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Abstract. The aim of this work is to investigate the efficiency of various adaptive filtering methods for
higher harmonic components of stator currents in a vector-controlled traction drive system to improve
the operation efficiency of electric rolling stock. The set goal was achieved by implementing an adaptive
filtering block into the basic vector control system, which sequentially employs various adaptive
filtering methods. The first harmonic component of stator currents was proposed to be used as the
desired signal. An algorithm for determining the first harmonic component under conditions of varying
supply voltage frequency was developed. Based on the simulation results, filtration efficiency metrics
were established, indicating that the Wiener filter is the most effective for filtering higher harmonic
components of stator currents. The most significant results include the algorithm for determining the
first harmonic component of the stator phase current and the determination of an adaptive filtering
algorithm with the highest convergence rate. The importance of these results lies in identifying the most
effective adaptive filtering algorithm for traction drive operation, taking into account the operating
modes of electric rolling stock. This will help reduce losses from higher harmonic components in the
traction drive and, consequently, increase its energy efficiency.
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Cresterea eficientei de operare a transportului rulant electric prin utilizarea metodelor de filtrare
adaptiva pentru componentele cu curent armonic mai mare in sistemele de tractiune
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Rezumat. Scopul lucrarii este de a studia eficienta diferitelor metode de filtrare adaptiva a componentelor armonice
superioare ale curentilor statorici intr-un sistem de antrenare a tractiunii cu control vectorial pentru a imbunatati
eficienta de functionare a materialului rulant electric. Scopul a fost atins prin utilizarea unei unitati de filtrare
adaptiva 1n sistemul de control vectorial de baza, care implementeaza pe rand diferite metode de filtrare adaptiva.
Ca obiect de studiu a fost ales tractiunea unei locomotive electrice din seria DS-3 (Ucraina). Se propune utilizarea
primei componente armonice a curentilor statori ca semnal dorit al curentilor statori. A fost propus un algoritm
pentru determinarea primei componente armonice in conditii de modificari constante ale frecventei tensiunii de
alimentare. Analiza rezultatelor obtinute a aratat cd pentru filtrarea componentelor armonice superioare ale
curentilor statorici, cea mai eficientd este utilizarea unui filtru Wiener. Cele mai importante rezultate sunt
algoritmul de determinare a primei componente armonice a curentului de faza al statorului si determinarea
algoritmului de filtrare adaptiva cu cea mai mare convergentd. Semnificatia rezultatelor obtinute este de a
determina cel mai eficient algoritm de filtrare adaptiva la operarea unui sistem de tractiune, tinind cont de modurile
de functionare a materialului rulant electric. Acest lucru va reduce pierderile de la componentele armonice
superioare din sistemul de tractiune si, ca urmare, va creste eficienta energetica a acestuia.

Cuvinte-cheie: eficienta operationald, eficientd energeticd, control vectorial, componente armonice superioare,
filtrare adaptiva, transportul rulant electric.
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IoBbimenne 3 (peKTHBHOCTH FIKCIIYATAIMH JTeKTPONOIBHKHOTO COCTABA 32 CYeT NMPUMeHEHHsI MeTON0B
aganTHBHOI GUIBTPAIMM BBICHINX TAPMOHHYECKHX COCTAB/SIIOIINX TOKA B CHCTEMAX TATOBOT0 MPUBOIA
I'ynak C.A.
locynapcTBeHHBIN YHUBEPCUTET HHPPACTPYKTYPHI U TEXHOJIOTHIA
Kues, Ykpauna
Annomayusn. llensio paboTel ABISAETCA HCClenoBaHUE S(PPEKTUBHOCTH METOIOB ATANTUBHON (IIIBTPAIIUN
BBICIIMX TapMOHHYECKHX COCTABJSIIONIMX CTATOPHBIX TOKOB B CHCTEME TSATOBOTO IIPUBOJA C BEKTOPHBIM
YIpaBIeHUEM OIS TMOBBIMIECHUS 3()(PEKTUBHOCTH AHKCINIyaTallud 3JEKTPOIOABIKHOTO cocTaBa. IlocTaBieHHas
1enb ObUIa JOCTUTHYTA 3a CUET NPUMEHEHHs B 0a30BOW CHCTEME BEKTOPHOI'O yIpaBiieHHsl OJO0Ka aJanTHBHOW
(unbTpanny, peanu3yonero Ioo4epeHo CIeAYIOIUE aaalTHBHBIC alTOPUTMBI: METO/Ia HAUMEHBIINX CPEIHUX
KBa/IpaToB, HOPMAJIN30BAaHHOTO METO/1a HAMMEHBIINX CPEIHUX KBAaJPATOB, Pa3peKEHHOT0 METO/1a HAMMEHBIINX
CpeiHUX KBajapartoB, GpuiabTpa Kanmana m ¢unstpa Bunepa. B kauecTBe 00bekTa HMcClieIoBaHUS BBUT BHIOpaH
TATOBBIM TpuBOxN 3nekTpoBo3a cepun JIC-3 (YkpanHa) ¢ BEKTOPHOW CHCTEMOH YIpPaBIEHHS TATOBBIMH
ACHMHXPOHHBIMH JIBUTATEISIMU. B KadecTBe »KeaaeMoro CHrHajia CTaTOPHBIX TOKOB MPEAJIOKEHO HCIIOIb30BaTh
MEPBYI0 T'apPMOHHYECKYIO COCTAaBIIAIOIIYI0 CTaTOPHBIX TOKOB. [IpEe/UIOXKEH anropuTM ONpEAeNeHHs INEpBOU
TapMOHHYECKOH COCTABILSIIOIIEH B YCIOBHSX IOCTOSHHOTO M3MEHEHHUS 4aCTOTHI MHTAIOLIETO HampsbkeHus. Ha
MMHTAINOHHON MOJETH AJIsl yCTAaHOBHUBIIETOCS PeXKUMa OBbUIN MOJy4EHBl BpEMEHHbIE ANarpaMmel (pa3HbIX TOKOB
CTaTOpa, KPYyTSIIETO MOMEHTA M OBUIH MOCTPOEHBI aMILTUTYIHO-9aCTOTHBIC CIICKTPHI (pa3HBIX TOKOB craTtopa. Ha
OCHOBAHHH IOJTyYCHHBIX PE3yIbTaTOB, OBUIM PACCUUTAHBI KO3()(HUIIMEHT 00IIEro rapMOHNYHOTO HCKAXKEHUSI TOKa
CTaTopa, CpenHHe aOCONIOTHAS M OTHOCHTENbHAsl OIIMOKM 3a mepuoj, KO3((GHUINEHT IMyJIbCalud KPYTSIIETO
MOMeHTa. AHanu3 IMOJYYCHHBIX PpPE3YJIbTaTOB TIIOKazaj, 4YTO IJId (bI/IJ'H)TpaHI/II/I BBICIIUX TAapMOHHUYCCKUX
COCTaBJISIOLIMX CTATOPHBIX TOKOB Haubosee 3(PpeKTUBHBIM sBIsieTCs prMeHeHue guibrpa Bunepa. Hanbonee
BaXHBIMU PpE3YyJbTaTaMH ABJIAIOTCA HpeILJ'IO)KeHHI:Jﬁ AJITOPUTM  ONPCACIICHUA nepBoﬁ FapMOHI/I‘IeCKOI\/’I
COCTaBJISAONICH (ha3HOTO TOKA CTaTOpa B YCIOBUAX MOCTOSHHO U3MCHSOIICHCS YaCTOThI HATPSKCHUS MUTAHUS
ACHMHXPOHHOTO JIBUTaTeNii W OIpEAe]eHHE alIrOpuTMa aianTHBHOW (GHMIbTpauuMu ¢ Haubojee BBICOKOM
KOHBEPTCHINA (CXOIUMOCTHIO). 3HAYMMOCTh ITOJYUCHHBIX PE3YJIbTaTOB COCTOMT B OIpelelcHHEe Hamboiee
3¢ PEKTUBHOTO aITOPUTMA alalITHBHOMN (pHIbTpaIy IpH padoTe TATOBOTO MIPUBOJA C YIETOM PEXXHUMOB paboThI
3JIEKTPOIIOBIKHOTO COCTaBa. JTO MO3BOJIUT YMEHBIINTH ITOTEPH OT BBICIIMX TAPMOHHYIECKUX COCTABIISIONINX B

TSATOBOM IIPUBOJIC U, KAK CIIEJICTBUE MTOBBICUTH €r0 SHEProdPPEKTUBHOCTS.
Knrwouegvie cnosa: >pPeKTHBHOCTS 3KCIUTyaTallnd, SHEPTro3((EKTUBHOCTh, BEKTOPHOE YIIPABICHHE, BBICIIHUC
TapMOHHYECKHE COCTABIIIONINE, aJallTUBHAS (PUIIBTpaIys, 3J€KTPOIIOIBI)KHOM COCTaB.

INTRODUCTION

Increasing the efficiency of electric rolling stock
is a relevant task both for the railways of the
Ukraine and the railways of European Union
countries. One of the components of operational
efficiency of electric rolling stock is the energy
efficiency of the traction drive. One way to
improve the energy efficiency of the electric
rolling stock is to reduce the consumption of
electrical energy by electric rolling stock for train
traction and to reduce the distortions it introduces
into the traction power supply system [1].

Vector control systems for traction drives have
become extensively used in the electric rolling
stock with induction traction motors [2, 3]. In
such systems, the induction traction motors are
powered by autonomous voltage inverters. The
keys of the autonomous voltage inverter are
switched according to the pulse-width modulation
(PWM) algorithm [4]. With this organization of
the power system, the phase voltages of induction
motors take the form of a sequence of rectangular
pulses of different durations. The repetition
period of the sequence of rectangular pulses is
inversely proportional to the frequency, and the

amplitude of the pulses is the amplitude of the
phase voltage supplying the induction motor. The
minimum pulse duration is inversely proportional
to the PWM sampling frequency. When such a
system applies phase voltages to the stator
windings of the induction motor, a constant
charge-discharge of the stator winding
inductances occurs. In this case, the charging time
equals the pulse duration, and the discharge time
equals the pause between pulses. This
circumstance leads to the fact that the stator
current of the motor has a non-sinusoidal shape,
and higher harmonic components appear in its
spectrum.

The presence of higher harmonic components
in stator currents leads to the following negative
consequences:

- anincrease in losses in induction motors and,
as a result, an increase in the power consumption
of the traction drive [5];

- the appearance of torque pulsations on the
motor shaft, which, in turn, leads to increased
mechanical losses [6] and deterioration of the
overall drive's dynamic properties [7, 8].
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To compensate for the higher harmonic
components of stator currents, the following
methods are used:

- multilevel inverters;

- passive filtering;

- reactive power compensation;

- adaptive selective harmonic reduction.

In his researches, Onishchuk V.l. demonstrated
the effectiveness of using multilevel inverters
with specialized modulation and control strategies
to solve the stated problem. However, the use of
multilevel inverters in the railway electric rolling
stock would lead to an increase in the overall
dimensions of the traction drive, which is an
unacceptable factor.

The passive filtering method effectively
removes harmonic components with fixed
frequencies, but each passive filter can be
configured only for one harmonic. Applying a
chain of passive filters will result in a significant
loss of a transmitted power from the autonomous
inverter to the traction motor and increase the
overall dimensions of the traction drive.
Furthermore, when the operating mode of the
traction drive changes, the spectral composition
of the stator currents changes as well, rendering
the compensation of higher harmonic components
ineffective [9].

The method of reactive power compensation
employs so-called hybrid filters [10]. The active
part of the hybrid filter eliminates the phase shift
between phase voltages and the stator current of
the induction motor, while the active filters
remove the higher harmonic components of stator
currents. For the task considered in this study,
eliminating the phase shift between phase
voltages and the stator current of the induction
motor is not a relevant issue. This is because
eliminating the phase shift between phase
voltages and stator current would lead to a
reduction in the reactive current of the motor
(magnetic circuit current), which, in turn, would
reduce the power factor and, in some cases, even
cause the motor stoppage. The set of active filters
in this method, like in the previous one, is also
configured for fixed frequencies. When the
operating mode changes, compensating for higher
harmonic components using a set of active filters
also becomes ineffective.

The most effective method of compensating
for higher harmonic components is adaptive
selective reduction (filtering) of harmonic
components, which allows for the efficient
removal of higher harmonic components even

when the operating modes of the electric rolling
stock change [11, 12].

According to Parseval's theorem [13], adaptive
filtering can be performed in both the frequency
and time domains. Algorithms implementing
adaptive filtering in the frequency domain are
more precise, but their implementation is more
complex. This complexity arises from the
influence of the distortion magnitude of
sinusoidal-shaped stator currents on the stability
and convergence time of the algorithms [11].
Filtering in the time domain is less precise but
easier to implement since it relies on coordinate
transformations of stator currents, which are
partially fulfilled in a vector control system [12].

This work is dedicated to investigating the
effectiveness of methods for filtering higher
harmonic components of stator currents in an
induction motor when using vector control in the
traction drive of the railway electric rolling stock.

Despite the numerous studies dedicated to
filtering higher harmonic components of stator
currents in vector control drive systems, most of
them focus on the general industrial drives.
Traction drives, on the other hand, have a unique
characteristic of frequently changing their
operating modes (start-up, transition to different
motor shaft rotation frequencies, coasting,
braking, etc.). This leads to the presence of
constant transient processes in the traction drive
system [14] and continuous changes in the
frequency of stator currents. In contrast, general
industrial drive systems use sampling frequencies
for PWM ranging from several kHz to several tens
of kHz. In traction drive systems, the sampling
frequency is within the range of several hundred
Hz to one kHz. This limitation in the sampling
frequency is due to the switching frequency of
power IGBT modules used in the autonomous
voltage inverter [15]. A low sampling frequency
leads to significant distortion in the sinusoidal
shape of stator currents, making it challenging to
filter out higher harmonic components.

The goal of this research is to select an
adaptive filtering method to develop a
compensator for higher harmonic components of
stator currents in a vector control traction drive
system. This selection is based on the study of the
effectiveness of various adaptive filtering
methods.

This work distinguishes itself from known
studies in that it investigates adaptive filtering
methods for higher harmonic components of
stator currents of an induction motor in a vector
control traction drive system for railway rolling
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stock using a sampling frequency for PWM
organization that is close to what is used in
railway rolling stock. Furthermore, an algorithm
for calculating desired stator current signals based
on Fast Fourier Transform, taking into account
changes in the supply voltage frequency, is
proposed. These facts allowed for considering the
impact of the distortion of the sinusoidal shape of
stator currents on the stability and convergence
time of various adaptive filtering methods under
real operating conditions of railway rolling stock.

DEVELOPMENT OF THE STRUCTURAL
SCHEME OF THE VECTOR CONTROL
SYSTEM WITH A COMPENSATOR FOR
HIGHER HARMONIC COMPONENTS OF
STATOR CURRENTS OF THE
INDUCTION MOTOR

The research focuses on the traction drive with
vector control of induction motors of the
locomotive DS-3 (Ukraine).

Due to the high cost associated with studying
electromechanical processes in the traction drive
system, mathematical and simulation modeling
methods were employed in the research.

The following assumptions were made during
the development of the mathematical and
simulation model of the traction drive and the
research process:

- the vector control system is classical.

- the constant voltage at the input of the
inverter remains unchanged.

- there are no disturbances in the control
system caused by factors such as temperature
affecting the motor windings, IGBT modules of
the autonomous inverter, etc.

- the load on the motor shaft remains constant.

The classical vector control system for the
traction drive [14] is supplemented by the
"Adaptive Filtering Block" (Fig. 1). The
"Adaptive Filtering Block" implements a specific
adaptive filtering algorithm and synthesizes the
signals lyr, lyr, €ix, €iy. The signals e, €y correct

the values of stator currents supplied to the inputs
of the corresponding "Current Regulators,”" and
the filtered signals Iy, Iyrare fed to the input of the
"Cross-Coupling Compensation Block." Since the
presence of higher harmonic components in the
stator currents of the induction motor leads to
torque pulsations on the motor shaft, the system
includes torque control on the motor shaft in
addition to stator current control, as indicated by
"Scope 2."

To implement adaptive filtering methods, it is
necessary to have a desired signal for the
controlled parameter. It is proposed to use the first
harmonic component of the stator currents as the
desired signal. For this purpose, the "Fast Fourier
Transform Block" is used in the "Adaptive
Filtering Block™ (Fig 2), which extracts the first
harmonic component from the spectrum of the
stator current, taking into account the signal
frequency proportional to the motor shaft rotation
frequency. This is important because the motor
shaft rotation frequency and, consequently, the
voltage supply frequency change constantly when
the operation modes of the rolling stock change.
Additionally, frequent changes in the operation
modes of the rolling stock induce transient
processes in the traction drive system, resulting in
the presence of quasi-asymmetric modes [14]. To
account for these modes, it is proposed to filter the
stator current for each phase ("Adaptive Filters
Block™), after which the obtained values are
transformed into the af3 coordinate system and
subsequently into the xy coordinates.

The frequency of the power supply voltages
for the traction motor in the vector control system
constantly changes depending on the operating
modes of the electric rolling stock. Due to this
circumstance, an algorithm of fast Fourier
transform with a variable frequency (Fig. 3) is
proposed for obtaining the desired signals of the
stator phase currents. This algorithm s
implemented in the "Fast Fourier Transform
Block" (Fig. 2).
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Fig. 3. Algorithm for determining the desired values of stator phase currents

The proposed structural diagram of the vector
control system (Fig. 1) is implemented in the
MATIab Simulink software environment with the
sequential connection of the "Adaptive Filters
Block," which implements the studied adaptive
filtering algorithm.

MATHEMATICAL MODELS OF
ADAPTIVE FILTERING ALGORITHMS

Adaptive filtering methods refer to methods
based on the adaptive least mean squares

approach [16-18]. Methods of adaptive filtering
also include methods that are built on predicting
the values of the controlled variable (recursive
least squares filters) [19], Wiener and Kalman
filtering [20].

In this research, the following methods were
considered: classic least mean squares (LMS)
method [16], normalized least mean squares
(NLMS) method, which has faster convergence
compared to LMS [17], leaky least mean squares
(LLMS) method, which has faster convergence
and accuracy compared to LMS [17], Wiener and
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Kalman filtering methods [20]. It was
hypothesized during the research that there are no
noises in the signal. Under such conditions, the
Kalman filter degenerates into the recursive least
squares (RLS) filter [19, 20]. Therefore, RLS was
not considered separately.

The mathematical model of the least mean
squares (LMS) adaptive method

The output signal of the filter is described by
equation (16):

Iy (n)=>"w (n)-1,(n-1), (1)

where | — the value of the stator current at the
filter's output;
Is — the value of the stator current at the filter's
input;
N — the filter order;
n — the current value of stator current;
w — the filter coefficients.

The filtering error is determined according to
the expression:

g(n):lsf(n)—lsd (n)* (2)

where Isq — the desired value of stator current.
The filter coefficients are determined by the
equation:

w(n+1)=w(n)+2-pu-&(n)-1 4 (n), (3)

where w(n) —the vector of filter coefficients at the
n-th iteration step;

w(n+1) — the vector of filter coefficients at the
n+1-th iteration step;

Is(n) — the vector of input values of phase current
of the stator;

1 — the step size parameter of the algorithm.

Mathematical model of the adaptive
normalized least mean squares (NLSM)
method

The output signal of the filter and the filtering
error, as in the previous method, are determined
by equations (1) and (2) respectively. The filter
coefficients are determined by the equation [17]

——f——g(n) 1, (n). (4)

w(n+1)=w(n)+—

Isf .Isf (n)+l//

In this recursion fi u y are positive constants
that should be appropriately selected. The
introduction of the constant v is justified to
prevent division by a small value when the square
of the Euclidean norm (Is¢(n))" Is¢(n) is small. This
leads to greater stability in the implementation of
the NLMS algorithm. Constant i can be
considered as a step size parameter that controls
the convergence speed of the algorithm.

Mathematical model of the adaptive sparse
leaky mean square method (LLSM)

The output signal of the filter and the filtering
error, as in the previous methods, are determined
using equations (1) and (2), respectively. The
filter coefficients are determined by the equation
[18]

w(n+l)=(|—2'ﬂ'7'[|; (n)-1y (n)+y~l})~

(5)
w(n)+2-u-£(n)-1y (n),

where | —a unit column vector.

Coefficient y is within the range 0 < y << 1.

Mathematical model of the Kalman filter

As mentioned earlier, in the absence of noise
at the filter input, the Kalman filter has the same
structure and, therefore, the same mathematical
model as the Adaptive Recursive Least Mean
Square (RLS) filter [19]. Therefore, the
mathematical model of the RLS filter is adopted

as the mathematical model. The output signal of
the filter is described by the equation [19]

Isf(nfl)(n):wT(n—1)~ls(n—1). (6)
Filtering Error

(=T ()T (1) D)
The vector of filter coefficients

w(n)=w(n-1)+k(n)-£(n). (@)

where the gain vector is determined as

k(n) L )~u(n), )

~2+17 (n)-u(n
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um-v(-DL(),  (10)

v (n)=2"" 1)
(v (n=1) =k (n)-[ 17 (n)-y*(n —1)])

A= NNl (12)

Mathematical model of the Wiener filter

The output signal of the filter and the filtering
error are determined by equations (1) and (2)
respectively.

The filter coefficients are determined from the
equation [20]

w= R;sl “Prsia s (13)

where Rjs - the autocorrelation matrix of the input
signal Is;

Pisia - the cross-correlation matrix between the
input signal Is and the desired signal .

RESEARCH RESULTS

During the modeling, it was taken into account
that the nominal frequency of the power supply
voltage for the traction motor of locomotive DS-
3 is 55.8 Hz. On the other hand, the maximum
frequency of the power IGBT modules is 1200
Hz. A sampling frequency of 1116 Hz was chosen
for the studies. As a result of the simulation,
temporal diagrams of the stator currents and
desired stator currents of the induction motor
were obtained in the absence of an adaptive filter.
Since the case of symmetry of the motor windings
and power supply voltages is considered, the
analysis was carried out using the time diagrams
of phase A stator current for steady-state
operation. Figure 4 shows the temporal diagrams
of phase A stator current and the desired current
for phase A of the motor.

The total harmonic distortion factor (THD) of
the stator current was calculated using the formula

+1g, = +I2(

I
THD = ‘/ s ) .100%.

sf (1) ( 1 4)

The average absolute error over the period was
calculated as

1 N
En =N le (15)

and the root mean square error over the period was
calculated as

5= -100%, (16)

sd max

where lsamax IS the instantaneous value of the
desired stator current in a steady-state mode.

1000

500+ [0

Is,A

-500 ¢

-1000 ‘ ‘
14.94 14.96 14.97
t,s
Fig. 4. Time diagrams of phase A stator
current and desired current for phase A of the
motor for the scheme without an adaptive
filter: Isa - stator current of phase A; Isad -

desired current of phase A stator

14.95 14.98

For the steady-state mode, the amplitude-
frequency spectrum of phase A stator current was
plotted (Fig. 5).

600 |
4 L
< 00
B
200 ¢
0 500 1000 1500 2000 2500
f,Hz

Fig. 5. Amplitude-frequency spectrum of
phase A stator current for the scheme without
an adaptive filter

From the time diagrams of torque for the
steady-state mode, the maximum (Tma) and
minimum (Tmin) torque values were determined.
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From these values, the average torque value
was calculated as

17)

and the torque ripple factor was determined [14]
as

M .100%.

midl

T

(18)

The calculation results are presented in Table

Table 1.
Research results
Parameter

Method THD, % | &m A 5,% | Tmao Nm | Trim, N-m | Tomig, N-m | k7, %

Base scheme 16.29 57.8 9.25 13268 7268 10268 29.22
LSM 10.07 36.2 5.8 11750 8516 10133 15.96
NLSM 16.11 56.58 9.07 13100 7270 10185 28.62
LLSM 10.66 36.21 5.8 11670 8560 10115 15.37
Kalman filter 9.62 32.72 5,26 11481 9055 10268 11.81
Wiener filter 0.38 2.46 0.4 10267 10263 10264 0.04

For the scheme with an adaptive filter
implementing the least squares method (LSM),
time diagrams of stator currents and desired stator
currents of the induction motor were obtained. In
this case, the filter order was selected as M=31.
To ensure filter stability, the algorithm's step size
parameter was chosen as x=2.5-10°. Figure 6
shows the corresponding time diagrams for the
steady-state mode of phase A of the induction
motor.
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Fig. 6. Time diagrams of phase A stator
current and desired current for phase A of the
motor for the scheme with an adaptive filter
implementing the LMS algorithm: Isaf -
stator current of phase A; Isad - desired
stator current of phase A.

For the steady-state mode, the amplitude-
frequency spectrum of phase A stator current was
plotted (Fig. 7).

The following parameters were calculated: the
THD t of the stator current (14), the average
absolute (15) and relative (16) errors over the
period, the average torque value (17), and the
torque ripple coefficient (18). The calculation
results are recorded in Table 1.
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Fig. 7. Amplitude-frequency spectrum of
phase A stator current for the scheme with an
adaptive filter implementing the LMS
algorithm.
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For the scheme with an adaptive filter
implementing the Normalized Least Mean
Squares (NLSM) algorithm, time diagrams of
stator currents and desired stator currents of the
induction motor were obtained. In this case, the
filter order was chosen as M=31. To ensure filter
stability, the algorithm's step size parameter was
set to p=2.5-10°. The coefficient preventing
division by zero in formula (4) was chosen as
y=0.95. Figure 8 shows the corresponding time
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diagrams for the steady-state mode of phase A of
the induction motor.
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Fig. 8. Time diagrams of phase A stator
current and desired current for phase A of the
motor for the scheme with an adaptive filter
implementing the NLMS algorithm: Isaf -
stator current of phase A; Isad - desired
stator current of phase A

An amplitude-frequency spectrum of the phase
A stator current for the steady-state mode was
generated (Fig. 9).

600 [T
400 +
<
S
200
0 500 1000 1500 2000 2500
fHz

Fig. 9. Amplitude-frequency spectrum of
phase A stator current for the scheme with an
adaptive filter implementing the NLMS
algorithm

The following values were calculated: the
THD of the stator current (14), the mean absolute
error (15), the mean relative error (16) over the
period, the average torque (17), and the torque
ripple coefficient (18). The calculation results are
presented in Table 1.

For the scheme with an adaptive filter
implementing the leaky least mean squares
(LLSM) algorithm, time diagrams of stator
currents and desired stator currents of the
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induction motor were obtained. In this case, the
filter order was chosen as M=31. To ensure filter
stability, the algorithm's step size parameter was
set to 4=2.5-10"°. The coefficient, which increases
the convergence rate of algorithm vy, was selected
as y=2.5-10". Figure 10 shows the corresponding
time diagrams for the steady-state mode of phase
A of the induction motor.
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Fig. 10. Time diagrams of phase A stator
current and desired current for phase A of the
motor for the scheme with an adaptive filter
implementing the LLMS algorithm: Isaf —
stator current of phase A; Isad — desired
stator current of phase A

For the steady-state mode, an amplitude-
frequency spectrum of phase A stator current was
plotted (Fig. 11).
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Fig. 11. Amplitude-frequency spectrum of
phase A stator current for the scheme with an
adaptive filter implementing the LLMS
algorithm

The following calculations were made: total
THD of stator current (14), average absolute error
(15), and average relative error (16) over a period,
the mean value of the torque (17), and the torque
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ripple coefficient (18). The calculation results
have been listed in Table 1.

For the scheme with an adaptive filter
implementing the Kalman filter, time diagrams of
stator currents and desired stator currents of the
induction motor were obtained. In this case, the
filter order was chosen to be M=11. Figure 12
shows the corresponding time diagrams for the
steady-state mode of phase A of the induction
motor.
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Fig. 12. Time diagrams of phase A stator
current and desired current for phase A of the
motor for the scheme with the Kalman filter:
Isaf — stator current of phase A; Isad —
desired stator current of phase A

For the steady-state mode, an amplitude-
frequency spectrum of phase A stator current was
plotted (Fig. 13).
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Fig. 13. Amplitude-frequency spectrum of
phase A stator current for the scheme with
the Kalman filter

The following calculations were made: THD
of stator current (14), average absolute error (15),
and average relative error (16) over a period, the
mean value of the torque (17), and the torque
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ripple coefficient (18). The calculation results
have been recorded in Table 1.

