possible tran-
sitions between them, which allows modeling
more complicated states of a system, reveal not
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only emergency, but pre- and after-emergency
modes, the modes of transition of a single-phase
into a two-phase SC and etc. This program mod-
ule makes it possible to model the modes, close to
real, because using the parameter setting of higher
harmonics, it is possible to obtain the signal dis-
tortion. Thus, the microprocessor terminal poten-
tial can be disclosed more extensively, and the
students can get the operation skills with real
equipment.

Fig. 4. Program window of RL-model.

To test the operability of protective relay de-
vices without taking into account the reaction of
the power system, tests can be carried out in an
open circuit mode using hardware and software
testing complexes (HSTC). An example of such a
complex based on the Omicron SMS 356 device
is shown in Figure 5.

Fig. 5. Apparatus-program test complex based on
device CMC 356 of OMICRON company.

To test the relay protection devices in an open
cycle the results of the autonomous modeling are
preserved in an unified format of digital oscillo-
grams COMTRADE and further they are formed
into the analogue signals, using the DPTC, which
are supplied to the inputs of the tested device in
the real time mode.

The DPTC includes the PC, in which the en-
ergy-system model is realized or the generalized
electric energy object (GEO) and software, moni-
toring the testing device and the modes of per-
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forming the test. As the test devices, the micro-
process device-program diagnostic complexes
can be used, such as NPP ‘Dinamika’ of ‘PE-
TOM’ type produced by OMICRON (based on
CMC 356) (Fig. 5) or similar complexes of other
producers [15].

A more effective method used for the develop-
ment, testing and optimization of the secondary
electric equipment, as well for the study of the
modes of the energy system functioning during
the transition or emergency modes, is a digital
modeling of the energy system in real time with a
physical connection of the relay protection sys-
tems to the model [16, 17].

A modern trend is the use of simulators RTDS
(Real Time Digital Simulator) that allows com-
bining real devices with a virtual model of envi-
ronment of their operation and performing com-
plex testing the PRA devices a valid feed-back
and reaction on their state change [18, 19, 20].
These simulators can update the output data in the
real-time mode, which means that all calculations
necessary for the modeling of the circuit with the
use of the Dommel algorithm [21], are fulfilled in
real time, equal to or lesser than the time step of
the modeling. Using the RTDS, it is possible to
study the energy systems in static and dynamic
modes, as well as to test the protection relaying
devices, to create the solutions for improving the
electric energy quality, to educate and train a per-
sonnel, etc. The RTDC example is shown in Fig.
6 [16].

Fig. 6. Apparatus-program test complex RTDS.

The device being tested accepts the modeling
complex as a real medium and reacts on the pro-
cesses that are very close to real, receiving an im-
mediate response of the virtual power system be-
ing modeled on the impact produced. Due to this,
the possibility appears to test the PRA device to-
gether with the model of the object protected, on
which it will be mounted [22].
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Recently, energy companies of many countries
use the RTDS simulators more extensively. Over
the past twenty years, the real time modeling
ceased being the experimental technology to ful-
fill only the testing projects. It has become an eve-
ryday tool used for solving the most different
practical problems by the energy companies [23,
24].

Real-time simulators enable the energy com-
panies to reduce supplier risk during equipment
installations, manufacturers to conduct compre-
hensive factory acceptance testing of devices, re-
search institutes to test new algorithms and ap-
proaches throughout the development process,
and consultants to provide greater depth of analy-
sis than is possible with other tools.

The main RTDS simulators’ advantages, the
possibility of including the real equipment into
the model of the power system being examined
should be used.

The aim of the work

The aim of the work is to enhance the quality
of the knowledge obtained and practical skills of
work with protection digital terminals of the high
schools’ students and the production electrotech-
nical personnel, using the original affordable ap-
proach, based on modern tendencies, during the
development of the experimental stands for the
digital protection testing.

Experimental stand description

Regardless of the obvious advantages of the
RTDS stimulators, their application in most pro-
ject, science-research and educational organiza-
tions is problematic owing to their excessive cost.

A more available method for the stand realiza-
tion to test the protection relaying terminals
(PRT), a PC use is, combined with the analogue
to digital and digital to analogue converters. A
simplified structural scheme of this solution is
shown in Fig. 7.

In the PC, the model of a protection element of
the energy system is created, which allows obtain-
ing current instantaneous values in the element
phases in normal and emergency modes. The
presence of the PRT reaction on the modeling
modes and its velocity allow estimating of being
correct or incorrect of the protection operation.

The calculation results of the of instantaneous
current values in the model using an ADC and a
signal amplifier are transmitted to the current in-
puts of the protective relays (I).
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ADC - analog to digital converter; DAC — digital to
analog converter; A — signal amplifier; S — Hall
sensors; PRT — protection relaying terminal.

ADC

‘ DAC

Fig. 7. Stand structural scheme.

The protection response is recorded using a
signal from a configured discrete output of the
unit (DO), which is transmitted to the ADC. The
ADC also receives data from the measuring trans-
ducer (D), which monitors the instantaneous val-
ues of the current flowing through the protective
relays.

The LTR11 and LTR34 boards of the LTR
crate system by L-Card were used as ADC and
DAC in this setup. LTR34 is a 16-bit, 8-channel
DAC with a resolution of 16 bits, while LTR11 is
a 14-bit, 32-channel ADC with a maximum sam-
pling rate of 400.0 kHz. The crate is connected to
a PC via a USB interface. The manufacturer pro-
vides libraries for accessing device functions in
the C++ programming language.

The model used in the developed setup, de-
scribed as an example, represents a section of a
system consisting of a cable line (W) and a step-
down transformer (T). The schematic diagram of
the model is shown in Fig. 8.

Instantaneous current values in the phases can
be calculated based on the previously calculated
values of normal and emergency mode currents
according to the expressions:

i, =21, [sinwt—z—;j,

1)

where ;5 5 — instantaneous current values in
the phases, A; |55 13 — RMS current values, A;

o— angle frequency, corresponding to industrial
frequency 50 Hz; t — current time, s.

In the same figure to the right of the diagram,
the element parameters are shown for one of the
task options. Based on this data, a student will be
able to calculate the protection parameters.



PROBLEMELE ENERGETICII REGIONALE 1 (57) 2023

Initial data

Task option: | 1 v

K;  Us=10.5/10kv

,._m IK1=4.5/3.83 kKA

Q

TA TONY-10 200/5

AABAN-10(3x50)
1=1.22 km

r0 = 0.62 Q/km
x0 = 0.09 Q/km

W

A x,
'._

b
*

Fig. 8. Design scheme and parameter elements.

k2 = 3.55/3.11 kA

TM3-400/10
dUk=7.8%

dPk = 4.5 kW

NZMN4 VE-800
1i=9600 A
Isd=2880A;tsd =0.2s
Ir=720A;tr=2s

Ik3 = 10.86/10.23 kA

A two-stage current protection is applied as
protection for these elements: short-circuit protec-
tion (ANSI code 50) and short-circuit protection
with independent time delay (ANSI code 51) [25].

To check the accuracy of the protection trip
parameters calculation and terminal setting, char-
acteristic modes are simulated that allow as-
sessing its sensitivity and selectivity. Each mode
is divided into several stages of a certain duration.

The self-start load mode is designed to check
for excessive protection tripping. The mode con-
sists of 3 stages: 1) normal operation (phase cur-
rents equal to the nominal current of the automatic
breaker QF, taking into account its connection to
the side of the T transformer's LV; duration —
0.55); 2) remote three-phase short circuit in the
0.38 kV network (phase currents in the network
are two times higher than the setting of the break-
er's QF pickup current Isd, the duration is deter-
mined by the time of the breaker's trip, taking into
account its protective characteristic determined
by the setting tr); 3) normal operation (analogous
to stage 1, the duration is determined taking into
account the acceptable display of time-grid values
on mode parameter change graphs and is less than
0.5 s). In the self-start mode, no protection trip-
ping should be observed.

The minimum single-phase short circuit mode
in phase "L1" at point K3 is designed to check the
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sensitivity and trip time of the second stage of the
current protection. The mode consists of two
stages: 1) normal operation (currents and duration
are similar to the previous mode); 2) short circuit
in point K3 (currents in the phases correspond to a
single-phase short circuit on the side of the power
transformer's MV with consideration of its change
in phase and magnitude when transitioning to the
LV side; the duration is determined by the setting
of the QF relay's tsd and taking into account the
selectivity stage of dt = 0.5 s). In this mode, the
second stage of protection should trip within the
time interval of tsd...tsd + dt.

The minimum two-phase short circuit mode in
phases "L2" and "L3" at point K; is designed to
check the sensitivity and trip time of the first stage
of the current protection. The mode consists of
two stages: 1) normal operation (the current and
duration are similar to the previous mode); 2) a
short circuit at point K; (the current in the phases
corresponds to a two-phase short circuit on the
high voltage side of the power transformer; the
duration is 0.2 s). In this mode, the first stage of
protection should trip in the time interval of 0.04
..0.2s.

For clarity, table 1 shows the correct reaction
of the protections for the modeled mode. The "+"
sign corresponds to the trip of the protection, "
to the non-trip.

Table 1

Correct reaction of protection stages

Ne Mode 50 51
1 | Selfstart —
2 | SCinKs — +
3 |SCinK; + —

The considered protections are implemented
using the Siemens Siprotec 4 7SJ6 digital relay for
protection of connections 6-35 kV.

The student can adjust the trigger parameters
of the protections either through buttons on the
device's front panel or with the help of specialized
software DIGSI 4.

The VAC90.4 hi-fi amplifier (Fig. 9) is used
as a signal amplifier from the DAC to transmit it
to the current inputs of the relay, with a maximum
output power of 2x300 W at a 4 Ohm load. To in-
crease the current level to 150 A, taking into ac-
count the maximum multiplication of current
transformers, matching transformers T1, T2 with
transformation ratios 30/1 are used. Resistors R1,
R2 (0.5 Ohm) are used to limit the current spikes
of the transformers in the transition mode. Hall



PROBLEMELE ENERGETICII REGIONALE 1 (57) 2023

sensors ACS758KCB-150B-PFF-T are used to
measure the current supplied to the PRT input.

e 751623
o LTR-FU-2 e
L F1+(~) Power
+ T F2-(-] Supply
o LTRN L
= X1 16 F6 -,
Y1 35— r Y i 20!
@ 5 =
2 asy ACSTE8 4,
VAC90.4 T uee wo]—
L ouT
LTR34 = CH1 P T m P+ IP- a1 :’ “:| a
ouT1 & :r_‘—f% AGND tHi ‘% az
AGND 23 5 | R1
CH2 1A
T2 6 AGND & | X
AGND 25 4” H o Q = T2
o0 2| & 08 E ACS758
.Eﬁ.'-EltlD o | g = P-  IPs EZ:I te
2V out GND
L L
EEE % v r VCC GND jr
+25V 25V

Fig. 9. Simplified principal scheme of stand.

The system model is implemented on a PC as
a C++ language program using the cross-platform
visual component library Qt in the Qt Creator de-
velopment environment. The program allows for
automatic sequential modeling of the previously
considered modes of operation for a given user-
defined variant number. During the modeling pro-
cess, the program checks the proper functioning
of the protections and outputs the corresponding
service messages. For clarity, in real-time mode,
the changes in primary and secondary currents in
the "L1" and "L3" phases are displayed, as well as
the state of the RPT output configured to close the
contact when the current protections are triggered.

A workstation has been organized for working
with the stand, presented in Fig. 10.

1 - REF630; 2 — Siprotec Compact 7SK80;
3 — Siprotec 4 7SJ6.

Fig. 10. General view of the stand.

At present, the following digital protection and
automation devices have been integrated into the
stand construction: Siprotec 4 7SJ6 — protection
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for connections 6-35 kV (Siemens, Germany); Si-
protec Compact 7SK80 — motor protection (Sie-
mens, Germany); REF630 — protection for con-
nections 6-35 kV (ABB, Switzerland). The possi-
bility of integrating RPT of other types is pro-
vided.

The selection of the device under test is
performed by the operator using a PC connected
to the LTR system via USB interface.

Procedure for working with the test stand

Based on the data provided by the program, in
accordance with the selected task option, the stu-
dent selects the parameters for triggering a two-
stage current protection with an independent trig-
gering characteristic, which is installed on high-
voltage switch Q (Fig. 8). The protection should
also be checked for sensitivity and selectivity.

The calculation procedure for the described
example is as follows.

Determination of the triggering parameters of
the trip (first stage) [26]. To ensure selective work
with the automatic switch QF, the trip triggering
current is adjusted from the maximum short-cir-
cuit current on the low-voltage busbars of the sub-
station transformer according to the following
condition:

| Il(<3% max
lg > Koy ==
Ky

; (2)
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where K; is the transformation coefficient of the

transformer T; 1), is the maximum short-circuit

current on the low voltage busbars of the trans-
former substation, A.

The sensitivity check of the trip is performed
using the following formula:

K 12,

SCI .min

gL ©
Sz

sch

rne K@ K& —the coefficients of the schemes, for

sch? "“sch
two-phase and three-phase short circuits respec-
tively.

In the next step, the trip current of the maxi-
mum current protection (MCP) (second stage) is
determined. Taking into account the spread of
breaker parameters (25%), non-excited devices
(5%), relay errors (5%) and current transformers
(10%) the trip current of the protection is deter-
mined by the formula:

|
0.8511 >1.3-2 )
K

Sz —
T

Further, sensitivity testing of the overcurrent
relay is carried out.

KO o
(> sch K3.m|n’ (5)
K& 11K,

sch
where K& is the scheme coefficient for a single-

phase short circuit.
The operation time of the overcurrent relay is
determined using the formula:

t >ty or +AL, (6)
where ty o is the setting of the operation time of

the automatic circuit breaker QF; At is the selec-
tivity level.

The results of the calculations, as well as the
current transformer transformation ratio, are en-
tered into the protective relay inputs either di-
rectly from the terminal or using specialized soft-
ware provided by the protective relay manufac-
turer (DIGSI 4).

To start the testing mode in the software, click
on the corresponding button located in the lower
left corner of the main program window.

Fig. 11. Example of obtained results after starting modeling of self-starting mode.
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Fig. 12. Example of obtained results after starting modeling of SC mode in point K.

For clarity, the testing results display curves of
instantaneous values of primary and secondary
currents in phases "L1" and "L3", as well as the
status of the output terminal configured to close
the trip circuit when the current protection is acti-
vated. Examples of the results display are shown
in Figs. 11 and 12.

In case of incorrect operation of the protection,
the simulation process is stopped and an error
message with comments is displayed, allowing
the user to identify and fix the cause of the mal-
function.

CONCLUSIONS

The developed universal experimental stand
allows testing real microprocessor-based protec-
tion relaying terminals in laboratory conditions,
taking into account the specifics of the protected
element. The testing is carried out by supplying
the studied device with analog and digital signals
corresponding to characteristic normal and emer-
gency operating modes of protection objects. Due
to the implementation of feedback, the stand al-
lows for the automation of the protection testing
process in typical operating modes of the object.

The stand allows for the acquisition of skills
not only in calculating the triggering parameters
of specific protection elements, but also in practi-
cal skills of setting up digital protection terminals
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using specialized software, such as DIGSI from
Siemens, SFT2841 from Schneider Electric, Con-
nectivity Package from ABB, as well as using a
modern human-machine interface (HMI).

The developed stand provides convenience in
operation due to the use of a built-in database of
element parameters (cable lines, transformers,
etc.). The listed features of the stand allow it to be
used not only in laboratory work, but also for im-
proving the qualifications of electrical personnel.

The equipment used in the stand is more af-
fordable compared to analogues, which allows for
its widespread use in higher education institu-
tions.

The software and equipment used make it easy
to expand the capabilities of the stand by adding
protection blocks from other manufacturers who
can implement more complex protections (such as
distance or differential), as well as creating new
software models of protection objects (such as
high-voltage asynchronous and synchronous elec-
tric motors, generators, three-winding transform-
ers, power transmission lines, etc.).
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Inter-Object Navigation of Unmanned Aerial Vehicles to Increase the
Efficiency and Accuracy of Inspection of Power Lines
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Abstract. The purpose of the work is to improve the accuracy and efficiency of a power line section
inspection for a fault detection using unmanned aerial vehicles. The goal was achieved by using a unified
computing and measurement platform on multicopter and aircraft drones and by simplifying the
interaction between them and by using the inter-object navigation sensors. The most significant results
were the development of a method of route planning by drones over different parts of the power grid
and a method of inter-object navigation. The drone route planning problem was represented by a multi-
agent variation of the classical traveling salesman problem and was solved by the ant colony method.
The method of inter-object navigation was distinguished by the representation of the power grid
topology by high and low intensity graphs, involving a different number and types of drones in the
inspection process. The application of the developed methods made it possible to increase the accuracy
of power line inspections by 27-73%, and the efficiency by 2-8 times. Solving the problem of multi-
criteria optimization of the drone team flight route planning made it possible to reduce the cost of
monitoring critical infrastructure facilities while improving its efficiency and accuracy. Thus, the
conducted research has shown the effectiveness of the proposed approach for the monitoring of power
facilities, route selection, number and composition of search teams. The direction for further research is
to improve the ant algorithm.

Keywords: power grid, navigation, unmanned aerial vehicle, accuracy, efficiency, monitoring, ant
algorithm.
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Navigarea intre obiecte a dronelor aeriene fari pilot pentru a creste eficienta si precizia inspectiei liniilor
electrice
Timocico O.}, Fustii V.2, Kolesnik G., Olizarenko S.}, Kalasnik G.}, Kulis R.%,
Tymosuk O.3, Galinski D.*
!Academia de zbor a Universitatii Nationale de Aviatie, Kropivnytskyi, Ucraina
2 Universitatea Nationald a Fortelor Aeriene Ivan Kojedub Harkiv, Harkiv, Ucraina
SUniversitatea de Stat de Infrastructuri si Tehnologie, Kiev, Ucraina.

Rezumat. Scopul lucrarii este de a creste precizie si eficienta inspectarii unei sectiuni a retelei electrice pentru a
detecta o defectiune folosind dronele aeriene fara pilot. Acest obiectiv este atins prin utilizarea unei platforme
unificate de calcul si masurare pe drone aeriene care implementeaza diverse scheme de zbor - multicopter si
aeronautice si simplificarea interactiunii dintre ele. Mai mult, o crestere a eficientei detectdrii defectiunii se
realizeazd prin inspectarea simultand a diferitelor sectiuni ale retelei de catre mai multe diferite tipuri de
dispozitive, iar o crestere a preciziei localizarii defectiunii se realizeaza prin utilizarea senzorilor de navigatie intre
obiecte. Cele mai importante rezultate sunt elaborarea unei metode de planificare a rutei pentru survolarea
diferitelor sectiuni ale retelei electrice de catre drone, ceea ce face posibild cresterea eficientei inspectérii prin
prezentarea problemei de planificare a rutei ca o problema clasica de vinzare in varianta multi - agent si rezolvarea
variatiei revizuite prin metoda coloniei de furnici, si elaborarea unei metode de navigare inter-obiect care difera in
topologia descrierii retelelor electrice cu grafice de intensitate mare si scazuta, implicarea in inspectarea diverse
cantitati si tipuri de drone fara pilot, ceea ce permite obtinerea cistigului in precizia inspectarii liniilor electrice cu
27-73% si eficienta inspectarii retelelor electrice de 2-8 ori. Semnificatia rezultatelor obtinute consta in rezolvarea
problemei de optimizare multicriteriald a planificarii rutelor de zbor pentru un grup de drone fara pilot pentru
monitorizarea obiectelor de infrastructura critica, ceea ce va reduce costurile de monitorizare sporind in acelasi

© Tymochko O., Fustii V., Kolesnyk G., Olizarenko S.,
Kalashnyk G., Kulish R., Tymoschuk O.,
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timp eficienta si precizia acesteia.
Cuvinte-cheie: retea electrica, navigatie, drona aeriana féra pilot, precizie, eficientd, monitorizare, algoritm pentru
colonii de furnici.

Meko0beKTHAsI HABUTalMs 0CCIUJIOTHBIX J1eTATEIbHBIX ANNAPATOB /ISl MOBBIIICHUS ONIEPATHBHOCTH H
TOYHOCTH HHCIICKTHUPOBAHMSA JIMHUI dJIeKTponepeaay
Tumouxo A%, ®ycruii B.2, Koaecnuk A, Oanszapenko C.', Kanamnuk A.%, Kyaum P.Y, Tumomyk E.3,
Tanunckmii JI.1
leTnas akanemuss HanuoHanbHOTo aBUAIIMOHHOTO yHUBEPCHTETA, KpOMBHUIKUH, YKpauHa
ZXapbKOBCKHUI HallMOHANBHEIN yHUBEpcuTeT Bosaymubix Cun umenn Meana Koxeny6a, Xapbkos, Ykpauna
3TocynapcTBeHHBI YHUBEPCUTET MH(PACTPYKTYPHI U TEXHOOTHH, Knes, Ykpanna

Annomayusn. 1lenpio paboThl SBISETCS NOBBIMICHHE TOYHOCTH M OIEPATHBHOCTH HWHCIIEKTHPOBAHMS Y4acTKa
JNEKTPOCETH JUIS BBISIBIICHHS HEUCIIPABHOCTH C HCIOJb30BAaHMEM OECHHMJIOTHBIX JIETATEIbHBIX alllapaToB.
[TocTaBneHHast ek JOCTHTAETCA ITyTEM HCIOIb30BaHNS YHU(PHUIINPOBAHHOM BEIYUCIUTEIBHON U N3MEPUTENBHON
wiaTGopmMbl Ha OECHHIOTHBIX JIETATENBHBIX aNlapaTax, pPeaqn3yIOIIUX pa3lIWYHbBIE IIOJETHBIE CXEMBl —
MYJIbTHKONTEPHYI0O M CaMOJIETHYIO, U YIPOIIEHUS B3aUMOJIECHCTBHSA MexTy HHMMHU. IIpudeM mnoBbIIeHHE
OTIEPAaTHBHOCTH OOHAPY)KEHHS HEHCIPAaBHOCTH JOCTHTAETCSI ITyTEM OAHOBPEMEHHOTO MHCIIEKTHPOBAHHMS Pa3HBIX
YYaCTKOB C€TH HECKOJIbKMMH Pa3sHOTUIHBIMH AalMapaTaMy, a MOBBIIIEHHE TOYHOCTH JOKAaIM3allMd MecTa
HEHCIPaBHOCTH — IIyTEM HCIIOJIb30BAHMS JATINKOB MEKOOBEKTHON HABUTAINH. B OCHOBY ITOCTpOEHHS alNropurMa
OLICHKH BEKTOpa COCTOSIHUsI OCCIHMJIOTHOTO ammapara IMOJO0KEHBI pe3yNbTaThl 00beAMHEHUs MHpOpMaluu 00
M3MEpEeHUH 1 MojeInpoBanus. Hanboiee BaXHBIMH pe3yJIbTaTaMU SBISIOTCS pa3paboTKka METO/1a IIIAHUPOBAHHS
Mapuipyra obyieTa OECHHJIOTHBIMHU almaparaMmi pasHbIX YYacTKOB JJIEKTPOCETH, YTO MO3BOJSIET HOBBICHUTH
OIEePaTUBHOCTh MHCIIEKTUPOBAHMSA 3a CUCT MPEICTABICHH 3a/1a4l IJIAHUPOBAHHS MapIIpyTa KaK KJIacCH4ecKoil
3a/aud KOMMMBOSDKEpA €€ MHOTOAreHTHBIM BapHaHTOM M PEIICHHs PAacCMOTPEHHOI BapHalMu METOAOM
MYpPaBbUHBIX KOJOHHWH, W pa3paboTKa METOAa MEeXOOBEKTHOH HaBUTAIlMM, KOTOPHIH OTIMYAETCS ONHCAHHUEM
TOIIOJIOTUH 3JIEKTPOCeTeil Tpad)aMy BBHICOKONH W HU3KOW WHTEHCHBHOCTH, MPUBJICYEHHEM K HMHCIEKTHPOBAHUIO
Pa3IMYHOTO KOJINYECTBA U TUIOB OECIMIOTHBIX JIETATEIBHBIX AIIAPaTOB, YTO MO3BOJISET TTOJNYYUTh BHIUTPHIII B
TOYHOCTH WHCHEKTHPOBAHWS JHMHUH SJeKkTpormepenad Ha 27-73% W ONEpaTHBHOCTH HWHCIEKTHPOBAHUS
aneKkTpoceTe B 2-8 pa3. 3HAUYMMOCTh MONYYEHHBIX PE3yNbTaTOB COCTOMT B PEHICHWH 3a]a4d
MHOTOKPUTEPHAILHON ONTHMHU3aIMHU TUIAHWPOBAHUS MapIipyTa I0JieTa TPYIbl OCCHHUIOTHBIX JIETaTeNbHBIX
annapaToB Uil MOHMTOPHHTA OOBEKTOB KPHUTHYECKOW MH(PACTPYKTYPBI, YTO MO3BOJHUT CHU3UTH 3aTpaThl Ha
MOHUTOPHHI, OJHOBPEMEHHO IIOBBICHB €r0 OINEPaTUBHOCTh M TOYHOCTb. Takum oOpa3oM, NIpPOBEICHHBIC
HCCIIeIOBaHMA MOKa3amd 3(P(EeKTUBHOCTH MNPEIOKEHHOIO0 MOAX0oJa IS MOHHMTOPHMHTa OOBEKTOB
AJIEKTPOIHEPTETHKH, MOAOOpa MapIIpyTa, YHUCIEHHOCTH M COCTaBa TPYINI IIOMCKAa, YTO IT03BOJIUT CO3JaTh
JICCTBEHHYIO CHICTEMY MOHUTOPHHIA 32 COCTOSHHEM OOBEKTOB HAOIIOACHUS.
Knrouesvie cnoea: 3nekTpoceTb, HABUTAIWs, OSCIIMIOTHBIN JICTaTeNbHBINA anmapaT, TOYHOCTh, ONEPaTUBHOCTb,
MOHUTOPHHT, MypaBbHHBIH aITOPUTM.

INTRODUCTION Most of the high-voltage transmission lines, for
reasons of environmental protection, safety, cost
savings in construction, etc., are located far from main
roads, production, and residential centers. Therefore,
the search for more efficient and cost-effective ways of
inspecting transmission lines is one of the most
important stages in electricity management.

To check electrical equipment, pedestrian patrols
or helicopter surveys are usually carried out [1, 2, 3].
The first method is quite slow and mainly ineffective.
Helicopter inspections are much faster. However, since
they cannot hover at a short distance from energy
systems, it is quite problematic to get reliable
measurements visually or with other sensors.

The rapid development of automation and
artificial intelligence technologies in recent years has
highlighted the inspection of transmission lines with
unmanned aerial vehicles (UAVsS) as a viable
alternative method [4, 5].

The development of modern civilization has
entered the phase of smart cities construction. Their
elaboration requires integration and the best usage in
practice of several intellectual solutions in various
regions. In this context, recently the studies of ‘smart’
power grids were carried out. This advanced
generation of the energy systems must maintain the
optimum output throughout all the cycle stages,
including energy  consumption and  energy
transmission.

Rapid economic development of territories and
urbanization have led to an abnormal increase in
demand for electricity consumption, which requires a
high level of electrical supply reliability. High-voltage
power transmission lines, as the connecting element
between production and consumption nodes, play an
important role in the overall performance of the
electrical grid.
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Power lines are extensively inspected using
UAVs in China. In the provinces of Shandong and
Ganzhou, intelligent control systems based on small
drones equipped with HD cameras and infrared
thermal imaging are successfully applied to 220 kV
and 500 kV transmission lines [6].

To maintain optimal power network performance,
it is necessary to reduce the time it takes to detect and
repair faults on the network. Known power line
inspection methods can be replaced or improved with
the use of recent advances in science and technology.
With this goal in mind, it is proposed to investigate the
construction of a UAV-based robot for monitoring
conditions and, if possible, carrying out some urgent
maintenance procedures on various components of
energy systems.

The aim of the article is to increase the accuracy
and speed of inspecting a power network section to
detect faults using UAVSs.

We will consider existing approaches to solving
similar problems.

PUBLISHED LITERATURE ANALYSIS

In most of the analyzed studies [7-11], the UAVs
are only considered as an element of the system for
checking the state of high-voltage transmission lines.
If any defects are detected in them, no technical
maintenance scenario is carried out.

Attempts have been made to determine the
mission of the drone to improve its planning efficiency
and pre-model the inspection [12].

Primitive methods of digital image processing are
used to locate the connections of transmission lines:
background subtraction and morphological operations.
However, this method is considered unstable when
consecutive images of the same scene from different
scales or orientations are captured [7].

The Kalman filter and the Hough transform are
used to track the state of transmission lines based on
the flow of the video stream [9]

Acceptable results were obtained in the study of
the state of power grids using a multi-channel ground-
matching BPL system relying on a laser radar [10].

When moving along cables to read the state of
electrical components from close range and achieve the
required maintenance quality, an alpine robot [13] is
proposed. However, this type of platform is slow and
has many mechanical difficulties when moving along
lines located in the forest.

Recently, a hybrid alpine-flying robot has been
proposed, which combines the advantages of UAV and
ROW robots on one platform [14].

The verification of power transmission lines
usually takes place in two stages: data collection and
fault detection. The key direction of the research is the
automation of the verification process. It is also carried
out in two ways - a) selection of the type of robotic
platform and b) development and modification of
computer vision algorithms.
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During autonomous data collection, computer
vision methods and technical means were studied on
unmanned aerial vehicles (UAVs) and remotely
piloted vehicles for visual inspection [15], tracking
power transmission lines [16], electrical masts [17],
[18], and obstacle detection [19].

At the second stage, faults in the power line
infrastructure [20] are usually detected at the base
station using automation tools, specifically in electrical
wires [21], supports [22], insulators, conductors,
clamps, etc.

Currently, research on detecting power
transmission lines themselves to identify sags and
proximity to vegetation or man-made constructions is
relevant. The image pre-processing strategy is to detect
line candidates and segments search, which form the
electric transmission lines’ parts [22], [23] Some
researchers have also focused on detecting and
segmenting electrical poles on images [16] [17], [22],
[23]. Similarly to the detection of the electric
transmission lines, the pre-processing stage in this case
usually includes the determining of location of line
sections on the image.

Therefore, the analysis conducted suggests the
feasibility of using unmanned aerial vehicles to solve
specific tasks in the energy sector. The unresolved
issues remain the inter-object navigation of a group of
unmanned aerial vehicles inspecting power lines to
achieve the required speed and accuracy of the
procedures.

METHODS, RESULTS, AND
DISCUSSION
Universal Computational Platform for

Unmanned Aerial Vehicle

In any sufficiently developed electrical grid, there
are extended stretches between base stations that
sometimes reach hundreds of kilometers (Fig. 1). For
automated inspection, a universal platform is proposed
where all measurements and calculations are
performed. The UAV is proposed to be implemented
on two different flight schemes - multicopter and
aircraft. This will allow for efficient inspection of
fundamentally different parts of electrical grids. For
long stretches of the network, the aircraft-type UAV is
applicable due to its advantage in flight range without
recharging. Short network sections and sections with
complex interchanges and obstacles are proposed to be
checked using multicopter UAVs due to their
maneuverability advantage. The use of a group of
UAVs allows for simultaneous inspection of various
parts of the power grid. Accordingly, it is possible to
find the number of UAVs (or kilometers of power line
per UAV) that will allow for the most efficient
detection of faults in a given area. To increase the
accuracy of fault localization, a method described in
[25] is proposed.

Navigation tasks are solved using a visual-inertial
navigation system (VINS) [26], and UAV control is
based on the PX4 autopilot [27].
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Newcastle

Fig. 1. An example of transmission line
infrastructure in Newcastle, Australia.

The PX4 hardware consists of an STM32 H7
MCU and a combined accelerometer and gyroscope
IMU BMI088 with an 8GB memory card for logging.
The IMU sensor is responsible for low-level position
control and sending inertial sensor data to the high-
level navigation block. This block, performing
localization, planning, high-level control, and other
navigation functions, requires sufficient computing
power.

In the proposed platform, the NVIDIA Xavier NX
is used - a powerful computer for embedded and
peripheral systems with a six-core processor, a 384-
core graphics processor, and 8 GB of RAM (Fig. 2). In

experiments, except for multi-view video, the load on
the processor and graphics processor was less than
40%. That is, there are significant computational
reserves for additional potential use.

Fig. 2. External view of the hardware of the
proposed UAV control system.

The Intel Realsense D430 camera [28] outputs
depth images for mapping and gray-scale stereo
images for localization. The UWB module is a
Nooploop LTPS with a DW1000 radio chip inside,
which allows for the use of the UAV inter-object
navigation method described in [25]. The functional
diagram of the proposed UAV is shown in Fig. 3.

Connection system ‘

V4 TtS OWn trajectory ™\
Trajectory of other UAV
v \II
Environment mapping J Rellieplanhine
T Odomet i |
NN SSENNNNI |
Removal _§ Control of route
correction | = following
Relative position and di;;gn;gl
\\§\\ IMU Flight controller H Motor monitoringHM
. J/
Fig. 3. Functional diagram of the proposed UAV.
Inter-object navigation and the traveling consists of a satellite navigation module, inertial
salesman multi-agent task. measurement systems (accelerometer, gyroscope),

Traditionally, the UAV navigation system
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barometer, and magnetometer. In recent years, SLAM
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(simultaneous localization and mapping) technologies,
which use stereo cameras or a depth scanner and
camera to build a model of the environment and
determine their own location, are increasingly being
used.

As an additional source of navigation information, we
propose using UWB transceiver modules. The
principle of this system is described in [25] based on
[29-32].

With this set of modules, information exchange
between UAVSs is possible and the relative location can
be determined with high accuracy. The location
determination error is significantly less than in other
navigation methods and does not exceed tens of
centimeters.

But with this method, only the relative position
can be determined. However, the known position of the
UAYV relative to the global navigation system and
inertial sensors, using the Kalman’s filter, allows us to
compare the information and increase its accuracy
[33]. Let's imagine the UAV's position estimate as:

X'=FX 4 +Bpy 4 +v, 1)

where X' is the predicted state of the system;

p is the position of the UAV;

s —is the velocity;

F is the transition matrix;

B is the control matrix;

M, 1s the monitoring vector at the previous
moment of time;

v is the process noise.

The transition matrix F is necessary to map the
traffic model to the object. Suppose there is a model
that provides the position and velocity of an
unaccelerated object. Then the new value of x and p
over time At is calculated as:

s'=s;

P’ = p+SsAt. @)

Then matrix F will look like as follows:

o (1A
(5 3) ®

The control matrix B describes the changes in the
state of an object through the influence of external or
internal forces, such as gravity or friction.

Now let's consider the equation for extrapolating
the error covariance matrix:

P'=FP,F' +Q, @)

where F' is the transposed matrix of transition;

Q is the noise matrix.

Suppose the object changes direction of motion or
may accelerate or decelerate. Therefore, after time At
the uncertainty will increase by Q .

Let's consider the step of updating the value of the
UAYV position. Let's start by describing the difference
between the measured value and the predicted state
value:

y=z-HX, ()

where z is the actual measurement value;
H is the transition matrix;

’

X is the predicted state value.
Matrix H is also known as the transition matrix.
It can be used to discard unnecessary information from
the predicted state value. Technically, H performs the
same job as F in the extrapolation step.
Let's find the common error in determining the
system state:

S=HP'H' +R, )
K=PH'S™,
where R is the noise measurement;
K is the Kalman gain coefficient.

Values of the Kalman gain coefficient are in the
range from O to 1. If the error in measurement is large,
the value of the coefficient is closer to 0. This means
that the extrapolated value is closer to the real value
than the measured one. If the error in extrapolation is
large, the value of the coefficient is closer to 1, i.e., the
measured value is closer to the real value than the
extrapolated value.

We shall obtain the aposteriori estimates of the
state vector and the error covariance matrix:

X =X"+Ky;
P = (1-KH)P" )
The algorithm described above allows estimating
the UAV vector based on the results of combining
information on measurements and modeling results.
The choice of the navigation information source
determines a different measurement error matrix R .
This ultimately allows for a gain in measurement
accuracy by combining heterogeneous observations.
The improvement of the efficiency of inspection
of different parts of the power grid is achieved by using
multiple UAVs. To solve the route planning problem
for the UAVs, we will represent the power grid as a
weighted graph (Fig. 4). Assuming that the arc weight
includes the distance between the nodes of the power
grid. Then the route planning problem becomes a
classic traveling salesman problem with its multi-agent
variant.
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Fig. 4. Image of the power supply system in the form of a weighted graph.

As a solution option, let's consider the variation of
the ant colony method for the multi-agent case [34].
According to the rule of the ant colony method, the
amount of pheromone deposited on the edges of the
graph, the edges selected by each ant on its path, and
the rate of evaporation of pheromone on each edge are
determined. An ant k located in node i decides to move
to node j using the "pseudo-random proportional rule"

_ arg max .y, ((Ti,l )a (77“ )'B), ecimi g <(g,;
J,

where « is the parameter monitoring 7; ; effect 7; ;;

(8)

7; j is pheromone amount, on (i, j) arc;

1,1 is arc reachability (i, j), which is calculated
as the inverse arc weight value 1/w; | ;

B s the parameter, monitoring 7, effect;

q is the random variable with uniform law of
distribution on section [0,1] ;

qo is the parameter q initial value;

J is the random node, selected according to the
distribution law (9);
N; —set of neighboring nodes of i node.

Probability p; j that the ant located in node i,
occasionally decided to move to node j is

(Ti,l )a (77i,| )ﬂ '
z j (Ti,| )a (77i,| )ﬂ

From the analysis of formula (8), it follows that
the ant makes the best possible move (marked by a

Pij= 9)
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large amount of pheromone) with probability q,. And
it makes a random choice of a suboptimal arc with
probability (1 — q,). If g, =0, it means that the focus
is on searching for the best solution, avoiding
convergence to the suboptimal as much as possible.
Therefore, only probability (9) should be used to
determine the next transition in the proposed approach.

The best solutions should be marked by a large
amount of pheromone along the path. Therefore, when
t, determines a new path V, with cost L, , the ant will
increase the strength of the pheromone on each edge of
the tour by a value inversely proportional to the cost of
the path:

1/L,, ifarc (i, j) belongs to
Atf; = {the way found V;
01

(10)

where L, — cost of k path.

When an ant travels along a given path at a
constant speed, it takes time proportional to the
distance traveled. Pheromones are volatile substances.
It will take the ant longer to travel a longer distance.
Consequently, over a longer time, more pheromones
will evaporate, implying better solutions that will be
discovered in the future. It's evident that incorporating
pheromone evaporation into the model can be useful
for solving the traveling salesman problem. The path
(arc) traveled by the ant is marked with pheromones.
The update will also consider pheromone evaporation.
The change in the amount of pheromones is taken into
account as follows:

Atl =(1-p)zi ; + pAT;, (11)

where p is the pheromone evaporation level,
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0< p<l.

For the probabilistic determination of the next
step of the ants, formula (9) is used. Therefore, the arc
with the highest pheromone content is chosen, i.e., the
probability of exploring other paths is low. The
solution consists in reducing the pheromone content on
the arcs selected by the ants, i.e., applying a local
evaporation process. This makes them less interesting
for the ant, increasing the degree of exploration of still
unselected arcs. Each time an ant crosses an arc, it uses
local evaporation, updating the pheromone as follows:

7y =(1-&)7,; +¢%0, (12)

where & is the local level of pheromone evaporation,
0< &<,

7y is the initial pheromone amount on each arc.

A good heuristic for initializing the pheromone
trails is to set them to a value slightly higher than the
amount of pheromone deposited by ants in one
iteration. To approximate this value, we need to tune

7, =1/(nC), where n is the number of nodes and C is
the cost of the path. Thus, if W, is the average edge
cost, then it can be set to C =nw,,, . To monitor the
impact of evaporation on the solutions, a pheromone
update scheme that does not include evaporation is also
considered. In this case, equations (11) and (12) are
replaced with

Ti,j :Ti,j +AT|k’J (13)

Then the influence of local evaporation rate of

pheromones is excluded and the amount of
pheromones is determined according to equation (10).

Modeling the process of monitoring a group of
unmanned aerial vehicles for object search

The accuracy of fault localization in the power
supply system depends on the accuracy of determining
the UAV's own coordinates. Taking into account the
obtained information on the location of the UAV
relative to other agents in the proposed inter-object
navigation system significantly increases the accuracy
of coordinate determination [25].

Modeling this navigation method was carried out
with several restrictions:

- the proposed navigation system includes up to
four UAVs or stationary sensors;

—the effect of electromagnetic radiation on the
stability of the systems was not taken into account;

—the technical specifications of the proposed
navigation system correspond to the values claimed by
the equipment manufacturer.

In order to obtain reliable results, 100 experiments
were conducted with different numbers of UAVs (from
1 to 4) in the navigation system. Their locations
relative to each other were selected randomly.

The results of the modeling in Matlab using the
Navigation Toolbox are presented in Table 1. In the
columns of the table are reflected: Nuav — the number
of UAV navigation systems; ogps — the root mean

square deviation (RMSD) of the measured position of
the UAV from the true one; opgomin — RMSD of the
measured position of the UAV from the true one at the
minimum distance between the agents; Oprgpmax —

RMSD of the measured position of the UAV from the
true one at the maximum distance between the agents.

Table 1. Accuracy of determining the UAV's own coordinates from the number of them in the navigation
system’s zone of action.

Nuav Ogps » M OpropMIN + M Opropmax + M
1 12,82 9,5923 10,7954
2 11,98 6,9251 7,8536
3 13,05 4,8961 6,0487
4 12,54 3,6528 5,2387

The analysis of the simulation results showed that
with an increase in the number of sensors in the
navigation system, the accuracy of determining the
UAV's own coordinates increases.

The root mean square deviation of the measured
position of the UAV from the true one at the minimum
distance between the agents decreases. Thus, when
using two agents, the RMSD of the measured position
of the UAV from the true one at the minimum distance
between them decreases by 1.39 times, three UAVS -
by 1.96 times, four UAVSs - by 2.63 times.

With the maximum distance between navigation
system agents, the standard deviation of their
coordinates decreases by 1.37, 1.78, and 2.06 times,
respectively, for the same number of UAVS.

That is, as the number of UAVs in the navigation
system increases, the accuracy of determining their
coordinates increases. This allows for more accurate
localization of faults in the power system.

It is obvious that the growth in the number of
drones improves the efficiency of power line
inspection. Additionally, the efficiency of inspection is
influenced by the topology of the energy system itself,
the degree of connectivity of the graph describing the
power system, the ratio of the number of short and long
sections of the network, and the overall length of the
power transmission lines.

In general, it is difficult to estimate the efficiency
of power line inspection. Therefore, for mathematical
modeling, the representation of the power grid as a
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weighted graph is adequate. The specifics of its
application have predetermined the characteristics of
defining a weakly and strongly connected graph, which
differs from the classical one.

We will call a graph weakly connected if the
average number of arcs attached to one vertex is

Kavg <3.

Based on the results of modeling, the assessment
of the efficiency of inspecting the main varieties of
schemes is presented in Table 2. The data in the table
are normalized, and the inspection time by one UAV is
taken to be one unit.

Table 2. Inspection efficiency of the electrical network with different number of UAVS and graph connectivity
degree.

UAV used during inspection

Connectivity degree

1 2 4 8
Strong 1 0,54 0,29 0,16
Weak 1 0,72 0,35 0,19

In a strongly connected network, increasing the
number of UAVs used for inspection sharply reduces
the inspection time. Thus, the second UAV used
effectively reduces the inspection time by two; four
UAVs reduce it by three times, and eight UAVs reduce
it by 6.25 times.

For a weakly connected network, the observed
dynamics are the same. Only at the initial stage is the
reduction in inspection time less noticeable: for two
UAVs it is reduced by 1.38 times; for four UAVs by
2.86 times; and for eight UAVs by 5.26 times.

The presence of 10 or more UAVs in the
navigation system makes it possible to carry out an
inspection equally efficiently for both highly and
weakly connected power grids. The increase in the
number of UAVs will only be determined by economic
feasibility and the configuration of the power grid.

We introduce the ratio r - the number of short

sections of the power grid to the total number of all
sections (network topology): low (77 < 0,33), medium
(0,33<7<0,66), and high (7 >0,66).

During mathematical modeling, the following
assumptions will be made:

1. A single sweep is carried out only by a multi-
copter UAV.

2. In a multi-agent system, long sections of the
power grid use aircraft-type UAVs, while short
sections use multi-copter UAVS.

3. The cruising speed of the aircraft-type UAV is
2 times higher than speed of the multi-copter device.

The results of modeling the inspection efficiency
of the power system with different network topologies
and different numbers of UAVs involved are shown in
Table 3. The data is normalized, and the inspection
time of one UAV is taken as one unit.

Table 3. Inspection efficiency of the power grid with different ratios of the number of short sections to the total
number of all sections of the energy system and different numbers of UAVS.

n UAYV used during inspection
1 2 4 8
Low 1 0,42 0,22 0,12
Average 1 0,56 0,28 0,15
High 1 0,67 0,36 0,21

The operational efficiency of inspecting the
power grid is at a maximum when the low topology
network is inspected. Increasing the number of UAVs
used for monitoring leads to a significant reduction in
inspection time. The topology of the power grid only
significantly affects this indicator when 2-4 UAVs are
used. Further increases in inspecting UAVs do not
make a noticeable difference in the ratio of short
segments of the power grid to the total number of all
segments. The presence of more than 10 UAVS in the
navigation system allows for equally efficient
inspection of the power grids of different topologies.

Thus, from the analysis of the simulation results it
follows:

- The proposed inter-object navigation approach
increases the accuracy of inspecting power
transmission lines from 27% to 73% depending on the
number of UAVSs in the operation area of the system.

- The use of a heterogeneous group of UAVs
allows for the inspection of power grids to be increased
by 2 to 8 times, depending on the number of drones
used and the configuration of the power system itself.
The inspection efficiency is greatly influenced by the
ratio of the cruising speeds of different types of drones.
An increase in this ratio results in a greater time gain
in inspection when there is a large number of extended
sections of the power system.
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- The inspection efficiency of a power grid varies
widely depending on the ratio of the number of short
sections to the total number of sections of the power
system and the number of UAVS. Inspection of a
network with a low topology is carried out in the most
efficient manner.

CONCLUSIONS

This article is devoted to the task of increasing the
efficiency and accuracy of inspecting power
transmission lines. The use of a unified computing and
measuring platform has simplified the interaction
between the proposed types of UAVs: a multicopter -
on short sections with complex junctions and
obstacles, and an unmanned aircraft with an airframe
flight scheme - on long sections.

The increase in the efficiency of fault detection
was achieved by simultaneous inspection of different
parts of the network by several different types of
UAVs. The use of inter-object navigation sensors of
UAVs has increased the accuracy of determining the
UAV's position in space and, accordingly, increased
the accuracy of locating the site of the malfunction.
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Hybrid Renewable Energy System with High Gain Modified
Z-Source Boost Converter for Grid-Tied Applications
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Abstract. In a hybrid renewable system, a conventional boost converter produces more losses at the time
of the energy conversion process due to this, the performance of the hybrid system is reduced total
harmonic distortion is increased, and the hybrid microgrid outcome is reduced. The main objective of
the work enhancing the low DC voltage produced by the PV panel, a high gain Boost converter is
utilized. The objectives of the work were achieved by a High Gain Modified Z-source Boost converter
along with Modified Particle Swarm Optimized- Proportional Integral (MPSO-PI) controller employed
in the energy conversion stage at Grid. It reduced power conversion stages and decreases the losses
compared to existing Hybrid Grid-connected systems. A new 13-bus system is developed in this work
for regulating the output voltage in distribution networks. The significance of our work lies in the design
of an efficient microgrid system for grid-tied applications. High Gain Modified Z-source Boost
converter along with Modified Particle Swarm Optimized- Proportional Integral (MPSO-PI) controller
is employed to boost the voltage obtained from the PV system. A battery converter along with a bi-
directional battery is connected to the DC link, to store energy generated by Hybrid Renewable Energy
System (HRES) in excess amounts. The obtained DC link voltage is transferred to Three Phase VSI for
the conversion of DC to AC voltage. Effective harmonic reduction is attained with the aid of an LC filter
coupled to Three Phase grid, and the PI controller connected to Voltage Source Inverter(VSI) supports
achieving effective grid synchronization. The proposed work was tested with 13 bus system through
MATLAB Simulink.

Keywords: hybrid renewable energy system, photovoltaic system, total harmonic distortion, 13 bus
system, switched Z-source boost converter.
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Sistemul energetic hibrid cu surse regenerabile de energie si cu convertizor de tip Z modificat pentru
conectare directa la retea
Sathis Ch.!, Cidambaram I.A.,* Manikandan M. ?
! Universitatea Annamalai, India, Jyothishmathi Institute de Technologia si Stiinta, India

Rezumat. in sistemul energetic hibrid cu SER, convertorul boost conventional genereaz mai multe pierderi in
timpul procesului de conversie, determinidnd scidderea performantei sistemului hibrid, cresterea distorsiunii
armonice totale si scaderea eficientei microretelei hibride. Scopul principal al lucrarii este de a ridica tensiunea
DC scazuta generatd de panoul fotovoltaic folosind un boost convertor cu coeficientul de amplificare inalta.
Obiectivele lucrdrii au fost atinse utilizand un boost convertor cu coeficientul de amplificare inaltd de tip Z
modificat impreund cu un controler PI optimizat prin metoda roiului de particule si utilizat in treaptd de conversie
energiei 1n retea. Astfel incat a micsorat numarul etapelor de conversie a energiei si a micsorat pierderile in
comparatie cu sistemele existente conectate la retea hibrida. in aceastd lucrare, am elaborat un nou sistem cu 13
sine pentru reglarea tensiunii de iesire in retelele de distributie. Semnificatia lucrarii constd in elaborarea unui
sistem de microretea eficient pentru aplicatii in retele. Convertorul boost co coieficient de amplificare inalt si cu
Z- sursa modificat, impreuna cu un controler PI modificat, optimizat prin metoda roiului de particole este folosit
pentru cresterea tensiunii din sistemul fotovoltaic. Convertorul bateriei, impreuna cu bateria bidirectionala, este
conectat la legatura DC pentru a stoca surplusul de energie generat de sistemul hibrid de energie regenerabila.
Tensiunea rezultata a circuitului de curent continuu este transferata la un convertor trifazat DC/AC. Suprimarea
eficienta a armonicilor este realizata cu un filtru LC conectat la reteaua trifazata, iar un controler PI conectat la
invertorul sursei de tensiune (VSI) asigura o sincronizare eficientd a retelei.

Cuvinte-cheie: sistem hibrid cu surse de energie regenerabild, sistem fotovoltaic, distorsiune armonica totala,
sistem cu 13 sine, convertizor de amplificare cu comutare Z-sursa.

© Sathish Ch., Chidambram LA,
Manikandan M.
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I'nOpunnasi 3HeprocucreMa ¢ BO300HOBJISIEeMbIMH HCTOYHHKAMH YHEPrUU U ¢ MOIU(GHIUPOBAHHBIM
NMOBBIIAIOIINAM Npeodpa3oBaTeieM Z-TUNA /ISl HENMOCPEACTBEHHOH CBSA3HU C CETHIO
Yuugam C.}, Unpamoapam M.A.Y, Manukanaan M.2
1YHI/IBepCI/ITeT Annamanai, Uuaaus, 2I/IHCTI/ITyT TexHoJoruu 1 Hayk JhxotuimMmary, Tenanrana, Uaans

Annomayusn. B rubpunHoii 3eprocucreMe Ha BIID 00BIYHBIN TOBHIIAOMINH IpeoOpa3oBaTens co3aaeT O0bIe
MOTEPh BO BPEMs Tpoliecca MpeoOpa3oBaHus U3-3a YET0 NPOU3BOANTEIBHOCTh THOPUIHON CHCTEMBI CHIDKACTCS,
o0mmme TrapMOHHYECKHE HCKa)KEHUS YBEIMYHUBAIOTCS, a 3(PPEeKTHBHOCTE THOPUIHOW MHUKPOCETH CHHKAETCS.
OCHOBHOW 1ENbI0 PaOOTHI SBISIETCS TOBBIMICHUE HHU3KOTO HANPSDKEHWS MOCTOSHHOIO TOKA, CO37aBacMOTO
(hOTOINMEKTPUUECKOI  MaHeNblo, C  HCIOJIb30BAHHEM  IIOBBILAIONIETO IpeoOpa3oBaresii C  BBICOKUM
ko3¢ ¢unnentoM ycunenus. Llenu paboThl ObUIM TOCTHTHYTHI C MOMOIIBIO MOBBIIIAIONIETO NpeodpazoBaTens ¢
MOJU(UIMPOBAHHBIM Z-UCTOYHHKOM U C BBICOKUM KO3((GHUINEHTOM YCHJIEHUS BMECTE ¢ MOIU(PHUIIMPOBAHHBIM
[MU-perynsaTopoM, ONTUMHU3UPOBAHHBIM C IIOMOINBIO METOJA pOSi YacTHI, HCIOJIB3YEMBIM B CTYIEHH
npeoOpa3oBaHKs SHEPTHH B CETH. DTO YMEHBIIMIIO YUCIIO ITANIOB MPeoOpa3oBaHus SHEPTHUH U YMEHBLINIIO TOTEPH
M0 CPaBHEHHUIO C CYLIECTBYIOIIMMH CHCTEMaMH, IIOAKIIOYEHHBIMH K THOpHOHO# cetn. B nmanHOW pabote
pa3paborana HOBas 13-mIMHHAS CHCTEMa A PETYIMPOBAHUS BBIXOJHOTO HANPSDKEHHS B PACHPENCIUTEIBHBIX
ceTsx. 3HaueHWe pabOTHl 3aKiIrodacTcs B pa3paboTke 3(()EeKTHBHONH MHKpPOCETEBOW CHCTEMBI ISl CETEBBIX
npwioxkeHui. IloBeimaromuii  mpeoOpasoBaTenb ¢ MOAMGUIMPOBAHHBIM ~Z-UCTOYHHKOM C  BBICOKHM
K03((UINEHTOM YCHICHHS BMECTE ¢ MOANGHUINPOBAHHBIM IIPOTOPIMOHATIBHO-MHTETPAITEHBIM KOHTPOIIIEPOM,
ONTHMU3UPOBAHHBIM METOJOM pPOSi YacTHI] HCHOJB3YETCS IS TOBBIMICHUS HANPSOKEHUs, MOIy4aeMoro OT
(hoToameKTpHUECKOll CHCTEMBI. AKKYMYJSTOPHBIM NpeoOpa3oBaTeslb BMECTe C JABYHAIpaBICHHOW Oarapeei
MOJKIIIOYEH K 3BEHY IMOCTOSHHOTO TOKa JJIsl XpaHEHWs M30BITOYHOM JHEepruu, BhIpabaThiBaeMoOi rHOpHUAHON
CHCTEMOM BO300HOBJISIEMBIX HCTOYHHUKOB OHEPIuu. HOJ’Iy‘IeHHOG HallpsPKEHUE 3BCHA IIOCTOSIHHOTO TOKa
nepenaercs Ha TpexdasHblli peoOpa3oBaTeb IOCTOSHHOTO HAIPSHKEHUS B IepeMeHHoe. OQQeKTUBHOE
MOZAaBJIEHUE TapMOHUK JocTHraercst ¢ nomoiusto LC-punbrpa, monkioyeHHoro k tpexdasnoi ceru, a [1U-
peryisaTop, NOJAKIIOYEHHBIH K WHBepTOpy Hcroynuka HanpspkeHus (VSI), obecneunBaer 3QQeKTUBHYIO
cuHXpoHM3anuio cetu. Ilpennaraemas pabora ObUIa NMPOTECTHpOBaHA C 13-IIMHHOW CHCTEMON C IOMOIIBIO
MATLAB Simulink.

Kniwouegvie cnoea. rubpunHas cucreMa C BO300OHOBJISIEMBIMH HCTOYHHKAMHU SHEPTHH, (POTOINICKTpHUECKAS
CHCTEMa, IIOJHOE TapMOHHYECKOE HCKaKCHHE, CHCTeMa C 13 IMHaMH, NOBBIMIAIOMHKI NpeoOpa3oBaTenb ¢
MEePEKII0YaeMbIM Z-UCTOYHHKOM.

INTRODUCTION While the generation of solar energy is generally
predictable, that of wind energy is sporadic,
unreliable, and very unpredictable [7]. In this
proposed work, hybrid power generation like
Solar Photovoltaic [8] and WECS [9] has
outperformed all other renewable energy sources
due to a number of factors, including its
availability in nature, environmental friendliness,
minimal maintenance costs, and dependability.
From an environmental standpoint, the primary
goal of the proposed study is to emphasize on
green energy by reducing the use of energy
derived from fossil fuels for the distribution
system. Typically, DC-DC converters are
employed to regulate power generation and
maximize electricity in varying climatic and
environmental ~ circumstances  [10,  11].
In applications of a photovoltaic system, Boost
converters [12] are frequently employed for DC-
DC conversion, however, only step-up voltage
ratios are feasible. The typical Buck-Boost
converter [13], converts voltage in both step-up
and step-down directions, but due to its
interrupted input current, it cannot operate at its
best without significant decoupling capacitors.
Although Cuk [14] converter is capable of

Energy supply and utilization challenges are
associated with environmental issues like air
pollution, acid rain, depletion of the ozone layer,
deforestation, and radioactive emissions in
addition to global warming [1]. Potential
countermeasures include reducing the usage of
fossil fuels, increasing the availability of
ecologically acceptable energy sources, and
improving energy efficiency to conserve energy
[2]. To combat an energy problem and
environmental degradation, it is crucial to
produce RES. Energy Storage Systems (ESS)
offers flexibility to lessen the effects of RE access
tothe grid because RE sources exhibit
exceptional features of variable and uncertainty
[3-5]. Solar and wind energy are the two most
promising RES for producing electricity with the
potential to make a sizable contribution to the
world's electrical energy needs. Both of these
resources are nearly limitless, free, and emit no
harmful by-products or greenhouse gases [6].
However, there is a certain amount of
unpredictability with solar and wind energy
because they are weather-dependent sources.
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stepping voltage up or down it seems to have
constant input currents. The enormous input
power ripples still limit the performance of the
photovoltaic system under variable power points.
The benefits of DC-DC Z-source [15] converters
over traditional boost converters make them a
great option for many applications involving
renewable energies. However, since numerous
discrete DC-DC converters must be employed,
this is unworkable. To solve this problem, a
Switched Z-Source driven DC-DC Boost
converter is built, which uses fewer switches and
is more efficient, and reduces power losses.
Efficient control techniques are necessary for a
converter, in order to attain reduced settling time,
steady state error, peak overshoot and mitigate
harmonics. In the proposed work, PI controller
[16] is employed, which is a simple conventional
control approach to control DC voltages.
Distributed generation (DG) is a crucial
component of contemporary power networks,
which also include energy storage technologies,
RES, and load types like electric vehicles, etc.
[17]. The placement of the DGs ensures that they
complement one another and maintain the
microgrid's seamless operation. To assure
improved operation of the microgrid ina grid-
connected system, the control schemes within a

module arecreated [18, 19]. In order to
thoroughly investigate power
quality disturbances and  operating  issues

connected to the integration of RESinto a
balanced distribution network, this paper makes
use of a standard IEEE 13-bus power system [20].
A z-source boost converter and An IEEE 13 bus
system are employed in this architecture to obtain
an equal amount of real and active power to the
system by eliminating losses. This has multiple
advantages as a lesser count of switches, high
power processing capability, and high-reliability
result in a reduction of the overall cost. Besides,
the prime advantage of this topology is achieving
high voltage gain for a low-duty ratio. These
problems have not been previously considered in
the literature and they are the subject of study in
this article. The novelty of the work consists in the
fact, that the non-linear voltage obtained from the
PV system is improved with the utilization of a
High Gain Modified Z-source boost converter,
which provides isolation by stepping up the
voltage. For efficient control of the converter,
(MPSO-PI) controller is employed, which
provides the optimal result with its simple design.
When compared to other conventional controllers,
the proposed control offers reduced oscillations
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with a better dynamic response. Similarly, the
DFIG-based WECS associated with the proposed
work generates AC voltage. In order to provide
supply for the DC bus, the PWM rectifier coupled
to the WECS converts the AC voltage to DC. The
generated DC supply from both sources is
transferred to the DC link. The battery converter
combined with the battery system collects the
excess energy produced by the RES for later
usage. The 3@ VSI provided converts DC voltage
to AC, from which the voltage is supplied to LC
filter for harmonics mitigation and supplied
effectively to the grid. An IEEE 13 bus system is
employed in this architecture to obtain an equal
amount of real and active power to the system by
eliminating losses. The performance of the hybrid
approach for the distribution system is validated
using MATLAB simulation and improved results
are obtained.

OBJECT, SUBJECT, AND METHODS FOR
RESEARCH

The main objective of this work is to design and
develop a Hybrid Renewable energy model based
on solar photovoltaic (PV) systems integrated
with Wind Energy Conversion Systems (WECS)
to generate and provide stable and maximum
power during different electrical behavior like
voltage sags, dips, harmonics, etc.

In the proposed work as shown in Figure 1, an
efficient IEEE 13 bus distribution system is
demonstrated for equal distribution of electricity
to more supplies. HRES consisting of solar PV
and WECS is proposed in this research for
generating electricity by natural means.

However, the intermittent nature affects the
system’s performance. In order to enhance the
voltage obtained from the PV system, a converter
approach is necessary. Usually, a DC-DC
converter is employed to boost the voltage
generated by the PV system. In this proposed
work High Gain Modified Z-source Boost
converter is implemented, which is an advanced
form of the boost converter. The non-linear output
from the PV is stabilized using an MPSO- PI
controller to Switch the Z-source Boost converter.
Similarly, DFIG-WECS is the other RES for
generating energy, which produces AC voltage.
The acquired AC voltage is converted into DC
with the aid of a PWM rectifier.

A bidirectional battery along with a converter is
placed in the DC link to acquire the excess energy
generated and for utilization during the
intermittent. The interfacing of the battery to the
microgrid is accomplished using a battery
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converter and the SOC of the battery is managed
using a PI controller.

3 PHASE 13 BUS SYSTEM

~
," LC FILTER 3¢
— .
+ HIGH GAIN + 7 - - “ GRID |
> MODIFIED Z- B > _fwo'\__lr —P{ ) 1
PV SYSTEM | V, 4+ 2 1
PV > SO‘URCE‘ BOOST Vpel | 3@ Vsl P == f\’ :
- \ CONVERTER JI =217 y L J )

PWM PULSES

PWM PULSES

PWM
GENERATOR

MPSO-PI PWM 1
CONTROLLER GENERATOR
4 N P +_‘ r
< > BATTERY t —
WIND - . «—>»| CONVERTER | Vs | BATIERY ]
- DFIG »| PWM RECTIFIER | Vpc . s TN

Fig. 1. Block diagram of proposed system.