For the scheme with an adaptive filter
implementing the Wiener filter, time diagrams of
stator currents and desired stator currents of the
induction motor were obtained. In this case, the
filter order was chosen to be M=11. Figure 14
shows the corresponding time diagrams for the
steady-state mode of phase A of the induction
motor.
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Fig. 14. Time diagrams of phase A stator
current and desired current for phase A of the
motor for the scheme with the Wiener filter:
Isaf — stator current of phase A; Isad —
desired stator current of phase A

For the steady-state mode, an amplitude-
frequency spectrum of phase A stator current was
plotted (Fig. 15).
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Fig. 15. Amplitude-frequency spectrum of
phase A stator current for the scheme with

the Wiener filter

The following calculations were made: THD
of stator current (14), average absolute error (15),
and average relative error (16) over a period, the
mean value of the torque (17), and the torque
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ripple coefficient (18). The calculation results
have been recorded in Table 1.

CONCLUSIONS

In this work, it is proposed to enhance the
efficiency of operation of electric rolling stock
with a vector control system for traction induction
motors. Specifically, to improve the energy
efficiency of the traction drive and reduce the
higher harmonic components of the stator currents
of traction motors, adaptive filtration is applied.
To solve this task, the following steps were taken:

- through analysis, it was determined that the
presence of higher harmonic components in the
stator currents leads to increased losses in
induction motors and, as a result, increased
electrical consumption by the traction drive. This
also results in torque pulsations on the motor
shaft, which in turn leads to increased mechanical
losses and worsens the overall dynamic
characteristics of the drive;

- it is proposed to use adaptive filtration in the
basic scheme of the vector control system for the
traction drive;

- a structural diagram of the adaptive filtration
block was developed, which is based on the
adjustment of filter coefficients to minimize the
error between the motor's stator current and the
desired stator current;

- to determine the desired stator current of the
motor, it is proposed to use the first harmonic
component of the motor's stator current;

- an algorithm for fast Fourier transform (FFT)
is proposed to determine the first harmonic
component of the stator current under conditions
of continuously changing supply voltage
frequency;

- modeling of the proposed vector control
system for the traction induction motor was
carried out in the MATLab/Simulink software
environment;

- on the simulation model of the vector control
scheme, for cases of the basic control system, a
control system with an adaptive LMS filter, an
adaptive NLMS filter, an adaptive LLMS filter, a
Kalman filter, and a Wiener filter, temporal
diagrams of stator currents and torque were
obtained, and amplitude-frequency spectra of
stator currents were constructed;

- based on the simulation results, the following
calculations were made: the THD of the stator
current, the average absolute and average relative
errors over a period, and the torque ripple
coefficient;
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- Upon analyzing the obtained results, it was
determined that the most effective method for
filtering out higher harmonic components of
stator currents is the use of the Wiener filter. In
this case, the THD of the stator current was
0.38%, the average absolute error over a period
was 2.46%, the average relative error over a
period was 0.4%, and the torque ripple coefficient
was 0.04%. Other types of the adaptive filters
showed significantly lower performance. This is
because in traction drive systems, the sampling
frequency for PWM implementation to control the
inverter operation is low (from several hundred
Hz to one kHz). Therefore, other types of filters
exhibited slower convergence in this case. In the
operation of electric rolling stock, high
convergence of adaptive filters is crucial.
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Electromagnetic Shielding of Two-Circuit Overhead Power Lines Magnetic

Field
Kuznetsov B.I., Nikitina T.B., Bovdui 1.V., Voloshko O.V., Chunikhin K.V,
Dobrodeyev P.N.
Anatolii Pidhornyi Institute of Mechanical Engineering Problems of the National Academy of

Sciences of Ukraine
Kharkiv, Ukraine

Abstract. The purpose of the work is to design an electromagnetic shield to reduce the level of the
magnetic field generated by double-circuit overhead power lines to increase the shielding efficiency of
the initial magnetic field in residential buildings to the level of sanitary standards and reduce the sys-
tem's sensitivity to changes in system parameters. To achieve this goal, the structure of the electro-
magnetic shield is determined, which consists of a single-circuit active and multi-circuit passive parts
and is characterized by an increased efficiency of reducing the magnetic field of industrial frequency.
The design of an electromagnetic shield is reduced to solving a minimax vector optimization problem,
in which the vector objective function is calculated based on solutions of Maxwell's equations in a
quasi-stationary approximation using the COMSOL Multiphysics software package. The solution of
the minimax vector optimization problem is calculated on the basis of optimization algorithms by a
multiswarm of particles from Pareto-optimal solutions. The most important results are theoretical and
experimental studies of the effectiveness of the designed electromagnetic shield of the magnetic field
generated by double-circuit overhead power lines. The significance of the results obtained lies in the
fact that practical recommendations are given on the reasonable choice of the spatial arrangement of
the contours of the multi-circuit passive screen and the shielding winding of the robust system of elec-
tromagnetic shielding of the magnetic field generated by double-circuit overhead power lines. The
possibility of reducing the induction of the initial magnetic field to the level of sanitary standards has
been shown as well.

Keywords: two-circuit overhead power lines, magnetic field, electromagnetic shielding, theoretical
and experimental studies.
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Ecranarea electromagnetica a cimpului magnetic al liniilor electrice aeriene cu circuit dublu
Kuznetov B.I., Nikitina T.B., Bovdui L.V., Volosko E.V., Ciunihin K.V., Dobrodeev P.N.
Institutul de Probleme de Inginerie Mecanica numit dupa A.N. Podgorny Academia Nationala de Stiinte din
Ucraina, Harkiv, Ucraina

Rezumat. Scopul lucrarii este de a proiecta un ecran electromagnetic pentru a reduce nivelul campului magnetic
generat de liniile electrice aeriene cu dublu circuit pentru a creste eficienta de ecranare a cdmpului magnetic
initial din cladirile rezidentiale la nivelul standardelor sanitare si pentru a reduce sensibilitatea sistemului la
modificarile parametrilor sistemului. Pentru a atinge acest scop, se determina structura scutului electromagnetic,
care consta dintr-un singur circuit activ si parti pasive cu mai multe circuite si se caracterizeaza printr-o eficienta
crescutd a reducerii cdmpului magnetic al frecventei industriale. Proiectarea unui scut electromagnetic se reduce
la rezolvarea unei probleme de optimizare vectoriala minimax, in care functia obiectiv vectoriala este calculata
pe baza solutiilor ecuatiilor lui Maxwell intr-o aproximare cvasi-stationara folosind pachetul software COMSOL
Multiphysics. Solutia problemei de optimizare vectoriald minimax este calculatd pe baza algoritmilor de
optimizare printr-un multiroi de particule din solutii Pareto-optime . Cele mai importante rezultate sunt studiile
teoretice si experimentale ale eficientei scutului electromagnetic proiectat al campului magnetic generat de liniile
electrice aeriene cu dublu circuit. Semnificatia rezultatelor obtinute constd in faptul cd se dau recomandari
practice privind alegerea rezonabild a dispunerii spatiale a contururilor ecranului pasiv multicircuit si infagurarea
de ecranare a sistemului robust de ecranare electromagneticd a cAmpului magnetic generat de liniile electrice
aeriene cu circuit dublu. S-a demonstrat si posibilitatea reducerii inductiei campului magnetic initial la nivelul
standardelor sanitare.

Cuvinte-cheie: linii electrice aeriene cu doua circuite, cAimp magnetic, ecranare electromagnetica, studii teoretice
si experimentale.
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DJIEeKTPOMATrHATHOE YKPAHUPOBAHHE MATHUTHOI'O MOJISl IBYXIENHBIX BO3AYIIHBIX THHUH
3JIeKTponepeAaYn
Ky3neuos b.U., Hukuruna T.b., Bosayii U.B., Bosomiko E.B., Yynuxun K.B., lo0ponees I1.H.
WuctutyT ipobiem mammHOcTpoerns uM. A.H.IToaroproro HarmoHamsHOH akageMiH HAyK YKpauHBI
XapbkoB, YKpauHa

Annomayus. enpio paboTHl SBISETCSA MPOSKTHPOBAHNE HIIEKTPOMATHUTHOTO PKpaHa MpPEIHAa3HAYCHHOTO IS
CHM)KEHHS YPOBHS MarHUTHOTI'O I10JIs1, TEHEPUPYEMOTO IBYXLIETTHBIMU BO31YIIHBIMU JIMHUSAMHU 3JIEKTpOIEpeayuH,
JUT TIOBBIIICHAS 3()(PEKTHBHOCTH SKPaHUPOBAHUS MCXOIHOTO MArHUTHOTO TOJS B JKWIIBIX JOMax, 0 YPOBHSA
CaHMTapHBIX HOPM M YMEHBIICHHUS YYBCTBUTEIBHOCTU CHUCTEMBI K M3MEHEHHUSIM MapaMeTpoB cHcTeMbl. Jjis
JIOCTIDKEHUSI ITIOCTAaBJICHHOM ILienM, oOMpeleneHa CTPYKTypa 3JIEKTPOMAarHUTHOTO 3KpaHa, COCTOAILIETO H3
O/JIHOKOHTYPHOU aKTUBHOM M MHOTOKOHTYPHOW MacCUBHOW 4yacTH. Pa3paOoTaHHBINA 3JEKTPOMATrHUTHBIN SKpaH
XapaKTepu3yeTcsl TOBBIIIEHHOH 3(()EeKTUBHOCTHIO CHMKEHHUSI MAarHMTHOTO TOJIS MPOMBIIUIEHHOH YacTOTHI.
IIpoexTupoBaHue 3JIEKTPOMATHUTHOTO SKpaHa CBOAUTCS K PEUICHUIO 3aJaud MHHMMAKCHOW BEKTOPHOU
ONTHMU3AIIMY, B KOTOPOH BEKTOpHAs IieneBas (DyHKUUS BBIYMCISAETCS Ha OCHOBAHWM DEILICHHH ypaBHEHUH
MaxkcBenia B KBa3UCTAllHOHAPHOM TPHONIKEHWH C TOMOMIpI0 makera mporpamm COMSOL Multiphysics.
Pemrenue 3agaun MUHUMAKCHOM BEKTOPHOM ONTHUMH3ALMU BBIUMCIISIETCS HA OCHOBE aJrOPUTMOB ONTHMU3ALNU
MyJIBTHpPOEM dacTull u3 [lapeTo-onTHManbHEIX pEMIeHUi ¢ y4eToM OWHApHBIX OTHOIICHWHA IpEeArouYTeHHs. B
X0lle TMPOEKTUPOBAHUS  DJIEKTPOMATHUTHOIO HKpaHa  BBIYMCIEHBI KOOPAMHATHI  MPOCTPAHCTBEHHOI'O
pacmioniocxkeHust 11 KOHTYpPOB IMACCHBHOTO JKpaHa M KOOPIMHATHI KOMIICHCAIIMOHHOW OOMOTKH, a TakKXke
BeIMYMHA TOKa M ero ¢a3sl B 0OMOTKE aKTHBHOTO dJKpaHa. Hambomnee BaKHBIMH Pe3yIbTaTaAMH SIBISFOTCS
TEOPETUYECKUE u SKCIIEPUMEHTAIbHBIC HCCIICIOBAHUS 3¢ EeKTUBHOCTH CIPOEKTUPOBAHHOTO
JIEKTPOMArHUTHOTO SKpaHa MAarHUTHOTO II0JIs, TEHEPHUPYEMOTO JBYXIENHBIMH BO3AYLIIHBIMH JIMHUAMU
ANIeKTponepead. 3HAYMMOCTh IOJYYCHHBIX PE3yNbTaTOB COCTOMT B TOM, YTO NPHUBOAATCS HPAKTHYECKHE
PEKOMEHAAIMH 110 0OOCHOBaHHOMY BBIOOPY HPOCTPAHCTBEHHOT'O PACIIOJIOKEHUSI KOHTYPOB MHOTOKOHTYPHOT'O
MACCHUBHOTO JKpaHa M JIKpaHHUPYIOIIEil OOMOTKM poOAcCTHOW CHCTEMBI AJIEKTPOMArHHUTHOTO 3KpPaHUPOBAHUS
MarHUTHOTO TIOJI, TE€HEPUPYEMOro JABYXLENHBIMU BO3IYIIHBIMM JIMHUAMH dJeKkTpornepeaaun. Ilokazana
BO3MOXXHOCTh CHIKEHUSI MHAYKLHWH UCXOAHOTO MarHUTHOTO TOJIS 10 YPOBHSI CAHUTAPHBIX HOPM.

Knioueevie cnoea: NByxXuenHble BO3AYILHBIE JIMHUU AJIEKTPONEpENaul, MarHUTHOE IOJIE, 3JIEKTPOMAarHUTHOE
9KpaHUPOBaHUE, TEOPETUUECKUE U IKCIIEPUMEHTAIIbHbBIE UCCIIEI0BAHUSL.

BBEJIEHUE HETPEPHIBHOE MOCTOSIHHOE BO3/ICIICTBUE
HEUOHW3HUPYIOIUX HM3IIyYeHUH HU3KOTO YpPOBHS
MOXET MPUBECTH K JIOJITOCPOYHBIM
MOCJEACTBUSAM, TaKHUM KaK pakoBble HIIH
JIETeHEepaTUBHbIE 3a00JeBaHUSA WMMYHHOH U
HepBHOU cucTteM. OIEHKOH TOJOOHBIX PHUCKOB
JUTATENTFHOTO BO3JICUCTBHSI AJIEKTPOMArHUTHOTO
MOJIS TIPOMBINIIEHHOW YacTOTHI HAa OpPraHW3M
yenoBeka 3aHnMaroTcs nHCTUTYThl World Health
Organization (WHO) Bcemupnoii Opranusanuu
3nopoBbs [1] u IARC (the International Agency
for Research on Cancer) (MexnayHapogHoe
are’TCTBO 10 U3YUYSHHIO paka) [2].

Ha ocHOBaHMM MPOBEACHHBIX MCCIIEIOBAHUH,
B pa3sBUTBHIX CTpaHaXx MuUpa pa3paboTaHbI
JKECTKHE TOCY/IapCTBEHHBIE CAHUTAPHBIE HOPMBI
MO JOIyCTUMBIM YPOBHSM 3JIEKTPOMArHUTHOTO
MoJsl  TPOMBIIUIEHHOH 4YacTOTBl B Cpefe
JUTHTEIBHOTO TpeObIBaHus tojei [S]-[6].

J71st BBITTOTHEHUS STUX CAHUTAPHBIX HOPM II0
JIOTTYCTAMBIM YPOBHSM 3JIEKTPOMAarHUTHOTO TI0-
7151 IPOMBIIIUIEHHOHM YacTOTHI B TIOCIIEHEE BPeMs
B pa3BUTHIX CTpaHax MHpa Bce OonblIe BHUMA-
HUSI yJiessieTcst pa3paboTke METOJIOB U CPEICTB
3alIUTBl HACEJCHUSI OT AJICKTPOMArHUTHOTO 3a-
rpsizHeHusd [7]-[8], UHTEHCUBHOCTH KOTOPOTO M3
rojia B TOJI MOCTOSIHHO pacteT. J{iist skpaHupoBa-
HUSI MarHUTHOTO TIOJISI TIPOMBIIUICHHON 4YacTo-

Jns 2JeKTpocHAOXKEHHS  COBPEMEHHBIX
TOpOJIOB Hamboee  9acTo MIPUMEHSIOT
NMBYXIICTTHBIE JHHUM 3JekTporepenaun (JIDI).
Otn JIDII yacTo MpoxoJaT B HEMOCPEACTBEHHON
OJIN30CTH OT KWJIBIX JIOMOB, KaK 3TO IOKa3aHO
Ha puc. 1.

[IpuueM, B CBS3M C TOCTOSHHBIM POCTOM
MOTPEOTICHUSI MEKTPUUSCKON SHEPTHH, PSIAOM C
cymectBytomed JIDII wacto cTposiTCs HOBBIE
neyxuemnsbie JIDII ¢ Hanpsokeruem 330 kB, kak
3TO MOKAa3aHo Ha puc. 2.

ITosTOMy B COBpEMEHHBIX TOpOJAax ABYXUEI-
Hple JIOII sABIAIOTCS OCHOBHBIM HKCTOYHHUKOM
TEXHOTEHHOTO JJIEKTPOMATHUTHOTO IIOJSI IIPO-
MBIIUJIEHHON YacToThl. Bo3nelcTBue 351eKTpo-
MarHUTHOTO TIOJSI TPOMBIIIUIEHHOW YacTOTHI
MPUBOJUT K M3MEHEHUSM B T'€MaTOIIOTUYECKHX
nmapameTpax KpoBH, IMMYHHOM CTaTyCe YeJIOBe-
Ka, BIMSIET Ha PENPOAYKTUBHYIO, IIEHTPAIBHYIO
Y HEPBHO-COCY/TUCTYIO CHCTEMBI, OMOAJIeKTpUYIe-
CKYIO JIEATEIHLHOCTh TOJIOBHOTO MO3Tra, a TaKKe
MOKET BBI3BATh F€HETHYECKUE MYTAIIMH B Opra-
HU3ME YellOBeKa M O0JIajaeT KaHIepOTeHHBIMU
cpoiicTBamu [1]-[4].

Onnako, OCHOBHOI1 MPUIHHON IS
OECIOKOMCTBA SIBIISICTCSI BEPOSITHOCTh TOTO, UTO
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1ol (MII) MmMPOKO HCHONB3YIOTCS NacCUBHBIC
9KpaHbl, KOTOPhIE MOXHO pa3feiuTh Ha 3JIEK-
TPOMarHUTHbIE, KOHTYpHBIE U MarHUTOCTaTHYe-
ckue [7]-[9]. Ilo pacnonoxeHn0 OTHOCUTEIBHO
JIDII wia 30HBI SKPAaHUPOBAHMSI, TIO OPUCHTAITIH
9KPAHOB OTHOCUTEIBHO 3E€MIIH, 11O KOJIUYECTBY
3JIEMEHTOB 3KpaHa IMACCHUBHBIE JKpaHbl MOXHO
KJacCu(UIMPOBAaTh KaK dKpaHbl HCTOYHHUKA
MarHUTHOTO IOJIsA JK0O0 3KpaHbl 00JIACTH 3Kpa-
HupoBaHus [9].

OpnHako, MacCUBHBIE JKpaHbI, KaK IpaBHIIO,
o0magaroT Manoil 3PQPEKTUBHOCTHIO IKPaHUPO-
BaHMS M C WX IMOMOIIBI0 HEBO3MOXHO oOecrie-
YUTh CAHUTApPHBIE HOPMBI 110 ypoBHIO MII. Ilo-
3TOMY B MOCIIEAHEE BpPEMS B IPOMBIIIIEHHO pa3-
BUTBIX CTpaHax IIMPOKOE PAaCIPOCTpPaHEHHUE IO-
JYyYUJIM CHUCTEMbl AaKTHUBHOTO AKpPaHMPOBAHUA
MarHuTHOTO TOJS MPOMBIIUIEHHON 4YacTOTHI C
MOMOIIBI0 KOMITEHCHPYIOMX 00MOoTOK [7]—[8].
KomnnuecTtBo M mpocTpaHCTBEHHOE pacmoioxke-
HHE KOMIICHCHUPYIOIIMX OOMOTOK CHCTEMBI aK-
TUBHOT'O SKPaHWPOBAaHMS B 3HAYUTEIBHOM CTe-
TIEHN OTpeseNsieTcs MPOCTPAHCTBEHHO BPEMEH-
HOM XapakTepucTukouh ucxognoro MII, renepu-
pyemoro Bo3aymHsiMu JIDII B 30HE sKpaHuUpO-
BaHUs.

HauGonee pacmpocTpaHeHHBIM —IPOCTPaH-
CTBEHHBIM paCIOJI0XKEHHE MPOBOJOB B JABYXIIEI-
Heix JIOII sBnsercs popma «boukay u pexe mc-
none3ytorcs Gopmbl «Enkay wim «llepesepHy-
Tas €nka». B 3apyOexxHOW TpakTHKE, B ABYX-
nenHsix JIDII gamie Bcero UCMoMb3yIOTCS BEPTH-
KaJbHOE pAaCHOJIOKEeHHEe NpoBomoB. Bce atH
neyxnenssie JIDII renepupyror MII, npoctpan-
CTBEHHO-BPEMEHHAsl XapaKTepUCTHKa KOTOPOIo
MPEACTABISIET BBITAHYTHINA 3umc. boinee Toro,
rpynna ayxunenHbix JIOII renmepupyror MII,
MIPOCTPAaHCTBEHHO-BPEMEHHAs!  XapaKTepHUCTUKA
KOTOPOTO TaKXe INPENCTABISIET BBITSAHYTBHINA 3I-
JIIIC.

[l aKTHBHOTIO SKpaHWPOBaHMS MAarHUTHOTO
MOJISL ¢ TAKOM MPOCTPaHCTBEHHO-BPEMEHHOM Xa-
PAKTEPUCTUKON NOCTATOYHO NMPUMEHEHUSI OIHO-
KOHTYpPHOH CHCTEMbI aKTUBHOT'O KPAaHHUPOBAHUS
(CAD) ¢ omHOI KOMICHCAIIMOHHON OOMOTKOW.
Takue OJHOKOHTYpPHBIE CHCTEMBI aKTHBHOIO
9KPaHUPOBAHUS MOJIYYHUIN HauOoIblIee pacipo-
CTpaHeHue B 3apyOexxHoil mpakTtuke. OJHAKO,
npu He0OXO0AUMOCTH 3KpanupoBanus MII, rene-
pupyeMoro aByxienHeiMH JIOII B Gombmmx
IPOCTPAHCTBAX, OJHONH OOMOTKM MOXET OKa-
3aTbCs HEMAOCTATOYHO. Il BBINOJIHEHMS CaHU-
TapHBIX HOpM 1o ypoBHI0O MII Bo Bcem oObeme
SKpaHUPOBAHHS, K CYIIECTBYIOIIEH OJHOKOH-
TypHOM CHCTEME AaKTHBHOIO 3KPAHHPOBAHUA C

Appendix 2
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OTHOM KOMIICHCAIIMOHHON OOMOTKON SKOHOMHU-
4yecKu Haunbolee 1es1eco00pa3HbIM SBISETCS J10-
0aBUTh MHOTOKOHTYPHBIM 3KpaH MacCCHBHOTO
3KpPaHUPOBAHUS, U CUCTEMA AJIEKTPOMArHUTHOTO
SKpaHHUpOBaHUSA Tpeoldpa3yercs B THOPHUIHYIO
aKTHUBHO-TTACCUBHOT'O

cUcTEMY
Hus [9].

9KpaHUPOBa-

Puc.1. Kuiioii 1o0M, pacnosio:keHHbIN BOJIM3H
aByxunennoii JIIIL. !

Puc.2. )Kuiioii 1o0M, pacnosioskeHHbIH BOJIM3U ABYX
asyxuenubix JIIIL. 2

Ecnm paccrosiHue oT TOYKM HaOmroneHUs P
JI0 DJIEMEHTa TOKa YIOBICTBOPSACT YCIOBUIO
Ry >2Ly, TOe L, — IUHENHBIEC pa3Mephbl dIEMEH-

Ta TOKa, HANPSDKEHHOCTh MArHUTHOTO ITOJISI
H (P) C IOCTAaTOYHOM ISl MHKEHEPHOU OLICHKHU

ToyHOCTBIO 10 % MOKeT OBITH ompeeneHa Iu-
MOJIBHOM COCTABJIAIONICH MarHUTHOTO MO [9]

Ir]a(PJ)=—VM

475R3

, (@)

rac MS (l)— MAarHUTHBIM MOMCHT 2JIEMEHTA TOKa.
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ITockonbky MarHMTHOE TIOJIC JIMHUM DJIEK-
Tporiepeiaur, Kak NpaBWIo, HOPMHpPYETCS Ha
3HAYUTEILHBIX PACCTOSIHHUSIX OT €€ MPOBOIIOB [5],

3HAUYCHUE Ms(t) JUIT KOHTypa C TOKOM i(t) n

IIomanbo S paBHO [9]

Ms(t)=@§koxdi=;(t).§ 3)

Ilpu mocTtpoeHMHM MaTeMaTHYECKONW MOJENH
MarHdTHOTO TIOJII BO3AYIIHBIX JHHHUK AIIEKTPO-
nepeayd BIUSHUEC BBICOKOBOJBTHBIX OIOp HAa
pacrpeneneHre MarHUTHOTO TOJS OOBIYHO HE
yauthiBaeTcs. OIHAKO, €CIH KHUIOH JJOM pacIio-
JIOKEeH BOJHM3M OMOPBI, TO BIHMSHUE ONOPHI HA
pacnupeselieHue HWHIYKIMA MAarHUTHOTO TIOJIS
HE0OX0AMMO yuuThIBaTh. B pabotax [7]-[8] mo-
Ka3aHO, YTO YPOBEHb MarHUTHOTO TOJIsi BOJU3U
omopsl JIDIT Moxker ornuuathesi Ooiee 4eMm Ha
20 % ot pacnpeneneHUss MArHUTHOTO TIOJS BJa-
JIM OT OTIOPBHI.

B GosnbiinHCTBE pabOT, MOCBSIICHHBIX pac-
YEeTy AJIEKTPOMArHUTHOTO TIOJSI BO3AYIIHBIX JTH-
HUH DJEKTpoOIepeau, MPOBUCAHHE TPOBOJIOB
Ha pacrpeielieHue Nois He yuuTbiBaercs. Cuu-
TaeTCs, YTO MPOBOJA SBISIOTCS OCCKOHEYHBIMH,
MPSIMOJTMHEHHBIMA ¥ TIAPAJUICIBHBIMA TIOBEPX-
Hoctu 3emim [9]-[10]. IlpeumyrnecTBO Takoro
MOJIX0J]a 3aKJIFOYaeTCsl B BO3MOXKHOCTH pac-
CMOTpEHHMsI 33/1a4l pacyeTa MAarHUTHOTO TIOJS B
JIBYMEpPHOW TTOCTAHOBKE.

B psime pabot npu pacueTe MarHUTHOTO TOJISI
BO3/IYIIHBIX JIMHUH 3JEKTpoIepeiaud MpoBHCa-
HUE MpOBOAOB yuuThiBacTca [7]-[8]. B stom
cilydae 3ajaya pacueTa MarHUTHOTO TOJIsS CTa-
HOBHUTCS TpexMepHou. [IpeneOpexenue 3¢ dex-
TOM TIPOBHICAaHUS TIPOBOJIOB TIPH pacyeTe Mar-
HUTHOTO 1ojs Bo3ayuHou JIDIT moxer npuso-
UTH K ommOkam 10 45 % [7]-[8].

B 3aBrcHMOCTH OT MpEANONOKEHHH, TPHHS-
THIX TIPH TIOCTPOCHWW MOJIENH JIMHUH SJIEKTPO-
nepesavynd, pacdeT MArHWTHOTO TIOJIST MOXKET
NPOM3BOJMUTHCS AHATUTHUECKUMH, TI0JTyaHAIU-
TUYECKUMH WM YHCJICHHBIMH MeToAamu. B
YaCTHOCTH, TPH MOJIEIMPOBAHUN MAarHUTHOTO
nosst Bo3aymHex JIDI ¢ yderom BiustHUS O3~
KopacnonoxkeHHbIX onop JISIT Heobxoaumo wmc-
MOJIb30BaTh YMCIEHHBIE METO/IbI, B YaCTHOCTH, C
moMoipo mporpammuoro makera COMSOL
Multiphysics, B ocHOBE pabOTBI KOTOPOTO JIeXKaT
MHOTOYHCIICHHBIE KOHEYHO Pa3HOCTHBIE METO/IbI.

K momyananutrueckoMy MeTOay pacdera
MarHUTHOTO TIOJIST BO3IYITHBIX JTUHUH AJIEKTPO-
nepeaays MOXKHO OTHECTH IMPEJCTaBICHUE Mar-
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HUTHOTO TIOJISI TUHHUH DJIEKTPOIIEpelaud B BHUJIC
CUCTEMBl MAarHUTHBIX JUMOJCH M BBIUYUCIICHUE
PE3YJIBTUPYIONIETO MArHUTHOTO TIIOJIS B BUJC
CYTIEPIIO3HUIINK TIOJIEH, CO37aBaeMOr0 KaXKIbIM
U3 TUIOJICH.

Jlis pacdera MarHWTHOTO TIOJISE BO3YIITHBIX
JUHHHA AJIEKTPOTIepeIadyu HanOoJiee MUPOKO UC-
MOJIb3YyeTCS aHATUTUYECKHH METOJl, OCHOBBIBA-
fomuiics Ha 3akoHe buo-Casapa [7]-[9]. MrHo-
BEHHOC 3HAYCHHE BEKTOpA 3JICMCHTAPHOW WH-
nykumn dB(Q,,1) MarHMTHOTO TMONA B paccMart-

puBaeMoii Touke (; MOMEHT BpPEMEHH (¢, pac-

CuMTaHHOE Ha OcHOBe 3aKoHa buo—Casapa [9]

wol(r) dL; x R,

dB(Q,,1) = - ‘1% ‘3 4)

rac Ri — BCKTOp Wu3 06]1161"0 IoJisA 3JICMCHTA

9

— BCKTOp BHCMCHTapHOfI JJIMHBI 3JICMCHTA

nud dhepeHInanbHOro
dL,

TOKa, W,

TOKa B TOYKC

— MarHWTHas IPOHHUIIAEMOCTh BaKyyMa.
3HaK x 0003Ha4YaeT BEKTOPHOE IPOM3BEICHUE
BEKTOPOB dL; U R;.

Torza BEKTOp IIOJHOIO MAarHUTHOTO MOJIS
paBeH:

(Qz’ MHolz J‘ (dll X Rz)

L

6))

Ota ¢opMyna IIHMPOKO HCIOIB3YEeTCS IS
pacdyera MarHWTHOTO MOJI BO3AYIIHBIX JMHHUH
anekTponepeaadu. llpm mocTpoeHun Mojenu
MarHuTHOTO TIOJNsI BO3AYIIHOW JIMHUM DIIEKTPO-
nepeJaud Ha OCHOBE AHAINTHYECKOIO METOna
TPaZULMOHHO JUIsl YIPOIIEHUSI TPOU3BOAST Clle-
IyIOIIKe MPEeIoNoKEHUs: POBOJIa CUUTAIOTCA
NPSMOJIMHEHHBIMH U OECKOHEYHO JTHMHHBIMU,
napajuleIbHBIMU IpYT APYTY U 3€MJIE; BIHSHUE
OIIOp Ha pacIpeleleHne MarHUTHOIO MOJA JIH-
HUU JIEKTPOIIepelaui He yUUThIBaeTcs. Toraa B
CHIIy TPUHATHIX TPEANOJIOKEHNUN JaHHAs MO-
JIeNb TO3BOJISIET pelaTh 3ajady pacdera Mar-
HUTHOTO TIOJISl JIMHUHM 3JIEKTponepeaadyd B ABY-
MEpHOM MOCTaHOBKE.

Toku B MpoBOAax JTUHHUH JJIEKTpPOIEpenadn
U3MEHSETCSl M0 TapMOHMYECKOMY 3aKOHY, IIO-
3TOMY BCE 3aBHCHUMBIE OT BPEMEHH IapameTphbl
MarHUTHOTO TOJISl TAaK)Ke HM3MEHSIOTCS IO rap-
MOHHYECKOMY 3aKkoHy. ClieZjoBaTeNbHO, pacipe-
JIeJIEeHNEe MarHUTHOTO IOJISL JINHUM JJIEKTPOIIepe-
Jla4d MOYKHO OIMCBIBATh B TEPMHHAX KOMILIEKC-
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HBIX aMIUUTyA. Paccmorpum — TpexdaszHyro
JBYXIIPOBOJIHYIO JIMHHIO 3JIEKTpoIiepesadn. 3a-
JaIMM KOMILICKCHBIC aMIDTHTYJbl TOKOB U (a3,
MPOTEKaromIye B (ha3HbIX MPOBOJIAX.

B paborax [7]-[10] mapamerpsl TOKOB
JIDII (9) cumTaroTcs U3BECTHBIMUA W HE MEHSIOT-
cs co BpemeHeM. Omquako Toku JIDI m3MeHsroT-
cs B TEYEHHUE CYTOK, Helenb U BpemeH roja. [lo-
3ToMy, B oTiimyue ot pabot [7]-[10], BBenem B
3a/1a4e MPOCKTUPOBAHUS THOPHIHOW AKTHBHO-
MACCUBHOW CHUCTEMBl DSKPAaHHPOBAHHS BEKTOP
NIapaMETPOB MCXOJHBIX HEOINPENEICHHOCTEH § .

KOMIIOHEHTaMH BEKTOpa o SBIISIOTCS HEOIpe-
JICJICHHOCTH 3HAYCHUsI TOKOB U (a3 B TPOBOJAX
JIDII, a Taxke mpyrue mapameTpbl HEompene-
JICHHOCTEH  DJIEKTPOMArHUTHOTO THOPHIHOTO
aKTHUBHO-TIACCUBHOT'O 3KpaHa, KOTOphIE, BO-
MEPBBIX, N3HAYAIBHO M3BECTHHI HETOYHO, M, BO-
BTOPBIX, MOTYT MEHATHCS B IPOILECCE IKCILTya-
taruu cuctemsr [11]-[13].

Torna Bextop B,|0;,8,/) MrHOBEHHOTrO 3Ha-
YeHUS] MHAYKIMU HUCXOJHOTO MAarHUTHOTO IOJISI
MOJET OBITh paccuuTaH 1o 3akoHy bmo-CaBapa
Ha ocHoBaHWU (5) B BHUAEC CYMMBI BEKTOPOB
B,;|0,,8,t) MBIYKIMM MarHUTHOTO MO, CO3/Ia-
Ba€MO€ BCEMH IIIECTHIO TPOBOJAMH JBYXIETHON
JISII B MOMEHT BpeMeHHM ¢ B TOuke (, Tpo-
CTpaHCTBA YKPAHUPOBAHUS.

3a1auM BEKTOp X, HMCKOMBIX T€OMETpHUE-
CKMX 3HAY€HUN pPa3MEpPOB KOMIICHCALIMOHHOM
0OMOTKH CHUCTEMBI aKTUBHOTO PKPAaHUPOBAHUS, a
TaKk)Ke aMIUTUTYyAy W a3y TOKa B KOMIICHCAIIH-
oHHOU oOmoTkKe. Torma BekTOp Ea (Qi,)? a,t)
MTHOBEHHOTO 3HAY€HHS MHIYKIIMH MarHUTHOTO
MoJIsi, TEHEPHPYEMOTO0 KOMIICHCAIIMOHHOW 00-
MOTKOH aKTHUBHOTO 3KpaHa B MOMEHT BPEMEHU ¢
B TOUke (), MPOCTPAHCTBA dKPAHUPOBAHUS, TaK-
K€ MOXKET OBITh pPacCCUMTaH Ha OCHOBAHWH 3aKO-
Ha buo-CaBapa UHTETpUPOBAHHEM BBIpaXKe-
Hus (5).

3ametuM, 4TO s 3PPEKTUBHOIO aKTUBHOIO
SKpaHUPOBAHHSI MAarHUTHOTO TIOJS, TeHEpUpYe-
moro aByxuenHbiMu JISIT B MHOTO3TaXXHBIX 10-
Max, MOXET TOTPeOOBaThCs JABE WM JaXe TPH
KOMIIEHCAIIHOHHBIE OOMOTKH CHCTEMBI aKTUBHO-
ro skpanupoBanus [14]-{16]. B atom ciyuae,
BexTop B,|0,,X,,) MTHOBEHHOTO 3HAYCHHS HH-
JTyKIMA MAarHUTHOTO MOJIs, TEHEPUPYEMOTO BCe-
MU KOMIICHCAIIMOHHBIMH OOMOTKaMH CHUCTEMBI
aKTHBHOTO SKPaHMUPOBAHH B MOMEHT BPEMEHH ¢
B TOYKe (), MPOCTPAHCTBA dKPAHUPOBAHUS, TaK-

’K€ MOXKET OBITh pacCcunTaH Ha OCHOBAHUU 3aKO-
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Ha buo-CaBapa wuHTErpupoBaHHEM BbIpaxke-
uus (5), B BUIE CyMMBI BeKTOpoB B, |0, X .t
MTHOBEHHBIX 3HAYE€HUH WHIYKLWU MarHUTHOTO
HOJIs, IeHEPUPYEMOI'0 BCEMU KOMIIEHCALMOH-
HbIMH OOMOTKaMM CHCTEMbl aKTMBHOI'O 3KPaHU-
pPOBaHMsI B MOMEHT BPEMEHHU { B TOuke (; Ipo-
CTpaHCTBA 3KPaHUPOBAHMUS.

Torna BekTOp ERa( i,)?a,S,t) MI'HOBEHHBIX
3HAYeHUI HMHOYKLUWU Pe3yJbTHPYIOIIErO Mar-
HUTHOT'O IOJIs, TEHEPUPYEMOro JIMHUEH »IIeK-
Tpornepenaud M TOJBKO OOMOTKaMH CHCTEMBI
AKTUBHOTO SKPaHUPOBaHMS B MOMEHT BPEMEHU ¢
B TOYKe (), MPOCTPAaHCTBA 3KpaHUPOBAHUS, pac-

CUUTBIBACTCS B BUJI€ CYyMMbI
ER"( i’/\_}a’g’t): él (Qi’s’t)+ Ea (Qi9/\7aat)(6)

38.}_'[8.}_'[I/IM BCKTOPD Xp HCKOMBIX 3HAYCHUH

FeOMETPUUECKUX pa3MepoB, TOJIIMHBI M MaTe-
pHaga MHOTIOKOHTYPHOI'O I1aCCHMBHOTO 3KpaHa.
Torna JULst BBIYMCIICHHOT'O BEKTO-
pa ERa( i,)?a,S,t) PE3yABTUPYIOIIETO MAarHuT-
HOT'O TO0JIsl, KOTOPOE CO3AaeTCsl TOKAMH B TOKO-
npoBogax JIDII, TokamMum B OOMOTKaxX CHCTEMBI
AKTUBHOTO SKPaHUPOBAHMS, U MACCUBHBIM KOH-
TYPHBIM 3KPaHOM, MOKHO BBIYMCIUTH MarHuT-
HbI€ [TOTOKH, IIPOHU3BIBAIOLINE KOHTYPbl MHOI'O-
KOHTYPHOI'O IIACCUBHOT'O 3KpaHa, U TOKU B KOH-
Typax. A Takke, Ha OCHOBaHMM 3aKoHa buo-
CaBapa WHTETPHpPOBAaHHMEM BBIpaKeHUs (5) amus
BCEX KOHTYPOB MHOTOKOHTYPHOTO ITaCCHBHOTO
9KpaHa MOXHO BBIYUCIITUTD BEK-

TOp B,(0;, X, X p,S,t), MTHOBEHHOT'O 3HAYCHMS

WHAYKIHN PE3yIbTUPYIOIEro MarHUTHOTO TOJIA,
TEHepUPYEMOT0 BCEMH KOHTYPAMH MHOTOKOH-
TYypHOTO TIACCHBHOTO dKpaHa B MOMEHT BPEMEHHU
¢t B TOUKE (J; IPOCTPAHCTBA SKPAaHUPOBAHHUS.

Torma Moxer OBITH  BBIUMCIEH  BEK-

TOp Bp (Qi,X s X p,B,t) MI'HOBEHHOT'O 3HAYECHUS

WHAYKIUHA PE3YIbTUPYIOIIECTO MAarHUTHOI'O IOJIA

Bol0s %0 %, 80t)= B,(0,,8,0)+ ..

.+B, Qi,)?a,t)+§ (0, X, X ,,8,1)

P

()

p?

B BHJIE CYMMBI BEKTOpa BL(Qi,S,t) UHIYKLIUU
MAarHuTHOT'O MOJIs, CO34aBaEMOr0 BCEMHU IIPOBO-
JlaMu JINHUA JJIEKTpOIIepeNayH, 51

BeKTOpa B, (Q[,)?a,t) WHAYKOIWA MarHUTHOTO

TOJIsL, CO3aBaEMOr0 BCEMH ITPOBOJAMHU KOMIICH-
CUPYIOIINX OOMOTOK aKTHBHON 4acTH THOPHII-
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HOT'O 3KpaHa, U BEKTOpa Ep(Qi,)?a,)? p,ﬁ,t) HH-

IYKIIAA MarHATHOTO TIOJIS,, CO3aBa€MOT0 BCEMH
KOHTYpaMH MacCUBHOW YacTH THOPUIHOTO dKpa-
Ha B MOMEHT BpEMEHH ¢ B TOUKe (); MPOCTpaH-

CTBa 3KpaHUPOBAHUSI.

PaccmoTpum Temepr MaTeMaTHUECKYIO MO-
CTaHOBKY 3a/la4M MPOEKTHPOBAHUS DJIIEKTpOMar-
HUTHOTO 3KpaHa.

BBezieM BeKTOp X HCKOMBIX T1apaMeTpoB 3a-
Ja4d  TPOCKTHPOBAHUA  KOMOWHUPOBAHHOTO
9KpaHa, KOMIIOHEHTaMH KOTOPOTO SBIISIOTCS
BEKTOp X, MCKOMBIX INapaMETPOB AKTHBHOTO

OKpaHa, BKIIIOYAKIIETO IrCOMETPUICCKUX pa3sMe-
POB KOMIICHCAITMOHHBIX 06MOTOK, a TaKXXC TOKH
u (1)33};1 B KOMIICHCAIlTMOHHBIX O6MOTK3X, a TaKXKe

BEKTOP X, HCKOMBIX MapamMeTpOB MACCHBHOTO

9KpaHa, BKIFOYAIOIIEr0 T€OMETPHUYCCKHE pa3Me-
PBl KOHTYPOB, TOJIIIUHBI © MaTepUal MHOTOKOH-
TypHOTO maccuBHOro 3Kpana [17]-[18]. Torma
JUTSL 3aJIAHHBIX 3HAYCHUH BeKTOpa X HCKOMBIX

IapaMeTpoB M BEKTOpAa & MapaMeTpoB HEOIpe-
JICTICHHOCTU 3aJa4ll NPOCKTHPOBAHUS DJIEKTPO-
MarHUTHOTO 9KpaHa MOXET OBITh BBIYHCICHO
> dexTHBHOE 3HaueHHEe Bj(X,5,P) MarHHTHOM
WHJIYKIIMKA B TOYKE P MPOCTPAHCTBA SKPAHUPO-
BaHUS Ha OCHOBe mnakera nmporpamm COMSOL
Muliphysics.

Torma 3amada MPOEKTUPOBAHMS DIEKTPOMAr-
HUTHOTO JKpaHa CBOJUTCS K BBIUUCICHHIO pe-

IIEHUSI BEKTOPHONM MHWHHUMAaKCHOW 3aJauu OITH-
Muzarua [14]-[18]

Bo(X,8) = (Bp(X,5,R)). ®)
KomnoHeHTamMu BEKTOpHOW LIENEeBOH (yHK-
ma By(X,d) ABnsorcs QQEeKTHBHBIME 3Hade-
HUSMU ER ()? ,S,E) MHIYKIIAU PE3yIbTHPYIOIIC-
0 MarHWTHOTO TIOJISI BO BCEX paccMaTpPHBAEMbIX
TOYKax P, MPOCTpaHCTBA KPAHUPOBAHHMS.

B 310l BeKTOpHOW MMHUMAaKCHOM 3ajiaye ofl-
TUMU3AIUN HEOOXOJUMO HAWTH MUHHMYM BEK-
Topa 1eneBoil GyHKuU (§) MO BEKTOPY HCKO-
MBIX [APaMETPOB X , H MAaKCHMyM 3TOil XKe Iie-
JeBoi (YHKIMM TIO BEKTOpPY MapaMeTpoB He-
ONpEIeNEHHOCTH O 3aJauyld MPOEKTUPOBAHHS
KOMOWHHPOBAHHOTO DKpaHa.

[Ipu sTOoM, ecTecTBEHHO, HEOOXOIUMO Y4H-
THIBATh OTPAHUYCHHS HA BEKTOP MCKOMBIX Iapa-
METpoB X KOMOMHMPOBAHHOTO SKPAHA B BHJIC
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BEKTOPHOTO HEPABEHCTBA U, BO3MOKHO, BEKTOP-
HOTO paBeHcTBa [11]-[13]

)

OtMeTnM, 9TO KOMIIOHEHTHI BEKTOPHOH Iie-
neBoit (yuknmm (8§) W BEKTOPHBIX OTpaHHYC-
HUM (9) SBIAIOTCS HENMWHEHHBIMH (YHKLIUSIMH

BEKTOpA MCKOMBIX [apaMeTpoB X M BEKTOpa o
napamMeTpoOB HEOMPEACICHHOCTH 3a7a4i MPOCK-
THPOBAHMsS SJIEKTPOMArHUTHOTO JKpaHa M pac-
CUMTHIBAIOTCSI HAa OCHOBE MMaKeTa MporpamMm
COMSOL Muliphysics.

I. AJIrOPUTM PEILIEHUSA

OCOOCHHOCTBIO PEIICHUs pacCMaTpPUBAEMOI
3a/la4yll BEKTOPHOH MHHHUMAKCHOM ONTHMH3a-
1nu (8) SIBISIETCS] HATMYAE HECKOJBKUX TIPOTH-
BOPEUMBBIX Lejiell. MUHMMU3aLUUs MarHUTHOTO
TOJISL B OJTHOM TOYKE MPOCTPAHCTBA AKPAHUPOBA-
HUS IPUBOJIUT K YBEIIMYCHHUIO MArHUTHOTO TIOJIS
B IPYyIruX TOYKax 3a CUCT HCJOKOMIICHCAIINU WUJIN
MEPEKOMIICHCAIIUN MCXOJHOTO MAr"HuTHOI'O II0-
TSI,

MuHUMaKCHBIC 3a/1a4ll IMPOKO HCIIOJIb3Y-
10Tcsi B pobactHoM ynparienuu [11]-[13]. B
MOCJICIHEE BPEMs B CHHTE3€ CHCTEM YIIPaBJICHUS
MOJYYWJI PACIPOCTPAHEHHE WIPOBOM TOIXOM,
MIO3BOJISTIONIHIA CHOPMYITUPOBATH 331a4y CHHTE3a
CUCTEMBI JUIsl Urphl. B 3TOoM ciy4yae o0macTh u3-
MEHEHWMsI TTapaMeTPOB JISIHUTCS Ha JiBa Habopa —

JPY’KECTBEHHBIX X M BpakeCKHX &. 3ajmaua

HIPOKOB — BHIOPATh TaKHMe 3HAYEHMs X Mapa-
METPOB JIPYKECTBEHHOTO UTPOKA, MPH KOTOPHIX
3HAYEHUE ONTUMHU3UPYEMOTO BEKTOPHOTO KpPH-
Tepusi KadecTBa (8) MHUHUMH3HPYETCS, a 3amada
COIMEpHUKAa — BBIOpaTh TaKWE 3HAUCHUS Mapa-

METpPOB § , IPH KOTOPBIX 3HAUEHHUE DTO KE KpHU-
Tepusi KaueCTBa MAKCUMHU3UPYETC.
Ilpy MuHMMM3aLIMKM TIO OJHOM TIEPEMEHHOMU

X ¥ MaKCHMHM3AllHH 110 JPYroil IIepeMeHHOH &
OMHOW W TOW JKE€ BEKTOPHOH IIeeBOM (YyHK-
i (8), HeOOXOAMMBIM YCIIOBHEM ONTUMAJILHOMN
MUHUMAaKCHOW 3aJlauM SIBJIIETCSI PABEHCTBO HY-
JIFO TPaZMeHTa IeJeBOH (QyHKIUH 10 BceM mepe-
MEHHBIM, HE3aBUCHMO OT TOTO, SIBJISETCA JH Lie-
neBas (pyHKIMS MUHHUMH3ZHPYEMOH HIIM MaKCH-
musupyemoii ¢pynknumei [11]-[13].

IIpy yuCneHHOM peuIeHUM ATOW MHHHMMAKC-
HOW 3aJayul Ui HaxOXJACHHS HaIlpaBIICHUS
JOBIDKEHHST HEOOXOIMMO HCIIONB30BaTh KOMIIO-
HEHTHI TpaJUeHTa 1IeJIeBOH (QYHKUUH IS TeX
MEPEMEHHBIX, 10 KOTOPBIM MPOM3BOAUTCS MakK-
CUMM3aLUs], U HEOOXOIUMO HCIIOIb30BATh KOM-
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MOHEHTHI AHTUTPAJUCHT (T.C. TPATUCHTA, B3STO-
ro ¢ OOpaTHBIM 3HAKOM) IJISI TeX MEPEMEHHBIX,
M0 KOTOPBIM TPOBOAUTCS MuUHUMM3armus [11]—
[13].

Hns pemienuss 3TOd MHUHUMAaKCHOM 3alayu
MHOTOKPUTEPHAIBHONH ontuMu3anuu (8) Boc-
Mojb3yeMcsl TpocTeilnell JMHEHHONW cXeMoM
koMrpomuccoB [14]-[18], B koTopoil ucxomnas
MHOTOKpHUTEpHaIbHAas 3a7ladya CBOJUTCS K OJTHO-
KpUTEpHATBHON

e J — e
S(X,8)=) " a,Br(X,5,P)
i=1

(10)

IZe o, — BECOBBIC KOI(DHUIMCHTHI, XapaKTepH-

3YIOILIUE BAXHOCTh TEX WU WHBIX KPUTCPUEB H
OTIPEICIISIONINE MPEAMOYTCHIE OTACTBHBIX KPH-
TEPHEB.

HeoOxomumbIM  yCIIOBHEM  ONITHMATBHOCTH
pemenus (10) 3Toil MUHIMaKCHOM 3a1aun

J
X" = argminZaiéR()?,S,Pl)) (11)

X i=1

J
5" :argmaxZ(xiBR(X,&P;) (12)
3 i=1

SIBJISIETCA HaJIMYWE CEJIJIOBOM TOYKH, B KOTOPOM
rPaaUCHTHI IEJCBON (DYHKIMH PaBHBI HYJIHO

V)?f/)-{:)?* :O’st/S:S* :0. (13)
JlocTaToyHBIM  YCIIOBUEM  CYLIECTBOBAHUSA

CE/UIOBOM TOUKH SIBJISICTCSI U3MEHEHHME 3HaKa
rpaguenta Vg f 1eneBoi QyHKUMHU TpH Mepe-
X0Jle TOYKM MUHHMyMa OT MHUHyCa K IUTIOCY U
W3MEHEHHEe 3HAaKOB TpaJHMeHTa TPH TMepexojie
TOYKM MakCHUMyMa OT Iultoca K Munycy [17]-
[18]. OTu ycioBus MOXHO CHOPMYITHPOBATH B

BUJIE TOJIOKHUTENBHOM ONMpeieieHHoCTH H >0
MaTpPHUIBl BTOPBIX MPOU3BOAHBIX — MAaTPHIIBI
Tecce mo BEKTOPY HapaMeTpoB X M OTPHUIIA-
TETBHON  OMpEeNIEHHOCTH FIS <0 MaTpuIbl

I'ecce mo BekTOopy mapameTpoB §, T.e. 3ajada
CYIIIECTBEHHO YCJIOXHSIETCS, €CIM KpUTepUul Ka-

yecTBa By(X,8) — BEKTOP.

OTMmeTHM, 4TO KpUTEpUil KauecTBa By (X,d)
OOBIYHO BKJIIOYaeT B ce0si Kak MepeMEeHHbIe CO-
CTOSIHMSI CUCTEMBbI, WJIM UX KOMOMHAIIMIO, XapaK-

TEPU3YIONIYI0 TOYHOCTh CHUCTEMBI, TaK W TIepe-
MEHHBIC COCTOSIHHS, KOTOpPbIE HEOOXOIAMMO
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OTPaHUYUTb U 0053aTEIBHO BKIIOYUTH B BEKTOP
ynpapiieHus. B IpoTUBHOM cilyyae HCXOHIHAas
3aJa4a CTAaHOBUTCS BBIPOXKJICHHOM U IIPUBOIUT K
OeckoHeuHbIM ynpasieHusM. [Ipu 3Tom BBIOOD
BECOBBIX MATPHYHBIX (YHKIUHA B Ka4eCTBE KpH-
TEpHUsi KauecTBa NPU PEIICHUH KOHKPETHBIX 3a-
Jlad OCYLIECTBIISICTCS UTEPATUBHO IyTEM MHOTO-
KPaTHOTO PpEIICHUS HCXOAHOH ONTHMH3aLUOH-
HOW 3aJ1au¥l TPH Pa3INIHbIX 3HAYCHHUSIX BECOBBIX
(GyHKIUA 70 TONYYEeHUS] MPUEMIIEMBIX pPe3ylib-
TaTOB.

DaKkTHYECKH, CMBICIIOBasi IOCTAHOBKA 3a7aui
CBOJIUTCS. K CHHTE3y TAaKOH CHUCTEMBI, KOTOpas
o0ecrieyrBaeT MHUHUMAIIbHBIC 3HAUCHHS WHIYK-
UM Pe3ybTUPYIOIIEro MarHUTHOro 1o (8),
KOTOpPbIE XapakTepU3yIOT TOYHOCTh CHUCTEMBI,
MpHU BBITIOJTHEHUM OrpaHudeHuil (9) Ha Kommo-
HEHTBI BEKTOPA COCTOSIHUS U MPH OTPAHUUCHHAX
Ha BEKTOP YIPaBJICHUSI.

PaccmoTrpum ucnonp3oBanne mrpadoB (0Oa-
pbhepHBIX (DYHKIWH) U PEeLICHUs 3a/1a4d MaTe-
MaTHYECKOTO MPOrpaMMHUPOBAHUS IPH HATUYUHU
orpannueHnid. CHavajga pacCMOTPUM HpUMEHE-
HUE METOJa BHYTPCHHUX TOYEK MAJISI PEHICHUS
3aJ]aud MaTeMaTU4ecKOro IMpOTrpaMMHUpPOBAHHS,
HE CcoleprKallleld OrpaHUYECHUN B BUJEC PABEHCTB.
[peamnonoxxum, 4To BOIM3H ONTHMATBHON TOYKH
BBITIOJTHSIIOTCS YCIIOBHUS JIOKAIBHOTO ONITUMYMa B
CJIEJYIOIIEM BHJIE

gi(x)z 0,i=1,m,

ulgi(x)z r>0,i =ﬁ

u; 20,i= ﬁ (14)
m

Vf(x)- D uVe(x)=0.
i=1

OTKyJa MOXKHO TMOJIYYHUTh CIEOYyIOIIee pa-
BEHCTBO
V()3

i=1

Lol -o.