Effective grid synchronization is also achieved by
the control of 3¢ VSI using the PI controller. The

3¢ VSI connection to the grid via the LC filter
results in effective harmonic mitigation. The 3¢

IEEE 13 bus system provided in the proposed
work reduces the unbalanced distribution and
provides an equal power supply to different loads.

ANALYSIS OF THE MODEL AND THE
METHODOLOGY OF ITS RESEARCH

A. PV Modelling

A PV system is made up of cells arranged in an
array that is either stationary or moved by motors
in order to monitor the sun and maximize the
amount of power produced.

In addition to their high initial cost, one of the
drawbacks of PV systems is that they require a lot
of room to generate enough power.

PV systems were initially utilized for massive
corporations with extensive networks, but they

now it is used for household and commercial uses.
Rg

v

I
Ipn Iy ¢

®

Ry, Vpv

Fig. 2. Equivalent circuit of solar PV system.
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By applying Kirchhoff’s current law,

Iy =lpn —1g—1p (1)
Here, I, I[ (VPVHPV j 1} )
|p [va"'lpvRsJ (3)

I _I _I |:e (VPV+IPV 1:| VPV+IPVR
PV = "ph 0

(4)
Funfi)

®)
The PV panel s open circuit voltage is,

aT Log, [Il'wlj (6)
q Iy

Here, 1, specifies the PV output current that
flows through the series resistance R,V
specifies the PV output voltage 1, specifies the
photogenerated current, 1, specifies the diode
saturation current, I, specifies reverse saturation
current, 1, specifies the current that flows through
the shunt resistance R,,nstands for number of

series connected solar PV cells, v represents the
junction thermal voltage, a stands for diode
ideality constant, g represents the electron charge,

whch has a value of, k denotes the Boltzmann

Here, V.

VOC
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constant (1.381-10°J/K) and T stands for

temperature of PN junction.
B. MPSO-PI Controller Technique

PI controller is one of the most often utilized
controllers. There are two tuning parameters for
Pl controllers.The proportional section and
integral section make up both of its components.
Here, deviations in steady-state error are caused
by the proportional part, simultaneously the
integral part removes the steady-state error. The
mismatch between a measured process parameter
and the set reference point is used by a PI
controller to determine an error value.

The output u(t) specifies the PI controller at the
time domain and is calculated as,

u(t) =k,e(t) +k, j e(t)dt (7)

Here, the error is denoted ase(t), Proportional
gainas k, and k, specifies the integral gain factor
evaluated from,

(8)

Here, reset time is represented asT, . Substituting
Equation (8) in (7) the corresponding expression
becomes,

u(t) =k,e(t) +';—i“ j e(t)dt (9)

MPSO Algorithm

To create an initial population of swarms, where
each member is referred to as a particle, the PSO
algorithm provides a collection of stochastic
solutions to the objective function. The
population size of a swarm is defined as the total
number of particles it contains. Each particle
navigates the problem's solution space by
following the ideal particle in the preceding batch
along its own optimal pathways, much like a bird
hunting for food. Every particle has the ability to
change its position as determined by Equation
(11) and velocity Equation (10). Earlier velocity
and previous position for one's own personal best,
and the current position for one's own global best
all serve as indicators of the shift in velocity.
Particle velocity and position at the time t+1 is
expressed by
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Ving) = a)*vir(1t) +C*r *< P — Xin(t) ) +

CZ *rz *(Gin - Xin(l))

xi(r:ﬂ) = Xi(nt) +Vir(1Hl) (11)

From the expression above, inertia at range 0-1 is
given by w, acceleration constants as C,and C,

random numbers as r,and r, ranging from O to 1.

The fitness function acquired by the objective
function, decides which position is superior in
search space, and is applied to every new position.
To increase computing efficiency, the particle
velocity formula has been modified in proposed
approach. C,and C,are constant variables

in traditional PSO method, and they don't vary
over time. In the modified PSO method, C, falls

off and C, rises exponentially over time. Figure 3

illustrated the MPSO optimized Pl controller
flowchart. The time dependent effect of C,and C,

are as follows: -

e With time, a particle's next position
becomes less dependent on its best previous
position.

e With time, particles’ next positions
become more and more dependent on
global best position.

e The primary advantage of PSO is its
ability to produce random particles, however
after some time, when warm has encountered
several alternative solutions, one of them will
eventually emerge as the best option
available. After this point, the swarm should
only search in vicinity of best solution
because it is quite likely that the optimal value
for fitness function is present nearby.

e It is improbable that particles
dispersed across the whole solution space will
perform better than particles focused around a
more compact subspace that contains the
solution.In a very short period of time, the
entire swarm gathers around single global
best point and continues its search for global
optimum in a very constrained subspace
surrounding global best. Swarm optimization
is improved and completed more quickly
when it concentrates around a tiny subspace.

The expressions of Modified PSO velocity
and position expressed as
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Vir(mtﬂ) = a)*vir(lt) +C, *(Pin - Xin(t))-i- (12)
-G, *(G, = X,,")
X-(Hl) _ X»(t) +V-(t+1) (13)
The value of

Initialization MPSO parameters
setup

v

State swarms as K, and K;

v

Simulate PV system and
determined initial objective function

L

Iterationi =1+ |

p(-00)

Thus, effective parameter tuning of PI controller
is achieved by means of MPSO technique.

w=04,C, = e(—0.051) .C, =

\ 4

Determine gbest and
pbest

v

Determine velocity and position

L

1 < Iteration

~
Determine evaluation
Evaluation < MSE
pbest = Swarm
Evaluation = MSE

!

Global minimum K), and K;

\ J

function

Simulate PV system and determined objective

y

Calculate MSE

I

Fig. 3. MPSO-PI controller flow chart.

Grid Voltage Synchronization Using Pl Controller

The PI controller minimizes the error, which is
determined by comparing the actual output
current of the inverter with the reference grid
current. The proportional constant K, and the
integral constant K, are the two different
parameters that are involved in the calculation
procedure of the controller. Here both
proportional and integral operation takes place. In
the case of proportional operation, the error e is
multiplied with the gain Kp, whereas in the case
of integral operation, the error e is integrated and
then multiplied with gain K;.

At the end of both operations, the
steady-state error is totally minimized and the
reference signal is generated in a short span of
time. This controller is capable of working with
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both stationary reference frame (af) and
synchronous reference frame (dq). Here the PI
controller is used in the dq reference frame for
achieving effective grid voltage synchronization.
The grid-connected inverter’s output voltage in
the synchronous (dq) frame is calculated using the
inverter's mathematical model, as shown below.

A IS MRS

Here, u,and u, are the Park transformation
components of the inverter output,e, ande, are

the park transformation components of the grid
voltage. The resistance and inductance between
the grid and the grid-connected inverter are
denoted by the letters Rand L, respectively. The
angular frequency of the grid is specified as ®.

} (14)
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The current vector components indicated in the
synchronous reference frame (dg) are

compensated using two Pl controllers One PI
controller compares|, and 1;, while the other

compares |, and I, and generate errors that are

minimized to zero. The power factor and output
power are regulated by varying the q-axis and

d —currents.

PI controller-based BESS
The actual battery voltage V,,, and the reference

voltage V. are compared to find the steady-state
error e. This error is fed into the Pl controller,
which performs both proportional and integral
control operations and generates the control signal
u as shown below.

u=Kpe+ Kljedt (15)

The PWM generator generates PWM pulses based
on the control signal, which is obtained from the
Pl controller. The resultant PWM pulses control
the duty cycle of the battery converter in order to
enable buck as well as boost mode of operation.
The battery is charged during the buck mode of
operation and discharged during the boost mode
of operation.

C.Modelling of the DFIG system

The main components of a DFIG-based WECS
are a Wind turbine, gearbox, wound-rotor
induction machine, and a back-to-back converter.
Wind speed has a direct connection with Kinetic
power, which is calculated as follows:

P, =2 pSC (2 AV? (16)

Here, wind speed is specified as, air
density asp with a value 1.225kg/m® area
surrounded by turbine blades asS and power

conversion  efficiency  Subsequently, the
aerodynamic torque is expressed as,

P 1 3
=—2=—pSC, (1, BV
2le » (1, )

= a7)

t

Where turbine speed is represented as Q, .

A winding rotor asynchronous generator known
as DFIG connects the grid directly to the stator
and the rotor to the converter. The DFIG dynamic
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model utilized in this work is expressed in an
arbitrary rotating frame for simplicity's sake. The
voltage equations of the stator and rotor is
expressed as,

. d
Ves = RSIds +a¢ds — O Pys

. d
vqs = RSIqs +a¢ds _ws¢ds
(18)

. d
Vor = erdr +a¢dr — O Py

. d
vqs = erqr +a¢qr _wr¢dr

Here, the stator and rotor indices is denoteas S
and r , synchronous reference components as d
and g, the flux, current and voltage is specified as
¢ , v and i and resistanceas R Similarly, the flux
equations for stator and rotor are given by,

¢ds = LSids + Midr

¢ = Lsi +Mi,
q S-q .Cl (19)
¢dr = Lrldr + Mlds
¢qr = Lriqr + Miqs
This specifies inductance as Land mutual

inductance as M .For a DFIG-WECS the
mechanical equation is expressed as,

1992 1 1 g

dt (20)

Here, total inertia of turbine is denoted asJ
DFIG speed asQ , Generator Electro-Magnetic
(EM) torque asT,, and the damping coefficient as

f The EM torque equation of DFIG is given by,

Tem = p%(¢qsidr _¢dsiqr ) (21)

In which the number of pairs of poles in DFIG is
represented as p .The corresponding active and

reactive power at stator side is evaluated as,

3, . .
PS = E(Vdslds +Vqs|qs)
A (22)
QS = E(Vqsids _Vdsiqs)
D.High Gain Modified Z-Source Boost
Converter
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An innovative High Gain Modified Z-source
based boost converter is proposed, including
strong step-up capability and minimal device
voltage stress. The projected method provides
input and output through a common ground that
makes it more appropriate for specific
applications. The topology of the proposed

Operating Modes of Proposed Converter :

This section compares and contrasts the
Discontinuous Conduction Mode (DCM)
Continuous  Conduction Mode (CCM)
operating philosophies. The following analysis
makes the following presumptions. The
capacitors are all of adequate sizes. As a result,
the capacitors' voltage is conceived as constant

Fig. 4. Equivalent circuit topology of proposed
converter.

Converter constitutes of a switched capacitor cell,
and a Z-source network. The identical drive signal
concurrently controls switches S, and S,. The
suggested converter also includes a capacitorC,,

an output diode D, , and an input diode D; .

for a switching period. The power equipment is
perfect, and the parasitic components are
ignored.Inductors L,and L, have same level of

inductance due to the similarity of the
topologie.

Fig. 5. Direction of current flow during (a) Model at CCM &DCM, (b) Mode 2 at CCM &DCM and (c)
Mode 3 DCM.

a)Operation at CCM

Mode 1:[t,-t ]SwitchessS,,S, and output diode
D, are in ON state, and the diodes D,, D, and D,
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are reversed biased usingV,-V, and V.. The
current flow is indicated in Figure 5(a).

The inductor L,is charged via capacitor C,, and
C,, while the other inductor L, is charged byC,,
andC, capacitors. In the interim,C,,,C,,and C,
linked in series to charge loadsRandC,.
Equations (23) and (24) are acquired, in
accordance with Kirchhoff Voltage Law (KVL).

{Vu =Ve +Ven (23)
Vie =Ver +Vez,
Vo :V01 +Vc21 +chz (24)

b)Operation at DCM

In DCM mode 3 Operating Modes are there
Mode 1 : [t,-t, ] The circuit topology is same as
that of in CCM and Equations (23) and (24) are
still applicable at this stage. Considering
L =L, =L, the fluctuation of inductor current
throughout this time period can be estimated as
follows,

V. +V
{Aiu - (C“L—”l) DT, 27)
{Aiu = (V°22L+V°2) DT, (28)

E. Modelling of IEEE 13 Bus System

This suggested work makes use of IEEE 13 bus
distribution system, which runs at 4.16 kV, has
asymmetrical loading, is quite short, and is
heavily loaded. In addition, this circuit has a
single in-line transformer, overhead and
underground wires, shunt capacitors, and a single
voltage regulator at the substation. In Figure 6, the
proposed topology is illustrated. There are buses
with 1, 2, and 3 phases in this IEEE 11 bus system.
It has 32 nodes in total. It is expected that each of
the 32-circuit nodes has a metre that measures the
voltage magnitude. As a result of the closed
switch connecting buses 671 and 692, the voltage
magnitude of their phases is the same. The load
time profiles are the same for all of the loads.
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Mode2: [t,—t,] DiodesD,,D, and D, are turned

ON and switches are turned OFF. The output
diodeD, is reversed biased by V,-V,. The

direction of the current flow is represented in
Figure 5(b). The capacitor of the converter V,, is

charged byv, and V., usingv, andL,. The
capacitor C, is charged additionally, by inductors
L, ,L,and V,.C,Is responsible for sustaining the

output voltage. These connections are made,
according to KVL.

{Vu =V, _chz (25)
VLZ :Vi _Vc21
Ver =Vezs +Vez, =V, (26)

Mode 2: [t, —t,]. The direction of current flow is
same as that of operation in continuous
conduction mode. Similarly, the Equations (25)
and (26) of CCM mode exists. The operation of
mode 2 terminates whenever the inductor current
at time t, falls to zero.

Mode 3: [t, —t, JAt this instance all diodes and
switches are in OFF state and the voltage at output
is maintained with C,.The equivalent circuit
topology corresponding to this mode is illustrated
in Figure 5(c). Mode 3 terminates when the
switches are at ON state at timet, , which is the
beginning of subsequent switching period.

Load Model:

The 13-bus test feeder is a significantly loaded
system made up of 3¢ and 1¢ loads coupled in

delta or Y topology with constant PQ, I, or Z.
Simulink's dynamic load block is used to
represent 3¢ balanced loads, while 14 dynamic

load blocks are used to describe the unbalanced
loads. Given equations (29) and (30) are the actual
power P and reactive power Q for load.

np
p-p|VL
VO

(29)
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v )
0-q [V—j (30)

| 650
J

N

646 645 632 633 634

£ D A\ y .y
J— — )

611 684 oy (2 6B

62 680

Fig. 6. Configuration of IEEE-13 bus system.
Here, the initial values of voltages, active and
reactive power is indicated byV, P,andQ,. The

constantsnp andng regulate the load's PQ, I, or Z
type.
RESULTS AND DISCUSSION

The proposed approach consisting of PV,
WECS along with battery for steady power
studied in this work. The adoption of Switched Z-
source boost converter along with PI controller
results in stabilized PV voltage. The performance
of proposed work based on IEEE 13 bus
distribution system is analyzed using MATLAB
simulation and the validated results obtained are
as follows. Table 1 specifies the parameter
specification of Solar, Wind and Battery

Table 1:
Spécifications of solar PV system, WECS and BESS
Parameters | Specifications
Solar PV panel
Peak Power 10kw
No. of Solar PV Panels 750w, 13panels
Short Circuit Voltage 12v
Open Circuit Current 22.6 A
Short Circuit Voltage 62.5A
No. of Series Connected Solar Cells 36
WECS
No. of Wind Turbines 1
Power 10kw
Voltage 575v
Speed Range 4m/s-16m/s
Switched Z-Source boost converter
Cz;,Cz; 22uF
CoC1 1000 i F
Li, Lo 4mH
Battery converter
L 1mH
C 1000 i F
Switching Frequency 10KHZ
Load
Capacity | 5KW

The waveforms obtained from MATLAB Simulink for the proposed approach are as follows:
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Fig.7.Solar panel output of (a) voltage and (b) current.

In Figure 7,1t is observed that, the input voltage of ~ 0.1s.Corresponding to solar PV outputs at
solar PV is maintained constant after 0.2S while  variable operating conditions cause’s changes in
the output current 25A is obtained constant after  the converter output.

o . ' . . r
‘; -
¥ $
g §
d § 10 Lx
? 0
nt A A " A A
0 0.05 0.1 0.15 0.2 0.25 0.3 0 0.05 0.1 0.15 0.2 0.25 0.3
Time(s) Time(s)
(a) (b)

Fig. 8. Switched Z-Source converter (a) output voltage and (b) output current.

In Figure 8, It is noticed that, the output voltage  the output current reaches a peak value of 30A and
of converter initially increases with respect to  maintained constant after 0.15S with 8A current.
times and fluctuates till 0.1s.A constant voltage of ~ Thus the proposed controller approach results in
600V is obtained after 0.1S with the aid of  generating improved voltage and current.
conventional PI controller employed. Similarly,

4 \/x/\
5
¥ a00
g
%
3 200
| o
0 0.05 01 0.15 0.2 0.25 0.3 0 005 0.1 0.15 0.2 0.25 03
Time{s) Timea{s)
(a) (b)

Fig 9. Output voltage waveform for (a) DFIG ~-WECS and (b) PWM rectifier.
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Owing to to intermittent nature of wind system a
constant voltage of 550V is obtained after 0.1S is
depicted in Figure 9 (a). Subsequently, after a
sudden rise in voltage at 0.02S the converted DC

20
= 15
i
8 10
5
> s
a
] 0.05 o1 015 0.2 0.25 0.3
Time(s)
(a)

voltage using PWM rectifier achieves a maximum
voltage of 600V at 0.1S and is further maintained
constant as shown in Figure 9(b).

0 0.05 0.1 0.15 0.2 0.25 0.3
Time(s)

(b)

Fig. 10. Battery (a) voltage and (b) current waveform.

Figure 10 represents voltage waveform and
current waveform of battery, in which the battery
voltage is maintained as a constant of 12V and the

corresponding battery current is subjected to
minor fluctuations and maintained stable within a
short time period.

0 0.05 0.1

0.15 0.2 0.25 0.3

Time(s)

Fig.11. SOC of battery.

The SOC of the bidirectional battery implemented
in this work with 60%charge is depicted in Figure
11. Here, the battery operates in buck mode when
it is below 60%.At that instance the battery starts

charging. While boost operation is performed,
when the SOC of battery is above 60%, during
this occasion the battery discharges.

=1
8

Power(Watts)
8 8
8 8

8
8

T T T T _1m T T T T T
g -200 ,
5
¥
$ 300}
g

‘ ‘ . 400/

0 005 04 0.5 02 025 0.3 0 0.05 0.4 045 0.2 0.25 0.3
Time(s) Time(s)
(a) (b)

Fig. 12. (a) Real and (b) reactive power waveforms.
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The implementation of 13 bus distribution system
results in maintaining a constant real and reactive
power is illustrated in Figure 12. From figure
12(a), it is observed that a stable real power of

7900W is obtained at 0.03S. Similarly, the
corresponding reactive power of -150VARis

attained after minor fluctuations as shown in
Figure 12(b).

Current(Aa)
.

)]
=4
P=

Voltage(V),Current(A]
.
=3

Fig. 13. Waveforms for (a) grid voltage (b) grid current and (c) grid voltage and current.

The waveform illustrated in Figure 13(a) indicates
the Grid voltage without any fluctuations.
Similarly fromFigure13(b)a stable grid current of
12A is Maintained. A combined

waveform for grid voltage and current is depicted
in Figure 13(c), in which a stable grid voltage of
450V and Grid current of 12A is maintained.

POWER FACTOR WAVEFROM

5.- 1
o
'E' 0.5
el
7]
E 0
|
a
E -0.5
o

-1

0 0.05 0.1 0.15 0.2 0.25 0.3
Time(s)

Fig.14. Power factor waveform.

The power factor waveform for the proposed
approach is illustrated in Figure 14. From the
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figure it is observed that, after 0.02s unity power
factor is achieved
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Table 2:
Comparison of Proposed Converter with Existing System.
No. of No. of No. of No. of Voltage Gain Efficiency
Diodes Switches Inductors Capacitors (%)
4 2 2 4 G.1-30 96.8%
1-4D
3 1 3 5 G- 1 95.6%
1-3D
4 1 4 7 Go_ 1 95%
1-4D
5 1 3 7 G_2+Db 94.7%
1-2D
6 2 2 2 G 1+D 94%
1-3D

efficiency and voltage gain. The voltage gain
comparison is carried out in graph format

The comparison is performed with existing
converters in terms of No. of components,

Comparison of Voltage Gain

m Cascaded Quazi Z-Source Do-DC Converter

=
=

=
o ha

Voltage Gain

=T S T R = I« ]

m Hybrid Two Quasi Z-Source Boost Converter
m High Step-Up Quazi Z-Source DC-DC Converter
m Active Switched-Capacitor fSwitched Inductor Quazi Z-Source

Inwverter
m High Gain Modified Z-Source Boost Converter

Fig.15.Comparison of voltage gain.

From Figure 15, it is noticed that the proposed
High Gain Modified Z-source converter is
compared with existing converters, in which the

proposed converter attains a voltage gain of 1:12
resulting in higher conversion rang.

CONCLUSION As the world's energy needs are
increasing and conventional energy sources are
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running out, and much attention is becoming paid
to renewable energy sources. This is because of
the sharp rise in energy costs. In this work, HRES
combining PV and WECS system is
implemented. This study makes a suggestion for
an improved DC-DC converter that is completely
suited for photovoltaic applications that demand a
high level of efficiency. The enhanced DC-DC
converter is based on the integration of Z-Source
and Boost converters. The utilization of MPSO-PI
controller aids is providing stabilized voltage to
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Investigation of Steady State Two-Phase Short Circuit Modes
Of Phase-Shifting Autotransformer with Hexagon Scheme
and with Adjusting Autotransformer

Bosneaga V., Suslov V.
Institute of Power Engineering
Kishinau, Republic of Moldova

Abstract. The purpose of work is to investigate two - phase short-circuiting modes of new
autotransformer FACT’s - type device and is intended for power systems flexible connection. The
developed mathematical model contains the main phase-shifting and additional regulating
autotransformers. The model allows studying of asymmetrical modes of such schemes, including the
un-identical load connection in different phases of phase-shifting transformers. Visual vector diagrams
of winding’s voltages, currents and relative magnetic fluxes of magnetic core legs for main and
regulating autotransformers for the modes with two-phase short-circuiting with and without ground
have been elaborated. It is shown that significant distortions of the polygon shape occurred. It is
revealed that in two-phase short - circuiting mode without ground, and the loads identically connected
in different phases, the relative magnetic fluxes of the legs of main and regulating autotransformers are
asymmetrical, but their sum is zero, and the magnetic flux does not come out into surrounding space.
Load currents in this mode contain only direct and reverse sequences components. When the load is
un-identically connected in different phases, significant zero-sequence currents occur, and magnetic
flux goes out into surrounding space. However, load currents do not contain symmetrical components
of zero sequence. A similar analysis of two-phase short circuit modes with ground showed that even
with the identical connection of the loads, there is zero sequence both in the magnetic fluxes and in the
load currents. Moreover, zero sequence is present when the load is connected differently on the phases.
Keywords: phase - shifting autotransformer, power systems flexible connection, two - phase short
circuit, symmetrical components of currents, voltages, magnetic fluxes.
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Investigarea modurilor stationare de scurtcircuit bifazat
ale autotransformatorului cu decalaj de fazi cu schema hexagonala
si autotransformatorului de reglare
Bosneaga V., Suslov V.,
Institutul de Energetica, Chisinau, Republica Moldova

Rezumat. Scopul lucrarii este cercetarea modurilor de scurtcircuit bifazat a dispozitivului nou de tip FACTS cu
autotransformatoare pentru interconectarea flexibila sistemelor energetice. A fost elaborat modelul matematic,
care contine autotransformator principal cu decalaj de faza si unul suplimentar de reglare. Modelul permite
cercetarea modurilor asimetrice ale astfel de circuite, inclusiv cu conexiunea diferita a sarcinii pe faze diferite.
Sunt calculate valorile curentilor si tensiunilor infasurarilor in moduri de scurtcircuite bifazate fara si cu pamant.
Sunt construite diagrame vectoriale ale tensiunilor, curentilor infasurarilor si fluxurilor magnetice relative ale
coloanelor miezului pentru ambele autotransformatoare, care explica particularitatile regimurilor de fuctionare a
noului dispozitiv. Este demonstrat ca in astfel de moduri exista distorsiuni semnificative a formei poligonului de
tensiuni in autotransformatorului principal. A fost evidentiat ca in modul de scurtcircuit bifazat fara pamant si
conectarea sarcinii similara in diferite faze, fluxurile magnetice relative ale coloanelor miezului in
autotransformatoare sunt asimetrice, dar suma lor este zero si fluxul magnetic nu iese din miez. Curentii de
sarcind in acest mod contin numai componente de secvetd pozitiva si negativa. In cazul conexiunii inegale a
sarcinii, suma fluxurilor magnetice nu este egald cu zero si apar fluxuri semnificative cu secventi zero. Insi
curentii de sarcina nu cotin secveta zero. O analiza similard a modurilor de scurtcircuit bifazat la pamint a aratat
cd 1n aceste moduri, chiar si la conexiunea similara de sarcina in diferite faze exista secventa zero atit in fluxurile
magnetice, cit si in curentii de sarcind. Cu atit mai mult, secventa zero este prezentd atunci cind sarcina este
conectatd diferit pe faze.

Cuvinte-cheie: autotransformatoare pentru decalaj de faza, interconectarea flexibila sistemelor energetice,
scurtcircuit bifazat, componente simetrice, fluxurile magnetice.
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HcciienoBanne ycTaHOBHBIIMXCH PEsKUMOB IBYX()A3HOr0 KOPOTKOI0 3aMbIKAHUS
($a30moBOPOTHOIO aBTOTPaHC(POPMATOPa MO cXeMe IeCTHYT0IbHUKA
€ peryJIMpoBOYHBIM aBTOTPaHC(OPMATOPOM
Bomnsra B.A., Cycios B.M.
WnctutyT snepretuxu, Kummnnes, Pecrry6nmka Momngosa

Annomayus. llenpio paboOTHI ABISETCS HCCIECIOBAaHUE PEXXUMOB ABYX(a3HOTO KOPOTKOTO 3aMbIKaHUSI HOBOTO
aBTOTPAHC(HOPMATOPHOTO yCTPOUCTBA ISt THOKOM CBSI3M HEPTOCHCTEM, IPHHAAIEKAIIETO K KJIacCy YCTPOMHCTB
tuna FACTS. TlocraBneHHas Lelb AOCTUTACTCS MOCPEACTBOM pa3pabOTKHM MaTeMaTH4eCKOW MOJETH HOBOM
CXEMBI aBTOTPAHC(OPMATOPHOTO YCTPOWCTBA, COAEPIKAIIETO OCHOBHOW (ha30MOBOPOTHBIM M JIOMOJIHUTEIbHBINA
PEryIMpOBOYHBIN aBTOTpaHCPOpMaTOpbl. OHA MO3BOJISIET UCCIIEIOBATh HECUMMETPHYHbIE PEKUMBI TAKUX CXEM,
B TOM 4YHCIE€ M TIpM HEOJMHAKOBOM MOAKIIOUYEHHHM HArpy3KH B pasHbIX (a3ax U sBiseTcs YHO0OHBIM
MHCTPYMEHTOM JUIsl HWCcieqoBaHMs (ha30cABHralomMX TpaHchopmaTopoB. Hambomee BaskHBIE pe3yNbTaThl
COCTOSIT B HaXOXKJCHUHM PEKUMHBIX MapaMeTpOB YCTPOMCTBa NpHU ABYX(ha3HOM KOPOTKOM 3aMBIKaHMU (11.K.3.)
6e3 3emmm u c 3emiel. IlocTpoeHBI HarIAgHbIE BEKTOPHBIE AMATPAMMBI HANPSKCHUH, TOKOB OOMOTOK H
OTHOCHTEJIPHBIX ~ MarHWTHBIX  IIOTOKOB  CTEPKHEH  MAarHUTONPOBOAOB, IMOSCHAIOIINE  OCOOCHHOCTH
PacCMOTPEHHBIX DPEXHUMOB pabOTBIl HOBOTO ycTpoifcTBa. Iloka3zaHo, WTO B TakMX pEKHMaxX BO3HUKAIOT
CYIIECTBEHHbIC MCKaKCHUS (POPMBI MHOTOYTOJbHUKA HANPSHKEHHH OOMOTOK OCHOBHOTO aBTOTpaHc(opmaropa,
COIPOBOXKIAIOIINECS CYIIECTBEHHBIM N3MEHEHHEM YIJIOB HANPSHKEHHH 0OMOTOK OZHOW M TOHU e (as3bl U Jaxe
MX B3aUMHBIM IepecedeHHeM. BrIBIeHO, YTO B pekuMe I.K.3. 0€3 3eMiIM IPH OAWHAKOBOM MOAKIIOYCHHUN
Harpyskm B q)asax OTHOCHUTCJIBHBIC MArduTHBIC IIOTOKHU CTep)KHeﬁ OCHOBHOTO M PETYJIUPOBOYHOIO
aBTOTPAHC(OPMATOPOB HECUMMETPHYHBI, OJJHAKO CyMMa HMX paBHa HyNIO. TOKM Harpy3kd B 3TOM PEXUME
coJiepikaT TONBKO COCTaBISIIOINME MpsAMOM M o0paTHOM mocienoBaTenbHOCTed. IIpu  HeoaMHaKOBOM
TMOJAKIIIOUCHUN HArpy3ku CyMMa MAarHuTHBIX NOTOKOB HE€ paBHA HYJIIO W BO3HHUKAIOT 3HAYUTECJIBHBIC IMOTOKH
HYJIEBOH TMociiefoBaTeabHOCTH. OJHAKO TOKM HAarpy3Kd HE COAEP)KaT CUMMETPHUYHBIX COCTaBIISIONUX HYJIEBOM
MOCJICIOBATEILHOCTH. AHAlM3 PEXUMOB J.K.3. C 3€MJICH IOKa3al, 4YTO B JAaHHBIX PEKUMaX HMEETCS
CYIIECTBEHHAsl HyJeBas IIOCIEIOBATEIFHOCTh KaK B MAarHUTHBIX ITOTOKAX, TaK W B TOKAax HAarpys3Kd, W OHa
NpPOSBISIETCS CHJIbHEE IPH HEOAWHAKOBOM IIOJKIIOYCHUH HAarpy3kd. 3HAYMMOCTH pPadOTBI COCTOMT B
WCCIIEJIOBaHUM HOBOTO BapHaHTa pEAIN3alliid THOKOW CBS3M JHEProCHCTEM IIEPEMEHHOro ToKa 0Oe3
HCIIOIb30BaHMS IIPOMEKYTOYHOTO IIPE0OPa30BaHUs B IOCTOSHHBIN TOK.

Kniwouegvie cnoea. ($HazomoBopoTHOE aBTOTpaHC(HOPMATOPHOE YCTPOICTBO, TMOKas CBA3b HHEPrOCHCTEM,
JByX(a3zHoe KOPOTKOE 3aMbIKaHHE, CAMMETPUYHBIE COCTABIIAIONINE TOKOB, HAIIPSDKEHUH, MAaTHUTHBIX IIOTOKOB.

BBEJIEHUE peryaMpoBaHUeM BEIWYMHBI U (a3bl BEKTOPOB
HallpsSDKEHUHM B DJIEKTPUYECKOM CETHM B
CTAllMOHAPHBIX M TMEPEeXOJHBIX pexuMax. B
CBA3M C pEAJN30BaHHBIM B TEKYIIEM TOay
BKJIFOUEHHUH SHEPrOCUCTEM pecyOnuku
MomoBa 1 YKpauHbl Ha NMapajienbHyo paboTy
¢ empomeiickoii sHeprocucremoit ENTSO-E u
HaME4aeMbIM YCHWJIEHUEM JJIEKTPHUECKUX CBSI3EH
SHEPrOCUCTEM Moun10BBI U Pymbraun
nproOpeTaeT akTyalbHOCTh BOIPOC O OymyIiem
ONTHMAJIBHOM IMEPEPACIPENEICHAN Harpy3Ku
MEXIYy NapajulebHO pPabOTAIOIIUMH JTHHUSMH
Pa3IMIHBIX KJIaCCOB HaIPSOKEHUS B
00BbeTMHEHHON JHEProCUCTEME u
pEryJIMPOBaHMU  TEPETOKOB  MOIINHOCTH IO
JIMHUSIM MEXKCUCTEMHOM CBA3H.

Hannast pabota sBISeTCS MPOAOIIKEHUEM
paHee BBIIOJIHEHHBIX PabOT MO HCCIEI0BaHUIO
HOBOTO YCTPOWCTBAa THOKOW MEXKCHUCTEMHOMN
CBsI3W aBTOTpaHcopmaTopHoro Ttuma [18] wu

W3BectHO, 4TO (ha3010BOPOTHBIE
TpaHchopMaTopsl  SBIAOTCA  3PPEKTUBHBIM
CPEJICTBOM YITPaBIIEHUS] MTOTOKAMH MOIIHOCTH B
CII0KHO3aMKHYTBIX JJICKTPUYECKHX CeTAX. B
YaCTHOCTH, OHM TIO3BOJISIOT IEpPepacipeeiisaTh
3arpysKy napauiesibHO paboTaromux
aNIeKTpoIepenay pa3MIHOTO KJlacca
HAnpsOKEHUS, B TOM 4YHCIC M B JIMHUAX
MEXCHCTEMHOW CBSI3M Ha IEPEMEHHOM Toke [1-
9]. Kpome wucnonp3oBaHus B CTalMOHAPHBIX
peKHMax, TpPH YCIOBUHM HX 0OecredeHus
OBICTPOACHCTBYOIIIUMU KOMMYTHPYIOLTUMH
anmapataMH, OHU MOTYT MPHOOpETaTh CBOWCTBA
yerpoiicte Tuna FACTs (Flexible Alternating
Current Transmission), 4To MO3BOJSET MX TAKKe
WCIOJB30BaTh JJISl YIPABJICHUS TEPEXOIHBIMU
npoueccamu [10-17]. C yyeTtom 3TOH UX HOBOH
pOJM M Pa3BUTHUS TEHACHILUH IOBBIIICHHUS
YIPaBISEMOCTH JJICKTPUYECKUX CETeH mmyTeM

. [OCBAIIEHA HCCIIEOBAHUIO PEKUMOB
BHEJIpeHUs diieMeHToB Smart grid Bospactaer
o IBYX(a3HOTO KOPOTKOTO 3aMbIKaHUs (J.K.3.) JJIs
aKTyaJIbHOCTh UCCIIEIOBAaHUI Pa3IMYHBIX HOBBIX :
HOBOM CXEMBI (ha3010BOPOTHOTO

TEXHUYCCKUX peIHeHI/Iﬁ, CBA3AaHHBIX C
aBTOTpaHc(opmaropa Ha 0a3e MHOTOYTOJIbHUKA,
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JOTIOJTHEHHOT'O PETYIUPOBOYHBIM
aBTOTPaHC(HOPMATOPOM [19]. Lemsto
WCCIIEIOBAHUS SIBJSIETCS pacyeT TaKUX PEKHMOB
W aHauu3 HMX OCOOEHHOCTEH, KOTOpBIE MOTYT
BIMATHP HAa BO3MOXKHOCTH  peajm3alii |
(YHKIIMOHUPOBAaHUS ~ JAHHOTO  yCTPOMCTBA.
Paccmarpusaemoe B JAHHOU pabote
TEXHHYECKOe  pelleHue,  OasupyeTca  Ha
JMOCTIKCHHUSIX TBEPIOTEIBHON 3JeKTpOHUKN [20
- 25], omHAKO HE COACPKUT 3BEHA ITOCTOSHHOTO
TOKa, 4TOo SIBIISIETCS OTIpeIeIEHHBIM
MPEUMYIIEeCTBOM. B CBsI3M OypHBIM pa3BUTHEM B
nocneaane aecatwietus TexHomoruit «FACTs»
MOSBUIOCH OOJIBIIOE KOJNMYECTBO PAa3TUUHBIX
YIPaBIISEMBIX ¢ TTOMOLIBIO MOJIYTIPOBOTHIUKOBBIX
KOMMYTaTOpOB ycTpodcTB. K HuUM MOXHO
OTHECTH, Hampumep, yctpoiictBa Tuma UPFC-

«Unified Power Flow Controller». D2tn
yCTpOHCTBA  00ECMEUYHMBAIOT  PEryIUPOBAHUE
napamMeTpoB  peXHMa DICKTPUYCCKOW  CeTH,

TaKuX KaK BeIM4YMHA U (a3a HaNpsDKEHUS B y3IIe,
MOTOKA aKTUBHOW W PEAaKTUBHOM MOIIHOCTEH B
cetu [26, 27]. OmHako, A odecredeHus THOKOM
YIpaBIIsieMON CBS3H HECHHXPOHHO pabOTaIOLINX
9HEpProcucTeM Yroia (pa3oBOro caBWra MEXay

BEKTOpaMH  HANpSHKEHWH  CHCTEM  JIOJDKEH
M3MEHATHCS B MOJIHOM auana3zoHe 0 - 360°, uro
HE oOecrieunBaeTcs YIIOMSAHYTBIMU
YCTpPOMCTBaMHU.

B nanno# paboTe mpoBeneHO HCCIeAOBaHUE
PEXKHUMOB [I. K. 3., KOTOPbIE MOTYT BO3HHKATh B
MPOIIeCcCe AKCILTyaTallly, C IEIBbI0 ONPECIICHUS
MaKCHMAJIbHBIX TOKOB WM HAIpPsDKEHUH O0OMOTOK
yCTpO¥icTBa JUTS OIICHKH JIOTTYCTHMOM
MPOJIO/DKUTEIBHOCTA TaKUX PEKUMOB, a TaKKe
HEOOXOJIMMOCTH Pa3pabOTKH ¥ PUMEHEHHS Mep
3aIIUTHI IPH UX BOSHUKHOBeHWU. MccnenoBanus
ObUTH TIpOBEICHEI ¢ ToMoMbio Taketa MATJIAB
- CUMVYJIMHK, xoTophIil sBIsSETCA, MOXATYH,
CaMBIM PaCIPOCTPAHEHHBIM CPEJICTBOM IS
mozenupoBanus FACTs ycrpoiicts [28, 29].
PaccMoTpeHo Takke BIUSHHUE HECUMMETPUIHOTO
MOJKITIOYCHHST HArpy3ku 1o ¢a3am, 4TO TaKKe
MOXET TPOUCXOJUTh MPH IKCIUTyaTalluu. IJTO
MO3BOJIUT B  JajbHEHIIeM, 1ocie 0OoJiee
JICTAJIbHOTO M3YUYCHHS IPYTHX PEIKUMOB paOOTHI,
CeNaTh BBIBOJ O MEPCIEKTUBAX MPAKTUIECKOTO
WCIOJB30BaHMs TMPEAIAaraéMoro TEXHHUYECKOTO
peleHuss ¥ mpodiieMax, KOTOpbIe HEO00XOIMMO
TP 3TOM PELIUTh.

|. UccenoBaHue peskaMa AByX(pa3HOTO
KOPOTKOI'0 3aMbIKAHHUA HATPY3KH 0€3 3eMJIu
Ha puc. 1 mnpuBesena ycnoBHas cxema
COETMHEHUS 00MOTOK OCHOBHOTO

57

aBTOTpaHCPOpMaTOpa B MIECTHYTOJBHHUK (OHHU
MOKa3aHbl 3aYEPHEHHBIMU TPSIMOYTOIHHUKAMH).
[Tpruem oHM M300pakeHbI B BUJIE ABYX TPy U3
3-X MmocIe0BaTeIbHO COEANHEHHBIX OOMOTOK,

n B2

Puc. 1. Cxema  BO3MOMKHBIX BAapHUAHTOB
NOAKJ/IIOYEHHs PeryJHpyHLero A10moJIHUTEIbHOI0
aBroTpancgopmaropa.

Fig. 1. Scheme of possible options for connecting of
regulating additional autotransformer.

COCTaBJIAIOMINX IPOTUBOMOJIOKHBIE CTOPOHEI
IIECTUYTOJIFHHUKA IS Kakaoi ¢aser. Hampuwmep,
aT0 oO6MoTkH Nel-6 (uudpel B KBajaparax),
OTMEYEHHBIC MyHKTUPHBIM OBaJOM JUIS OJHOMN
u3 (a3 ocHOBHOro aprorpaHcdopmaropa. Tam
xKe MOKa3aHbI HEKOTOpBIE BapUaHTHI
HOAKIIOUEHU  OOMOTOK  JIOHOJIHUTEJIBEHOTO
aBToTpaHcgopmaropa K 00MOTKaM
MHOTOYTOJbHUKAa B  TPOIECCe  KPYTrOBOTO
perynmupoBaHus  yrima  (asoBoro  caBura
(mmoKa3aHbl MPSMOYTOJIBHUKAMHU C Pa3INIHBIMH
rpajanusMu ceporo (oHa, OT CBETIO-CEPOro JI0

YEepHOTO0).
Ot BapHaHThI IIOAKJIIOYCHU A
JIOTIOJTHUTENBHOTO  aBTOTpaHCopMaTopa  Ha

puc.l o0o3HaueHbl pUMCKUMH Ludpamu ot | 10
IV. Kpome Ttoro, crpenkamu A2, B2 u C2
MOKa3aHbl MECTa TMOJKIIOYEHHS Harpy3Ku K
0TBOJIAM pEryInupoBOYHON 00MOTKH
JIOTIOJTHATEIEHOTO aBTOTpaHc(opmarTopa.
OtmeTrM, 4YTO B paboTe paccMaTpUBAIOTCS
PEKUMBI KaKk C OAMHAKOBBIM MOJKIIOUECHHEM
HArpy3KH K peryJUpOBOYHBIM OOMOTKam (a3,
TaK W C PAacCOIVIaCOBaHMEM TOIKIIOYCHUS
Harpy3Kkd B pasHbIX (pazax, KOTOPbIE TOKE MOTYT
UMETh MECTO MpH HENpaBWIBHOW padote
KOMMYTHUPYIOIIHUX YCTPOWHCTB. IIpnuem
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paccMaTpuBaeTCsl paccoryiacoBaHUE B OTHOM M3
¢a3, a MecTa TOJKITIOYCHUST HATPY3KH MOKa3aHbI
Jajgee Ha BEKTOpHBIX muarpammax  (B])
HampsokeHuid.  PerynupoBo4yHass oOMOTKa B
JAHHOM CJIy4ae COCTOUT W3 6-TH OJUHAKOBBIX
MOCJIEIOBATENbHO COEAMHEHHBIX 4acTed C 7-10
OTBOJIaMH, K KOTOPBIM MOYET OBITh MMOIKIII0YCHA
Harpy3ka. B npuHnune, 1y mojgydeHus MOJTHOM
KapTUHBI IPOUCXOJISAIIHNX B YCTPONCTBE B HECUM-
METPHUYHBIX PEKHMaX MPOIECCOB, HEOOXOIMMO
paccMOTpeTh MX NpPU BCeX 4-X BO3MOXHBIX
TIOJIOKCHUSX aBTOTpancdopmaropa, pu
KOTOPBIX PEKHUMBI OYAYyT pa3HbIe Jaxke MpH
OIMHAaKOBOW Harpy3ke. OmgHako, HCXOIs U3
OIBITA TPEIBIAYLIMX PACUeTOB, OBUIO PEIICHO
COCPEJIOTOUYNTHCS HA aHAIW3e TPOIECCOB B
nonoxenuu «lll» (cm. puc.l, cnpaBa BBepxy,
0o0BeIeHO TYHKTHPOM). B 3TOM TMONOKEHHM
Harpy3Kka pacrojoKeHa «Iajblle» OT HCTOYHHKA
MUTAHUS ¥ BIUSHUE COTPOTUBIICHUHA paccesHUs
TpaHchopMaTopoB  OylIeT  MaKCHMalbHBIM.
OcTajbHBIE PEKUMBI MOXHO OymeT TpHu
HEOOXOMUMOCTH  PAacCMOTPETh  BIOCICACTBUU
JoronHuTenbHO. [loaTomy B 3TOM  pasiene
Oyzer wmccieqoBaHa CHMMETpPHYHAs —cXeMma
MOJKITIOUCHHST BceX (a3  perymupyromero
aBTOTpaHCPopMaTopa, 0003HAUECHHAS] CUMBOJIOM
«llly. Hecummerpuss OymeT oOmpeAeisaThCS
HAJIMYMEM 1. K. 3. Harpy3KH ¢ 3eMiiedl wim 6e3, a
Harpy3ka B pa3HbIX (a3ax MOXKET ObITh
NOJKIIOUYeHa Kak OJMHAKOBO, Tak U C
paccoriacoBanueM o ¢gaszam. [l TOro, 4ToObl
uMeTh 0a3y Ui CpaBHEHHS BEJIMYHH B
HECUMMETPHYHBIX PEKMMaX CHaydasia MMPUBEIEM
pe3yJbTaThl pacyeTa CHMMETPHYHOTO pPeXHUMa
HOMUHAJILHON HATPY3KH NPH MOAKITIOYCHUH

120°
1TR

IbT 60°

a6

Icd" 155

Ib6\

o “ 1
180°% 162,163

\la1 la2,la3

le1

240° - 300°
Puc. 2. B/l TokOB 00MOTOK IIECTHYTOJILHHKA NPH

MOAKJII0YeHU N HArpy3KHu K cepeanHe
peryJupoBOYHOIl 0OMOTKH.
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Fig. 2. Vector diagram (VD) of hexagon windings
currents at symmetrical load connection to the
middle tap of the regulation winding.

Harpy3KH B C€peliHe PEeryIHPOBOYHON OOMOTKH
aBroTpancopmaropa. Ha puc.2 mpuBenena BJI

TOKOB 00MOTOK OCHOBHOTO
aBToTpaHchopMaropa. s BEKTOPHOM
IarpaMMbl pHC.2 BHAHO, YTO COOJIOHACTCS
CUMMETpPUs TOKOB yacTeit 00MOTOK

cooTBeTcTByIOIMX (ha3. Kpome Toro, ecth mapbl
COBMAJAIONINX TOKOB B YACTSAX OJHOW OOMOTKH,
COGJIMHEHHBIX IMOCIIE/IOBATENILHO, a TAKKE TOKH,
HaXOJSIIUECS B MPOTUBO(A3E B YACTIX OOMOTOK
pasHbIX ¢as, TaKKe COCIMHEHHBIX
MOCJIEI0BATENHHO. Hanpumep, JUTSt
paccmarpuBaemoiri cxeMbl «ll1» mOMKHBI OBITH
onuHakoBbl TokM a2 u 1a3, a Tok Ic4 paBeH um
MO0 MOJIYJI0, HO HAaxXOJWTCS B TpoTUBO(daze k

HHUM. AHaJIOTUYHO Ha  pucC. 3 IS
JIOTIOHUTEILHOTO aBToTpaHchopmaropa
npuseneHa B/l TokoB B ero 0OMOTKax.
120° 60°
150 A
lad4,a5,a6
100 A lc1,c2,c3
/ 1b1,b2,b3 50 A \
o “‘ “‘ o
180° | Ib4,b5b6 | O

Ic4,c5,c6 lat,a2,a3

240° 300°

Puc. 3. B/l Tok0oB B 00MOTKAX peryJjupylouiero
aBroTpancgopmaropa.

Fig. 3. VD of currents in the windings of regulation
autotransformer.

Ha Heil BHIHBI CHMMETPUS TOKOB M HX
pPaBEHCTBO B YacTAX OOMOTOK, COEAMHEHHBIX
nocnenoBatenbHo. Hampumep, toku lal, 1a2 u
la3 B yacTax peryaupoBOUYHOH 0OMOTKH (ha3bl A
aBTOTpaHCPOPMATOPa OJJUHAKOBBI U HAXOJIATCS B
npotuBodase k Tokam lad, 1a5 u la6 Bo BrOpOI
MIOJIOBUHE PETYIMPOBOUYHON OOMOTKH.

OTMeTHM, YTO B CHMMETPUYHOM DPEXKUME
HOMUHAJIBHOW Harpy3ku BEKTOpa HalpPsHKEHHM
00MOTOK HIECTUYTOJIbHUKA 00pasyroT
CHMMETPUYHBIN IECTUYT OJIbHUK.

Hanpspkenust  peryiaupoBOYHBIX  OOMOTOK
JIOTIOJTHUTENBHOTO aBTOTpaHc(opMaTopa Takxke
00pazyroT CUMMETPUYHYIO cucreMy  #
INPWIETAIOT K COOTBETCTBYIOLUIMM  BEKTOPAM
00MOTOK HIECTUYTOJIbHUKA, napajuIeaIbHO
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KOTOPBIM OHH TOJKIIOYECHBI COTJIACHO CXEMe
puc. 1. Ilpm cUMMETpHYHOM KOPOTKOM
3aMBIKaHUW 4epe3 compotuBieHne S5 Owm
KapTUHA HANPSDKCHUH CYIIECTBEHHO W3MEHSETCS
B COOTBETCTBHH C pucC. 4. CHHUMH OTpe3KaMH
MOKa3aHbl BEKTOpA HaNpsDKEHWHA MUTAroIen
cuctembl A, B u C, 4yepHbIMU - HANPSHKCHUS Ha
Harpy3ke. Da3HOe HampsHKEHUE HCTOYHUKA
nuranmst pasao 110/43 kB. 3xech u nanee Ha BJI
HANPSOKEHUH CTPENKH, YKa3bIBAIOIIIe

x10°

Lo

o

Voltage imag, V

.
&

-2 0 2 4 6 8
Voltage real, V x10°
Puc. 4. B/l HanpsikeHuii 0OMOTOK OCHOBHOIO
IIEeCTUYT0JIbHUKA " peryJiupyrouiero
aBTOTPaHCc(OPMATOPA IPU CHMMETPHYHOM K. 3.

Fig. 4. VD of voltages of the main hexagon
(polygon in this case and further) and regulating
autotransformer windings at symmetrical short

circuit (s. c.)..

HAMpaBJICHUEe  BEKTOPOB  JIS  MPOCTOTEHI
HavyepTaHHs ONyIICHbI. BUIHO, 4TO MMEET MECTO
NMajCHUC HAINpPSDKEHUS Ha  CONMPOTHUBIICHMSIX
TpaHchOpPMAaTOPOB, BCJIC/ICTBUE 4ero
HaNpsHDKEHUE Ha HArpy3ke CYIIECTBEHHO HHXKE
nuTaromero. CUMMETPUYHBIA IIECTUYTOIbHUK
TaKKe 3aMETHO JeQOpMHPOBaH, jJe (aKTO OH
NPEeBpPaTWIICA B HEKOTOPHIH MHOTOYTOJbHHK
BBH/Iy B3aMMHOTO PacXOXJIeHHs (Da30BbIX YIJIOB
HaNpsOKEHUH OOMOTOK, pPacCIONIOKEHHBIX —Ha
OJIHOM M TOM € CTEp’KHE MarHuTonpoBojaa. Jlis
HATJISAHOCTH HANPsHKEHHST 0OMOTOK pa3HbIX (a3
OCHOBHOr0  TpaHcopMaTopa  IMOAKPAIICHBI
Pa3IMYHBIMH IBETaMH, BCE 00MOTKH,
MpUHAJUIeKAIMe OJHOM (daze, 0003HAYCHBI
omanM 1BeToM. lludpamu 1-6 00603HAUEHBI
OOMOTKH  OCHOBHOrO  aBTOTpaHchopmaropa
(Gonee kpymHBIH MWPUQT) U JOMOJIHUTEIBHOTO
aBroTpaHcdopmaropa (Oonee MeEIKUH IPUPT).
BunHo, 4To BCienCTBUE MAfCHHUS HAMPSKCHUS B

00MOTKax MapajuleIbHOCTh BEKTOPOB
HaNpsOKEHUH  OOMOTOK  OJHOMMEHHBIX (a3,
0003HaYEHHBIX OJIMHAKOBBIM IIBETOM,
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HapylieHa. Bcenenacteue BiausSHHS — OOJBIION
Harpy3Kd CEepelMHBI PEeryIHPOBOYHBIX OOMOTOK
aBToTpaHcdopmaropa, Kyaa OHa MOIKIIOYCHA,
CMEIIEHBI B CTOPOHY LIEHTPA IECTUYTOIbHUKA.

PaccMoTpuM J1anee HECUMMETPUYHBIN PeXUM
B pe3yibTare A. K. 3. Harpy3Ku 0e3 3eMiin gepe3
conpotuBieHue 2 OM 1@pu NOAKIIOYCHUH
Harpy3Ku K CpelHUM 0TBOJAM PEryJIUPOBOYHOM
oOMoTKHM aBTOTpaHchopmaropa. Ilpm Takom
3aMBIKAaHUM  [IECTUYTONBHUK  HANPSHKEHUN
OCHOBHBIX OOMOTOK CYIIIECTBEHHO MCKaXaeTcs B
COOTBETCTBHUHU C PUC. 5.

Voltage,imag, V
e

-4 4 ! dkz

0 2 4 6 8
Voltage, real, V x10*

Puc. 5. B/l nanpsizkeHuil Ha 00MOTKAaX OCHOBHOI'O
IIECTUYT0JILHUKA MPH J. K. 3. 0e3 3eMJIu.

Fig. 5. VD of the main hexagon windings voltages
during two-phase s. c. without ground.

AHaJOTHYHO  TpEebIAylIeMy,  pa3HBIMU
[[BETAMH TIOKa3aHbl HANPSHKEHHS OOMOTOK
pasHbIX (a3, a 0OMOTKH (a3, pacHoJOKEHHbBIC Ha
OJHOM CTCPIKHE, BbIACJICHBI OJIMHAKOBBIM
[BETOM. BHIHO, 4TO B TakoM peXHUME HMEeT
MECTO CWJIPHOE WCKa)XEHHE UIIeCTHYTOJbHUKA
HanpsHKEHUH OCHOBHBIX OOMOTOK.

PaCCMOTpI/IM JajJie€ MAaromTHbIC IIOTOKH B
CTEP)KHSX MAarHUTONPOBOAOB OCHOBHOTO U
JIOTIOJTHUTENIBHOTO aBTOTpaHcopmaTopoB. Ha
puc. 6 mpencraBmeHa BJl OTHOCHUTENHHBIX
MarHUTHBIX TIOTOKOB M UX pa3JIOKCHUE Ha
CUMMETPUYHBIE COCTAaBIISAIOLINE JJII OCHOBHOT'O
TpaHchopmaropa. BupHO, YTO MPHCYTCTBYIOT
TOJIBKO COCTaBJISIIOIME TIPSMOM M 0OpaTHOM
nocienoBaTenbHOCTH. COCTaBIAIONINE MPSMOM
MOCJIeI0BaTeIbHOCTH 0003HaueHsl Yepe3 al, bl,
cl, a cocraBmsromue obparHoii Kak a2, b2, c2.
Kak crmexyer w3 puc.6, OTHOCHUTEIBLHBIE
MarHuTHble  TOTOKM (a3, 0003HAYEHHEIC
oykBamu A, B u C npu maHHOM MOBPEXIAECHUU
HECUMMETPHUYHBI, a MOTOK (a3bl A INpEBbIIIACT
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HOMHUHAJIbHYIO BEJIIMYMHY MPHUOIU3UTENIBHO Ha
20%. Ilpu 3TOM OTCYTCTBYIOT COCTaBJISIOLIHE
HYyJIEBOH mocienoBarensHocTH. CyMMa OTOKOB

120° 60°

180° ¢ 1 0°
X al

La2
0.2 p.u.

n2// 04p.u.

0.8 p.u.

240° 300°

1p.u.
Puc. 6. B/l oTHOCHTEIbHBIX MATHUTHBIX IIOTOKOB H
HX Pa3/ioKeHHe HAa CHMMETPUHYHbIC COCTABJIAIONIHNE
JJIsl OCHOBHOI'0 aBTOTpPaHc(popMaTopa.
Fig. 6. VD of relative magnetic fluxes and their
decomposition into symmetrical components for
the main autotransformer.

CTEp>KHEW paBHA HYJIIO, ITIOTOK HE BBIXOJUT B
OKpY>Karolliee MpOCTPaHCTBO.

Ha CIIeIYIOIIEM puc. 7 JUTST
BCIIOMOTaTEILHOTO aBToTpaHc(opmaropa
mokazaHa BJI OTHOCHUTEIBHBIX MAarHUTHBIX

MOTOKOB M WX PaslIoKEHHE Ha CHUMMETPUYHBIE
cocTamisitonue. Y B JTaHHOM CiIy4ae MarHUTHBIC

IIOTOKH CTep)KHeﬁ HECUMMCTPUYIHBIL nu
OTCYTCTBYIOT COCTaBJIAIOIINEC Hy.]'IeBOf/i
IIOCJICA0OBATCIIbHOCTH.

120°

Puc. 7. B]l oTHOCHTE/JBHBIX MATHUTHBIX MIOTOKOB U
HX Pa3/IoKeHUEe HA CHMMETPUYHBIC COCTABJIAIONINE
AJI BCIIOMOTaTeJIbHOr0 aBToTpancopmaropa.

Fig. 7. VD of relative magnetic fluxes and their
decomposition into symmetrical components for
an auxiliary autotransformer.
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MoenupoBaHue TaHHOTO PeXUMa MOKa3ao,
94TO  TOKM  BCEX  OOMOTOK  OCHOBHOTO
Tpancopmaropa ©  aBTOoTpaHchopmaropa
3HAYUTEILHO OOJIbIIIE HOMHHAJIBHBIX U BCE OHU
HarnpapJIeHbl B OCHOBHOM BJI0JIb OJTHOM TMPSMOH,
BcienctBue yero B/l 31ech He IpUBOAATCS.

Ha puc. 8 npuBeneHs! Toku B Harpy3ke Ina u
Inb BMecTe ¢ pa3noxkeHHMeM Ha CHUMMETPUYHBIC
cocrapmstorie. OHHM  3HAYMTENHHO  OOJbBIIE
HOMHHAJIBHBIX ¥ HAMpaBIE€Hbl BAONb OIHON
IpsAMOM.

Od4eBHIHO, YTO B HUX NMPHUCYTCTBYIOT TOJIBKO
COCTAaBJISIONTIE TIPSMOMA u obOpaTHO
[IOCJIEIOBATENBHOCTEN. Tox Harpy3sku
«3n0poBoit» ¢azel C MO CpaBHEHHIO C TOKAMH
k.3. oueHb Mman (=300 A) m Ha pHCYHKE HE
MOKa3aH.

A b2
Inc=c1+c2~300

A
S 0

180° | iz

cl

Puc. 8. Toku Harpy3ku npu 1. K. 3. 6€3 3eMJId U UX
Pa3JI0K€EHUE HA CHUMMETPUYIHBIC COCTABJIAAIOIIIHE..
Fig. 8. Load currents at two - phase s. c. without
ground and their decomposition into symmetrical
components.

PaccmoTpum nanee, KaK BIIMSCT
HECOIJIACOBAHHOE IIO/KIIOYEHUE Harpy3ku B
pasHbIX (azax K OTBOAAM PEryIHPOBOYHOMN
00MOTKH aBTOTpaHc(hopMaropa B peskuMe 1. K. 3.

3ajaiuM  HECOIVIACOBAaHHOE  IOAKJIIOYEHUE
Harpy3kKd K  OTHAikaM  PEryJMpOBOYHBIX
00MOTOK JOIIOJTHUTEIBHOIO

aBTOTpaHcGOpMaTopa B COOTBETCTBUU C puC. 9,
TJie YCIIOBHO TOKa3aHbl Bce 7 0TBONOB (a3 A, B
n C peryimpoBOYHOTO aBTOTpaHc(opmaTopa B
Bune 0 u 1. 3aganue eaununbl «1» BO BTOpOM
MO3UIMKM TepBOo (a3l A COOTBETCTBYET
MOJKIIOUEHUIO HArpy3ku Ko 2-My OTBOAY.
[Ipruem noakIrOYeHNnEe HArpy3KH CO CMEIIEHUEM
BBITIOJITHEHO B TOW Xe (paze, rme ecTh K. 3.
Harpy3ku. [Ipu stom B (pasax B u C mHarpyska
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MOJKIIOYCHA K CpemHeMy OTBOAY (3amaHue
€IMHULIBI B CPEeIHEH TIO3UIINU COOTBETCTBYET

(0 1 0 0 0 0O 01 F

YnpaeneHue A, Control A

(0 0 0O a1 F

YnpaeneHue B, Control B

(0 0 0 1 0 0 0] F

YnpasneHue C, Control C

Puc. 9. OxHo Moaeau sl M3MEHEHHSl CIOC00a
MOJKJIIOYeHUs] HATPY3KH €O cMellleHHeM ee B (aze
A K JeBOMY KOHIYy peryJHpoBOYHOii 00MOTKH.

Fig. 9. Model’s window for changing the
connection of load by its shift in phase A to the left
end of the regulation winding.

MOAKTIOYCHUIO HATPY3KH K CPETHEMY OTBOY).

[IpuBenem CHayala pe3ynbTat
MOJIEIIUPOBaHUS HaNpsDKEHUH 00MOTOK
mectuyronpHuka. Ha puc.10 nokazana BJ

HanpsDKEHUH OOMOTOK MHOTOYTOJIBHHMKA TSt
JAHHOTO CITyYasl.

5

)

Voltage imag, V

6 8 1

x 10

-2 0 2 4
Voltage real, V
HANPSIKeHU I
MEeCTUYroJibHUKa Ipu CMEHIEHHOM IMOJOKCHUN
HATPY3KH B (pase A aBroTpancopmaropa.
Fig. 10. VD of the hexagon windings voltages at

Puc. 10. 00MOTOK

B

displaced load position in phase A of the
autotransformer.

Ora BJl otmauyaercss OT OpeablayLIeH,
MOKa3aHHOM Ha puc. S5, TeM, UYTO Kpome

HaHpH)KeHI/Iﬁ OCHOBHBIX O6MOTOK, ITOKa3aHBbI
TAKXXC HAMPSAKCHUA 00OMOTOK BCIIOMOTraTEILHOIO

aBTOTpaHchopMaropa, MTOAKTFOYCHHBIX K
oTpeIeJICHHBIM OTBOIaM MIECTUYTOJLHUKA.

Ha wmelt BHOHO, 4dYTO  Kaxkmasd W3
PETYIMPOBOYHBIX 00MOTOK

aBTOTpaHchopMaTopa COCTOUT U3 6 HaCTEH,
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pa3feNIeHHBIX YEpPHBIMH TOYKaMH, K KOTOPBIM
MOXET OBITh MOJKJIIOYEHAa Harpys3ka, M 4TO
Harpy3ka omHON u3 (a3 A’ MOIKIIOYeHAa HE K
CpelHel TOYKe peryJupoBOYHON 0OOMOTKH, a cO

CMEILCHHUEM.