8i

OTO paBEeHCTBO MOXHO HMHTEPIPETHPOBATH
KaKk HeoOXOJWMOE YCIIOBHE JIOKaJhbHOTO ONTH-
MyMa B BUJI€ HYJICBOTO I'PaUCHTa, IPU KOTOPOM
UCXO/HAA 1eneBast QyHKIIHS 3a1a4u HeJIMHEHHO-
ro TMPOTPaMMHPOBAHUSA MPUHUMAET CIIEAYIOIIHA
BUJI

L(x,r)= f(x)—rilngi(x). (16)
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AHaJOTMYHO MOXHO MOJIYYUTh U JPYTYIO Lie-
JIeBYIO (PYHKIIUIO, €CJIN U3 BBIPAKCHUS

kig,»(x):r>0,i:1,_m (17)

IUIS TPalieHTa

2

V-2 Va0,

Lenerass ¢yHKIHS Ll(x,r) MPUMET CJECAYIO-
LU BUI

(18)

(19)

DT TeneBble (PYHKITUH TTO3BOJISIOT CBECTH
MCXOJHYIO 3a/1a4y HEJIMHEWHOTO MPOrpaMMHpPO-
BaHMS MPU HAJIUYUU OTPAHUYCHUI K PEILCHHIO
3aa9n 0€3yCIOBHOW ONITUMM3AITUN TaKUM 00pa-
30M, YTO IPH MOAXOAE K IPAaHULIE OrpaHUYCHUIN
M3HYTpU IuTpad 3a HapyLUIeHWE OrpaHUYCHUI
CTPEMHTCS] K OECKOHEYHOCTH, YTO COOTBETCTBYET
METO/ly BHYTPEHHHX TOYEK B QITOPHUTME
mTpadHbIX QYHKIHA.

Takum o00pazom, 3amada MHOTOKpHTEpHAIIb-
HOro cuHTe3a (8) HenuHeHHoro poOacTHOro
YIOPABJICHUSI ¢ UCIOJIb30BAHUEM JIMHEHHOM CXe-
MBI KoMIpomuccoB (10) cBoguTcss K OMHOKPHUTE-
pHanbHOM 3ajade MaTeMaTHYeCKOro IMporpam-
MUpOBaHUs. PaccMOTpUM THpUMEHEHHE MeToJia
MOCJIEIOBATENIFHOTO  KBaJPaTHYHOTO MPOrpaM-
MHUPOBAaHUS Ul PELICHUs 3TOH 3aaadyu. OTOT
METOA M €ro NporpaMMHas peaiu3anust ObUTH
npezioxkenbl LIINTTKOBCKK MepBOHAYAIBHO JIJISI
pelieHns  3aJa4d  MHHUMM3AaLUUd  METOAOM
HaMMEHbBIIUX KBaJpaToB. DTOT METOJ IIPECTaB-
aseT coboit komOuHamuioo Metona [aycca-
HproToHa ¢ ompeneneHueM HamnpaBiCHUs JIBU-
JKEHHS C TIOMOIIBIO KBa3WHBIOTOHOBCKOTO aJIro-

puTMa.
PaccmMoTpuM MHUHMMU3AIMIO KBaJApaTUYHON
HOpPMBI,  OOBIYHO  Ha3bIBaEMyl0  3ajauei

HaMMEHBIIINX KBaApaToB 0e3 OrpaHuYCHUH.
(20)

I'paguent 3toil 1eneBoll (YHKIIUM MOXKET
OBITH TIPEICTABIICH CIIEAYIOIIMM 00pa3oM

v/ (x)=VF(x)F(x). 1)
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Ine VF(x)=(Vf(x)....Vfi(x)) o6osnauen siko-
OmaH dSTOW (YHKIMM W TPEANojaraeTcs, dTO
KOMITOHEHTBl 1LIEIEeBOM (YHKIUH MOTYT OBITH
JIBaXIbl TponuddepeHunpoBanbl. Torma mat-
PHILYy BTOPBIX MPOU3BOJIHBIX LIEJIEBOH (DYHKIINU —
MaTpuily ['ecce MOXKHO 3amucaTh B CIETYIOIIEM
BUJIC

Vif(x)=VF(x)VF(x) +B(x), (22)

rue

B(x)

S VAV A ().

i=l1

Torna wrepanuonHas mpoueaypa BblOOpa
HalpaBJICHUs [BIKEHUA d, € R" 10 Merony

HeroToHa MOXeET OBITh CBElleHA K PEIICHUIO JIH-
HEWHOU CUCTEMBI

V2 f (e )d +Vf(x,)=0, (23)

WJin K PpCHICHUIO SKBHBAJICHTHON CHCTEMBI B
CJICOYIOLICM BUAC

VF(x, WF(x, ) d+B(x, )d +...
VR )=0 T Y

*
B Touke ontmmanbHOrO peIICHUA x BbIIIOJI-
HACTCA yCJIIOBUC

Al )= (b Ll )] =0

MMO3TOMY HAXOXJCHUC IIara JIBUKCHUS d MOX-
HO CBCCTU K PCHICHHUIO HOPMAJIbBHOI'O YPAaBHCHUS
3ala4i HAaUMCHBIINX KBaApaToB

(25)

; (26)

min
deR"

VF(x, ) d + F(xkj

U3 KOTOPOrO0 MOXKHO MOJIYYUTh PEKYpPPEHTHOE
BBIpQKCHHE
Xpy1 = X + 0y (27)
JUTSL. UTEPAIIMOHHOTO HAXOXKJEHUS BEKTOpa WC-
KOMBIX I1apaMeTpOB, B KOTOPOM d; SIBJISETCS
permeHnueM 3amadw  onTtuMm3aruu  (26), a
0, — DKCIIEPHUMEHTAJIBHO ONpeaessieMblid mapa-
METp.
OTOT airopuTM HCIoONb3yeT MeTon [ aycca-
HbrotoHa, KOTOpBIM SIBASETCA TPaJUIIMOHHBIM
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QITOPUTMOM  pelIeHUs HEJIMHEWHOM 3ajaun
HAaUMEHBIINX KBAJpaTOB, [UIs  BBIYUCIICHUS
HalpaBJieHUsl IBWKeHHUA. B obmem ciyuae me-
ton ['aycca-HproToHa MO3BOMSIET MOJIYYUTH pe-
HICHHE 3a/layd IOCIIENO0BATEILHOTO KBaJpaTH4-
HOTO MPOrpaMMHUpPOBaHUS C HCIOJIBb30BAHUEM
TOJIBKO MPOU3BOAHBIX IEPBOrO MOpsAKa, HO B
pEAJIbHBIX CUTyalUsIX MOJYYUTh PEIIEHUE YacTO
HE yJ1aercs.

IloaTomy nist ynmydineHust CXOAMMOCTH TIPH-
MEHSIOT METOJBI BTOPOrO MOPSIIKA, B KOTOPBIX
UCIIOJB3yeTCd MaTpHULA BTOPBIX IPOM3BOJIHBIX
neneBol GpyHKuM — MaTpuna Skobu mpu pe-
HICHUHM ONTUMH3ALMOHHBIX 33124 Oe3 orpaHuye-
HUI. AITOPUTMBI BTOPOTO MOpsiAKa, 10 CpaBHE-
HUIO C METOJIaMHU II€PBOT0 NOPAJIKA, MO3BOJISIOT
3¢ heKkTUBHO TMOJyyaTh PEIICHHE B 00JIACTH,
OMM3KOM K ONTHMaJIBHOW TOYKE, KOTJa KOMIIO-
HEHTBl BEKTOpa IPaJUeHTa MMEIOT JOCTaTOYHO
MaJible 3HA4YEHUSI.

B mnocnennee BpeMsi B KBa3WHBIOTOHOBCKHX
METOJaX MOJYYWIN PacHpOCTPAHEHHE METOJBI,
HCIOJIB3YIOIIHE AJITOPUTMBI JleBenOepra-
Mapxksapara. Maes 3TUX METOJI0OB COCTOUT B 3a-
MeHe MaTpulel ['ecce HEKOTOPON MaTpuLen A7

C MOJOXHUTENBbHBIM KO3 duumentom A, . Torma

MONTyYUM  CIIEYIOIIYIO

ypaBHEHUI

CHUCTEMY JIMHEHHBIX

VF(x WE(x ) d +hpd +... (28)
A VE(x )F(x,)=0

CylIecTByeT MHOXKECTBO Pa3IUYHBIX METO-
JIOB PEILICHUSI HETMHEHHON 3a/layll HAUMEHBIIINX
KBaapaTtoB Oe3 orpanmueHuii. C apyroil cTopo-
HBI, CYIIECTBYET MPOCTOW MOAXOA I 00Bean-
HeHus cBoicTB Mertona [Maycca-HproToHa ¢ me-
TOZOM TIOCIIEIOBATEIIBHOTO KBAIPATUIHOTO TIPO-
rpamMMupoBanusi. OCHOBHOW MpoGiieMoi mpume-
HEHHUSI METOJIa TIOCJIeJIOBATEIHHOTO KBaJpaTHY-
HOTO TPOTPAMMHPOBAHUS SIBISIETCSI HEOOXOU-
MOCTh HCITOJIb30BaHUS CIICIUATLHBIX METOOB,
00ecCrevYnBaoIuX OTPUIATeIIbHBIC COOCTBEHHBIE
3HAUEHUS TIPH aNIpPOKCUMAINK MaTpHIbl ['ecca
B CJIy4ae albTePHATUBHBIX MOIXOJIOB.

JleTepMUHUPOBAHHBIE METOIBI ONTUMH3AIINH,
TaKue KakK JIMHCWHOE MPOrpaMMHUPOBAHUEC M He-
JUHEHHOE MPOTPAaMMHUPOBAHHE, IIUPOKO WC-
MOJIB3YIOTCSl IS PEIICHHsS 3a/ad MHOTOKpHUTE-
PHUATBHOM ONTHMH3AIINY.

OmHako, 3TH METOABl HCIOJIB3YIOT OJHOTO-
YEYHBIN TIOJIX0/I, U PE3yJIbTATOM 3TUX KJIacCHye-
CKHX METOJIOB ONTHMHU3AIIUN SIBISETCS EIHH-
CTBEHHOE ONTHUMAaJbHOE pemieHue. Hampumep,
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METOJI B3BEIICHHOW CYMMBI JIOKaJIbHBIX KpHUTE-
pUEB NEPEBOJAUT 3a1adyy MHOTOKPUTEPUAIBHON
ONTUMM3allMM B 33Ja4y OJHOKPUTEPUATIBHOU
ONTHMU3AINN, YTO TIO3BOJSET TONYYHTH OJHY
Touky Ha (hpoHTe [lapeTo-onTUMaNbHBIX perie-
HUM.

I[J'IS[ HaXO0XIACHUA FHO6aJII)HOFO OITUMyMa U3
ontuManbHbIX [lapero pemeHunii, HEOOXOAMMO
paccMoTpeTh Bce Bo3MOXHBIE (hpoHTHI [lapero.
B sTOM ciiyuae HE0OX0MMO, YTOOBI AJITOPUTMBI
MOWCKA TOYKH TIIO0ATHHOTO ONTHMYyMa BBIIOJ-
HSUTHCh WTEPAaTUBHO, YTOOBI TapaHTUPOBAThH HC-
MOJTb30BaHUE KaKJO0W KOMOWHAITH BECOB.

s BeIOOpa Bcex KOMOMHAIMK BECOB HEOO-
XOJJUMO MHOTOKPAaTHO TIOBTOPSITh aJTOPUTMBI
TaKOTO JIOKAIBHOTO TmoucKa. CremoBaTenbHO,
aJIrOPUTMBI  JIOJDKHBI  MMETh  BO3MOXXHOCTh
«YYHUTBCS» Ha TOJTYYCHHBIX PEIICHUSX, YTOOBI
HaIpPaBIATh TMPABUIBHBIN BBHIOOP Beca B Jallb-
Helmux »BooIMAX. [Ipyu ucnoap30BaHUM Kiiac-
CHUYECKHX METOJIOB TOWCKA TJI00AThHOTO OMNTH-
MaJIBHOTO PEMIECHHs] BO3HUKAIOT IPOOIEMBI, €CITN
ONTHMAJBHOE DEIICHHE HAXOAWTCS B HEBBIMYK-
JIBIX WJIM HECBSI3HBIX O0JIACTSIX (PYHKIIMOHAIBLHO-
T'O TIPOCTPAHCTBA.

B mocnennee Bpems, Bce OoJiee TOIYJISPHBI-
MU JUTSI pelIeHns 3a1a4 ONTHMHU3AINU CTAaHOBST-
Csl METa’BPUCTHUECKUE METObBI, TAKHE KaK IBO-
JIFOIMOHHBIC aJITOPUTMBI U TEXHOJIOTUHU TPYIIIO-
Boro wmHTeIekTa [19]-[21]. OBomronmoHHBIC
MeTOJbl Oyarogapst cBoei 3(G(EKTUBHOCTH U
MPOCTOTE YCMEIIHO NPUMEHSIOTCS AJI PEIICHUS
ONTHMM3ALMOHHBIX 3a7a4 C OJHOM 1eneBon
GyHKIMEH. DTH METOAbl UMEIT HEKOTOpPhIE
MPEUMYIECTBA MEpel KIACCUUECKUMHU METOJa-
MU ONTHUMU3AIUH, TaK KaK TO3BOJSIOT PacCdu-
ThIBAaTh ONTHUMAJIBHBIC PCIICHUA JIA HEJIMHEH-
HBIX WU HEBBIMYKIBIX 3amau [29]-[32]. B stux
METOAaX MCHOJIb3YETCSI MHOKECTBO PEUICHUHN Ha
KaXJ0M HTepallMM M CTOXAaCTUYECKUH IOMCK,
MOATOMY MOTYT HAHTH MOUCK B JIFOOOM MecTe BO
BCEM MPOCTPAHCTBE TOWCKAa U CIIOCOOHBI Tpe-
0J10JIEBATh TIPOOIIEMBI JIOKATHHBIX OITHMYMOB.

MeTtoapl CTOXaCTHYECKOTO TIOMCKa TaKkKe
0O0JIbIlIe TOAXOMAT JJISl PELICHHs 3ajJad MHOIO-
KPUTEPUAIBHON ONTUMHU3ALUH.

Cpenn METa’dBpHCTUYECKUX METOJIOB, JIO He-
JaBHETO BPEMCHHU, OINTHUMHU3ALMA POEM YaCTHUI]
MPUMCHAJTIACh TOJIBKO K OJHOKPUTCPHUAJIbHBIM
3aJja4aM ONTHMHU3AlU. BhICOKas CKOPOCTh CXO-
JIUMOCTH aJTOPUTMOB ONTHUMH3AIUN POEM dYa-
CTUIl I pa3pabOTKU MHOTOKPUTEPUATBHOTO
ajroputMa OHNTHUMHU3ALUMHU HUMECT HCKOTOPLIC
MPENMYIIECTBA C TOYKHU 3PEHHUS JIYUIIIETO UCCIIe-
J0BaHWA U HCIIOJIBb30BaHHA, KOTOPLIC O6CCH6‘II/I-
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BaeT BO3MOXXHOCTh aJrOpuUTMa JUIs TJI00aTBHOTO
MOMCKA.

B crammapTtHOM anropuT™Me ONTHMHU3AIIUU
POS 9acTHUI] CKOPOCTh YAaCTHUIBI i PO j H3Me-
HSETCS MO JIMHEHHBIM 3aKOHAM, B KOTOPBIX JIBH-
JKEHUE pOsI YaCTHIl OTFHCHIBACTCS CIEAYIOIINMHU
BhIpaskeHusamu [ 19]-[21]

Vl»j«(t+1)=C1 -rlj(t)...
|

Oz O a0 s (29)
s 0]
e+ 1)=x; () + vy (e +1), (30)
rIe THOJOKECHUE xij(t) U CKOpPOCTH vij(t) 4acTU-

bl i posl j; ¢ U ¢, — IHOJOXKUTEJIbHBIE KOH-

CTaHTBI, OTpENENIONME Beca KOTHUTUBHOH W
COLMANLHON COCTABJISIONIMX CKOPOCTH JIBHKE-
Hus yaCTHLEL 7i;(¢) 1 ry,(t) — coyuaiiupie wncna

3 amanazona [0,1], ompexensrommue CTOXacTH-
YECKYIO COCTABIISIONIYI0 KOMIOHEHTBI CKOPOCTH

YacTHIBI. 37ech y,»j(t) u yt- — HAWIy4IIue Jo-

kanpHbICe — lbest u riobanbpHBIe — gbest mo3unun
ATOW YACTHIIBI i HAXOISAT COOTBETCTBEHHO TOJIb-
KO OJIHA YacTUIAa i W BCE YACTHIBI i 3TOTO
post j. Hcmonb3oBanue KO3(QQHUIMEHTa HHEP-

JRN%05%1 Wj MO3BOJISICT MOBBICUTH KaUCCTBO MPOLICC-

ca ONTHUMH3ALUH.

Jist yBenmMueHus CKOPOCTH HAaXOKACHUS TJI0-
0aIbHOTO PELICHUs B MOCIEHEEe BpeMsl OIy4u-
JIM paclpoOCTpaHEHUE CIICIUAIbHbIE HEIMHEHHbIE
ITOPUTMBI  CTOXACTUYECKOW MHOTOAreHTHOM
onTtumu3anuu [33].

EctectBenHo, 4yTo ¢opmanuzanusi perieHus
MHOTOKPUTEPHAIBHON 3a1add ONTUMHU3ANNH (8)
MyTeM CBEICHMS €€ K OAHOKpUTEPUAIbHON 3a/1a-
ye (10) mozBossieT 00OCHOBAaHHO BBIOpAaTh W3
00/1aCTH  KOMIIPOMHMCCOB  OJHY-EJUHCTBEHHYIO
Touky — o0nacte [lapero [24]-[28].

OJIHaKO dTa «EJMHCTBEHHASD TOYKA MOMKET
OBITH JOTIOJHUTENIBHO MpOBEpeHa s AajbHel-
HIEr0 YJIYYIICHUS! CXEMbl KOMIIPOMHUCCA C TOUYKH
3peHusl JHIa, NPUHUMAoNero pemenue [19]—
[20].

B 3akmioueHue 3aMeTHM, YTO ajIrOPUTM BbI-
yucneHus: ckopoctu vactur (29)—(30) npu mu-
HUMM3AIIK TI0 TIEPEMEHHON X MapaMeTpoB CH-
CTEMBI 3JIEKTPOMArHUTHOTO 3KPAaHUPOBAaHUS U
MaKCHMM3aIMA TI0 TEPEMEHHOH & TMapaMeTpoB
HEOIPEJIETIEHHOCTEN MPOEKTUPYEMON CUCTEMBI
M0 OJIHOW M TOW e BEKTOPHOW LIeNeBOH (yHK-
muu (8) ONMUCHIBAIOTCA OJHUMH M TEMH K€ BBI-
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paxenusimu (29)—(30). Paznuume coctout numib
B TOM, YTO NpPH BBIYMCIECHHH TEPEMEHHON X
Ul MHHAMU3alUU  1eJeBoit QyHkuun (8) —
HAMUJTydIIUe  JIOKaJIbHbIC Ibest y,j(t) u

* .
rnobanbHble — gbest y; TONOKEHUs JaCTHIIBI i ,

KOTOpPBIE HAXOHIATCS COOTBETCTBEHHO TOJIBKO
OJIHOM YacTUlel i W BCEMHU YaCTUIIAMHU [ PO |

CUMTAIOTCSA MO3ULMH, IPU KOTOPBIX LesIeBast
(yHKUMS TPUHUMAET MUHHMMANbHBIC 3HAYCHUSI.
A TIpU BBIYMCIICHUH NEPEMEHHOU & I MaKcCH-
MU3aIMMd 3TOM K€ BEKTOPHOH LeleBOd (yHK-
uuy (8) HAMIy4IIMMH JIOKalbHbIMK — best y; (t)

*
¥ TII00aIbHBIMU — gbest y; TONIOKEHUS YaCTULIBI

I CUUTAIOTCSA TAKHE IMOJIOKCHUS, IIpu KOTOPBIX
9Ta XK€ INejacBasd (bYHKLII/Iﬂ MNpUHUMACT MaKCH-
MalbHBIC 3HaudeHMs. Takoit BI:;I60p HaWJTy4dlInx
TTOJIOKECHUH HacTul COOTBETCTBYET IBHUKXCHHUIO
HacCTvll B HallpaBJICHHUE aHTUI'paJUCHTA IIPpHU MU-
HUMU3allu1 I.ICJ'ICBOfI (bYHKLII/II/I o MEPEMCHHBIM

X WU, COOTBETCTBEHHO, IBMKECHHUIO YacTHUI] B
HaIllpaBJICHUEC TIpaJucHTa IIpU MaKCHUMHU3allNun

[EJIeBON (DYHKIIMHU TI0 TIEPEMEHHBIM & .

I11. PE3YJIbTATHI MOJIEJTHPOBAHUSI

[Ipy NpoOeKTUPOBAHUHU HIECKTPOMATHUTHOI'O
9KpaHa OMpeJesieHbl KOOPAWHATBHI IPOCTPaH-
CTBEHHOTO pacmojiokeHus 11 TPOBOTHUKOB
MHOTOKOHTYPHOTO NTAaCCUBHOI'O IKPaHa.

bbby Tak ke ompeneneHbl KOOpAUHATHI IIPo-
CTPAaHCTBEHHOI'O pAacloJIOKEHUs KOMIIEHCAllH-
OHHOW OOMOTKH, a TaKXke, TOK M ¢asza B ITOH
00MOTKE CHCTEMbI aKTUBHOT'O KPaHUPOBAHHSL.

B otnmune ot pabort [16]-[19] xoopauHATHI
NPOCTPAHCTBEHHOTO pacmoyiokeHuss 11 KoHTY-
POB MHOTOKOHTYPHOTO MAacCHBHOI'O KpaHa BBI-
YHUCIIEHBI B X0JI€ PEUICHHS] MHOTOKPUTEPHATEHON
MHUHHMMaKCHOH 3aaun onTuMu3anuu (8) ¢ orpa-
HUYeHUAMH (9) ¥ Ui SKpaHUPOBAHHUS UCXOTHO-
T0 MarHUTHOTO TIOJS HCIONB3YETCS 3JIEKTPO-
MarHUTHBIA aKTHBHO-TIACCHBHBIN 3KpaH.

Cxema pacnonoxenus asyxuenHoit JIOII,
KOMIIEHCHPYIOLIeH OOMOTKHM aKTUBHOI'O JKpaHa
u 11 mpoBOAHHMKOB MHOTOKOHTYPHOTO ITaCCHB-
HOT'0 3KpaHa MOKa3aHkl Ha pHC. 3.

Ha puc. 4 mokazaHo pe3yibTHpyIOLIEE Mar-
HUTHOE T0JIe Ipu paboTe TOJNBKO MHOTOKOHTYP-
HOT'O ITACCUBHOTO 3KpaHa. B neHTpansHON 9acTi
MPOCTPAHCTBA SKPAHUPOBAHHUSA YPOBEHb MarHHUT-
HOTO 1oJs cocTaBisieT 2,1 Mk, B TO BpeMs Kak
ypOBeHb HHAYKIMH ucxoaHoro MII B nieHTpanb-
HOW YacTH MpPOCTPAHCTBA 3KPaHUPOBAHUS CO-
crapinsiet 2,4 mx77. PacueTHoe 3HaueHue axTo-
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pa PKpaHHpOBaHHS B ICHTPAIBHON YacTU MpO-
CTpaHCTBAa d3KpaHHPOBaHUS cocraBiseT 1,14.
IIpu sToM HaOMIOMAIOTCS XapaKTepHBIC 00JIaCTH
KOHLICHTpaluu HanpsbkeHuit B 11 Toukax pacro-
JIO’KEHUS TIPOBOTHUKOB KOHTYPHOTO MACCUBHOTO
9KpaHa, PaCCYMTAHHBIX B MPOIECCE MPOCKTHPO-
BaHMS DKpaHa.

Ha puc. 5 nokazano pacmpeneincHue UHIYK-
uu pesynstupytomero MII nmpu pabote TombKO
CAD. B mueHTpajbHOH dYacTH MPOCTPAHCTBA
SKpaHUPOBAHUSl YPOBEHb HMHIYKLUUU PE3YyJIbTHU-
pytomero MII cocraBnser 0,43 Mx77 Tak, 4To
pacueTHOe 3HaveHHUe (HaKTOpa FKPAHUPOBAHUS B
HEHTPATbHON YacTH MPOCTPAHCTBA IKPAHHUPOBA-
HHMS COCTaBAET 5,58.

Ha puc. 6 nmoka3zano pesynptupytomee MII
npu pabore CAD. Yposens MII B nieHTpabHOI
YacTH MPOCTPAHCTBA IKPAHUPOBAHUS COCTABIISIET
0,29 MxTn. PacuetHoe 3HadeHue (hakTopa 3Kpa-
HUPOBAHUS B IIEHTPATbHON YaCTH NMPOCTPAHCTBA
SKpaHUpoBaHus cocTaBiser 8,2. IlpumeHenue
CAD 1no3BOJII€T CHU3UTH YPOBEHb HCXOAHOTO
MarHUTHOTO TIOJISL 10 O€30MacHOro Ui MPOXKH-
BaHUs ypoBHs B 0,5 MK77 B cylecTBEeHHO 0O0Jb-
el  obJacTé  MPOCTPAHCTBA IKPAHHUPOBAHUS
(80,45 %) moO cpaBHEHHWIO C WCIOIH30BAHUEM
TOJIEKO aKTUBHOTO KpaHa.

IV. PE3VJbTATHI 9)KCOEPUMEHTAJBbHBIX
MUCCJIEJOBAHUN

PaccMoTpuMm Tenepb pe3ynbTaThl IKCHEPHU-
MEHTAIIBHBIX MCCIIENOBaHUH DIIEKTPOMATHUTHOTO
aKTHUBHO-TIacCUBHOIO 3kpaHa. Ha puc. 7 nmokaza-
Ha KOMIICHCAIIHOHHAsl 0OMOTKAa U MHOTOKOHTYP-
HbI TAaCCUBHBIA 3KpaH HKCHEPUMEHTAIbHON
YCTaHOBKH 3JIEKTPOMarHuTHOTro 3kpana. Ha puc.
8 moKa3aH MHOTOKOHTYPHBIM NMAacCUBHBIN 3KpaH
SKCIIEPUMEHTAIBHON YCTAaHOBKH DJIEKTpOMAr-
HUTHOT'O aKTUBHO-TIACCUBHOT'O 3KPaHUPOBAHUS.

PaccMoTpuM  pe3ynbTaThl AKCIEPUMEHTAIb-
HBIX HCCJEIOBaHUH D3JEKTPOMATHUTHOM CHUCTE-
MBI aKTHUBHO-TTACCUBHOTO SKPaHUPOBAHMS.

Ha puc. 9 BmMecTe ¢ pacueTHBIMH 3HAYEHUSAMHI
MOKa3aHbl M OJKCIEPUMEHTAJIbHO H3MEpEHHBIE
3HAYEHUS MHIYKIMH MarHUTHOTO I0JIsl, TEHEPH-
pyemoro nByxuenHod JIOII, m wmHmyknuu pe-
3yJbTUPYIOLIETO0 MAarHUTHOTO TOJS TMPH BKIIO-
YEeHHON CHCTEME 3JIeKTPOMAarHUTHOTO aKTHBHO-
MACCUBHOT'O AKPAHUPOBAHUSI.

OKCIEpUMEHTAIBHO MU3MEPEHHOE MHHHMMAIb-
HO€ 3Ha4YeHHe WHAYKIWU B MaJIOil 30HE DKpaHU-
poBaHUS MpPU BKJIKOYEHHOM 3JIE€KTPOMAarHUTHOM
CHUCTEME AKTHBHO-NIACCUBHOIO 3KPaHWPOBAaHUS
cocrasisieT 0,35 Mk 77.

24

WHpyknust MCXOJHOTO MarHUTHOrO MONS B
paccMaTpuBaeMOM  TNPOCTPAHCTBE  COCTaBIIS-
er 2,95 Mx77, a mpu BKIIOYECHHOM 3IIEKTpOMAr-
HUTHOW CHCTEME aKTHBHO-TIACCUBHOI'O 3KpaHU-
pOBaHMsI YpOBE€Hb MAarHMTHOTO IIOJiI BO Bcei
30HE SKpaHUPOBAHMS HE MPEBHIIIAeT O0e30macHo-
ro A7 TPOXUBaHMSA YPOBHS HMHIOYKUUH B
0,5 Mx T 6onee yem B 70 % mpocTpaHcTBa 3Kpa-
HUPOBAHUS.

CpaBHeHHE pe3yabTaTOB PACUETHBIX U JKC-
MIEPUMEHTAIBHO W3MEPEHHbIX 3HAYCHUH HHIYK-
LM UCXOJHOT'O U PE3YJbTHPYIOLIET0 MArHUTHO-
ro IOJIsI ¢ BKJIFOUEHHOM 3JIEKTPOMAarHUTHOM CH-
CTEeMOH aKTHBHO-NIACCHUBHOTIO JKPaHUPOBAHHUA,
IIOKa3aHHBIX Ha pHC. 9, omimyarorcsi He Oonee
yeM Ha 20 %.

OCHOBHOE  NPEUMYIIECTBO  NPUMEHEHHS
3MEKTPOMAarHUTHOTO SKpaHa 3aKII0YaeTCs] B TOM,
YTO C €ro MOMOILBI0 MOXKHO CHHM3HUTh YPOBEHb
HCXOJHOTO MAarHUTHOTO MOJsl Ha 3HAYUTEIbHO
Oonpliel MIOMIaaN SKPaHUPYIOLIET0 MPOCTpaH-
CTBa II0 CPAaBHEHHIO C HCIOJIb30BAHHEM TOJIBKO
aKTHUBHOTO 3KpaHa.

V. 3AKJIIOYEHUE

1. Ilpennoxena MeTOaUKa MPOCKTHPOBAHUS
3NEKTPOMAarHUTHOTO 3KpaHa, COCTOSIIETO W3 aK-
TUBHOM M MHOTOKOHTYPHOW IMACCHMBHOM YacTH,
KOTOPBIA XapaKTePU3yeTCs IOBBIMICHHOH 3(-
(DEeKTUBHOCTBIO CHW)KEHUSI MAarHUTHOTO IOJIS
MPOMBIIIUIEHHON YacTOTBhI, KOTOPOE CO3AAETCA
JIBYXIENHBIMU BO3LyIIHBIMU JIDII B KHMITBIX T10-
Max.

2. 3agava TPOEKTHUPOBAHUS JJIEKTPOMArHUT-
HOT'0 3KpaHa CBEJIEHA K PEIICHUI0 MUHUMAKCHON
BEKTOPHOM 3ajlaud ONTUMHU3ALMU, B KOTOpPOH
BEKTOpHAs IiesieBasi (YHKIUS M OTPaHUYCHUS
BBIUMCIISIETCA € MOMOIIBIO  MPOTPaMMHBIX
cpencts nmakera COMSOL Multiphysics. Pemre-
HHUE ATOM MHUHUMAKCHON BEKTOPHOM 3aja4yu OIl-
TUMU3ALUHN BBIYHCIISETCS HA OCHOBE &JITOPUTMOB
ONTUMH3ALUNU MYJIBTUPOEM YAaCTUL U3 MHOXKe-
crBa IlapeTo-ONTUMANIBHBIX PELICHUH C YYETOM
OMHAPHBIX OTHOIICHUN MPEATIOYTSHUH pelIeHni
JIOKAJIbHBIX KPUTEPHEB.

3. B xone npoeKkTupoBaHUs 3JIEKTPOMArHUT-
HOTO 3KpaHa JUIsl CHKEHHS YPOBHS MarHUTHOTO
MOJIsl, TEHEPHUPYEMOro IBYXIEMHBIMH BO3IYyI-
HbiMH JIOII B KUbIX JOMax, BBIYUCIEHO PacIo-
noxkeHue 11 KOHTYpHBIX MAaCCHUBHBIX 3KPAaHOB U
KOOpPAMHATHl TPOCTPAHCTBEHHOTO PACIIONIONKe-
HUSI KOMITEHCAIITMOHHONW OOMOTKH, a TaKXKe TOK W
(haza B 9TOH OOMOTKE aKTUBHOTO JKpaHa.
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3KpaHa H MHOTOKOHTYPHOIO MACCHBHOIO JKpaHa. ’ xm
Puc. 9. CpaBHeHHe HHAYKIHH UCXOTHOTO
MArHUTHOTO 1OJISi U MATHUTHOTO NOJISI TPH
BKJIIOYEHHOI T'HOPU/IHOIi CHCTeMe aKTHBHO-

MaCCUBHOI'0 JKPaHUPOBaHUSA. 9

4. OCHOBHOE MNPEUMYIIECTBO HPHUMEHEHUS
3NIEKTPOMAarHUTHOTO 3KpaHa, COCTOSIIEro U3 aK-
TUBHOM M MHOTOKOHTYpPHOH MAaCCUBHOM YacTH,
3aKJIF0YaeTCsl B CHIDKCHUHM YPOBHS HMHIYKIIUU
HCXOJHOTO MAarHUTHOTO TIOJISi B 3HAYMTEIBHO
OoJjbIieli 00JIACTH MPOCTPAHCTBA SKPAHUPOBA-
HHS, 110 CPABHEHMIO C TIPIMEHEHHEM TOJBKO aK-

Puc.8. MHOrOKOHTYPHBIii MaCCHBHBII dKpaH THUBHOT'O 3KpaHa.
IKCIEPUMEHTAILHOI YCTAHOBKH 31eKTPOMATHHTHOIO 5. TlpakTuueckoe NPUMEHEHME 3IIEKTPOMAr-
8
Kpana. HUTHOTO DKPaHa TO3BOJSET CHU3UTH YPOBEHD

MarHAUTHOTO  TIOJS, TEHEPHUPYEMOTO  JIBYyX-
LenHbIMU BO3AyHbIMU JIDII B sKuUIbIX AOMaX,
JI0 OE30MacCHOT0 YPOBHS JIJIsl HACEICHHS MTPOXKH-
Batomero Bomu3u JIDIL, Ha yposHe 1o 0,5 Mx77.
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APPENDIX 1 (TPUJIOXKEHHUE 1)

'Fig. 1. An example of residential buildings located
near a double-circuit power line.

%Fig. 2. Residential building located near two double-
circuit power lines.

3Fig. 3. The relative position of the double-circuit
overhead  power  transmission line,  single
compensation winding and a shielding space.

“Fig. 4. The resulting magnetic field when multi-loop
passive shield only.

SFig. 5. The resulting magnetic field when active
shield only.

SFig. 6. The resulting magnetic field during operation
of the electromagnetic shield.

"Fig. 7. The layout of the single winding of the active
shield and multiloop passive shield.

8Fig. 8. Multiloop passive shield of the experimental
installation of electromagnetic shield.

Fig. 9. Comparison of the induction of the initial
magnetic field and the magnetic field with the
electromagnetic shielding system switched on.
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Abstract. The paper presents the results of the study of a two-stage procedure for selecting a reference
object in the current image formed by a correlation-extreme system used for autonomous navigation of
unmanned aerial vehicles. The aim of this paper is to theoretically evaluate the probability of selecting
low-dimensional low-contrast objects in the segmented current image according to the proposed two-
stage procedure. To achieve this goal, the problem of segmentation of images of the sighting surface
and subsequent selection of the reference object in the presence of heterogeneous objects differing in
brightness and area characteristics is solved. The most significant result is the justification of
application of two-stage procedure of selection of the reference object in the current image by
brightness and area parameters using the set thresholds. The significance of the obtained results
consists in establishing the dependence of the probability of correct selection of the reference object
on the noise level of the current images. It is shown that the probability of correct selection of the
object in the image is a function of the threshold value and can be maximised by choosing its value.
This approach allows to consider the influence of various factors leading to image noise on the quality
of images formed by the navigation system. It is shown that when noise distorts more than 31% of the
image pixels, the proposed two-stage procedure allows to ensure the selection of the reference object
in the image with a probability not lower than 0.9.

Keywords: correlation-extremal navigation system, unmanned aerial vehicles, information features,
image segmentation method, decision function.
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Segmentarea imaginilor utilizate in sistemele de navigatie de
vehicule aeriene fara pilot
Eromina N.S.}, Udovenko S.G .2, Tiurina V.Yu. 3, Boycenko O.1.4, Breus P.P.5, Oniscenko Yu.N.°,
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Rezumat. Articolul prezinta rezultatele unui studiu al unei proceduri in doua etape de identificare a unui obiect
de referinta Intr-o imagine curenta generata de un sistem de corelatie-extrema utilizat pentru navigarea autonoma
a vehiculelor aeriene fara pilot. Scopul acestei lucrari este de a estima teoretic probabilitatea de selectie a
obiectelor de dimensiuni mici, cu contrast scdzut intr-o imagine curentd segmentatd, in conformitate cu
procedura propusa in doua etape. Pentru a atinge acest obiectiv, a fost rezolvata problema segmentarii imaginilor
suprafetei de vizualizare si a selectarii unui obiect de referinta care difera ca luminozitate si caracteristicile zonei.
Cel mai important rezultat este motivarea utilizarii unei proceduri in doua etape pentru selectarea unui obiect de
referintd din imaginea curentd pe baza parametrilor de luminozitate si a dimensiunilor zonei folosind praguri
stabilite. Semnificatia rezultatelor obtinute consta in stabilirea dependentei probabilitatii de selectie corecta a
obiectului ancora de gradul de zgomot din imaginile curente. Se aratad cé probabilitatea de selectie corecta a unui
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obiect dintr-o imagine este o functie a valorii de prag si poate fi maximizata prin alegerea valorii acestuia.
Aceastd abordare ne permite sd ludm in considerare influenta diversilor factori care duc la zgomotul imaginii
asupra calitatii imaginilor generate de sistemul de navigatie. Se aratd cd atunci cand mai mult de 31% dintre
pixelii imaginii sunt distorsionati de zgomot, utilizarea procedurii propuse in doud etape face posibild selectarea
obiectului ancora in imagine cu o probabilitate de cel putin 0.9.

Cuvinte-cheie: sistem de navigatie de tip corelatic-extrem, vehicule aeriene fara pilot, caracteristici
informationale, metoda de segmentare a imaginii, functie de decizie.

CermeHTanus U300paxeHni, HCNOJAb3yeMbIX B CHCTEMAX HABUTALMH
0eCMI0THBIX JIeTATEJILHBIX ANINAPATOB
Epemuna H.C.!, Yaorenko C.I'.2, Tropuna B.IO. 3, Boiiuenko O.1.%, Bpeyc IL.I1.5, Onumenko FO.H.5,
I'nycos 10.B.5, Ceerauunbrii B.A.°
1 XapbkoBCKMiT HAMOHAILHBIA YHUBEPCUTET PAMO3NIEKTPOHUKH, XapbKOB, YKpauHa
2 XapbKOBCKUI HAIMOHAILHBINA SKOHOMUYECKHH yHuBepcuTeT umenn Cemena Kysnena, XapbkoB, YKkpanHa
3 XapbKoBCKUi HAMOHANBHBIHA yHHBepcuTeT Bosaymnbix Cun umenu Mpana Koxeny6a, Xapbkos, Ykpauna
4 TocyIapCTBEHHbIH HAYYHO-UCCIIE0BATENLCKUI HHCTUTYT MCTIBITAHUH M cepTU(UKALUM BOOPYKEHHS U
BOEHHOU TEXHUKH, YepKacchl, YKpanHa
® Jletnas akagemust HanmoHANBHOTO aBUAIMOHHOTO YHUBEpCUTeTa, KpormBHunkwmii, Ykpanna
6 XappKkoBCKUIl HALMOHAIBHBINA YHUBEPCUTET BHYTPEHHUX Je1, XapbKoB, YKpauHa

Annomayusa. B craThe TpeACTaBIEHBl pe3yJIbTaThl HCCICIOBAHUN IBYXITAIHON NpPONETYpH BbIIEICHUSI
00beKTa NPHUBA3KH HA TEKYIIEM HW300pakeHWH, (OpMHpPYEeMOM KOPPENSIMOHHO-3KCTPEMAIbHOM CHUCTEMOH,
NPUMEHSEMOH JJIs1 aBTOHOMHOI HaBHraluuy OeCIWIIOTHBIX JIETaTeNIbHBIX ammaparoB. Llenpio naHHOW paboThI
SBJISIETCS TEOpPETHUYECKas OLCHKa BEPOSTHOCTH CEJCKIMH MallOpa3MEpHBIX CIa00KOHTPACTHBIX OOBEKTOB Ha
CEerMEHTHPOBAaHHOM C MOMOIIBI0 HWH()OPMAIMOHHBIX IPHU3HAKOB TEKYIIEM H300paXeHHH IO MNapaMeTpam
SPKOCTU U pa3MepaM IUIOIAAN B COOTBETCTBUU C MPEIT0KEHHON IBYXATAITHON Mpoueaypoi. s JoCTIKEHHS
MOCTAaBICHHON IeNIM pelleHa 3ajJada CEerMEHTAluH (OPMHUPYEMBIX CHCTEMOH HaBHTALMM HM300paKEHUH
MOBEPXHOCTH BH3MPOBAaHMSA W IOCIEAYIOIICH CeIeKIMM OOBEKTa NPHUBA3KH INPH HAIWYWH Pa3HOPOIHBIX
00BEKTOB, OTIMYAIOLIMXCSA SPKOCTHHIMM M IUIOLIAJHBIMU XapakTepucTHKamu. HambGosee CyIiecTBEeHHBIM
pe3ysIbTaTOM SABISIETCSI 0OOCHOBAHUE NMPUMEHEHHS ABYXATAaIlHOW MPONEAYPHI CEIEKIMH OOBEKTa NMPHUBA3KH HA
TEKyIIeM HM300paXEHHH IO TapaMeTpaM SPKOCTH W pa3MepaM IUIOIAAN C HCIIOIb30BAHHEM YCTAHOBJICHHBIX
MOPOroB. 3HAYMUMOCTh TIONYYEHHBIX PEe3yJbTaTOB COCTOMT B YCTAaHOBJICHHWH 3aBHCHUMOCTH BEPOSTHOCTU
CeJIeKIIMN 00BEeKTa MPUBSA3KH OT CTENEHH 3aIIyMJICHHOCTH TEKYUIUX H300pakeHUH. OCOOEHHOCTh MOTyYeHHBIX
Pe3yIbTaTOB 3aKIIOUACTCS B ONPEeSICHNH 3HAYCHUH TOPOTOB KBAaHTOBaHMUS M300pakeHUH 10 HHPOPMATHBHBIM
MPHU3HAKaM C YYeTOM BO3MOXKHOCTH BO3HHUKHOBEHHS OIINMOOK TEPBOTO M BTOPOTO pPOAA, MPHU KOTOPBIX
obecrieunBaroTcsa TpedyeMasi BEpOSTHOCTh CEJIEKIIMK 00beKkTa MpUBA3KU. [loka3zaHO, 9TO BEPOSITHOCTh CEJIEKIINU
00BeKTa Ha M300pakeHUH ABJsieTCA (YHKIMEH BETMYMHBI TIOPOTa U MOXKET OBITh MaKCHMHM3MPOBaHA BHIOOPOM
ero 3HaueHHsA. Takoi MOAXoJ TO3BOJISAET YYMTHIBATh BIMSHHE Pa3IMYHBIX (AKTOPOB, NPHBOIAIINX K
3aIIyMJIEHUIO H300pa)keH!H, Ha Ka4ecTBO ()OPMUPYEMBIX CHCTEMON HABUTAIIMN N300pa)KEHHH 3a MCKIFOUYCHUEM
TE€OMETPUYECKHX, YTO IIO3BOJSIET YMPOCTHTH 3Tal IEPBUYHOW OOpabOTKM M TOBBICHTH OBICTpOAEHCTBHE
cucreMbl. [lokazaHo, uTo mpu HckaxeHun Oosee 31% mukceneld M300paKeHUs] MPUMEHEHHE TIpeIaraeMou
JIBYXITAITHOH TIPOLEyphl MO3BOJISIET OOECIEUNTh CEJIEKUMI0 OOBEKTa TPHUBA3KM HA HW300paKCHHH C
BeposiTHOCTHIO He Hipke 0,9. OTiniuKe OT U3BECTHBIX Pa0OT 3aKII0YAETCsS B OCYHIECTBICHUU CENIEKIIMU 00beKTa
MPUBA3KH Ha TEKyIIEeM H300pak€HHH C MCIIOJIB30BAaHHMEM ABYXITAIHOM IpOLEIypHl MO 3HAYCHHUAM SPKOCTH U
IUIOIIA]I1 OOBEKTOB B YCIOBUSX, IPUBOJSIIUX K (POPMHUPOBAHHUIO 3AIIYMIICHHBIX H300paKeHHIA.

Keywords: KOPPEJSIMOHHO-9KCTPEMANIbHAS CHUCTEMAa HaBUTallMs, OECHIJIOTHBIE JIeTaTeNIbHbIE ammapaThl,
MHPOPMALMOHHBIE IPU3HAKH, CETMEHTANNS N300paKEHNH, CETIEKIN 00BEKTa.

INTRODUCTION most effectively solved by UAVs equipped with
correlation-extreme navigation systems (CENS).
The functioning of these systems is based on the
comparison of two-dimensional images formed
by different sensors depending on the physical
nature of the signals with the reference images
(RI) prepared in advance and stored in the
memory of the onboard computer [1]. In these
systems, the review-comparative method of
forming the solving function is implemented. It
characterizes the degree of deviation of the true

Unmanned aerial vehicles (UAVSs) are used for
monitoring hard-to-reach surface areas at a
considerable distance. They are extensively used
in the military search and rescue operations, in
assessing the degree of destruction of various
objects on land and water. Therefore, it is
necessary to further improve navigation systems,
the functioning of which is based on the
extraction of information about the objects of
sighting in various conditions. These tasks are
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location of the navigation object from the
specified one [1, 2]. CENS functioning is mainly
determined not by the type of signals used, but
by the quality of information support based on
the processing of informative features of sighting
objects [1, 3, 4]. Low quality of information
support is the reason of discrepancy between the
current images (CI) formed during monitoring
and preformed reference images [1, 2]. The
information support depends on the conditions of
image acquisition, especially identical conditions
of obtaining the initial information during the
formation of reference and current images, the
presence in some cases of many heterogeneous
and similar objects [2, 4]. The consequence of
the mismatch of the compared images is a
decrease in the accuracy characteristics of the
navigation system, which necessitates the
elimination of possible mismatch. A possible
direction of eliminating such inconsistency is to
reduce the influence factors both at the stage of
ClI formation and development of the algorithms
of primary and secondary processing of CENS
[1, 5]. In addition, the principles of Cl formation
onboard the UAV should be like the principles of
RI formation. Considering the time constraints
caused by the UAV flight speed and geometrical
conditions of sighting (low altitude), the process
of CI formation and its comparison with RI
should be operative. This circumstance requires
consideration of computational and time costs
and imposes restrictions on the use of
appropriate  stable information  features
(invariants) about the objects of the sighting
surface (SS) [1, 2]. Considering these factors
necessitate further development of image
segmentation methods for selection of navigation
landmarks on CI as applied to CENS. A
considerable number of publications are devoted
to the development of methods and algorithms of
image formation and processing based on
various segmentation methods and algorithms.
However, these publications do not consider the
mentioned peculiarities of the construction and
functioning of CENS used on UAVs, as well as
the characteristics and peculiarities of the
description of SS objects depending on the type
of the geophysical field used to obtain the initial
information about the objects [1].

Therefore, the task of sighting surface image
segmentation and selection of the reference
object in the images formed and used in CENS
in the presence of many heterogeneous objects
that differ in brightness and area characteristics
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is important and requires the search for new
solutions.

. PUBLISHED LITERATURE ANALYSIS

Abdollahi A. & Pradhan B. (2021) proposed
an integrated method for road extraction in
images, characterised by the ability to extract
roads even in the presence of obstacles with the
same colour and spectrum values as the road
class. The disadvantage of the proposed method
is that it is multi-stage and selects a single class
of objects of interest.

Bakhtiari H. R. R., Abdollahi A., Rezaeian H.
(2017) improved a method for road extraction in
images using Canny method for boundary
extraction, followed by merging adjacent
segments, classification using support vector
method and  mathematical  morphology
techniques. The method is characterised by high
accuracy but is effective for a single class of
objects.

Senthilnath J., Rajeshwari M., Omkar S. N.
(2009) developed a normalised cut method for
automatic road detection. In the first stage,
unwanted objects are removed and in the second
stage, road segments are extracted using
progressive image texture analysis and graph-
based method.

Singh P. P. & Gard R. D. (2013) They
demonstrated an image segmentation method for
extracting extended objects. Its essence consists
in applying adaptive thresholding and further
using morphological operators. However, the
method does not consider noise and texture
component of the image.

Grinias I., Panagiotakis C., Tziritas G. (2016)
have developed a method of automatically
selection buildings and roads in images. The
method has a high speed of object classification.
But it allows to select objects of interest only in
Red-Green-Blue (RGB) images.

Li X., Li T., Chen Z. et al. (2022) applied
attention modules that collect contextual
information while processing all pixels of an
image for semantic image segmentation. The
proposed approach has high boundary extraction
accuracy but is characterised by high
computational and time costs.

Kit O., Liideke M., Reckien D. (2012)
proposed to use a line detection algorithm on
satellite images to generate a binary dataset for
further lacunarity analysis. The disadvantage of
the method is processing not the whole image at
once, but sequentially by a grid of a certain size.
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Zhao S., Wu H., Tu L., Huang B. (2014)
showed the use of vector model of geometric
primitives to mark spatial objects in the image.
The advantage of the development is thematic
segmentation of images of urban areas, and the
disadvantage is the transition from raster format
of data storage to vector format and subsequent
storage of vector data in graphics.

Pan Z.,, Xu J., Guo Y., Hu Y., Wang G.
(2020) proposed a method based on U-net deep
learning  architecture.  The  method is
characterised by good building extraction in high
population density images. The disadvantage of
the method is training and testing on urban
village plots and availability of vector file of
building boundaries.

Mhangara P., Odindi J. (2013) proposed to
use texture information to identify objects of
interest. The essence of the method is to apply
spectral features and object-oriented texture
features of Haralick for thematic segmentation
and classification of wurban land use. The
disadvantage of the method is certain difficulties
in recognising spectra between several types of
objects.

Korting T. S., Fonseca L. M. G., Dutra L. V.,
Silva F. C. (2010) proposed a re-segmentation
method. Its essence is to use a preliminary
already over-segmented image as a source image
to obtain a new set of objects of interest. The
disadvantage of the method is the possible
variant of non-fused objects for further analysis.

Dikmen M., Halici U. (2014) developed a
two-stage  re-segmentation  method.  The
advantage of the method is the post-processing
of the image to eliminate some false object
segments, and the disadvantage is the presence
of some error in assigning shadow segments to
the object.

Pandey S. & Khanna P. (2014) They
proposed a hierarchical approach to semantic
clustering of images. The disadvantage of the
approach is the loss of information that a
representative image denotes any other image
belonging to a cluster. To automatically obtain
the total number of clusters, this loss of
information is tracked, which is an advantage.

Dhanachandra N., Manglem K., Chanu Y.J.
(2015) proposed the image segmentation using
subtractive clustering. The advantage of the
method is to apply a median filter after k-means
algorithm to the resulting image to remove the
"unwanted" region in the given image. The
disadvantage of the approach is the presence of
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many “unwanted" subtractive
clustering.

To eliminate the drawback regarding the
dependence of clustering results on the initial
selection of cluster centres, Dao N., Anh D. N.
(2015) developed unsupervised segmentation
method by incremental clustering. The
computational complexity of the approach is
compensated by the unnecessary determination
of the initial number of clusters and the
avoidance of re-clustering the whole image when
the number of clusters increases.

Niharika K., Adeeba H., Krishna A. S. R,
Yugander P. (2017) proposed an image
segmentation method based on k-means and
Otsu thresholding clustering methods. The use of
the median filter allowed obtain good results of
image segmentation with available speckle noise,
but only for radar images of the radar.

For segmenting colour images, Zheng X., Lei
Q., Yao R, et. al. (2018) developed an adaptive
k-means clustering method without prior
introduction of the number of clusters. This
method features reduced light influence on
segmentation results, segmentation of colour
images of different colour representation models
and adaptive selection of the number of clusters.
The disadvantages are the impossibility of
universal clustering of tone and colour images,
as well as the need to represent colour images in
the LAB colour model.

Shah N., Patel D., Frénti P. (2021) performed
image segmentation by k-means algorithm using
Mumford-Shah model. When using k-means
algorithm for colour quantization in colour
models of image representation, pixels are
grouped into clusters only in colour space. The
method allows optimising both the shape of
segments and their content.

Abeysinghe W., Wong M., Hung C.-C,
Bechikh S. (2019) proposed a multi-objective
evolutionary clustering algorithm to find optimal
cluster centres. The efficiency of the algorithm
depends on the choice of the target function, i.e.,
maximising the inter-cluster distance or
minimising the intra-class compactness. The
advantage is the generation of a set of "non-
dominated”  solutions no longer under
consideration during the algorithm. The
disadvantage of the algorithm is the dependence
of its efficiency on the choice of the target
function.

The results of analysing the segmentation
methods of the most closely represented images
in CENS in compressed form are shown in Table 1.

regions after
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Table 1.
Analysis of segmentation methods.
Name Advantages Disadvantages
The k-means The segmentation  process Additional  processing of the obtained
takes place without prior . .
method L . homogeneous areas is required.
training. Easy to implement.
The result of segmentation is
Method of similar to the results of | Sensitivity to noise. Difficulty in working with
emphasising segmentation by an expert. | low-contrast images. Additional processing of
boundaries Easy to implement. High | the results is required.
speed performance.
Utilises information about the
spatial ~ characteristics  of | Sensitivity to the effects of noise. Difficulty in
Break and L X . ; .
points in the image. Excellent | determining unambiguous signs of
merge method i :
results on images with few | homogeneous areas.
homogeneous areas.
Segmentation
method based Excellent r?SUItS when th_e Complexity of segmentation  algorithms.
. correct object model is AT .
on physical | . . Requires initial information about the shape of
roperties of se egted. Resistant to noise objects
pro and image defects. '
objects
Graph theory Fast segmentation algorithms Local ‘point features are_more !mportant_than
global area features. Difficulty in determining
method are used.

weights of graph nodes and branches.

Thus, the analysis has shown that although
there are a significant number of image
segmentation techniques, they have limited
application depending on the specific task and
cannot be directly applied in CENS.

METHODS, RESULTS AND DISCUSSION

In accordance with the approaches adopted in
[1 — 5], the decision function formed by CENS at
a point in time t by comparing the current and
reference images is of the form:

R(r.1,0,60)=F, (S, (rt.0), S, (r.6)). (1)

where F,, is an image comparison operator;

S, (r,t,0) is a current image obtained for the
sighting angle of view ¢ at the moment of time
t;

r=|r]|=|x y| are coordinates of the
georeferencing area;
S, (r,0) is reference image formed in advance
for one of the sighting angles 4,.

The current image is represented by
brightness values of objects and backgrounds of
the viewed surface in resolution elements:

Sa :”S(Iv J)"’ (2)
where,
3)

oi o [5G0, when SGij)es,
GD=15 i, i), when SG, j)<s,

S, (i, J) is the brightness of the image element
v -th of the object S, ;

S,(i,J) is brightness of the image element
w -th of background S, ;

V and W are the numbers of objects and
backgrounds of different brightness and shape in
the original image.

The RI is also described by a matrix of
brightness values of corresponding pixels:

Sp =[Su (MD)|, m=1M, I=1L,

where M, L are dimensions of RI.

Model (1) does not explicitly consider the
influence of various factors on the formation and
processing of Cl. Such factors as daily, seasonal,
and meteorological conditions, the use of masking
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materials on objects, object saturation, attenuation
of signals on the propagation path from the object
to the receiving device (for passive systems),
additive noise of the sensor of received signals,
interpixel, perspective and scale distortions [4].
Depending on the type of sensor, its operating
frequency, the influence of several factors may
have different significance. To a lesser extent it
concerns radar, relief and radiometric sensors, as
they operate in the long-wave part of the
millimeter and short-wave part of the centimeter
range. But on sensors operating in the visible
range, the influence of factors is much higher. At
the same time on the formed image irrespective of
sensor type object saturation, electrophysical and
area characteristics of objects and backgrounds,
and interpixel and geometrical distortions
essentially influence. These factors can lead to a
reduction and blurring of the contrasts of the
object-background pair, and, consequently, to a
decrease in the signal-to-noise ratio in the image.
As a result, it will lead to erroneous selection of
the object of reference in the image.