Taxke MOXHO 3aMETHTh, KaK H3MEHSIOTCS
HaNpsDKEHUSI  PeryJMpOBOYHOW  OOMOTKH B
pasHpIx  (azax M UX  PacIOJIOKECHHE
OTHOCHUTENIFHO HANPSKEHUH 0OMOTOK OCHOBHOTO
LIECTUYT OJIbHUKA.

Hampumep, B ¢dasze mecTuyronbHuUKa,

0003HAYEHHOH KPaCHBIM IIBETOM, HET KOPOTKOTO
3aMbBIKaHUSl Harpy3Kd, W OHa TOJKIIOYEHA K
CepeMHe PEryJMPOBOYHOM 0OMOTKUA. B 3TOM
Clly4yae HamNpsDKCHHsI 4acTed peryIupOBOYHON
OOMOTKM ® 4YacTH OOMOTKH  OCHOBHOTO
aBTOoTpaHcopMaropa, Kyjla OHa IOJKIIYCHA,
MPaKTUYECKH COBMAIAIOT Mo (ase.

B TO ke Bpems HampsDKeHUS JPYTHX
PETYINPOBOYHBIX 00MOTOK (0b603HaUEHBI
YepHbIM I[[BETOM) «OTTSHYTBD» B CTOPOHY

3aKOPOYCHHON HArpy3KH.
AHanu3upys NONy4eHHBIA pe3yabTaT, MOKHO

cAenaTh BBIBOJL O TOM, UYTO HCKaKEHHUE
HIECTUYTOJIbHUKAa  KapAWHAIbHBIM  00pazom
3aBHUCHUT HE TOJIBKO OT BHJA 3aMbIKaHUS, HO U OT
0TBOZA, KyJa  IOAKIIOYEHAa  3aMblKaeMas
Harpyska.

PaccMoTpuM  BeNMYMHBI  OTHOCHTEJIBHBIX
MarHUTHBIX ~ HOTOKOB, BO3HHUKAIOIIMX  IIPH
HaJIMYUM  PAcCOTJIaCOBaHMUS B  IOJIOKEHUHU
Harpy3ku. Ha puc. 11 nokazana BJI

OTHOCHUTCJIBbHBIX MAarHuTHBIX ITIOTOKOB U UX

120°

60°

DKZ

a0,b0,cO
§ '300°
270° al
b1

Puc. 11. B/l oTHOCHTEIbHBIX MATHUTHBIX NMOTOKOB
U pa3JioikeHHe HAa CMMMeETPUYHbIE COCTABJIAIOLIUE
JJIS OCHOBHOTI'0 aBTOTpaHcopmarTopa.

Fig. 11. VD of leg’s relative magnetic fluxes and

decomposition into symmetrical components for
the main autotransformer.
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pa3iokeHrue Ha CUMMETPUYHBIE COCTAaBISIOLINE
JUIL OCHOBHOTO aBTOTpaHcopmartopa. Ha Hem
BUJHO, YTO MPHUCYTCTBYIOT COCTAaBIISIOIINE BCEX
Tpex MmociieaoBaTeNibHoCcTel: mpsimoi (al,Bl,cl),
MEHBIIIHE IO  BEIMYHMHE  COCTAaBIISIOIIUE
obpatHO# mocnemoBarenbHOCTH (a2,B2,c2), o
COCTABJISIFOIINE HYJIEBOM TOCIEI0BATEIBHOCTH

(a0,b0,c0).
YTOJ'II_HCHHBIMI/I JIMHUAMHU I/I306pa)KGHLI
PE3YIBbTUPYIOLIUE BEKTOpa OTHOCHUTCIIBHBIX

MarHUTHBIX TIOTOKOB B CTEPXKHSX OCHOBHOTO
tparchopmaropa (A, B u C). M3 nomydeHHBIX
pe3yIbTATOB BUHO, YTO CUMMETPHST MAarHUTHBIX

MOTOKOB  CYyIIECTBEHHO HapylleHa, a uX
BenmnunHa B (asax A u B mpeblmaer
npubnusurenbHo  Ha  40%  HOMHUHAIBHOE

3HAYEHHE MOTOKA.

DTO O03HAyYaeT, YTO B 3TOM PEKUME MOIYT
HACHIIAThCS ~ COOTBETCTBYIOIIME  CTEPIKHHU
MarHUTOMPOBO/IA.

Ha cnemgytomem puc. 12 mokazana B/
OTHOCHUTEIbHBIX MArHUTHBIX TOTOKOB M HX
pas3yioKeHre Ha CUMMETPUYHBIC COCTABISIOIINE
JUTSL PETYJIMPOBOYHOTO aBTOTpaHChOpMaTOpa.

180°

Puc. 12. B/l oTHOCHTEIbHBIX MATHUTHBIX MOTOKOB
H Pa3ioKeHUuEe HAa CMMMETPUYHBIC COCTABJAIONINE
AJI BCIIOMOTaTeIbHOr0 aBToTpancopmaropa.
Fig. 12. VD of relative magnetic fluxes and
decomposition into symmetrical components for
auxiliary autotransformer.

Ha HeM BHUIHO MPHUCYTCTBHE COCTABJISIFOIINX

BCEX TpeX IOCIEAOBATEIBHOCTEN: IPSAMOM
(al,Bl,cl), MCHBIIINX 1o BCIIUYMHE
COCTaBISIONIMX OOpaTHON MOCIEeN0BATEILHOCTH
(a2,82,c2), H COCTaBJISIOIINX HYyJIEBOM
nocienoBatenpbHOoCcTH  (20,80,c0). AHAIOTHIHO
MPEIBITYIIEMY YTONIIEHHBIMU JIMHUASIMH
1300paskeHbI Pe3yJIbTUPYIOIINE BEKTOpa
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OTHOCHUTEILHBIX MMOTOKOB B
CTEePIKHSAX PETYIUPYIONIETO
aBtroTpancdopmaropa (A, B u C).

CummeTtpust MarHUTHBIX MMOTOKOB
CYIIECTBEHHO  HapyIlcHa, a  BeIMYUHA
OTHOCHUTEITFHOTO MAarHWTHOTO TOTOKa B ¢aze C
Oonee cymectBeHHO (okoio 70%) uem B
OCHOBHOM aBTOTpaHc(opMarope, MpPeBbIIIaeT
HOMHWHAIIbHOE 3HAYCHHUE MTOTOKA.

DTO o03HAa4aeT, 4YTO0 B OTOM pEXKUME
HACBIIICHHUE JIAHHOTO CTePXKHsI OyzeT eie Oosee
3aMETHBIM W JOJDKHBI  OBITh  TIPUHSTEHI
COOTBETCTBYIOIINE MEPbI JUISI OTPAHHUYCHHS €ro
BIUsSHUs. TakuMm 00pa3oM, paccoriiacoBaHue B
MOJKIIIOYCHUH HAarpy3kH Mo ()a3zaM NpPUBOJHUT K
BO3HUKHOBCHHIO MOTOKOB HYJIEeBOI
MOCJIEAOBATSILBHOCTY B MarHUTOINPOBOAAX
000uX aBTOTPaHC(HOPMATOPOB JdaxKe B Cliydae
I.K.3. 0e3 3emun.

PaccMoTpeHre TOKOB HAarpy3kd B JIaHHOM
peKUME TIOKa3ano (aHAJTOTUYHO MPEABIAYIIEMY
pexuMy 0e3 paccoryiacoBaHWS TOAKITIOYCHUS
Harpy3ok B pa3HbIX ¢azax B[ mokazanHomy Ha
puc. 8), 4YTO W B JaHHOM pEXKHUME B TOKax

MAaramTHBIX

Harpy3sku HET TOKOB HYJIEBOU
M0CJIE0BATENLHOCTH.

Takum o6pa3oMm, mpu 1.K.3. 0e3 3emin
UMEIOT MECTO CYLIECTBEHHbIE  MCKa)KEHUS
(opMBI IIECTUYTOJIbHIKA HANPSDKEHHH 0OMOTOK
OCHOBHOTO aBTOTpaHchopmaTopa. Jto
COIIPOBOKAAETCS COOTBETCTBYIOIINM

HCKOXECHUEM W HANpsHKeHUs Ha Harpyske. [Ipu
3TOM HaOJIIOJACTCS M 3HAYMTENBHOE MCKAKCHHUE
MAarHuTHBIX IMOTOKOB B CTEPKHAX OCHOBHOI'O U
BCIIOMOTATEJIbHOTO aBTOTpaHc(opMaTopoB, HO,
KaKk  TOKa3ajlo  MOJCIMPOBaHHE,  MOTOKH
3aMBIKAIOTCS B Tpejenax MarHUTOMPOBOJA.
OpHako TMpH paccoriiacoBaHHOM 10  da3zam
MOJKITIOUCHUN HArPy3KU TMOSIBISACTCS TOTOK
HYJICBOM TOCJICZIOBATEILHOCTH, BBIXOSIIHA B
OKpY>Kalolee MPOCTPAHCTBO.

I1. ACCIEJOBAHUE PEXKUMA
JBYX®A3HOI'O KOPOTKOI'O 3AMBIKAHMSI
HAT'PY3KH C 3EMJIEMA

B JTaHHOM paznerne paccMOTpHUM
0COOEHHOCTH peXuMma JI.K.3. ¢ 3eMJIei, KoTopoe
MOJIETTHPYETCS TYTEM 3aJaHusl CONMpPOTHBIICHUH
Harpy3ku JByx (a3 paBHeiMH | OMm u
COCIMHEHUEM HEUTpaNbHOM TOYKM  3BE3/BI
Harpy3ku ¢ 3emiieil. CHadana IpoaHalu3upyem
pe3yibTaThl  MOJAEIMPOBaHMA OIS CaMOro
IpOCTOr0  ciydvas, Koraa Harpysku (a3
MOJNKIIOYEHBl  OJWHAKOBO K  cepeaMHaM
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PETYTUPOBOYHBIX OOMOTOK JOMOJHHUTEIEHOTO
aBTOTpaHCchopMaTopa.

B/l HampspkeHuil 0OMOTOK IIECTHYTOJIBHUKA
nokazaHa Ha puc. 13. BunHo, 4To 1o cpaBHEHHIO
C CHUMMETPHUYHBIM PEXHMOM K. 3. Ha puc. 4,
MHOT'OYT'OJIbHUK HaNpsDKEHUH 00MOTOK
npeTeprieBaeT  3HAYMTENbHBIE  HCKAXEHHS,
BBI3BAaHHBIC HE TOJBKO H3MEHEHHUEM YTJIOB
HaIPsHKECHUH 0OMOTOK OJTHOM | TOH ke (a3, HO
U UX B3aUMHBIMHU niepecedeHusiMy. IIpu sTom B

OTACJIIBbHBIX TOYKax COCAUHCHUA 06MOTOK
(HampuMep, B TOYKaX, MOKa3aHHBIX KPACHBIMHU
4
12X10 :
10 | 3 o
4
8 2 \
> \5 DKZG
O; ........................................ B S S
g
= 4 4 3‘
(] 2
g 6
G i
> A 1
2 4 6 8
Voltage, real, V X 104

Puc. 13. B/l HanpsikeHuii 00MOTOK OCHOBHOIO
aBTOTpaHcopMaTropa mnpu A.K.3. € 3eMJed u
NOAKII0OYEeHUEM HArpy3KH cepeauHe
PeryJiupoBO4YHOH 00MOTKH.

Fig. 13. VD of the main autotransformer windings
voltages at double-phase s. ¢. with ground and load
connection to the middle of the regulation winding.

K

CTpenkamMH Ha  puc. 13)  HampsDKeHus
OTHOCUTENIBHO 3€MJIM MOTYT IOYTH B IOJTOpa
pasa mpeBblLAaTh (a3Hele, HUMEOLIMECS B
HOPMAJIBHOM pexuMe. Takol pexuM He TOJDKEH
CYLIECTBOBAaTh  JJHUTENBHO W HEOOXOIMMO
MPUHATH COOTBETCTBYIOLIME MEPBHI JJs  €ro
JTUKBUJIAIMH, & TaKkKe O0ECICYUTh H3OJISIUI0
00MOTOK, BBIAEP)KMBAIOIIYIO KPAaTKOBPEMEHHBIE
BO3MOJKHBIE ITEPEHAIPSKEHUS.

Paccmotpum Jlanee BEJIMYUHBI
OTHOCUTENFHBIX ~ MAarHUTHBIX  TIOTOKOB B
CTEPXKHSAX MarHUTONPOBOJA B JTAHHOM PEXKHUME.

Ha puc. 14 noxasana BJ] oTHocuTenbHBIX
MarHWTHBIX TIOTOKOB B CTEP)KHAX OCHOBHOTO
aBTOTpaHcopMaTopa MpH I.K.3. C 3eMiIeld Hu
MOJKJIIOYEHUH Harpysku K cepeqHe
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perﬂHpOBO‘lHOﬁ 00MOTKH JOIIOJTHUTCIBHOI'O

aBTOTpaHchopMaropa.
AHAJIOTUYHO  TPEIBIAYIIEMY, TPUBEICHBI
BEKTOpa CUMMETPUYHBIX COCTaBJISIOIINX

OTHOCHUTCIIBHBIX ITIOTOKOB CTep)X(HeI;'I, B JaHHOM
cjlydqya€ ¢©€CTb CHMMETPHUYHBIE COCTABJIAIOIINC

BCEX  TpeX  MOCIeNOBaTeIbHOCTEH-HYJICBOM
(o6o3nauensl kak a0, BO wu c0), mnpsMoii
(o0o3nauensl kak al, Bl m cl) m oOparHOH

rocienoBaTenbHoCcTH (a2, B2 u ¢2). BumgHo, 9To
BEKTOpa HYJICBOUW IOCIEAOBATEIBHOCTH HUMEIOT
HanOOJIbIITHE 3HAYCHHS, a obpaTtHoit
MOCIIEA0BATENIEHOCTH - HauMEHbIIIHE.
CkagpiBasi COOTBETCTBYIOIIME BEKTOpPA Pa3HBIX
MOCJICA0BATEIHLHOCTEN,

120° 60°

c2

| 0°

240° , 300°

1.5p.u.

Puc. 14. B/l oTHOCHTEIbHBIX MATHUTHBIX NMOTOKOB
B CTEPKHIX OCHOBHOI'O aBTOTpaHc(opMaTopa npu
A.K.3. € 3emjlell M Harpy3koii B cepeguHe
peryJiMpoBO4YHOii 00MOTKH aBTOTpaHcpopMaTopa.
Fig. 14. VD of leg’s relative magnetic fluxes for the
main autotransformer at double-phase s.c. with
ground and load in the middle of regulation
autotransformer winding.

MOJTydUM BEKTOpa pEaNbHBIX OTHOCHUTEIBHBIX
MarHWTHBIX TIOTOKOB B CTEPXKHSIX OCHOBHOTO
Tpancpopmaropa A, B u C. BunHo uto cucrema
MAarHuTHbBIX IIOTOKOB B 3TOM pexumMe
3HAUYUTENIFHO HCKa)KeHa, MpuyeM moToku a3 B
n C CYIIECTBEHHO IMPEBBIIAIOT HOMHWHAJIBbHBIC
3Ha4YeHUA B 1 0.e. DTO 03HAYAET, YTO B peaTbHOM
TpaHchopMaTope BBUAY HEITMHEHHOCTH KPHUBOH
HAMarHWYWBAaHHUSA CTEPXKHHU JAaHHBIX (a3 OyayT
UCTIBITHIBATh CHIIbHOE HachllieHus. s Oonee
TOYHOTO pacyeTa TaKUX PEKUMOB HEOOXOIUMO
YYUTHIBATh  HEIMHEWHOCTh  XapaKTePUCTUKH
HaMaroHnymnBaHUs.

Ha cnemyromem puc.15 mokazana BJl
OTHOCUTENIbHBIX ~ MAarHUTHBIX  IIOTOKOB B
CTEPIKHAX JOTOJHUTEIBHOTO
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aBTOTpaHC(OpPMATOpPa B 3TOM K€ PEKUME 1. K. 3.
C 3eMJIeH M TIOAKITFOUYEHUHN HATrpy3KH K CepelnHe
€ro peryaupoBOYHON OOMOTKH. BuaHo, 4To U B
CTEPIKHSIX pEeryIupYyIOIEero aBTOTpaHC-
¢dopmaTopa OTHOCHTEIHHBIE MTOTOKH
CYIIECTBEHHO HECHMMETPUYHBI H COJEpXKaT
MMOTOKH BCEX TPEX IMOCIIEI0BATEIBHOCTEH.

Kpome Toro, oTHocuTenabHBIE MOTOKU NBYX
a3 CHIBHO TIPEBHIIAIOT HOMHHAJIBHBIE U
COOTBETCTBYIOIIHE CTEPKHH MOTYT MEPEXOIUTH
B PEXUM HACHIIIICHUSI.

1.5 p.u.

120°

180°

Puc. 15. B/l oTHOCHTEIbHBIX MATHUTHBIX NMOTOKOB

B CTEPXKHAX JIOMOJHUTEJIBLHOTO  ABTOTPAHC-
(dopmaTopa nmpu a. K. 3. ¢ 3eMJieiil U MOIKIIOYEHUN
HArPY3KH K CepelMHe €ro peryJHpOBOYHOI

00MOTKH.

Fig. 15. VD of leg’s relative magnetic fluxes for the
regulation autotransformer with two-phase s. c.
with ground and load in the middle of regulation
autotransformer winding.

Paccmorpum  nanee
Harpy3KH B JaHHOM PeXHME.

Ha puc.16 npencrasnena B/ cummeTpuyHbIX
COCTaBJISIONINX TOKOB HArpy3KH B PEKUME I.K.3.
C 3eMied U MOAKIIOYEHUEM HArpy3KH K
cepeArHaM PErYJIMPOBOYHBIX OOMOTOK.

BunHo, 4TO B TOKax Harpy3ku NpUCYTCTBYIOT
BCE TPY CUMMETPHYHBIE COCTABISIONINE, TPHIEM
HauMEHbIIEE 3HAYEHHE HMEIOT COCTaBIISIONINE
HyJeBoil nmocnenosarensHocTH (a0, BO 1 c0).

Tokn 3akopodeHHBIX (a3 Harpys3ku Ina, Inb,
€CTeCTBEHHO, HMEIOT OOJbIMe  3HAYEHHS,
MO3TOMY TOK HAarpy3K <«3I0pOBOi» (a3pl Ha
atoit auarpamme He BuzaeH (Inc=0), a Tok Inb
npy BBIOpAaHHOM MacinTabe BBIXOJUT 32 PaMKH
pPHUCYHKA.

BCJIIMYHHBI TOKOB

64

270

Puc. 16. B/l cuMMeTPHYHBIX COCTABJISIIOIIMX TOKOB
HATPY3KM B pekuMe [J.K.3. ¢ 3eMiedl H
NMOAKJJIIYECHUEM Harpy3kKu K cepeanHam
PeryJiupoBOYHbIX 0OMOTOK.

Fig. 16. VD of the symmetrical components of the
load currents at two-phase s.c. mode with ground
and load connection to the middle of the regulation
windings.

[Ipoananu3upyem  3HA4EHUS  TOKOB
00MOTKaX OCHOBHOTO aBTOTpaHC(OpMaTOpa.

B

120°

[Ja1,1a5,1c2,lc3 )

LG s

180°

c5e)

2223
Ib4, 165, 1b6

240°

20 KA

Puc. 17. B/l TokoB 00MOTOK IIeCTHYroJIbHHKAa
OCHOBHOT'0 aBTOTpaHchopMaTopa.

Fig. 17. VD of currents of the main
autotransformer hexagon windings.
Ha puc.17mokazana  BJI TokoB 00MOTOK

OCHOBHOTO aBTOTPaHC(OPMATOpa, COCTMHEHHBIX
B MHOTOYTOJFHUK. Hymeparuss 00MOTOK pa3HbIX
¢a3 coorBercTBYeT puc.l, Tie HoMepa 0OMOTOK
Kaxaoi (a3l ykazaHel Oonee  MEIKUMH
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mudpamu ot 1 10 6 B KBagpaTax Bo3jie OOMOTOK.
Hanpumep, anst Tpex OOMOTOK, K KOTOPBIM
HNOJKIIOUCH BEKTOpP CHCTEMbl IIHUTAIOIIETO
HanpspkeHust Al, ykasanbsl uudpst 1, 2 u 3, a ais
MIPOTHUBOITOJIOKHBIX OOMOTOK JTOH e (Da3bl,
COCTaBIISIONINX MIECTUYTONBHUK — H(pEI 4, 5 1
6. AHaJOTMYHO TPOHYMEPOBAaHBI M OOMOTKH
ocranpHblx (a3. W3 puc.17 BuaHo, dTO
HauOoJbIINE 3HAYEHUS HUMEIOT
IIPOTHBOIIOJIOKHO HampasjieHHble Toku a6, Icl,
4TO COOTBETCTBYET MOCJIEeI0BATEIEHOMY
BKJIIOUEHHUIO JTAHHBIX OOMOTOK B cxeme puc.l.
AHaJIOTUYHO 3TOMY HAOIIOAAeTCsI PAaBEHCTBO
MOJIyJIeH U MPOTUBOIIOJIOXKHAs (a3a y TokoB 102,
Ib3 u la4, a taxke y TokoB la2, 1a3 u Ic4 u
JOpYTUX, BKIIOUCHHBIX ITOCIEI0BATENBHO B CXEME
coeauHeHust oOMoTok. Kpome Toro, mMerotcs
TpyIIbl OMU3KUX IO BEJIHYMHE U (aze Ipyrux
TOKOB, KOTOpBIE OTOOpaKalOTCA MPAKTUUECKU
COBNAJAIOUIMMHU BEKTOPAaMH, HalpUMEp, TOKH
Ib4, 1b5 u 1b6.

Jns TokoB 0OMOTOK aBTOTpaHCc(oOpMaropa,
rae HMerTcs TIpynmbl 1o 3 oOMOTKH,
COCIIMHEHHEIC B JAHHOM ciydae
MOCIIEI0BATENIbHO, KapTUHA MOJy4yaeTcs MpoIe
u puBeneHa Ha puc. 18. Toku Icl, Ic2...1c6 tex
PETyIMPOBOYHBIX OOMOTOK, TJ€ HET K.3., MaJlbl U
Ha puc.18 He moka3zansl (Ic1-1c6=0). OcranbHbIe
TOKHM SIBJIIIOTCSL TOKaMH K.3. M HampasJCHbBI
NPOTHBOIIOJIOKHO B YacTSAX PEryJIUpOBOYHOM
00OMOTKH, pa3fiefIeHHBIX Harpy3Koii,

120° 60°
1b1-3

lad-6

| DKzG

/ ¢ |
180° | on' AR S | 0°

| % ‘\

la1-3 5 kA
'330°
10 kA
Ib4-6
240° 15 kA

Puc. 18. B/l TokoB 00MOTOK peryJupyrouiero
aBTOTpaHcdopMarTopa.

Fig. 18. VD of the currents of the regulating
autotransformer windings.

MOIKITIOYEHHOM B ee cepeaune. Hampumep, TOKH
Ibl, Ib2 u Ib3 Bce oOAMHAKOBBI BCIEICTBUE
[OCJIE0BATEIHHOTO COEIMHEHNS yacteil
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pEryIIUPOBOYHON OOMOTKM W HamlpaBICHBI
BCTPEYHO IO OTHONIICHWIO K TaKUM IKe
OJIMHAKOBBIM TOKaM u3 rpymisl 1b4, 1b5 u 1b6.

PaccmoTpum panee pexuM, peaau3yIOMIHnHcs
mpu  A.K.3. C 3eMJIed ¥ HEeCOTIaCOBaHHOM
MONKIIOYEHANH HArpy3kKd B OOHOHW wu3 a3s.
Crioco® MOAKITIOYEHHsT HAarpy3Kd OTPaKeH Ha
puc. 19, rae B daze A Harpyska MOAKIIOYEHA K
MpeocIeTHEMY crpaBa OTBOIY
PETyIUPOBOYHOM 00OMOTKH. Oromy
COOTBETCTBYET pacroyiokeHue enuHuibl (1) B
MpennocueTHeld O3UINN B TIEPBOM PSAY, B TO
BpeMs Kak BO 2 W 3 psAmax CIUHUIGI
pacmoyioXeHbl B CpeAHEH TMO3WIHUH, YTO
o0ecrieyrBaeT aBTOMATHYECKOE TOAKIIOUYCHHUE
Harpy3kd K CepeIuHaM  PerylupOBOYHBIX
00MOTOK JaHHBIX (a3,

[o
YnpaBneHue A, Control A

o o o o 1 0]

[0 o o 1 o o o]fp

YnpaBneHue B, Control B

[0 0 0o 1 0 0 0]

YnpaBnenue C, Control C

Puc. 19. HecornacoBanHoe  NOAKJIIOYEHHE
HArPpy3KH K  OOMOTKAM  pPeryJIMpoOBOYHOIO
aBroTpaHcdopmaropa.

Fig. 19. Different connection of the load to the
windings of the regulating autotransformer.

PaccmoTpum  cHawanma, Kak M paHee,
HanpspDKeHUs: OOMOTOK. PaccuwrtanHble JUist
JAaHHOTO  PEeKUMa  HamNpsDKEHUS  0OMOTOK
OCHOBHOTO TpaHc(opmaTopa mHokazaHsl Ha BJI
puc. 20. UepHbIMH JUHUSAMH O0O3HAYCHBI
HanpspkeHus Ha Harpy3ke(A’,B’ u C’). Toukamu
0003HAa4YeHbl ~MecTa CONPSHKEHUS O0OMOTOK
OCHOBHOTO aBTOTpaHc(opmaTopa,
MPOHYMEPOBAaHHBIX KPYIHBIMHU It paMu oT 1 10
6 s kaxaou ¢asel. Kak u panee, HanpspkeHus,
NprHaAIekalme 00MOTKaM pa3HbIX (a3 00oux
aBTOTpaHCPOPMATOPOB, 0003HAUEHBI Pa3HBIMU
useramu. Hampumep, B (dase ocHOBHOTO
aBTOTpaHCPOpMaTopa, IOKa3aHHOH 3eJICHBIM
1BeToM, uMeroTcss oomotku 1, 2 m 3 (BBepxy
pucyHka) 1 0OMOTKH 4, 5 1 6 (B cpeiHel 4acTH).

BunHo, d4ro HampsbkeHus dYacTedl arToit
oOMOTKM He Bceraa coBmazalT mo ¢dase, B
HEKOTOPBIX  TOYKaxX COEIWHEHHS OOMOTOK
HaOMIOJAIOTCSl 3aMETHBIE M3JIOMBL.  YepHBIMHU
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TOYKaMM  OTMEYEHBl  MeCTa  COEQUHEHUS
PEryIMpPOBOYHBIX OOMOTOK, K KOTOPBIM MOXET
OBITH MOIKIIFOYEHA

4

x 10
3
8 4
2
6 1
> 1
. 4 1
o)}
© 4
E2 6
[0)
(@)}
80
©
> 2
-4 6
DKZG
1
N i
8 6 -4 2 0 2 4 6 8 10
Voltage real, V x10°
Puc. 20. B HANPSKeHU | 00MOTOK,
COCTABJSIIOIIUX IIECTUYTOJIBHUK M  00MOTOK

peryJMpoBO4YHOI0 aBTOTpaHchopMarTopa.

Fig. 20. VD of the voltages of main polygon
windings and the windings of the regulating
autotransformer.

Harpy3ka. HampspkeHus, oTHocsmecs K
PEryIMpOBOYHBIM 0OOMOTKaM, 0003HAUYEHBI OoJiee
MenkuMu udpamu ot 1 10 6. M3 puc.20 BugHO,
YTO Harpy3ku, o0Oo3HaueHHble kKak B’ un C’
MNOJKITIOYEHB K CEpPEeIUHaM PEryIHPOBOYHBIX
00OMOTOK, BBIICJICHHBIX JKEITBIM W KpPacHBIM
IBETaMH, a Harpy3ka A’  [OIKIIOYeHa
HECUMMETPHYHO, MKy YacTsIMH 5 U 6 OOMOTKH
PETyJIMPOBOYHOTO TpaHcdopmaropa,
BBIJICJIEHHOH 3€JICHBIM I[BETOM.

B pesymprare = Takoro - MOBpEXICHHUS
MHOTOYTOJJBHUK OCHOBHBIX OOMOTOK CHJIBHO
UCKaXKaeTcs, HEKOTOphle €ro CTOPOHBI Jaxe
MIEPECEKAIOTCsl MEXLy COOOH.

BaxupiMm  sBusiercss  ToT  (akT,  UTO
HanpsDKEHHE B TOYKE COEIWHEHHS OOMOTOK
(HampuMep, B JaHHOM CJIy4ae TOYKa COCIHMHEHUS
00MOTOK 3 1 4, 0003HaYEHHBIX COOTBETCTBEHHO
3eJIeHbIM W KPacHBIM IIBETOM, BBepxy puc. 20)
YBEIMYUBACTCSl CBEPX HOMUHAIILHOTO (ha3HOTO B
HOPMAaJIbHOM PEXHUME A0 JHMHEHHOIro 3HA4YCHUSI.
Oro HeoOxoguMo OyneT Yy4YUTHIBaTH IPH
NPOCKTHPOBAHUM  M30JSIIIMU  OOMOTOK  JUIS
JaHHOTO yCTpoiicTBa.

Hanee paccMoTpUM pacripeneneHue
OTHOCHUTENIFHBIX ~ MAarHUTHBIX ~ TIOTOKOB B
CTEPIKHSX MarHUTOIIPOBOJIOB B JJAHHOM PEXHUME.
Ha puc. 21 mnpusBenena BJl OTHOCHTENBHBIX
MarHUTHBIX ITOTOKOB B CTEPKHAX OCHOBHOTO
Tpancopmaropa mpu O.K.3. C 3eMiIed W
3aJlaHHOM B COOTBETCTBMM €  pHC.22
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HECOTJIACOBAaHHBIM TOJKIFOYCHUEM HAarpy3KH K
peryarupoBOYHON 00MOTKE aBTOTpaHC-
¢dopmaropa. [TokazaHbl OTHOCUTEIBHBIC MOTOKH
B CTEpXKHsX, 0003HaueHHbIC Kak A, B u C u ux
CHMMETPUYHBIE COCTaBIsIoMMe HyeBon (a0, BO
u c0) , mpsimoit (al, B1 u cl) u obpartHoii (a2, B2
U c2) mocieaoBaTeNbHOCTEH. BumHo, dTO
HauOOJNBIITYI0 BEITUYUHY UMEIOT COCTABJISIOIIUC
HYJIEBOI MOCJIEeIOBATEILHOCTH. Cucrema
BEKTOPOB OTHOCHTEIHHBIX MAarHUTHBIX MMOTOKOB
CWJIBHO MCKa)XEHA 110 CPABHEHUIO C HOPMAaJIbHBIM
CUMMETPUYHBIM pexkuMoM. IloToku B JBYX
CTep)KHSAX B Pa3bl MPEBBINAIOT HOMUHAIHHEIC
3HAYCHHMSI, YTO CBHJICTCILCTBYET O TOM, YTO B
3TOM peXUME OyIeT HaOIOAThCS HACHIIICHUE

MarHuTonpoBoaa. Ilostomy s monaydeHus
Oosiee KOPPEKTHBIX pe3yJIbTaTOB HEOOXOAMMO
00s13aTeNbHO YUUTBIBATh HEeJIMHEHHOCTh
MarHuTOINPOBOA.

60°

150° 30°
b2
180° | 0°
‘ a1 /
210° 330°
1p.u.
DKZG 240° ~__15p.u._—300°

Puc. 21. B/l oTHOCUTEJBbHBIX MATHUTHBIX IOTOKOB
B CTEPKHAX OCHOBHOI'0 aBTOTpPaHcpopMaTopa npu
a.K.3. C 3emuieii u HECUMMETPUYHOM NMOAKTIOYCHUH
HArpy3KH.

Fig. 21. VD of relative magnetic fluxes in the legs
of the main autotransformer at double-phase s.c.
with ground and different load connection.

AHaJOTHYHBIA pacyeT ObUI TPOBEACH IS
BEJIMYMHBI OTHOCHTEIBHBIX MarHUTHBIX MTOTOKOB
B PErYIUPYIONEM aBTOTpaHChopMaTope,
pe3ynbTathl B Buje B/ mpuBenens Ha puc. 22.

[lomyueHHble  pe3ynabTaThl  TIOXOXKH  Ha
MPEABIAYITHE, TAaKKe HMEETCS IMOTOK HYJICBOU
MOCIIE0BATEIbHOCTH.

PaccmMoTpuMm  nmanmee  BeIMUYMHBI  TOKOB
Harpy3skiu B JaHHOM pexume. Ha puc.23.
MPEICTABIICHA B CHMMETPUYHBIX

COCTAaBJIAIOLIUX TOKOB HArpy3ku B pCXKUME . K.
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3. C 3¢MJICH U YIOOMAHYTBIM HCCUMMCTPUYIHBIM

IMMOAKIIFOYCHUEM HAI'pPy3KH K PETryJIMPOBOYHBIM
1.5p.u

120° 60°

1p.u.

180°

DKZG

Puc. 22. B/l MarHUTHBIX NOTOKOB B CTEPKHAX
aBTOTpaHcopMaropa mnpu A.K.3. € 3emJed u
HEOAUHAKOBOM MOAKJJIIOYCHUH HAI'PY3KH.

Fig. 22. VD of magnetic fluxes in autotransformer
legs at double-phase s.c. with ground and different
connection of the load.

oOMoTKaM pa3Hbix (pa3. BumgHOo, uTO B TOKax
Harpy3Ku MPHUCYTCTBYIOT BCE TpH
CUMMETpPHUYHBIE COCTaBJISIOIINE, puyemM
HauMEHbIllee 3HAYeHHE HMEIOT COCTaBIIAIONINE
HyneBoil mocnenoBarensHocTH (a0, BO um c0).
Toku 3akopodenusix (a3 Ina, Inb ecrectBenno
UMEIOT OOJIbIINE 3HAUEHUS, XapaKTepHbIE IS
TOKOB K. 3., BhIpaXKaeMble B KA, TOSTOMY TOK
Harpy3KHu «370pOBOi» (pa3bl Ha ITOH TUarpamme
He BuzeH (Inc = 0), a Tok INb npu BEIOpaHHOM
MacIiTade BBIXOINT 32 PAMKH PUCYHKA.

Inb—
b2

120° 60°

DKZG |

Ina

240° 300°

Puc.
TOKOB HATPY3KH B peKHME [I.K.3.
HEOMHAKOBOM IOJKJ/JIIOYEHUH.

23. B/l cuMMeETPUYHBIX COCTABJSIIOIIUX
¢ 3eMyeil H
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Fig. 23. VD of the symmetrical components of the
load currents at double-phase s.c. with ground
mode and different connection of load.

Tenepp mpoaHaIM3UPyeM 3aKOHOMEPHOCTH
pacrpe/eicHuss TOKOB B 0OMOTKaX OCHOBHOTO U

pEryaupyIoNiero  aBTOTpaHc(hoOpMaTopoB B
JAHHOM pexuMe. MoJenupoBaHue IoKa3alo,
YTO TPHd  HAIMYAK  PACCOTJIACOBAHHUS B

MNOJKIIOUCHUH Harpy3kd mo ¢aszaM oOmmit
XapakTep pacHpeieieHus] TOKOB B OOMOTKax,
COCTAaBJISIIOIIMX  IIECTUYTONBHUK,  OCTAETCs
NpUOTU3UTENLHO TakuM jKe, Kak Ha pwuc. 17,
XOTS HMEIOTCA M HEKOTOphle pa3iuyus B
(azoBeIX yrimax TokoB. Beumy storo B/l atmx
TOKOB JJIsl JAHHOTO Clydas HE MPUBOTUTCA.
Pacnipenenenne k€  TOKOB B OOMOTKax
PEryIMpyIOLIEero aBTOTpaHcpopMaTopa
CYLIECTBEHHO OTJIMYAETCs, TNIABHBIM 00pa3oM 3a
CYET TOTO, YTO PAa3MYAIOTCS PE3YJIbTUPYIOIIHE

yyuciaa ~ BUTKOB — 4YacTed  pEryJUpOBOYHOMN
OOMOTKH, 4Yepe3 KOTOpble TEKYT TOKH B
Harpysky.

Ha puc. 24 npeacrasnena BJ[ TokoB B
00MOTKax PETYIUPYIOLIETO aBTOTpaHC-
¢dbopmatopa. Toxu Icl...Ic6 Tex

PETYJIMPOBOYHBIX OOMOTOK, IJI€ HET K.3., MaJIbl U
Ha puc. 24 re nokazansl (1c1-1c6=0).

30 kA
120° TR T 60°
20 kA
a6
1b1-1b3
180° | 2 3 | 0°
1a1-125 Ic1-1c6x0
Ib4-1b6
\DKZG
240° T - 300°

Puc. 24. BJI TOkOB O0OOMOTOK peryJupyouero
aBroTpaHcopmMaropa TMNpPH  HECOrJIACOBAHHOM
NOAKJIIOYCHUU HAT'PY3KHU.

Fig. 24. VD of the windings currents of regulating
autotransformer with different load connection.

OcrajbHble TOKU SBISIOTCA TOKaMHU K.3. U
HalpaBjeHBl  MPOTHUBOIIOJNIOKHO B YaCTAX
pPEryIUPOBOYHOM  OOMOTKHM,  Pa3IeICHHBIX
Harpy3Kou, KoTopasi MOIKIIOYEHA CO CIABUIOM
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OTHOCHTEIIBHO €€ CepelMHbI B COOTBETCTBUH C
puc. 19. OrMernM, 9TO, KaK ¥ IOJDKHO OBIThy
toku 1Ibl, 1b2, Ib3 ¢aser B, rme Harpyska
BKJIIOYCHA  TIOCEPEAMHE, BCE  OJUHAKOBBI
BCJICJICTBUE  TIOCIIEIOBATEINBHOTO  COCHMHCHUS
COOTBETCTBYIOIIUX YacTedl  peryaupoBOYHOU
OOMOTKM W  HampaBJieHbl  BCTPEYHO IO
OTHOILICHHIO K TAKUM K€ OJIMHAKOBBIM TOKaM U3
rpymmsl 1b4, Ib5 u 1b6. B To e Bpems Toku 1a6
u lal-la5 B dacTsax perymupoBOYHON OOMOTKH
da3el A, TOC Harpyska MOIKIIOYEHA CO
CMEIICHHEM OTHOCHUTEIHHO CEepE/IHHBI,
HEOJIMHAKOBBI. X COOTHOIIIEHHE COOTBETCTBYET
KOJIMYECTBY BKJTFOYCHHBIX BUTKOB
PEryJIMpOBOYHON OOMOTKH, TO €CThb TOK 1af,
MPOTEKAIONINA TI0 OJHOHW CEeKIHH OOMOTKH,
npuOIU3UTENbHO B 5 pa3 Oonbme TokoB lal -
la5, mpoTekarmUX TO  TOCIEAOBATEIbHO
BKITFOUCHHBIM 5 CEKIIUSIM.

BBIBO/IbI

1. Pazpaborana wmareMaTHdeckas MOJAEITH
HOBOTO aBTOTPaHCPOPMATOPHOTO Tpex(a3Horo

YCTpOMCTBa [1Ji1 CBSA3M DHEPrOCHCTEM Ha
MEPEMEHHOM TOKE, coAepKaIIero JBa
aBTOTpaHCopMaTopa - OCHOBHOM
(ha3010BOPOTHBIN 5 JIOTIOTHUTEbHBIN

PEryJIUPOBOYHBIN, MO3BOJISIONIAS MOAECIUPOBATh
U HCCIENOBaTh KaK CHMMETPUYHBIE, TaK H
NPaKTUYECKH JIOOble €ro HEeCHMMETPHYHBIE
PEXKUMBL, B TOM YHUCJIE U HPU HECOTTIACOBAHHOM
MOAKIIOYEHUU Harpy3Ku K OTBOJAM
peryarpoBOYHON OOMOTKH B pasHBIX (a3zax.
Kpome Toro, mpu  ompeneneHHoW — ee
MOnM(UKAIMK, OHAa TIIO3BOJINT aHAIU3UPOBATH
TaKkKe W JIIOOBIE JPYrHe CXEMHBIE pElICHHS,
HMEIOIINE AHAJIOIMYHbII Habop
tparcopmaropoB. T.e., MOJenb MOXET OBITH
YIOOHBIM WHCTPYMEHTOM JIISl HWCCIIEIOBAaHUS
TpaHC(HOPMATOPHBIX YCTPOUCTB CO CIIOKHBIMHU
CXeMaMH COEJIMHEHHs OOMOTOK, XapaKTepHBIMH
Ut (ha30CABUraOIINX TpaHC(HOPMATOPOB.

2. OmpeneneHpl  3HAYEHUS  TOKOB |
HaNpsDKEHU 0OMOTOK YCTPONCTBA B PeXKMMAX I
K. 3. 0e3 3emium M c 3emiei [y HauOonee
KPUTUYHOTO criocoba HOAKIHYECHUS
perynupyromero aBToTpaHchopMaropa, B TOM
YUCIE U INPU HECOrJIaCOBAHHOM IOAKIIOYEHUU
Harpy3kd B pa3HbIX (azax K OTBOJAM €ro
OOMOTKH.

Iloctpoenbl Harnsgueie BJ] HanpspkeHud u
TOKOB OOMOTOK, Kak JJIsi OCHOBHOTO, TaK W JAJIs
PEryIUPYIOLIETO aBTOTpaHc(hopMaTopoB,
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MOSICHSIOIIAE  OCOOCHHOCTH  PAaCCMOTPEHHBIX
PEXXUMOB pabOTHI MIPEIOKEHHOTO YCTPOICTBA.
ITokazaHo, 4TO B TaKWX pPEeKUMaxX BOIHUKAIOT
CyLIECTBEHHBIE HCKaXCHUS (hopMBI
MHOTOYTOJIPHHKA, COCTAaBIEHHOTO W3 OOMOTOK
OCHOBHOTO aBToTpancdopmaropa,
COIIPOBOKAAIOLIHECS CYIIECTBCHHBIM
U3MeHEeHUEeM (a3bl BEKTOPOB  HAIPSHKCHUUN
00MOTOK OJTHOTO CTEP>KHS M JaKe MIX B3aMMHBIM

MepeceucHUEM.
3. Ilpoananmu3upoBaHO paclpeleicHUue B
pPAacCMOTPEHHBIX ~ PEXHUMax  OTHOCHUTEIBHBIX

MarHMTHBIX IIOTOKOB B CTEP’KHAX OCHOBHOIO U
JIOIOJIHUTENIBHOTO  aBTOTPaHC(HOPMATOPOB  C
MIOMOILBIO OCTPOEHHBIX BJI.

[lokazaHo, 4uTO B pexume A.K.3. 0e3 3emJm
MpU CHUMMETPUYHOM TOIKIIOUEHUH Harpy3Ku
OTHOCHUTEJIbHBIE MarHMTHBIE TOTOKH CTEp>KHEH

OCHOBHOTO 51 PETYJINPOBOYHOTO
ABTOTPaHC(POPMATOPOB HECUMMETPHUYHEI,
O/IHAKO CyMMa HMX paBHa HYJII0 UM MarHUTHBIN
MOTOK  HE  BBIXOAUT B  OKpy’Karollee
MIPOCTPAHCTBO.

Toku Harpy3Kkd B 3TOM PEKHUME COAEpKAT
TOJIBKO COCTaBJISIIOIIME TIPSIMOH W 0OpaTHOH
MOCIIEAOBATENIEHOCTA, W HET TOKOB HYJIEBOU
nocaeaoBaTeabHoCcTH. [lokazaHo Takke, dYTO
npu HECHMMETPUYHOM MTOKITIOYCHUH
Harpy3kdi B  3TOM pEXKHME  BO3HHUKAIOT
3HAYUTEIIbHEIC ITOTOKHU HYJIEBOM
MOCTIE0BATEILHOCTH.

4. IlpoBesieH aHAJIOTMYHBIN aHAJIU3 PEKUMOB
I.K.3. ¢ 3emuieii. [lokazaHo, 4TO B ATOM pexUME
JaxXe TpH CHAMMETPUYHOM  IOAKITIOYCHUH
Harpy3Kd HMEIOTCS COCTABJISIIOIINE HYJICBOM
MOCIACAOBATEILHOCTH  KaK B MATHHMTHBIX
MOTOKaX, TaK M B TOKax Harpy3ku. Tem Ooree
OHU TPUCYTCTBYIOT TIPH HECHMMETPUIHOM
MOJKITFOYCHUN Harpy3Ku. Pazpaborannas
MOJIeTh anmpoOHWpOBaHA ISl Pa3HBIX PEKUMOB,
MOJTyICHHBIC pe3yIbTaThI COOTBETCTBYIOT
0KUJAEMBIM, HaXOASATCS B IOJIHOM COTJIACHH C
Teopuell anekTpuyeckux neneil. OHa mo3BossIeT
MIPOBOIUTH JaJIbHEeHIIIHe HCCIICIOBAHUS
XapaKTEPUCTUK YCTPOMCTBA W B JPYruX, HE
M3YYEHHBIX JIO0 CHX IOp HECUMMETPUYHBIX
pexuMax C LEeNbl0 OLEHKU MEpPCIECKTUB
CO31aHusA HOBOT'O YCTpOMCTBa THOKOH
MEXCHCTEMHOW CBSI3M 3HEProcucTteM 0Oe3 3BeHa
MOCTOSIHHOT'O TOKa.
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Balancing Properties of the Booster Transformer with
the Longitudinal-Transverse Regulation

Zaitsev D., Golub 1., Tirsu M., Caloshin D.

Institute of Power Engineering,
Kishinau, Republic of Moldova

Abstract. The current development of the power industry involves various kinds of FACTS, being
element of the Smart Grid and controlled by power electronics used for increasing the flexibility of
electrical networks. Thus, the development and research of such devices are relevant. The study object
is a controller belonging to the "Sen" family of transformers, which provides regulation of voltage and
power flows in networks. The aim of the work is to study the balancing properties of booster
transformer, which has an extended range and higher control accuracy in various modes. The goal was
achieved during research carried out on the basis of structural simulation models. The most significant
result was statement that the device under study has a pronounced per-phase balancing effect, which is
preserved in various modes, including reverse ones. The main result can be consider that the proposed
device, in comparison with the currently existing transformers of the "Sen" family, due to the extended
range and accuracy of voltage regulation, allows using it when working, both for symmetrical and
asymmetric loads. It is shown that the proposed technical solution provides ample opportunities for
longitudinal-transverse phase-by-phase voltage regulation. Moreover, the deviations of parameters
characterizing the quality of electricity, such as modules and voltage angles, do not go beyond the
limits regulated by the requirements of the standard. The results obtained allowed us to conclude that
this device can be used to solve the problem of coordinating the operation of two asymmetric systems
in different operating modes.

Keywords: balancing properties of control transformer, active and reactive power, voltage regulation.

DOI: https://doi.org/10.52254/1857-0070.2023.1-57.06
UDC: 621.316.7

Proprietiti de echilibrare ale transformatorului cu rapel bazat pe reglare longitudinali-transversali
Zaitev D., Golub 1., Tirsu M., Caloesin D.
Institutul de Energetica, Chisinau, Republica Moldova

prin utilizarea diferitelor tipuri de FACTS, controlate de electronica de putere si fiind un element al Smart Grid-
ului. Dezvoltarea si cercetarea unor astfel de dispozitive sunt relevante. Obiectul cercetérii il constituie un
controler apartinand familiei de transformatoare ,,Sen”, care asigura reglarea fluxurilor de tensiune si putere in
retele. Scopul lucrarii este de a studia proprietitile de echilibrare ale transformatorului cu rapel, care are o gama
extinsa si o precizie de control mai mare in diferite moduri. Scopul a fost atins in procesul cercetarilor efectuate
pe baza modelelor de simulare structurala. Cel mai semnificativ rezultat a fost stabilirea faptului, ca dispozitivul
studiat are un efect pronuntat de echilibrare pe faza, care se pastreaza in diferite moduri, inclusiv in cele inverse.
Semnificatia rezultatelor obtinute consta in faptul, ca dispozitivul propus, in comparatie cu transformatoarele
existente in prezent din familia ,,Sen”, datoritd intervalului extins si preciziei de reglare a tensiunii, permite
utilizarea lui in timpul lucrului, atat pentru regimuri simetrice, cat si pentru cele asimetrice. Se arata, ca solutia
tehnicd propusd ofera oportunitati ample de reglare longitudinala-transversald pe fiecare faza a tensiunii. Mai
mult, abaterile parametrilor care caracterizeaza calitatea energiei electrice, cum ar fi modulele si unghiurile de
tensiune, nu depasesc limitele reglementate de cerintele standardului. Rezultatele obtinute ne-au permis sa
concluzionam, ca acest dispozitiv poate fi folosit pentru a rezolva problema coordonarii functiondrii a doud
sisteme asimetrice in moduri de functionare diferite.

Cuvinte-cheie: proprietati de echilibrare ale unui transformator cu rapel, putere activid si reactivd, reglare a
tensiunii.

© 3aiines ., 'ony6 U., Teipmy M.,
Kanommsu /1. 2023
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CuMMeTpHpYyOIMe CBOICTBAa BOJbLT0100aBOYHOr0 TpaHcGopMaTopa ¢ NPoA0JILHO—ONepeYHbIM
peryJanpoBaHueM
3aiines 1.A., I'onydo U.B., Teipmry M.C., Kanomun /I.H.
WnctutyT snepretuxu, Kummnnes, Pecry6imka Momngosa

Annomayus. Pa3BuTHE 3JIEKTPO3HEPTETHKH HA COBPEMEHHOM 3Talle MPEAINOJaraeT MOBBIIMICHHE THOKOCTH
JEKTPUUECKUX CeTed IMmyTeM NpuMeHeHus pasznmyHoro poma FACTS, ympaBisieMBIX CpeicTBaMH CHIIOBOM
SIIEKTPOHUKH ¥ ABJISIOMMXCS dyeMerToM Smart Grid. Takum oOpasom, pa3paboTka W HCCIEIOBAHHE TAKOTO
poma YCTpOMCTB SBIAIOTCS akTyaldbHbIMH. OOBEKT HCCIIENOBAaHHMS NPEICTABIAET COOOH KOHTpOILIEp,
OTHOCSIIMICS K CeMeHCTBY «Sen» TpaHChOpMaTOpoB, OOECICUMBAIONIMN pEryJHMpOBaHHE HAINPSHKCHUS |
MOTOKOB MOIIHOCTH B ceTsax. Llenmplo paboThl sIBISieTCS HCCIeIOBaHHE CHMMETPHUPYIOLIMX CBOWCTB
BOJIbTOJI00aBOYHOTO TpaHC(hOpMaTopa, OOJAJAIONIEro pAacCIIMPEeHHBIM JIUana3oHOM W 0oJjiee BBICOKOM
TOYHOCTBIO PETYJIMPOBAHMS B PA3IMYHBIX pexuMax. [locraBieHHas menb AOCTUTHYTA 3a CYET PEICHUS
CJIEAYIOLINX 3a/1a4: MPOBEICHUE NCCICIOBAHNH, BHIIIONHEHHBIX Ha 0a3e CTPYKTYPHO—HMMHUTAIIOHHBIX MOJAEIEH.
Jns peMoHCTpamuu cuMMeTpupyromero s¢dekra ObIIM MPOBEACHBI pacyeThl MPOIECCOB IIPU Mepenade
MOIITHOCTH U3 HECHMMETPUYHOW CHCTEMBI B CHMMETPHUUYHYIO, © HA000POT (B peXHME CUMMETPUPOBAHHA U 0€3
perynupoBanus). Hanbosee cyniecTBeHHBIM Pe3yJIbTATOM CTaj0 YCTAHOBJICHHE TOrO (DakTa, 4TO HCCIeIyeMoe
YCTPOMCTBO 00JIaaeT BHIPAKEHHBIM TO(Aa3HBIM CHMMETPUPYIOIIUM 3((HEKTOM, KOTOPBIH COXpaHseTcs B
Ppas3IMYHbIX PEXKHUMax, BKIIOYasA PEBEPCHLIC. 3HaYUMOCTh TNOJYUYCHHBIX PE3YyJIbTAaTOB COCTOUT B TOM, UYTO
npejaiaraeMoe yCTPOWCTBO IO CPAaBHEHHMIO C CYIICCTBYIOIIMMHU HA CETOAHSINHHUN JIeHb TpaHchOopMaTopamMu
cemeiicTBa «SeNny, Oiaroaaps pacIIMPEeHHOMY IUana3oHy ¥ TOYHOCTH PEryJHpPOBaHMS HANPSDKEHHS, TO3BOJISET
UCIIOJIb30BaTh €ro Mpu padoTe, Kak Ha CHMMETPUYHYIO, TAK M Ha aCUMMETPU4YHYIO0 Harpys3ky. [lokaszaHo, 4to
MPEIOKEHHOE TEXHHUYECKOE pEIICHHE OO0ECIeYHBaeT IIHPOKHE BO3MOXKHOCTH IPOAOIBHO—IIONEPEIHOTO
1no(a3HOTO PEryJINUpOBaHHUS HANpsOKCHUs. lIpudeM OTKIOHEHWS ITapaMeTpoB, XapaKTEpU3YIOMHUX KadecTBO
3JIEKTPOIHEPTUH, TAKMX KaK MOIYJIM M YITBl HaNpsOKCHHS HE BBIXOIAT 33 paMKH, pPEriJaMeHTHpyeMbIe
TpeboBaHMsAMH cTaHAapTa. [loxydeHHbIe pe3yabTaThl MO3BOIMIIN CIENIATh BEIBOJ O TOM, YTO JAHHOE YCTPOHCTBO
MOXET OBITh HCIIOJIB30BAHO JISI PEIICHMS 33Ja4M COTJIACOBAHUS PAabOTHI JBYX HECHMMETPHYHBIX CHCTEM B
Pa3IMYHBIX PEKUMaX PabOTHI.

Kniouegvie cnosa: cumMeTpupyomue cBOHCTBA BOIbTO00aBOYHOTO TPaHC(HOPMATOpa, aKTUBHAS ¥ PEaKTUBHASL
MOIIHOCTD, PETYJIMPOBAHNUEC HAIIPAKCHUA.

BBEJIEHUE SBJISIFOTCS. BOJIbTOA00aBOYHBIE TPaHCHOPMATOPHI

CoBpeMeHHBII JTan pasBUTHA  pazIWyHONM KOH(UTypallMd W  Ha3HAYCHUS,

EKTPOIHEPTETUKH XapakTepu3yeTcss  KOTOpble MOXKHO OTHECTH K CEeMEHCTBY «Sen
3HAYUTEITbHBIM BO3pacTaHuEeM 00bEMOB  TpaHC(HOPMATOPOB.

IPOU3BOJCTBA YHEPTHU 3a CUET HCIOIb30BAHUS 3agaBas ¢  TOMOINBIO  NEPEKIIOYATeNs

BO300OHOBJIIEMBIX ~ WCTOYHUKOB,  BBIPa0OTKAa  OTBETBJICHUI TpeOyeMyl0 KOMOHMHAIHMIO, «Sen»

KOTOPBIX CYIIECTBEHHBIM 00pa3oM TO/ABEpKEeHa  TpaHcopmarop MOXKET KOPPEKTHPOBATh

CYTOYHBIM M CE€30HHBIM KOJICOaHUSIM. YKa3aHHOE  HaNpsDKEHHUE, yIPaBIlsis ero BEIUYHHON, U YIIIOM
00CTOSITENBLCTBO ~ MOXKET ~ OTpaxkarbcsi Ha  caura @as. «Sen» TpaHchopMmaTrop HMeeT
napaMeTpax KadecTBa JJIEKTPOSHEpTuu. B 3THX  BO3MOXHOCTh O0ECHEYHTh KOHTPOJb MEpEeTOKa

YCIIOBHAX npobiema YOpPaBIsIEMOCTH  aKTUBHOW WM PEaKTUBHOM  MOIHOCTH B

TPAHCHOPTHBIX M paclpeleNIUTeNbHbIX ceTell  OONBbIIMHCTBE CHCTEMOOOPAa3YIOIINX 5

CTaHOBUTCS BCE Oonee AKTyaJIbHOW.  pacHpeleiIUTENbHBIX CETEH.

TexHn4yeckue YCTpOICTBa, MNpeAHAa3HAUYCHHbBIE K nocrounctBam «Sen» TpaHcopMaTopoB

JUIS  pelieHust  TOAO0OHOrOo  poja  3ajgad  MOMKHO OTHECTH:

(mpeacrapnsiembie TexHosorusimu FACTS, Smart . OTHOCHUTEIbHAs MpocToTa

Grid) B 3HAUYMTENBHOM CTENEHH CBA3aHBI C  KOHCTPYKLUH

HUCIIOJIB30BaHUEM ABYXCTYNIEHYATOI'O ° OTHOCHUTEJIBHO HEBBLICOKAas

Hpeo6pasoBaHH;1 OHEPruv — BBIIPAMICHUEC U CTOUMOCTb;

HHBCPTHUPOBAHHUC. HepgocratkamMu MOXKHO CUHMTATh:
AHAJIOTHYHBIC  ympaBisifomme  dpQexTe! . OTpaHUYEHHOE KOJHYECTBO pPabOUYMX

MOTYT TaKkKe OBITh JOCTHTHYTBI Ha OCHOBE  COCTOSHMIL

npssMoro  (OJHOCTYIEHYATOTO TMPeoOpa3oBaHus . HEBBICOKASI TOYHOCTh PEryIHPOBAHHS

SHEPIMM), 4YTO TMO3BOJSET CO3AaBaTh OONCE€  sajappoil  OONACTH  WM3-33 OrpaHMdeHNs
TMPOCTBIE, HAJIEKHBIE M MEHEE JIOPOTOCTOSIIME  yoyyecTBa paGOUNX COCTOSHHIA;
ycTporictBa. OpHOW U3 TakWX TEXHOJIOTHI
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o HEBBICOKOE  OBICTpOJICHCTBHE
ucnonb3oBaruu PITH. [7-9]

B mpomecce co3maHusi Tak Ha3bIBAEMbIX
«yMHBIX» dnekTpoceredi (Smart Grid), u wux
nepexojie B Oymyiem K Hanbosee 3 PeKTHBHBIM
CHCTEMaM BBICLIETO YPOBHS, UMEHYEMbIM ceifuac
Microgrid, K JIIEKTPOCETIM OymyT
NPEIbSBIATECS  ONpeACICHHBIE  TPeOOBaHUS
obecrieyeHus oNTUMalbHOTO KO3 dumenTa
Harpy3Ku BBICOKOT'O ko3 durmenTa
MOII[HOCTH. ¢yHKUIMH  MOTyT  OBITBH
peann3oBaHbl PeryarMpOBOYHBIMU
TpaHchopMaTopamMy, YIPaBIIEMBIMH CHUIIOBON
ANEKTPOHUKOW, MPUHAJICKAIMUMU K CEMENCTBY
«Seny». OHO U3 TaKUX YCTPOUCTB, 00JIaAaroIIee
paclIMpeHHbIM JHAala30HOM U 0ojiee BBICOKOH
TOYHOCTBIO PEryIUpOBaHUs OBLIO pa3padoTaHO
Y UCCJIEIOBAHO aBTOpamu B [27].

B HacTosiiee BpeMsi MpU HCCICAOBAaHUU W
pa3paboTke TpaHCHOPMATOPOB ceMelCcTBa «SENy
3HAYUTEJIbHOE BHUMAHUE YIENSETCS BOIPOCaM
KOHKpeTu3anuu obiactu npumenenus [20,22],
MOJEIIUPOBAHUS TAKHX YCTPOMCTB B Pa3IMUHBIX
pexuMax paboThI [1-6,12,14-19,21,24]
pa3paboTKe HOBBIX CXEMHBIX pemieHuit [25,26],
PELICHHIO BOMPOCOB 3amuThl [23], mpuMeHeHUIO
cpencts cuitoBoii anekTporuku [10,11]. C Touku
3peHUs] aBTOPOB, OTKPBITHIM OCTAEeTCs BOIPOC
paboThl  TaKMX  YCTPOWCTB B  YCIIOBHSAX
HECUMMETPUHM  HANpPSOKCHUS THTAaHUA WM
Harpy3kd. Hacrosmass pabora mocBsimeHa
UCCIIEIOBAHUIO ~ CUMMETPUPYIOIIUX  CBOWCTB
perymupytomero  tpanchopmaropa [27] B
pekuMax ~ oOMEHa  MOIIHOCTBIO  MEXIY
CUMMETPUYHON U HECUMMETPUYHON CUCTEMAMHU.

npu

"
Ot

OBIIASI XAPAKTEPUCTUKA OBBEKTA
HUCCJIIENJOBAHUSA
IIpuHiunuaneHas  3JEKTpUYecKas  cxema
00BbEeKTa HCCIIeI0BaHUs MIpeCcTaBjIeHa Ha puc. 1.
OCHOBHBIMM 3JIEMEHTaMH YCTPOMCTBA SABISAIOTCS

JBa CHJTOBBIX TPEXOOMOTOYHBIX
TpaHchopMaTopa, OJIMH U3 KOTOPBIX BBITOIHSET
byHKIMH napaiensHOro
(HaMarHM4MBaINIero), (apyrod — QYHKIUHA
MOCIIET0BATENEHOTO (BOIBTO100ABOYHOTO)

aneMeHTa. MHIEKCOM «P» TTOMEYeHB OOMOTKHU U
COOTBETCTBYIOIIUE DJICKTPUYECKUE BEIMYNHBI,
XapaKTEepU3YIOIIUE PEXUM HaMarHU4YUBAKOIIETO
Tparcopmaropa, UHAEKCOM «U» — OOMOTKH WU
AJIEKTPUYECKHUE BEIMYMHBI BOJIETOI00aBOYHOTO
Tpanchopmaropa.

Ilepeuenn 0003HaueHNH
MIPEJICTaBICHHBIX Ha pucC.1:

JIIEMEHTOB,

73

Ai ’ B 1 Cl
(BXOMHBIE KIIEMMBI) YCTPOICTBA;
4, B,, C, 3JIEKTPUYECKHUE BBIBOJIBI
(BBIXOZHBIE KIIEMMBI) YCTPOICTBA;

W, W, W, NepBUYHbIE OOMOTKHU

1pA? 1pB 1pC
BBICOKOTO HaIPSHKCHIS ba3 A,B,C

HaMarHUYMBAIOIIETO TpaHchopMaTopa;

QJICKTPUYCCKUC BBO/JbI

quA, quB, quc OOMOTKH BBICOKOT'O
HanpspkeHust Qa3 A,B,C BoabTOH00aBOYHOTO
Tpanchopmaropa;

Worn: Wy Woe OOMOTKH HH3KOIO
HampspkeHust pa3z  A,B,C BonbTOM00aBOIHOTO
Tpa"copmaropa;

Kak  cmegyer w3  cxemsr  (pumc.l),
BBICOKOBOJIbTHBIE  00MoTKH (W), W5, 1

W,,c) HamMarHu4MBaroUero TpaHcdopmaropa

NOJMy4aloT  HUTaHHE  OT  CEeTH  4epes
dNIEKTpUYecKue BBOABI A, B, n C;. KoHupl
3TUX OOMOTOK 3a3eMileHBl. B cBowo ouepens,
MUTaHWE BOJBTOA00ABOYHOTO TpaHchopmaropa
TI0/IaeTCsl Ha ero HU3KOBOJIBLTHBIE 0OMOTKH (W,

W, # W, ) B BUIE AMCKPETHO PETYINPYEMBIX

Mo BeJUYHMHE U 10 (haze (C MOMOIIBIO CPEICTB
CHJIOBOM 3JIEKTPOHMKH) HaNpsHKEHHH, KOTOpbIE
(GopMHUPYIOTCSI  CHCTEMOH  PEryJIMpOBOYHBIX
oomorok (W, ,, W. W,. u W, W.