Problem Statement. The UAV equipped with
CENS is supposed to be used in the conditions of
developed infrastructure, where there are objects
with insignificant differences in brightness and
geometric characteristics. Erroneous
determination of the object of reference on the CI
will inevitably lead to a decrease in the accuracy
and probability of UAV location, and when
controlling the state of objects, for example, in
their destruction — to an erroneous assessment of
the degree of destruction.

Cl model. Let us use the CI model "object on
background” [1, 2], considering that the object is
in the viewing area and has a stable contrast with
respect to the surrounding background [1, 2],
assuming that the object is in the viewing area
and has a stable contrast with respect to the
surrounding background.

Due to the instability of the brightness of
individual elements of the underlying surface and
the contrast between the object and the
background, we will assume that the CI is defined
by the contrast sign of the object and its
geometric shape, i.e., as a binary image. The
elements of the object correspond to the values 1,
and the elements of the background correspond to
the values 0. We will solve the problem under the
following assumptions and constraints:

1) the background is formed by signals of the
surface area, and the object has a negative
contrast with respect to the background,;

2) the object is homogeneous in brightness;
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3) the background around the object has the
same property;

4) each ij-th CI element is a normally
distributed value with dispersion o; and average

brightness value S(i, j), which in the absence of
interference can take two values: S,(i,j) and
Su(i1);

5) the noise dispersion in the receiving
channels of CENS is the same, i.e. o] =0° .

Let us denote the contrast of the sought object
with respect to the surrounding background by
AS=S,(i,j)-S,(i,j). Then the brightness

distribution densities of the background and the
object are defined by the expressions [4]:

exp[—(S—Sw)z/Zaﬂ, (&)

1

2zo

1

N

For the considered CI models and object and
background brightness distributions, it is required
to solve the problem of Cl segmentation. Its use
will provide a high probability of selecting the
object of reference. In its turn, it will allow to
obtain the minimum error of CENS binding
AR(T,1,6,6, )—min, and in the case of estimation

of the object destruction degree - its high
accuracy.

Problem solution. The use of brightness and
geometric features for segmentation of CI SS with
the presence of poorly distinguishable small-sized
and low-contrast objects leads to the necessity of
combining two stages of object selection: by ge-
ometric dimensions and by brightness. Suppose
that there are no variations of brightness values
within a pixel of homogeneous zones [1]. The
brightness values of neighboring objects differ
insignificantly, but the sensitivity of sighting sen-
sors allows to distinguish them.

According to these conditions, it is necessary
to develop an algorithm for image segmentation
using brightness and geometric features, which
will provide a high probability of selecting the
desired object. Let's consider that as geometric
features of objects their area is used. The step-by-
step process of selection of objects by the
selected feature will be carried out in accordance
with the selected value of quantization threshold.
The threshold values will be chosen in such a
way as to select the object in the background

w,(S)=

W (5)= exp{- S+S. 2/202}. )
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considering the presence of similar objects.

At the first stage of object selection by
brightness indicator, let's represent Cl in the form
of image matrix sweep by rows, resulting in a

sample of volume J,. Let J, is the number of
cells in the frame with signals from a similar
object. Then

J,+J,+J =] (6)

where J, is the total number of frame
elements that have fallen into the field of view;

J,s is the number of frame elements oc-

cupied by the anchor object and the background.
Mutually incompatible events, consisting in be-
longing of the sample element to the signal of the
background, anchor object and similar object,
form a complete group. Consequently, the ob-
tained sample is divided into three non-
intersecting classes o, corresponding to signals

from the background (w, ), similar object (w, )
and anchoring object (», ). Taking this into ac-

count, the sampling distribution density J, is
defined by the expression [7]:
W)= pw(S), (7)

where p,=3J,/J,,(i=
probabilities;

w,(S)=w(S w,)) are conditional probability
densities of the random variable S, if it belongs
to the class w,, which are defined by expressions
(4), (5).

Thus, the sample consisting of elements of
three classes should be divided into two classes
to optimally separate the signals of the object
from the background signals with respect to the
quality indicator to be further specified.

We consider the threshold | of quantization
of the sample into two classes to be known. To
one of them belong the signals of the object, to
the other — the background. Then considering
expressions (4), (5) probabilities of errors of the
first (second) kind (when the signal belonging to
the first (second) class refers to the second (first)
class are defined by expressions [5]:

1,2,3) are apriority class

a= ] w (S)dS 8
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Sw

f L (S)+Sw (S)HS ,

1
- ©

where V=p /p, .

For a given threshold I, we convert the
original Sci image into a binary image H by the
rule:

1 S,<S, I > Sy
H =
"o, Spx > S, > S, —1;

ielF,

Let us estimate the probability of selecting an
object in the image as follows. Let the size of the
object be T,xT, cells. Let us partition the CI ma-
trix into rectangular submatrices T,xT, . If at such
a partitioning of the ClI it does not contain an in-
teger number of cells with the object, then in-
crease the frame size to contain an integer num-
ber of submatrices T,xT,, which we denote by
K+1. In this case, the estimates of the probabil-
ity of selection of the object on the CI are under-
estimated due to the frame enlargement. Let us
assume that the true position of the object falls
into one of the submatrices and denote by
H° c H the fragment of the CI corresponding to
the RI, and by H',ic1,K the fragments located

in the other submatrices.

Let the probability of occurrence 1 in H' is
equal to r.. For comparison of fragments H' with
RI consisting of 1, it is more convenient to oper-
ate with numbers:

2=J -s,ic0K, (10)

each of which represents the number of units

in the fragment H'. In (10), J, is the number of
elements of the object.

With this in mind, the decisive rule will be
that the fragment H’ c H, for which:

11)

is declared to coincide with RI according to
this information feature.
Then the numbers z, are distributed according

to the binomial law:

P(z)=Cir* 1-r "™ ,2,€03,. (12)
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The probability of object selection when using
the solving rule (11) is equal to the probability
that the number of ones z,, corresponding to a

match between the RI and the object, exceeds all
other numbers z,ic1,K . Let us denote by Al
the event consisting in the appearance of
z,=jc1,J, onesin H°,and by Al,ic1,K - the
event consisting in the fact that the number of
ones z will not exceed j-1. The events
Alie1,K are independent in aggregate, since
H'(H*=oVik€0,K. According to formula
(11), the probabilities of events A’ are defined

by the expressions:

where C; are binomial coefficients.
Then by the probability multiplication theo-

rem the probability of the event Lj:ﬁAJ is

equal to:
PIL)=]]PA).j €L, .

Since the events L,,j<1,J, in the aggregate

are inconsistent, the probability that the number
of ones H° in exceeds the number of ones in all
other fragments H', will be determined as fol-
lows:

(14)

-Yp(L)-XTTP(R),

=1 j=1i=0

P

where the probabilities P(A’) are defined by
formulae (12). Given that:

l-0,i=0;
r= N
" piclk,
(probabilities «, 8 are given by relations (8),

(9)), for the probability of object selection by
brightness we obtain the final expression:
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J3

2.6,

=1

P

j-1 K
) (1-a) a* J{Zc B (1 k} .(15)
k=0

According to expressions (4 - 8), we write
down:

a=a(l/)=]

Sl

w(S)dT=1-® q-1' ;  (16)

/ 1 /! o
p= W)= gloclhrset ] (A1)

where I’ =

A=lc.

At the first stage of object selection on ClI, the
influence of perspective distortions caused by
sighting geometry is not considered. Therefore, at
the second stage of object selection by area it is
necessary to consider the possibility of
occurrence of errors of the first and second kind
caused by distortion of geometrical shape of
objects depending on the sighting angles [3].

The use of the object area as an information
feature is convenient, because when changing the
geometry of sighting, it is not the area that
changes, but only the shape of the object.
Consequently, it is possible to simplify the
process of ClI formation because there is no need
to perform affine transformations.

By analogy with the first stage, at the second
stage the errors of the first and second kind will
be determined in accordance with analytical
expressions:

I/o is relative threshold,

s(e.()/s(6).  (9)
A=1-8, (6, (x)/s,(6(0) . (19)
where S (G (x)) is background area

erroneously attributed to the object in the
segmented image G (X);

5. (G(x))

segmented image G(x);

is background area of the

S,(Gs (x)) is area of correctly selected objects
in segmented image G (x);
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S,(G(x)) is area of the object in the
segmented image G(x).

In this approach to the implementation of
object selection in the background, the
connectivity of adjacent pixels in the image G(x)

is taken into account [6].

Let us consider the principles of threshold
processing in this case. At the first stage
quantisation is performed using thresholds

L,.m=1M . Each quantisation threshold has a

corresponding size of objects S,,k=1K. As a

result, a certain set of slices is formed according
to the selected threshold L, . On them, the

objects having the corresponding area will be
segmented and the better objects will be selected.
In fact, each individual slice is a matrix with the
corresponding pixel value. The area that has the
larger number of pixels is the object being
searched for on the CI. As a criterion for
selecting an object on the CI, we choose the total
relative area index. The matrices S, are element

by element combined with each other. As a
result, the final matrix S, will be a set of

independent samples in the form of integral area
indices. The element S, with the largest number
of pixels is considered to be the result of the
presence of the selection object in the matrix S, .

The probability of object selection on the
image P, does not depend on the results of

correlation-extreme  processing  for  other
segmentation thresholds. Consequently, the
resulting probability of selection of the sought
object on CI will be determined according to the
expression:

(20)

where P, is probability of object selection at

the i-th step.

Using formula (15) we can calculate the
probability of object selection in the image,
which increases with each step. This is explained
by the increase in the signal-to-noise ratio of the
image.

It can be shown that the value of the signal-to-
noise ratio of the image q, taking into account

errors of the first and second kind, when the
required value of the probability of selection of
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the object in the image takes place, on the basis
of the maximum likelihood method using
expressions (16 — 17) will be determined by the
formula [7]:

=0 (1-a)+@*(1-8),  (21)

where @(x) is Laplace integral.

The probability of exceeding the threshold for
each step is defined as:

n

P(k=K)=>Clip (1-58)" . (22)

k

At large values k, the binomial distribution is
approximated by a Gaussian distribution.

Thus, based on the above, image
segmentation has been proposed to carry out in
two stages. The latter include a sequence of the
following operations:

1. Estimation of the characteristics of the
original image by segmentation features.

2. Selection of the feature type.

3. Selection of objects according to the
selected features.

4. Formation of a set of segmented images.

As an indicator of the segmentation method
efficiency, we will use the probability of correct
image segmentation and selection of the binding
object. Therefore, it is sufficient to use relations
(15) and (20) to estimate the efficiency of
segmentation. This approach allows us to
consider the influence of various factors that lead
to image noise on the quality of image formation
and the evaluation of the effectiveness of CENS
functioning.

According to the above approach to image
segmentation used in UAV CENS, the structure
of the image segmentation algorithm using lumi-
nance and geometry will have the form shown in
Fig. 1.

Modelling results.

Let us choose a radio-metric receiver as the
CENS sensor. Using the zone model of the
image, by processing the aerial image of the
reference area, a matrix of numbers is
constructed, the elements of which characterise
the distribution of radio brightness temperatures
of the given area.

In this matrix, a rectangular M, xM,-

submatrix of RI is selected, including the object
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and some area around it. The matrix should not - information content: binary image, object is
contain M, x M, -submatrices "similar” to the Rl. ~ formed by "1", background is "0";
- object size: 5x5 elements;
- shape of the object is a square of

< Start > dimension 3x3;
- Cl matrix: 8x8 elements;

\ - information content: binary image, object is
Source image formed by "1", background is "0";
- object matrix: 3x3 elements;
‘ - object shape: the object is inscribed in a
square matrix.

Stage 1-app|ication_of The total number of realisations processed in
brightness segmentation the series of realisations used to calculate one
method value of the probability of correct selection of an

\ object in a segmented image P. was N, = 400.

. Figures 2 — 7 show the results of the
2 Stage 2 - application of the timati f the obiect selecti f
area segmentation method estimation of the object selection performance on
the segmented image for two values of the signal-
| to-noise ratio q=0 and g=4.

Segmented image P
‘ 0.8 4
( End > 0.6 4
0.4 A
Fig. 1. Structure of the algorithm for image 0.2 A
segmentation using bright and geometric features. 0.

This means that the coefficient of mutual cor-
relation of these submatrices with Rl exceeds a
certain threshold, so that a priori not to reduce the
probability of correct selection of the object. In
the initial matrix, the N, xN,-submatrix of the

unnoised CI containing Rl is selected. The coor-
dinates of the upper left corner of the RI matrix

Fig. 2. The results of estimating the probability
of object segmentation at: S =50%., q = 4.

in the CI matrix i,,j, represent the estimated P
parameter. The principle of Cl and Rl modelling
implicitly assumes that: 08

1) the grids of Rl and CI coincide, i.e. there is
no need to shift Rl within half-width of the reso- 06 7
lution element; 04 3

2) there is no rotation of RI relative to CI.

To simulate the noise component in the image 0.2 7
caused by the noise of the radiometric channels, a 0
normally distributed value with zero mean and 1
variance o” is added to each element of the mod- 4

elled image (for simplicity, the noise variance of i
all channels is chosen to be the same). This com-
pletes the modelling part of the algorithm.
Modelling conditions:
- RI matrix: 15x15 elements;

Fig.3. The results of estimating the probability.
of object segmentation at: S = 50%, q = 0.

The results of estimation of the probability of
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correct selection of an object in the segmented
image are invariant with respect to the size and
nature of the initial data, because P. in

accordance with (15 — 19) is determined by the
values of the signal-to-noise ratio.

0.8 7
0.6 7
0.4 7
0.2 7
0 ‘L,\\
1
2 3 i . i

Fig. 4. The results of estimating the probability
of object segmentation at: S = 70%, q = 4.

Pc
0.8 7
0.6 7
0.4 7
0.2 7
0 \\\
1
3
4 5 i

Fig. 5. The results of estimating the probability
of object segmentation at: S =70%, q = 0.

P

4

0.8 7
0.6
0.4 7
0.2 7
0 \\
1
2 3 ) : i

Fig. 6. The results of estimating the probability
of object segmentation at: S = 90%, q = 4.
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Fig. 7. The results of estimating the probability
of object segmentation at: S =90%, q = 0.

The results of dependence P, = f(q) analysis

showed that the influence of noise for CI of 8x8
size at distorted pixel area S from 0 to 0.31 pro-
vides P, =0.9998...0.9172 for values pg=

0.0161...0.1216, respectively. Distortion of more
than 31% (S=0.31) of the image- pixels results in
a reduction P, to 0.9.

CONCLUSIONS

Thus, as a result of this research, a two-stage
image segmentation procedure has been
developed. It allows selecting the object of
reference on the CI formed by the UAV's CENS.
It is considered that the brightness of objects and
backgrounds is measured by CENS sensors and
processed information characteristic of SS. It
allows to use the zone representation of the
formed images due to the contrast between them.

It is shown that it is necessary to additionally
use area characteristics of objects for selection of
the object of reference on CI of sighting surfaces
with heterogeneous and similar objects. As a
result, the influence of perspective distortions of
ClI on the selection of the object of reference will
decrease. Analytical relations for estimation of
probability of correct selection of objects are
obtained. These relations are a function of the
selected quantisation threshold at each step of
object selection considering errors of the first and
second kind.

By means of modelling the efficiency of
object selection on segmented CI depending on
the quality of initial images is estimated. It is
shown that application of the proposed approach
to image segmentation allows to carry out object
selection with probability not lower than 0.9 for
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typical values of signal-to-noise ratios of images
formed by CENS in real conditions.
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High Temperature Superconducting Transformer Operating at an

Increased Frequency of Alternating Current
Manusov V.Z., Galeev R.G.

Siberian State University of Water Transport,
Novosibirsk, Russian Federation

Abstract. The study's aim is to substantiate and employ materials with high technical characteristics
for the active elements of a transformer, particularly in the context of increased operating frequencies.
To accomplish this objective, the following tasks were addressed: An analysis and synthesis of the
properties of a magnetic core composed of amorphous iron and superconducting windings in a high-
temperature superconducting transformer (HST) were conducted. Dependencies and graphs illustrating
the impact of frequency increase on heat losses related to hysteresis and eddy currents were derived.
These losses occur within the magnetic circuit. The study also demonstrates the relationship between
reducing size and weight parameters and material consumption of windings in high-temperature
superconducting (HST) tapes. Current densities in these tapes can reach up to 500 A/mm?. The most
noteworthy outcome, taking advantage of superconductivity in the HST, is that HST acts as an ideal
diamagnetic material. Additionally, the windings exhibit high electrical conductivity. This resolves
issues related to current displacement to the conductor's surface, commonly known as the "skin
effect,” and effectively addresses concerns about increased resistance in transformers and electrical
machines. The absence of the skin effect in HST conductors has been rigorously demonstrated using
Bessel functions. The significance of these results is in enhancing the efficiency of transformers
operating at high frequencies. This is achieved by synthesizing the properties of the transformer's
active elements, which include an amorphous iron magnetic core, HST windings, and a dielectric
medium utilizing liquid nitrogen.

Keywords: increased frequency, magnetic circuit, energy efficiency, HTS transformer, skin effect.
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Transformator supraconductor la temperatura ridicata care functioneaza la o frecventa crescuta de
curent alternativ
Manusov V.Z., Galeev R.G.
Universitatea de Stat Siberiana de transport pe apa, Novosibirsk, Federatia Rusa

Rezumat. Scopul studiului constd in fundamentarea si aplicarea materialelor cu caracteristici tehnice superioare
in elementele active ale transformatorului cu o crestere a frecventei de functionare. Pentru a atinge acest
obiectiv, au fost rezolvate urmatoarele sarcini: s-a dat analiza si sinteza caracteristicilor unui miez magnetic
realizat din fier amorf si infasurari supraconductoare intr-un transformator supraconductor la temperatura inalta
(HST). Studiul a obtinut dependente si grafice ale efectului cresterii frecventei asupra pierderilor de caldura
asociate cu histerezisul si curentii turbionari, care alcatuiesc pierderi in circuitul magnetic si aratd, de asemenea,
dependenta reducerii parametrilor de greutate si dimensiune si a consumului de material al infasurarilor de
frecventa si densitatea curentului in benzile supraconductoare la temperaturi ridicate (HTS), care pot ajunge la
500 a / mm2. Aceasta, la randul sdu, afecteazd dimensiunile infasurarilor transformatorului si, in consecinta,
este faptul ca HTS este un diamagnet ideal, iar infasurarile au o cantitate mare de conductivitate electrica, prin
urmare, in transformatoare si masini electrice, problema deplasarii curentului la suprafata conductorului dispare
— "efectul pielii" si problema cresterii rezistentei. Din analiza teoretica utilizind conditiile functiilor Bessel,
absenta unui efect de piele in conductorii HTS este doveditd datorita rezistentei ohmice zero la 77 K.
Semnificatia rezultatelor constd in cresterea eficientei transformatorului atunci cand functioneaza la frecvente
inalte datorita sintezei proprietatilor elementelor active ale transformatorului: un miez magnetic din fier amorf,
infasurdri HTS si un mediu dielectric din azot lichid. Avantajele suplimentare ale acestui tip de echipamente
electrice In sistemele autonome si mobile includ absenta completa a sigurantei la incendiu si explozie, precum si
absenta amprentei de carbon si asigurarea sigurantei mediului.

Cuvinte-cheie: frecventa crescuta, circuit magnetic, eficienta energetica, transformator HTS, efectul skin.
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BeicoxoTeMnepaTypHBbIii cBepxXnpoBoAduii TpancdopMaTop padoTalOIMii HAa MOBBIIEHHON YacTOTe
NepeMEeHHOr0 TOKa

Mamnycos B.3., I'aneeB P.I'.
OI'BOY BO «Cubupckuii TocyAapcTBEHHBIH YHUBEPCUTET BOJHOTO TpaHCIIOPTa, . HoBocnOUpCK,
Poccuiickas ®enepanust

Annomayus. B aBTOHOMHBIX ¥  MOOHIBHBIX CHCTEMax d3JICKTPOCHAOXKEHUS  BO3HHKAET  BOIPOC
SHeprodPEeKTUBHOCTH W MaccorabapUTHBIX pa3MepoB TpaHCHOPMATOPHOTO H3IeKTpoobopynoBanus. lLlens
UCCJIEJIOBAaHUSI COCTOMT B OOOCHOBaHMM W INPHMEHEHHHM MarepuasoB ¢ 0ojee BBICOKUMH TEXHHYECKUMH
XapaKTepUCTUKAMH B aKTHBHBIX OJJIEMEHTaX TpaHchopMmaTopa NpH yBenndyeHHH paboyeld yactorsl. s
JOCTHKEHUsI MOCTABJICHHON LeNu ObLIM PEIIeHBI CIEYIOIINe 3aJadu: AaH aHallu3 M CHHTE3 XapaKTepPHUCTHK
MarHMTOIpoBOa M3 aMOp(HOro skele3a M CBEPXIPOBOMAIIMX OOMOTOK B BBICOKOTEMIIEPATYpHOM
cBepxnpoBosiiieM Tpancopmarope (BCT). B uccnenoBannu mosrydeHbl 3aBUCHUMOCTH M TpadMKH BIMSHUS
TIOBBIIIEHHUS YacTOThl Ha TEIUIOBBIE MOTEPH, CBS3aHHBIC C TMCTEPE3MCOM M BUXPEBBIMH TOKaMH, M3 KOTOPBIX
CKJIQIBIBAIOTCSI TIOTEPH B MAarHUTOIPOBOJIE, a TAKKEe IMOKa3aHa 3aBUCHMOCTh YMCHBIICHHUS MaccOradapHTHBIX
MoKazaTelaell W pacxojJa MaTepHana OOMOTOK OT YacTOThl M IUIOTHOCTH TOKa B BBICOKOTEMIIEPATYPHBIX
ceepxnposogamux (BTCII) nedr, kotopas Moxer gocturath 500 A/MMm?. DTo B CBOK Ouepelb BIMAET Ha
pa3Mepbl 0OMOTOK TpaHC(HOPMATOpa M, CIIEAOBATENBHO, pa3Mepbl MarHUToNpoBoaa. Haubonee CyriecTBeHHBIM
pe3yIbTaTOM C HCIOJB30BaHWEM sBiIeHUS cBepxmpoBoammoctn B BCT, sBmsercs tor dakr, yto BTCII
SBJISIETCS MJICATIbHBIM THAMarHeTUKOM, & OOMOTKHM MMEIOT BBICOKYIO BEJIMUUHY AJIEKTPHUECKOI POBOIMMOCTH,
CJI/IOBATENIFHO, B TpaHC(OpPMATOpax M JJIEKTPHYECKHX MalMHAX HMcYe3aeT MpoliemMa BBITECHEHHs TOKa K
MOBEPXHOCTH IMPOBOAHUKA — «CKUH-3(QdekT» M mpobdieMa yBelnueHHs CONPOTHUBICHHs. M3 TeopeTHdeckoro
aHajM3a C WCIOJIb30BaHMEM YyclioBuil (yHKkimMHA beccens nokaszano otcyrcrBue ckuH-3¢¢exra B BTCII
MPOBOJHUKAX IO MPUYMHE HYJIEBOIO OMHUYECKOro compoTuBieHus npu 77 K. 3Ha4UMOCTh pe3ysibTaToB
3akiroyaercst B noebimenuu KI1/[ tpanchopmaropa npu paboTe Ha MOBBIIEHHBIX YacTOTaxX OJarogaps CHHTE3Y
CBOMCTB aKTHBHBIX 3JIEMEHTOB TpaHc(opMmaTopa: MarHUTONpoBoga u3 amopduoro xene3a, BTCII obmortok n
JVJIEKTPUYECKOH Cpeabl M3 OJKUAKOTO asora. K [IOMONHHUTENBHBIM INPEHMYIIECTBAM TaKOro poja
3NEeKTPOOOOPYAOBaHUS B ABTOHOMHBIX M MOOMIJIBHBIX CHCTEMax CIIEIyeT OTMETUTH IIOJIHOE OTCYTCTBHE MOXKapa
M B3pBIBAa-0€30MACHOCTH, a TAaKKe OTCYTCTBHE YIJNIEPOAHOTO cjielda M oOecredeHne 3IKOJIOTHYECKOH
6e3omacHoCTH.

Kniouegvle cnoea:. TOBBINICHHAs YacTOTa, MarHUTONPoBoA, 3Heprod¢dexruBHocTs, BTCII Tpanchopmarop,
CKUH-3(DDeKT.

BBEJIEHUE 3JIEKTPOOOOPYAOBaHNE Ha OCHOBE

[pu MPOEKTUPOBAHUH CHUCTEM MAarHUTOCBS3aHHBIX KaTylIeK HHIYKTUBHOCTH.
ANEKTPOCHAOKEHHUSI aBTOHOMHBIX M MOOHJIBHBIX TpancpopmaTop mpu  CcBOMX  KauecTBax
00BEKTOB 3JIEKTPOTPAHCIOPTHON U BBICOKOH HAJEKHOCTH U NPOCTOTE KOHCTPYKIMU
JIOTHCTUYECKOW  CTPYKTYPbl, = MOPCKHX ¥  HMeEET Mallyl0 yJeJIbHYI0 MOIIHOCTh Ha €AUHUILY
BO3AYIIHBIX CYJIOB, OCTpO CTOMT BOIPOC  Macchl, npuodau3uTenbHo 180 B1/kr. YuuThiBas,
9HeprodPpPeKTUBHOCT H  Maccora0apuTHBIX YTO TpaHC(HOPMATOPHOE AIIEKTPOOOOPYIOBaHKE
pasmepoB TpaHC(OPMATOPHOTO  BKIIIOYEHO B MOOHIIBHYIO CHCTEMY

AEKTPOOOOPYIOBAHHS U HAKONUTENEH SHEPTHU.  JJIEKTPOCHAOKEHUS ero 3HeprodPPeKTUBHOCTh U
[lpumeHeHne MOMYMPOBOJHUKOBBIX YCTPOWHCTB  Maccora0apuTHbIE — MapaMeTpbl  OKa3bIBAIOT

npeoGpa3OBaHI/m HaIIPsKCHUA SABIIACTCA CYHICCTBEHHOC BIIMAHHUC Ha BO3MO>XXHOCTHU
NEPCICKTUBHLIM  HAIIPABJIICHUEM pa3BUTHUA U TPAHCIIOPTUPOBKU MOJIC3HOM Har PY3KH.

3aMCHE DJJICKTPUYCCKHUM MalllnHaM OCHOBAaHHBIX He.]'ll) paﬁon.l COCTOUT B  IIOBBIIICHHUH
Ha (1)I/I3I/I‘ICCKOM SIBJICHUN 3J'IeKTp0MaFHHTHOfI 3HepF03(1)(1)€KTI/IBHOCTI/I, CHMKCHHUH
WHAYKIUH, HO Ha I[aHHLIfI MOMCHT MaCCOFa6apI/ITHLIX XapPaKTCPUCTHUK

MOJYIPOBOJHUKOBBIE ~ YCTPOWCTBA  SIBISIOTCSL  TPaHC(HOPMATOPOB, UTO JUISI aBTOHOMHBIX CHCTEM
BEChbMa JOPOTOCTOAIIEM OOOPYAOBaHHMEM M K  JJIEKTPOCHAOKEHUs SBISETCA BeChbMa 3HAYUMBIM
TOMY € SIBIISIFOTCSI BECbMA HE HAJEKHBIMH, YTO  ACHEKTOM 5HEepro3¢(HeKTUBHOCTH, u B
MPH  OTpPENEJICHHBIX OOCTOATENbCTBAX MOMKET  BBIMOJHEHWH aHAIHM3a MCIOIb3yEeMbIX aKTHBHBIX
MPUBECTH K HAPYIICHUSM JJIEKTPOCHAOKEHUS M MaTepualioB i OOMOTOK W MarHMWTONPOBOA
Jake HECUaCTHBIM ciy4asM. IlpuopureTHeIM TpaHC(HOPMATOPHOIO 3IEKTPOOOOPYAOBAHHS.

YCTPOMCTBOM TpaHc(opManyuy HaNpsHKEHUs Ipu Ha mpakTuke mpuMEHSAIOT HECKOIBKO METO/I0B
3aJ]aHHOW YacTOTe SBISETCS TPaHCPOPMATOPHOE  YMEHBIICHUs MaccorabapUTHBIX —TOKaszarteneit

44
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TpaHC(HOPMATOPHOTO BIIEKTPOOOOPYIOBaHUS, a
HUMEHHO:

. IIpumenenue MaTepuaia
MarHuTONpPOBOJA C  BBICOKOW  HHAYKLIHEH
HACBILICHHNS;

. IIpumeneHne mMarepuagoB C BBICOKOM
TUIOTHOCTBIO TOKa TUTS 00MOTOK
Tpanchopmaropa;

. VYBenuuenue pabouell YaCTOTHI

3J'IeKTpH‘lCCKOI>i CHCTCMBI.

OCHOBHBIE HNCXOJHBIE
HOPEANTOCBUIKHA

B  Hacrosmee  BpeMss  OCHOBHas  JIOJIs
MarHUTOIPOBOJIOB TpanchopmaTopa

W3rOTaBIUBAIOT U3 AJIEKTPOTEXHUYECKUX CTaJeH
u hepputoB. MakcuManbHas paboyasi HHAYKIIU,
MpH KOTOPOW TpaHC(OpPMATOp MMEET MOTEpU B
MAarHUTONPOBOJE MPUEMIIEMBIE TEXHUYECKUM
TpeOOBaHUSIM, HaxXOoJIATCS B
nuanasone B, =1,7-1,9 Tiu. Ilo mepe Toro, xak

HACBILICHUE CEpACYHUKA CTaHOBUTCA Ooiee
CHJIBHBIM, YBEJIMUYMBAETCS TIOTOK paccesHus,
CBSA3aHHBIM ¢ OOMOTKOM BBICOKOT'O HaIpPsHKEHUS
[1]. [Hanbueiitmee  yBenuueHwe  pabodyeit
WHAYKIUK OyJeT CIocOOCTBOBATh YMEHBIICHHUIO
MarHUTHOM MPOHUIIAEMOCTH H, CJIEJOBATEIbHO,
NOHU3UTCA  WHAYKTUBHOCTH  OOMOTOK, 4TO
NpUBEJET K  YBENMYEHUIO  TNOTEPh B
MarHuTonposoze. [1o 3Toil npuunHe yBenu4eHue
WHIYKIIMA HE [eNecoo0pa3Ho ¢ MpUMEHEHHUEM

JIOCTYITHBIX MarHUTOMSITKHIX MaTepuaoB.
CHmxeHue rabapuToB TpaHchopmaropa 3a cueT
YBCJINYCHUA IIJIOTHOCTH TOKa SABIISICTCA

NEPCHEKTUBHBIM HANpaBlICHHEM B CBI3H C
nosiiiernst BTCIT npoBoauukoB 2-ro pona [2, 3,
4].

Co3manne OOMOTOK TpaHCpopmaTopa H3
CBEPXIMPOBOMSLIEIO IPOBOJA, KOTOPBIH NpHU
TeMriepatype kuneHus xuakoro azora (77 K) -
198°C umeeT HyneBOe aKTHBHOE COIMPOTHUBICHHE
NEPEMEHHOMY TOKY, YTO HCKIIOYaeT MOTEpPH Ha
akTHBHOE conpotusienue[5]. [lnorHOCTh TOKa B
CBEPXITPOBOJAIIEM TPOBOJIE MOXET JOCTHTaTh
500 A/MM?, TI0 CpaBHEHHIO ¢ Mebio 2,8 A/MM?,
pasHuna B 250 pa3 oka3bpIBaeT CYLIECTBEHHYIO
POJib B YMEHBIICHUH 00beMa M MacChl OOMOTOK
tpanchopmaropa [6, 7, 8, 9].

Camblii  3QQEeKTUBHBIA METON yMEHBIIEHHS
pa3MepoB W Macchl TpaHchopmaropa CBsI3aH C
YBEIUYEHHEM paboUeil 4acTOTHI AIEKTPUIECKOTO
TOKa, HO TpeOyeT TIIATEJILHOTO TNOAX0da K
BBIOOPY  HCHOJIB3YEMBIX  MAaTepuaioB |
KOHCTpYKIiu Tpancdopmaropa[l10, 11, 12].
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P
(S$-S,)=F——— )
\/zﬂ- K,wl‘] f Bc
roe S-S, — FEOMETPUYECKUN pazmep

MarauTonpoBoaa (HJ'IOHIaI[L CCUCHUA CTCPIKHA U
mIomaab OKHa CCp)Ie‘lHI/IKa); f — 4acrtora CCTH,

B, — MakcuMallbHast MHAYKIUSA B CTEpXKHE; K —

KOO((GULIMEHT 3alOJHCHUS] IUIOMIAAM  Kpyra
CTayplo; J — IUIOTHOCTB TOKa mpoBoaHuKa[13].

U3z  ¢opmyner (1) cnemyer, YTO YacToTa
NEPEeMEHHOTO TOKa M JHaMeTp CepjAeYHUKA
00paTHO HPONOPIMOHANBHEL. Bcenencrsue 3Toro

CYLIECTBEHHO yMeHbIIaeTCs Mmacca
MarHUTOIPOBOAA CBEPXIPOBOJIAILETO
Tparcopmaropa. [lpu yBemmdenun pabodeit
YaCcTOTHl yYMEHBIIAETCS KOJMYECTBO BHUTKOB

o0MoTOK TpaHchopmaropa. HyxkHO 3aMeTHTh,
YTO NP YMEHBIICHUH JHAMETpa OOMOTKH
YMEHBIIIAETCS PACCTOSHUE MEKIY CTEPKHAMH H
TEM CaMbIM YMCHBIIACTCA IUIOMIAJb OKHa III-
00pa3HOro MAarHUTONPOBO/A, CJIEAOBATEIBHO,
yMeHbIIIAeTCT  00beM W Macca  JKenesa
Cep/icUHUKA.

U
 4,441BS @)

MATEMATHYECKHE MOJE/IM H
AHAJIN3 SBJEHUE «CKHH-DQOPEKT»
NP1 PABOTE TPAHC®OPMATOPA HA
MOBBIINIEHHOM YACTOTE.

IIpuMeHeHrEe MOBBIIIEHHON 4YacTOThI BCErna
NPUBOJIUT K BBITECHEHHIO TOKAa K BHEIIHEH
nepudepun TPOBOJHMKA, KOTOPOE IOIYYHIIO
Ha3BaHue «ckuH-3pdexT» [14, 15, 16].

IIpu mpomemnuienHoit yacrore 50 u 60 I'm,
UCIIONIb3YeMO BO BCEM MHpE, CONPOTHBIICHHUE
CKHH->QQEeKTy HE3HAUYUTENILHO W OOBIYHO HE
yuuTbiBaeTcs. DQPQPEKT BBITECHEHUS BO3ZHHKAET
BCJIEJICTBHE MAarHUTHOTO TIOTOKa BO BHYTPEHHEM

MIPOCTPAHCTBE MIPOBO/IHUKA, CO3aHHBIM
JNEHCTBYIOIIUM TOKOM B  mpoBoae. Tok,
WHAYIUPYEMBIi BHYTPEHHUM MarHUTHBIM
MOTOKOM, OJNMKe K UEHTPY MpOBOJA HMEET
MIPOTUBOIIOJIOKHOE HaIlpaBJICHUE
JEHCTBYIOIEMY  TOKY I U TIOIyTHOE
HampaBJIcHUE o BHEIIHEMY KOHTYPY
npoBoguuka.  CkuH-3Qdekr  npuBogur K

OKCIIOHCHIIUAJIbHOMY YMCHBUICHUIO IIJIOTHOCTH

TOKa C TITyOMHOM.
HepaBHomeproe

MOTIEPEYHOMY

pacnpenencHue
CCUEHUIO

TOKa 10
[IPOBOJIHUKA
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OTOOpaXAIOTCI TEOPETUYECCKUM  aHAJU30M C
ucnonp3oBanneM (yHkimii beccens, KoTopsie
MIPEJICTABISIOT HAMYWE BHYTPEHHEW WHIYKITUH
B IIPOBOJHUKE, HA HECKOJIBKO MOPSAKOB MEHBIIIE
BHEIIHEH  wHAyKUMH. 191  KOMIUIEKCHBIX
aMIUTATY]T TUIOTHOCTH TOKa ¥ HAaMpPSDKEHHOCTH
MAarHUTHOTO TIOJIS OIKCBHIBAIOTCA CIEAYIOIINE
ypaBHEHHUS.

d?J, 1dJ, .

+=—" = jouyd, 3
i L 3)

d 2 H m 1 d H m H m - :
- jwuyHn 4
dr®* r dr z ~ 1ok 4)
CormnpoTuBiieHne [ITHHAPHYECKOTO
IIPOBOJHUKA OIIPEACIIAIOT CyMMOU
CONPOTHUBIICHHUS BHYTPEHHETO AMIIEIAHCA

IIPOBOJHHUKA YU BHCITHETO UMII€JaHCA.
Z = Zin + Zex (5)

BHyTpeHHee cONpOTHBICHUE OIPEAEETCs 110
BBIPaXKEHHUIO.

(&
o
—~

c
9
~

= Re(zin) + Im (Zin) (6)
roe Ry, —
MIOCTOSTHHOM TOKE€ B YCTaHOBHBIIEMCS PEKUME;
Jo(u)mJd (u,)— ¢yakumu beccens HyneBoro

COIIPOTHUBJICHUE ImpoBOaa Ha

Hnopsiika M IEepBOro poja IepBOro  poja
COOTBETCTBEHHO;  Re(Z,)—  melicTBUTENbHAA
COCTAaBJISIONIAsl BHYTPEHHETO COMPOTHUBIIECHUS;
1.(Z,) - KOMIUIEKCHAs! MHIyKTUBHAs
COCTaBIISIONIAs] BHYTPEHHETO COIPOTUBIIEHUS

BHemiHee comnpoTuBieHUE OIpeAensercs I0
BBIPAXKECHHUIO.

ZEX = jXEX = J27TfLex (7)

Paznoxenune psga ¢ynxaun beccens 3agaercs
CIIEIYIOIINM 00pa3oM.

(&

U do(Uy) g U WS U g
2 3@u,) = 8 192 3074

(&

OJeKTpOMarHuTHasl IOBEPXHOCTHAS TIyOHHA & ,
Ha KOTOPOH IIOTHOCTH TOKa coctanisieT 1/e (=37
%) OoT ero MOBEPXHOCTHOH  IUIOTHOCTH,
omnpezaensieTcs ypaBHenueM [17].

! Appendix 1

1
o fu

5= 9)

rie o — OPOBOAUMOCTb TPOBOAHMKA; i1 —
MIPOHUIIAEMOCTh IIPOBOIHHKA.

OT TOBEPXHOCTH K OCH TPOBOJA IUIOTHOCTH
TOKa J YMEHBIIAETCS MO SKCIOHECHUIUAIBHOMN

3aBHUCHUMOCTH.

J,=J,-e7 (10)

rone  J,— IUIOTHOCTH TOKa Ha

MOBEPXHOCTH; Z—  TAyOMHAa  MPOM3BOJMMOTO
pacyera;

U3 (6) u (7) cnexyer, uto 4em OMIKE K OCH
IMPOBOJHHKA, TEM MCHLBIIC INNIOTHOCTH TOKa TEM

CaMbIM 3HaA4YHUTCIbHAaA iomanab CCUCHUA
npoBoJa He 3ajeiicTBOBaHa B  Iepelayd
3IIEKTPOIHEPIHH.

Puc. 1. 'paguueckoe oTo0pakeHne MJIOTHOCTH
TOKA 110 CEYeHHI0 MPOBOIHMKA.

U3 aHanm3a CIIE/IyeT, 4TO npu
MPOEKTHPOBAHUHU CBEPXITPOBOIAIIETO
TpaHchopMaropa Ha TOBBIIIEHHOW 4YacToTe

HEeO0OXOJMMO NPUHUMATh BO BHHUMAaHHWE CKHH-
apdexr. B  mporpammuoit  cpeme  Elcut
npo)ecCHOHAIBHONH  Bepcun 6.6  MeTomoM
KOHEYHBIX 3JIEMEHTOB MIPOU3BEJECHO
MOJICITPOBAHKE BBITECHEHUS TOKa K
MMOBEPXHOCTH  JJIA  MEIHOTO  IPOBOJHHUKA
nuaMeTpoM 5,7 MM M IUIOTHOCTBIO Toka 2,4
A/mm? ipu wactote nepemennoro Toka: 200, 400
u 800 I't. Ha pucynke 2 mpencraBiieHa IIBETOBAS
JyarpaMma BBITECHEHHS TOKa K IIOBEPXHOCTH
MPOBOJIHMKA. B momepeyHoM cedeHuu MEAHOro
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MpoBOJa IUIOmaAbl0 25,5 MM? C IIarom

muckpermzanmd 0,05 MM momydeHa ceTka
KOHEYHBIX dyeMeHToB ¢ 1306 y3mamu, 49To B
MOJIHOM Mepe oToOpaskaeT KapTHHY Ha KOTOPOii
BHIHO, 4TO TIpu yactore 400 I'm m BeImIe Oostee

SBHO TIposiBiIIeTCS CKUH-3QdexT. Menmp 10
MarHUTHBIM CBOMCTBaM OTHOCHUTCS K
JuaMarHeTHKaM, HO ed MarHUTHas

MpOHUIaeMOCTh OombIe Hynst 4 =0,999990. Dto

NPUBOJIUT K MPOHUKHOBEHHIO MarHUTHOTO MOJIS
BIITyOb IPOBOJHUKA U 00Pa30BaHUIO MAarHUTHOM
WHAYKIWW OTpeAeNIeHHON HAPSKEHHOCTHIO, YTO
BEJET K OOpa30BaHUIO BHUXPEBBIX TOKOB. Mx
MIOBBINLICHHE, B CBOIO OYEpeb, BIEUET 3a cOOO0M K
Oonee WHTEHCHMBHOMY BBITECHEHHIO TOKa K
MMOBEPXHOCTH TMPOBOJHUKA. B cBs3U ¢ 3TUM
BO3pacTaeT BbIACICHUE U TajJeHue
HaNpPsDKEHUSL.

TCIJ1a

(Current density
1 (10° Armm?)
Effective value)

AciToyouiee Bacewe

800 Ny
(H2)

2541

2503

7200 Iyl
- (H)

Puc. 2. IlBeToBasi AMArpaMMa BLITECHEHHS TOKA K
NOBEPXHOCTH INPOBOAHHKA MPH IOBLIIIECHUT
4acToThl.?

CBCpXHpOBO}IHI/IKI/I SIBJITFOTCSL A0CONIOTHBEIMU
JnaMari€TuKaMm, MarduTHasg IIPOHUIIAEMOCTb
KOTOpPBIX paBHaA HYJIO IIpU 3TOM IIPOHUCXOAHUT

MOJIHOE BBITECHEHME MArHUTHOTO TIOJIA W3
o0bemMa TPOBOJAHWKA B  CBEPXIIPOBOISIIIEM
COCTOSIHUM. B CBEpXIIPOBOJHUKE DIIEKTPOHBI

(hopMHUpYIOT Taphl, Ha3bIBAEMbIE KYIEPOBCKUMH
napamu, KOTOpbIe 00pa3yloT CBEpXIIPOBOIIIEE
cocrostHre. OHM 001a1al0T HYJIEBBIM CITMHOM U
MOTYT IepeABHraTbcs Oe3 B3aMMOJEHCTBUS C
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KpI/ICTaHJII/I‘leCKOfl pGIHCTKOfI, BbI3bIBasA HYJICBOC

CONPOTHBJICHUE B  MaTepHale. Ota
MTOATBEPIKIAACTCS addexToM BBITECHEHUS
BHCIIIHETO ~ MAarHUTHOTO  TOJS M3 Tela
CBEPXNPOBOJHUKA 32  CUET  BHYTPEHHEro
BuxpeBoro Toka (dpdexr Melicuepa) B
CBEPXITPOBOIHUKAX.

BTCII npoBogHuKK 007aNalOT HYJICBBIM
conpoTuBiaeHueM npu Temneparype 77 K,
ciemoBatenbHO  BeIpaxkenme  (9)  TpymHO
MIPUMEHUMO.

HccaenoBanue BTCII TpancdopmaTopa Ha
NOBbILIEHHBIX YaCTOTAX.
B unensix uccnegoBaHusl MPOU3BEICH aHAIN3

XapaKTePUCTHK MarHuTONpPOBOJIA
TpanchopmaTtopa Ha  pa3NUYHBIX  YaCTOTax
ANMEKTPUYECKOW  CETH M3  MarHUTOMSTKOTO

OBICTPO3aKaJICHHOTO aMOP(HOTO CIlaBa MapKH
1CP ¢ Tunmom wmaraurompoBoga 1B AMET, c
MarHUTHBIMA XapaKTepUCTUKAMU JICHTHI
yka3aHsl Ha pucyske 3 [18, 19, 20].

KPMBaA HaMarHWYMBaHKA 1B
(Magnetization curve)

16
14

12

Tn

0.3
0.6

0.4 l
0.2

0 T T T T T 1
100 200 300 400 500 600

AMNnuTyna HaNPAXEHHOCTH MarHuTHoro nona Hm, A/m

(The amplitude of the magnetic field strength)
Puc. 3. MarauTHasi XapaKTepucTHKa
Maruuronpososaa mapku 1B AMET.®

(The amplitude of magnetic induction)
AMNAWTYAa MarHMTHOH HHAYKUMKM Bm,

Jlenta wmapxkn 1CP wumeer cuenyromue
nerupyrome snementsl: B, Si, P, C, Co, Ba.
[Tony4yeHHast 3aKaqkol W3 >KMIKOTO COCTOSHHS
BCJIEJICTBHE BBICOKOM CKOPOCTH OXJIaXICHUS
(>1000 K/c) meranm mepexoguT B MAaCCHBHOE

COCTOSIHW€, 4YTO TNPUBOAUT K  BBICOKOM
KOPPO3UMHOM  CTOMKOCTM B Pa3IMYHBIX
arpeccuBHbBIX  cpenax. [laHHble — cBoiicTBa

aMOp(HBIX CIUIABOB JEJIAIOT €ro OTIMYHBIM
aHAJIOTOM OOBIYHOW 3IEKTPOTEXHUUYECKON CTalTn
JUIS CO3JIaHUS CHJIOBBIX TpaHC(HOPMATOpOB C
BBICOKMMH IOKa3aTeJIIMU 3HEPT03(PPEKTUBHOCTH
[21, 22].

B tabmume 1 npuBeneHBI TEXHHUYECKHE
xapakrepuctuku BTCII tpanchopmaropa.
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Ta6nuna 1*

Hcxoansle Texanueckue xapakrepuctuku BTCIT tpandopmaropa®

ITapametp (Parameter) Benmnunna Enuaunmna

(Value) n3mepenust (Unit)
HomunaneHas momHocts (Nominal power) 100 kBA (kVA)
Yucio daz (Number of phases) 3 -
Hamnpspkennst oomorok BH (Primary voltage) 10000 B (V)
manpspkenus  oomorox HH (Secondary voltage) | 400 B (V)

Cxema  coeaWHEHUS
connection)

obmorok  (Winding | A/YH-0 -

circuit impedance)

Hanpsokenne xopotkoro 3ambikanus (Short- | 4 %

Wupykius marauronposoaa (core induction) 15 T (T)

Yacrora anexrpuyeckoro Toka (Grid frequency) | 50, 200, 400, | I'u (Hz)

800

Huxe B Tadaune

2 npueneHa BTCII tpancdopmaropa, pabortaroiiero mnpu

MaT€éMaTH4YCCKasd MOJCJIb W aJITOPUTM pacyeTra Ppas3IMYHbIX YacTOTax.

Ta6nuna 2°
Anroput™ pacuera Tpancdopmaropa’
®opmya (Formula) O6o3uauenue (Designation)
1 (5-5 )= P, [aGaputHblii  mapametp (Mpou3BelCHUE TUIOMIAM  CeYCHUs
“’ " 27K I TB, CTepXHS K IUIOIAAM OKHAa Maruuronposoxa) Dimensional
parameter (product of the cross-sectional area of the rod to the area
of the core window)
E, =27fBS DnextpoaBrKyas cuia Butka (Turnover voltage)
3 U, Konuuecto ButkoB oomotku (Number of turns)
EB
4 5 I, ITnomans ceuenus mposoanuka oomotku (The cross-sectional area
( of the winding conductor) 1, — ¢a3ublit TOK; j — MIOTHOCTH TOKA B
nposoHuke (current densities in the conductor)
5 W _ly Yucno ButkoB B cioe (The number of turns in the layer). T'ne |, —
“od BeIcoTa o6MoTku (Winding height); d — mmpuna nposoaa (width of
the conductor)
6 N = W KonuuectBo cnoes B oomotke. (Number of layers in the winding)
a WL‘J
7| a,=aN,+a, Tounmna oomotku. (Coil thickness)
a— rtommuHa  mpoBoxnuka  (Conductor  thickness);a, —
BeHTWILIIIMOHHBIHN KaHan (Ventilation duct).
8| G,=V,K,p., Macca marautonpososa (Core weight)

Oco0brit UHTEpEC UCCIICIOBAHUS ITotepy  Ha  mepeMarHMYMBaHUM |
3aKJIFOYAeTCs B 3aBUCUMOCTH MEXKIY 4aCTOTOM BUXPEBbIC TOKH MMOCUYUTAHBI B COOTBETCTBUH C
nepeMarHuuBaHUs cepJieuHIKa bopmynoit [l teitnmera[13]:

TpaHcdopMmaropa C HU3MEHEHHEM pa3MepoB

MarHuToIpoBojia, IOTEPHL

Ha METIIIO R, =nfB’G, (11)

rHCTepe3nca U BUXpeBbie TOKH[23].
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P, =y f’B’G, (12)
rae y u n— KO3 ULIMEHT,
XapaKTepU3yolni HCIIOJIb3YEMbIN

(heppUMarHuTHEI MaTepHAT,

G, - Macca CepJCYHUKA
TpaHchopmMaropa.
[TomydeHHble  3aBUCUMOCTH  TIOTEPh B

MarHMTONPOBOJIE C YBEIUYCHUEM YaCTOTHI
MIpUBEICHBI HA PUCYHKE 3.

——
1 Pxx
2000 i
)
o P,
3
= 1500 - -
=
m
=
(o} ]
o
5 1000 -
: .
500 B
0 e . . . . . . : : .
0 100 200 300 400 500 600 700 800 900 1000

f, ' (Hz)

Puc. 4. 3aBucumocTH MmOoTEPbL HA TUCTEPE3UC U BUXPEBLIC TOKI/I.8

CornacHo Beipakenuto Ulreitamena (11, 12)
u Puc. 4 crenyer nuHeWHas 3aBUCHMOCTh OT
IMOBBIIICHUA YaCTOThI JJId MOTEPL Ha T'HCTEPE3UC
1 OKCIIOHCHIIMAJIbHAasd 3aBUCHUMOCTL JId IOTEPb
Ha BHUXPEBbIE TOKH. CoBpeMeHHbIE
ANEKTPOTEXHUUECKHE cTayu UMEIOT
OTHOCHUTENFHO OOJIBITYI0O MAarHUTHYIO WHILYKIIHIO

Haceiienuss g0 2 Ta [24], HO HuU3KYIO
MarHUTHYIO —TPOHHI[AEMOCTb, YTO B  CBOIO
oyepenb HPUBOIUT K 3HAYUTEILHOMY

YBEIMYECHUIO HANPSHKEHHOCTh MArHUTHOIO IOJISI
JUTSL  IOCTIKEHUST HEOOXOMUMOW WHIYKIMH B
cepaeuHuke. Tem  caMblM  NOPUBOJAUT K
YBEJIMYECHHOW TUIOLIAIA METJIM TUCTEpPE3Nca, YTO
TOBOPUT O MOTEPSAX HA IEPEMAarHNYMBaHUU.

21_]'[5[ CHUXCHUA HOTepB B MaFHI/ITOHpOBOJIe,
CBSIBAHHBIX C HepeMaFHI/I‘II/IBaHI/IeM cepneqHI/IKa,

1esnecoo0pasHo UCIIOJIb30BAaTh amop¢HbIe
CIUIaBBl, B KOTOPBIX OTCYTCTBYET cCTporas
MEPUOANYHOCT, W JAIBHUH  TOPSAAOK B
pacroI0KEHUH aTOMOB, npucymas

KPHUCTAJUIMYECKOMY CTPOCHUIO MarHHUTOMSTKHX
JNIEKTPOTEXHUYECKUX  CTalel, KOTOpble HE
UMEIOT MEX JOMEHHbIX TpaHull. braromaps
BBICOKUM 3HAYCHUSM MarHUTHOM
MPOHHUIIAEMOCTH (= 50000-70000),

IMPOYHOCTHU M TBEPAOCTHU, HHU3KHM 3HAYCHUAM
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KospuuTUBHOW cuibl (H, <8 A/M), amopdHbIe

CIUIaBBl  MPEIMOYTHTEIBHO  HCIIOJIH30BaTh
BBICOKOYACTOTHBIX TpaHchopmaTopax [25].

B

z)

a- Kpucmannuuecxas pewemxa, 6- amopgnas

cmpykmypa
a- Crystal structure; b- amorphous structure

Puc. 5. CpaBHeHHe CTPOeHNsI KPUCTAINYECKOIT
CTPYKTYPBI CTAJIH U aMOpPHOii cTPyKTYphHI.’

B coBpeMEHHON 3JIEKTPOTEXHUYECKOU CTajy,
NpUMEHsSIEMON B TpaHc(opMaTope, Mpy TOJIINHE
miactuH 0,17-0,5 MM ¥ B 3aBHCHMOCTH OT
KOHCTPYKIIUM MAarHHUTOIIPOBOJIA COOTHOIICHUE
P, /B, MoxeT u3MeHsAThCcs B mpepenax 0,2—7.
IIpy  wucnonp3oBaHMM  aMop¢HOrO  XKeresa
oTHoleHue P, /P, HaxoauTcs B Jguana3oHe OT
0,17-2,9 npu moBbIIEHHBIX YacToTax cetu 50—

800 I'm. CBsizaHO 3TO C BBICOKHUM YZIEJIBHBIM
conportuBieHueM B npeaenax 100-300 MxOwm-cm,
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YTO  HECKOJBKO  OOJBIIE  COMPOTHBIICHUS
XOJIOJIHOKATAHOM CTalld, KOTOpas HAXOIUTCSA B
muarnasone 40-80 MxOm-cm. [26, 27]

CJ'IeI[y}OHII/IM Ba)KHBIM MOMCHTOM SBJIACTCA

3aBHUCHMOCTD f U MaCCbhl MArHuTOIIPOBOJA

00paTHO MPOIMOPIHOHAIBHBI, KaK MPEACTABICHO
Ha pUCYHKe 6

YMEHBIIICHUE obbeMa Cep/ICUHIKA,
clemoBaTeIbHO, €ro  Macchl cormacHo  (1).
T T T
4501
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B pabote momyueHa 3aBHUCHMOCTH BIUSHUS
MOBBIIIEHUS 4acTOThl K yBenuuenutro DJC, uto
HEMOCPEIICTBCHHO BIMSET HAa YHCJIO BUTKOB
00MOTOK TpaHc(hopMaTopa, Kak IpeCTaBICHO Ha

pucyske 7. [lonmy4yennsie xapakrepuctuxku BTCII
TpaHcdopMmaropa TpPH MOBBILICHUH YaCTOTHI
CBeJICHBI B Ta0HILy 3.
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Ta6muma 3%

Texunueckue napamerpsl BTCII tpancdopmaropal®

f wacrora cern (Grid frequency), Hz 50 200 400 800

d (rod diameter), m 0.135 0,095 0,08 0.067
G.: (the mass of the magnetic circuit), kg 432 184 123 81

E: (Turnover voltage), V 3.382 6.701 9.623 13.32
Wi (Number of secondary turns) 68 34 24 17
Wiy (Number of primary turns) 2945 1473 1040 737
@, (Magnetic flow), Wb 0.015 0.008 0.005 0,004
Pn (Losses on gizteresis), W 171 297 396 532
P, (Eddy current lose), W 25 223 594 1595
P..: (Core losses), W 196 521 990 2127

OBCYXJIEHHUE PE3YJbTATOB

ITpoBeneHHbBIC HCCIIEOBAHUS, TOTBEPIKIAOT
1enecoo0pasHoCTh MOBBIIICHHE YaCTOTBI
MEPEMEHHOT0 TOKAa MUTAOLIEH 3JIEKTPUUECKON
cetu no 3HaueHuit 400 u mamee 800 I'm. Dto
0COOEHHO Ba)KHO JUTS YMEHBIIICHHS
MaccorabapUTHBIX pa3MepoB
3JIEKTPOOOOPYIOBaHNS B aBTOHOMHBIX CHCTEMax
anekTpocHabxkenust [28].