2pB ! 2pC 3pA? 3pB?
W, e )

MarHuTOIpPOBO/IA
TpaHcdopmaropa.
CdhopmupoBaHHbIC

pA?

pacmojiara€Mbix Ha CTCPIKHAX

HaMarHn4uBaromero

TaKUM obpazom
HanpsokeHus,  OyIyud  INIPUBEJEHHBIMH K
BBICOKOBOJIbTHOM CTOpOHE yTem
tpancdopmupoBanus Ha 00MOTKH (W, , Wy s 1

quC )’ ¢

HaNpsHKEHUSIMH COOTBETCTBYIOIINX ba3
MUTAIOLIEH CHCTEMBbI, OCYLIECTBIISISI TEM CaMbIM
HEo0X0IMMOe yIpaBIsitoliee Bo3IeHCTBIE.

Bnaronapss nmpuMeHEHHIO CEKIIMOHUPOBAHUS
00OMOTOK yHpaBieHUsI O0JIACTb PeryIHUpOBaHUS
BBIXOJJHOT'O HAIIPSDKEHMSI yCTPOHCTBA COCTOUT M3
225 TOYEeK, HUTO 3HAYUTEIHHO YIIyd4IlIaeT
TOYHOCTH M KadeCTBO  peryJMpOBaHUs
BBIXOJHOTrO HanpspbkeHus. Kaxnolt mno3unmu
pEryIMPOBOYHBIX ~ MOAYJIEH  COOTBETCTBYET
orpeJieieHHass KOMOWHAIUSI CHJIOBBIX KJTFOUeH
[27]. B xadecTBe CHIOBBIX KJIIOYEH MOTYT OBITh
MIPUMEHEHBI GTO THPHUCTOPHI, IGBT
TPaH3UCTOPHI H T. II.

aIreOpandeckd  CyMMHUPYIOTCS
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Puc.1 [IpuanunuagbHas cxeMa ycrpoiicrsa.’

3aKoH yIpaBiIeHUs [IOKa3aH Ha pUc.2a cxema
CEKIIUOHUPOBAHUS 00MOTOK yHpaBIeHUS

W, , W,, mpexcrasinena Ha puc.3, HanpsKEHUS

TpaHC(POPMATOPHBIX  3JEMEHTOB  YCTpPOWMCTBa
(Pucynox 1), mpuHATBIE IS WMHUTAMOHHOMN
MOJICJIH MTPUBEICHBI B Ta0J. 1.

Cxema s MPOBEACHUS  PaCUETHBIX
OKCIIEPUMEHTOB TpuBeneHa Ha puc.d. s
HCCIIEIOBAHUS BO3MOXKHOCTH nogazHoro
pPETyIUPOBaHUS MOMYJIS W yIJla BBIXOJTHOTO
HaIpsHKEHUST MOJIETTb HECUMMETPUYHON CUCTEMBI
CTpOMJIaCh Ha OCHOBE OJHO(A3HBIX WCTOYHHUKOB

HaIIpsKCHUA, COCANHCHHBIX B 3BE3NY, a
CUMMETPUYHAsl CHCTEMa C MCIIOJIb30BAHUEM
Tpex$a3sHOro  HMCTOYHUKA.  Perymupyromuit
Tparchopmarop BKITIOYAJICS B JIOII,
CBSI3BIBAIONIYIO JIBE CUCTEMBI, OJIHA M3 KOTOPBIX
HECUMMETpHUYHa 10  Moaymlo U (dase
HampsOKEHWs, a BTOpas CHUMMETpHYHA (CM.

puc.4). Jluuus siekTponepenaun Obljia yaTEHBI B
Moienu HHAYKTUBHOCTRIO L=0,0382H.
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K2 | K3 | K4 | K5 K7 | K8 | K9

L JL
00000

4 o
5 o
6 o0
7 o O

Puc. 2 3akoH ynpaBiieHUs Pery;JIupoBOYHBIM
MOy JIeM.

X

\s

Puc. 3 CxeMa peryJMpoBOYHOro MOxyJisi.

Y cioBuUs IPOBEJIEHUA DKCIIEPUMEHTOB

B mpomecce wuccienoBaHuS TPHUMEHSIIHCH
METO/ABl MAaTEeMaTUYeCKOr0, CTPYKTYPHOTO W
UMHUTALHOHHOTO MOJIEIMPOBaHMUS Ha OCHOBE
MOCTpPOeHHBIX B cpeae Simulink/Matlab SPS—
Mojeleil 00beKTa.

Ha ocnoBe cxembl puc.l B cpeme Simulink

(Matlab) Obuia co3/1aHa CTPYKTYpPHO—
UMHUTALOHHAs MOJeNb YCTpOWCTBa, Ha Oase
KOTOpOil  ObUTM  TIPOBEJCHBI  MCCIEIOBaHUS

00BEeKTa B PA3IMYHBIX PEKUMAX PAOOTHI.

VY cTpoiicTBO MOJAENINPOBAIOCH B BUAE IPYTIIIbI
onmHo(dasHeIx TpaHchopmaropoB. I[lapamerpsr
AIIEMEHTOB KaxJoro TpaHcdopmaTopa ObLIH
ompenesieHsl ¢ y4eTOM ~ HOMHHAJILHOTO

HaIpsKEHUS U =230V u MOIIIHOCTH
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ycrpoiictBa =~ 2kVA. PacueTHple TOKH H
HANpPSDKEHUS  TPaHC(HOPMATOPHBIX  3JICMECHTOB
ycrpoiictBa (PucyHok 1), mpuHSATBIC s
MMUTAITMOHHOW MOJCIIH TTPUBEACHBI B Ta0J. 1.
Tabnuna 1*
Toxu 1 HanpsDKEHUST 0OMOTOK.
qu WZq Wlp WZp W3p
U,B | 103,18 | 51,59 | 230 | 29,785 | 29,785
1A 9 18 9 18 18
Hecumerpuunas CumerpuuHas

TpexdasHas cucrtema

o

S Asymmetrical
three-phase
system

P+ jQ tpexdasuas cucrema
-

S

L
Symmetrical R
three-phase
system

U

RT

Puc.4 Cxema npoBeeHust JKcnepuMenTa.’

Hanpspoxkenue nepeaarolen CHCTEMBI
HaxoawuTcsa B Toukax 53, 36, 20 ans a3 4, B, C
CcOOTBeTCTBeHHO (cM. puc.5). Hecummerpuuanas

CHCTEMaA MOACINpOBaAJIaACh MoCpeaACTBOM
OI[HO(pa?,HbIX HCTOYHHKOB MIEPEMEHHOT'O
HaIpsOHKCHUA, COCOMHCHHBIX B 3BE€31Y,

napamMeTpbl KOTOPBIX IMpPEACTaBICHBl B TabiuIe

Tabauia 2°
[lapameTpsl HECHMMETPHYHON CUCTEMEI.
AMIUIUTYAHOE
3HAYEeHHe Yroa, rpag
(;)I;:;:;) HanpsikeHusi, B (Angle,
(Peak value of degrees)
voltage,V)
A 269,942 6,26’
B 219,022 120 +17,61
C 206,77 -2 —120" -14,43
HOHCHH}OIHaH BCKTOpHas AuarpamMma

HaInpsDKEHUH pUBeieHa Ha puc.6.
Ha BextopHo#i auarpamme (puc.6.) a Takxe B

Tabumax 3,4 MIPUHSTHI cieayonme
0003HaYEHUS:
a'A , a'B , a'c — yrojia, OTKJIOHEHUs

HanpsHKEHUs! (a3 OT HOMUHAILHOW BEJIMYUHBI HA
S cucreme;

a,, ag, o yroj, OTKJIOHEHUS

HanpsDKEHUS (a3 0T HOMUHAJIBHOW BEITHMYMHBI HA
R cucreme;
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U,, Uy, U, — Monynu Hanpsokenus $a3 Ha
S cucreme;

U,, Uy, U, — monynn manpsokenust a3 Ha
R cucreme;

Sy Sgss Scg — MomHocTH no ¢asam S
CHCTEMBI;

SAR ! SBR !
CHCTEMBI,

I |

e |

% —  OTKIOHEHHE  COOTBETCTBYIOIIMX
apaMeTpoB OT 3HAYCHUH B CHMMETPHUYHOM
peKuMe.

g JeMoHcTpauMd — CUMMETPUPYIOLIETO
spdexkra  OBUIO  TPOBENEHBI  CIETYIOIINE
pacueTHbIC SKCTIEPUMEHTHI:

1. mepenaya MOIIHOCTU M3 HECUMMETPUYHOU
CHCTEMBI B CHMMETPUYHYIO:

Scr— MomHoctH 1o ¢aszam R

| s — TokH a3 S cucremsr;

AS' 'BS?

sr lcg — TOKH Qa3 R cucremsl.

o C peryIupoBaHUEM (ynparienue
BKJTFOUCHO);

* 0e3 peryinupoBaHus (ympaBiienue
OTKJIIOYEHO).

2. mepemavya MOIHOCTH W3 CHUMMETPHUYHOM
CHUCTEMBI B HECHUMMETPHYHYIO:

e C peryiupoBaHueM (ynpasnenue
BKJIFOUYEHO);

* 0e3 perynupoBaHus (ympaBiienue
OTKJIIOYEHO).

i KaXIoro pacdyeTHOro 3KCIEpHMEHTa
(UKCHpOBaIHCh CIIeAyIOIune PEXKUMHBIE
napameTpbl:

1. Momynu u yriel (a3HBIX HaNpsDKEHUH Ha
BXOJI€ U BBIXOJIE YCTPOUCTBA,

2. Moaynu (a3HbBIX TOKOB Ha BXOJAE W
BBIXOJI€ YCTPOICTBA,

3. aKTHBHbIE M PEaKTHBHbIE MOIIHOCTH II0
(azam Ha mepearIei U MPUEeMHON CHCTEMaX.

ITpouecc CUMMETPUPOBAHUS CTpPOUTCS
MCXOJISl U3 CXEMBI PETYJIMPOBAHUS «3UI3ar»:

1. CummetpupoBanue B daze «4» (Touka 53,
(puc.5); MO3UIINU (-7;-3, puc.3))
ocymiecTBisieTcss nepekimodeHueM  (aszpr  «C»
YCTPOMCTBa B MO3MLMIO «-7» H ¢a3el «By»
YCTpOICTBA B TIO3HIINIO «-3».

2. CumMmeTpupoBanue B daze «By» (Touka 20,
(puc.5); MO3HULIUH (+7;-2, puc.3))
OCYILIECTBIISIETCSL TIepeKIoueHneM (Ga3bl  «B»
YCTPOWCTBA B TO3ULUIO «+7» M Ga3sl «A»
YCTPONCTBA B MO3ULIUIO «-2%.

3. CummetpupoBanue B ¢aze «C» (Touka 36,
(puc.5); TIO3HITUH (0;+7, puc.3))
OCYILECTBIISIETCSL TepeKiItoueHneM ¢asbl  «A»
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ycrpoiictBa B mosunuto «0» wu  azer  «B»
YCTPOMCTBA B MO3ULIAIO «+7).

Ta6nuna 48
PexuMHBIE TapaMeTpPhI PH nepeate
MOLIHOCTH U3 CHMMeTquHOﬁ CUCTCMBI R B

AHAJIU3 PE3YJIbTATOB aCUMMETPUYHYIO S.
PesynmbTathl  JkcnepuMeHTa TSI aHAIW3a ACHMMETPHYHAS CHCTEMA S
cUMMeTpHpyomero 3¢deKxra ycTpoicTBa IpH (Asymmetrical system S)
mepefade  MOIIHOCTM U3 aCUMMETPUYHOU C bes
CHUCTEMBl S B cHMMeTpHuHyl0 R ¥ Hao0OpoT PETY_J::IIPOB?HP:eM pe.l;?’]JIl/li)OBa:Il/ISII
MpPEJICTABICHBl COOTBETCTBCHHO B Ta0muie 3 u : T eiel) LT CITE)
Tabmume 4. u,.B 269,94 269,94
U,,.B 219 219
7 v
Tabmmua 3 U..B 206,8 206,8
PexxrMHBIC TapaMeTphl TIPHU nepenade :
MOIITHOCTH U3 aCUMMETPUYHOM CUCTEMBI S B a, ,2pao. -6,26 -6,26
CHMMETPIIHYIO R, a, ,2pad +17,61 +17,61
AcuMMeTpHYHAas cucTeMa S i
(Asymmetrical system S) a. ,2pao. -14,43 -14,43
C bes S, BA -2203+j1173 -2862+j1084
peryJinpoBaHueM | PpPeryJupoBaHHsA - -
(with control) | (without control) Sgs ,BA -2401-j742 -865-j12
u,,B 269,94 269,94 Scs  BA -1552+j1777 -2667+j876
U,,B 219 219 s, A 9,25 13,89
U.,B 206,8 206,8 lgs, A 11,47 3,95
a, ,2pad. -6,26 -6,26 les A 11,4 13,58
' CumMeTpuyHas cuctema R
,2pao +17,61 +17,61 .
af’ £ (Symmetrical system R)
a:- ,epad. -14,43 -14,43 UA B 2285 273,3
S,s BA 2561+j27 2131+j1444 U,.B 2342 221,0
Sgs . BA 1657+j2054 3102+j1068 UC B 2395 2123
SCS |BA 2312']637 1049']247 a;\ ,zpao. +1.352 '4,81
Las A 9,49 9,57 a, ,zpad +2,172 +17,84
.., A p
BS® 12,05 14,98 a. ,2pao. +0,831 -13,05
I, A - -
cs 110 >21 Spe . BA -2099-j564 -2989-j107
CummeTpuyHas cucrtema R - -
) Sgr . BA -2236-j400 -892-j267
U;\ B 220.,4 264,7 Scr BA -2095-j437 -2777-j1433
U,.B 220,5 210,8 L A 9,45 13,01
Uc.B 2214 204,5 e A 9,88 4,05
o, ,2pao. 0,972 -6,26 ler A 9,31 13,59
A 2pad -1.288 +17,61 Ha ocHoBe naHHBIX TaOaMIBI 3 TOCTPOCHBI
a. ,2pao. 0,793 -14,43 TUCTOTPaMMBI, TPE/CTaBICHHBIC HA pHUC.7 I
S, BA 2050-j714 2058+j229 nepenaronied S u npuHEMamomend R cuctewm,
: . WUTIOCTPUPYIOIINE CUMMETpHpYIommid 3ddexT
Ser B4 2163777 29721672 pU Tiepeade MOITHOCTH W3 ACHMMETPHYHOM
Sk, BA 2038-j687 1019-j623 CHUCTEMBI B CHMMETPUYHYIO.
I A 9.44 9 M3 aHamm3a peXHMHBIX NapaMeTpoB Ha
I A 10 1483 HIMHAX ~ TPHEMHOW CHUCTEMbl  BHHO, 4YTO
it ’ MaKCHMaJbHOE OTKJIOHEHHE HamlpsHKeHus O0e3
ler A 9,35 5,19 perymupoBanus cocrapiser 17,8%, a B pexume
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CUMMETpUPOBaHUs  cHWkaercs go  1,8%.
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MaxkcumanabHOE OTKJIOHEHHE YTJIOB HANpSHKEHUS
JIOCTUTAET 0e3 perymupoBaHus 4,9%.
Hcnonp3oBanvie ynpaBieHHs TO3BOJISIET CHU3UTh
oty BeaumumHy 10 0,3%. MakcumansHoe
OTKJIOHEHHE MOIIHOCTH Ha MPHEMHON CUCTeMe
0e3  perymupoBaHusi  coctaBusier  46,6%.
PerynupoBanue mo3BoJsieT CHU3UTh OTKIOHEHHE

OT HOMHUHAJIBHOTO 3HAYCHUsI 0€3 perynpoOBaHuUs
MOXeT cocTaBimate 524% wu  3,9% 1pu
perynupoBanuu. Crienyer  OTMETHTh,  4TO
CUMMETPUPYIOIIHHA 3PPEKT OIIyIAETCs IO TOKY
M MOIIHOCTH M Ha CTOPOHE AaCHMMETPUYHON
CUCTEMBI S, HO CYIIECTBEHHO B MEHbIIEH

CTCIICHU.

OT HOMHUHAJILHOrO 3HaueHus 10 3,8%. Yro
KacaeTcsl TOKOB, TO MaKCHMaJIbHOE OTKIOHEHHE

7629 ~T67)
@ 170V
Puc.5 Koopaunarsl ¢paz acuMMeTpU4HOIi cHETeMbI.®
o, =—6,26

U, =Us, U,=117-Ug, -e %%
U, =230V
120° 120°

U C=US o'e j240°

ap =-14,43

120°

U, =0,95-Ug, e

UC :0,9.Uso'ej225,57c
ay =+17,61°

Puc.6 BekTopHas 1uarpaMma HANpPsi:KeHUi ACHMMETPHYIHOM cucTembr. 0
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Ha ocHoBe maHHBIX TaOuuIBl 4 TTOCTPOEHBI
THUCTOTPaMMBbl, IPEACTaBICHHbIE HAa PUC.8. A
nepenaronied R u nmpuHUMaronied S cucTeM,
WIIIOCTPUPYIOLINE CUMMETPUPYIOMINH
ahpdekr mpu mepemaye  MOIIHOCTH U3
CUMMETPUYIHOM CUCTEMBI B ACUMMETPUYHYIO.

W3 ananu3a napamMeTpoB pexuma Ha MIMHAX

nepenarouiei CHUCTEMBI BUHO, 4TO
MaKCHMaJbHOE OTKJIOHEHHE HampshKeHHs 0e3
perynupoBaHusi cocraBiser 16,8%, a B

peXUME CHUMMETPUPOBAHHMS CHHKAETCS [0
2,5%. MakcuManbHOE OTKJIOHEHHE YIJIOB
HaNpsDKEHUSI JIOCTUTaeT 0e3 peryaupoBaHUs
4,9%. Vcrionb30BaHuE YIPABICHUS MTO3BOJISICT

60

CHM3UTH 3Ty  BenmnuuHy  go  0,6%.
MakcuManbHOE OTKIOHEHHE MOIIHOCTH Ha
MIPUEMHON  cucTteMe 0e3  peryiImpoBaHUs
coctaBisieT 58,3%. PerynupoBanue mo3Boisier
CHU3UTh OTKJIOHEHHE OT HOMHHAIBHOTO
3HaueHusa g0 4,2%. Uto kacaeTcs TOKOB, TO
MaKCUMaJIbHOE OTKJIOHEHHE OT HOMHUHAIBHOTO
3Ha4eHus1 0e3  peryaupoBaHUS  MOXKET
COCTaBJISATh 58,3% u 4,1% npu
perymupoBannu. Cummerpupytommii 3 dexTt
OIYIIAETCSI 0 TOKY M MOIIHOCTH TaKKe Ha
CTOPOHE MPUEMHOM ACUMMETPUYHOU CUCTEMBI
S, HO, KaK W B TpEABIyNEM Ciydae B
MEHBIIICH CTETICHHU.

%

50

H ¢ perynupoanuem (with control)

H Ge3 perynuposanus (Without control)

40

30

20

10

Ua Us U'c a'A a's a'c Sar SBR SCR
a—Ha cucreme S (on the sending system)

60

IAR IBR ICR

%

B ¢ perynuposanneM (with control)

H 6e3 peryauposanus (without control)

U”"a U"B U'c a"A a''B a''c Sar SBR Scr

IAR IBR ICR

b — Ha cucreme R (on the receiving system)
Puc.7 Cummerpupyomuii 3¢p@eKT npu nepegade MOITHOCTH OT cHCTeMbI S K cucteme R.1!
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70

H ¢ perynmupoanueM (with control)

60

H 6e3 peryauposanus (without control)

Ua Us Uc aa a's

a'c Sar

SBR Scr IAaR IBR Icr

a—Ha cucreme S (on the sending system)

70

%

B ¢ perynupoBanueM (with control)

60

H Oe3 peryauposanus (without control)

U"a U"B U'c a"a a'B a'c Sar

SBR Scr Iar IBR IcR

b — Ha cucreme R (on the receiving system)
Puc.8 Cummerpupylomuii 3p(eKT npu nepesade MOIHOCTH OT cHcTeMbl R K cucreme S.12

BBIBOJIbI

Ananm3 PE3yIbTaTOB WICCIIEIOBAHUS
MO3BOJISET CIIENATh CIICIYIONIUE BHIBOJIBI:

o [IpeioxkeHHOE ~ YCTPOWCTBO  00JamaeT
BBIPOKEHHBIM MO(Aa3HBIM  CHMMETPUPYIOIUM
a¢pekToM, UYTO  TO3BOJAET  COTJIACOBATH
COBMECTHYIO  pabOTy  CHUMMETPUYHOH U
aCUMMETPUYHOUN CUCTEM.

® Dpdext CUMMETPHUPOBAHUS
obecrieunBaeTCst paccMaTpuBaeMbIM
YCTPOMCTBOM B PEBEPCHBIX PEKUMAX IEpellavyn
MOIITHOCTH.

o OTKJIOHEHUS apameTpoB,
XapaKTepU3yIONINX Ka4eCTBO JIEKTPOIHEPTHH, B
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3THX PEKUMax HE TPEBBINIAIOT TpeOoBaHUI
CTaHJapTa.

BJATOJAPHOCTD
Pe3yabTaThl OLLIH MOJYYEeHBI B PaMKax
npoekta  DocmporpaMMbl ¢ HOMEpPOM
20.80009.7007.18: «DKO-UHHOBAIIHOHHBIE
TEXHUYECKUE peleHus o CHIDKEHUIO
SHEPronoTpedeHU 3JaHuii u  pa3paboTka

ONIUI MO Pa3BUTHUIO UHTEJUICKTYAJbHBIX CETEH C
BBICOKOI uHTerpanueit BUD B Monnose».

APPENDIX 1 (IPUJIOKEHHUE 1)
!Fig. 1. Main diagram of the device
2Fig. 2. Control law of regulating module
3Fig. 3. Scheme of the control module.
4Table 1. Winding currents and voltages.
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SFig. 4. Scheme of the experiment.

Table 2. Single-ended system parameters.

"Table3. Regime parameters during  power
transmission from an asymmetric system S to a
symmetrical system R

8Table4. Regime parameters during power transfer
from a symmetrical system R to an asymmetric S.
°Fig. 5. Phase coordinates of an asymmetric system.
©Fig. 6. Vector voltage diagram of asymmetric
system.

Fig. 7. Balancing effect during power transfer from
system S to system R.

2Fig.8. Balancing effect during power transfer from
system R to system S.
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Efficiency Increase in Liquefied Natural Gas Production at Motor Gas
Filling Compressor Station using Propane-Butane Fraction pre- Extraction

Munts V.A., Lebedev M.S.

Ural Federal University named after the first President of Russia B.N. Yeltsin
Yekaterinburg, Russian Federation

Abstract. Nowadays the production of liquefied natural gas including low-tonnage production is one of
the most promising areas of modern energy. The development of measures to improve the quality of a
liquefied product and the efficiency of its production processes is an urgent scientific problem of great
practical importance. The aim of the study is to develop an effective technological scheme which allows
improving the quality of liquefied natural gas produced at automobile gas filling compressor stations.
The goal was achieved by performing an analysis of the effectiveness of the natural gas components
low-temperature separation process at a gas distribution station before its liquefaction at the compressed
natural gas filling station in order to obtain a product with a reduced content of heavy hydrocarbons, as
well as through a practical study of the process of low-temperature separation of hydrocarbons at an
operating liquefaction facility natural gas. According to these characteristics and conducted experi-
mental studies, the effectiveness of the scheme for obtaining a propane-butane product in the process of
liquefying natural gas has been confirmed. An important result is also a new substance obtained during
the experiments, which has the properties of degreasing. The significance of the results obtained lies in
the possibility of their use in the design of subsequent facilities for the reduction and liquefaction of
natural gas with a line for the production of propane-butane and the investigated degreasing agent.
Keywords: liquefied natural gas, liquefied hydrocarbon gas, gas distribution station, compressed natural
gas refill station, separation, condensation.
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fmbunititirea eficientei procesului de productie de gaz natural lichefiat la o statie de compresoare de
alimentare cu gaz de automobile datorita extractiei preliminare a fractiei propan-butan
Munt V.A,, Lebedev M. S.
Universitatea Federald Ural numita dupa primul presedinte al Rusiei B.N. Elitin
Ecaterinburg, Federatia Rusa

Rezumat. Scopul studiului este de a elabora o schema tehnologicéd eficientd a instalatiei, care sd permitd
imbunatitirea calitatii gazului natural lichefiat produs la statiile de compresoare de alimentare cu gaz auto. Scopul
a fost atins prin efectuarea unei analize a eficientii procesului de separare la temperatura joasda a componentelor
gazelor naturale la o statie de distributie a gazului inainte de lichefierea acestuia la o statie de compresoare de
umplere a gazului auto pentru a obtine un produs cu un continut redus de hidrocarburi grele, precum si printr-un
studiu practic al procesului de separare la temperatura joasa a hidrocarburilor la o instalatie de lichefiere a gazelor
naturale in exploatare. Cele mai importante rezultate sunt dependentele obtinute ale caracteristicilor fractiei
lichefiate separate a hidrocarburilor grele de diversi parametri ai schemei. in conformitate cu aceste caracteristici
si studii experimentale efectuate, a fost confirmata eficienta schemei tehnologice de obtinere a unui produs propan-
butan in procesul de lichefiere a gazelor naturale. Un rezultat important este o substantd noud obtinutd in timpul
experimentelor, care are proprietiti de degresare. In plus, ca parte a justificarii schemei propuse, in comparatie cu
tehnologia unui obiect existent pentru producerea gazului natural lichefiat, sunt descrise abaterile caracteristicilor
echipamentului de schimb de caldurd ale acestei instalatii fatd de cele de proiectare. Semnificatia rezultatelor
obtinute consta in posibilitatea utilizarii lor in proiectarea instalatiilor ulterioare de reducere si lichefiere a gazelor
naturale cu o linie de producere a propan-butan si a agentului de degresare cercetat.

Cuvinte-cheie: gaz natural lichefiat, gaz de hidrocarburi lichefiate, statie de distributie gaze, statie de compresoare
de umplere gaz auto, separare, condensare.
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HoBbmuenne 3¢ (eKTHBHOCTH MpoLecca MPOU3BOACTBA CKUKEHHOI0 MPUPOAHOTIO raza Ha
ABTOMOOM/IBHOM I'a30HANOJIHUTEIBHONH KOMIIPECCOPHOH CTAHIMM 32 cYeT NpeJIBAPUTEIbHOI0 H3BJIeYCHHS
nponaH-0yraHosoi ¢ppakuuun
Mynn B.A., Jledenes M.C.

VYpanbckuii penepanbHBIi yHIBepcHTET HMeHH nepBoro Ilpesnnenta Poccun b.H. Enbiinna
ExatepunOypr, Poccuiickas @eneparus
Annomayusa. Ha cerogHAIHWI A€HP NPOW3BOACTBO CXKIDKCHHOTO IPHUPOJHOTO Tas3a, B TOM YHCIE
MAaJIOTOHHAXXHOE, SBIAETCA OJHMM M3 HauOojee MEpPCIEKTHBHBIX HAINPAaBICHUH COBPEMEHHOW JHEPTETHKH.
Pa3zpaboTka MepomnpusATHIl 1O TOBBIIIEHUIO KadecTBa CXKWKEHHOTO Npoaykrta u 3(deKkTHBHOCTH
TEXHOJIOTHYECKHX MPOIIECCOB €ro MPOU3BOJICTBA SIBIACTCS aKTYyaJIbHON HAyYHOH MpoOIIeMO, HMeIoIIel BasKHOe
npakTHdeckoe 3HaueHue. Llenbio uccnenoBanus sBisgeTcs pa3paborka 3h(HEeKTHBHONW TEXHOJOTMYECKOW CXEMBI
YCTaHOBKH, IIO3BOJISIOINEH IOBBICUTh KadeCTBO CXKIDKEHHOTO NPUPOAHOrO rasa, IPOU3BOIAMMOIO Ha
ABTOMOOWJIBHBIX Ta30HAIOJHUTEIIFHBIX KOMIIPECCOPHBIX CTaHIMAX. [locTaBneHHas nenb ObLia JTOCTHTHYTa 3a
CYET BBHIMOJHEHHMS aHaidu3a J(PQEKTUBHOCTH Ipolecca HHU3KOTEMIEpaTypHOH cemapanud KOMIOHEHTOB
NPUPOJHOTO Ta3a Ha Ta30paclpeACIUTEIbHON CTaHIMH Iepe] €ro CKIKCHHEM Ha aBTOMOOMIbHOM
Tra30HANOTHATEIBHOW KOMIPECCOPHON CTAHIUU € LENBIO MOTY4YEHUS MPOAYKTa ¢ YMEHBUICHHBIM COAEPKaHHEM
TSDKEIIBIX YIJIEBOAOPOAOB, a TAKKE 3a CYET MPAKTUYECKOTO HCCIEAOBaHMS Mpolecca HU3KOTEMIIEPATypHOU
cernaparnyy yrieBOAOpOJOB Ha ICHCTBYIOIIEM OOBEKTE CXKIKCHHS NpHpoAHOro rasza. Hambonee BakHBIMH
pe3ysbTaTaMH SABIISIFOTCS TIOJTyYCHHBIC 3aBUCHMOCTH XapaKTEPUCTHK OTICIAEMOH CKIKEHHOHN (DPaKINHN TSHKEITBIX
YTIE€BOAOPOAOB OT pa3iM4YHBIX HapaMeTpoB cXxeMbl. COrIacHO JaHHBIM XapaKTEPUCTHKaM M INPOBEIACHHBIM
OIIBITHBIM HCCJICAOBAHUAM IIOATBEPIKICHA 3(1)(1)6KTI/IBHOCTI) TEXHOJOTHYECCKON CXEMBI TMOJy4YCHUs1 MNpoIiaH-
OyTaHOBOTO MPOJYKTA B MPOIIECCe CHKIDKEHUS MTPUPOIHOTO Ta3a. BaKHBIM pe3yabTaTOM SBIISETCS MOJYYSHHOE B
X0Ze 3KCIIEPUMEHTOB HOBOE BEIECTBO, oOiajaroliee cBoicTBaMH oOe3xupuBaHusA. Kpome Toro, B pamkax
000CHOBaHUS MPEAJIOKEHHOIN CXEMbl B CPAaBHEHHH C TEXHOJIOTHEH Ha JEHCTBYIOIIEM OOBEKTE MPOU3BOJICTBA
CKM)KEHHOTO MPUPOJTHOTO ra3a ONHMCaHbl OTKJIOHEHUS XapaKTePUCTHK TEINI00OMEHHOTO 000pyA0BaHUs TaHHOTO
o0bekTa OT NpOeKTHBIX. IIpeanokeHo W apryMEHTHpPOBAaHO TEXHHYECKOE pEIICHHE, OCHOBAHHOE Ha
PacCMOTPCHHOM BIMSHHHM MapKd TypOMHHOTO Macia Ha MpoLecc TeIIO0OMEHa, MO3BOJIAIoNIee NPUOIN3HUTH
3HA4YEHHE XOJIOJMILHOM MOIIHOCTH TEMJIOOOMEHHOTO ammapara K MPOeKTHOMY METOAOM CHIDKEHHMS Ieperaza
JIaBJICHUS TOTOKA C OHOBPEMEHHBIM YBEIMYEHHEM IPOU3BOJUTENBHOCTH [0 KOHEYHOMY IPOAYKTY. 3HAYUMOCTb
MNOIY4YEHHBIX PE3yIbTATOB COCTOMT B BO3MOKHOCTH HMX HCHONB30BaHUs MPH MNPOEKTHPOBAHUM MOCIETYIOLINX
00BEKTOB pPEOYLHPOBAaHHUA M CXKWKEHHS IPHUPOJHOTO Tra3a ¢ JHMHHEH NONydeHHs NpomaH-OyTaHa U

UCCIIEJJOBAaHHOTO 00€3KMPHBAIOLIETO BELIECTBA.
Knrouesvie cnoga. cXWKEHHBIM TPUPOIHBINA ra3, CXKIKCHHBIM YITIEBOJOPOIHBIN ra3, ra3opacnpeienuTeabHas
cTaHIuA, aBTOMOOMJIbHAS Ta30HAIIOJHUTEIbHAS KoMIIpECCOpHas CTaHI M, Cerapaluns, KOHACHCAIINA.

BBEJIEHUE aJICOPOIIMOHHBIM U a0COPOIIMOHHBIM METOJaMHU
[1], uTO JnemaeT ero NpUBIEKATEILHBIM IS
MPUMEHEHUs] Ha COBPEMEHHBIX YCTaHOBKax
CKIDKCHUS TA30B.

B paborax mo wHCCIEIOBaHHIO IPOIECCOB
npousBojictBa CIII" ¢ ucrmons30BaHUEM SHEPTUU
MarucTpalbHOTO raza - Ha Oaze
razopacnpeaenutensHoii crannuu (I'PC), mubo
MO0 IMKIYy HHU3KOTO W CPEIHEro JaBJICHUS,
NPEICTABICHBI CXEMBI COKIKEHHUS c
OJIHOBPEMEHHBIM W3BIICYCHUEM WHBIX
KOMITOHEHTOB TIOCTYIAIONIET0 ra3a U UX CMeceu.
Ho Ttakme cxeMbl collepaT MHOMXECTBO
Pa3IMYHBIX METAITIOEMKUX €IMHUII
000py/ZIOBaHMsI W BHEIIHHWX XJIAJareHTOB, a B
cXeMax, TIpelyCMaTpUBAIOIINX MHUHAMAIbHBIN
Habop  oOopyzoBaHus, HE  IpeCTaBIeHA
uHpopMaIus o kauectse noygaemoro CIIT .

K mnpumepy, B pabore [2] mnpemiaraercs
HanboIee MPOCTOM CIoco0: Ha
ra3opacnpeaeIuTeNbHbIX CTaHIIUAAX
UCTIONIb30BaTh  CBEPXKPUTHYECKHE COIUIA, B

B  ycrmoBusX MOCTENEHHOTO  W3MEHEHHUS
cocTaBa IPHUPOJAHOIO Tra3a B  CTOPOHY
YMEHBLIEHUS KOHILIEHTpaIuu MeTaHa
HEOOXOAMMO Ha YCTAaHOBKAX MaJIOTOHHAKHOTO
CXKIDKEHUSI TPUPOJHOTO Ta3a BHEIpATh Oolee
COBpEMEHHBIE METOIbl OYHCTKH, OCOOCHHO MpH
CKVDKEHHUH rasa Mo UKy BHICOKOrO JIaBJICHUS.

MHorue paOoThl MOCBSIIEHBI HCCIICIOBAHHIO
3¢ heKTUBHOCTH Ppa3IUYHBIX MPOLIECCOB
MaJOTOHHAXHOTO TMPOU3BOJICTBA CKUKEHHOTO
npupoguoro raza (CIII), B TomM uucie
MOBBIIIECHHIO KayecTBa MIPOJTyKTA. Jost
nonyuenuss CIII' mOBBILIEHHOTO  KadecTBa
HanOOJIbIIIEe PACIIPOCTPaHEHUE CPEAN METOIOB
M3BJICYEHNS KOMIIOHEHTOB 00JI€€ TSHKENBIX, YeEM
METaH (mamee-TspKeIIbIC YTIIEBOIOPOIBI),
MOJIYYHJI METOJT CENapalvy CKOHJECHCUPOBAHHBIX
KOMITOHEHTOB TPH  OXJIAXICHUH OCHOBHOTO
IIOTOKa IpUpoAHOro rasza. JlaHHbIE MeTOA
SIBJISIETCSI MEHEE 3aTPaTHBIM 10 CPAaBHEHUIO C
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KOTOPBIX 4acTh rasa JIpoccenupyercs
(Temmepatypa nmotoka camkaercs Ha 20-25 C°) mo
JABJICHHUSA paclpeleIuTeIhHOT0 Ta30MpOBOAa,
IpU OSTOM OCTaBIIAsICS 4YacTh ra3a OMBIBAcT
CTEHKM KaHajla CIPOCCETMPOBAHHOTO IIOTOKA,
TakuM O00pa3oM TIOTOK HHU3KOTO JaBJICHHUS
MOJOTPEBACTCS 3a CYET BTOPOTO IIOTOKA W
MOCTYIAaeT K MOTPEOMTENI0, a BTOPOM TMOTOK
OXJIAKIAETCA POCCENUPOBAHHBIM M TIOCTYITaeT
Ha YCTaHOBKY CxkmwkeHus. I[lpm osTomM He
MpEACTABICHA CHUCTEMa OYHCTKH METaHa OT
TSKETIBIX YTJIEBOIOPOIOB.

ABTOp paboTsl [3] akIeHTHPYET BHUMaHUE Ha
TO, 9TO TIPH CKIDKCHUU TTpupoaHoro raza Ha ['PC
CXKW)KAEMBIA  MOTOK  JIOJDKEH  MPOXOAUTH
HECKOJIbKO CTaauii OYMUCTKH OT JUOKCHIA
yIaepoia W TSOKENBIX YTIIEBOAOPOAOB (3TaH U
BBIIIIE) ¥ TpeAJiaracT MCIOIb30BaTh KacKaHBIH
MPOIIECC BHEIIHETO OXJAXICHHS OJTUIICHOM,
JTUOKCHIIOM YTJIEPO/Ia U IPOMTAHOM, YTO TIO3BOJIAT
npousBoauth CIII', SBASIONIHIICS MPaKTHUYECKH
YUCTBIM MCTAHOM. HCI[OCTaTKOM YCTaHOBKH
OyoyT  BBICOKHE  KallUTalbHBIE  3aTpaThl,
CBSI3aHHBIE C WCIOJIh30BAaHHEM METAITIOEMKOTO
o0Opy/lOBaHUs, a TaKXKe OKCIUIyaTallMOHHBIC
3aTparhl Ha 00ecrevYeHrne padoThl XOJOUIBHBIX
KOHTYPOB.

[Ipobnema  3HAUUTENBHOTO  KOJIMYECTBA
METaJJIOEMKOI0 000pYy10BaHUS JJIs1 OUUCTKHU ra3a
BCTpEUaeTcss HM B MHOXKECTBE  JPYTUX

uccrnenoannii. K mpumepy, B paborax [5,6,7]
MPEJICTABIEHBl ~ CXeMBl  C  HECKOJbKHMHU
KOMIIPECCOpaMHu, IeTaH/IepaMH U CerapaTopaMHy,
KOTOpbIE MOTYT OBITh pPeajH30BaHbl TOJIBKO NPH
HaJINYUHU Pa3BUTOM pacIpenenuTeabHO
CHCTEMBI C Pa3NIMYHBIMU JaBleHusIMHU. B paboTax
[8-17] mnpeacraBieHBI CXEMBI CHKHKEHHS C
BHEIIHUM OXJaXJICHHEM, B KOTOPBIX JUIA
KaXJIOTO KOHTypa OXJaKACHUS TpeOyercs
WHIUBUTY aJIbHBIH Habop XOJIOJMIIBHOTO
00OpYyIOBaHMs, a TaKkKe PEKTHU(OUKAMOHHbIE
KOJIOHHBI.

B pabotax mO WHCCIEIOBAaHHIO TPOIIECCOB
MOJTyYEHHUS CIIr Ha ABTOMOOMITEHOM
ra30HANOJHUTEIBHON KOMIIPECCOPHON CTaHIMH
(ATHKC) [18,19,20] mubo He paccMaTpUBAIOTCS
MPOIECCHl  OTAEICHHA OT MeTaHa TSHKEIBIX
YIIJIEBOIOPOJIOB, JINOO HE aHATU3UPYETCS] COCTaB
OTJIEISIEMBIX KOMIIOHEHTOB W METOJIOB €ro
YTUIM3ALUH.

IIpyunHOW TOMY SIBJISE€TCS HEBO3MOYKHOCTh
OTJIENIEHNS] TSDKENBIX KOMITOHEHTOB OT IIOTOKA
OXJXKJAEMOTr0 KOMIIPUMHUPOBAHHOT'O T'a3a BBUAY
€ro CBEPXKPUTHYECKUX MapaMeTpoB (JaBIEeHHE
6onee 20 Mlla, remmeparypa 6omnee 273 K), mpu
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xkugkoit  dazoit.  Jlma  oTmeneHWS — ATHX
KOMIIOHEHTOB  HE00XO0AuMO,  YTOOBI  ra3
HaXOAWJICSs B OOJIACTH  JTOKPUTUYECKHUX
MapaMeTpoB.

[ockompky moctymatonuii Ha AI'HKC ras3 ¢
JlaBJICHUEM 1,2 MIla  npenBapuTeslbHO
npoccenupyercs Ha [PC, wumeer cwmbich

paccMoTpeTh BO3MOXKHOCTh IPENBAPUTEIHLHOTO
OTIIENICHHS TSDKEJIBIX KOMIIOHEHTOB MMEHHO Ha
I'PC, rme ra3 eme HaxomguTca B 00JacTH
nokputHueckux mnapameTrpoB. CormacHo [21]
3HAYCHHE KPUTHYECKOTO TTABJICHUS
MHOTOKOMITOHEHTHOW cMecH, Kotopas Ha 95%
COCTOUT M3 METaHa, HaXOAUTCA B IWala3oHe OT
5,5 o 5,7 Mlla.

B nuTeparypHbIX HCTOYHMKAax HE HaWJIEHO
nH(POPMAITUN O CTOCO0e TMOBBIIICHUS Ka4ecTBa
CIIT', npomsBoaumoro Ha AI'HKC, 3a cuer
3¢ (EeKTUBHOTO TPEABAPUTESIIBHOTO  CHIDKEHUS
KOHIIEHTPAI[MN TSDKENBIX  YTIEBOIOPOJOB HA
I'PC, 4dro mpeacTaBisieT HAyYHO-MPAKTHUCCKHUI
WHTEpeC K JaHHOMY CIIOCO0Y.

HEJIM U 3AJJIAYHN

Lempto  paboTel  siBisieTcss  pa3paboTka
TEXHOJIOTHH OTIENeHNUS TSDKETIBIX
YIJIEBOAOPOLOB OT IPUPOJHOIO rasa IpHu
CpeIHEM J[aBJICHUM MEpPeA €ro CXKIWKEHHEM Ha
AT'HKC, mpm »3TOoM 0€3  mnpuMEHEHHus
XOJIOAAUIBHOTO 00opyIoBaHuUs u

pacIIMpUTENbHON TypOOMAIIMHBI, KOTOpas He
Bcerga 00ecreunBaeT BHICOKYIO Ha/Ie)KHOCTh IPH
9KCIUTyaTaltu.

Jlst IOCTIDKEHUS YKa3aHHOU
MOCTABJICHBI CIIEIYIOLINE 3a0aUH:

BBITIOJIHUTH aHAN3 2 (HEKTUBHOCTH Mpoliecca
HU3KOTEMIIEPaTypHOH cemnapalnuy KOMIOHEHTOB
npuponHoro rasza wa ['PC mis nmanpHeimiero
nonmyuenus Ha AIHKC CIII' ¢ ymeHbIIeHHBIM
COICPKAHUEM  TSDKEJIBIX  YIJIEBOJOPOAOB M
MOBBIIIIEHHBIM CO/IEpP KaHNEM METaHa,

BBIMIOJTHUTD ~ IPAaKTUYECKOE HCCIIEIOBaHUE
mporecca  HU3KOTEMIIEPaTypHOH  cemapanuu
YIJIEBOAOPOIOB HA JEMCTBYIOLIEM OOBEKTE
CKIDKEHUS! TpHUpoJHoro rasa Ha 6aze ['PC mo
UKITY BHYTPEHHETO OXJTaKICHUS c
MpPUMEHEHUEM  TypOoOJeTaHjepa,  CpPaBHUTh
MPEJUIOKEHHYI0O M JICHCTBYIOLIYIO  CXEMBI
cenapanuu.
AJI'OPUTM UCCJIIEJOBAHUA U
METO/bI

[lepBoHawambHO paccMaTpUBaeTCs AWANA30H
TEMIIEPATYP, B KOTOPOM  KOMIIOHEHTHI
MIPUPOJTHOTO ra3a MPH AABIECHIUH MarucTPaIbHOTO

Heau
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razonposoga ot 2,5 mo 5,4 Mlla nepexonsar B
KHUIKOE CcOCTOsiHME. Jlnmg aHanmu3a JaHHOTO
JMana3oHa TeMIIepaTyp JOCTaTOYHO
paccMOTpeTh CpeAHHMH 3a MocieAHue 3 roja
KOMITOHEHTHBII COCTaB OIIPEICIIEHHOTO
MarucTpajJbHOIO Ta3a M OLEHUTh TEMIEPaTyphI
HACBIUICHWS KOMIIOHEHTOB TpPH  33/JaHHBIX
KOHILIEHTPALVSIX.

Hanee BeimonHsieTcss GOPMUPOBAHHE CXEMBI
IPEIBAPUTEIBHOIO OTAEIEHUS OT IMPUPOIHOTO
raza 4YacTM TSDKEIBIX YIVIEBOAOPOJOB IIpHU
napametpax padotsl 'PC ¢ yueToM nmomyueHHOTO
IPUMEPHOIO0  TEMIIEpPaTypHOTO  JAxana3oHa
KOHIIEHTpAI[1 KOMIIOHEHTOB.

PyuyHoii pacyer mpouecca KOHIAEHCALUU
SBJISIETCSL JJOCTaTOYHO TPYJOEMKHM, TOCKOJBKY
TpeOyeT  yuuTbIBaTb  PACTBOPUMOCTD U
MOJIEKYJISIPHOE ~ B3aMMOJIEIHCTBHE  KaXAOTO
COEJIMHEHUS] B MHOTOKOMIIOHEHTHOU cpene. s
CHIDKEHHUS KOJMYECTBA JIOTIYIIEHUH,
BBIOJHSEMbIX IPH PYYHOM  pacuere, M
MaKCUMAaJIbHOTO  TIPUOJMKEHUST  PaCUETHBIX
MapaMeTpoB Mpolecca K peabHbIM MpeAaraeTcs
UIs MOJETUPOBAHNUS TEXHOJIOTHYECKOTO
npoliecca UCIOJb30BaTh MPOrPaAMMHBIN MPOAYKT
GIBBS (npouss. P®) [22], aHanmoruyHeli mo
(GYHKUMOHAIBHOMY Ha3HAYEHUIO HMIIOPTHOMY
npoaykty ASPEN HYSYS [23].

HNwmeromuecs B JTaHHOM nporpamme
TEPMOTMHAMHYCCKHEC IMaKEeThI MO3BOJIIOT
MOJIb30BATENII0  TOJMyYUTh CBOWCTBA  CaMBIX

Pa3IMYHBIX CMeced — OT JIETKUX YTIIEBOJIOPOIOB
JIO CIIOKHBIX HEPTSHBIX U Ta30BBIX CMeceH,
TaKK€ HWMEIOTCS pacIIUpeHHbIe YpaBHEHUS
COCTOSTHUS JUTS TOYHBIX pacueToB
YTTIEBOIOPOIHBIX CHUCTEM, IOJYIMITUPHUECKUE
MOJIENIM U MOJICNTH YIPYrocTH NapoB st Oonee
TSDKEIBIX YTIEBOJIOPOIHBIX CUCTEM, KOPPEISIIIHA
JUTSE TOYHBIX PAcdeTOB CBOMCTB IMapa W MOJIENH
KOO (GUIMEHTOB aKTUBHOCTH JUIS XUMHUYECKHUX
CHCTEM.

PexomennyembiM MaKeToOM JUTS
MOJICJIMPOBaHMUSI ~ TIPOLECCOB  OXJAKICHHUA,
paszeneHusl M CXKWKEHHS Ta30B, B TOM 4HCIIE
KPHUOTEHHBIX TIPOIECCOB, B OCHOBE KOTOPBIX
JEKHT pacdeT NapoKHIKOCTHOTO PaBHOBECHA,
ABJISIETCS TAKeT ¢ Oa3uCHBIM ypaBHeHHeM llenra-
PoGurcona. DTo  ypaBHEHHE  OIHUCHIBACT
pasHooOpa3Hble CUCTEMBI B IIMPOKOM JHaIa3oHe
ycIoBui — TemiiepaTtypa 6osee 2 K, naBienue 1o
100 MlI]a. YpaBuenue SBIISIETCS
MOJU(UIIMPOBAHHBIM ~ ypaBHeHHEM BaH-1ep-
Baanbca [24,25] u [ MHOTOKOMIIOHEHTHOM
CMECH BBITJISAUT CIEIYIOLM 00pa3oM:
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_R-T a(T)
P=V—b VZ+2-b-V,—b?
rie p-JaBieHHE Trasa, R-yHUBepcalbHas

ra3oBas IOCTOSIHHAs, Vm-MOJSPHBIA 00BEM,
T-remmepatypa rasa, a,b- ko3hbuIHCHTHI,
oTpeieIIAeMbIC TT0 KOHIIEHTPAIIUH KOMIIOHCHTOB
CMECH U UX B3aMMOJICHCTBHIO.

[lomMuMoO ypaBHEHUS TEPMOJUHAMHYECKOTO
COCTOSTHUSI TPOTPAMMHBIN TIaKeT WCIIONb3yeT
YpaBHEHUSI  MaTEepHaTbHOTO ¥ TEIUIOBOTO
OajaHca.

ITocne MOJICTTHPOBAHHUS CXEMBI npu
OPHECHTHPOBOYHBIX IapamMeTpax KOHACHCAITHH
KOMIIOHEHTOB aHAIM3UPYETCs cocTaB
OTAEISEMEBIX KOMITOHEHTOB U BO3MOKHOCTH MX
MOJIE3HOTO HCITONF30BAHUS WM Pealn3allii KaK
TOTOBOT'O MMPOAYKTA — JJISl JAHHOTO UCCIIEAOBAaHUS
3TUM TPOAYKTOM pPacCMaTPUBAETCS IMPOIMAH-
OyTtaHoBast (paxIfus.

Jns ompeneneHus auama3zoHa IapaMeTpoB
MpeIaraeMoi CXeMbl U BBIOOpa ONTHMAIBHOTO
pexumMa ee (YHKIIMOHUPOBAHUS,
00€eCITeunBarOIINX MOJTyYCHHE II0JIE3HOI'0
MPOAYKTA, OTBEYAIOIIETO HOPMATHUBHBIM
TpeboBanusiM [26,27], MPOBOIUTCS MO3TAIHBIN
aHaJIM3 3aBHCUMOCTU TIaPaMETPOB CXEMBI U
BBIIABAEMOT0  CKIDKEHHOTO  TMPOJIyKTa  OT
BHEIIHUX I[apaMeTpoB, HaywWHas C Hauboee
BEPOSATHBIX B PEAIbHBIX YCIOBHSX IKCIUTyaTaIlHH,
dbopMupyroTcsi  Tpa@UKd  COOTBETCTBYOIIUX
3aBHCHUMOCTEH.

ITocme BBITIOJTHCHHS OITMCAHHOU
TEOPETUYECKONH YacTH paOOThI BBIMOJIHICTCS
MPaKTUUECKUHA  3Talm  WCCICAOBAHUA  JJIA
TTOITBEPKICHHUS MTOJTyYE€HHBIX pacueTHBIX
maHHblx. OH 3akao4aeTcd B HCCIENOBAHHU
HU3KOTEMIIEpAaTypHOU  cemapanuyd raza Ha
JehcTByromEeM o0bekTe 1o mpousBojacty CIIT
Ha [IPC [28], sBusrowerocs  OMNBITHO-
MPOMBIIIUICHHBIM 00pa3ioM. BriOupaercs Touka
B CXeMe, B KOTOPOH BO3MOKHA KOHICHCAIIHS
KOMITOHEHTOB TIPH PACCMATPUBAEMBIX YCIIOBUSX,

OIICHWBAETCS BO3MOXXHOCTH OTOOpa TPOOBI
CKIKCHHOW  4acTH, TIOCie 4ero  padoThl
BBITIOJIHAOTCS IIO2TAITHO.

Oman Nel

1. Ompenenenue cocTraBa rasa,
HOCTYTAIOIIETO Ha paccMaTpuBaeMbIi

JIEHCTBYIONNIT OOBEKT MPOM3BOACTBA, COTJIACHO
UMEOIIUMCs JIa00paTOPHBIM aHAIU3aM.

2. Peructpauuss mnapamMeTpoB IIOTOKa B
COOTBETCTBYIOLIEH 4acTu UCCIIEyEMOTO
obopymoBaHusi, OTOOpP TPOOBI KHUIKOCTH U3
NPOAYBOYHOrO  COOpPHMKAa  KOHAEHcara C
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penyuupoBanueM ee Ao gaienus 1,2 Mlla B
npoO0O0TOOPHHUKE;

3. JloBemeHue KUAKOCTU B IPOOOOTOOPHHUKE
0 TEMIIEpaTyphl OKpYXarolled Cpeasl, Nph
MOBBIIIICHUN JIABJICHUS — €T0 CHIKCHUE IyTEM
CTpaBIUBaHUS U30BITOYHOTO;

JlaGopaTopHbIii aHAIM3 MAaCCOBBIX KOHIICH-
Tpauuil KOMIIOHEHTOB B OCTABIIEICS YaCTH KU~
KocTH (Ompe/ieieHne KOMIIOHEHTHOTO COCTaBa
00pa3LoB MPOBOIUTCS METOJOM Xpomatorpadu-
YECKOT0 aHanm3a MpudbopoMm «XpomaTo-macc-
cnektpomerp GCMS-QP2010 Ultra» Ilentpa
KOJIJIGKTUBHOT'O MOJBb30BaHMsI Y pajbcKoro ¢ene-
paIbHOTO YHHMBEpCHUTETa HMeHH repBoro Ilpesn-
nenrta Poccun b. H. Enpriuna);

4. BrlnonHeHue neicTBUsS
Pa3INYHBIX CE30HOB roJIa.

[lopsimok meiicTBUii, onucaHHbld B 3Tane Nel,
MO3BOJISIET MAKCUMAIFHO MPHOIH3UTH YCIOBUS
0oT0OOpa MpPOoOkI K YCIOBUSM ITPOLIECCa U3BICUCHUS
mpomnaH-0yTaHoBOH (hpakiuy 1Mo MpeIaraeMon
cxeme u3pnedenus Ha ['PC.

Oman Ne?2

1. MogenupoBanue NEHCTBYIONIETO
mpolecca  HU3KOTEMIIEPaTYypHOH  cemapaiuu
YTJIEBOJIOPOJIOB, MPOXOJISIETO Ha
paccMaTpuBaeMoM 000pyTIOBaHHH, B
MPOrPaMMHOM TIPOAYKTE;

2. CpaBHeHHME  MOJYYCHHBIX  PaCUETHBIX
3HQYEHUM  KOHLEHTpAllMi KOMIIOHEHTOB B
KUAKON (hpaxum c 1abopPaTOPHBIMH,
nomydyeHHeIMH  Tpu  Jtarme  Nel,  oreHka
3G (PEKTUBHOCTH TNPUMEHEHHS MPOrpaMMHOTO
MPOJIYKTA.

3. [Ipy  HE3HAUWTENBHBIX  OTKIOHEHHSX
MEXIy  pacueTHRIMH W  Ja0OpaTOpHBIMHU
3HAYCHUSIMH OTIpE/IeIeHUue 10 MOJEIH pacxoja
MONTy4aeMOW JKHIKOM (Qpakuum ¥ JIPYrux
BEJIMYWH HA COOTBETCTBHE HOPMATHBHBIM
TpeOOBaHUAM

[Topsimok meicTBuiA, onMcaHHbIN B 3Tame No2,
MO3BOJIIET ONPEACIHUTh PacXoJl TOIydaeMoit
KUAKOW (pakiuK U JPYTUX XapaKTEPHU3YIOUUX
€€ BeJIMYMH, U [TOATBEPANUTh TOCTOBEPHOCTD 3THX

1-4 s

3HAQYEHMM, TaKk Kak MUX  OIpeleeHue
IPaKTUYECKUM IIyTeEM TEXHUYECKU
3aTPYAHUTEIIBHO.

B mponecce HU3KOTEMIIEPATYPHOU cenapanuu
KOMIIOHCHTOB rasa B 3aBHCHUMOCTHU oT
HEOOXOIUMBIX HUTOTOBBIX MoKa3aTesein
IIPOU3BOACTBEHHOTO o0BbeKTa MOXET

MPUMEHATHCSA PEAyLUpYoliee 000pyI0BaHHE C

12 Appendix 1
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0oJ1ee BBICOKOU A((EKTUBHOCTHIO TIO CPABHEHHUIO
C TIPE/IOKECHHBIM.

HawnGonpmreit TEPMOJIMHAMUYECKON
3 (PEeKTHBHOCTBIO HA  CETOMHAINIHUN  JICHD
o0nagaroT pacCIIUpUTEIbHBIC MaIIIUHBI

JICTAaHJIEPHOTO THUIA, B KOTOPBIX Cpela MpH
pacHIUpeHHH B KaHaJaX JIOTMATOK COBEpPIIACT
paboty, mepenaBacMyro MO BaJly MAamlWHbBI s
npuBoja npyroro obopynosanus. Ha oObekTax
CKIDKEHHSI Ta30B TOMYJSIPHBIM CTajl JIeTaH/Aep-
KOMIIPECCOPHBIN arperat, B KOTOpoM paborta,
coBepliacMasi ra3oM IpPU pacIIUpEeHHHd B
JeTaHaepe, IepenaeTcs Ha CKaTHe JPyroro
NOTOKa B KaHaimax  pabodero  Kojeca
KOMIIpeccopa, pacIlojiOKEHHOTO0 Ha  JIPyrom
KOHIIE BaJa.

OpHaKko, C MPaKkTUYECKOM TOYKH 3pPEHHUS
TypOOMAIIMHBl ~ HYXJAIOTCS HE TOJNBKO B
peryiasipHoM  OOCIy)KHMBaHHH,  TpeOyloleM
BBICOKO KBATU(PHUIIMPOBAHHOTO TIEPCOHANIA, HO H B
(YHKIMOHUPOBAaHUN  CHCTEMBl  yJIaBIMBAaHHS
Kariesib ¥ apoB TypOWHHOTO Macia, MOCKOJIbKY
MacJio HETaTUBHO BIUSET Ha Pa0OTY KPUOTEHHBIX
anmaparos.

B CBSI3H c HCIOJIb30BaHNEM B
NPOU3BOJCTBEHHOM IIPOIECCE JICHCTBYIOIIETO
00BbeKTa yKa3aHHOTO O0OpYAOBaHHA, B paboTe
TaKKe HPOBOJUTCS KOMIUTEKCHBIH
TEOPETHYECKU M TNpPaKTHYECKUH  aHau3
(YHKIMOHUPOBAHUST JaHHOTO OOOPYIOBaHUS C
LEbI0 OLIEHKH 3 PeKTUBHOCTH ero
UCIIONIb30BaHMsI B TpeuiaraemMoii cxeme. [lo
pe3yibTaTaM JAaHHOTO aHalu3a IpeJiaraloTcs
000OCHOBAaHHBIE TEXHHYECKHE pEIICHHsS 10
MTOBBIIICHHTO a¢dhexTuBHOCTH paboTsI
JICHCTBYIOIIETO 000PYI0BaHUSI.

PE3YJIBTATBI U UX OBCYXKJIEHUE

B xagectBe paccmaTtpuBaeMoro B paboTe
HNPUHAT NPUPOJHBII ra3, TPaHCIOPTHPYEMBIN 110
cucreMe ra3onpoBOJOB Byxapa-Ypan
(Tabmuma 1).

Tabnuua 11
KomnoHeHTHBII cocTaB MPUPOIHOIO rasa,
TPAHCTIOPTUPYEMOTO IO CUCTEME T'a301IPOBOOB
Byxapa-Ypan (cpeannii 3a 3 roga)?.

Komnonent Konuenrpauus
(Component) (Concentration), %
Meran (Methane) 94,8
Oran (Ethane) 3,31
[Tpomnan (Propane) 1,2
HU30-6yTaH (i-butane) 0,159
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H-OyTtan (h-butane) 0,158
U3onenTaH (i-pentane) 0,031
H-nenran (h-pentane) 0,021

I'ekcan+ (Hexanet) 0,02

Huoxcun yrieposa (Carbon
S 0,18
dioxide)
Hpyrue (a30T, KUCIOPOS,
renwuii, Bogopon) (Others
: . 0,121
(nitrogen, oxygen, helium,
hydrogen)

OnpefeneHo, 4To OOJBIIMHCTBO —TSDKEIBIX
KOMITOHEHTOB (HaYMHas ¢ MporaHa W Jajiee Mo
YBEIMYCHHIO KOJHYECTBA aTOMOB yrjepoaa —
Cs+) J0CTAaTOYHO OTHCNATH TOJ JABJICHUEM
MarucTpaJbHOTO Ta3a MPH TEMIIEPAType He HIDKE

-74°C. Jlnst 3TOro HEOOXOAUMO IMPEdyCMOTPETh
JiBa TETUI00OMEHHBIX ammapara
(IpemBapuUTENbHBIA W OCHOBHOH),B KOTOPBIX
XOJIOAHBIM TEIUIOHOCHUTENeM OyneT oOpaTHBII
paCIIMpPEHHBIX TOTOK HHU3KOW TeMIepaTypsl
Moclie  cemapandyd  TsDKENBIX  KOMIIOHEHTOB.
ITockonbKy MarucTpanbHbIi IPUPOAHBLI I'a3 IIPU
paboueM JaBICHWU UMEET TEMIIEPaTypy TOUYKH
pocel  okono -20°C, HeoOXOomMMO — TaKke
NPeayCMOTpPETh 000PYAOBaHKE ISl OCYIIKH ra3a.

Ha puc. 1 mnpeacraBnena mnpeanaraeMas
MOJENIb  Tpolecca  OTACNCHHS  THKEIBIX
YITIEBOIOPOIOB B TIPOIlECCEe PeXyIHpPOBAHUS
npupoxHoro rasza "Ha I'PC, chopmupoBanHas B
HCIIOJIb3yEMOU MTPOrpamMme.

10 .
<H*—. 7
pde—
1 D 2 3
— — — 4
11 —

5 6%; @

9
—

1-6x00n01i nomox masucmpanviozo 2aza, 2-npedsapumenbHoiil menio0OMeHHUK, 3- OCHOBHOU MeNn1000MEeHHUK,
4-cenapamop Nel, 5-0poccenv Ne2, 6-nazpes 0o memnepamypbl OKpydscaioujell cpeosl, 7-opoccenv Nel,
8-cenapamop No2, 9-cocusicennas cmecw yenesodopooos, 10-nomok 2aza 6 pacnpedenumenshuyio cemo, 11-610k
ocyuKu
Puc. 1. Moaess npouecca oTAeIeHUs TAKeJBbIX yIJIeBoaopoaoB Ha I PC.3

B nanHOI MoJeny MOTOK NPUPOTHOTO Ta3a U3
MarucTpaipHOTO TazompoBoga (Nel ma pmc.l)
noce npeaBapuTenbHoi ocymku (Nell Ha puc.1)
MOCTYMNAeT MOCIEeI0BATENbHO B TPYOHBIH My4OK
npeaBapurensHoro (Ne2 na pwmc.l), a 3arem
OCHOBHOTO TeruiooOMeHHHKa (Ne3 Ha puc.l), B
pesyibTaTe dero  OXJaKAaeTcss  0O0paTHBIM
XOJIOMHBIM TIOTOKOM JO TaKoro 3HA4YeHHs
TeMIIepaTypbl, KOTOPOIO0 HEOOXOJMMO JIOCTHYb,
4yTOOBl KOHJCHCHUpOBanUCh aikaHbl Ca+. s
OTIENeHUS COKMKEHHBIX KOMIIOHEHTOB,
CKOH/ICHCUPOBAaHHBIX B TIPOIIECCE OXJIAXKIECHUS
MOTOKA BBICOKOTO JaBJIEHUS JO COCTOSHUS
KaIeJabHOM JKUIKOCTH, IPEAYCMOTPEH CEnapaTop
(Ne4 ma pwuc.1). Tlapomas ¢pasa cemaparTopa
pacmmpsiercs 10 BeIxomHoro pamieHus 1'PC,
npoxoxas uepe3 apoccenb (Ne7 Ha puc.l), npu
3TOM €€ TeMITepaTypa CHIKAETCS, YTO TTO3BOJISIET
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obecrieunTh HEOOXOAWMBIH  TeMIepaTypHBIN
Harmop B TEIJIOOOMEHHUKAX JUIS OXJIaKACHUS
npsiMoro motoka. [Ipoiins oba TermnooOMeHHUKa
JIAHHBIA TTOTOK HArpeBaeTcsi 3a CYeT MPsIMOTo
MOTOKa M BBIXOJAUT B paclpeneauTeIbHbIN
kosutektop I'PC (Nel0 nHa puc.1). [lomydyennas B
cenaparope Nel KHIKOCTh TaKXkKe pelylupyeTcs
0 maBieHus BeIxomsmero motoka I'PC gepes
apoccenb (Ne5 mHa puc.l) m HarpeBaercsi 0
TEMIIEPATypbl  OKpPY)KalOWIEH  cpeapl  NpH
MIPOXOXKIECHUU yepes aTMoc(epHbIit
termiooOMeHHuK (Ne6 Ha puc.l), B KOTOpOM
HUCTOYHUKOM TEIUIOTHI SBISAETCS OKpPY KArOIIUN
BO3/YX.

OTnHUYUTENPHOW 4YEpPTOM JITAHHOW CXEMBI
SIBIISIETCS OTCYTCTBHE JHEPro3aTpaTHHIX
MoIoTpeBaTeNe Al HarpeBa KUAKOCTH, OJHAKO,
TEMIIEPATYPY nocine perasugukaTopa
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HEBO3MOXKHO PETyJIHPOBATh, IO3TOMY HPOBEICH
TIIATETHHBIN aHAN3 IO BBIOOPY HEOOXOIUMOTO
pexxnmMa padoTel obopynoBanus. [Ipu nzobapHom
HarpeBe 4YacTb JKMAKOCTH Hcmapsercs (B
OCHOBHOM HM3KOKHMIIIINE KOMIIOHEHTHI), 110CTIE
Yero Mapbl OTIEIISIOTCS OT OCTATKOB KUIKOCTU B
apyrom cemapatope (Ne8 wna pume.l). ons
CKIDKCHHBIX KOMITOHEHTOB (Ne9 Ha pumc.l) u
COCTaB BBIXOJSIIET0 IIOTOKAa Tra3a HU3KOro
JaBJICHUSI 3aBUCUT OT KOMIIOHEHTHOTO COCTaBa U
JaBJICHUSI BXOJHOTO Ta3a, a TakKe OT 3HaYCHUH
TEMIIEpaTypsl  CEMapHUpPyeMOro  IOTOKa U
TEMIIepaTypbl OKPY Karolei cpesl.

HawnbGonee »s¢ddexTuBHON Oymer cxema
W3BJICUCHUSI TSDKEIBIX  YIJIEBOAOPOAOB, TIpU
KOTOpO H3BIEKaeMasi CMECh MOXET OBbITh
peanu3oBaHa KAaK TOTOBBIM KOMMEPUYECKHUI
npoaykT.  [IpoaHamu3upoBaB  HOpPMAaTHBHEIC
TpeOOBaHUSI K TEXHHUYECKHM XapaKTepUCTHKAM
KHUIKHUX YIJIEBOAOPOAHBIX IPOLYKTOB, Hanboiee
NPUBJIEKATEILHBIM IO TPOCTOTE TONXYYEHHS H
TEXHUYECKON BO3MOXKHOCTH peanu3anuu Ha ['PC
NPEACTABISACTCS MPOTaH-0yTaHOBBIN MPOIYKT.

st momrydeHus B Ka4ecTBe XKUIKON Pppakunn
ponaH-0yTaHOBOTO MPOAYKTa ¢ KOMIIOHEHTHBIM
COCTaBOM, COOTBETCTBYIOIIUM TpPeOOBaHUSIM
[26,27], B YCIIOBHSIX MEHSIOIIETOCS
KOMIIOHEHTHOT'O COCTaBa U JIaBJICHUS BXOIHOTO
(MarucTpanabHOro) rasza, a TaKKe Ce30Ha Toja,
MPOBEJIEHO ONpeJ/IeieHUe Auana3oHa OCHOBHOTO
napamMeTrpa CXeMbl TEeMIIepaTypsl Iepen
cermapaTropoM, MpH KOTOPOM cxema Oyner
(bYHKIIMOHUPOBATh. B pacuere TEIUIONPUTOKH K
TEINIO0OMEHHOMY  OOOpYIOBAaHUIO  IPHUHSATHI
MUHUMQJIBHBIMU (TIOpsiaka 2% OT MOIIHOCTH
obopymoBaHus).

KoMnoHeHTHBIH cOoCcTaB MoTydaeMo KHUIKOM
(bpakuuy yriaeBoAOPOIOB U BBIXOISIIEIO OTOKA
IOPUPOAHOTO Ta3a 3aBUCUT OT CIEHYIOMINX
napamMeTpoB:

BHEIITHUE: KOMITOHEHTHBIT COCTaB
MarucTpajibHOTO (BXOJHOIO) Ta3a, TeMIeparypa
OKpY>Kalolllell cpelibl, JaBlIeHHE MarucTpaJbHOTO
rasa;

BHYTpEHHHE: JaBIICHHUE CeTlapaliy (JIaBieHue
B cemaparope Nel m Ne2), temmeparypa mepen
cenapaiiuei.
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Jlnst  MaHHOTO WCCIICJIOBaHUSl JaBIICHUE B
cemapaTtopax Nel u Ne2 mpHHATO ITOCTOSTHHBIM CO
3nauenneM 1,2 MIla, mocKoIpKy IMEHHO C TAKUM
naBienneM ra3 mnocrymaer Ha ATHKC.
PaccmoTperne pemynupoBaHHS TOTOKOB IO
0oJiee BBHICOKOTO JTABJICHHUS B JaHHOW paboTre He
uesnecoo0pa3Ho, B TOM YHUCIE 10 MPUYUHE TOTO,
4YTO JaBJICHHE MPONaH-OyTaHOBOW >KUAKOH
dbpakuuu He MODKHO mpeBbimarh 1,6 Mlla
coryiacHo TpeboBanuaM [26,27].

YuuteiBasd, 4TO nponaH-O0yTaHOBEIE
NOPOAYKTBl  peaju3yIOTCsl TOJ — Pa3TUYHBIMHU
MapkamMu  (TIpomaH  TEXHWYECKWH, TIPOIaH
aBTOMOOWITBHBIH, MpomaH OyTaH
aBTOMOOWILHBIN, MPOMaH OyTaH TEXHUYCCKHIA,
OyTaH TEXHWYECKHil), B paMKax JTaHHOTO
WCCIIEIOBAHNS PACCMATPUBAIUCH CIETYIOIINE
OCHOBHBIC  XapaKTEPUCTHKH, MO  KOTOPBIM
OIICHUBAETCS OTHECEHHUE IPOJIyKTa K
OTpeAeNieHHOW  Mapke  MpOMaH-OyTaHOBOTO
MPOAYKTA:

-MaccoBasi I0JIs pomnana, %;

-MaccoBasi 10y OyTaHOB, %;

-1aBJICHUC HaCBIIICHHBIX
temneparype 45°C, MIla.

B ykazsaHHOM HOPMAaTHUBHOM JIOKYMEHTE
JIOTIOTHATEBHEIM TpeOOBaHMEM K TIPOAYKTY
SABJISICTCA O6’b€MHaﬂ A0JIA JKUAKOTO OCTaTKa IpHu
20°C, xoropas yka3bIBaeT HAa HAJIUYME BOJIBI U
mIeIour. YUWTHIBas, 4YTO paccMaTpuBaeMas
CXeMa TMpenyCcMaTpUBAeT OCYIIKY OCHOBHOTO
MOTOKAa Tra3a J0 TeMIlepaTypbl TOYKH POCHI
nopaaka -60°C, a1g JaHHOrO HCCIENOBaHUS
ompejeNieHNe HaJW4Yus OCTAaTOYHOW BIard B

apoB  IpH

CXKIDKGHHOM  TPOAYKTE HE  MPEIACTaBJIACT
HEeOOXOIUMOCTH.
ITo pe3yJibTaram MPOBEJICHHOT'O

MOJIEJTMPOBAHUS OTIPEIETICHO, YTO ONTUMATbHBIM
pexUMOM  (DYHKIIMOHHPOBAHUS TIPEIIOKCHHON
CXEMbl B YCJIOBHSAX MEHSIOIIErOCsS COCTaBa
MarucTpabHOTO rasa Oyner peXRUM
HOICPIKAHHS TEMIIEPATyPbI OXJIaX ICHHUS ITOTOKA
or -75°C nmo -65°C npu  naBnenum
MarucTpaibHOTro Tasza ot 2,5 10 3,5 Mlla, nubo ot
-55°C no -45°C npu naBieHMH MarucTpalbHOTO
rasza ot 3,5 710 4,5 MIla (puc. 2).
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3 —65  —-55  —45 = —.75

2,00%

1.50%

1.00%

0.50%

P=4.5 MITa

—

0.00%
-30 25 20 -15 -10 54 0 5 10 15 20 25 30
1-maccosas 0ons nonyuaemori scudkou paxyuu om 6xoono2o nomoxa [%), 2-memnepamypa oxpyacaiowei
cpeowt [°C], 3- memnepamypa 6 cenapamope Nel [°C].
Puc. 2. T'padux 3aBHCHMOCTH J0J1M HOJY4AEMOM KUAKOH PPAKLUKHE OT JABJIEHUS U TEMIIEPATYPbI
cerapainum, TeMIepaTypsbl OKpy:Kawouieil cpeasl (pM cocTaBe NPUMPOIHOrO ra3a ¢ Haud0JIbLIUMHA
KOHLEHTPALUSIMH TS/KeJIBIX YIJIeB010POo/ioB).*

CormacHO  TONYYEeHHBIM  3aBHUCHMOCTSIM,  YBENHYUTHh KOHIeHTpamuto meraHa B CIII' He
YCTAHOBKA IO W3BJIEUCHMIO MpomaH-OyraHa Ha  Oojee yeMm Ha 1% W 3HAYUTENFPHO YMEHBIINTH
I'PC B coBMecTHOH paboOTe€ C YCTAaHOBKOW IO  KOHIIEHTpamuio ankaHoB Cs+ (IEHTaHBI U BHIIIIE).
noyuennto CIITN na ATHKC (puc. 3) mo3Bosisiet

1-I'PC, 2-AT’HKC 3- 6x00HO1 nOMOK Ma2ucmpanibHo2o 2asa, 4-610k ocywku, S-npedsapumenvhviii
mennoobmerHuK, 6-ocHosHOU menioobmenHuk, 7,8-0poccens, 9-cenapamop, 10-emxocms Xpanenus nponat-
bymanoeotii cmecu, 11-nponan-oymanosas cmecy, 12-nazpes 0o memnepamypbol okpysicaiowel cpeovl, 13-nomox
eaza Ha evixode ¢ I'PC, 14-komnpeccop, 15-oxnadumensv cocamozo easa, 16,18-mennoodomennuxu, 17-
xonoounvHas mawuna, 19-socexkmop, 20-cenapamop, 21-0poccens, 22-emxocmo xpanenus CIIT, 23-CIT.
Puc. 3. Mogean npemiaraemoro npomnecca nojaydenue CIII' nra ATHKC ¢ npeaBapurte/ibHbIM
OT/IeJIEHHEM TSKEIBIX yIiieBoaoponos ua ['PC.5
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B mpakTudeckoii 4acTM  WCCIEIOBaHUS ~ PACIIMPHUTENBHYIO MalMHy — TypOojeraHaep,
paccMaTpuBaeTCsi CHUCTeMa OXJIKICHUS W KOTOPBI  SIBISCTCS. OCHOBHBIM — Y3JIOM MO
OUYHUCTKH rasza nepesn BXOJIOM Ha  BbIpaboOTKe Xojoxa (puc. 4).

1 2

8
9

1-mexnonoeuueckuii nomox c oasnenuem 3,0-3,4 MIla u memnepamypoii 220-230 K, 2-punomp-
omoenumens, 3-cOOpHUK KoHOeHcama, 4-mypbodemandep, 5,6,8-kianawnvl, 7-pacuiuperivill 2a3 ¢ 0asieHUeM
0,6-0,7 MIla u memnepamypou 170-180 K, 9-copoc konoencama 6 pacnpederumensuyio cucmemy I PC
Puc. 4. Cxema oT/1e/1eHUsI KOH/IEHCATA OT MOTOKA ra3a, MOCTYNAI0UIero B MoJIOCTh
TypOoaerangepa.t

ITpy HOMHHATBHOM peXUMe PaboThl TYpOUHBI o pesynpraram peanusanmu 3tana Nel momy-
JIaBJICHNE Ha BXOJC B TypOMHY cocTaBisieT 3,0-  4YeHbl HAOOpPHI KOMIIOHEHTHBIX COCTABOB JKUAKON
3,4 MIla, a Temniepatypa Bapbupyercst ot 220 1o (pakiuuu, NPOU3BEJCHHONW Ha JCHCTBYIOIIEM
230 K. To ectp, mapaMeTphl MIOTOKA HA BXOJie B 00OpYy/IOBaHWH B Pa3lIUYHBIE CE30HHI rona (Taod-
TypOUHY COOTBETCTBYIOT PACCMOTPEHHBIM Mapa-  JuIa 2).
METpaMm MOTOKa ITPH U3BJICUEHUH MPOTaH-0yTaHa.

Tabmuia 2’
KOMIOHEHTHBIN COCTaB KOHIEHCATa MO Pe3yJIbTaTaM XpoMaTorpaduuecKoro ananmsa.t
Mecsi or6opa npo6sr (Sample month) OxTts16ps | SlHBapn Maii
(October) | (January) | (May)
Temmeparypa okpyKaroleit cpess mpu otdéope mpoodsr (Ambient
- 0, +5 '24 +14
temperature at sampling),°C
JlaBiieH#e TOTOKA MEpe/] Typ61/1H'c\>/1|/1F,>611\;[Ha (Turbine inlet flow pressure, 311 324 3,03
Temmeparypa notoka nepen Typounoit (Turbine inlet flow temperature),
o -48 -51 -45
Meran (Methane) 1,62 2,15 1,42
KoHnmeHTpalist KOMIIOHEHTOB XKHUIKON Oran (Ethane) 2,91 4,23 1,87
(bpaxiuu, onpeeneHnas 1a00paTopHBIM ITpoman (Propane) 17,12 18,1 14,12
myteM, % macc. (Determined by laboratory Byrans (Butanes) 22,01 21,9 19,9
method components concentration in liquid ITenrans! (Pentanes) 54,34 52,9 56,96
fraction, % mass.) I'ekcaubI+ap.
(Hexane+others) 19 143 411

678 Appendix 1
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Jlasee ObLT CMOZIETMPOBAH B MMPOrpaMMe MpO-  KOMIIOHEHTOB  Ha  JIEHCTBYIOIEM  0OBEKTE
niecc noay4uenus CIII" ¢ koHaeHcarmei (pmc. 5).
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1-6x00 mazucmpanvhoeo 2aza, 2-610k ocyuwiku, 3-mypboxkomnpeccop, 4-oxnadumens 2asza, 5-010K OUUCMKU OM
ouokcuoa yenepooa, 6-npedgapumenvHulil Meni000MeHHUK, 7-0CHOBHOU Meni1o0OMeHHUK, 8-unvmp-omoenu-
menv, 9,13, 16-k1anansi-pecyiamopul, 10-nazpes 0o memnepamypul oKpyxcaioujeti cpeosi, 11-kondencam, 12-
mypbodemanodep, 14-cenapamop, 15-emxocmo xpanenus CIII, 17-evi0aua CIIT, 18-3031cexmop, 19-nomox 2aza 6
pacnpederumensvryro cucmemy I'PC
Puc. 5. CmopenupoBannblii npouecc noayyenust CIII' ¢ koHgeHcanueil KOMIIOHEHTOB Ha JAeliCTBYIOIIEM
NpPOMBILLIEHHOM o00beKTe.’

B monenu Ha oTOope xunkol (hasbl U3 Guiib- 1,2 MlIla. MoaenupoBaHue ITO3BOIIIO TOTYyIUTh
Tpa mepes JeTaHAepoM A00aBICH Jpoccelib U pacueTHble 3HAYCHHs KOHIEHTpPAIM M pacxona
HarpeBaTellb, UMUTHPYIOIIUE TepeXo] MOTOKa K KHUIKOHM (pakuuu (Tadmuma 3).

TEMIIepaType OKPYKAIOIIEH Cpellbl U JIABICHHUIO
Ta6nuna 31°
KOMIOHEHTHBI! COCTaB KOH/IEHCATa M0 pe3ysbTaTaM pacyera B Mojenu. !

Temmneparypa Harpesa konaencara,’C (Condensate heating temperature) +5 | -24 | +14
JlaBieHue IOTOKA nepen TypOUHOH, MIla
(Turbine inlet flow pressure, MPa) b P 31113241303
Temmneparypa notoka nepes Typbunoii (Turbine inlet flow temperature), °C -48 | -51 | -45
KoHuenrpanus KOMITOHEHTOB Meran (Methane) | 15 [ 22 | 135
KHUIKON (PpaKIuu, OnpeIeieHHas Otan (Ethane) | 3,0 [4,98 | 195
nmabopaTopHEIM IyTeM, % Macc. [Tpoman (Propane) | 16,5 | 17,8 | 14,7
(Determined by modeling method Byransl (Butanes) | 22,0 | 21,5 | 20,67
components concentration in lig- Ienrans! (Pentanes) | 54,2 | 52,2 | 57,3
uid fraction, % mass.) I'ekcanwr+1p. (Hexane+others) | 2,8 1,3 4,03
ITo pe3ynbTaTaM CpaBHEHHS IOJYUYCHHBIX JIa-  KHAKOH (pakimu (Taduia 4), onpeaeacHue Ko-
OopaTopHEIX (TabiHIa 2) ¥ pacUeTHHIX (TA0JIMIIa  TOPBIX TEXHUYECKH 3aTPYAHUTEIHHO.
3) 3HauYeHMIT KOHIIEHTPAIUl KOMIIOHEHTOB OTIpe- CornacHo JaHHBIM Ta0mul 2 ¥ 4 oraensgeMas
JICJICHO, YTO OTKJIOHEHUS MEX/Ty TAHHBIMU 3Ha4Ye-  CKIDKEHHas (pakius MO CBOMM XapaKTePUCTH-
HUSIMH HE TIPEBBIMAOT 5%. KaM He MPOTHBOPEYUT HOPMATHBHBIM TpebOBa-

OToT (aKT NOATBEPKAAET NPUMEHUMOCTh  HHUSIM M MOXKET OBITh pealin30BaHa O] MapKon
NPOrpaMMHOTO MPOAYKTA Ul UCHOJNB30BAaHUA B «IIPONAaH-OyTaH TEXHUYECKHUID.
HEeNsIX ONpeAeNeHus] APYTUX XapaKTepUCTHK
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Ta6nuua 412
XapakTepUCTUKU KOHIEHCATA MO PE3yIbTaTaM pacdeTa B MOJEH.
Temneparypa Harpesa konaencata,’C (Condensate heating temperature) +5 -24 +14
Jasnenne notoka nepen Typounoii, MIla
(Turbine inlet flow pressure, MPa) 3111 324 | 3,03
Temneparypa notoka nepes Typbunoii (Turbine inlet flow temperature), °C -48 -51 -45
Pacxon mortoka mepen Typousoit, kr/u (Turbine inlet flow rate, kg/h) 21000
Pacx-on nosryqaeMoii cxmkernoi dpakmuu, kr/a (Consumption of the liquefied 138,6 | 2016 | 1029
fraction, kg/h)
- 0
910,11 Appendix 1 IPIX MApPOB CXKIKCHHOU ¢dpakuuu npu temrneparype 45°C,
| ivaiia \ﬂ?u.mw .yu2fied fraction vapor pressure at 45°C, MPa) 068 | 092 | 0,65
Heobxomumo oOTMETHTH, 4YTO B paMKax  JalibHeHmas YTUIN3ALMS, O3TOMY
BBITIOJIHCHUS ~JTAHHOTO HCCIICIOBAaHUSA  OBLIO MPENIAracTcsa  JOMOITHUTEIBHO  PAaCCMOTPETh

BBISIBJICHO CJIEAYIOILEE: ITOCIIEC TPOJOKUTEIBHOM
BBIJICPKKH TOTY4aeMON CXKIDKEHHOW (ppaKiuu
(nopsaka 12 4acoB) mpH yCIOBUSIX OKPYKAFOIIEH
cpensl  (mpu  atMoc(pepHOM  JaBICHWH U
TeMIIepaType) dYacTb JKUAKOCTH OCTaeTcs B
CKOH/ICHCUPOBAaHHOM COCTOSTHUHM (B JajibHeMei
paboTte OymeT Ha3bIBATHCSA KaK HE WCHAPSEMBIH
KoHzeHcatr). [lpu mocTeneHHOM HaKOIIEHUH
9TOr0 KOHJEHcaTa B Tape HoTpedyeTcs ero

COCTaB JaHHOT'O KOHJIEHCATa 1 ero CBOWCTBA.

B mpornecce mpousBojcTBa ObLIO 0TOOpaHO
TpH TPOOBI CXKIKCHHOW (pakLnH, TOBEACHHON
JI0 COCTOSIHUSI HE MCIIapseMOro KOHJEeHcaTa mpu
YCIIOBUSIX OKpPY’KaloLIel cpeabl U aTMOC()EPHOM
JaBI€HUM, B pa3Hble CE30HBl TIoja, ¢
NOCEOYIOUMM HUX Ja0OpaTOpHBIM aHAIH30M.
Pesynprarer aHanmm3a npeacTaBiIeHb! B TaOIHIIE S.

Tabmuma 5%

KoMIOHEHTHBIN COCTaB HEUCIIAPHUBILIETOCS KOHJICHCATa TI0 Pe3yJIbTaTaM XpoMaTorpa(uueckoro

ananusa.’®
KoOMIIOHEHT Konnenrparus (Concentration), %
(Component) Oxts6ps | SIHBaps Mapr
(October) | (January) | (March)
ITpomnan (Propane) 0,42 0,35 0,38
Byransi (Butanes) 4,94 2,48 2,63
Ienrans! (Pentanes) 11,63 11,44 10,06
I'excansl (Hexanes) 18,7 16,98 17,66
I'enrrans (Heptanes) 12,05 14,8 13,84
Oxransl (Octanes) 4,84 5,17 6,66
Honansr (Nonans) 0,99 1,34 3,88
Jexansl (Decanes) 0,61 0,82 0
Huxnonenrans! (Cyclopentanes) 14,49 12,82 10,58
Huxnorekcansl (Cyclohexanes) 25,17 23,53 24,45
Apomaruyeckue yrieoaoposl (Aromatic hydrocarbons) 2,22 3,41 2,11
Bburknueckue yriaesogopoast (Bicyclic hydrocarbons) 2,42 3,77 3,29
Hpyrue (3¢upsl, anamanTanst) (Others (ethers, adamantanes)) 1,52 2,09 3,53

[lony4yeHHBIE ~ KOMIIOHEHTHBIE  COCTaBBI
HEHCIIapUBIIErocs KOHJIEHCATa YKa3bIBaIOT Ha TO,
qTOo 60.HI)HIa$I HaCTh TaKHX KOMIIOHCHTOB, KakK
9TaH, mponaH, OyTaHbl M NEHTaHbl MCHAPSIOTCS
(OCTaBHIaHCSI 4acThb KOMITIOHEHTOB MOJKET OBIThH
pacTBOpeHa B OCHOBHOW JXWAKOH (pakium), a
ocTaloTcsi B OoJiblllel CTENeHu rekcaH u Ooiee
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BBICIIME YTJIEBOAOPOABI (C Ooyiee BBICOKOM
TEeMIIepaTypoll KHIIEHHS TpH aTMOCHepHOM
JABJICHUH), a TakkKe JpyrHe KOMIIOHEHTBI,
KOHIIEHTPAlMM KOTOPHIX B MaruCTPaJbHOM rase
HE3HAUUTCIIbHBI W HE OINPCACIAIOTCA IIpH
PETYJISIPHOM aHAJIM3€ COCTaBa MarucTPaIbHOTO
MPUPOAHOTO Ta3a.
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9T0 TOAO0OHas CMeCb MOXKET
OPUMEHATBCS B KadecTBE  CpeicTBA  JUIA
00eKUPUBAHUS  TIOBEPXHOCTCH, CBOMCTBa
aHaora KOTOPOTO periaMeHTHPOBaHbI
JOoKyMeHTOM «D¢up nerpoieiinsii TY 6-02-
1244-83y» [29]. CornacHo JaHHOMY JOKYMEHTY
MEeHTaHO-TeKcaHoBas (pakuus (MO-Ipyromy —
NEeTPOJCHHBIH 3(Up) MOKET MPUMEHATHCS Kak
PacTBOPUTENH )KUPOB, MACEI, CMOJI H T.II.

Jost ompeneIcHus 3 dexTrBHOCTH
00e3KUpUBaHUS MOBEPXHOCTH JaHHBIM
KOHJICHCATOM OT Macesl MPOBEIEHO HECKOJIBKO
HKCTICPUMEHTOB, pe3ynIbTaThl KOTOPBIX
NOATBEPAWIN  OOE3KUPUBAIOIINE  CBOWCTBA
KOHJIeHCaTa.

OmpiT IKCILTyaTaluu JeTaHzep-
KOMITPECCOPHOTO 000pyIOBaHHUs Ha
JefcTByOmeM OOBEKTE TIO0  IMPOU3BOJCTBY
CKWDKEHHOTO  TIPHPOJHOTO  Ta3a  IO3BOJHI
clematb  BBIBOJ O  HAIMYUHM  HEKOTOPBIX
OCOOCHHOCTEH  (DYHKIIMOHMPOBAHUS  TaKOTO
000py/IOBaHMs, HETATUBHO BIHUSIONIETO HA
JanbHelIee oxXJaKAeHHe TTOTOKOB B Ipolecce
CKIDKEHUS. DTH OCO6€HHOCTI/I U UX BIIMSIHHUEC Ha
HpOH3BOHCTBCHHBII71 IMponIecCC ONMCaHbl HMXKXC Ha
IpuUMepe paHee PacCCMOTPEHHOTO JIEHCTBYIOIIETO
MIPOMBIIIIIEHHOTO 00bekTa [28].

OCHOBHYIO TMpoOJeMy TpH JKCILTyaTaluu
OXIDKHUTENS (PHUC. 5) MpPEACTaBISAET CHIKCHHAs
0 CpaBHEHHIO C MPOEKTHBIM 3HAUYCHHUEM
MOIIHOCTD MMPEABAPUTEIILHOT'O TCHHOOGMCHHI/IKa,
KOTOpast MPUBOJMT K HEJJOOXJIAKICHHIO TOTOKOB
u, KaK CIIE/ICTBHE, K CHIKEHHOM
MIPOU3BOIUTEIBHOCTH 110 UTOTOBOMY IPOJIYKTY.

O CHWXEHHON MOIIHOCTH TEIIOOOMEHHUKA
CBHJICTEJILCTBYET MOBBIIICHHBII 10 CPABHEHHIO C
NPOCKTHBIM 3HAYCHHUEM Iepemaj] JaBJICHUS
CKaToro B TypOOKOMIIpeccOpe MOTOKa Ha BXOJE
Y BBIXOJIE TIPEIBAPUTEILHOTO TEIIIOOOMEHHHUKA.

[Ipennonaraercsi, 9TO MOBBIIICHHBIH Iepenas
CBSI3aH C IMOMaJaHueM MapoB TYPOMHHOTO Macia
B Ta30BYI0 IIOJIOCTh TYypOOKOMIIpeccopa, 4TO
MOATBEPXKIACTCS HECKOJIBKUMH (DaKTaMH:

-BBIIBJICHHBIM  CJIOEM  ITOJIMMCPU30BAHHOI'O
(3aTBepeBIero) Macia Ha BCKPBITHIX (UIIBTpax
Omoka aacOpOLMOHHOW OYHMCTKM rasa OT
JUOKCH/Ia YTIIepo/ia Mocie X HarpeBsa;

-IIOCTCIICHHBIM CHMXXCHHUEM YPOBHA Macjla B
Macio0ake B MpoIecce SKCITyaTaltu.

TexHONOrMYeCKUH TOTOK rasa C MapaMu
Macia  IOCTyHaeT B IIPEABAPUTEIIbHBIN
TETIO0OMEHHHK, B KOTOPOM T'a3 OXJIAXKIAETCs JI0
Temneparypsl 220 230 K. Panee mnpu
UCIIOJIb30BaHUU Macia Mapku TurbwayGT maper
Maciia KOHJCHCUPOBAIINCH W KPUCTAIUTH30BAINCH

W3BecTHO,
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Ha BHYTpEHHEH MOBEPXHOCTH MEIHBIX TPyOOK
TeruiooOMeHHUKa mipu  Temmeparype 243 K
(Temmeparypa 3aMep3aHus Macia).

[Tocne Kakaoro TEXHOJIOTMUECKOro OCTaHOBa
[PUHUMAJIOCh PElIeHHE OTOrPeBa JaHHON JIMHUH
MOTOKOM Ta3a ¢ temnepatypoi 100 — 200 C° mns
OTTaNBaHUSI KPUCTAJUIM30BAHHOTO CJIOSI Macyia
JanpHeimed mnpoxyBkd. OOHAKO, TOCKOJIBKY
OTOTPEB IPOU3BOAMIICA 0€3 10CTyIla KHCIOPOaa,
yacTh Macja IOJIMMEPH30Balach Ha CTCHKAax
TpyOOK, TEM CaMbIM YBEJIMYHB COMPOTHUBICHUE
TpyOHOTO myJKa TEIUI00OMEHHHKA.
[Ipeamonoxkenne O NOJIMMEPU3ALMM Macjia B
TpyOKax  TEINIOOOMEHHMKa  MOXET  OBITh
000CHOBaHO BBISIBIICHHBIM cIoeM
MOJIMMEPHU30BAHHOTO (3aTBEPEBIIIEr0) Macia Ha
BCKPBITHIX (QHIBTpax OJoKa aacopOIMOHHOM
OUYMCTKHU Ta3a OT JUOKCHIA YIiepojaa, KOTOpble
TaKXe IOJBEPrajuCh HAKOIUICHHIO MAacCIISTHON
IUIEHKU Ha MOBEPXHOCTHU INIPH ABMKECHUH ITOTOKA
W HarpeBy JIO BBICOKHX TemIiepaTyp 0e3 JocTtyna
KHCIIOpoza B npoliecce pereHepaunuu
azcopOeHTa.

[lepenan paBneHHss MeEXIy TOYKAMH Ha
BBIXOJle M3 TypOOKOMIpeccopa W Ha BXOJAE B
Typbonetarnep nocrur 3Hadenus (0,2-0,3 Mlla.
MOXHO TPEIONIOKUTh, YTO TaKOM Iepenaj
co37aeTcs M3-3a HajieTa IMOJIMMEPHU30BABILErOCs
Macia M Macla, 3aMep3arollero Ha CTEHKax
TpyOOK B mporiecce skcruryaramnuu (puc. 6).

[MTocne 3amenbl Maciaa mMapku TurbwayGT Ha
poccuiickuit aHajor MapKHu TII-22C,
TeMIiepaTypa 3amep3anus kotoporo 258 K, Touka
Hayaya 3aMep3aHus Macia CIIBUHYJACh ONMKe KO
BXOJy MOTOKa, TEM CaMbIM YBEJIMYHB IEperas
nasienus 1o 3Hadenus 0,4 — 0,5 MlIla (puc. 7).

Kak BupHO W3 pucyHKa 7, JUIMHA y4yacTKa C
3aMep3IIIM OTEYECTBCHHBIM MaciioM
YBEIUYWIACh MPHUMEPHO BIBOE, TAKXKe, KaK M
nepenas 1aBJIeHuUs IOTOKa.

HNTOroBeIM  MNOATBEPKACHUEM  ONMCAHHOU
MPUYHHHO-CIIEICTBEHHOM HENOYKH ObLI
MPOBEIEHHBII KCIIEPUMEHT, HE BIUSIOMINN Ha
IIPOU3BOJICTBEHHBIN ITPOLIECC.

[MocrenenHo YBEITUYUBAIN JIaBJICHHE
TEXHOJIOTHYECKOTO  IOTOKa Ha  BXOAEe B
TEINIOOOMEHHHK (TaKuM 00pa3oM YyBeTUYUBas
pacxon raza) oTr 3,8 mo 4,05 MlIla, mpu sTom
JOOMIIUCH YBETMUEHHs TEMIIepaTypsl MOTOKa Ha
BBIXOJI€ U3 TEMJIOOOMEHHHKA JI0 MaKCHUMAaJIbHO
BO3MOYKHOM. PesynbraTel HA3MEPEHUS
TEMIIepaTyphl MOTOKA Ha BBIXOJIE B 3aBUCHMOCTH
OT JaBJICHUs MIOTOKA Ha BXOJIE NPEACTaBIICHbl Ha
puc. 8.
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Puc. 8. 'pauk 3aBUCHMMOCTH JaBJIeHUS] TEXHOJOTHYECKOT0 MOTOKA HA BbIX0/le U3 NPeABAPUTEIHbHOI0
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Takum  oOpa3oMm,  ynamoch  TOBBICHUTb
TeMIepaTypy BeIxogHOoro motoka 1o 232 K. Ilpu
3TOM  HaOJIOAANoOCh  CHIDKCHHE  Ilepernaja
nasaenus moroka ¢ 0,5 MIla go 0,37 MIla — Ha
26%. Taxoit 3ddexT BO3MOXKHO CBs3aH CO

232 K 258 K

ICII REGIONALE 1(57) 2023

CMEIIICHHEM TpaHMIBl 3aMep3aHus Mmacia (puc.
9). 3meHeHune mepenana MaBJICHUS ITO3BOJIHIIO
YBEJIMYUTH MPOU3BOAUTEIHLHOCTh KOMILICKCA Ha
4,1% ot (hakTHUECKOTO 3HAYCHMS.

265,5 K 298 K
Y (25 C°)
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1-3amep3wuii croti macna, 2-cmenka mpyoxu menio0OMeHHUKA, 3-Haaem NOIUMEPUIO8AHHO20 MACA,
4-nanpasnenue 0sudzcenus cpeovl, S-cmewenue epanuybl 3amMep3aHus Macia

Puc. 9. CMemenne rpaHunbl 3aMep3aHu

BBIBObI

I[lo pesympraTam mpoBeneHHOW pPabOTHI
c(hOpMHUPOBaHBI CIICYIOIINE BHIBOIBI.

[IpennokeHa HOBask TEXHOJOTHS IIpolecca
peayLHUpOBaHUs ra3a Ha ra3opacnpeaeauTeabHON
CTaHIIMH C WUCTOJH30BAHUEM TEIUIOOOMEHHOTO U
CenapallMOHHOr0  00OpyAOBaHUs,  KOTOpas
MO3BOJISIET:

MTOBBICUTH 3(p(PEKTHBHOCTH ITpoIIecca
cxmwkennss sroro raza Ha AI'HKC 3a cuer
CHIDKEHHUS KOHIIEHTPAlMM B HEM TSDKEIbIX
YIJIEBOAOPOIOB (TexHOMOTHS MO3BOJISIET
MPaKTHYECKH MOIHOCTHIO u3Bneys u3 CIII Takue
KOMTIOHEeHTRI. KAK TICHTAaHbI, TeKCaHbl M OoJice

1819 Appendix 1 10pojbl,  KOTOpblE  HpH
HAaKOILJIEHUU JOCTUTAIOT npezaena ux
pacTBOPMUMOCTH B OCHOBHOM IMPOAYKTE W
CIIOCOOHBI BBINAIaTh B TBEP/IbI OCAJIOK.);

M3BIIEKaTh TONB3y w3 Hed(hdekTuBHOTO
mporiecca npoccenupoBanus Taza Ha [PC —
MOJIy4YaTh CKMXKEHHBIN YTII€BOJOPOIHBIN Ta3.

TTonyuenst 3aBUCUMOCTH napameTpoB
mporiecca HU3KOTEMITEpaTypHOH cemapanud Ha
T'PC or Takux BeIWYMH, KakK JaBJCHUE
MarucTpajbHOTO Ta3a, €ero KOMIIOHEHTHBIH
COCTaB, TEMIEpaTypa OKpPYKAIOLIEro BO3IyXa
(ce30H TOAA), OMPENEICH ONTUMAIBHBIA PEKUM
(GYHKIIMOHUPOBAHUS CXEMbI IPH  Pa3IMYHBIX
BHEILIHUX MapaMeTpax.

s MAcJIa TIPH yBeJMYEHHH PAcXo/ia noToka.

OPPeKTUBHOCTS  MPEATIOKEHHOW  MOAETH
MOATBEPXKIAeHA HKCIEPUMEHTAIFHBIM ITyTEM, B
TOM 4YHuclie OOOCHOBAaHBI TIPEATNONOKECHUS O
BO3MOKHOCTH M3BIICUCHHS MPOIAH-OyTaHa IMpH
OXJAKICHAH MarducTPaIbHOTO Ta3a JaBICHUEM
3,0-3,5 Mlla Ha nefcTBYIOMEM TPOMBIIILIIEHHOM
ob0bekTe 1o npousBojacTBy CIII.

B pamkax uccnegoBanust opopmIleH IaTeHT Ha
n3obperenne  «PacTBopuTenh Ha  OCHOBE
TSDKETBIX yTIeBOA0poIoB» [30], KOHIIEHTparuu
KOMIIOHEHTOB KOTOPOTO MOTYT MEHAThCS B
JMana3oHax, ONpEAENCHHBIX M0 pe3yJbTaTaM
IKCTIEPUMEHTAIILHOTO aHalli3a COCTaBa: NpPoONnaw
0-0,5 %, oymanvr 2-5 %, newmanvt 8-12 %,
eexcanvl 14-18 %, cenmanwt 12-14 %, oxkmanwi 4-
7%, wHomamwr 0-4 %, Oexkanvr 0-2 %,
yuxaoneumanwvr 10-15 %, yuxioeexcanvr 23-
28 %, apomamuueckue y2negodopoowi 2-4 %,
ouyuxnuueckue yeneeo0opoovt 2-4 %, Opyeue
(a¢hupwl, adamarnmanwt) 1-4%.

Teopernuecknii M INPAKTUYECKUA aHAIMU3
(YHKITMOHUPOBAHUS obopymoBaHus
HU3KOTEMIIEpaTypHOU  cemapanu  MO3BOJHI
chopmupoBaTh 00OCHOBAaHHBIE TEXHUYECKHUE
pEelIeHUsT 0 TIOBHIIEHUIO 3(PHEKTUBHOCTH
paboThI TEIII00OMEHHOTO 000PYIOBAHMSL:

JUI TIOJJIEpKaHusl HAaUMEHBIIIEro Iepenana
JIaBJICHHS B TpyOHOM MIPOCTPAHCTBE
TEXHOJIOTHYECKOT0 TOTOKAa MPEeIBapUTEIHLHOTO
TEINIOOOMEHHHKA B TEKYIIMX  YCJIOBHSIX
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9KCIUTyaTallid  HEOOXOOUMO  MOAJCPKHUBATH
MaKCHUMaJbHOE IaBJICHHE IIOTOKA Ha BXOJE B
TEINIOOOMEHHHMK ¥ MaKCHUMAJIbHYIO TEMIIEPaTypy
JAHHOTO NIOTOKA Ha BBIXOZE U3 TEINIOOOMEHHHKA.

3aMeHa TypOMHHOIO Macja Ha aHaJOTUYHOE,

HO c HavMEHbIIEeH TeMIIepaTypoil
KpUCTAJUIU3AIUN, TaKXKe IIO3BOJUT CHU3UTH
mepenajg  JaBlIGHUA B IIPEABAPUTEIHLHOM

TEIVIOOOMEHHHMKE 33 CYET CMELICHUS TPAaHULbI
3aMep3aHusl Macia OMKe K BBIXOLY IIOTOKa
(Takoil crmoco0 3HAYUTENBHO JCIICBIC, YEM
MOJEpHHU3alKsi  TYpOMHHOrO  MOIYJIs IO
WCKIIIOYECHHIO MOIaIaHus TAapOB Macia B Ta30BYIO
HOJIOCTh JTMOO YCTaHOBKA MACIIOYJIOBUTEIIS).

Takum o0pa3oM, B Ipolecce HCCIeI0BaHUS
MIOCTaBJICHHbBIE 3a7a4ydl ObUIM BBIMIOJIHEHBI, LIEJb
JIOCTUTHYTA.

PesynbTaTtel mpoBeneHHOW pabOTBI MOTYT
OBITH PAacCMOTPEHBl HE TOJIBKO B KadecTBe
JIOKa3aTeNIbHOW 0a3bl TpeasiaraeMoil  CXeMbl
u3BjleyYeHus: mpomnan-oyrana wa ['PC, HO u B
Ka4yeCcTBe 000CHOBaHUS MOBBIICHUS

APPENDIX 1 (IIPHJIOKEHHME 1)

12Table 1. Component composition of natural gas
transported through the Bukhara-Ural gas pipeline sys-
tem (3-year average)

3Fig. 1. Model of heavy hydrocarbons separation pro-
cess at GDS (l-inlet flow of pipeline gas,
2-preparatory heat exchanger, 3-main heat exchanger,
4-separator Nel, 5-throttle Ne2, 6-heating to ambient
temperature,  7-throttle  Nel, 8-separator  Ne2,
9-liquefied hydrocarbon mixture, 10-outlet flow to gas
distribution system, 11-dehydration unit).

4Fig. 2. Diagram of the dependence of the fraction of
obtained liquid fraction on pressure and temperature of
separation, ambient temperature (when natural gas
with the highest concentrations of heavy hydrocar-
bons) (1- mass fraction of the resulting liquid fraction
from the inlet flow, %, 2- ambient temperature, °C, 3-
separator Nel temperature).

SFig. 3. Model of the proposed LNG process at the
CNG station with preliminary separation of heavy hy-
drocarbons at the GDS (1-GDS, 2-CNG filling station,
3-inlet flow of pipeline gas, 4-dehydration unit, 5-pre-
paratory heat exchanger, 6-main heat exchanger, 7,8-
throttle, 9-separator, 10-propane-butane mixture stor-
age tank, 11- propane-butane mixture, 12- heating to
ambient temperature, 13-outlet flow from the GDS, 14-
compressor, 15-compressed gs cooler, 16,18-heat ex-
changers, 17-cooling machine, 19-ejector, 20-separa-
tor, 21-throttle, 22-LNG storage tank, 23-LNG).

®Fig. 4. Schematic diagram of condensate separation
from the gas flow entering the turboexpander cavity (1-
process flow at pressure 3,0-3,4 Mpa and temperature
220-230 K, 2-separating filter, 3-condensate collecting
tank, 4-turboexpander, 5,6,8-valva, 7-expanded gas at
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9KOHOMHUYECKON 3¢ PEeKTUBHOCTH
PacCMOTPEHHOTO JEHCTBYIOIIETO MPOU3BOICTBA
CIIT" na I'PC. Tak, noBsIlIeHHE SKOHOMHYECKOMH
3¢ (HEKTUBHOCTH MOXKET OBITH 00ECIIEUEHO 3a CUET
CIEAYIOIINX MEPOIPUITHIA:

-JOINIOJTHHUTCIIbHAsA OYHCTKa II0TOKaA,
MOCTYMNAOUICTO Ha CXKMWKCHHUEC, OT TsIKCIIbIX
YTJI€BOAOPOA0B, TIO3BOJIAIOIIAss TIOBBICUTH

kadecTBo morydaemoro CIII" 3a cuer yBenmueHus
KOHILIEHTPAI1 METaHa;

-peanuzanus OTAENSIEMOMN CKKEHHOU
¢pakuuy B Ka4yecTBE TOTOBOTO MPOAYKTa MaPKH
«mporaH-0yTaH TEXHUYECKHU» Ha COOCTBEHHBIE
HYXJIBI, TH00 KaK KOMMEPYECKUH MPOAYKT;

-IpH  HEOOXOJMMOCTH 4YacTh H3BIEKAEMOI
mpomnaH-0yTaHoBOH  (pakiuu MOXET OBITh
JOBEJiIcHa [0 JABJICHUST W  TeMIIEpaTypbl
OKpY>KaloIlel cpe/ibl C LEeNbI0 TPeo0pa3oBaHus B
3araTeHTOBAHHBII pacTBOpUTEIb-
obesxupuBarensb [30], KOTOpPHI Takke MOXKET
6I)ITI) HCIIOJIb30BAaH HAa HYXXAbI IPCAIIPUATHA.

pressure 0,6-0,7 Mpa and temperature 170-180 K, 9-
condensate discharge at the GDS).

"8Table 2. Component composition of condensate by
chromatographic analysis

°Fig. 5. Simulated process of LNG production with
condensation of components at an operating industrial
facility (1- inlet flow of pipeline gas, 2-dehydration
unit, 3-turbocompressor, 4-compressed gas cooler, 5-
CO; purification unit, 6- preparatory heat exchanger,
7-main heat exchanger, 8- separating filter, 9,13,16-
throttle-valve, 10- heating to ambient temperature, 11-
condensate, 12-turboexpander, 14-separator, 15-LNG
storage tank, 17-LNG, 18-ejector, 19-outlet flow to the
GDS)

10.1Table 3. Component composition of condensate
according to th8-e results of calculations in the model
1213Table 4. Characteristics of condensate according to
the results of calculations in the model

1415Table 5. Ccomponent composition  of
unevaporated condensate by chromatographic analysis
8Fig. 6. Cross-section of copper preparatory heat ex-
changer tube with an assumed layer of polymerized
and frozen TurbwayGT oil (1-frozen oil layer, 2-heat
exchanger tube wall, 3-polymirized oil deposits, 4-
flow direction).

1"Fig. 7. Cross-section of copper preparatory heat ex-
changer tube with an assumed layer of polymerized
and frozen TP-22S oil (1-frozen oil layer, 2-heat ex-
changer tube wall, 3-polymirized oil deposits, 4-flow
direction).

18Fig. 8. The graph of the process flow pressure at the
outlet of the preparatory heat exchanger against its
temperature

¥Fig. 9. Shift of oil freezing limit with an increasing
flow rate (1-frozen oil layer, 2-heat exchanger tube
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wall, 3-polymirized oil deposits, 4-flow direction, 5-
shift of freezing limit).

Jlutreparypa (References)
[1] Kohl. A., Nielsen. R. Gas Purification (5th ed.).
Houston, TX, USA: Gulf Publishing Company,
1997.
Burtsev, S.A., Karpenko, A.P., Leontiev, A.l. A
method for distributed production of liquefied
natural gas at gas-distribution stations. High
Temperature, 2016, no.54, pp.573-576.
Quack, H. Conceptual design of an efficient small
LNG production facility. Cryogenics: Proceedings
of the 12th 1R International Conference, Dresden,
2012, pp. 215-220
Gorbatskii,  Yu.V., Domashenko, A.M.,,
Peredel'skii, V.A., Skorodumov, B.A. Problems
and prospects of creating the infrastructure of
liquefied natural gas production complexes.
Chemical and Petroleum Engineering, 2001, vol.
11, no. 37, pp. 612-616.
Tianbiao, H., Yonglin, J. A novel process for
small-scale pipeline natural gas liquefaction plant.
Applied Energy, 2014, no.115, pp. 17-24.
Tianbiao, H., Yonglin, J. Design and optimization
of natural gas liquefaction process by utilizing gas
pipeline pressure energy. Applied Thermal
Enginering, 2013, no. 57, pp.1-6.
Tan, H., Zhao, Q., Sun, N., & Li, Y. Proposal and
design of a natural gas liquefaction process
recovering the energy obtained from the pressure
reducing stations of high-pressure pipelines.
Cryogenics, 2016, vol.1, no. 80, pp. 82—90.
Hudson H.M., Wilkinson J.D., Cuellar K.T.,
Pierce M.C. Integrated liquids recovery
technology improves LNG production efficiency.
Gas Processors Association : given at the 82nd
Annual Convention, San Antonio, 2003, pp. 2-8.
Elliot D., Qualls W.R., Huang S., Lee R..
Benefits of integrating NGL extraction and LNG
liquefaction technology. Presentation at AIChE
2005 Spring National Meeting 5th Topical
Conference on Natural Gas Utilization, Atlanta,
2005. Avaible at BENEFITS OF INTEGRATING
NGL EXTRACTION AND LNG .. -
ConocoPhillips
[10] Gorbatskii Yu.V., Domashenko A.M., Peredel'skii

V.A., Skorodumov B.A. Problems and prospects

of creating the infrastructure of liquefied natural

(2]

(3]

(4]

(5]

(6]

[7]

(8]

[0l

gas production complexes. Chemical and
petroleum engineering, 2001, Vol. 37, no. 11,
pp. 612-616.

[11]Imran Nazir Unar, Aziza Aftab, Masroor Abro,
Estimation of power production potential from
natural gas pressure reduction stations in Pakistan
using ASPEN HYSYS. Mehran University
Research Journal of Engineering & Technology,
2015, vol 34, no. 3, pp. 301-308.

[12] Clementino Pereira, Asep Handaya S.,Sutrasno K.

97

Thermodynamic analysis for liquefaction of
natural gas using the C3-MR refrigeration process.
International Journal of Chemical Engineering
and Applications, 2014, vol. 5, no. 1, pp. 17-22.

[13]Chenghao Li, Siyang Zheng, Yufeng Chen,
Zhiyong Zeng, Proposal and parametric analysis
of an innovative natural gas pressure reduction and
liquefaction system for efficient exergy recovery
and LNG storage. Energy, 2021, vol.223, pp. 1-14.

[14] Xucen Wang, Min Li, Liuxi Cai, Yun Li, Propane
and iso-butane pre-cooled mixed refrigerant
liquefaction process for small-scale skid-mounted
natural gas liquefaction. Applied energy, 2020,
vol.275, pp. 1-12.

[15]Hosanna Uwitonze, Yus Donald Chaniago,
Hankwon Lim, Novel integrated energy-efficient
dual-effect single mixed refrigerant and NGLs
recovery process for small-scale natural gas
processing plant, Energy, 2022, vol. 254 part 1,
pp. 15-19.

[16] Tianbiao He, Yonglin Ju, A novel conceptual
design of parallel nitrogen expansion liquefaction
process for small-scale LNG (liquefied natural
gas) plant in skid-mount packages, Energy, 2014,
vol. 75, pp.349-359.

[17]Margaret Baccanelli , Stefano Langé , Matteo V.
Rocco, Laura A. Pellegrini, Emanuela Colombo,
Low temperature techniques for natural gas
purification and LNG production: An energy and
exergy analysis, Applied energy, 2016, vol.180,

pp.546-559.
[18] Bezrukov, D.V., Dovbish, A.L., Peredelskii, V.A.
(2008). Blochnaya ustanovka ozhizheniya

prirodnogo gaza proizvoditel'nost'yu 1,5 t/ch
[Block natural gas liquefaction unit with a
capacity of 1.5 t/h]. Avtogazozapravochnyj
kompleks + al'ternativnoe toplivo, 2008, no.4,
pp.56-58.

[19] Kuzmenko, I.F., Dovbish, A.L., Darbinyan, R.V.,
Peredelskii, V.A., Lyapin, A.l. Effektivnaya
ustanovka szhizheniya prirodnogo gaza na baze
AGNKS s ispol'zovaniem «otkrytogo cikla
Klimenkoy [Effective natural gas liquefaction unit
on the basis of CNG stations using the "open
Klimenko cycle"]. Avtogazozapravochnyj
kompleks + al'ternativnoe toplivo, 2004, no.1, pp.
29-31.

[20] Khodorkov, I.L. Mini-zavod po proizvodstvu SPG
na baze sovmeshchennogo kompleksa AGNKS-
GRS [Mini-factory for the production of LNG on
the basis of the combined complex of CNG
station-GDS], Avtogazozapravochnyj kompleks +
al'ternativnoe toplivo, 2004, no.3, pp. 50-51.

[21] Gimatudinov, Sh.K., Shirkovskii, A.l. Physics of
the Oil and Gas Reservoir. Textbook for High
Schools (3rd ed.). 1982, Moscow: Nedra.

[22] GIBBS. Modeling in the Oil and Gas Industry.
Avaible at GIBBS | moznenuposanue (gibbsim.ru)

[23] AspenTech. Avaible at www.aspentech.com



http://static.conocophillips.com/files/resources/smid_016_aichelngnglintegrationpaper.pdf
http://static.conocophillips.com/files/resources/smid_016_aichelngnglintegrationpaper.pdf
http://static.conocophillips.com/files/resources/smid_016_aichelngnglintegrationpaper.pdf
http://www.gibbsim.ru/
http://www.aspentech.com/

PROBLEMELE ENERGETICII REGIONALE 1(57) 2023

[24] Schmit, G., Wenzel, H. A modified van der Waals
type equation of state. Chemical Engineering
Science, 1980, vol.7, no.35, pp. 1503-1512.

[25] Stryjek, R., Vera, J.H. PRSV —an improved Peng-
Robinson equation of state with new mixing rules
for strongly nonideal mixtures. Canadian Journal
of Chemical Engineering, 1986, vol. 2, no. 64, pp.
334-340.

[26] TR EAES 036/2016 Trebovaniya k szhizhennym
uglevodorodnym gazam dlya ispol‘zovaniya ih v
kachestve topliva [Technical Regulations of the
Eurasian Economic Union "Requirements for
Liquefied Hydrocarbon Gases for Use as Fuel"].
Adopted by the Decision of the Council of the
Eurasian Economic Commission No. 68, 17 p.

[271GOST R 52087-2018. Gazy uglevodorodnye
szhizhennye toplivnye. Tekhnicheskie usloviya

Ceenenusi 00 aBpTopax.

Mynu Baagumup
AJleKCaH/IPOBUY
VYpanbckuii GpenepanbHblii
YHUBECPCUTCT UMCHU IIEPBOI'0
[Ipesunenta Poccun

b.H. Enpunna

npodeccop, TOKTOp
TEXHUYECKHUX HAyK

00J1acTh HAYYHBIX HHTEPECOB!
MIPOMBIIIJICHHAS SHEPTeTHKA
E-mail: v.a.munts@urfu.ru

T
»

b" ’1’

Ny

98

[State Standart. Liquefied Hydrocarbon Fuel
Gases.  Technical  Conditions].  Moscow,
Standardinform publ. 2018, 20 p.

[28] Gaidt, D.D., & Mishin, O.L. Sposob proizvodstva
szhizhennogo prirodnogo gaza i kompleks dlya
ego realizacii [Method of Production of Liquefied

Natural Gas and a Complex for |Its
Implementation]. Patent RF, no. 2541360, 2015.
[29]TU 6-02-1244-83. Petrolejnyj efir.
Tekhnicheskie  usloviya  [Petroleum  Ether.

Technical Conditions]. Moscow, 1984. 17 p.

[30] Lebedev M.S., Mishin O.L., Arsentieva L.V.
Rastvoritel' na osnove tyazhelyh uglevodorodov
[Solvent Based on Heavy Hydrocarbons]. Patent
RF, no. 2714310. 2020.

JlebeneB Muxauia CepreeBu4
Ypanbsckuii GpenepanbHbIii
yHI/IBepCI/ITeT HNMCHHU HCpBOFO
[Ipesunenta Poccun

b.H. Enpniuna.

Wuxenep,

00J1aCcTh HAYYHBIX HHTCPECOB:
MIPOMBIIIJIEHHAS] SHEPTEeTUKA
E-mail: borez1992@mail.ru



mailto:v.a.munts@urfu.ru
mailto:borez1992@mail.ru

PROBLEMELE ENERGETICII REGIONALE 1 (57) 2023

Analysis of the Energy Efficiency of the Air Conditioning System Based on
Absorption Refrigeration Machine with Connection of Heat Pump and
Solar Collectors

Mereutsa E.V., Sukhikh A.A.
National Research University «Moscow Power Engineering Institute»
Moscow, 111250 Russian Federation

Abstract. This article proposes and analyzes a circuit solution for providing heat supply to the generator
of an absorption refrigeration machine (AHM) in centralized air conditioning systems using a heat pump
unit (HPU) and solar collectors (SOL). Previously, such schemes have already been considered in the
scientific works of Russian and foreign authors. The aim of the work is to propose new circuit solutions
aimed at improving such systems, as well as confirming higher energy efficiency. This goal is achieved
by solving the following problems: additional supply of the circuit with a common storage tank,
operation of the absorption refrigeration machine generator and the condenser of the heat pump unit
based on a common heat exchanger. Such a solution for the air conditioning complex based on an
absorption refrigeration unit has been proposed for the first time. The most important results are the
possibility of obtaining high values of the coefficient of performance, the possibility of achieving a
number of technological advantages, increasing reliability and efficiency, as well as reducing the metal
consumption of an absorption-type plant operating from solar collectors and a heat pump plant compared
to similar systems. The significance of the obtained results lies in the fact that the use of a common
storage tank and a combined heat exchanger (AHM generator / HPU heater) provides a significant
increase in the coefficient of performance, a decrease in the metal consumption (reduction in costs) of
the main equipment.

Keywords: air conditioning, absorption, absorption refrigeration machine, heat pump unit, heat
conversion coefficient, solar collector, cooling capacity, coefficient of performance.
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Analiza eficientei energetice a unui sistem de aer conditionat bazat pe o masina frigorifica cu absorbtie cu
racordarea unei pompe de cilduri si a colectoarelor solare
Mereuta E.V., Suhih A.A.
«Universitatea Energeticd din Moscova», Moscova, Federatia Rusa

Rezumat. in articol se propune si se analizeazi o solutie schematica pentru alimentarea cu calduri a generatorului
unei masini frigorifice cu absorbtie (MFA) in sistemele de aer conditionat centralizat folosind o instalatie cu pompa
de céldura (IPC) si colectoare solare. Anterior, astfel de scheme au fost deja luate in considerare in lucrarile
stiintifice ale autorilor autohtoni si straini. Scopul lucrarii este de a propune noi solutii de circuite menite sa
imbunatateasca astfel de sisteme, precum si sd confirme o eficientd energeticd mai ridicatd. Acest obiectiv este
realizat prin rezolvarea urmatoarelor probleme: alimentarea suplimentara a circuitului cu un rezervor comun de
stocare, functionarea generatorului masinii frigorifice cu absorbtie si a condensatorului instalatiei cu pompa de
caldura pe baza unui schimbator de cdldura comun. O astfel de solutie pentru complexul de aer conditionat bazat
pe o unitate frigorificd cu absorbtie a fost propusd pentru prima data. Cele mai importante rezultate sunt
posibilitatea de a obtine valori ridicate ale coeficientului de performanta, posibilitatea de a obtine o serie de
avantaje tehnologice, cresterea fiabilitatii si eficientei, precum si reducerea consumului de metal al unei centrale
de tip absorbtie care functioneaza din colectoare solare si o instalatie cu pompa de caldura in comparatie cu sisteme
similare. Semnificatia rezultatelor obtinute consté in faptul cd utilizarea unui rezervor comun de stocare si a unui
schimbdtor de caldura combinat (generator MFA / incalzitor IPC) asigurd o crestere semnificativa a coeficientului
de performantd, o scadere a consumului de metal (reducerea costurilor) a echipamentelor principale.
Cuvinte-cheie: aer conditionat, absorbtie, masind frigorifica cu absorbtie, instalatie cu pompa de caldura,
coeficient de conversie termicé, colector solar, capacitate de racire, coeficient de performanta.
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AHaJu3 HepreTu4eckoii 3pGpeKTHBHOCTH CHCTEMbI KOHIUIIMOHNPOBaHUS HA 0a3e a0copOLMOHHOI
XO0JIOTIIBHOM MAIIMHBI ¢ MOAKJIIOYeHHEM TeIVIOHACOCHO! YCTAHOBKH M COJIHEYHBIX KOJIJIEKTOPOB
Mepeyua E.B., Cyxux A.A.

OI'BOY BO «HNY «MockoBckuit Dueprerudeckuii MHcTHTYT», MOCKBa, Poccuiickas ®eneparus
Annomayus. B Hacrosmel cTaThe mIpelularaeTcs W aHATMBHPYETCS CXEMHOE pEIICHHE IO 00CCICYCHHIO
TEIUTOCHAOKEHHS TeHepaTopa adCcopOIMOHHON X0moamIbHOH MamuHbl (AXM) B cucTeMax IEeHTPaTH30BaHHOTO
KOHIUITMOHMPOBAHUS C IOMOIIbI0 TerioHacocHo# yctaHoBkU (THY) u comneunsix xomrekropos (COJI). Panee
MOJOOHBIE CXEMBI YK€ OBUTH PacCMOTPEHBI B HAyYHBIX pabOTax pPOCCHHCKMX W 3apyOeXHBIX aBTOPOB. Llembio
paboThl SABISIETCSI NPEUIOKEHNE HOBBIX CXEMHBIX PEIICHUI, HalpaBICHHBIX HAa COBEPIICHCTBOBAHUE TaKHX
CHCTEM, a TaKKe MOATBEPXKACHHE Ooyee BBICOKOHW 3HepreTudeckoil s¢d¢exTuBHOCTH. [locTaBiieHHas Uemb
JOCTHTaeTCs 3a CuYeT pEUIeHUs CIEAYIOIIUX 33Jad: JOINOJHUTEIbHOE CHA0XXEHHE CXEeMBl O0IHM
aKKyMyJHpYyIOIuM OakoMm, pabora reHeparopa aOCOpPOLMOHHOW XOJIOJWJIBHOW MAalIMHBI W KOHAEHCaTopa
TEIJIOHACOCHON YCTaHOBKM Ha 0a3e oOIuero TeriooOMEeHHOro ammapara. Takoe pelieHHe sl KOMIUIeKca
KOHIMLMOHUPOBaHMSI Ha 0aze aOCOPOIMOHHON XOJOAMIBHOW YCTaHOBKM NpEIUIOKeHO BrepBble. Hamboiee
Ba)KHBIMU Pe3yJIbTaTaMH SBJISIOTCS BO3MOXHOCTB MOJTYYCHUS BEICOKUX 3HAYCHUH XOJIOAMIEHOTO KO3 hHIHeHTa,
BO3MOXKHOCTB JIOCTIIKEHHUS psiia TEXHOJIOTHUSCKUX NPEUMYIIECTB, IIOBBINICHHS HaIeKHOCTH H SKOHOMUYHOCTH,
a TaKKe CHIDKCHHS METaJUIOEMKOCTH YCTaHOBKM a0COpPOLMOHHOIO THIA, pabGoTAloIed OT COJNHEYHBIX
KOJUICKTOPOB M TEIUIOHACOCHOM YCTAHOBKH IO CPABHEHHUIO C IOKA3aTESIMH aHAJOTHYHBIX CHCTEM. 3HAYUMOCTh
HOJTy4EHHBIX PE3yJIbTATOB COCTOMT B TOM, YTO NPHMEHEHUE OOIIEro aKKyMyIHPYIOLIEro 6aka 1 00be IMHSHHOTO
TeriooOMeHHoro ammapata (reameparop AXM / HarpeBatens THY) obecrnednBaeT CyIeCTBEHHOE MOBBIICHUE
XOJIOAWIBHOTO KO PHUIMEHTA, CHIKCHUE METANIOEMKOCTH (YMEHBIIICHHE 3aTPaT) OCHOBHOTO 000pPYIOBaHUS.
Cuvinte—cheie: kongumronupoBanue, abcopOIHs, abCOPOIMOHHAS XOJOMMIbHAS MAIIWHA, TETIOHACOCHAS
YCTaHOBKA, KOA(PQGHUIMEHT MpeoOpa3oBaHMs TEIUIOTHI, COJHCYHBIA KOJUICKTOP, XOJOIOMPOH3BOIUTEIBHOCTD,
XOJIOJMIIbHBIA KO PHUIIUCHT.

BBEJIEHUE [Ipobnemsr obecrieueHust AXM TOIITUBHBIM
YCTpOﬁCTBOM C)KHUIranugd U COOTBCTCTBYHOIIMMU
XoNoauabHBIE MAalIMHBI  a0COPOLIMOHHOTO
KOMMYHUKaAIUsAMU, 3aBUCUMOCTbD

tuna (AXM) mUpOKO Mpe/CTaBIeHbl Ha PHIHKE
00OpYIOBaHHSI W CHUCTEM ILEHTPAJIM30BAHHOTO
KOHAWIIAOHUPOBAHMS. YcTaHOBKH,
MPOM3BOANMBIE B HACTOSIIEE BPEMS, JOCTATOYHO
HafeXHbl M 3((eKTuBHBI, MMEIOT BBICOKHUIH
YpOBEHb aBTOMAaTH3ALUH KOHTPOJIS u
yIpaBlieHUsT peXUMaMH paboThl, HE W3AAI0T
urymMa W BHOpanuu, He TPeOYIOT MOCTOSHHOTO
Haj30pa W NPUCYTCTBHUSA CHEIMAINCTOB, a
TEXHUYECKOE o0ciyXuBaHNe 00BIYHO
OTpaHMYMBAETCS JIUIIb TPOBEPKOIl cHCTEM U
o0mm ocmotpom. [llupokoe npumenenne AXM
JUIA OXJIaXKACHUSI BO3/yXa B HACTOSIIEEe BpeMs
OTpaHUYMBAETCs TpoOiieMaMH  OOecTieYeHus
0OJBLION TEIUIOBOM MOIIHOCTH €r0 I'eHeparopa
(HeckombKUX COT KWwioBarT). [l MOKpBITUS
TaKOH MOIMHOCTH TpeOyeTcs CrHeruaibHbIe
CHUCTeMBl TPOW3BOACTBA WJIM  YTHIW3ALUU
TemmoBoil »Hepruu. HeoOxomumo  Haimune
CHEIMAFHBIX YCTPONCTB ISl TPON3BOACTBA MITH
YTHIU3alMM  TEIJIOBOM  DHEPrHH:  KOTJIOB,
paloTaromuyx Ha MEPBUYHOM TOIUINBE; KOTIOB—
YTUIIU3aTOPOB YXOASIIUX ra3os;
TEII000MEHHUKOB Ha JTUHHSIX
TEIIO(QUKALMOHHOTO CHAOXKEHUS; COJHEYHBIX
KOJUJIEKTOPOB WJIN 3JIEKTpOHarpesatenel. SIcHo,

a0COpOIMOHHON MAaIMHEI OT HEMPEPBIBHOTO
MOTOKa BBICOKOTEMITEPATYPHOTO Ta3a, CE30HHOE
OTKIIIOYEHUE  TeIIOQUKAIIMOHHBIX  HAarpy3ok,
WMEHHO B JICTHHE MJHH, KOTJa MHOTOKPAaTHO
BO3pacTaeT NOTPeOHOCTh B KOHAUIIMOHUPOBAHUN
— BCE OTH TNepevncieHHble  (akTopsl
OTPaHMYHUBAIOT PAMKHU LIIUPOKOTO MPUMEHEHHS U
KOHKypeHTocriocoOHocTH AXM Ha  pBIHKE
XOJIOIMITBHOTO 000PY/IOBAHUS.

B Hacrosmel craTtbe mpeajaraercs u
aHAIM3UPYETCS CXEMHOE pEIIeHHe Ha OCHOBE
BKIIOYeHUsT B cocTaB AXM TemioHacoCHOU
yctanoBku (THY) um CcomHEYHBIX KOJUIEKTOPOB
(COJI). THY wucnonp3yeTcss HE TOJIBKO s
obecrieueHns: pabOTBI TEHEpaTopa, HO W IS
CHSTHSL YacTH Harpy3Kd IO OTBOJY TEIUIOTHI B
OKpYyXaromyro cpexay. Ha ocHoBe pe3ynbpTaToB
pacuera TaKoM KOMIUIEKCHOM CXEMBI
JIOKa3bIBaecTCA B MEPBYIO OUYEPEb BO3MOKHOCTD
CYIIECTBEHHOTO TIOBBIIICHUS 3(PPEKTHUBHOCTH
AXM B cHcTeMax  IEHTPAIM30BAHHOTO
KOHAWIIMOHUPOBAHHS.

Jannas mpoGiemMa IIMPOKO  HU3ydaeTcs
POCCHHCKMMHU W 3apyO€XHBIMH aBTOpaMH, HO y
KKIOro IMpeljIaraéMoro BapHaHTa HMEIOTCS

HEJIOCTaTKH.
YTO HCIIOJIb30BAaHUE IIEKTPUUECKOrO TMOJ0rpeBa 3 .
ABJISIETCSl HAMOOJIee 3aTPaTHBIM CIIOCOOOM. (bexTUBHEIM pellleHHEM  CYLIECTBYIOLIEH
poOIeMBI SIBIIICTCS HCIIOJIb30BaHUE
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TEIMJIOHACOCHOU YCTaHOBKH (THY) u
TeJIMOYCTaHOBOK TUISt TETTIOCHAOKECHUS
reneparopa AXM. Takod BapuaHT IMOMOraer
JocTHYb  Oojiee  BBICOKOTO  XOJOJMIBLHOTO

kod(puIreHTa, OBBIIIAs HAICKHOCTh CHCTEMBI.
OpnHako, CXeMBI, TIPEIOKEHHBIE 3apyOeKHBIMU
U POCCHUHCKMMU YYCHBIMH, CYIIECTBYIOIIUX
CHCTEM KOHAMLUMOHHpoBaHUS Ha 0Oaze AXM c
HCIIOJIb30BAaHUEM THY u COJIHEYUHOT' O
KOJUIEKTOpa  IOCTaTOYHO CIOKHBI [1—22].
Kpome Toro, B THY u comHeuHBIX KOJIEKTOpax
INIE: CHa0KCHHUS ropsiaeit BOJIOM,
WCTIONB3YIOIIeHcsT B TeHepaTtope, Tpedyercs
IIPOMEKYTOUHBIM  BOJASHOM KOHTYyp. HM3—3a
MOTepU TEIUIOTHl B MPOMEXKYTOUHOM KOHTYpE
TepMoarHaMu4YecKkas 3()(PEeKTHBHOCTh CHCTEMBI
CHIDKAeTCSl.

B Hacrodmel cratbe paccMaTpuBaeTcCs
BapHaHT BKJIIOUEHHUS COJHEUHOTO KOJIJIEKTOpa U
THY B cocraB AXM. TenmocHaOxeHne
reHeparopa AXM oOecreunBaeTCsl TEIIOBBIM
HacocoM, KOTOpBI HCIONb3yeT B KauecTBe
HU3KOIMOTEHI[UAIEHOTO MCTOYHHUKA TIOTOK BOJBI
Ha TPaJUpHIO, a TAKXKE IeIMOYCTaHOBKOM, BKIIA]
KOTOpPOH  CTAaHOBUTCS  OCHOBHBIM B  JIHU
MakKCUMAaJILHOM  COJHEYHON  wmHcousanuu. B
kadecTBe pabodero BemecTBa THY, comHedHbIx
KOJUIEKTOPOB ¥  TEMJIOHOCHUTENSl TeHeparopa
AXM mnpemmaraercsi UCMOJIB30BaTh OJUH U TOT
e ¢peoH. B Takom BapmaHTe HUCKIFOYAIOTCS
cpa3y JBa TPOMEKYTOUYHBIX TETIOOOMEHHBIX
KoHTypa. llenpio Hacrosimieir paboTHl sBISETCS
000CHOBaHHE CXEMHOTO pEIIEHUS CHUCTEMBI
KOHAWIIMOHWpOBaHUA Ha 0Oaze AXM wu
reJIMOyCTAaHOBOK, BBIOOp YCTPOWCTB M pacueT
OCHOBHBIX  MapaMeTpoB  KOMIUIEKCa  Ha
Pa3TUYHBIX paboUnX Teax.

PazpaboTrka xomruIekca KOHIUIIMOHUPOBAHUS
Ha 0Oa3e a0COPOLMOHHON MaIllMHBI, TEIJIOBOTO
Hacoca U reIM0yCTaHOBKH SIBIISIETCS aKTyalbHOM
JUTSL CUCTEM IIEHTPAITBHOTO KOHIUIIMOHUPOBAHMSL.
[Tpumenenune TETJIOBOTO Hacoca JUTST
obecrieueHrsT  TEIUIOCHAOKEHHsI  TeHepaTropa
AXM sBnsiercs 3(Q(GEKTUBHBIM MEPONPUSATHEM,
KOTOpoe Ja€T BO3MOXKHOCTb pPELIUTh PN
TEXHUYECKUX BOMPOCOB, B TOM HYHCIE AOOUTHCA
MOBBIIICHUS  XOJOAMJIBHOTO  KO3((HUIIUEHTA.
CosmectHast pabora THY wu comHeuHBIX
KOJUIGKTOpOB ~ Ja€T  HamOompmmid AP dexT
SHEprocOepexeHnss B JTHH  MaKCHMaJbHOU
COJIHEYHOM UHCOISALUY.

METO/bL, PE3YJbTATHI U
OBCYXJIEHHUE
WCCIIEIOBAHUS SIBJISIETCS

OpomMucTONHTHEBAS

OO0BeKTOM
abcopOIMoHHas
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XOJNIOAWIbHAS MAIllMHA C  OJHOCTYIEHYATON
perenepanueii pacteopa ABXM—600B—10 ¢
MO/JICPHU3UPOBAHHBIM TeHEePaTopOM,
TEIUNIOCHAOXKEHHE KOTOpPOro  obecreunBaeTcs
TEIUIOBBIM HACOCOM U OJIOKOM  COJHEYHBIX
KOJUIEKTOPOB.

[MpakTudeckas 3HAYHMOCTh paboThI
3aKJIIOYaeTCsl B TOM, 4YTO MpeJrojaragMas
KOMITOHOBKa OTKPBIBA€T BO3MOXHOCTh OoJiee
MITUPOKOTO TIPUMEHEHUS a0COpOITMOHHOM
XOJIOAUIBHOW MAIIUHBI B KAa4eCTBE CHCTEMBI
KOHJMIIMOHUPOBAHHS, OCOOEHHO B CTpaHax C
XKapkuM KiuMaToMm. Vcmonbp3oBaHue (QpeoHa
okradToprmkiaodyrana CsFs (Tarke, kKak ©
n3o0yrana R600a) B kauecTBe pabouero Tena

MO3BOJIUT IOBBICUTH YPOBEHb HE TOJIBKO
TepMOJMHAMHYECKOW J(PPEKTUBHOCTH, HO H
JKOJIOTUYECKOMN u TEXHOJIOTMYECKOU

0e30macHOCTH.

Ha pucynke 1 mpuBeneHa NpUHIMIHATbHAS
cxema opHoctyneHuatod AXM, HCTOYHHKOM
TEIUTOCHAOXKEHHSI TeHepaTopa KOTOPOH SBISIFOTCS
notoku pabdouero BemiectBa THY u comHedHbIX
KOJIJIGKTOpOB. TemjioHacocHass yCTaHOBKAa U
COJIHEYHBIE KOJUIEKTOpa pPabOTal0T Ha OJHOM
¢dpeone Ha 0aK-aKKyMyJISITOP-TE€HEPaTOpP.
I'enepatop AXM B 3TOH cxeme Jenaercs
BEIHOCHBIM (32 TipenenaMu rpaHuiitl AXM), oH
BHIMONHSIET (YHKIWIO KoHAaeHcatopa THY wu
AKKyMYJIATOpA TEIUIOTHI T€JIMO0YCTAHOBKH.

B cocTaB cucteMbl KOHIUIIMOHUPOBAHUS Ha
0aze onmHoctyneruaTor AXM Bxoaut: abcopoep
1, ucnaputens AXM 2, Onok HarpeBartess
THY—reneparopa AXM 3, xonaencarop AXM
4, TepBBI pEreHepaTHUBHBIA TETNIOOOMEHHUK
AXM 5, TemnoHacocHass ~yCTaHOBKa 0,
COJIHEYHBI KOJUIeKTOp 7, TpamupHs 8, 0ak
akkyMmyisitopa 9, komnpeccop THY 10, Bropoi
pereHepatuBHbBIA  TerooOMeHHuk THY 11,
ucnaputens THY 12, npoccens 13 u Hacocsl
uupkysiun 14, 15, 16, 17. JIng xoHTposs
pacxo]] TEMJIOHOCUTENISI Ha CXEME TOXKE TOKa3aHbl
perynupytouye Kiamnass 18.

OcHoOBHEIE paboune cpeipl: a—BXOJ TopsUICH
BOJIBI B TeHEePaTop AXM; b—srIxO0
OoXJaXJaroled BoAbl M3 KoHAeHcatopa AXM;
C—BBIXO/l OXJAXKIAAEMON BOABI M3 HCIAPUTENSA
AXM; d—sBxox oOxJaXgaeMod BOABI B
ucnaputens AXM; e—BbIX0Jl TOpsiYed BOJBI U3
reaeparopa AXM; f—noaBoa oxnaxmparomeit
Bojabl kK ucnaputento THY;  g—BbIxon
oxJnakaaromeit Boasl u3 ucrapurens THY; h—
BXOJI OXJIAXIAIOIICH BOIBI B abcopbep AXM.
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Puc. 1. AGcopOunonHasi X0JI0AMIbHASI MAIIUHA CO BCTPOEHHOI TENMJIOHACOCHOH YCTAHOBKOM H
COJIHEYHBIM KOJLIEKTOPOM®

KOHIMIIMOHUPOBaHUA Ha 0ase
omHocTyneHdaroik AXM ¢ TOAKIIOYCHHEM
OJIHOCTYTEHYATHOMI THY u COJIHCUHBIX
KOJUIGKTOPOB paboTaeT cienyroumuM o0pa3oMm.
Oxnaxmaemasi 10 HEOOXOIMMOW TeMIepaTypsbl
BOJIA TIOJIy4aeTCs 3a CUET MCIapeHHsl XJIagareHTa
AXM, KOTOpHBIi CTEKaeT BHH3 IO MeMOpaHaM.
IIporecc oporieHns xjagareHTa Mo HapyKHBIM
MOBEPXHOCTSIM TPYO NPOUCXOAUT C TOMOUIBIO
HUPKYJSIIIMOHHOTO Hacoca 15.

Ilap, oOpasyrommiics B wucmaputene 2,
nocrymnaer B abcopbep 1, rie OH MOJIOIIAETCS
KpenkuM  (KOHIEHTPUPOBAaHHBIM)  BOIHBIM
pactBopoMm  Opomuma  smtus  (Li—Br),
CTEKAOLIEr0 B BHJE IUICHKH II0 TOBEPXHOCTH
TpyOok.  Oxjaxkmaromas  Bojxa,  KoTopas
MOCTYNaeT OT TPagupHU &8, OTBOIUT TEILIOTY,
BeIZIENIsIeMyl0 B abcopOepe 1. Konunenrtpamus
pacTBopa OpoMuaa JIMTHS  CHH)KAeTCs B
pe3yapTaTe MOTJIOMEHUs BOASHOTO napa. [lotom
cna0blii pacTBOp HampaBisieTCs B  IEPBBIH
pereHepaTtuBHBIM TeruiooOMeHHUK 5. Ilocie
MoIOoTpeBa B TEIUIOOOMEHHHKE  PacTBOP
MOCTYNaeT B MEXTPYOHOE MPOCTPAaHCTBO OJIOKa
KT 3. Tyt Boz1a u3 cmaboro pactBopa OpoMHUCTOTO
JUTHS yTIapuBaeTcsd 3a CUET TEIUIOTHI TPEroIien
cpeapl M3 0aka aKKyMyJATOpa, KOHCTPYKLHS
KOTOPOTO IpeAronaraercst cienyrouei: 0Oak

Cucrema
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COCTOUT W3 JBYX UHMJIMHIPUYECKUX OOOJIOUEK.
Buytpu ITHH]IPa—KOHJICHCAT-COOPHUK.
CHapyxu 6ak ¢ napaduaoM (¢pa3oBblil epexoxn
TBEPA0E—KUIKOE).

B OGmoke KI' mpomecc kureHus pacTBopa
XJIa/IaTeHTa U UCTIAPEHUS BOJIbI OCYIIECTBIISCTCSI
MIOBOJIOM TEIUTIOTHI oT ¢peona
okradropuukiaodyran (CsFg) THY u COJL
Konnencar ¢peona ycranoBku THY u COJI
coOupaercs B Oake akkymyjsTopa 9, mocie
KOTOPOTO 4acTb (ppeoHa JpOCCeNupyercs B
koHType THY, uvactb KOHJEHcara yXOAUT Ha
nogorpeB B COJI. Oxnaxmaroniasi BoJia ¢ HU3KOM
TeMIIepaTypoi Mepes MOCTYIIICHUEM B TPaIUpHIO
8 IpeABapUTENbHO OXJAXKAAETCS B HCHApHUTENe
THY.

Kpenkuit pactBop OpomMuaa JUTHS U3
reHepaTtopa  BO3BpallaeTcsl Ha  OpOLICHUE
abcopOepa mocie OTBOJA TEIUIOTHI CIIA0BIM
pacTBOpoM B TEPBOM  PEreHEPaTHBHOM
TEINIOOOMEHHHKe, a  oOpasylommiicss B
TeHepaTope BOASHOW Nap KOHICHCHUPYETCS B
kouaencatope AXM 4. 3arem KoHJeHcaT mapa
(xmagareHr) BO3BPAIIAETCS B TIePBBIi
WCTIApHUTENb U IUKJ 3aMbIkaeTcs. OxJiaxaaromas
BOJIa OTBOAWUT TEIUIOTY KOHAEHCAIMU U TOTOM
MPOXOJUT 4Yepe3 BTopoil mcmaputens THY 12,
rZle B CBOIO OYepelb OXJaKIaeT B HCIapuTene
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TEIJIOHACOCHOW YCTaHOBKM W BO3BPAILAETCS Ha
rpaaupHio 8.

TenmonacocHast ycraHoBka 6 pabortaer s
MepeHoca TEIJIOBOM 3HEPTrUU OT OXJIaXKAarouien
BOJIBI (C HU3KOHM TeMIIepaTypoii) K ropsyeii Boje,
WCTIONB3YIOIIENCs B TeHepaTope adcopOIMOHHON
XOJIOTUIBHOM MaIlIMHBI.

Ha pucynke 2 mnokaszaHbl NPUHIHUINAIBHAS

cxema THY c pereHepanuen u
TEPMOJIMHAMUYECKUH IHMKI TEIJIOBOTO Hacoca
K-p
WA 1
e Ve (g
PT
I
é 5.'!
-
3
A Fn -
B
RS yy)

Ui 4ACTBHIX BemecTB. OCHOBHBIE IPOLECCHI,
IPOUCXO/IINE B TEIUIOHACOCHOH YCTaHOBKE:
(1—2) — cxxarne pabodero Tena B KOMIIPECCOPE,
(21—2’) — xoHAeHcanusl B KOHAeHcaTope, (2°—
3) OXJIWK/ACHHE B  IPOMEXKYTOUYHOM
pereHepatuBHOM TermoooMeHnuke, (3—4) -
IpoccenupoBanue u (4—57) — ucnapeHue npu
[IOCTOSIHHOU TeMIIEpaType.

s

K — xkommpeccop; D/] — snekrpoasurarens, K—p— konzaeHcarop; PT—pereHepatuBHbIi TEII00OMEHHHUK;
Jp— npoccens; U— ucnaputens; t Wt — TEMIEPATYpa «rOPSYEroy» TEIIIOHOCHTES HA BXOJIE U BBIXOJE U3

KOHACHCATOpa YCTAaHOBKMH, t;mHI/I t:mﬂ— TEMIIEpaTypa «XOJOJHOT'0» TCIUIOHOCUTECIA Ha BXOJEC M BBLIXOAC M3

HUCIIAapUTECIId YCTAaHOBKU, pk_ — JIaBJICHUE KOHJICHCALIUH, p,— JaBJICHUEC UCTIApCHUA

Puc. 2. IppHunnuaabpHasi cXeMa u padounii MUKJ TEMJIOHACOCHOH YCTAHOBKH

B xauectBe 0a30BOW MalIMHBEI BBIOpaHa
abcopOunoHHas OpOMHUCTONUTHEBAS
XOJIOAMJIbHAS MAIlIMHA C BOJSHBIM 00OTPEBOM C
OJJHOCTYIICHYAaTOW  pereHepaimeil  pacTtBopa
ABXM—600B—10 (mponyxT KOMITaHUU
«TemmocuOMar»).

Tabmuma 13,

Texnuueckue xapakrepuctuku AbXM—600B—
104,

[Mapamerpst ABXM—600B—10 | 3naueHue
XoJioauabHast MOIHOCTh, (KBT) 660
Pacxop rperoreit BoJibr, (M3/49) 83
Pacxon oxnaxmaeMo# BOJBI,

113
(M3/9)
Pacxon oxmaxmaromeid BOJIHI,

169
(M3/9)
DnexTpuyeckas MOIIHOCTb, (KBT) 3,5
lumpaBinyeckoe CONMPOTUBICHUE
KOHTYpa, (M BOI. CT.)
— OXJIaXKJaeMOM BOJIBI 6,2
— OXJIQKJIAFOIIEH BOJIBI 10,6
— TpEIoNIei BOIBI 2,1
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2

TeMmmeparypa oxsiaxxgaeMon
o 12/7
BoJibI (°C)
Temneparypa oxJaxaaronien 27/35
Bozbl (°C)
];eMnepaTypa rperoteii BobI 115/105
O
MuHuManbeHas TemiepaTypa 5
oxnaxaeHHor Bojbl (°C)
Homyckaemoe nasnenue, (MIla):
— OXJIAKJAEMOU BOJBI 1
— OXJIaXKJIAIOIIEH BOJIBI 0,6
— IperouIei BOJIbI 0,6
XapakTepUCTUKU 380B, 50
JIICKTPONIUTAHUS I'n
I"aGaputHbIie pazmepsbl,(M)
L — nuna 4.7
B — mupuHa 1,65
H — BeIcOTa 3,02
OnuH U3 OCHOBHBIX 00OPYIOBAaHUN CHUCTEMBI
AXM—THY—COJI  sBnsieTcsi = COJHEYHBIM
MOJIyJIEM, KOTOpBIC BBITIOJIHSIET poJib
MOJOTPEBATENII TPEIOIe BOABI BMECTE C

TCIIJIOBBIM HACOCOM. ILTISI BLI60pa IOAXOOAIICTO
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COJTHEYHOTO MOAYJIs, HEOOXOAMMO YYHUTHIBATDH
CIIEAYIOIINE MOMEHTHI:

- pabouas Temmeparypa TEIUIOHOCHTENN
Monyns Beie 115°C;

- OJIOK COJHEYHBIX KOJUIGKTOPOB HMEET
MOJYJIBHYIO KOHCTPYKIHIO, 00€CIeUnBaIOIIyIO
MPOEKTHPYEMYIO TEIUIOBYIO MOLIHOCTb.

B kagectBe  mccimemyemMoro — BeIOpaH
BaKKyMHO—TpyOHbI  komektop VTC—30,
IPOM3BOCTBA KOMIIAaHUHU «Sunsystemp.

Koncrpyknust mpencraBisier  coOoli  ABe
KOHLIEHTPUYECKH PACIOI0KEHHbIE, OHA BHYTPH
JOpYrod, CTEKISIHHBIE TPYOBI, KOTOPBIE CO3AAIOT
TepMETUYHOE TPOCTPAaHCTBO Oe3 Bo3zmyxa. OHuM
CJIeJIaHBbI u3 TEPMO3aKaJICHHOTO
OopocunukatHoro crekiga. Ha moBepxHOCTB
BHYTPEHHEH TpyObl HAHECEHO CEJICKTHBHOE
MOKPBITHE, Oaromaps KOTOpOMY OHa
(YHKIIMOHUPYET Kak  BBICOKO3(PEeKTHBHBII
abcopOep COTHEYHOro CBeTa. | eXHHUYECKHe
XapaKTepUCTUKU NPUBEACHbI B Ta0iuLe 2.

Tabmua 2°.

TexHn4eckre XapaKTepUCTUKN BaKyyMHO—
Tpy6HBIX KojuekTopos VTC—30°.

DNIEMEHTBI VTC—30
UYmcno BakyyMHBIX TpyO (1) 30
BricoTa (M) 1980
[Iupuna, TommuHa (MM) 2300/125
O0mas ToBepXHOCTH (M2) 4,55
PG 50%
(Touka
TennonocuTeb — XUAKOCTh
3aMep3aHus —
34°C)
O06BeM TeroHocuTedns (1) 1,82
Pacxzoa TEIJIOHOCUTEIIS] 60—80
(/M2 1ac)
3akaneHHoe
OopocuiIMKaTe
Marepuan BakyyMHBIX TpyO JIBHOE CTEKIIO
SU—SS—
ALN/AIN
YB
Marepuain miacTMaccoBbIX ycToumnBas
3JIEMEHTOB racTMacca
RAL 9005
Marepuan/BuJ| TEIUIOHECYIITHX Menb/heat
TpyO pipe TU 1
AHom3npoBa
HHBIN
CoOupaTenbHblIil KOMJIEKTOp — | anoMHUHUI/30
KpOOKa/U30IsIIus MM
56 Appendix 1 TOJIMYpPCTaHOB
asi meHa
Temneparypa crarHauuu (°C) 221
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MaxkcumanbHast pabouas 180
temneparypa (°C)

HcnbiTanue Ha

JaBiIeHre/MaKCUMAJIbHOE 25/12
pabodee naBneHue (6ap)

Bec (xr) 86
JluameTp/nnHa BaKyyMHOM 58/1800
TpyOBI (MM)

Paccrosinne mexny 75
BaKyyMHBIMH TpyOamu (MM)
JnamMeTrp/KonmmaecTBo 14/30
TETIOHECYIUX TPYO (MM)

Bun/nuamerp cobupaTenbHOiM Men/22
TpyOBI (MM)

Bxon/BeIxon misd 29
TEIIOHOCUTENS (MM)

MaxkcumanbHOE YUCIIO

KOJIJICKTOPOB,

IIO/ICOETMHEHHBIX B O/THY 6/28,2
1ETB/00IIY0 YCHOBJICHHYIO

miomanp (MTyKu/m2)

Tak Kak JOMyCKaeMbIi pacxon
TEITIOHOCHUTEIIS BBIOPAHHOTO COJTHEYHBIX
KOJUIEKTOPOB JIOBOJIBHO MAaJblid, IIO3TOMY B
mporiecce  pacuera  MPEANoJiaractcs,  4To

COJIHEYHBIII MOIYJb MOKPBIBAET TOJBKO 25%
MomHocTh reHepatopa AXM. OcranbHyro
MOIIIHOCTh reHepatopa 75% mokpsiBaer THY,
paloTarorias OCTOSHHO B 0a30BOM PEXHME.
Jus obecriedueHuss ONTUMAIBHON MOIIHOCTH
reHeparopa u paborocmocobHocTH A XM
HE00X0IUMMO no100paTh TEIUIOHACOCHYIO
YCTAHOBKY, KOTOpas OOECIEeYUT TeMIepaTypy
HarpeBa  Qpeona go  120°C.  Opnako
NPEIIOKEHUS CEpHUITHO-BBIITYCKaeMbIX
BbICOKOTeMNepaTypHbIX THY Ha peiHke HeT. B
CHIy  3TOT0O  OCHOBHOE  TEIUIOOOMEHHOE
obopynosanre THY: HarpeBareinb, UCIapUTED,
JOJDKHO OBITH pa3paboTaHO M H3TOTOBJIEHO IIO

WHIWBUIYaIbHBIM  TIpoekTam.  Komrmpeccop
MOXeT OBITh MOJOOpaH  MPOMBIIICHHOTO
W3TOTOBJICHHUS.

Hdns  anmammza  s¢ddexkTuBHOCTH  BCero
KOMILIEKCa KOHJWIIMOHUPOBAaHUS B KavecTBeE
pabouyero BemectBa THY wu  comHewHBIX
KOJIJIEKTOPOB paccMOTpeH ¢bpeon

okrtadroprukinodyTan (RC318, c—C4FR). Takoi
XJIQJIareHT o0najaeT psyioM  MPEeUMYIIECTB:
OTCYTCTBYET HOTEHIHAT r7100aJIBHOTO
norerieans (GWP) u paspymieHus: 030HOBOTO
cios (ODP), ero kputmueckas TeMmmepaTrypa
JOCTaTOYHO BBICOKA JUIS pPEaTU3alUH IOJTHOTO
(ha3oBoTO MEpexoia B mpoliecce KUTMeHHs!.



PROBLEMELE ENERGETICII REGIONALE 1 (57) 2023

Pacuer pabounx mapaMeTpoB NHKIA U
nponieccoB THY npousBoawics mno mporpamme
Hanumonanwsaoro bropo Crannapros (CILIA) [24].

OddexkruBHOocT THY onenmuBaercs, mpexae
BCETO, koo dumenTom  mpeoOpazoBaHuUs
TEIUIOTHI, MPEACTABIAIOUIMM COOOH OTHOIIEHHE

KOJIMYECTBA TEIIIOTHL g, —h, —h,", COOOIIEHHOM

HarpeBaeMoMy OOBEKTy, K paboTe I, =h,, —h s

MOABEICHHON Ha MPUBOJ] KOMIIpeccopa:

Hryy =Gy /Iu (1)
Pesynbratel pacuera ukiaa THY na RC318 ¢
YUYETOM 33JaHHBIX HCXOAHBIX JaHHbBIX, B KAYECTBE
KOTOPBIX HCIIONB3YIOTCS TEMIEpaTypbl KUICHUS
ty ¥ xoumeHcanuu ty (mubo temmneparypsl {27
JUTsL CBEPXKPUTHYECKHX IUKJIOB) B
TEMI000MEHHBIX anmaparax, MO3BOJISIFOT
ONpeNeJINTh 3HAYCHHUS TEIJIOBOM MOIIHOCTH
Bcero THY 1 ero oCHOBHBIX anmapaTosB:

Qruy = Gresig - (hag —hy)  (2)
Qu = Gresis * (hs' — hy) 3)
Qx = Gprezig - (hyp — hy) 4)

rie GRC313— pacxon ¢ppeona B koutype THY

ONpPENETSAETCS B COOTBETCTBUU C IPOECKTUPYEMOM
momHocTeio THY.

MormuHocTs reHepaTopa AXM ckiaabIBaeTCs
u3 motHoctel THY U conHeuHbIX KOJIEKTOPOB:

OO0mui XOJIOJUIbHBIN
npeoOpa3zoBaHus  OJoka
KOHJTUITHOHHPOBAHUS
ompezaenseTcs 1mo Gpopmye:

Q AXM
= AXM THY coJr (6)
NHAC + NKOM + NHAC
Pesynbrarel pacuera

MIPEACTABIICHEI B TaOIHIIE 3.

KodpPuLmeHT
[ICHTPAJIN30BAaHHOT O
AXM-THY-ConKon

gAXM —THY—-ConKon

UKIa THY

Tabmuma 3.

TexHnueckue XapakTEpUCTUKHU NPOEKTUPYEMOMN
TEIIOHACOCHOM ycTanoBKu Ha CaFg®.

[TapameTpbl 3HaucHHe
Koaddurnuent npeodbpazoBanus 3,1
TEMIIepaTypbl HACHIICHHUS:

Temneparypa ucrnapeaus, °C 25
Temreparypa KonaeHcanuu, °C 86
Jasnenne nociie KoMIpeccopa

(MITa) 2,2682
Pacxon gpeona (xr/c) 13,19
MoiHocTh KOMIpeccopa (KBT) 230,56
MorHocTh ucnaputens (KBT) 561,63
MomHoCTh HarpeBaTens (KBT) 693,23

PesynpraTel pacuera cxembl AXM—THY—
COJI ¢ pazaeiMu ypoBHsAMHU MorHOocTH COJI
COOTBETCTBEHHO MPUBEACHKI B TA0IuUIE 4—7.

B Tabmuue 4 mnokasaHbl XapaKTEPHCTHKH
KOMILJIEKCA, NPU KOTOPOM COJIHEYHBIE MOJIYJIH

141)5(1{‘1/[ = Qruy + Qcorkon (5) paborarot Ha 100% OT cBOEIt MOIITHOCTH.
Tabmura 4°.
Texuuyeckue xapakrepuctuku cxembl AXM—THY—COJI (100% COJD)Y.
[TapameTpsl 3HaueHue

XononunbHbIN K03 punreHT 5,39
Xo0J10A0TPOU3BOAUTEIBHOCTh

660
(xBT)
YcraHoBneHHAs 3JEKTpUUYECKast 35
MonTHocTh AXM (kBT) '
[ToTpebnsieMast MOIITHOCTH
kommpeccopa THY (xBr) 118,86
KoHnTyp oxnaxx1eHHON BOJIBI Temnepatypa Ha Bxoge (°C) 12

Temnepatypa Ha Beixoze (°C) 7

Pacxon oxnaxieHHol BoJbI (M3/4) 113
KoHTyp oxyaxaaronieii BoJbl Temnepatypa Ha Bxoge AXM (°C) 27
Temmeparypa Ha BeIxoe KoHAeHcaTopa AXM (°C) 35
Temnepatypa Ha Beixoae ucnapurenst THY (°C) 31,83
Pacxoj oxnaxknatorei Boasl (M3/49) 169
KonTtyp rperomeit cpempl Temnepatypa Ha Bxoze KI' B koutype THY (°C) 110,12
Temneparypa ra Berxogzie KI' B koatype THY (°C) 105
Temnepatypa Ha Bxone KI' rennmonocurens B 115
koHType COJI (°C)
Temnepartypa Ha Beixoze KI' Teruionocurens B 105
kxonTtype COJI (°C)
78910 Appendix 1 105
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KomuectBo moayneit COJI 86
TerutoBast MOIITHOCTH 924.3
rereparopa (kBT)
X 0JI010TTPOU3BOTUTENEHOCTD

944,1
rpaaupsu (kBT)

Korna xomoonponu3BoIUTEIbHOCTH CHCTEMBI
KOHIWUITMOHUPOBAaHUA  gocturaeT 660 kBT
(Tabmumr  4) cxemMa  JlaeT  BO3MOXHOCTh
MOBBIICHHUS XOJOAMIBHOTO Ko3(h(uImeHTa c
UCXOMHOTO macnoptHoro 3Hauenus 0,7 10
Bemuueel - 5,39, C gpyroii  CTOpOHBI,
TeMIeparypa Ha BXOJE€ TPaJUpHH CHIDKAETCS OT
35°C IIo 31,83°C, COOTBETCTBEHHO
XOJIOAOMPOU3BOAUTENBHOCTh Tpagupaun  AXM
Takke cHwkaercs Ha 39,5% (ot 1563 kBT mo

BemmuuHBl 944,1 kBT) 3a cuer mpeobpazoBaHms
YacTH  HH3KOMOTCHIWAJIbHOH  JHEPTHH  C
nomompto THY B 3Hepruro HeoOXOJUMOTO
TEMIIEPAaTypHOTO YpOBHs /Ui reHeparopa AXM.
B Tabnmume 5 mpuBemeHBI pe3ynbTaThl pacdera
pexuMa, B KOTOPOM COJIHEYHBIE MOAYJIH
pabotator Ha 75% cBOell ycTaHOBIEHHOH
MOIIIHOCTH.

Tabmuma 5.

Texnuueckue xapakrepuctuku cxembl AXM—THY—COJI (75% COJI)*2.

[TapameTpsl 3HaueHHe
XonoauibHbIH KodpduLueHt 5,05
XO0J0A0MPOU3BOAUTEIBHOCTh 618,75
(xBT)
[ToTpebnsiemast MOIITHOCTH
118,64
kommpeccopa THY (xBr)
KonTyp oxsaxxieHHOH BOJIBI Temmnepatypa Ha Bxoze (°C) 12
Temnepatypa Ha Beixogie (°C) 7
Pacxon oxmaxaeHHOH BoABI (M3/4) 113
KonTyp oxnaxxnaromieit Boabl Temnepatypa Ha Bxoge AXM (°C) 27
TemnepaTypa Ha Beixojie KoHaeHcaTopa AXM (°C) 35
Temnepatypa Ha Bbixojie ucnaputesnst THY (°C) 31,62
Pacxon oxmaxgaromiei Boaer (M3/4) 158,43
KonTyp rperomeit cpepl Temnepatypa Ha Bxoge KI' B koutype THY (°C) 110,12
Temmepatypa Ha Beixone KI' 8 koutype THY (°C) 105
Temmeparypa ra Bxoae KI' Terionocutens B
o 115
koHtype COJI (°C)
Temneparypa Ha Boixoze KI' Temnonocurens B
o 105
kountype COJI (°C)
KonuuectBo Moy COJI 65
TennoBas MOIIHOCTh
- 866,5
rerepaTopa (kBt)
X

OJIOJIOTIPOM3BOUTEINBHOCTh 846,85

rpagupau (kBT)

Korma  MomHOCTP  THOKPBITHS ~ MOXIYJSl ~ OCHOBHBIE IIOKa3aTeN CUCTEMBI CIEYIOLIHE:
cHmwkaercs (75% mo tabmuiie 5), To mokazaTenu xoJioaomnpous3BoauTensHocTh AXM — 577,5 kBT,
CHCTEMBI, CJIeTyIOIIHE: XOJIOIWIBHBII KO3 UITHCHT - 472,
XOJIONIOTPOU3BOIUTENLHOCTE AXM — 618,75 XOJIOIOMPOU3BOIUTEIBHOCTD rpagupHu
kBt, xomomuneHbi kKO3pPuument — 5,05,  cHmkaercs Ha 48% 1O CpaBHEHHUIO C MACTIOPTHBIM
XOJIOZOTPOU3BOAUTEIILHOCTD TPQJIUPHA  3HAYCHHEM.
cHIDKaeTcst Ha 54% 110 CpaBHEHHIO € TACTIOPTHBIM PesynpTaThl  pacdeTa JaHHOTO  peXUMa

3HAa4YECHUEM.
IIpu pexume, B

NpUBEACHHI B Tabnuue 6.

KOTOpOM MOIIIHOCTB

COJIHEUHBIX KOJIJIEKTOPOB COOTBETCTBEHHO 50%,
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Tabnuma 6.
Texungeckue xapakTepucTku cxembl AXM—THY— COJI (50% COJI)*,
[TapameTpsl 3HavcHME
XonoauiabHbIH KOdpPULIEeHT 4,72
X0n010MPON3BOJUTEIBHOCTh 577.5
(xBT)
[ToTpebaseMast MOIITHOCTH 118,64
kommnpeccopa THY (kBr)
KonTyp oxnaxxieHHOH BOIBI Temnepatypa Ha Bxoze (°C) 12
Temmnepatypa Ha Boixoge (°C) 7
Pacxon oxmaxaeHHON BoAbI (M3/4) 113
%E%};Typ OXTDKAAIOTICH BOXET Temmnepatypa Ha Bxoge AXM (°C) 27
Temnepatypa Ha BeixoJie KoHeHcaTopa AXM (°C) 35
Temnepatypa Ha BeixoJie uicriapurens THY (°C) 31,4
Pacxon oxmaxxgaromiei Boaer (M3/4) 147,89
Kontyp rperoreit cpeasl Temneparypa na Bxozae KI' B koutype THY (°C) 110,12
Temnepatypa Ha BeixoJie KI' B kontype THY (°C) 105
Temneparypa na Bxoae KI' Teruionocutens B 115
kouType COJI (°C)
Temmepatypa Ha Bbixoae KI' Termonocurens B 105
koutype COJI (°C)
KommaectBo momyns COJI 43
TeroBast MOITHOCTB 808,76
rerepaTopa (kBt)
XO0J10A0MPOU3BOAUTEIBHOCTh
752,6
rpagupHu (KBT)
B mnacmypsele gum, kxorma monyias COJI Ilo cpaBHEeHHMIO C pacnpoCTpaHEHHBIMH
BbIpaOaThiBaeT TOJNBKO 25% OT 3aJaHHONM  cUCTeMaMH KOHJIUIIMOHMPOBAaHHWS HAa pPBIHKE

MOIIHOCTH,

XO0JIOA0POU3BOAUTEIBLHOCTD

KOMILUIEKC Ha 0a3e aOCOpOIIMOHHOW MAIHUHBI,

CHUCTEMBl KOHIUIIMOHUPOBAHUS CHUXXAETCS JIO
536,25 kBt. Co0OTBETCTBEHHO XOJIOIMIHLHBIN
koopdumment — ymenpmaercs g0 4,38, a
XOJIOJTOTIPOU3BOTUTENILHOCTh TpagupHu
craHOBUTCS paBHOU 654,52 kBt. Ilo stum
pacdyE€THBIM pe3yJbTaTaM MOXHO CJIENaTh BBEIBOJ
0 TOM, 4YTO TpeamojiaragMas  CHCTeMa
KOHAWIIMOHUPOBaHUA Ha 0a3e abCOPOIMOHHBIX
XOJIOAWJIBHBIX ~MAIlIMH, KOTOpas OCHAIAeTCs
TEIJIOHACOCHOM yCTaHOBKOM ¥  COJIHEUHBIMH
KOJUIEKTOPaMH, MOXKET XOPOIIO padoTaTh U MpHU
HU3KOM  YpPOBHE  COJIHEYHOM  pajualuH.
Pesynbrather pacdeTa  JaHHOTO  PEXHMa
MIPUBECHBI B Ta0HIIEe 7.

TEIUIOBOTO HAcoca M TeJMOYCTaHOBKH o0yajaer
CIEYIOIINMU MPEUMYIIICCTBAMU: boitee
BBICOKMM  XOJIOJWJIBHBIM  KO3(DPUIIHESHTOM,
CHIDKEHHEM  TOTPEOJICHUs  AJIEKTPUYESCKOMN
sHeprun (0COOEHHO JETOM, KOrla IMOTPeOHOCTh
KOHIMIIMOHUPOBAHMS  BBICOKas, a  BKJaJ
COTHEYHBIX KOJIJICKTOPOB CTaHOBHUTCS
CYIIECTBEHHBIM), HCIOJIB3YETCS IKOJOTMIECCKU
Oe3ormacHoe pabouee TEJ0 (bpeon
oktadropuuknodyran RC318).

Tabmuma 7%°.

Texnuueckue xapakrepuctiku cxembl AXM—THY—COJI (25% COJI)™.

[TapameTpsl 3HaueHune
XonouibHbIH KO3 dHIIneHT 4,38
X010A0NPON3BOAUTENBHOCTD 536,25
(xBT)
[ToTpebnsieMast MOIITHOCTH 118,64
kommpeccopa THY (xBr)

13,14,15,16 Appendix 1 107
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KonTyp oxnaxxeHHON BOJBI Temnepatypa Ha Bxoze (°C) 12
Temnepatypa Ha Beixoge (°C) 7
Pacxon oxmaxaeHHON BoABI (M3/4) 113
%E%};Typ OXTTEDKAAIOTICH BOLET Temnepatypa Ha Bxozae KI' B koatype THY (°C) 27
Temnepatypa Ha Beixoge KI' B koutype THY (°C) 35
Temnepartypa Ha Bxoge KI' teronocutens B 311
kouType COJI (°C) '
Temmnepatypa Ha Bbixoae KI' Tenmonocurens B 13731
kouType COJI (°C) '
Kontyp rperomneit cpept Temmnepatypa Ha Bxoje KI' B koutype THY (°C) 110,12
Temmepatypa Ha Beixoge KI' B kontype THY (°C) 100
Temmnepatypa Ha Bxoge KI' Termonocurens B 115
kouType COJI (°C)
Temneparypa Ha Beixone KI' Temnonocurens B 105
koHType COJI (°C)
Konmuectso moayieir COJI 22
TermnoBas MOITHOCTh 750,99
reaepaTopa (kBT)
X0JI0/10TTPOU3BOTUTENEHOCTD 654,52
rpagupHu (kBT)
3AK/IIOYEHUE Harpy3kd. [MOKoOCcTh  perynupoBaHus |
. obecneueHus HE00X0IUMOM
B xozme ananm3za u pacdera mpearnoaraeMoin
XOJIOJIONIPOU3BOIUTEIEHOCTH KOMILTEKCa
CXEMBI KOHIMIIMOHUPOBAHUS Ha 0aze N
KOHIMIMOHUPOBAaHUsI ~ MPH  HM3MEHSIOMICHCS
a0COpOIMOHHBIX MAIlMH ¢  TOJKIIOYCHUEM
. UHTEHCUBHOCTH COJIHEYHOTO nojorpena
onnoctynenyarod THY wu renmoycranoBok
peanusyercs 3a CUET IepepaclpenesieHus

MOJKHO CJIEJIaTh CIIEAYIOLINE BHIBOJIBI:

1. CoBmermienue ¢pyHkuuii renepatopa AXM,
Harpesatens THY B onHoM ammapare u o0mum
AKKyMyJIITOPOM TEIJIOTHl JaeT BO3MOXHOCTh
NOBBIICHUA ~ XOJIOAWJIBHOIO K03 duimenTta
BCErO0 KOMIUIEKCa, a Takxke oOecrnednBaer
CHIDKEHHE Harpy3K Ha TpaJWpHIO, a 3HAYUT
JIOCTUTAETCs CHIDKEHHE 3arpaT Ha OCHOBHOE

oOopynoBanue. llpm MakcumanbHOM BKJIaje
COJIHEUHBIX KOJUIEKTOPOB cxema JAéT
BO3MOXHOCTb ~ IOBBIIIEHUS  XOJOAMJIBHOTO
ko3 duimenTa ¢ HUCXOAHOTO HACHOPTHOTO

sHaueHus 0,7 mo BenwumHbl 5,39. Ilpu >TOoM
TeMIIepaTypa Ha BXOJle TPaJpHH CHUKAETCS OT
35°C bi o) 31,83°C, COOTBETCTBEHHO,
XOJIOJIOTIPOU3BOUTENBHOCTE TpaaupHn AXM
Take cHmkaercs Ha 39,5% (ot 1563 kBT mo
BennuuHbl 944,1 kBT) 3a cyer npeobpasoBaHUs
YaCTH  HHU3KONOTCHLMAIBLHOM  BHEpPruu  C
nmomompelo THY B »Hepruto HeE0OXOAMMOTO
TEMIIEpaTypHOTO YPOBHS JJis1 reHeparopa AXM.

2. Ilpennaraemas cxema JaeT BO3MOXHOCTb
THOKOTO PEryqupoBaHUS pabOThl KOMILIEKCA B
cinydae nepepactpenenenus Bkiaga THY wu
COJIHEYHBIX KOJUICKTOPOB TIpU OOeCIeYeHUr
YCTOHYHMBOTO  TEIUIOCHAOXKEHUS  TeHepaTropa
AXM B mHUPOKOM IHAIa30HE WHCOJSIIMOHHOMN

108

Harpy3ku THY u conHeuHoro kosuiekropa. 1lpu
3TOM B TIOJHOW Mepe UCHOIb3yeTcs TaKoe
cBoiictBO AXM Kak BO3MOXKHOCTH PalOOTHI B
CYIIIECTBEHHOM Juana3oHe W3MEHEHUS
COOCTBEHHOH XOJIOJONPOU3BOAUTEIBHOCTH.

3. Bkmouenne THY B cocra AXM, a Takxke
coBMmereHue ¢yHKOmid reHepatopa AXM,
koHgeHcatopa THY B ogHoM anmapare u
BKJIFOUEHHEM OOIIEro aKKyMyJsToOpa TEeIUIOTHI,

o0ecrieurBaeT  HE  TOJNBKO  IIOBBIIICHHUE
SHEPreTHYECKON 3¢ deKTUBHOCTH BCETO
KOMILIEKca LIEHTPAJIM30BAaHHOT O
KOHAMIIMOHUPOBAHMUA, HO W  JaeT  pAan
TEXHOJIOTMYECKUX u 9KOJIOTHYECKUX
MPENMYIIECTB 1O CPaBHEHHIO C TaKUMHU

HWCTOYHUKAMHU TEIJIOBOM JHEPruM Kak: KOTJIbI,
paboTaromue Ha IEPBUYHOM TOIUINBE; KOTIBI —
YTUIIU3aTOPbI YXOISIIMNX razoB (v
BBIXJIOIIHBIX); TEIUNIOOOMEHHHUKH Ha JHHHUAX
Ter10()UKAHOHHOTO CHaOXKEHMS 15817
3JIEKTpOHArpeBaTelM — TaKWX Kak MoXapo —
B3pPBIBOOE30MTaCHOCTh B JKUJTBIX u
aIMMHUCTPATUBHBIX 3/IaHUSIX, HE3aBUCUMOCTD OT
MECTOPACTIONOKEHUS ~ MCTOUYHMKOB  TEIJIOTHI,
OTCYTCTBHUE HEO00XOIMMOCTH MPOKJIAJIK1
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JIOTIONTHUTENBHBIX JIMHUM Ta30MpOBOJIOB  WJIU
ropsuei Bojbl (mapa) u Jip.

4. Texandeckoe perieHne 0 MPUMEHEHUH IS
TertocHabkeHus reaepaTopa AXM ¢ ITOMOIIBIO
COJIHEYHBIX KOouiekTopoB 1 THY, usnoxenHoe B
pabote [22], B  wHacrosmieir  pabote
YCOBEPIIEHCTBOBAaHO. IIpennoxxeHne aBTOPOB
CTaThHM MO COBMCIICHUIO (PYHKIMH reHeparopa
AXM, xonpaencatopa THY B onHoM anmapate u
BKIIFOUEHHEM OOIIEro akKyMyJsiTopa TEIUIOTHI
SIBJISICTCSI HOBAaTOPCKUM U 3aIlUIICHO MOJaveit
3asBKH Ha m300peTeHne No2784256.

APPENDIX 1 (TPUJIOKEHHUE 1)

Fig. 1. Absorption chiller with integrated heat pump
and solar collector.

2Fig. 2. Schematic diagram and operating cycle of a
heat pump installation.

34Table 1. Specifications ABXM—600B—10.
56Table 2. Specifications of vacuum tube collectors
VTC—30.

"8Table 3. Technical characteristics of the projected
heat pump installation on c—C4F8.

910Table 4. Technical characteristics of the projected
heat pump installation on c—CA4F8.

11.12Taple 5. Technical characteristics of the scheme
AXM—THY—COJI (100% THY —75% COJI).
1314Table 6. Technical characteristics of the scheme
AXM—THY—COJI (100% THY —50% COJI).
1516Table 7. Technical characteristics of the scheme
AXM—THY—COJI (100% THY -25% COJI).
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Analysis of the Numerical Modeling Results of the Associated Petroleum
Gas Combustion in the Convertible Chamber in a Micro Gas TPP

Matyunin O.0., Bachev N.L., Shilova A.A.
Perm National Research Polytechnic University
Perm, Russian Federation

Abstract. When developing prospective gas turbine plants or converting existing ones for burning non-
standard fuel gases, one of the main tasks is creation of low-emission combustion chambers with sta-
ble combustion. At the stage of sketch design, the parameters of recycling chambers are usually de-
termined using engineering calculation methods. Methods of numerical modeling of the working pro-
cess allow to clarify the obtained parameters and significantly reduce the costs of creating a combus-
tion chamber thanks to the numerical experiment. The purpose of this work is to develop recommen-
dations for converting existing combustion chambers of microgas-turbine power plants to utilize non-
standard fuel gases. To achieve the goal, the problem of numerical modeling of the working process
with and without a stepwise air supply to the combustion zone was solved. The most significant result
of the conducted studies is provision of stable combustion due to the change in the medium speed
along the combustion zone with stepwise air supply and due to intensification of the reverse currents
zone from the swirler with continuous air supply. The significance of the obtained results is that the
proposed recommendations for converting a low-emission combustion chamber from components
(kerosene+air) to components (combined petroleum gas+air) while keeping the diameter and length of
the chamber unchanged, with changing the location of only the side holes. In this work, a three-
dimensional numerical model of turbulent combustion for utilizing associated petroleum gases was
developed to take into account the real operational conditions in a two-zone combustion chamber and
analyze the performance characteristics.

Keywords: combustion chamber, numerical modeling, emission of harmful substances, nitrogen oxides.

DOI: https://doi.org/10.52254/1857-0070.2023.1-57.09
UDC: 004.94, 621.438

Analiza rezultatelor simulirii numerice a arderii a gazelor petroliere intr-o cameri convertibila a unei
centrale electrice cu microturbina cu gaz
Matiunin O.O., Bacev N.L., Silova A A.
Universitatea Politehnica Nationald de Cercetare din Perm Perm, Federatia Rusa

Rezumat. Cand se dezvolta sau se transforma instalatii existente de turbine cu gaz pentru arderea gazelor
combustibile nestandard, una dintre sarcinile principale este crearea camerelor de ardere cu emisii scazute, cu
ardere stabila. in etapa de proiectare preliminard, parametrii camerelor de reciclare sunt, de obicei, determinati
folosind metode de calcul ingineresc. Metodele de simulare numerica a fluxului de lucru va permit sa rafinati
parametrii obtinuti si sd reduceti semnificativ costul crearii unui camerei de ardere datoritd unui experiment
numeric. Scopul acestei lucrdri este de a dezvolta recomandari pentru transformarea camerelor de ardere
existente ale centralelor electrice cu microturbine de gaz pentru utilizarea gazelor combustibile nestandard.
Pentru a atinge acest scop, a fost rezolvatd problema simuldrii numerice a procesului de lucru cu si fara
alimentare in trepte cu aer in zona de ardere. Rezultatul cel mai semnificativ al studiilor efectuate ar trebui
considerat a fi asigurarea unei arderi stabile prin modificarea vitezei sectiunii mediane de-a lungul zonei de
ardere cu o sursd de aer in trepte si prin intensificarea zonei curentilor inversi de la turbion cu o alimentare cu aer
fara trepte. Semnificatia rezultatelor obtinute constd in faptul cd se propun recomandari pentru transformarea
unei camere de ardere cu emisii reduse din componente (kerosen + aer) in componente (gaz petrolier asociat +
aer) pastrand 1n acelasi timp acelasi diametru si lungime a camerei, cu o schimbare a locatiei doar a deschiderilor
laterale. In aceasta lucrare, pentru a lua in considerare conditiile reale de functionare intr-o camera de ardere cu
douad zone si pentru a analiza performanta, a fost dezvoltat un model numeric tridimensional al arderii turbulente
pentru utilizarea gazelor petroliere asociate.

Cuvinte-cheie: camera de ardere, simulare numerica, emisie de substante nocive, oxizi de azot.

© Martronun O.0., baues H.JI.,
IlIunosa A.A., 2023
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AHanu3 pe3yIbTaTOB YHCJIEHHOI0 MOJEJIHPOBAHNS IT'OPeHNs NOIYTHOTO HehTAHOTO raza B
KOHBEPTHPYEMOil KaMepe MUKPOra3oTypOMHHONH JHEProyCTaHOBKHU
Martionun 0.0., bayes H.JL., [llunoBa A.A.
[lepMmckuii HaLMOHANBHBIN HCCIEA0BATENBCKUIN TOTUTEXHUYECKU YHUBEPCUTET
IIepms, Poccuiickas ®enepanus

Annomayus. Ilpu pa3paboTKe NEPCHEKTUBHBIX WIM KOHBEPTHPOBAHHM CYIIECTBYIOIIUX Ta30TypOMHHBIX
YCTaHOBOK JUISl CIKUTaHUSl HECTaHAAPTHBIX TOIIMBHBIX Ta30B OJHOM W3 TNABHBIX 3a7ad SBISAETCS CO3LAHUE
MaJIO3MUCCHOHHBIX KaMep CropaHus ¢ YCTOMUMBBIM ropeHueM. Ha »3Tame 3CKH3HOTO MPOEKTHPOBAHUS
napaMeTpsl YTWIM3AIHMOHHBIX Kamep OOBIYHO OIPENeNIOTCS C HCHOJIb30BAaHUEM HHKEHEPHBIX METOAUK
pacdera. MeTOAbl YHCIICHHOTO MOJCIMPOBAaHUS pPaboyuero mnpolecca IMO3BOISIOT YTOYHHUTH IOJY4YEHHbIE
napaMeTpsl M CYIIECTBEHHO COKpaTHTh 3arparhl Ha co3maHue KC Onaronmapsi MpOBEAEHHIO YHCIEHHOTO
skcrniepuMeHTa. llenbro naHHOW paboThl sBisETCS BBIPAOOTKA pPEKOMEHNAIMH 10 KOHBEPTUPOBAHUIO
CYIIECTBYIOIMX KaMmep CrOpaHHs MHUKPOra3oTpyOHMHHBIX SHEPrOYCTAHOBOK JUIsS yTWIIM3AlMM HECTaHAApTHBIX
TOIIMBHBIX Ta30B. sl JOCTH)KEHHUS MOCTaBICHHOW ILEeIM peNIeHa 3ajada YHCICHHOTO MOJIEIUPOBAHHS
pabodero mporecca HpH CTYNEHYATOM MOABOAE M 0€3 CTYNEHYAaTOro IIOABOJA BO3IyXa B 30HY TOPEHUS.
Haubomnee cymiecTBEHHBIM pE3yJIbTATOM IIPOBEICHHBIX HCCIEIOBAaHMH CIIEAYyeT CUYHTaTh OOecHedeHue
YCTOIUMBOrO TOPEHHS 3a CYET HU3MEHEHHMs MUAEIEBOW CKOPOCTH BIOJb 30HBI TOPEHHS IHpPH CTYNEHYATOM
MOZIBO/IC BO3/yXa M 3a CYET MHTCHCH(UKAIMK 30HBI OOPAaTHBIX TOKOB OT 3aBHXPHUTENS IPH OeccTylneHYaToOM
HOJBOJE BO3AyXa. 3HAYUMOCTb MOJYYEHHBIX PE3YIBTaTOB COCTOUT B TOM, 4YTO IPEUIOKEHBI PEKOMEHAALUY 1O
KOHBEPTHPOBAHUIO MAJIOOMHUCCUOHHOM KaMephbl CrOPaHUs OT KOMIIOHEHTOB (KEPOCHHTBO3IyX) HA KOMIIOHEHTEI
(momyTHBIN HEPTSIHOW ra3+BO3/1yX) PU COXPAHEHUU HEU3MEHHBIMH AMAMETpPa M JUIMHBI KaMepbl, C ©3MEHEHHEM
PacIoIoKeHUN TOJIBKO OOKOBBIX OTBEPCTHH. B maHHOM paboTe mist ydyera peanbHbIX YCIOBHI KCIUTyaTalllid B
JIBYX30HHOW Kamepe CropaHusi M aHajin3a pabodymx XapaKTepHCTHK Oblla pa3paboTaHa TpexMepHas YdCICHHas
MOACIIb Typ6yJ'ICHTHOFO TopeHUs JJIA yTuiansaumuu TMOMMYTHBIX He(bTﬂHI)IX Ta30B. HonyquM u
MPOAHAIM3UPOBAHbl MO TEMIIEPATyphl, TaBJICHMS, MONOXKEHHs (poHTa miuaMmeHH, koddduimeHTa n30ObITKa
BO3JlyXa, CMECEBOH JOJIM TOPIOYETO, MUAEIEBONH CKOPOCTH, CKOPOCTH TYpOYJICHTHOTO TOPEHUS U UX OTHOIICHUS,
a TaKKe pacrpeaesIeHUs] SMUCCHU OKUCIIOB a30Ta, YIIIEpOaa U Cephl 0 00BEMY U B BBIXOJHOM CEYEHHH KaMephl.
Knrueewie cnosa: xkamepa CropaHusi, YUCICHHOE MOJEINPOBAHHUE, IMUCCHS BPEIHBIX BELIECTB, OKCUIBI a30Ta.

BBEJIEHUE HBIH aHaiIu3 pe3ynbTaToB no MoneasiM RANS u
LES npusenen B [11-13]. Ilo pe3ynsratam uc-
CJIEZIOBAaHUH CJeTIaH BBIBOJ O TOM, YTO C TOYKH
3peHHs] BBIYUCIUTENBHBIX 3aTpaT MpearoYTeHNe
HeoOxoauMo otnaBath Metoqy URANS, a BbIcO-
Kas TOYHOCTh NpHU pacyere TypOyJIEHTHBIX pea-
TUPYIOIIMX TEUEHUI JOCTHTaeTcsl MPU HCIIOJNb-
3oBannu Mojaenu LES. OmpeneneHHbIil nHTEpEC
NPEACTABISIOT Pe3yJIbTaThl, MOJyYeHHbIE IO TH-
opuanoit mogenu RANS/LES, B pa6ore [4].

CpaBHEHHE SKCIEPUMEHTAIBHBIX M YHCIIEH-
HBIX PE3YJIbTATOB IO HCCIIEJOBAHUIO BHYTPHUKA-
MEpPHBIX MPOIECCOB MIPUBEIEHO B paboTax [5, 7,
13, 14, 15, 16]. B pab6ote [7] nmoka3aHo, 4TO npu
TOPEHMH TIPEBAPUTEIBHO MEPEMEIIAHHON cMe-
CH yCTOWYHMBOCTD IJIAMEHHU 3aBHCUT OT K03 du-
[MEHTa N30BITKA BO3yXa M TETUIOBOW MOIITHOCTH
KaMephl. DKCIIEPIMEHTANBHO TOKa3aHo, KaKk Ha
ycroitunBoe V-o0pa3Hoe miamMsi HaKJIaAbIBaoTCs
SAPKO BBIPaKEHHBIE TEPMOAKYCTHUECKHE KoJeha-
Hus. B pabote [15] nmpuBeneHs! pe3ynbTaThl 9KC-
MEPUMEHTAIBHBIX M PAacYeTHBIX HCCIIECIOBAHUN
XapaKTePUCTUK IUIAMEHW METaH/BO3IyX C JO-
OaBkoit Bojopoaa. [lokazaHo, uyto mo0aBka BO-
mopora g0 50% MOXeT paclupuTh AUana3zoH
crabmibHOrO Topenus Ha 20%.

Bonpiioe konuuecTBo pabOT  MOCBAIIEHO
YHCJICHHOMY MOJICJIMPOBAHMIO TOPEHHS C IPH-
MEHEHHUEM pa3IMYHBIX MOJieNiell TypOyJIeHTHO-
ctu B kamepax cropanusi (KC) razorypOuHHBIX
ycraHoBOK (I'TY). PesynbraThl, moiaydeHHBIE C
ucnoin3oBannem RANS-mopeneii, o0cyxmnaror-
cs B paborax [1-6]. Cpenu pas3auuHbIX MOJCEH
TypOyJIEHTHOCTH, IPEAJIOKEHHBIX B 3TUX HCCIIE-
JIOBaHUSX, MOJENb HampskeHuil PeitHosbica
(RST) ¢ ucnonb3oBanueM (GYHKIHMH IUIOTHOCTH
BepositHocTh (PDF) siBisiercst HanboJsiee TOYHOM.
Pesynpratel pacueToB NpH  MOIEIMPOBAHUHU
kpynueix Buxper LES ommcansr [7-10]. Hanps-
JKEHHsI B MOJICETOYHOM MaciuTabe ObUIM cMoze-
JMPOBaHBl C HCIOJb30BaHMEM Moaenu Cmaro-
pUHCKOTO-JIMIITN WM C UCTIONB30BaHHEM (YHK-
WY TIOTHOCTH BeposiTHOCTH. B [9] oTMmewaercs,
YTO B IMOBEACHUM IUIAMEHH OTYETIMBO BHIHBI
nBe craguu. Ha mepBoii ctaanu ruiamsi IpUMBI-
KAaeT K CMECUTEJIBHON T'OJIOBKE, UMEET YCTONYM-
BBII CTaOWIIBHBINA KOpeHb U V-00pa3Hyto Gpopmy,
a Ha BTOPOM CTaguM HaOJIOAAETCsl OTPBIB OT TO-
JIOBKH. OTH CTaJWU TEPEKIIOYalOTCs OJHA Ha
JPYTYI0, 4TO TPUBOJMUT K HEYCTOHYMBOMY TIOBE-
JEHHIO TUIAMEHH, KOTOpoe Haliromaercs B SKC-
MEPUMEHTAIBHBIX HCCle0BaHusIX. CpaBHHUTEIb-
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Pesynbrarhl mcciaenoBaHuiA MO MOCIUPOBA-
HUIO AU PY3HOHHOTO TOPEHHS MPEICTABICHBI B
paborax [2, 5, 9]. B paborax [2, 5] BuxpeBoe
TypOYJICHTHOE TOpeHHE 0e3 IMpeIBapUTEILHOTO
CMENICHNSI YHCICHHO HM3Y4aJloCh C HCIIOJIb30Ba-
aueM moxeneit RANS. B [9] mns onpenenenus
nmoJiel TeMrnepaTypsl B MOJCIBHONW Kamepe Cro-
paHusl Ta30BOM TypOUWHBI, pabOTAIONICH B PEXKU-
Me 0e3 MpenBapuTeIbHOTO MepEMEIINBaHNUs, HC-
noJjp3oBayiack Moneib LES. 3ameueno, uro To4-
HOE OIMCaHHUE MPOIIECCOB B ()POHTOBOM yCTPOU-
cTBe urpaer (yHIaMEHTAIBHYIO POJIb HPHU IMPO-
THO3WPOBAHHUHU TOJIEH KOHIIEHTPAIlMU TOIUINBA U
TeMreparypel. B mocienHee Bpems OoJblioe
BHUMAaHHUE YJIEISICTCS UCCICIOBAHUAM IO TOMO-
reHHOMY TopeHwuto [1, 8, 16, 17, 18]. Dkcnepu-
MEHTAJIbHBIC YU PACUYCTHBIC MCCIICAOBAHUS 10 I'O-
PEHHIO TIPEIBAPUTEIBHO MEPEMEIIaHHON CMecH
HamnpaBlieHbl HAa CHIDKEHHWE SMUCCHHM BPEIHBIX
BEIIECTB M O0ecTieueHne CTa0MIBHOTO TOPEHUS.
CpaBHEHUIO XapaKTEPHCTHK AU(PGY3HOHHOTO H
TOMOTE€HHOTO TOPEHUS 0 Pe3yNbTaTaM YHCIICH-
HOTO MOJIEIIMPOBAHUS TOPEHUS IPOTIaH/BO3AYX U
METaH/BO3IyX MOCBsIIeHa padora [19]. Otmeua-
€TCs, YTO TPOIMaH JaeT OoJjiee BBICOKOE COJIEp-
skaaue NOy 1Mo CpaBHEHHIO C METaHOM, OCOOEH-
HO TIPH BBICOKHX TeMIIepaTypax Ha OKOJIO CTe-
XUOMETPUYECKUX pekuMax. HecoOMHEHHBIN HH-
Tepec MPEJCTABIAIOT PE3YyJIbTAaThl IO HCCIE0-
BaHMIO MOAOrpeBa BO3AyXa [6] M TOIIMBHOIO
rasa [20] Ha ra3oAMHAMHUYECKUE U IMUCCHOHHBIE
XapakTepucTuku ropenus. B [20] yucnenHo uc-
CJIeTOBaHbI XapaKTEPUCTUKU TOPEHUS B KaMepe C
MHUKPOCMEIICHUEM JIJIsl Ta30BOM TYpOUHBI, pabo-
TaloIIEH Ha METaHe, IPHU TEMIIepaTypax TOILIMBA
373 K, 423 K, 474 K, 523 K, 573 K. Pe3ynbrarst
MOKa3bIBAIOT, 4TO BEIOPOCH NOy UMEIOT OTHOCH-
TEJIBHO OOJIBIIIOE YMEHBIICHUE 10 MEpPE YBEIIH-
YEHHSI TEMIIEPATyPhI TOTLIHBA.

OCHOBHOE  KOJMYECTBO  OIyOJWKOBAHHBIX
JIAHHBIX OTHOCHUTCSI K TOIUIMBHOW KOMIIO3MIIMU
MeTaH u Bo3ayX [2, 5, 7, 17, 20]. B pabore [17]
PaccMOTpPEHBI TP OCHOBHBIX PEXUMa TOPEHUS U
MOBEICHUS IuTaMeHu. PexkuM 1 BO3HHMKAeT mpu
ropeHur OOraTroil CMecH, NMpH 3TOM CrOpaHHe
yacTuyHO mpoucxoauT BHyTpu KC, HO 10
OombIiel yacTu mocie BbIxonaa u3 Hee. Pexum 2
BO3HHUKAET HAa OKOJO CTEXUOMETPUUYECKHUX
COOTHOIICHHSIX TPH 3TOM ILIaMs JIOKAIH3YeTCs
OKOJIIO CMECHUTEIHHON TOJIOBKH, HO
pacmpoctpansiercsi BHyTpum KC. Pexum 3
peanmusyetcss npu OeqHOW CcMecH C OOJBITUMH
KodpuIMeHTaMn  M30BITKa  BO3AyXa U
pacrpocTpaHseTcs Ha PacCTOSTHUM oT
CMECUTENBHON TojoBKHM. bosblioil  uHTEpec
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BBI3BIBAIOT ~ PE3YJIbTAaThl, IIOJyYCHHbIE TpPHU
TOPEHUH BOJIOPOAOCOACp AKX TOIHB [15, 21,
22, 23]. B paborax [15, 21] mnpoBeneHsI
9KCTIEpPUMEHTAIIbHBIE u pacueTHbIe
WCCIIETOBaHUSA XapaKTEePUCTUK TUTAMEHU
METaH/BO3AyX ¢ A00aBKO# Bomopona. OcHOBHOE
BHUMAaHHUE Y/ICJICHO BIHMSIHUIO JOOABKH BOAOPOIA
Ha YCTOWYUBOCTh IUTaMeHU. B pabore [22]
aHANM3UPYEeTCsl BIMSIHUE NO0aBKM BOAOpPOAa Ha
CTPYKTypy IUIAaMEHH W JWHAMHUKY TOpPEHUS
00eTHEHHOTO MPEABApUTEIBHO MEPEMEIIEHHOTO
TypOYJIEHTHOTO TUTAMEHU MeETaH/BO3IyX.
DKCIIepUMEHTAIBHO TI0Ka3aHo, YTO TIPH JT00aBKE
Bojgopoaa 1o  50% = TepMOaKyCTHUYECKHE
Kosiebanuss He HabmromatoTca. Crabunmzanus
¢poHTa TUTAMEHU npu CXKUTAaHUHU
HU3KOKAJIOPUMHOTO  TOIUTMBHOTO  Tra3a  C
MOJIOTPEBOM BO3[lyXa YHMCJICHHO HCCIEIOBaHA B
ropelke, 3aloJHeHHOH mMmeHokepamukoir Al203
[24]. Pe3ynbTaThl MOKA3bIBAIOT, YTO MTOBBIIICHHE
TeMIepaTypsl MOJIOTPETOTO BO3/yXa
CIOCOOCTBYET JTydIlleil CTa0MIH3auy TIAMEHH.
JIOTIOMHATENEHO BOMIPOCHI IO  WCCIIEZIOBAaHUIO
MEXaHu3Ma rop€Husa u CTa6I/IJ'H/I3a]_[I/H/I IJ1aMEHU
paccMoTpeHsI B paboTax [25, 26].

HNudopmarnmonHo-aHamuTHIECKHA 0030p T10-
Kaszaj, 4TO pacCyYCTHbIC M OBKCIICPUMCHTAJIbHBIC
WCCIICIOBaHUSI TPOBOASTCS M JTaOOpaTOPHBIX
WIA BHOBb MPOEKTUPYEMBIX KaMmep CrOpaHUs.
Llenpto nmaHHOW pPabOTHI sBIsAETCS pazpaboTka
MPEJIOKEHUN ISl KOHBEPTALMM CYIIECTBYIO-
VX OTHEBBIX YCTPOHCTB MHKPOTa30TypOMHHBIX
YCTaHOBOK. PexoMeH 11y MOTy4eHbI B TIPOIIEC-
ce aHaJM3a pe3yJabTaTOB YMCISHHOTO MOJIEINPO-
BaHUA C MCIIOJIB30BAHUEM MOJACIIU T'OPECHUSA Par-
tially Premixed Combustion, kotopast npu cpaB-
HUTEIEHO HEOONBIIONW TPYIOEMKOCTH TTO3BOJISET
MOJYYHUTh M30TIOBEPXHOCTH TUIAMEHU. JTO M03-
BOJISIET OIPENEIUTh YCJIOBUS M KPUTEPUU CTa-
OWIJILHOTO TIOJIOKEHUS TUIAMEHH TPH TOPEHUH
HECTaHAAPTHBLIX TOIUIMBHBIX T'a30B pa3HOro CoO-
CTaBa M TEIUIONPOM3BOAMUTENHHOCTH. Hambonee
3HAYMMBIM PE3YyJbTaTOM palOOTHI SIBISETCA BbI-
BOJI O BO3MOKHOCTH OpPTaHU3aIlMH yCTOWYHBOTO
TOPEHUS TOMyTHBIX HETAHBIX Ta30B 0e3 OOKo-
BOT'O MOJIBOJIA BO3AyXa B 30HY TOPEHHUS.

MATEMATHYECKAS MO/IEJIb
BHYTPUKAMEPHOI'O ITPOLECCA
Cucrema  ypaBHEHHH  BHYTPHKaMEpPHOTO

pabouero mporecca COCTOUT U3 CTallMOHAPHBIX,

ocpeHeHHBIX 110 PaBpy ypaBHEHHN COXpaHEHUS

Macchbl, UMITYJIbCa, SHEPTHH, YpaBHEHUs QpOHTA

IUIAMEHU U YPaBHEHUSI CMECEBOH JI0JIH.
VYpaBHEHHE COXpaHEHUS MACCHL:
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rae p — INIOTHOCTB; U — CKOPOCTb.
YpaBHEHHE COXpaHEHU UMITYJIbCA:

V- (plt) =—Vp+V‘(ﬂeff (VU+VUT ))
rae Uy = MU+ 44, — dhPeKTuBHAsS BA3KOCTH;
M WM 4, — JOUHAMMYECKas M TypOyleHTHas

BSI3KOCTh, COOTBETCTBEHHO; ) — JaBJICHHE.
YpaBHEHUE COXpAHEHUS YHEPTUU:

V-(pih)=V-| 2L |+ ps,H.Y"
(pu )_ : +p c' 'ueop?

C

P

rie h — owramemms; Ay — oddexTuBHas
TEMIONPOBOHOCTD; C, — TEIJIOEMKOCTh; S
— HOPMAJIM30BaHHAS CPEAHSS CKOPOCTh 00pa-
30BaHHS INPOJYKTOB cropanms; H, — Tterora
cropaHus | Kr TOIUTHBA; Y;,p — MaccoBast 10

TOIUIMBA B HECTOPEBILIEH CMECH.

Pacmipoctpanenue ¢ppoHTa IIaMEeHH MOJEIH-
pyeTcs pelIeHHeM YpaBHEHHs IepeHoca s
B3BELICHHOW IO IUIOTHOCTH CpeiHEl mnepeMeH-
HOU IMHAMHKH NPOTEKaHUs peakuuu C :

V. (plc)=V- S“—tva +pS,

C,
rie C — mnepeMeHHasl JUHAMUKU MPOTEKAHUS
peakimu; SC, —  TypOy/JeHTHOE  YHCIO
Mmunra; S HCTOYHHUKOBBIM  4WiIEeH

C
TIepeMEHHOM JTUHaMUKH peakiu (1/¢).
YpaBHEHHE COXpAaHEHUSI CMECEBOM NOJIU @

MOXXHO 3aIlucaTh KakK:

V-(pip) -V (0,11 VP) =0,
p=1/1+aK,,),

rie obparnoe uncio Mpannrna @, =1.176; «
KmO

MaCCOBOC CTCXNOMETPHUUICCKOC COOTHOLICHHUC.

— k03(hbunreHT u30bITKA BO3/IYyXa;
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[MpumeHeHHass MOJeb TypOysieHTHOCTH €—K
RNG omimuaercss or craHmapTHOH £—K Momenu
CIIEIYIOIIMMH TOJIOKEHUSIMU:

- OHa BKJIIOYAeT [OIOJHHUTEIBHBIA YIEH B
YpaBHEHWU AMCCHIIAIUN YHEPTUU TypOYIEHTHO-
CTH, KOTOPBIH YBEIIMINBAECT TOYHOCTH JJISI OBICT-
PO AehOpMHUPYEMBIX TOTOKOB;

- B Hee BKIIOYEHO BJIHMSHHE Ha TypOyJeHT-
HOCTH 3aKPyYEHHOCTH ITOTOKA, YTO YBEIHMYHNBAET
TOYHOCTb IS 3aKPY4EHHBIX TTOTOKOB;

- B OTOW MOJETH HCIOJB3YyeTCsl aHAIUTHYe-
ckag ¢Gopmyna ans  TypOyJNeHTHBIX YHCEl
[Ipannarns, Torga Kak B CTaHAApTHOM MoJenu
OHU NPUMEHSIOTCS] TOCTOSHHBIMHU [24].

[Ipu cropanmm cTaHIApTHBIX W HECTaHIAPT-
HBIX TOIUTMBHBIX Ta30B B COCTaBE MPOAYKTOB
cropaHusi B o0IIeM ciiydae MOTYT OBITh OKHCIIBI
azota NOy, okucinesl yriepoga CO, okucibl cepbl
SOy, mecropesmme yriaeBonopoabl ChHm. Kon-
nentpaiuu CO, SOy, ChiHm paccuuThiBatoTCs M0
paBHOBECHOH Mojenu, onucaHHoW BbImie. Cko-
pocth obpazoBanusi NOy CyIIECTBEHHO 3aBUCHT
OT TEeMIEepaTypsl IIAMEHH, TIOATOMY KOMITOHEH-
Tl NOx HCKITIOYEHBI M3 PaBHOBECHS U pacCyH-
THIBAIOTCS TIO OTIEIHHONW MOJIENH, YUUTHIBAO-
1ieH 3Ty 3aBUCUMOCTb.

PACUYETHAS CETKA U TPAHUYHBIE
YCJIOBUA
B tabnuue 1 npexncrtaBieHbl pacuyeTHBIE CET-
KA M TPaHUYHBIC YCIOBHS JUIA pacueTa MOAEIH
CO CTYIIEHYAThIM TIOJIBOJIOM BO3/yXa U 0€3 Hero.
[Ipu mpoBeneHUM WCCIIEOBAHUN HJIS YCKO-
PEHHUS cueTa U yMEHBIICHHS O0IEro KOJMyecTBa
pacueTHBIX sYEEeK CeTKa MpeoOpa3oBhIBajiach B
MHOTOTPaHHYIO.
IIpn cTyneHyatoM MmoABOAE BO3AyXa 30HY
ropenus (puc. 1a) MOKHO YCIOBHO pa3aenuTh Ha
YeThIpe XapakTepHble 001aCTH:

1) O6macts Ne 1: 0< x/1<0.24;

2) O6nacts Ne 2: 0.24<x/1<0.38;

3) O6macts Ne3: 0.38< x/1<0.82;

4) O6nacts paszoasnenus: 0.82<x/1 <1,

Boznyx B obOmacte Nel momaercs uepes
3aBUXPHUTEIb B (POPCYHOUHOU T'OJIOBKE KaMephl,
B 00mactp Ne2 - gyepe3 10 GOKOBBIX OTBepCTHi
nuameTpom 8 MM, B oOiacte Ne3 - uyepes 6
OOKOBBIX OTBepcTHil tuamerpoMm 16 mm. B 30my
pa3baBieHUs BTOPUYHBIA BO3AYX IOJAETCS
gyepe3 8§ OOKOBBIX OTBEPCTHH JUAMETPOM 24 MM.

B BapuanTe 6e3 cTyneH4aToro moaBoAa BO3-
nyxa (puc. 16) o6nacTb rOpeHus JIEKHUT B Mpee-
max 0<x/1<0.82, GokoBble OTBepcTHs OT-
cyTcTBYIOT. O0nacTe pa30aBieHus - B Ipeaenax
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0,82<x/1<1. Bosnyx B 30Hy pasbaBicHus
MOBOANTCS depe3 8 OOKOBBIX OTBEPCTHH AHa-

MeTpoM 15 MMm.

a) co cmyneHuamviym n008000M; 6) be3 CIyneHuamo2o no0sood.

Puc. 1. HecrpyKTypupoBaHHAasi pacueTHas ceTka.

Bo BXOAHOM ce4eHHUM 1O OKUCIUTEN0 ObUTH
3aJlaHbl CIeIyIOIe TpaHUYHBbIE YCIOBUS: 00-
mui pacxon Bo3ayxa 0,802 kr/c, cmeceBast 10t
paBua 0, Temmeparypa paBHa 342.9 K, rumpas-
nudeckuid auametrp paBeH 0.01 M U UHTEHCHUB-
HOCTb SHEpruu TypOyJIeHTHOCTH paBHa 15 %.

Bo BXxogHOM cedeHHMIO MO roproueMy ObLTH
3aJaHbl CIIEAYIOIIME TPAHWYHBIE YCIOBHS: 00-
mmid pacxon nomytHoro HedTsHoro raza (ITHI)
pasen 0.030 kr/c, cmeceBast 1ons paBHa 1, TeM-
neparypa paBHa 298 K, runpaBnnyeckuii nua-
MeTp paBeH 0.004 M ¥ UHTEHCHUBHOCTH SHEPTHH
TypOysieHTHOCTH paBHa 5 %.

B BBIXOJHOM cedueHUM KaMepbl ObUIN 3a]1aHbl
CJIEAIYIONIME TPAHUYHBIC YCIOBHS: HM30BITOYHOE
cratnyeckoe gasineHue paBHo 0 Ila, cmeceBas
nons paBHa 0, Temmeparypa NpPOLYKTOB Cropa-
Hus paBHa 1157 K, ruppaBnuueckuii nuamerp
paBen 0.14 M ¥ MHTEHCUBHOCTh 3HEPTUU TYpOy-
JIEHTHOCTH paBHa 5 %.

AHAJIM3 PE3YJBTATOB
YUCJIEHHOI'O MOJEJUPOBAHMUSI
Ha puc.2 mnokasaHo pacopenesieHue Imo

00BEMY TOpEJIKH, IPOIOIBHbINA OCPEIHEHHBIH 11O
MONEPEYHBIM CEYECHUSIM MPOPUITL U PaAUaIbHbIC
npobuian  TOKa3aTens JUHAMHKA — PEaKIud
ropenus C .

IIpu cryneHuaTom mnojaBoje (pHUC. 2a) Hempe-
peiBaoe ropenue npu C =1.00 npoucxomur B
IPUCTEHOYHOM 00JIacTH, a B spe MOTOKA MPH
C =0.20 naGmromaercs myJbCUPYIOLIEE TLIAMSI.
IMomaua BO3ayXa 4epe3 MEPBYIO CTYNMEHb OOKO-
BBIX OTBEPCTHH TPUBOIKT K 00JIee paBHOMEPHO-
My TOpeHHuio B obOsactu Ne2: B HPUCTECHOYHOMH
00JIacTH TOKa3aTeNlb JMHAMUKH YMEHBIIIACTCS 10
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C=0.65, a B sape moTOKa BO3pacTaeTr o
€ =0.30. IMogaua BO3myxa Yepes3 BTOPYIO CTY-
neHb OOKOBBIX OTBepcTHd B o00macte Ne3
YMEHBIIAET IOKa3aTelb IWHAMHKA B MPHCTE-
nounom cioe 10 C =0.30 u yBenuuusaer B -
pe noroka g0 C =0.70. Takoe mepepacmpese-
JICHUE TOKa3aTelsl AMHAMUKH MOXKHO OOBSICHHUTH
HaJIMYMEM Pa3BUTBIX OOPATHBIX TOKOB B 00J1aCTH
Ne3. B obGnactu pa3OaBieHHs MoKa3aTelb IUHA-
muku C =0.30, uTo roBoputr 0 HaIMYUH B 00-
JAaCTH JIOKAIBHBIX M ITyJIbCHUPYIOIIUX S3BIKOB
TUIAMEHH.

IIpu 6e3 cryneHuaTtoMm moxaBoze (puc. 20)
MaKCHUMaJIbHOE 3HAUYCHUE MOKa3aTessl AMHAMHUKA
c=1.00 HaOJIro1aeTCst B obactu
0.10<x/1<0.30. Ha BbIXO/E M3 30HBI TOpE-
wuss npu  X/1=0.82 nokazarens auHamuku
camxkaercs 10 C =0.70, uyto oOpAcHsETCS BIU-
SSHHUEM Ha IlJ1aMs O6paTHI)IX TOKOB BTOPUYHOI'O
BO3/yXa, IMOCTYIAIOUIEr0 Yyepe3 OOKOBBIE OTBEp-
ctusi. Ha BbIXO/ie U3 KamMepbl CropaHus MoKasa-
Tenb AuHaMuKd ymenbinaercs 10 C = 0.50, uro
TOBOPUT O CYIIECTBOBAHUM IIyJILCUPYIOIINX
SI3BIKOB ITAMEHHU.

Ha puc.3 mnoka3sassl
IJIAMEHU B 00bEME TOPEJIKH.

ITo puc. 3a MOXHO clienaTh BBIBOJ, YTO IPU
CTYIIEHYaTOM TOJBOJie Bo3ayxa ropenue IITHI
MPOUCXOJUT YCTOWYMBO. B 30He ropeHus
HaOmrogaeTcst  IyJbCUpyIOllee IUlams, a B
NPUCTEHOYHOM CJIO€ — HETIPEPhIBHOE TOPEHHE.

ITo puc. 36 MOXKHO clenaTh BBIBOJ, YTO NPH
0e3 CTymeHYaToM MOJBOJE BO3/1yXa TOPEHHE
[THT" mpouncxomut Takxke ycToiunBo. OCHOBHOE
NOJIOKEHHWE IUIAMEHH HAONI0JaeTcss B 30HE

H30IMOBCPXHOCTHU
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nporspkertocthio 0.10 < x /1 <0.50, mpu yem
riamst uMeeT V-00pa3HbIil XapakTep.

1 Appendix 1

0,9
0,8
0,7
0,6
0,5
0,4

03
0.2
01 =5
R H + + 0¥ ++
0 02 04 06 038 1 0 0.2 04 0,6 08 1
x/L x/L

— (12 0,31
/R 0,60 - e e 1,00 /R

0,7

0,12 — (0,31
0,60 - - 1,00

a) co cmynenuamiym n008000M; 6) 6e3 CIyneHuamozo noosood.

Puc. 2. TlokasaTean IMHAMAKA PEAKIUA TOPEHNS. >
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a) co cmyneHuamviym n008000M; 6) 6e3 CIyneHuamo2o noosood.

Puc. 3. M30n0BepXxHOCTH (PPOHTA IJIAMEHH. °

Ha puc.4 mnokazaHo pacnpeneieHHe MO O  TONEPEYHBIM  CEUYEHHAM MNpoQwib U
00beMy TOPENKH,  pajuaibHble MPO(QUIN TeMIIEpaTypsl B Kamepe
23 Appendix 1 NPOJOJNBHBI  OCPEJHEHHBI  CrOpaHwsl.
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a) co cmynenuamoim n008000M; 6) 6e3 CmyneHuamozo nooeood.

Puc. 4. Temneparypa B kaMepe cropaHmsi.

Ananu3 puc. 4a MOKa3bIBaeT, 4TO MPOPGUIIH
TeMrepaTypsl 7 B [IEJIOM COOTBETCTBYET MPOQH-
JI0 TIoKazarens nuHamuku C . B obmactu Nel
MaKCHMaJIbHOE 3HAYECHHE TEMIIEPATYPHI
T =2250K nocruraercsi B OPHCTEHOYHOM
30HE, YTO TOBOPHUT O HEOOXOAUMOCTH OpraHH3a-
UM TETUIO3AMIUTHI CTEHOK KaMephbl, a B sJIPe T10-
toka Temneparypa 1 =500K . B ob6nactsax Ne2
1 No3 TpOMCXOMUT BHIPABHUBAHUE TEMIIEPATYP
0 TOTIEPEYHOMY cedueHHio. Ha BbIXome u3 30HBI
ropenust pu X /1 =0.78 cpenusst mo nonepeu-
HOMY  CCYEHHIO  TeMIepaTypa  JOCTHTaeT
T =1344 K. Ha BbIXOJe W3 Kamepbl CTrOpaHUsS
npu X/1=1.00 temneparypa no pamuycy cy-
IIECTBEHHO HepaBHOMepHa. CpejHsisi Temrepa-
Typa Ha BBIXOJ€ U3 KaMcE-
pot cropaaust T =790K .
Takast HU3Kas TeMIepary-
pa Ha BXoje B TypOHMHY IpPHBEIET K yMEHbIIIe-
HHUIO MOLIHOCTH YCTAaHOBKM Ha 51% mipu ee KoOH-
BEPTUPOBAHUH C KEPOCHHA Ha TIOMYTHBIN HedTs-
HOM ras.

AHanu3 NaHHBIX Ha puC. 40 TTOKA3BIBAET, YTO
makcumanbHas — temmeparypa 1 =2300K
Habmopaercs B oonactu 0.40<r/R<0.80, a

4 Appendix 1
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4

B HEMOCPEJACTBEHHO B IPUCTCHOYHOW 30HE
T =500 K. D10 06CTOSATENBCTBO yKA3bIBACT HA
BO3MOXXHOCTh CO3JIaHHs HEOXJIAXKJIAeMOW Kame-
pBl CTOpaHUsl MO CPAaBHEHHIO CO CTYMEHYATHIM
MOJIBOJIOM BO3/lyXa B 30HY TopeHus. B BbIxon-
HOM CEYEHHMH KaMephl TeMIeparypa HMeEeT
CUJIbHYIO HEPaBHOMEPHOCTh M0 Paguycy, Kormaa
temneparypa usMensercs or 1 =500K B npu-
crerounoii oomactu 10 T =1500K B simpe mo-
Toka. OcpeZHeHHass IO BBIXOJHOMY CEUYCHHUIO
temrepatypa paBHa | =944 K, uro Ha 18%
HIDKE TeMIepaTypbl pabodero Teina Ha BXOJE B
TypOuHy 0a3oBoii ycraHoBku. [Ipu 6e3 crymneH-
4aToM IIOJIBOJIE BO3/yXa B 30HY ropeHus (ympo-
IIeHHe KOHCTPYKIMH) MOXHO 00ecnednTh
YCTOMYMBOE TOPEHUS] MOMYTHOIO HEMTIHOTO
ra3a, HO MPHU ITOM TIOJIe3HAas MOIIHOCTh yCTa-
HOBKH yMeHbIaetcs Ha 22%.

Ha puc. 5 nokaszano pacnpejeieHue mno o0b-
€My TOpEJKH, MPOAOJbHBIA OCPEIHEHHBIN 10
MONEPEYHBIM CEYEHHSIM NPO(WIb U paJHaIbHbIE
npoduim MUIENEeBOi CKOPOCTH B KaMepe cropa-
HUA.
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a) co cmynenuamiym n008000M; 6) be3 CIyneHuamo2o noosood.

Puc. 5. MuaesneBasi CKOpoCTb.

AHanmu3 puc. 5a mokaseIBaeT, 4TO OCPEIHEH-
Has 10 MONEPEYHOMY CEUCHHMIO MHJIEJICBasi CKO-
POCTh HEIPEPBIBHO BO3pacTacT. DTO CBA3AHO C
OOKOBBIM JIOTIOJTHUTENEHBIM TIOJIBOJIOM II€PBUY-
HOT'O BO3/IyXa B 30HY TOPEHUS U YMEHBIIEHUEM
IJIOTHOCTH 33 CUET YBEJIH-
YEeHHs TEMIIEPATYPHI.
Boau3u CMECHUTEIILHOMN
TOJIOBKH B 30HE TOPEHUs
HAOJIIOJAI0TCSI OOpaTHBIC TOKH, & B BBIXOJIHOM
CceYeHNH HaOIroMaeTcsi mapaboNuYecKuil Ipo-
(hUIIb CKOPOCTH ¢ MAaKCUMAaJIbHBIM 3HAYEHHUEM Ha
ocu W =140m/c.

AHanmu3 puc 50 MOKa3bIBa€T, YTO OCPEIHEH-
Hasl TI0 MONEPEYHOMY CEUCHHIO MHUJIEIeBasi CKO-
pOCTh Tak)Ke HENPEPHIBHO BO3pacTaer, HO 3a

5 Appendix 1
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5

CYET YMCHBIIICHUS TUIOTHOCTU B 30HE TOPCHHUS U
3a cyeT OOKOBOTO MOBOA BTOPUYHOTO BO3yXa
B 30HE pa3daBicHUs. AHAIN3 paJUaIbHBIX MPO-
el ykaspiBaeT Ha HAIWYHUE CHIBHBIX IUPKY-
JISIIIMOHHBIX TEYCHUI BO Bcel 00JAaCTH Kamepbl
CropaHusi, KpoMe€ IMPUCTEHOUYHOU 30HBI. B oTiu-
YUU OT CTYMEHYATOrO MOJBOJA BO3/yXa MAaKCH-
manbHoe 3Hadenue ckopoctn W =140m/ ¢
JIOCTUraeTCss He HAa OCH KaMepbl CrOpaHus, a B
MPUCTEHOYHOU O0JIACTH.

Ha puc 6 nokazano pacnpezeiieHue mno oone-
MY TOPEJKH, IPOIOJIBHBIN OCPEIHEHHBIA O TIO-
NEPEYHbIM CEUCHHSAM TPOPHIb M PaIHaIbHBIC
npopI CKOPOCTH TYpOYJIEHTHOTO TOPEHUS B
Kamepe CropaHwsl.
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a) co cmyneHuamuviM n00BOOOM; 0) 6e3 CImyneH4amozo nodeood.

Puc. 6. CkopocTh TYpOy/I€HTHOTO TOPEHMS.

Ananus puc. 6a TOKa3bIBAET, YTO MPU CTY-
TIIEHYaTOM TIOJIBOJIE MaKCHMallbHass CKOPOCTb
TypbynentHoro ropennss U, =1.6m/c pocru-
raeTcsi Ha BBIXOJE M3 30HBI TOPEHHUS TPH
X/1=0.78. Ha Bbixojme ¥3 Kamepsl CropaHus
IPU  MYyJIBCUPYIOIIEM TO-
PEHUH CpeJlHeEe 3HAUYEHUE
U,=0.8xm/c. Pamuans-

¢ Appendix 1

Helii npopuias U, sBisercst cyry6o HepaBHO-
MEpPHBIM: Ha BBIXOJIE M3 30HBI F'OPEHUS MaKCHU-

manbHoe 3HaueHne U, =3.0m/c, a B npucre-

HouHoit obmactu U, =1.0m/c.
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6

AHanu3 puc. 60 MoKa3bIBaeT, 4TO HPU CTY-
MEHYaTOM II0/IBOJIE MAaKCHMaJbHasi CKOPOCTb

TypbynentHoro ropenust U, =3.2.m/ ¢ nabmo-

naeTcsi B 00JAaCTH TOPEHHS TPOTSHKEHHOCTHIO
0.15<x/1<0.50. Ha BrIixoae u3 30HBI TOpe-
HHSL CKOPOCTh TYPOYJIEHTHOTO TOPEHHS yMEHb-
maercs 10 2 M/, uTo, MO-BUAMMOMY, CBS3AHO C
TOMAIaHUEM CBEXHX TMOPIUH BTOPHYHOTO BO3-
JlyXa B 30Hy TOPEHHs 3a CYET OOPATHBIX TOKOB.
Ha BbIXOJZE M3 KaMmepbl CrOpaHds B PEKUME
yJILCUPYIOIIETO TOPEHHS. CPEIHEE 3HAYEHUE
U, =1.0m/c. Ananuz paguanbusix npoduieit

IIOKa3bIBacCT, qTO0 MakKCHMaJIbHas1 CKOpPOCThb
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U, =4.5m/ c nabmopaercs B 00macTi Mexmy

OCBIO U CTEHKOU KaMephl.
Ha puc 7 mokasano pacrnpeneieHne mo oone-
My TOpEIKA W IPOAOJIBbHBIM OCPEIHEHHBIM IO

[
]
(=)
L0

0 0,2 0,4 0,6

MOTIEPEYHBIM CEYCHUSM TPOPMIb OTHOIIECHUS
MUETIEBON CKOPOCTH M CKOPOCTH TYpOyIEeHTHO-
TO TOPEHHS B KAMEPE CTOPaHWSL.

a) co cmynenuamuim no08000M; 6) 6e3 CmyneHuamozo noosood.

Puc. 7. OTHOLIEHHE MH/eJIeBOii CKOPOCTH K CKOPOCTH TYpOYJIeHTHOI0 TOPEHHsL.

OTHOIICHHE MUAEIEBONH CKOPOCTH K CKOPO-
CTH TypOYJIEHTHOTO TOPEHHS HWMEET Ba)KHOE
3HAUYCHWE TOJHKO B 30HE IutameHw. [Ipu cTymen-

gatom nozsoze (puc. 7a) S<W /U, <20, uro

COOTBETCTBYET CTAOMJILHOMY ITOJIOKCHHUIO ILIa-
MEHH JUIsS YIJIEBOJOPOJHBIX ToImumB. Ilpu 0e3
CTYIIEHYaTOM TonBojAe (puc 70) 3HAYEHHE

W /Ut BO3pACTaeT W HAXOJWUTCS B JHMANA30HE

5<W /U, <30, 4ro Ttakxke roBopur o cra-

OMJIBHOM TOJIOKEHHHU TJTAMCHH.

Ha puc. 8 nmokazano pacnpenenenue 1mno o0b-
€My TOpPEJKH, MpPOJOJBHBI OCPEIHEHHBIH 110
HONEPEYHBIM CEUYCHHAM NPODUIIb U PaHAIbHBIC
npoduii Ko3pPUIMEHT U30bITKa BO3/yXa B Ka-
Mepe CropaHusl.

AHanu3 puc. 8a
MOKa3bIBaCT, 4TO B
obmactu ropeHuss Nel MPOHMCXOIUT TOpPEHUE
0oraToii CMeCTH C CO CpEIHUM 3HAYCHHUEM
a =0.4. B obnactu Ne2 koo durimeHt n30biTka
Bo3ayxa Bospactaer a0 o« =0.6 3a cuer
OOKOBOTO TI0/IBOJIA BO3JyXa 4epe3 IepBbId sl
orBepctuii. B obmactu Ne3  mpowmcxomut

" Appendix 1
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JlalibHeIee YBEJIMUEHUE 3HAYEHUS
ko3 pumenTa u3dbiTka Bo3myxa no « =0.9
TaKXKe 3a CYET MOJBOJIAa BO3/yXa Yepe3 BTOPOi
psn orBepcruit. [locie Tmoga4m BTOPUYHOTO
BO3/yXa B BBIXOJHOM C€ueHHEe  =2.2, 4TO Ha
13% otnuyaercss oT 3Ha4YeHUs KodhduIeHTa
U30BITKA BO3yXa IO YCIOBHSM IOauM. AHAITH3
pajanbHeIX npoduiell Ha puc. 8a MoKa3bIBaerT,
uro GemHoe roperme npu 1< <1.8
MPOKCXOUT B OOJIACTH MEKIY OCHIO M CTEHKOIA.
Ananu3 puc. 80 moka3piBaeT, 4TO B 30HE
TOPEHUsI BE3/Ie TIPOUCXOIUT OETHOE TOPEHHE TTPH
l<a<13. Veemuuenune  kodhduumenta
u30bITKa BO3AyXa JO 3HadeHus o =2.4 Ha
BBIXOJIC M3 30HBl TOPCHUS  OOBICHACTCS
BIMSIHUEM BTOPUYHOTO BO3AyXa MPH  €ro
MO/BOJZIE 4epe3 OOKOBbIE OTBEPCTHS. AHAH3
pajMabHBIX MPO(UIIEH MOKa3bIBAET, YTO B 30HE
rOpeHHs HaOJr01aeTCs CHJIbHASI
HepaBHOMepHOCTh 0T @ =3.0 Ha ocu Kamepbl
no « =1.2 B npucreHouHo# 30He. B BBIXOAHOM
CeYCHHHU KaMephbl cpeaHee 3HaYCHHE
ko3 durmenTa u3obiTKa Bo3ayxa o = 2.3, 4TO
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ornuyaercs Ha 8% OT ero 3HAYCHUS II0
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a) co cmynenuamviym n008000M; 6) 6e3 CIyneHuamozo noosood.

Puc. 8. Koddppuuuent n3bbiTka Bozayxa. °

Ha puc.9 mokazaHo pacmpezneneHue IO
00BbeMy TOpPENKA W TPOIOILHBIN OCPETHEHHBIHA
10 TIONIEPEYHBIM CEYCHUSIM MPO(QUIIL MacCOBOI
o NOy B kamepe cropaHus.

Owmuccuss NOy pa3pabOTYMKOB HHTEPECYET B
MEPBYIO OYepelb Ha BbI-
X0/le U3 KaMephl cropa-
HUSL.

Ananmu3 puc. 9a mnoka-
3bIBAET, YTO MAaKCHMAaJbHOE 3HAUYCHHE KOHILICH-

tpauun NOx Cyo =25.0 ppm nabmronaercst B

8 Appendix 1

00J1aCTH CMECHTEIIbHOM TOJIOBKH, a HAa BBIXOJIE
u3 3o0ubl roperns Cy, =7.4ppm. B Bbixox-
X

122

HOM cedeHHH Kamepbl kKoHueHTpauuud NOyx mo-
cruraer C, =3.5ppm, uro 3HAUMTENLHO HU-
X

K€ HOPMAaTHBHBIX MOKa3arenei. AHamu3 puc. 90
nokaszpiBaer, uTo KoHUeHTpaius NOyx umeer

MakcumanbHoe 3Hadenne C., =22.0ppm s
X

Hayajge 30HBI TOPEHHS M YMEHBIIACTCS MOHO-
tonno 10 C,, =8.4 ppm B KoHIE 30HBI rope-
X

HUs. B BBIXO/THOM CEUYeHHMH KaMepbl KOHIICHTpa-
unn NOx nmocturaer C,, =4.6 ppm, gro 3Ha-
X

YUTCJIbHO HUIKC HOPMATUBHBIX IOKa3aTelIeH.
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a) co cmynenuamuim no08000M; 6) 6e3 CmyneHuamozo noosood.

Puc. 9. MaccoBas goxas NOx. °

Ha pwuc. 10 mokazaHo pacnpeneneHue 1o
00BeMy TOpENKH M MPOJONBHBIA OCpEeTHEHHBIN
M0 TOMEPEYHBIM CEYEHUSIM MPOHIL MacCOBOM
nonu CO B Kamepe CropaHusl.

Konnenrpamus BeiopocoB CO CHIIBHO 3aBH-
CHUT OT KauecTBa cMeceo0pa30BaHus.

Anamu3 puc. 10a mokaspiBaeT, 4TO TOCIE
KaXJIOTO0 CTYNEHYaTOro IOJBOJA CBEXEro BO3-
nyxa koHneHtpanus CO yBennunBaercs. Ha BbI-

xoze m3 3ombl ropenus C.o =4400 ppm, a B

BBIXOJHOM cedyennn kamepsl C., =880 ppm,

YTO 3HAYUTEIBHO MPEBOCXOJUT HOPMATHUBHBIE
MOKa3aTeJIH.

Ananms puc. 106 nokaspIBaeT, 9To B 30HE TO-
pEeHUsT MaKCHUMajbHOE 3HAYCHUE KOHIIEHTPAIUU

CO nocturaer C.y = 6600 ppm. Ha Beixozne u3
30HBI TopeHus KoHneHTpamus CO yMmeHbIIaeTcs
no Ceo=820ppm, a B
BBIXOJJHOM CEUYEHUH KaMme-
psr Coq =450 ppm. Ipu
6e3 cryneruaToM noiBoje KoHrenTpaus CO Ha

 Appendix 1

BBIXOJIE U3 KaMepbl IPUMEPHO B 2 pa3a MEHBIIIE,
[0 CPAaBHEHUIO CO CTYNEHYaThIM IIOJBOJIOM, HO
BCE PaBHO MPEBHIINIACT HOPMATHUBHBIC MOKa3arTe-
.

Ha puc. 11 mnoka3aHo pacnpeneieHue 110
00bEMy TOpENIKA W TPOJIOTBHBIN OCpeTHEHHBIH
MO TMOMEPEYHBIM CEYCHUSIM MPOQUIL MacCOBOM
nmonu SOy B KaMepe CropaHusl.

IIpononeHbIe IpOQUIN CpeaHEH KOHLEHTpa-
. SOy MpaKTHUYECKH TOBTOPSAIOT MPOIOJIEHBIE
npodunu cpemHedt Temmeparypel T. AnHamu3
puc. 11a mokasbIBaeT, 4TO Ha BBIXOAE U3 30HBI

ropenns konuentpauun SOx Cyy, =600 ppm, a
B BbIXO/IHOM ceuenmn kamepst Cgp =220 ppm.

Amnanus puc. 116 nokasbIBaeT, YTO Ha BBIXOJIE U3
30HBI rOpeHust KOHIICHTpAIHH SOx

Cso. =590 ppm, a B BEIXOZHOM CEUCHHH KaMe-
pet Cyq =300 ppm. B oGoux cirydasix KOHIEH-

tpauusi SOx HIDKE MNPHHATHIX HOPMATHBHBIX
JIaHHbIX 711 EBpocoro3a.
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a) co cmyneHuamuim n008000M; 6) 6e3 CImyneHuamozo noosood.

Puc. 11. MaccoBas goast SOx. 1

3AKJIIOYEHHUE
Amnanus pe3yabTaToB
YHCIICHHOTO MOJICIUPOBAHHUS
MOITyTHOTO He(PTSHOTO Ta3a B
KOHBEPTHPOBAaHHOM Kamepe
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CropaHusi MUKpOTa30TYypOMHHOW SHEProyCTHOB-
KM TIOKa3aj MPEUMYyIIeCTBa OpraHU3aluy TOpe-
HUS B NIEPBUYHON 30HEe 0e3 OOKOBOro IMOJBOJA
BO3/[yXa IO CPaBHEHHUIO C TOPEHHEM B ITOH kKe
30HE CO CTYNEHYAThIM IOJBOAOM BO3JyXa Kak
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Mo mapamerpam pabouero BHYTPUKAMEPHOTO
mporiecca, Tak ¥ Mo YIPOIICHHI0 KOHCTPYKIIHU.
Opranuzanusi yCTOHYABOTO TOPEHHS MPH ITOM
oOecreunBaeTcs 3a CUET YIIyUIICHUs CMeceo0pa-
30BaHUs B 30HE 0OPATHBIX TOKOB.

APPENDIX 1 (IPUJIOKEHHUE 1)

Fig. 1. Unstructured calculation grid. (a — with step
supply, b — without step supply).

2Fig. 2. Reaction progress. (a — with step supply, b —
without step supply).

3Fig. 3. Isosurface of the flame front. (a — with step
supply, b — without step supply).

“Fig. 4. Temperature in the combustion chamber. (a —
with step supply, b — without step supply).

SFig. 5. Medium speed. (a — with step supply, b —
without step supply).

®Fig. 6. Speed of turbulent burning. (a — with step
supply, b — without step supply).

"Fig. 7. The ratio of the average speed to the speed of
turbulent combustion. (a — with step supply, b — with-
out step supply).

8Fig. 8. Excess air ratio.

°Fig. 9. Mass fraction of NOx.

%Fig. 10. Mass fraction of CO.

1Fig. 11. Mass fraction of SOXx.
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Heat Transfer Slot Matrix for Compact Rotary Heat Exchangers with
Ultra-High Regeneration Ratio for Microturbines

Kostyukov A. V.
Kosach L. A.
Moscow Polytechnic University
Moscow, Russian Federation

Abstract. This paper considers the problem of the influence of distancing elements in slot matrix
channels on the thermohydraulic characteristics of the matrix of a rotary heat exchanger having vari-
ous values of the height of the slot channels. The following tasks were carried out: mathematical mod-
eling of thermohydraulic processes in different slot channels having constant height along them (from
0.3 mm to 0.5 mm); analysis of the influence of the slit channels' height, the number of distancing el-
ements in rows, the distance between rows and the total number of elements on the average value of
the Nusselt number and on the pressure drop; analysis of the effect of changes in speed and tempera-
ture conditions on thermal and hydraulic characteristics. The most important results are the following
facts: the influence of the relative location of the distancing elements on the thermohydraulic charac-
teristics of the flow is negligible; changes in the temperature and speed regime of the laminar flow
practically does not affect the intensity of convection in the matrix channels; an increase in the height
of the slot channel leads to a relatively small decrease in the average value of the Nusselt number.

The significance of the results obtained is that they can be the basis for adjusting the methods of de-
sign calculations of rotary heat exchangers taking into account the decrease in thermal efficiency
caused by the presence of distancing elements in the channels of their matrices. Recommendations can
be made to minimize the number of distancing elements without considering their mutual location.
Keywords: heat exchange, microturbine, regenerative heat exchanger, convection, Nusselt number,
hydraulic loss.
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Matrice cu fanta si curea de transfer de caldura pentru schimbatoare de caldura rotative compacte cu o
rati de regenerare ultra-inalta pentru microturbine
Kostiucov A. V., Kosaci L.A.
Universitatea politehnica din Moscova, Moscova, Federatia Rusa

Rezumat. Scopul lucrarii este de a efectua cercetare analitica al efectului proeminentelor distantierelor asupra
caracteristicilor termo-hidraulice ale matricei de transfer de caldurd cu fante cu banda a unui schimbator de
caldura rotativ la diferite Tnaltimi ale canalelor fante. Pentru atingerea acestui scop, au fost rezolvate urmatoarele
sarcini: modelarea matematica a proceselor termo-hidraulice in canale cu fante cu banda de o indltime constanta
data (de la 0,3 mm la 0,5 mm cu un pas de 0,05 mm) cu un regim de curgere laminar caracteristic rotativ;
schimbatoare de caldura; analiza influentei numarului de elemente distantiere din randuri, a distantei dintre
randuri, precum si a numarului total de elemente din canal asupra valorii medii a numarului Nusselt si asupra
marimii caderii de presiune; analiza influentei modificarilor regimurilor de vitezd si temperaturd asupra
caracteristicilor termo-hidraulice; analiza influentei indltimii canalului cu fante asupra valorii medii a numarului
Nusselt si asupra marimii caderii de presiune. Rezultatele cele mai importante sunt stabilirea urmatoarelor fapte:
pozitiondrii reciproce a elementelor distantiere pe benzi asupra caracteristicilor termo-hidraulice a fluxuli este
nesemnificativ micd; o crestere a temperaturii peretilor canalelor fante, de asemenea, nu duce la o schimbare
semnificativa a naturii transferului de caldura in canalele cercetate; o modificare a regimului de viteza a fluxului
laminar nu are practic niciun efect asupra intensitatii transferului de calduri in canalele considerate; o crestere a
inaltimii canalului cu fante duce la o scadere relativ micad a numarului Nusselt mediat pe lungimea canalului.
Semnificatia rezultatelor obtinute consta in faptul cd pe baza acestora este posibil sd se corecteze metodele de
calcul de proiectare ale schimbatoarelor de caldurad rotative pentru a tine cont de scaderea eficientei termice
cauzatd de prezenta proeminentelor distantiere In canalele matricelor acestora. De asemenea, pe baza datelor
obtinute, se pot face recomandari pentru a minimiza numarul de proeminente distantiere fara referire
pozitionarea reciproca a acestora.

Cuvinte-cheie: transfer de caldurd, microturbina, schimbator de cidldura regenerativ, convectie, numar Nusselt,
pierderi hidraulice.
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TenJionepenaromas JeHTOYHO-Ie1eBA MATPULA A1 KOMIAKTHBIX POTOPHBIX TEMJIO0O0MEHHUKOB €O
CBEPXBBICOKOIi CTeNeHbI0 pereHepanuu JJIsi MUKPOTYPOMH
KoctiokoB A. B., Kocau JI. A.
MOCKOBCKUH NOIUTEXHUUECKUI YHUBEPCUTET
Mocksa, Poccuiickas @enepanus

Annomayus. llenpio  paOoOTel  ABISETCS  NPOBEICHWE  AHAIWTHYECKOTO  HCCIEAOBAHUS  BIMSHHA
JUCTAaHIUPYIOIINX  BBICTYIOB Ha  TEIUIOTHIPAaBINYECKHE XapaKTEpPUCTUKH  JICHTOYHO-IIEJIEBON
TeIIonepeaaoneld MaTpUIbl POTOPHOTO TEIUIOOOMEHHHMKA IPH Pa3UYHBIX BEJIMYMHAX BBICOTHI ILEJIEBBIX
KaHajoB. /[l JOCTM)KEHMS TOCTaBIEHHOM Lenu OBLIM pEIIeHbl CIeAYIONINe 33Jadyd: MaTeMaTHYecKoe
MOJIEIUPOBaHKUE TEIJIOTHIPABINUECKUX MPOIECCOB B JICHTOUHO-IIENEBBIX KaHANax 3aJaHHON IOCTOSHHOMN
BbIcOTHI (0T 0.3 MM 110 0.5 MM ¢ marom 0.05 MM) IpU XapakTepHOM JUIsl POTOPHBIX TEIJIOOOMEHHBIX alnapaToB
JJAMMHapHOM peXHMe TEUYeHMs; aHaJdu3 BIUSHUA KOJUYECTBA IUCTAHIMPYIOIIMX 3JIEMEHTOB B psjax,
paccTOsIHUS MEXIY paJaMH, a TaKKe CyMMapHOT'0 KOJMUECTBa IEMEHTOB B KaHaJIe Ha CpeJHee 3HaueHUe yucia
Hyccenpra u Ha BeIMYMHY Nepenana AABICHUSA; aHAIN3 BIUSHHUA U3MEHEHHS CKOPOCTHOTO M TEMIIEPATypHOTO
PEKMMOB Ha TEIUIOTHIPABINYECKHE XapaKTEPUCTUKH; aHAJIN3 BIMSHMSA BBICOTHI ILEJICBOTO KaHana Ha CPEAHEe
3HaveHne uncia Hyccenbra n Ha BennunHy nepenana AasieHus. Hanbonee BaXXKHBIMHU pe3ylbTaTaMu SIBISIETCS
YCTaHOBIICHHE CIEIYIOMMX (DaKTOB: BIMSHHWE B3aHMMHOTO PACIOJOXKEHHUS IUCTAHLIUPYIONMX 3JEMEHTOB Ha
JICHTaX Ha TEIUIOTHIPABINYECKHE XapPAKTCPUCTUKHU ITOTOKA HE3HAYWTENIHHO Maio; YBEIHMUYCHHE TEMIIEPaTyphI
CTEHOK IIENEBBIX KaHAJIOB TAaKKe HE NPHBOJUT K 3HAYUTEIFHOMY HM3MEHCHHIO XapakTepa TemIooOMeHa B
HCCIIeAyeMbIX KaHallaX; N3MEHEHNE CKOPOCTHOTO PeKMMa JIAMHHAPHOTO TEYECHHUS TaKKe MPAKTHUECKU HE BIHUAET
Ha MHTEHCHBHOCTHh TeIJIOOOMEHa B paccMaTpHBacMbIX KaHajax; YBEJIMUCHHE BBICOTHI ILEJICBOrO KaHaja
MIPUBOJUT K CPABHUTEIBHO HEOOJIBIIIOMY YMEHBIIEHHIO CPEIHEro 0 JUIMHE KaHaia 3Ha4eHus uucia HyccenbTa.
3HAaYMMOCTb IOJTY4YEHHBIX PEe3yJIbTaTOB COCTOMT B TOM, YTO Ha UX OCHOBE MOJKHO CKOPPEKTHPOBATh METOIUKH
MPOEKTUPOBOYHBIX PAaCYETOB POTOPHBIX TEILIOOOMEHHMKOB JUIsl Y4€Ta CHIIKEHUS TEeIIoBOW 3()(EeKTHBHOCTH,
BBI3BAHHOTO HAJMYHEM IUCTAHIMPYIONIMX BBICTYNOB B KaHajlaX WX MaTpull. Takke Ha OCHOBE ITOJIYYECHHBIX
JAHHBIX MOJKHO COCTAaBHUTh PEKOMEHIAIMH MO MHUHHMH3AaIUHN KOJIMYECTBA IWCTAHIMPYIOUINX BBICTYIOB 0e3
MPUBS3KHU K UX B3aHMHOMY PacIIOJIOKEHHIO.

Knrouegvie cnosa: TennooOMeH, MUKPOTYpOHHa, pereHepaTUBHbIA TEITUIOOOMEHHBIH anmapaTr, KOHBEKIHS, YUCIIO0
Hyccenbra, ruipaBinueckue noTepu.

BBEJIEHUE IIOBEPXHOCTH, pazzensomei UX. Bo
BpALIAIOLIUXCS pEreHpaTUBHBIX

Marnopa3mepHble ra30TypOUHHBIC JBUTATEIH
TEINIOOOMEHHHUKAaX  TIOTOKM  TOpSYEero W

(MHKpOTYpOUHBI) NPEICTABIISTIOT coboit . .

XOJOJAHOTO  TEIUIOHOCHTENEH  MOOYepEqHO

MHOTOIIEIICBbIE HUCTOYHUKHU SHEpruw,
00TeKarT TETIONIEPEAONIHEe 3JIEMEHTBI

BOCTpeOOBaHHbIE, B YaCTHOCTH, B

.. TEMI000MEHHHMKA.

pacnpenenénnoir  sHepreruke [1-4]. Takwue
N HaubGonee  wacto B MHKpPOTYpOMHaX

JIBUTATENIM pabOTAlOT O NUKIYy bpaiitoHa c
. . YCTaHABIUBAOTCS peKyTepaTUBHbIC

BHEIIIHEH pereHepalueil TemIoThl, TO eCTh, B HX
N teruiooOMennuku [10-13]. Ilo cpaBHeHHO ¢

KOHCTPYKIIMIO ~ BKJIIOYEH  TEIUIOOOMEHHHUK.
peKyIepaTHBHBIMA TEMI000MEHHUKAMHU

Perenepaniss TemjaoThl TO3BOJSET TIOBBICHUTD
Bpalaronecs pereHepaTuBHBIE

3¢ (heKTHBHOCTh paboOTBl W, CIENOBATEIbHO,
TEIUI000MEHHUKHU 00J1a/1at0T 3HAUYUTENEHO Ooee

TOIUIMBHYIO SKOHOMHYHOCTH MUKPOTYPOWH 10
BBICOKUMU 3HAYCHUSAMHU K03 puIreHTa

YPOBHS, TIO3BOJISIIONIETO  KOHKYPUPOBAaTh €
KOMITaKTHOCTH [6]. CrieicTBHEM 3TOTO SIBIISIETCS

NOPIIHEBBIMH ~ JIBUTATENSIMM  BHYTPEHHETO
BO3MOXKHOCTb CO3JIaHMs POTOPHOTO

cropanus [5, 6]. AkryansHOI 3aga4eli siBIsIeTCS
TEINIOOOMEHHHKA, HMEIOLIETO0 CBEPXBBICOKYIO

ITOBBILLICHHE 3 PEKTUBHOCTH paboTe o
creneHb pereHepammu (mopsaka 95%) mpu
TEMI000MEHHHUKOB. .
nprUeMIIeMBIX rabaputax M Macce ycTpoiicTsa.
Onrumuzanuu TEII000MEHHHUKOB

Hcnonp30BaHWe B TaKOM TEILIOOOMEHHHKE
JICHTOYHO-11I€JIEBOM MaTpHUIbl C MaJIOH BBICOTOM
menei (MeHpie 1 MM) TIO3BOJISIET OCYIIECTBUTH
JJaMHUHApHOE TEYEHHE raza B IUIOCKUX KaHalax,
HMEIOIMX OYe€Hb MaJible 3HAUEHMS OTHOIICHHS
BBICOTHI KaHaJla K €ro IIUpUHE.

HOCBSIIICHO JOCTaTOYHO MHOro padot [7-9], B
Oonmplield WX 4YacTH TPH OSTOM B KadecTBe
o0BekTa WICCIIETOBAHUSA BBIOHMpArOTCS
pEeKyIepaTHBHbIE TEIUIOOOMEHHBIE —AaNMapaThl.
Jnst aTorOo BHIA TEIUIOOOMEHHHKOB XapaKTEpeH
HETPEePBIBHBI O00MEH pabouux cpell TeIruIoToMH
pH o0TeKaHUn TeIUIoNEepeNaroIen
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IIpn Takux yCIOBHAX IIEICBBIC KaHAIBI
UMEIOT BBICOKYIO TeIIoBYIO0 3(QeKTHBHOCTH
[14]

TemnonepeaaomUMU AJIEMEHTaMU B TakoM
MaTpUlle SBJISFOTCS CTaJIbHBIC JICHTHI MAaJIOH
tommuHbl (0.1 MM 1 MeHbIe). Mcmonp3oBanue
KepaMHYeCKHX MaTepPHaJiOB ITO3BOJIUT MOIHATH
ypoBeHb pabouunx temmepatyp [15, 16].

BBICP)KMBANIaCh HEOOXOAMMasi €ro BBICOTA,
HEoOXOJMMa  YCTaHOBKAa  JMCTaHIIUPYIOIIHX
BBICTYIIOB, B JIaHHOW 3a/iade pacCcMaTpPUBAIOTCS
BBICTYIIBI B BHJIe 4acTu cdepbl. Ha pucynke 1
MOKa3aHa MOJEIb OJHOro IIEJIEBOr0 KaHaia
TEIUIOTEPEIAIOIIETO MaKeTa.

OO0

/

Puc. 1. Mojaesnb kaHaja TeIvionepeaarnuiero nakera. !

Jns  Toro, utoObBI 1O BCeH JIMHE
MPOTSKEHHOTO LIEIEBOTO KaHaza

O

Ne) n

I

Jns  omnmcaHuss TreoMeTpUHM KAaHAJIOB  C
BBICTYIIAMU UCIIOJIb3YIOTCS clenyroume
0003HaYEHUS:
Nw — KOJIMUECTBO BBICTYIIOB B

PAacIoNoKEHHOM NOMNEPEK TMHBI JIEHTHI PAAY;

A — mar Mexay pacrtoiIOKeHHBIMH MOMepEK
JUTMHBI JIEHTHI pAJaMH BBICTYIIOB Ha JICHTE, MM;

An — m1ar Mexzy pacroJOKeHHBIMHU MOTEPEK
JUIMHBI JIEHTHI COCEIHUMH pPSJAaMHU BBICTYIIOB
JBYX JICHT, COCTABJISIFOLLMX IIEJIEBOH KaHAJl, MM;

b — BeIcOTa 1IENIEBOrO KaHAA, MM;

| — nyMHA mienIeBoro KaHaua, M,

a — IIMpUHA LIEeJIEBOI0 KaHaa, MM.

IIpy HanMuuMM AUCTAaHIMPYIOMUX BBICTYIIOB
paccMaTpuBaeMble KaHalbl IEpPECTAIOT OBITh
TUIOCKHMMH, CJIEOBATEeNbHO, B MX OTHOILICHHH HE
MOTYT OBITh NMPHUMEHEHBI CIPABOYHBIE JAaHHBIE,

MIPUBOAUMBIEC JUTSt TJIOCKUX KaHaJOB.
I'mppaBnuueckue U TEIUIOBBIE  IOKa3aTeNd
TemIonepearoIeit MaTpPHULBI MOTYT
CYIIECTBEHHO OTJIMYaThCS OT MOKa3aTejei,
pacCUMTAHHBIX JJIE MaTpUlbl C IUIOCKUMHU
KaHaJlaMU.

! Appendix 1
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B pabGore [13] mpoBeneHo mompoOHOE
UCCIIe/IOBaHNE IMHAMUKH MTOTOKA ra3a B MHKPO-
W MakpoKaHajax THpPSMOYTOJbHOTO CEYeHHS,
NPUBONATCS JaHHblE M0 JUIMHE BXOAa JUIs
JAMHUHAPHOTO  TEYEHHS  TPH  Pa3ITHYHBIX
3HaueHMSX  uHWciaa  PeliHombaca, HO — He
paccMaTpUBAIOTCS ~ TEIJIOBBIE  MPOIECCHl B
KaHaJax.

B pa6ore [17] paccmarpuBaeTcsi BIMSHHE
TEeMIIEPaTypHOTO pEXHMa Ha TEUCHHE B INENU
KBaJpaTHOTO ceueHus. Ho B janHOM paboTe mox
U3MEHEHUEM TEMIIepaTypHOro pexxuma
MOJPa3yMeBaeTCs yBEJIUUEHHE 100
YMEHBIICHHE PETHOHA, B KOTOPOM CTEHKHU
KaHaia OynyT anuabaTHBIMH, B TO BpeMs Kak
Ul paccMaTpuBaeMOro cCiiydyasl JUIs aHalu3a
BIMSHUSL ~ TEMIIepaTypHoro  Qakropa  Ha
XapaKTepUCTUKU KaHalla He0OXO0JIUMO M3MEHSTh
YPOBEHb TEMIIEpaTyphl HA €T0 CTEHKaX.

B pabote [18] paccmarpuBaercst mpuMeHeHHE
PEKYIEpaTUBHOTO TEINIOOOMEHHOTO arnapara ¢

MHUKPOKAHAJIBHOM ~ MaTpuledl B COCTaBe
FﬂSOTypGI/IHHOFO ABUrarejisi, HO MPUBOIAATCA
TOINBKO  DKCIEPUMEHTAIBHBIE  JaHHBIE IO

IMOKa3aTelIsIM TEIIOBOM 3(1)(1)6KTI/IBHOCTI/I.
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B pabote [19] paccMarpuBaeTcs
ONTUMHU3ALINS paboThI POTOPHOTO
TEII000MEHHHUKA c HCIIOJIb30BAaHUEM

pacuéTHOrO MOJETUPOBAHUS TEUEHUs rasa B
MaTpulle, HO MaTpHIla UMEET CTPYKTYypy COT U
3aJjaHa YOpPOIIEHHO B BUJE TOPUCTOTO TEJA.

B pa6ore [20] moapobHO paccMaTpHBAIOTCS
NpOIIeCChl  TEMI0OOOMEHa B MPSIMOYTOJIBHBIX
KaHaJlaX, MPUBOAATCS JAHHBIE MO JIOKAJbHBIM
3HaueHUsAM Kputepus HyccenbTa, HO OTHOIIIEHHE
BBICOTBl paccMaTpUBAeMOro KaHala K LIMpUHE
JIOCTaTOYHO BBICOKO, a CTEHKHU
paccMaTpuBaeMoro  KaHajla HE  coAep)Kar
JIOTIOJTHUTENBHBIX JIEMEHTOB.

Lens mamHOW pabOTHI MpOBEJICHNE
KayeCTBEHHOTO W KOJMYECTBEHHOI'O aHaju3a
BIUSHUSL ~ JUCTAHIUPYIONIMX BBICTYIIOB  Ha
TETUTOTHIPABITNICCKHE XapaKTePUCTUKH
JIEHTOYHO-ILETIEBOI TEIUIoNEepeaoIE
MaTpUIlbl POTOPHOTO TEIUIOOOMEHHHMKA IPHU
pPa3IMYHBIX  BEIWYMHAX  BBICOTHI  IIENIEBHIX
KaHaJIoB, Pa3IINYIHBIX CKOPOCTHBIX u
TEMIIEPATYPHBIX PEKIMAX.

I. METO/IbI HCCJIEOBAHHUS

HccnenoBanne mTPOBOMMIOCHE B PacYETHOM
BHUJE, JIUI1 3TOTO BHIIOJIHSJIOCh MaTEMAaTHYECKOE
MOJICJIPOBaHNE TEUCHHS ra3a B Pa3lIMYHBIX Ba-
pHaHTaxX HCIIOJIHEHUS TETUIONEePeIAIoINX IIeie-
BBIX KaHAJIIOB MaTPHIII TETNIOOOMEHHHUKA.

Jns ucciaenoBaHus BIUSHHS KOJIMUECTBA H
B3aMMHOTO PACIIOJIOXKEHUS JUCTAHITUPYIOUTUX
BBICTYIIOB Ha TEIUIOTH/IPABINYECKHE XapaKTepH-
CTHKHU KaHaJla ObUIM PACCMOTPEHBI IIATh Pa3iny-
HBIX BAPUAHTOB MCIOJHEHUS KaHajia ¢ (PUKCHUPO-
BaHHOU miuHOM (96 MM) u BeIcOTOM Tenu (0.4
MM):

Nw=3, Ai=15 MM, An = 8 MM;

nw=4, Ai=20 MM, Ap =10 mm™m;

nw=4, Ai=15vmMm, Ap =8 MMm;

nw=4, Ai=10 MM, An =5 MMm;

Nnw=>5, Ai=6 MM, Ap =3 MMm.
st uccienoBaHus BIMSHUS TeMIIEpaTypHO-
ro pexuma ObUTH 33aJiaHbl J[BA BapHaHTa JUHEMH-
HOTO pACIpeJIeICHNs] TeMIepaTypbl BJIOJb CTe-
HOK kaHayioB: ot 23°C Ha Bxoue g0 130°C Ha
Beixone m3 kagama u or 200°C Ha BXome mo0
600°C Ha BBIXOJI€ U3 KaHaJIA.

Jlns uccnenoBanus BIUSHUS ynciia PeitHob-
Jica OBLIM 3aJaHbl JIBa BapMaHTa MacCOBOI'O pac-
X0J1a Ta3a yepe3 KaHall, 00eCIeINBAIOIIHE COOT-
BETCTBEHHO 3HAauYeHMs uucia PeitHonbica, paB-
Hele 116 u 348.

Jlns mcciaenoBaHus BIMSHHUS BBICOTHI IIICIIE-
BOTO KaHaja OBLIM PacCMOTPEHBI BapHUAHTHI HC-

gL E
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MOJTHEHUSI KaHana C (UKCUPOBAHHOW JITUHON
(96 MM) M (PHKCHPOBAHHBIM KOJIHYECTBOM H
pacmlojoKeHHeM HUCTAHIHUPYIONUX BBICTYIIOB
(nw =4, A= 15 MM, An = 8 MM), BbICOTA KOTO-
peix m3MmeHsutachk ot 0.3 MM 1o 0.5 MM ¢ marom
0.05 mMm.

B pacuérasie Momenu ObUTH MTOOABIICHBI JIO-
MOJIHUTEIBHBIC YYACTKH TIEPE]I IEICBhIMU KaHa-
JIaMH W TIOCJIC HHUX JUIS y4€Ta MECTHBIX MOTEpPh
Ha BXOJIC U BBIXOJIE M3 KAHAJIOB.

Jlns Bcex TpoBen€HHBIX PacdéToB OBLIH 3a-
naHbl: n30bITouHOe napneHue (2000 Ila) u mos-
Has Temrepatypa (22°C) Ha BXoJe B pacu€THYIO
obmacte (Ha pPeXUME C TIOBBIIMICHHON TeMIIepa-
TypO¥ CTEHOK Ha BXOJle MPWHUMAIIACh TeMIiepa-
Typa 190°C), ycnoBusi CHMMETpPUHU Ha TpaHUIAX
BXOJIHBIX W BBIXOJHBIX YYacTKOB W ajrabaTHBIE
OOKOBBIE CTEHKH, OTpaHUYMBAOIINE KaHai. Pac-
YETHI NPOBOJUIIUCH B CTALIMOHAPHOW MOCTAaHOB-
K€, TAK)KE YUYHTHIBAJIACH 3aBHCUMOCTH TCILIOEM-
KOCTH TIPH TOCTOSHHOM JaBJICHHUH, JTHHAMUYE-
CKOM BSI3KOCTH U KO3(QPHUIMEHTA TEILIONPOBO/I-
HOCTH Ta3a OT €ro TeMIIepaTypEhl.

st 00paboTKK pe3ysbTaTOB B paccMaTpUBa-
eMBIX KaHajlaX ObUI IMOCTPOEH Psifl TOTEPEUHBIX
CEUYEHUH ¢ 1IaroM B 5 MM, Ha HOJYyYEHHBIX He-
OOJBIINX Yy4YacTKaX OIpPEIACISUIUCh MECTHBIC
3HaueHus kputepus Hyccenpra. Cpennee apud-
METHYECKOe TIOMYYSHHBIX 3HAYEHHWH IpeICTaB-
nsieT co0oil cpeiHee 1o JITMHE KaHaa 3HaYeHHe
kputepus Hyccenpra.

st ompeneneHuss MECTHBIX 3HAYEHUH KpHU-
Tepust HyccenmbTa wucmonb3oBanach ciemyromas

dbopmyna:

_a-2-b
A

Nu 1)

B nanHoMm BeipaxkeHnu Nu — 3HAYEHUE KpHU-
Tepust Hyccenbra Ha MccneyeMoM y4acTke;

A — cpemHUil K03()(PHUIMEHT TETIONPOBOAHO-
CTH Ha HccleyeMoM yaacTke, Br/(MeK);

o — cpeaHui Ko3(hGUIMEHT TEIIO0TAaYr Ha
uccueayeMom yyactke, Br/(m2¢K):

@

B nannom BbIpakenun F — muiomans Teruio-
TEPEAIONINX CTEHOK KaHajla Ha MCCIIELYEMOM
yJacTke, M

dT — pasHOCTH CpeHMX TeMIEepaTyp CTEHKH
¥ raza Ha MCCIIelyeMoM yuacTke, K:
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T

(n+1)

dT :TW(n) +TW(n+1) _T(n) + (3)
2 2
Q — TemI0BOI MOTOK HA UCCIIEAYEMOM Y4acT-
Ke, BT:
Q= Cp G- (T(n+1) _Tn) 4
B nansbix BelpakeHusix T — cpeansisi Temre-
patypa Bo3ayxa B ce4eHUH (OCpeHEeHUE MPOBO-
JIWIIOCH TI0 MacCOBOMY pacxony), K;
Tw — cpenusis Temneparypa cTeHkd, K;
G — MaccoBhIif pacxojia BO3Iyxa, Kr/c,
Cp — cpenHss TEmIOEMKOCTh BO3JlyXa Ha HC-
cnemyeMmoM ydactke, Jlk/(kreK).
MHpekcsl «n» U «n+1» COOTBETCTBYIOT BXOLY
B I/ICCJ'ICI[yCMI:Jﬁ Y4aCTOK U BbIXOAY M3 HETO CO-
OTBETCTBEHHO.
s onpeneneHns moTeph CTaTUYECKOTO JIaB-
JICHUs UCIIONB30Bajiach clieayromas popMyma:
dP=P -P

in out

®)

JTAHHOM BBIpaXKeHUH Pin — cpeiHee naBieHne
BO BXOJIHOM ceucHuH, [a;

Pout — cpenHee maBieHHE B BBIXOJHOM cede-
Huu, [la.

HccnenyeMble TeOMETpUYECKHE MapaMETphI
OBLTH TPUBEICHBI K 0e3pa3MEpHOMY BHIY TYTEM
BBOZa Oe3pa3smMepHOro KOd(PPHUIMEHTa, yUUTHI-
BaIOIIET0 KOJUYECTBO 3JICMECHTOB B KaHAJIC:

(6)

1. PE3YJBTATHI

PesynbraTel UcciieIOBaHUS BIMSHUS KOJIAYE-
CTBA U B3aWMHOTO PACIIOJIONKCHUS TUCTAHIIHPY-
IONIMX BBICTYIIOB, & TAKXKE CKOPOCTHOTO PeKUMa
Ha BEJIMYMHY CPEIHEro IO JUIMHE KaHajia 3Have-
HuUs KpuTepus Hyccenbra u Ha BETUYUHY MTOTEPh
naBJieHusd npuBenaeHsl B Ta0m. 1. Takxe B Tad. 1
BKJIFOUCHBI PE3YJIbTAThI, MMOJIyYCHHBIC TIPU MOJIC-
JIUPOBAaHUM TEUCHHS Ta3a B IUIOCKOM IIEJICBOM
KaHaje 0e3 JUCTAHIUPYIOIIUX BBICTYIIOB.

Tabmuma 12

CpCI[HI/Ie SHAYCHU KPUTCPUA Hycceana 1 BCJIMYUHBI TUAPABINYCCKUX NNOTCPH JJIA PA3JIMUHBIX
BAapHUAHTOB MCIOJHCHUA KaHAJIOB HAa PA3HBIX CKOPOCTHBIX G)KI/IMaXS.

Ne Nw A|, MM kd An, MM Rein=116 Rein=348
A, mm An, mm
NUave dP, I1a NUave dP, I1a
dP, Pa dP, Pa
1 0 - - - 8.30 499 8.35 1515
2 3 15 19.2 8 7.85 555 7.88 1875
3 4 20 19.2 10 7.78 549 7.89 1838
4 4 15 25.6 8 7.66 572 7.71 1998
5 4 10 38.4 5 7.24 617 7.32 2242
6 5 6 80 3 6.57 794 6.53 3322
P C€3YyJIbTAThL HCCIICAOBAHUA BIIWAHUSL Pa3JIMYHBIX BapUaHTaX HUCIIOJHCHUA KaHalla

TEMIIEpaTypHOI0 PeXHUMa Ha CpelHee 10 JUIMHE
KaHasa 3HauyeHWe Kpurtepusi Hyccembra mnpu

MIPEJICTaBJICHBI B TA0M. 2.

Tabmura 2°.

CpeL[HI/Ie 3HAYUCHUS KPUTCPUA HYCCCJ'H:Ta 1 BCJIMYUHBI TUAPABINYCCKUX NOTCPh AJId PA3JIMIHBIX

BapHaHTOB MCIIOJTHCHUA KaHAJIOB HAa PA3HBIX TCMIICPATYPHBIX PCXKHUMaAX .

5

Ne| ny A, MM Kq An, MM Twai=[23°C; 130°C] Twai=[200°C; 600°C]
A, mm An, mm
NUave NUave
1 0 - - - 8.30 8.30
2 3 15 19.2 8 7.85 7.87
3 4 20 19.2 10 7.78 7.70
4 ) 15 25.6 8 7.66 7.66
5 4 10 38.4 5 7.24 7.19
6 5 6 80 3 6.57 6.68
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Pe3ynbTaThl UCCIENOBAHUS BIUSHUS BBICOTHI
IIeNIeBOr0  KaHaja C  JIUCTaHIMPYIOIIUMHU
BBICTYIIAMH Ha BEJIMYHHY CpPEIHEro IO IINHE
KaHayna 3HadeHus kpurepusi HyccenpTa u Ha

BCIIMYUHY TIOTCpPhL JaBJICHUSA TIPHUBCACHBI B

Taom. 3.

Tabmmma 3°.

Cpennne 3Ha4eHna KpuTepus HyccenbTa v BETUYUHBI THAPABINYECKUX MTOTEPH MPH PA3THIHBIX
BBICOTAX IIEJIEBOrO KaHamua'.

Ne b, Mmm NUave dP, I1a
b, mm dP, Pa
1 0.30 7.75 1400
2 0.35 7.69 811
3 0.40 7.66 573
4 0.45 7.59 399
5 0.50 7.57 297
1. OBCY)KI[EHI/IE MOJYUYEHHBIX A3MEHEHUIO HHTEHCHUBHOCTH TEINIOOOMEHA B
PE3VILTATOB UCCIIEAYeMbIX KaHamax, A  OOJbIIMHCTBA
PaccMOTPEHHBIX BapHaHTOB WCTIOJTHEHUS
AHanm3 nMaHHBIX Tabnm. 1 MOKaspIBaeT, 4TO KAHATIOB MOy YeHHbIE Ha PA3HBIX

Opy JaMHHAPHOM PEKUME TEYEHHs BHECCHHUE
JUCTAHIMPYIOMIUX BBICTYNOB B KOHCTPYKIHIO
TEIJIONEPEIAlOMNX  AIEMEHTOB MPUBOAHUT K
CHIDKEHHIO CPEJTHETO TI0 JUTMHE KaHalla 3HaYeHHS
kputepus  Hyccenbra, u, clle0BaTeIbHO,
CHIDKEHHIO TETIOBOH 3(h()EeKTUBHOCTH MaTPHIIBI
TerurooOMeHHMKa. Taxoke mo0aBleHNE BBICTYIIOB
HPUBOIUT K YBEIIMYCHUIO YPOBHS
THIPABINYECKHUX MOTEPb.

Ha ocHOBe pAaHHBIX, TPEICTABICHHBIX B
Tab. 1, MOXKHO caenarh BBIBOJ O TOM, YTO HPHU
ryOOKO  JaMHHApHOM  pPEKXUME  TEYCHUS
Haunbonee Ba)KHBIM napameTpom
JMCTAaHIUPYIOIINX  BBICTYIIOB  SIBIAETCA  HMX
KOJTMYECTBO, a  B3aUMHOE  PACIHOJIOKEHUE
BBICTYITOB HA JICHTAaX U KOJMYECTBO BHICTYIIOB B
psamax  BAMSET HAa  TEIUIOTHIpPaBINYECKUe
XapaKTEePUCTUKU TEUCHUS] HE3HAUYUTEIHHO.

Takxe Ha OCHOBE JaHHBIX U3 TaOI. 1 MOXHO
c/leNaTh BBIBOJ O TOM, YTO BIIMSIHAE M3MCHEHHUSI

CKOPOCTHOT'O pexumMa Ha TETIOBEIE
XapaKTepUCTUKN KaHalla HE3HAYMTENbHO, B TO
BpeMsi KaKk THIPaBIMYECKHE TOTEPH  C
YBEIUMYEHHEM qucna Peiinonbaca (m,

CJIeTIOBaTeIbHO, CKOPOCTH) yBelauuuBarorcs. M3
3TOT0 MOXKHO CHAENaTh BBIBOJ, UYTO XapakTep
TerIooOMeHa B KaHamax MaTPHIIBI
TEII000OMEHHUKA OyJIeT COXPAHATHCS MPUMEPHO
MOCTOSHHBIM TIPY M3MEHEHUU pacxona pabodnx
T€J B JOCTATOYHO IIUPOKOM JTHATIA30HE.

AHanu3 JaHHBIX TaOJ. 2 IOKa3BIBAET, HYTO
W3MCHECHHE TEMIIEPATypPHOTO PEXKHMMa TaKXKE HE
MPHUBOJUT K CKOJBKO-HUOYIb CYIIECTBEHHOMY
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TEMIIEPATypHBIX PEKUMAX CpeIHUE 3HAYCHUS
kpurepusa Hyccenbra otnnyarores He 6osee yem
Ha 1%. BBuAgy OTCYTCTBHS 3HAYHUTENHHOTO
BIIUSIHUSI TEMIIEPATYPHOTO pekKMMa Ha TETJIOBBIE
XapaKTepUCTUKU KaHaJIOB MaTpHILIbI
TEINIOOOMEHHHKA  BO3MOXKHO  IPOBEJCHHE
9KCIEPUMEHTAIbHBIX HCCIEI0BAaHUN HATYypHBIX
00pa3LoB MM MaKETOB TEMJIOOOMEHHUKOB IPH
OoJiee HU3KOM YPOBHE TEMIIEpaTyp, YeM Te, 4TO
HaOJIOAI0TCS B Ta30TYPOMHHBIX IBUTATENSX.

Ha ocHoBe naHHBIX u3 Tabi. 3 MOXKHO
CAeaTh BBIBOA O TOM, YTO YMEHBIIEHUE BHICOTHI
LIeJIEBOI0  KaHaja  MNPUBOAUT K  OYEHb
HEOOINIBIIIOMY ~ YBEJIIMYCHHUIO CPEIHEr0 4Hcia
Hyccenpra (mopsinka 2% mnpu  H3MEHEHUHU
pasmepa mienu ot 0.5 MM 1o 0.3 MM), Tpr STOM
THApAaBINYECKHE  TOTePH  YBEIWYUBAIOTCS
BEChMA 3HAYUTEIBHO. IToatomy pu
MPOEKTHPOBAHUH JICHTOYHO-LIEJIEBOH MAaTPHILIBI
npd  BbIOOpE  BBICOTBI  KaHAJOB  MOXKHO
npeHeOpeyb BIMSHHEM €€ Ha TEeIJIOBYIO
3¢ PEeKTUBHOCTB, PacCMaTPUBasi TOJBKO BIHSHHUE
Ha  TuApaBidveckyr0  3ddekTuBHOCTH M
KOMITAaKTHOCTh TEIIOOOMEHHHKA.

1V. 3AKJIIOUEHUE

1. ITokazaHo, 4TO IpU UCHONB30BAHUH IIIE-
JIEBBIX KaHAJIOB MAJO BBICOTHI, UMEIOIIUX JH-
CTaHIUPYIOIIUE BBICTYIIBI HAa CTCHKAX, CIEIyeT
OXKU/aTh CHIDKEHHMS TEIUIOBOW M THApaBIINYe-
CKOM 3((EeKTUBHOCTU IO CPABHEHHUIO C TIOCKHU-
MU IIEJIEBBIMU KaHaJlaMHU aHaJOTHYHBIX pa3Me-
poB. CHmkeHne TeruioBOH 3()(EKTUBHOCTU BBI-



PROBLEMELE ENERGETICII REGIONALE 1 (57) 2023

paxaercs B yMEHBIIEHUN WHTEHCUBHOCTU KOH-
BEKTHBHOTO TEIIOOOMEHa, TO €CTh, B YMEHBIIIe-
HuU 3HaueHul kpurepus Hyccenbra.

2. ITokazaHo, 4TO CYIIECTBEHHOE BIHSHUE
Ha TEIUIOTUAPABINYECKHUE XapaKTEPUCTUKU Ka-
HaJla IpU JaMHHAPHOM TE€YEeHWH Ta3a B HEM OKa-
3BIBAE€T TOJBKO KOJHMYECTBO IUCTAHIIMPYIOIIIX
BBICTYIIOB, B TO BpeMs KaK BIUSHHE UX B3aUM-
HOTO PacIIONIOKEeHHS OYeHb ciaboe.

3. IlokxazaHo, YyTO MpHU JTaMHUHAPHOM Tede-
HUU Ta3a BIUSHUE CKOPOCTHOTO W TEMIIEpaTyp-
HOT'O PEXHMOB Ha TEIUIOBYIO 3()()EKTUBHOCTD
KaHAJIOB IIPEHEOPESKIMO MaJIo.

4. Tloka3aHO, YTO U3MEHEHHE BBICOTHI IIEIEBBIX
KaHaJIOB CTa00 BIUSET HAa WX TEIIOBYIO d(deK-
TUBHOCTb, HO THJpaBIWYECKHE MOTEpPU TpHU
YMEHBILIEHUH BBICOTHI IIEJIEBBIX KaHAJIOB 3HAYU-
TEJIbHO YBEIMYNBAIOTCS.

APPENDIX 1 (TPUJIOKEHHUE 1)

Fig. 1. Model of the slot channel of the heat transfer
element.

23Table 1. The average values of the Nusselt criterion
and the magnitude of hydraulic losses for different
versions of the channels at different speed modes.
45Table 2. The average values of the Nusselt criterion
and the magnitude of hydraulic losses for different
versions of the channels at different temperature
conditions.

&7Table 3. The average values of the Nusselt criterion
and the magnitude of hydraulic losses at different
heights of the slot channel.
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Abstract. The goal of the work is to expand the frequency range of operation of coplanar waveguide
transmission lines as broadband high-speed superconducting protection devices against powerful
ultrashort electromagnetic radiation, and to apply them in antenna devices of radio electronic systems
designed to ensure the reliable operation of critical infrastructure facilities. The aim is achieved by
solving the following tasks: investigating the electrophysical properties of coplanar transmission lines,
in particular, capacitance, surface and wave resistance in different phase states that arise under the
influence of powerful electromagnetic radiation, and determining the main factors for effective
protection in a wide frequency range, designing protective devices. The most important result is the
establishment of the possibility of using coplanar transmission lines as protection devices in a wide
frequency range up to 100 GHz, as well as the establishment of the dependence of their main
characteristics on the design parameters of the superconducting protection device. The significance of
the obtained results consists of solving a complex problem of providing protection of antenna systems
against powerful ultrashort radiation by establishing an analytical relationship between the
electrophysical parameters of coplanar waveguide transmission lines, which are in different phase states
determined by the influence of powerful electromagnetic radiation, and their design parameters. The
peculiarity of the obtained results is in the clarification of the dependence of the wave resistance of the
coplanar waveguide transmission lines in superconducting, mixed, and normal phase states on the
change of their active component of surface resistance, determined in turn by the design characteristics
of the protective device. The difference from the known works lies in obtaining relationships for
determining the wave resistance of protective devices in different phase states.

Keywords: critical infrastructure facilities, antenna system, pulsed high-power ultrashort-duration
electromagnetic radiation, protective device, coplanar strip transmission line.
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Studiul utilizarii liniilor de transmisie coplanare pentru protectia sistemelor de antene receptoare de
radiatii electromagnetice puternice intr-un diapazon larg de frecvente
Sotnikov O.%, Petrov C.2, Udovenko S.3, Gnusov Y 4,
Radcenko V.4, Kaliakin S.4, Gromliuk K.5, Kyrycenko O.%
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Rezumat. Scopul lucrarii este extinderea diapazonului frecventelor de functionare a liniilor de transmisie coplanare
stripline, ca dispozitive de protectie repide cu bandd larga si supraconductoare impotriva radiatiilor
electromagnetice de mare putere de durata ultrascurta si folosite in antenelw sistemelorn radio-electronice utilizate,
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destinate pentru a asigura functionarea fiabild in primul rand a obiectelor infrastructurii critice, precum centrale
nucleare si termice, rafindrii de petrol si gaze, terminale petroliere, aeroporturi, depozite de produse finite, arsenale
militare. Acest obiectiv este atins prin rezolvarea urmitoarelor probleme: studierea proprietatilor electrofizice ale
unei linii de transmisie coplanare, in special, capacitatea, rezistenta la suprafati si a undei in diferite stiri de faza
care apar sub influenta radiatiilor electromagnetice puternice si determinarea principalelor factori pentru asigurarea
unei protectii eficiente intr-o gama larga de frecvente, proiectarea dispozitivelor de protectie. Cel mai important
rezultat este stabilirea posibilitatii utilizarii unei linii de transmisie coplanare ca dispozitive de protectie intr-0
gama larga de frecvente de pana la 100 GHz, precum si stabilirea dependentei principalelor sale caracteristici de
parametrii constructivi ai unui dispozitiv de protectie supraconductor. Semnificatia rezultatelor obtinute consta in
rezolvarea problemei complexe a asigurdrii protectiei sistemelor de antene impotriva radiatiilor de mare putere de
durata ultrascurtd pe baza stabilirii unei relatii analitice intre parametrii electrofizici ai liniilor de transmisie
coplanare stripline in diferite stari de faza, determinate prin impactul radiatiilor electromagnetice de mare putere
si al parametrilor constructivi. Particularitatea rezultatelor obtinute este precizarea dependentei de rezistentd a
undelor a liniilor de transmisie, a liniilor de banda coplanare in starile de faza supraconductoare, mixta si normala
de modificarea componentei lor active a rezistentei de suprafata, care la randul sau este determinata de proiectare
caracteristicile dispozitivului de protectie. Diferenta fata de lucrarile binecunoscute este de a obtine s se determine
rezistenta la unda a dispozitivelor de protectie in diferite stari de faza.

Cuvinte-cheie: obiecte de infrastructura critica, radiatie electromagnetice pulsate de mare putere de durata
ultrascurta, sistem de antend, dispozitiv de protectie, linie de transmisie coplanara stripline.

IIpnMeHeHMe KOMIIAHAPHBIX JIMHMIA Nepeay AJIs 3alUUThI IPHEMHBIX AHTEHHBIX CHCTEM OT MOLIHOIO
371eKTPOMATHUTHOI'O M3J1y4eHHs B INMPOKOM YaCTOTHOM JAHaNa3oHe
Cornnkos A.M.}, Ilerpos K.3.2, Ynosenko C.I'. 3, Fnycos }0.B.%, Paguenxo B.B.%,
Kaasikun C.B.%, T'pomuiok K.A.5, Kupuuenko A.A.°
1XapbKkoBckuii HaMOHANBHBIH yHHBepeuTeT Bosaynneix Cun umenu Meana Kosxeny6aXapbkos, YkpauHa
2 XapbKOBCKHii HALIMOHATBHBIH YHUBEPCUTET PaIHOdIeKTPOHNKH, XapbKoB, YKpanHa
$XapbKOBCKHMIA HALIMOHANBLHBIN SKOHOMHUYECKUit yHuBepcuTeT uMenu CemeHa KysHena
4 XapbKOBCKHUH HAITHOHATHHBIN YHABEPCUTET BHYTPEHHMX J€]I, XaphKoB, YKpauHa
°> BoeHHBII HHCTHTYT TeJIEKOMMYyHHKaIMii ¥ mH(opMaTh3anun uMenn I'epoes Kpyr, Kues, Ykpauna
6 HarmonanbHas akagemust HarmoHanbHOM rBapAuu Y KpauHbl
Annomayus. 1lenbro paboTsl ABISETCS paclIMpeHHe YaCTOTHOTO Uarna3oHa QyHKIIMOHUPOBAHMUS KOMIUTAHAPHBIX
MOJIOCKOBBIX JIMHUH Tepeladd, Kak MIUPOKOIOJIOCHBIX OBICTPOACHCTBYIONUIMX CBEPXIPOBOAAIIMX YCTPONUCTB
3alUTHl OT MOIIHOTO 3JEKTPOMArHUTHOTO H3JIyYEHHS YIbTPAKOPOTKOW IMTEIBHOCTH, W IPUMEHSEMBIX B
AQHTEHHBIX YCTPOMCTBaX paJMOAIEKTPOHHBIX CHCTEM, IIPEJHA3HAUYEHHBIX Uil OOECHeueHHs]  HaJekKHOTO
(hyHKIIMOHMPOBAHUS 0OBEKTOB KPUTHUIECKON HHPACTPYKTYPHI, IPEXK/E BCErO, TaKMX KaK aTOMHBIE M TEIUIOBHIE
ANIEKTPOCTAHIIMKU, HedrerazonepepadaTpIBaONINe MPEANPHUATHS, HE(DTSHbIE TEPMHUHAIbI, a’dpPONOPTHI, CKJIAJIbI
TOTOBOH POYKIIMH, BOWHCKHE apceHabl. [locTaBieHHast 1elb TOCTUraeTCsl 3a CYET PEIICHHS CISAYIONINX 3a/1a4:
UCCIIEZIOBaHMS DJIEKTPOPHU3MUECKNX CBOWCTB KOMIUIAHAPHOW JIMHWM TIepefad, B 4YacTHOCTH,  €MKOCTH,
MOBEPXHOCTHOTO ¥ BOJHOBOTO  CONPOTHBIICHHH B pa3lNUYHBIX (DAa30BBIX COCTOSHHSAX, BO3ZHHKAIOMIMX IT0J
BO3JICHCTBHEM MOIIHOTO 3JEKTPOMAarHUTHOTO M3JIyYEHHs M OIpPEeNeHNs] OCHOBHBIX (PaKTOpPOB oOecredeHus
3¢ PEeKTUBHOH 3aIIMTH B MIMPOKOM YAaCTOTHOM JIMaIla30He, KOHCTPYKTUBHOM Pa3pabOTKH yCTPOWCTBA 3AIUTHI.
HaubGonee BaXHBIM pe3yJIbTATOM SBISETCS YCTAHOBJICHHE BO3MOXKHOCTH NPHMEHEHUs] KOMIUIAHApHOH JIHHUH
Mepeaayn B Ka4ecTBE YCTPOMUCTB 3aIUTHI B ITMPOKOM 4acTOTHOM nuanas3one 10 100 I'T, a Takxe ycTaHOBICHHE
3aBHCHMOCTH €€ OCHOBHBIX XapaKTEePUCTHK OT KOHCTPYKTHBHBIX IAapaMETPOB CBEPXIPOBOASAIIETO YCTPOMCTBA
3aIUTHL. 3HAYUMOCTh MOJTYYECHHBIX PE3YyNbTaTOB COCTOHMT B PELICHWH CIIOKHOW 3a/add 0OecredeHHs 3aIlnThI
AQHTEHHBIX CHCTEM OT MOIIHOTO HW3IYYCHHS YIBTPAKOPOTKOH JIUTEIFHOCTH Ha OCHOBE YCTaHOBJICHHUH
AQHATTUTHYECKOH CBSA3H MEXKAY ANEKTPOPU3NIESCKHUM ITapaMeTpaMi KOMITTIAHAPHBIX ITOJIOCKOBBIX JIMHAHN Mepeayu,
HaXOJAIMNXCS B Pa3HBIX (a30BBIX COCTOSHUSAX, ONPEAETIEMBIX BO3IEHCTBHEM MOIIHOTO 3JIEKTPOMArHUTHOTO
W3JIyYCHUS, 1 MX KOHCTPYKTHBHBIMH Iapamerpamu. OCOOCHHOCTh MOIYYEHHBIX PE3YJIbTaTOB 3aKIIOYaeTCs B
YTOUHEHHM 3aBUCHMOCTH BOJHOBOIO COIpPOTHUBICHHS KOMILIAHAPHBIX IIOJIOCKOBBIX JIMHUH IIeperadyd B
CBEpPXIPOBOJIAIIEM, CMEIIAHHOM M HOPMaIbHOM (DA30BBIX COCTOSIHMSIX OT M3MEHEHUS HX aKTHBHOM
COCTaBJIAIOLIEH IOBEPXHOCTHOTO CONPOTHUBICHHS, OIpPEAEIsIEMOl B CBOK oOuepefb KOHCTPYKTHBHBIMU
XapaKTepPUCTUKAMM yCTpOWCTBa 3amuThl. OTIMYME OT W3BECTHBIX pPadOT 3aKII0YaeTcss B IIOJYYECHUH
COOTHOILICHHH JIJIs OTIPEIEIEHNS BOJIHOBOTO COIIPOTHBIICHUS YCTPOHCTB 3AIUTHI B Pa3HBIX ()a30BBIX COCTOSHUSX.
IIpakTHyeckoe MpUMEHEHHE YCTPOWCTB 3alIUTHI HAa OCHOBE KOMIUTAHAPHBIX IOJOCKOBBIX JIMHWH Tepenadn
CYIIIECTBEHHO MOBBICUT HA/IEKHOCTh (DYHKIIHOHHPOBAHUS aHTCHHBIX CHCTEM B YCJIOBUSAX BO3JICHCTBUS MOITHOTO
AJIEKTPOMArHUTHOTO W3YYCHHS YIABTPAKOPOTKOH JUTNTEITFHOCTH.
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Knrouegvie cnosa: 00beKThH KPUTHUECKON HHPPACTPYKTYPbI, UMITYJIbCHOE MOIITHOE JIEKTPOMArHUTHOE
U3Iy4YEHUE YIbTPAKOPOTKON ATUTEIBHOCTH, aHTEHHAsI CUCTEMA, YCTPONUCTBO 3aIUThI, KOMILTAHApHAs

TIOJIOCKOBAS JIMHUA IEPEAAIN.

INRODUCTION

The problem of ensuring the reliability of
critical infrastructure has always been in the focus
of researchers. Currently, given the expansion of
combat zones and the increasing level of terrorist
threat, the need to solve this problem is becoming
increasingly important. Among the many factors
that could affect critical infrastructure, one of the
central places is occupied by the impact of
powerful electromagnetic pulse radiation on
electronic equipment that is part of the complex of
means for protecting and securing these objects.
Electronic equipment has always been an integral
part of the security system for critical
infrastructure objects such as nuclear and thermal
power plants, oil terminals, oil and gas processing
plants, airports, warehouses, and military arsenals.

The most dangerous impact on the electronic
equipment of means for protecting and securing
critical infrastructure ~ objects is  the
electromagnetic pulse of ultrashort duration. Due
to its small duration, it has high penetrating ability
and a specific reaction of electronic equipment to
such an impact. The electromagnetic pulse can
spread to sensitive elements of electronic
equipment both through the antenna-feeder path
and through structural elements (panels, windows,
unshielded conductors, etc.).

To ensure the reliability of the functioning of
radio-electronic means of security and safety of
critical infrastructure objects under the influence
of powerful electromagnetic radiation, which
includes antenna systems, it is proposed to use
high-speed protective devices based on high-
temperature superconductors (HTSC) [1, 2]. For
example, in [3], microstrip transmission lines
(MST) are proposed for the protection of the
antenna systems of radio-electronic means against
the effects of powerful electromagnetic radiation.
However, the operating frequency range of such
devices is limited to about 100 MHz with limited
design parameters, which is a significant
disadvantage, since the bandwidth of pulse
radiation can reach much larger values, up to 10
Hz. Therefore, there is a need to search for more
effective ways to protect radio-electronic means
that have better frequency characteristics within
the limitations of the design parameters of the
protection means.

In works [4, 5], to create ultra-high frequency
devices, particularly filters operating at
frequencies up to 350 GHz and waveguides at
frequencies up to 220 GHz, it is proposed to use
coplanar transmission lines (CPL), which
indicates the potential for a significant expansion
of the operating frequency range of protective
devices using such transmission lines. This
circumstance  suggests the expediency of
conducting research aimed at determining the
possibility of using coplanar transmission lines to
create fast-acting protection devices for antenna
systems of radio electronic security means and
ensuring the safety of critical infrastructure
objects operating in a much wider frequency
range.

Literature analysis

In [1], a methodology for studying the
parameters of microstrip transmission lines,
including the determination of the surface
impedance, is presented. However, the method for
finding the desired parameters is carried out
without taking into account the parameters of the
electromagnetic radiation (EMI) affecting the
thin-film transmission line.

In [2], a study of transient processes in a
superconducting protective device is carried out.
The possibility of the occurrence of undamped
oscillations and their impact on the operation of
radio-electronic equipment is evaluated. However,
the authors did not pay attention to determining
the influence of powerful EMI on the transient
processes, taking into account the pulse duration.

In [3], the results of substantiating the
approach to describing the response of an arbitrary
antenna to the impact of EMI are presented.
Analytical relationships are given for assessing the
influence of radiation on a superconducting
protective device located in superconducting,
mixed, and normal phase states.

In [4], a procedure for the partial inversion of
the Cauchy singular integral and the integral with
a logarithmic singularity, defined on a finite set of
bounded intervals, is presented. Based on this, an
electromagnetic model of a shielded coplanar
transmission line is constructed. Results of the
calculation of spectral characteristics and
distributions of the field of the structure's own
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waves are presented, as well as data on the
convergence of the approximate solution.

In work [5], the possibility of using a flat
section of a high-temperature superconductor-
based radio frequency line as a protection device
for  electronic  systems against  pulsed
electromagnetic signals is considered. The results
of experimental studies of the behavior of a thin-
film coplanar section of the line (YBa2Cu30O7-x
on sapphire) under the influence of pulsed
radiation of varying power and duration are
presented. It was established that with an increase
in the duration of the pulse, the superconductor
transitions into a resistive state, cause leading to
an increase in losses.

In [6], the nonlinear properties of a coplanar
waveguide based on an epitaxial thin film of high-
temperature  superconductor  YBa2Cu307-9,
deposited on a single-crystal substrate of Al,Os3,
are investigated in the X-band and temperature
range from 77K to 90K. It is shown that the
application of a DC bias to the structure allows for
control of the microwave nonlinearity of the
transmission line. Periodic features of losses
depending on temperature indicate that the phase
constant of the propagation has nonlinear behavior
associated with the properties of the transmission
line. The phenomenological characteristic power
value Py is determined by comparing experimental
data with the results of theoretical analysis.
However, the authors did not pay attention to the
issues of estimating spectral characteristics.

In work [7], the results of studying a 40 GHz
radio frequency biosensor using a microstrip
transmission line  for the  dielectric
characterization of cancer cells are presented. It is
suggested to use a classical coplanar waveguide to
ensure a passband of up to 40 GHz for the
biosensor.

In [8], a universal method for analyzing
arbitrary planar layered transmission lines is
proposed, and its features are considered. The
stages of implementing the method for analyzing
the parameters of planar layered transmission
lines, constructed using the Galerkin procedure in
the spectral domain, are presented. The results of
analyzing test planar layered structures are
presented. However, the authors did not address
issues related to the study of spectral
characteristics of the investigated transmission
lines.

In [9], the results of the development of a
general transmission line model for predicting the
frequency-dependent  response of compact
modulators are presented. The calculation of the

radio frequency parameters of the modulators is
carried out taking into account the dimensions of
the coplanar waveguide. The accuracy of the
model in predicting the 3 dB modulation
bandwidth of the devices is evaluated by
comparison  with experimental results.
Recommendations are given for designing devices
with  significantly ~ improved  achievable
modulation bandwidth, which are presented
through the optimization of radio frequency and
optical parameters. The modulation bandwidth
was 100 GHz. It is claimed that the presented
model is applicable to any type of super-compact
electro-optic modulators.

In [10], the results of studies on symmetrical
coplanar transmission lines with end coupling
(SCTL) are presented. Attention is given to the
question of organizing turns in the SCTL. A
regular section of a matched line with strictly anti-
phase wave excitation in it implies electrical
symmetry of currents in conductors with respect
to the longitudinal axis of the line. As a result of
the conducted studies, it was established that the
proposed turn option provides practically the same
energy characteristics of the SCTL as the regular
section of the same length. Other issues were not
studied, in particular those related to the
evaluation of spectral characteristics.

In [11], an overview of the main results
obtained by the authors in the process of studying
non-traditional superconductors and developing
microwave devices based on cuprate high-
temperature superconductors is presented. The
results of studies on epitaxial films of the cuprate
superconductor YBa2Cu30-.; and Fe-containing
superconductors are presented. The complex
conductivity, including  the  fluctuation
conductivity, was determined. Temperature
dependencies of the complex conductivity of
YBa2Cu307.s  superconductors  and  the
corresponding physical quantities were obtained,
which allows one to judge about the relevant
scenarios of wave symmetry in the gap function of
the studied superconductors. The possibility of
creating large-scale devices based on high-
temperature  superconductors  operating  at
frequencies up to 40 GHz was experimentally
established. However, the issues of determining
wave resistances taking into account the
destruction of superconductivity were not
addressed in this work.

In [12], an analysis of loss characteristics
affecting the series resistance of coplanar
waveguide interconnects with grounding is
presented. Experimental dependencies
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corresponding to lines with different screens are
shown up to 30 GHz. The influence of geometry,
in particular, the width and spacing between tracks
on the series resistance of different resistive
components was studied. In addition, a time-
domain analysis was performed to assess the
impact of neglecting each of the resistive
components on the quality of a digital signal with
a speed of several gigabits per second. However,
issues of  waveguide interaction  with
electromagnetic interference were not considered
in this article.

In [13], the possibility of microwave glucose
diagnostics in real-time without the use of labels
based on the construction of a classical coplanar
waveguide (CPW) is shown. The biosensor is
implemented with a 50 Ohm CPW transmission
line, where a 3 mm diameter localized in the center
of the CPW transmission line was used for
detection. The CPW transmission line is made of
FR4 microwave laminate. Electromagnetic
interaction was performed with a varying
dielectric constant of an agueous solution. The
measurement results showed good sensitivity of
108.4 MHz/mg/ml and high accuracy with a good
coefficient of linear regression of 0.997. At the
same time, the electro-physical parameters of the
biosensor were not provided or considered by the
authors during the research.

In [14], a microwave sensor in the form of a
capacitive matrix is presented for label-free
detection of Escherichia coli. The results of
theoretical researches were confirmed by the
implementation of a sensor chip made using the
United Monolithic Semiconductor (UMS) PH25
process on a 100 um thick GaAs substrate, and
measurements of various concentrations of
Escherichia coli in the frequency range of 1...3
GHz. The obtained results are promising for future
biomedical applications in terms of detecting
specific bacteria. The authors did not conduct any
other research.

In work [15], the results of studies on the
dependence of the duration of the S-N phase
transition on small values of the input signal
voltage amplitude are presented. However, the
dependence of the wave resistance of the
superconducting film in different phase states
under the influence of -electromagnetic
interference was not studied.

In [16], the results of determining the
penetration depth of electromagnetic waves into a
superconducting film and its surface impedance
are presented. The authors provide the dependence
of the quality factor of the superconducting film

on its thickness. However, the authors did not pay
attention to the effect of powerful electromagnetic
interference on changes in the phase state of the
film and the determination of the surface
resistance under these conditions.

In [17], based on the conformal mapping
method, an analysis of the ideal suspended
coplanar waveguide model was conducted, and
the wave impedance was determined. A self-
assembled  suspended coplanar waveguide
(SCPW) was proposed and implemented using
multi-layer printed circuit board technology with
experimental losses of no more than 0.5 dB and
return losses better than 15.8 dB from DC to 10
GHz, which eliminates the traditional
disadvantages of suspended schemes, such as
bulky size, high weight, and integration
complexity due to their mandatory metallic cavity
and mechanical assembly.

In [18], an approach to designing a filtering rat-
race coupler (FRRC) with hybrid resonators with
an integrated circular substrate waveguide
(CSIW) and coplanar waveguide (CPW) is
proposed. The FRRC is designed in a single CSIW
resonator with four integrated CPW resonators
and four miniature input ports. The 0 and 180
degree phase characteristics of the RRC are
realized by the self-phase and anti-phase
electromagnetic fields of the CSIW dual-mode
resonator. By properly placing the sum,
difference, and two other output ports, the FRRC
is used to achieve the desired RRC properties with
bandpass  filter  responses. In  addition,
transmission zeros are generated near the upper
stopband. A miniature FRRC using hybrid CSIW
and CPW resonators was synthesized, fabricated,
and tested in a single-layer process to verify and
demonstrate its advantages over previous modern
research, including miniature size, high quality,
high-order filter responses, and improved out-of-
band signal suppression.

In [19], a dual-polarized cross-dipole antenna
with a bandwidth for 2G/3G/4G base station
applications is proposed using a grounded
coplanar waveguide (GCPW) filter. The cross-
dipole antenna with the GCPW feeding structure
is designed to cover frequencies from 1.7 to 2.7
GHz. A compact GCPW filter is proposed inside
the dipole antenna to provide a frequency band of
2.2..2.5 GHz. As a result, the proposed antenna
has two operating bands of 1.67...2.23 GHz and
2.45...2.75 GHz for VSWR <15 and a sharp
rejection band of 2.23...2.45 GHz. The measured
isolation is above 26 dB, the half-power
beamwidth is about 68°, and the average gain is
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around 8.3 dBi over the entire operating band. The
minimum gain in the rejection band is -9 dB,
which is by 17 dB lower than the gain at the
operating frequency. The research questions
regarding wave impedance were not studied.

In [20], an integrated terahertz range
directional diagram is presented. Submillimeter
single-mode coplanar waveguides with a

benzocyclobutene polymer-based conductor and a
ground plane transition between the planes up to
760 GHz have been processed and measured.
Good agreement between analytical and
numerical modeling has been experimentally
demonstrated. Two-level Thru-Reflect-Line and
square root of Thru de-embedding corrections are
applied to extract the attenuation coefficient of
about 3 dB/mm at 600 GHz, the relative phase
velocity with respect to light of about 0.716, and
the characteristic impedance of about 50 Ohms. It
has been established that the losses of the coplanar
waveguide are at the cutting-edge level, paving the
way for fully integrated terahertz range circuits.

In [21], a new topology variant is presented:
the folded ESIW, which is half the width of the
original ESIW waveguide and maintains the same
cross-sectional area with good performance and a
similar bandwidth. The feasibility of the new
topology is discussed. To verify and confirm this
proposal, a parallel prototype was designed,
fabricated, and measured, and the results were
promising, opening up access to new design
strategies in the field of ESIW.

In [22], two coplanar waveguide bandpass
filters operating at a frequency of 350 GHz were
investigated. Both filters were based on quarter-
wave resonators with stepped impedance, which
can be easily integrated into on-chip systems. A
second-order Chebyshev filter and a fourth-order
quasi-elliptic filter were jointly developed to
determine the characteristics of the roll-off. Both
filters were made of superconducting niobium
film using optical lithography and lift-off process,
which can reduce significant metallic losses in the
terahertz range. It is shown that the calibrated
transmission characteristics, compared with the
simulation, demonstrated that such
superconducting coplanar waveguide filters could
be used in a future terahertz astronomical
spectrometer.

In [23], a new transition between coplanar
waveguide (CPW) and rectangular waveguide
(RWG) filled with air is presented. A rectangular
radiator with an elliptical slot is connected to the
central conductor of the CPW to implement the
transition, which expands the passband. This

direct transition does not require an intermediate
transition or air bridges. The planar transition
scheme is made of materials with high and low
dielectric constants (er = 10.2 and 2.22), which
provides more advantages for both printed circuit
board and MMIC design. Two "back-to-back"
transition prototypes were developed, fabricated
and measured in the X-band. It is shown that the
relative bandwidth of 15 dB is expanded to 44.7%
and 47.6% for both transitions (er = 10.2 and
2.22), respectively, which was demonstrated for
both transitions. It is noted that the measurement
results are in good agreement with the simulation
results, confirming the feasibility of this design.

The [24] presents the results of the study of a
wideband antenna implemented using a multilayer
self-packaged suspended coplanar waveguide
(SCPW). The proposed antenna is designed to
operate at a frequency of 5.42 GHz with a partial
passband of 26.2% (4.71-6.13 GHz) and a
maximum gain of 8.4 dB. The SCPW antenna was
fabricated and measured, and the design was
demonstrated with advantages of self-assembly,
wide bandwidth, good gain, and compact size.

Thus, the analysis of existing works has shown
that the conducted research indicates a wide
application and significant expansion of the range
of tasks solved using coplanar transmission lines
in microwave devices. Moreover, optimistic
expectations are noted for a significant expansion
of the frequency range of the developed devices,
up to the terahertz range.

However, there are no research results
available related to the use of coplanar
transmission lines for the production of high-
speed, small-sized protective devices for antenna
systems of radio-electronic equipment, capable of
protecting them from short-duration powerful
pulse  electromagnetic interference.  This
circumstance necessitates research aimed at
assessing the possibility of using coplanar
transmission lines as a basis for implementing
effective protection devices for antenna systems of
radio-electronic equipment with the required
frequency characteristics, while limiting the size
constraints.

METHODS, RESULTS AND

DISCUSSION
During the research, methods of
electrodynamics theory and radio wave

propagation, as well as electrical and radio
engineering circuit theory, were used. Continuing
the ideas developed in works [1-3, 5, 15, 25, 27-
34], the superconducting coplanar transmission
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line will be considered as the basis for creating a
device to protect antenna systems from powerful
ultrashort EMI. When such a line is included in the
antenna-feeder distribution path, the distribution
of current and voltage in the absence of powerful
EMI at the input is mainly determined by the
matching of the line's wave impedance and the
protection device. Under these conditions, the
wave impedance of the coplanar line is determined
by its main design parameters. In other words,
such a state corresponds to normal operating
conditions of radio electronic equipment when the
EMI parameters do not exceed critical values for
this coplanar line. In the opposite case, the impact
of EMI leads to the destruction of
superconductivity of the antenna system
protection device. In this case, the distribution of
current and voltage in the transmission line is
determined by the superconducting, mixed, and
normal states of the protection device.

The protective device based on a coplanar strip
transmission line shown in Fig. 1 is a three-wire
strip line with a current-carrying superconducting
thin film 2 located between two semi-infinite
conductive screens 1 on one side of the dielectric
substrate 3 with a dielectric permeability ¢, [25,

26].

hs €r2

Fig. 1. Superconducting protective device
based on CTL and main design parameters.

Problem statement. For the considered variants
of possible operating conditions of the protection
device included in the antenna-feeder path, it is
necessary to solve the problem of determining the
electro-physical characteristics of the coplanar
line in different phase states that arise under the
influence of powerful EMI and finding the
conditions for reliable protection. For the first
variant of conditions, it is necessary to establish a
relationship between the wave impedance of the
coplanar line and its design parameters, and for the
second, it is necessary to assess the impact of
powerful EMI on the coplanar line in its
superconducting, mixed, and normal phase states.

Solution.

Case 1: there is no strong EMI at the input of
the antenna feeder.
Let us consider the structural parameters of the
coplanar line, and then establish the relationship
between the wave impedance of the protective
device and its structural parameters.
In the coplanar line, the fundamental wave is the
quasi-TEM wave, although higher-order waves
are possible in it, which are suppressed by
connecting both screens with a conductor [25, 26].
Note that narrowing the semi-infinite screens to a
finite width s, even with the conditionS™ <W ,
weakly affects the characteristic impedance and
other line parameters. For ¢, =5 and S*=W ,
the wave impedance increases by only 10%
compared to S* — .

The substrate thickness h, here no longer plays

a prior role and at h,>2S"for ¢, >9it can
already be considered close to infinity, which
allows it to be disregarded in calculations [25].

At hﬂ=0, S* 2w the wave impedance of the

S
protective device based on CPW can be
determined as follows [26]:

z =( P +1)71132K1(K), (1)

|n(2(1+JE)/(1—JE))

T

where K, (K)=

at 0<K? <0.5,

or K;(K)=

T
|n(2(1+JW)/(1—JW))

1
at K =(1+§j ,
W

where K’ = (1— K2)1/2

Effective dielectric constant is determined
according to expression [26]:

(&2 +1)

2 @

Seffry =

Based on the expression (1), for the given
values of Z and ¢,,, it is possible to determine

the value of K, . Next, using the expressions for
determining K (formulas 3, 4):
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e™1 _2) ?
K :[eﬂKl +2)] (3)

for 1<K <o,

or
K 4 1/2
|4 e”"™ —2) 4
K {1 (e”K1+2)J] 4)

for 0<K <1, (@)
the following ratio can be determined:
s* (1Y
= (=) ©)

Using equations (1-5), one can plot the
dependence of the wave impedance of the
protection device based on CPW on the ratio of its
dimensions.

_ W h, — o for different ¢,, .
(w+2s7)

The graph of the dependence of the
characteristic impedance of a superconducting
protection device based on a coplanar waveguide
(CPW) on the parameter W/(W+2S) for different
values of ey, is shown in Fig. 2.

Z Om €2 =1
400 3
6
%88 e e i e 10
40
%g S i Sy 80
L= 120
S 250

0,01 0,20,30,4 0,506 W/(W+2S)

Fig. 2. Ratio of the wave impedance of a
superconducting protective device based on
CSL on the parameter W/(W+2S) for different
values of er,.

Fig. 3. Topology of a superconducting
protective device based on a coplanar
transmission line (1 - thin HTSC film; 2 -
screen).

In addition, the period of the meander now
does not depend on the thickness of the substrate.

Note that in a coplanar transmission line, there
iS no series parasitic capacitance, but there
remains a parallel capacitance of the strip line to
the C screen (see Fig. 3).

In the superconducting state, the value of
capacitance C for one turn of the meander can be
determined in accordance with the expression:

C= gogrzng Sc (6)
dng +gr221
where &N is the dielectric constant of the

coplanar line in the non-superconducting state; Sc

is the cross-sectional area of the meander turn;
4, is the London penetration depth.

R; R; R;
—C TC f—

ey (t) — —C Ry

Fig.4. Equivalent circuit of a protective
device based on a coplanar transmission line.

The capacitance C has a relatively small value
(see Fig. 4), which makes it possible to use a
protective device based on coplanar lines at
frequencies up to 100 GHz and to neglect its value
in calculations.
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Fig. 5. Dependence of the capacitance of a
protective device based on CPL on the
distance between the screen and a thin HTSC
film.

The approximate geometric dimensions of the
protection device based on CPW wi Z =50 Ohm

on the substrate, e.g., made of LaAlO,, are

determined by the parameter W W (Fig.2) and

+25*
are W=10 p, S*=20microns, d=15..20pu the
meander period L =W +2S* +d =65...70 u.

The dielectric strength of such a protective
device is not very high, as the conducting strip and
the ground plane in CPW are separated by a
narrow gap of width S, and destruction of
superconductivity can occur due to surface
breakdown. Therefore, to increase the dielectric
strength of the protective device based on CPW, it
is sufficient to increase the parameter S and to use
substrates with a higher ey,.

The second case is when there is powerful
electromagnetic interference (EMI) at the input of
the antenna-feeder path. To evaluate the impact of
powerful EMI on the CPW, which plays a
protective role, it is necessary to solve a relatively
simple problem of determining the relationships
between the amplitudes and phases of the reflected
and incident voltage and current waves at the end
of the transmission line under the condition that it
is in the superconducting, mixed, and normal
phase states.

Therefore, skipping intermediate calculations,
we provide the final expression for the reflection
coefficient K :

; Z-7
K = LA 7
Z+2Z, )

For the case of small losses, the characteristic
impedance of a coplanar transmission line can be

approximately determined according to the
expression [25]:

z= | R (8)

@C,

where R, is active resistance of CPW,;
C, Is capacitance of the CPW per unit length.
An analytical expression for determining C,

taking into account that for the coplanar
transmission line the condition [26] is satisfied:
€r22+1 o> Ero Ilh (9)
2 1+0—

W
takes the form of:

h 0,836
Eoirabn, h{1+1, 73¢, 307 +(j }

S
COS =
Sng +‘9r221
(10)
We will rewrite the expression for determining
R, as:

Rs 1—£In Vlh—l +

w 4\ A7
Ros = R”

0Os

(11)

+ - h -0,836 '
w {1+1, 736,007 ¢ (Sj :l

where R¢ is the surface resistance of the
coplanar line, and R!- is the screen surface

resistance.

Note that the following expression can be used
to determine the surface resistance of the coplanar
line [15]:

i (@ny)? oy

Rn
s 2h

(12)

where o, is the specific conductivity of high-
temperature superconducting film in the N-state.
Since Rg is a small quantity, then Z according to

expressions (8, 10, 11) will be determined by two
parameters: C, and R’ .
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Therefore, having the value of R”, by
adjusting the ratio of \:]—v it is possible to achieve

equality of the wave resistances of the
superconducting protection device and the line,
which will ensure complete absence of reflection (

K=0).

When the CPW is in the mixed state, the
expression for determining the wave resistance,
similar to (8), can be written as:

R

7 _ 05—N
S—N coC

(13)

0s—N

where R, is the active resistance of the
protection device in the mixed state, and Cos 4 is

the capacitance of the protection device in the
mixed state. It can be shown that

Rs_n N
Rb \ = )08 1
- R” 1+1,733;§v°724+(SJ
" W

(14)

where R¢_ is the active component of the

surface resistance of the coplanar transmission
line (CPL) at the moment of the phase S-N
transition.

The value of Rg_,, can be determined based on

the relation:

(o) oy (jo)!

RS*N (Ja))_ ’

o (15)

where 4, is the width of the normal regions of
the coplanar transmission line.
The capacitance ¢, can be determined

using a formula similar to (10), taking into account
the phase state transition using the formula:

0836
EoEratn N {1+1, 73, 20724 (S) }

n —
Cosn = Se, +&,A
Y] r2”\N

(16)

Now, in accordance with formulas (13), (15),
and (16), let's determine the characteristic
impedance of the coplanar waveguide in the mixed
state:

RSN | ! +/1*N :
chols ﬁ'l wCoZS
Zon= ) h 0836 (17)
W|:1+1,73gr‘§'°724+(sj }

where C,. and C,,, are the capacitances per unit

length at the edges of the CPW, which are due to
the presence of normal regions and a ground plane.
To analyze the wave impedance of the CPW in
the mixed state, expression (17) can be
conveniently transformed to the form:

Y
7" — RS—N (JCO)
S—-N RN

; (18)

where

:4/112|02 Rg ) (19)
W1y || RE_y (Co, (W —27))

Coefficient K is a dimensionless quantity. It
describes the effect of the S-N phase transition of
the CPW on its reactive component of wave
resistance. Taking the latter into account,
expression (18) will take the followimg form:

2
Re_yo
n ~ _S—-N
Zst = R
N

(20)

From (19), it can be seen that in the mixed
state, the characteristic impedance of the CPW, as
an antenna system protection device, is mainly
determined by its active resistance.

In the normal state, the characteristic
impedance of the CPW as per (19) can be written
as follows:

Z"(jo) ~ Ry . (21)
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From the relations (20), (21) and (7), it follows
that in the presence of powerful EMI at the input
of the antenna system, leading to the destruction
of superconductivity in the protection device
based on the CPW, the reflection coefficient of the
protective devices is mainly determined by the
active resistance of the CPW, which, in turn, is
determined by its design parameters.

CONCLUSIONS

1. The possibility of significant expansion of
the operating frequency range of high-speed
superconducting protection devices based on
CPW up to 100 GHz has been demonstrated.

2. The obtained analytical relationships for
evaluating the impact of intense EMI on the CPW
in different phase states showed that the
characteristic ~ impedance of CPW in
superconducting, mixed, and normal phase states
depends on the change in the active resistance in
these states, mainly determined by the design
parameters of the line. These relationships are the
basis for selecting and designing CPW, ensuring
reliable protection for radio electronic equipment
antenna systems from high-power ultra-short
duration pulse EMI.
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