[Toka3aHO OTHNENBbHOE BIHMSHUC MOBBIIICHUS
4JaCTOTblI Ha CCYCHUC IMPOBOAHUKOB O6MOTOK B
CBS3M C SBIGHHEM «CKHH-)QdeKkTa», Ha
XapaKTePUCTUKNA MArHUTOIMPOBOA JJIsi KOTOPOTO
1IEJIeCO00Pa3HO MUCIOIB30BaTh aMOP(HOE Kele30
M B IEJIOM Ha MaccorabapuTHBIC pa3Mepbl
TpaHchopmaropa B T1ienoM. [locieanee 31O
00CTOSITEILCTBO UIPaeT 0CO0O0 BAXHYIO POJIb
TaM, TJ€ peub HIET 00 YBEIMYCHHU IOJIC3HOM

Harpy3kd 3a CUYET DJJIEMEHTOB  CHCTEMbI
3IIEKTPOCHAOKEHHS (IPOBOTHUKOB,
TpaHC(HOPMATOPOB, TEHEPUPYIOMINX UCTOUHHKOB)

[29].
[Tony4eHHbIE 3aBUCUMOCTH, TPEICTABICHHBIC
ma Puc. 4, Puc. 6, Puc. 7, mokaspIBaroT, 4TO

CHUHTE3 YKa3aHHbIX BBIIIIC rnapamMeTpoB C
MOBBIIIIEHMEM YaCTOThl HMEET HEJIMHCHHBIH
XapakTep 10 MPUYUHE OSKCIOHEHIMAIHLHOTO
BO3pacCTaHus TCIIJIOBBIX IOTEPHL B
MarHUTOIPOBOJIC HUCXOJIST u3 thopmyn
Irefinmenra  (11) wu  (12). Dto Tpedyer

YMEHBITICHUE MAarHUTHOW WHIYKITHU CepAeYHUKA
C TIOBBIIIEHWEM YaCTOTHI DJIEKTPUUYECKOTO TOKA,
YTO B KOHEYHOM HTOr€ OTpakaerca Ha
KOJIMYECTBE BUTKOB OOMOTOK ¥  Macchl
cepaeuynnka. Hanuuue kpuocrara tpedyer 20-50
MM  TOJIIMHBI CTEHOK i1 MOJIJCP>KaHUS
TeMriepaTypbl kpuorenHoit cpeast 77 K. Urto B
eJIoM KOMITEHCHPYETCS M30JISITHOHHBIMHA
CJIOSIMU MEKTy 0OMOTKaMH U MarHUTOIIPOBOIOM.

Tax, HanpumMep, MaccorabapUTHBIE Pa3MephI
BTCII Ttpanchopmaropa npu TpPOMBIIUIEHHON

L2183appendix 1

gactote 50 I'y cocTamstor 432 Kr, MpU 4acToTe
400 I'n 123 kr, TO ecTh, 3,5 pa3za MeHbIIE, a IpU
actore 800 I'm Oomee yem B 5 pa3 MEHbIIE
TpaHchopMaTopa Ha MPOMBIIIICHHON YacTOTe.

VYuuteiBas, uro BTCII tpanchopmarop mpu
OIMHAKOBOW dacToTe Oonee ueM B 2-2,5 pasa
MeHpIlle TO0  rabaputaM  TPaIUIMOHHOTO
Tpancopmaropa. C  y4eToM  TOBBIIICHUS
YacTOTHI €r0 MaccorabapuTHBIE pa3Mepbl MOYTH
B 10 pas3 MEHBLIE TPaAULIMIOHHOTO
TpaHchopMaTopa Ha TPOMBIIUICHHOH YacToTe,
TO €CTh Ha «HOpSAOK» dHeprodddeKkTuBHEES
TpaauIMOHHOTO TpaHchopmaropa [26], [27].

OTcroza cieflyeT, 4yTo yKa3aHHas B PETUCTpE
gactora 200 I'm i cymoB Ha MOABOIHBIX
KPBUIBSIX HE BBICOKA M3-3a YBEIMUYCHHUS NOTEPh
AKTUBHOH MOIIHOCTH B MPOBOJHHUKAX C yYETOM
CKUH-3QeKTa.

B pabGore [10] npoBemeHO mNpaKkTHYECKOE
UCCJIEJIOBAaHNE BBICOKOYACTOTHOTO MMITYJIBCHOTO
CHWJIOBOTO TpaHcopMaTopa CcO CMeEIIaHHBIM
cepreuankoM 1pu 200 xl'm. ABTOp mpuen x
BBIBOJy, 4YTO KOMOWHHPOBaHHE CIIOEB
cepJieuyHNKa W3 aMopHOro, (EeppUTOBOTO U
AIIEKTPOTEXHUYECKOTO ~ Kejie3a  IMPHUBEIO K
CHIDKCHHIO TEeMIEpaTypbl TOPSYAX TOYEK, YTO
MO3BOJIMJIO TTOBBICHTh HOMHHAJIBHYIO MOIIHOCTb
tpanchopmartopa. B [14] BbInoIHEHO YHCICHHOE
MOJIEIMPOBaHNe CKUH-3QQEeKTa, ero BIUSHUE Ha
PEaKTHBHOE CONPOTHUBICHHE M CPaBHEHUE C
IKCIIEPUMEHTAIILHBIMA ~ 3aMepaMH  MEJIHBIX
tpybok mpu 0,1 — 10* xI'm. B pabore [28]
OMKCHIBAIOT aHU30TPOIUIO KPUTHYECKOTO TOKA B
CBEPXIIPOBOJISAIIEM BO3YIITHOM TpaHChOpMaTope
npu yactote 2,2 k['u. B [24] mokazaHo BiusiHUE
KPHOT€HHOH  Ccpeabl  Ha  XapaKTEePUCTHKH
MarHUTOIPOBOAOB M3 3JIEKTPOTEXHUYECKOTO H
amop(Horo kene3a. OCHOBHOW HOBHU3HOH U
KIIIOYEBBIM MOMEHTOM JaHHOUW PaOOTHI SBISAETCS
TO, YTO CBEPXIPOBOJSILNE OOMOTKH OTKPBIBAIOT
BO3MOXXHOCTh TPAKTHYECKA HEOTPaHUYEHHOTO
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TIOBBIIIICHUS YaCTOTHI B MOOWIBHOW CHCTEME
anekrpocHaOxkenus. I[lpm sTomM B mocienHue
TOMBI  SIPKO  TPOSIBISIETCS  TEHACHIUS K
MOBBIIIICHUIO YaCTOTHI  AJIEKTPOOOOPYIOBAHUS,
YTO IMO3BOJISIET CYNIECTBEHHO CHHU3UTH ra0apuTHI

3TOTO  3JEKTPOOOOPYIOBaHUA OCOOEHHO 3TO
Ba)KHO JUTSE MOOMITBHBIX CUCTEM
ANEKTPOCHAOKEHHS MOPCKOTO, BOJTHOTO

TpaHcmopTa (kopabiei U CyZoB) W aBHAIlUH, TaK
KaK 3TO II03BOJISICT YBEJIMYUTH BEC IIOJIE3HOTO
rpy3a H CHH3UTh MOIIHOCTh HCTOYHHKA
reiepaund Ha Oopty. Hapsngy c¢ oatum
YIIYYIIAIOTCS XapaKTEPUCTUKH B3JI€TA U IOCATKU
u YBEIMUUBATHCS JaTBHOCTD xoza
TpaHCHOpTHOrO  cpeactBa.  OpHako  93Ta
TEHAEHIMA CHJIBHO OrPaHMYMBACTCS SBICHUEM
BBITECHEHHUS! TOKa K MOBEPXHOCTH TPOBOJIHUKA,
TaK Ha3bIBACMBIM «CKUH-3((EKTOM», KOTOPBIH
YBEJINYUBACT aKTHUBHOE COIIPOTHUBIICHNE
NPOBOJHHUKOB M MOTEPU AKTUBHOW MOIIHOCTH B
HUX, YTO CHIXKAeT 3HEProdPQeKTUBHOCTH
anexkTpoobopynoBanus. Tak, Hampumep, NpU
gyactore 400 [’y axTUBHOE CONPOTUBICHHE
BO3pacTaeT mpuMepHo B 2,5-3 paza 10
CpaBHEHHIO COIIPOTHBIICHUEM npu
npoMbiiiieHHo#  gwactore 50  I'm  [30].
BcnenctBrue 3Toro moTepu akKTHBHOW MOIITHOCTH
B 00MOTKax TpaHCcHOPMATOPHOTO
3IIEKTPOOOOPYAOBaHHUS BO3PACTAIOT
NPONOPLUHOHAIBHO OT compoTHBiIeHHUA. MMeHHO
MOATOMY B OOOPOHHOH  MPOMBINIJICHHOCTH
MHOTMX  CTpaH  4acToTa B  KadecTBe
npuopuTeTHON BhIOMpaeTcs BenmuuHa 400 ['m. B
TO  BpeMs Kak mpum  OOMOTKax W3
CBEPXIPOBOJIHUKOBBIX ~ MaTEepPHaJiOB  BIIOJIHE
1eecoo0pa3Ho HCIONb30BaTh 4actoty 800 u
1000 T [31], [32]. IIpumenenne BTCII
MIPOBOTHUKOB B ANEKTPOOOOPYIOBAHUN
MOBBIIICHHON YacTOThl UMEET CHHEPIeTHYECKUM
apdexr BBuAy Toro, uro BTCII sBusercs

a0COJIFOTHBIM IMaMarHeTHKOM B
CBEPXITPOBOISILIEM COCTOSIHHH, YTO
NPENSITCTBYEeT MPOHUKHOBEHHIO  MArHUTHOTO
moyii  BIIyOb  TNPOBOAHMKA W CO3JAHHIO
MTOBEPXHOCTHOTO CJIOSI.

SIBnenne CBEpXIIPOBOAUMOCTH u
BO3MOKHOCTb obecrieunBaTh ee npu
temneparype xuakoro azora (77 K) oTkpsiBatoT
HEOTPaHUYECHHBIE BO3MOKHOCTH JUIs

WCIIOJIb30BaHMS MOBBIIIEHHBIX YaCTOT, TaK Kak
AKTUBHOC COIIPOTUBJICHUEC pPABHO HYIIO IIpU
mo0ol YacToTe W, CJeloBaTeNbHO, MpoliIeMa
OrpaHUYEHHs YacTOTHI TOJIHOCTBIO Mcue3aeT. B
HACTOSIEE BpEeMs OTO €Ime HE OCO3HAHO
NIEKTPOIHEPreTHUECKUM  coolmmecTBoM. B
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paboTe mpeanpHHSATA IOMBITKA I0Ka3aTh, YTO
MaccorabapuTHbIe XapaKTePUCTUKH
ANEKTPOOOOPYAOBAaHUS TPH TPHUHATOW M
MoOWIBHBIX cucteM yactote 400 'l ¢ yderom
CBEPXIPOBOMSANIMX OOMOTOK CHHKAOTCA B 5-6
pa3, a mpu gactote 800 I'm 9-12 pas, koTopyro
MBI 000CHOBAHO NpeAiaraeM OCBauBaTh.

CuHTe3 XapakTepuUCTUK amopdHOro xemnesa,
MPH  CBEPXIPOBOJUMOCTH ¥  TOBBIIICHUU
YaCTOTHl PEIINTEIHHBIM 00pa3oM MOBBIIIAET
5HEepPro3)(HEeKTUBHOCTD 3JIEKTPOOOOPYAOBAHHS C
y4eTOM yIOydIIeHHs ero MaccorabapuTHBIX
MapaMeTpoB.

3AKIIOYEHHUE

1. JlokazaHa 11emecooOpa3HOCTh TOBBIIEHUS
YacTOTHI B JIOKAJTBHBIX M aBTOHOMHBIX CHCTEMax
JIEKTPOCHAOKEHUS B MECTO 50 I'o
MPOMBINUIEHHON 4acTOThl 10 3HayeHui 800 I'u, a
B nepcnektuse g0 1000 I'm, 4yro mno3BoiseT
CYILIECTBEHHO YIIyYLIUTh SHEPTeTHYECKHE
XapakTepUCTUKA M  3HAUYUTENIBHO  CHHU3HTh
MaccorabapuTHbIC napamMeTpsl
tpancopmaropoB ¢ BTCII oOmoTkamu wu
WUCTOYHUKOB TEHEpallMd YCTAHOBJICHHBIX Ha
00BeKTe.

2. IlpoBenenHoe B paboTe ucCcIeOBaHUC
MO3BOJISIET YTBEPKAATH, 4TO SIBJICHUE
CBEPXIPOBOJUMOCTH, PEAIU3yEeMOE  KUIKUM
azotoM (77 K), xak AWdIeKTpUYecKOr CpeioH,
KOTOpoOe paHee MPaKTUIECKH HE
WCIIOJIb30BAJIOCh, YCTpaHsieT CKHUH-3Q(QEKT B
BTCII nmpoBogHHKAX 3IEKTPHYECKOTO TOKa, Tak
KaK aKTHBHOE CONPOTHBIIECHHE IE€PEMEHHOMY
TOKY OOHYyJsI€TCS, TEeM CaMbIM OTKpbIBas
BO3MOXXHOCTb ~HEOTPAHUYEHHOTO  ITOBBIICHUS
9aCTOTHI B CHCTEME DIIEKTPOCHAOKEHHUS.

3. Hapsiny ¢ aTum mokaszaHo, 4TO IpUMEHEeHHe
aMOp(HOro ’kene3a B KauecTBE CEpIACUYHHUKA
BBICOKOYACTHOI'O TpaHcopMaropa MO3BOJISET
CYHIECTBEHHO CHU3UTh TIOTEPH M TIOBBICHUTH
3HAYeHHWE WHAYKIMA B MarHUTONPOBOJE Ha
MOBBIIIEHHOH YacToTe, YTO TaK e 0JIarOTBOPHO
BIIMSIET Ha TEXHUKO-DKOHOMUYECKHE TMOKa3aTeln
AIEKTPOOOOPYIOBAHUSI.

BJIATOJAPHOCTD

HccnenoBanue BBIIOJIHEHO B paMKax
rOCYyJapCTBEHHOI'O 3ajaHus MMHHUCTEpCTBa
HAayKl M BeIcuiero oOpasoBanHust PO (tema
"Pa3zpaboTka Momemneil  BeWBIeT ~ aHaNM3a
HECTAIMOHAPHBIX ~ PEKHUMOB  JJIEKTPHUYECKHX
ceTeid AN TOBBILICHUS HAACKHOCTH H
3¢ (HeKTUBHOCTH DJIEKTPOCHAOKCHISI
notpeduteneit”, kox Tems: FENG-2023-0005)
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APPENDIX 1 (TPUJIOKEHMUE 1)

! Fig. 1. Graphical representation of the current
density along the conductor.

2Fig. 2. Color diagram of current displacement
to the surface of the conductor with increasing
frequency.

3Fig. 3. Magnetic characteristic of the magnetic
circuit of grade 1 B AMET.

45 Table 1 Initial technical characteristics of the
HTS transformer.

&7 Table 2. Transformer calculation algorithm.

8 Fig. 4. Dependences of losses on hysteresis
and eddy currents.

®Fig. 5. Comparison of the structure of the
crystal structure of steel and amorphous structure.

10 Fig. 6. The relationship between the
frequency of remagnetization and the mass of the
core.

1 Fjg. 7. The relationship between the
frequency of remagnetization of the core and the
numberof turns on the windings HV and LV.

1213 Table 3. Technical parameters of the HTS
transformer
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Theoretical Examination of the Volume Concentration and Nanoparticles
Density Influence on the Convective Heat Transfer Enhancement of
Nanofluid in 2D Cavity Including the Square Heater

Oulahou Y%, Elguennouni Y.1, Hssikou M.2, Baliti J.2, Alaoui M.!
Department of Mechanical-Energetic, Faculty of sciences, Moulay Ismail University,
Meknes, Morocco, 2LRPSI, Polydisciplinary Faculty, University of Sultan Moulay Slimane,
Beni Mellal, Morocco.

Abstract. Nanofluid is one of the solutions of heat transfer, which can apply in devices fields as nuclear
power, Nano-electronics systems, and solar fluid heating. In this work, the natural convection of Cu-
water nanofluid is examined using the Lattice Boltzmann Method (LBM) as a mesoscopic approach.
The main objectives of this work are to study the performance and pattern of Cu-water nanofluid and to
demonstrate that the nanofluids behave differently while improving their energy transfer compared to
pure fluids. The set goal was achieved by solving the tasks: based on the streamlines and isotherms
profiles to demonstrate how the convection process and temperature gradients improve. Also,
conducting study on heat transfer of nanofluid by calculate the Nusselt number. Depending on the
nanoparticle volume percentage ¢, the Grashof number Gr, and the hot obstacle have a significant
impact on the convection flow and rate of heat transfer. The most important result is the enhancement
of heat transfer with the increasing of volume fraction for a particular Grashof humber, also it improves
with the rising of Grashof number for a particular nanoparticles volume fraction. Therefore, the aspect
ratios of the enclosure have played a significant part in Nusselt number variation. In addition, we found
that the Nusselt number nu_ is higher in the case of cavity without hot obstacle more than for cavity

with hot obstacle, so the heat transfer improves in the case of cavity without hot obstacle. The
significance of the obtained results consists that the nanofluid is one of the ways to improve heat transfer
due to its specific characteristics and properties.

Keywords: convectie naturald, metoda Boltzmann latice, nanofluid, transfer de caldura, numar Grashof.
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Studiu teoretic al influentei concentratiei volumetrice si densititii nanoparticulelor asupra imbunatéitirii
transferului de cildura convectiv al unui nanofluid intr-o cavitate bidimensionali, inclusiv un incalzitor
patrat
Oulahou Y., Elguennouni Y.%, Hssikou M.2, Baliti J.2, Alaoui M.}

!Departamentul de Mecanici-Energeticd, Facultatea de Stiinte, Universitatea Moulay Ismail, Meknes, Maroc,
%Facultatea Polidisciplinari, Universitatea Sultan Moulay Slimane, Beni Mellal, Maroc.

Rezumat. Obiectivele principale ale acestei lucrari sunt de a studia performanta si modelul nanofluidului ”Cu-apa”
si de a demonstra ca nanofluidele se comporta diferit In timp ce 1si imbundtatesc transferul de energie In comparatie
cu fluidele pure. Scopul stabilit a fost atins prin rezolvarea sarcinilor: pe baza profilurilor de fluidizare si izoterme
pentru a demonstra modul in care procesul de convectie si gradientii de temperatura se imbunatatesc. De asemenea,
efectuarea unui studiu privind transferul de cildura al nanofluidului prin calcularea numarului Nusselt. In functie
de procentul de volum al nanoparticulelor ¢, numarul Grashof Gr si obstacolul fierbinte au un impact semnificativ
asupra fluxului de convectie si ratei transferului de caldurd. Cel mai important rezultat este Imbunatatirea
transferului de caldurd odata cu cresterea fractiei de volum pentru un anumit numar Grashof, de asemenea, se
imbunatateste odatd cu cresterea numéarului Grashof pentru o anumitd fractie de volum de nanoparticule. Prin
urmare, raporturile de aspect ale incintei au jucat un rol semnificativ in variatia numarului Nusselt. in plus, am
constatat ca numarul Nusselt Nu_ este mai mare in cazul cavitatii fara obstacol fierbinte mai mult decat in cazul

cavitatii cu obstacol fierbinte, astfel incét transferul de caldurd se imbunatateste in cazul cavitatii fara obstacol
fierbinte. Semnificatia rezultatelor obtinute constd in faptul ca nanofluidul este una dintre modalitatile de
imbunatatire a transferului de caldura datorita caracteristicilor si proprietatilor sale specifice.

Cuvinte-cheie: convectie naturald, metoda ecuatiei Boltzmann latice, nanofluid, transfer de caldurd, numar
Grashof.

©Y. Oulahou, Y. Elguennouni, M.
Hssikou, J. Baliti, M. Alaoui, 2023
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Teopernyeckoe ucejero0BaHue BIUSHAA 00bEMHO KOHIEHTPAIMH U IVIOTHOCTH HAHOYACTHUILI HA
yCHJIeHHE KOHBEKTHBHOI0 TEIJIONEPEHOCA HAHOXKUIKOCTH B IBYMEPHOI I10JIOCTH, BKJII0Yasi KBAAPATHBIA
HarpeBarTe/b
Oyaaxoy 0.}, Dabryennoynu 10.}, Xeuxoy M .2, Bamuru 1.2, Anaoyn M.!

IKadenpa MexaHUKO-9HEPTETHKH, (aKyJbTET ECTECTBEHHBIX HayK, Y HUBepcuTeT Mynas Ucmanna, MekHec,
Mapokxo.

TlomuaucumuruHapHsiil gpaxyisrer Yuusepcutera Cynrana Mynas Ciumana, benn Mestainbs, Mopokko.
Annomayuna. HaHOXKUIKOCTE — 3TO OAHO U3 PELICHUIl Telonepeaayy, KOTOPOe MOXKET MPUMEHATHCS B TAKUX
o0nacTsix, KaK siiepHas JHepreTuKa, CUCTEMbl HAaHOZJIEKTPOHUKHU M HarpeB COTHEYHOM *KUIKOCTH. B aToii padore
€CTECTBEHHAs1 KOHBeKnus HaHOXuakocTn CU-BoAa HccieoyeTcss ¢ HCIOIb30BAaHMEM METOIa PEMIETOYHBIX
ypaBHeHHH bombivMana mpum Me3ockommueckoM monxoze. OCHOBHbIE I€NM 3TOH paboThl — WU3YUIHTh
XapaKTEPUCTHKH U CTPYKTYpPy HAHOKHUIKOCTH «MEJb-BOAA» U MPOJEMOHCTPUPOBATH, YTO HAHOKUIKOCTH BEIYT
ce0st o-ApyroMy, yirydiast IpH 3TOM Ilepeiady SHEPTUH 10 CPABHEHHUIO C YUCTHIMU XHUAKOCTSIMU. HccnenoBanne

MPOBEJICHO JIJII 00BEMHOM JI0JTH TBEpAbIX HaHOuYacTuIl 1 uncia ['pacroda Gr B mpeaenax or0 1o 8% u ot 10° 10

10°, cooTBeTCTBEHHO. [locTaBieHHas Lielib ObUIA JOCTHIHYTA MyTeM PEIICHHs CIACIYIOIIMX 3a/Jad: HAa OCHOBE
npoduieit TMHUK TOKa U U30TEPM NPOJEMOHCTPHPOBATD, KaK YIIY4IIaeTCs MPOLECC KOHBEKIMU U TEMIIepaTypHbIe
rpaaueHTsl. Takxke NpoBOAATCA UCCIEA0OBaHUS TeIUIONepeaayl HAHOKUIKOCTH MyTeM pacyeTa yucia Hyccenbra.
B 3aBucumocTH oT 00BeMHOW monmm HaHowyacThll duciio ['pacroda Gr m ropsdee NpemATCTBHE OKAa3BIBAIOT
CyIIeCTBEHHOE BIUSIHIE HA KOHBEKITMOHHBIH MMOTOK U CKOPOCTH TeIuionepenauyn. Hanbonee BayKHBIM pe3yIbTaTOM
SIBIIICTCS POCT TEIUTONIEPEIauH C YBEIMICHHEM 00BbEMHON IO HAHOYACTHII IS ONpeaesieHHoro uncia ['pacroda,
a TaKKe OHA pacyeTe yBenmdeHrneM uuncia ['pacroda mpu ompeneneHHONH 00beMHON A0J€ HAHOYACTHUIl. TakuMm
00pa3oM, COOTHOIIIEHHE CTOPOH KOpITyca CHITPANO 3HAYHTENBHYIO POJIb B W3MeHeHnu uncia Hyccemsra. Kpome
TOT'O, MBI 06Hapy>1<1/1n1/1, YTO YUCIIO Hycceana BBILIC B CJIy4daec IMOJIOCTH oe3 ropsa4ero nperiATCTBUA 60J’II)LLle, yeM
B TOJIOCTH C TOPAYUM IMPEMSATCTBUEM, MOSTOMY TEIUIOOOMEH YIIY4IIAeTCsl B CiIydae MOJIOCTH 0e3 Topsyero
pEeIATCTBUA. 3HaYUMOCTD TMOJYUYCHHBIX PE3YyJIbTAaTOB COCTOUT B TOM, YTO IMPUMEHCHUC HAHOXKUAKOCTHU ABJIACTCA
OJIHUM U3 CIIOCOOOB YIYYIIICHHS TEIUIOOTAa4YH OJIaroapsi CBOUM CIeIn(UUICCKUM XapaKTCPUCTUKAM U CBOMCTBAM.
Kniouesvle cnoea. ecrecTBeHHas: KOHBEKIIMS, METOJ PEIICTOYHBIX YpaBHEHHH bosibliMaHa, HAaHOXKWJIKOCTD,
Teronepenaya, kpurepuit ['pacroda.

INTRODUCTION The main goal of using nanofluids is to
improve energy transmission and heat
In recent years, several researches on exchange. Nanofluid displays several benefits
systems filled with nanofluids have been compared to pure fluid (water, oil, or ethylene
conducted due to the unsolved phenomena of glycol) such as thermal conductivity and heat
nanofluids [1-5]. Heat transmission through transfer  coefficient. The addition of
natural convection in a nanofluid, which solid nanoparticles, such as aluminum oxide (Al,Os)
nanoparticles are suspended in a pure fluid, is a [9, 10], copper (Cu) [11, 12], zinc oxide (ZnO)
significant phenomenon due to its extensive [15], copper oxide (CuO) [16], silicon dioxide
application in science and engineering systems. (Si0z) [17], silver (Ag) [18], Multi-walled
Natur_al con_vection heat_transfgr of_nanofluids is carbon nanotubes (MWCNT) [19], titanium
used in a}W|de range Qf industries fields, such as oxide (TiO2) [20] to pure fluid enhances the heat
electronics, automotive, and nuclear reactor transfer properties. Nanoparticles have a range
cooling, biomedical purposes. Dong et al. [6] of factors and characteristics that impact heat
simulated a natural convection around the dome transfer such as the type, the size, the form, and
in the cooling system. Li et al. [7] studied, in the concentration of nanoparticles as well as the
hydrothermal reactor, a natural convection flow surface layer on the nanoparticles.
and heat transfer. Shahrooz et al. [5] investigated the

natural convection of nanofluid flow in a confined [21-]”"5 property was studied by Khanater et al.

space in a study using the first and second laws of
thermodynamics, Saha et al. [8] investigated thermal

in two-dimensional cavity containing
nanofluids. They demonstrated that the heat

influence of heated fin on MHD natural convection transmission  improves as the volume
flow of nanofluids inside a wavy square cavity, percentage of solid nanoparticle rises.
Saleem et al. [9], and Hu et al. [10] studied Shanmugapriya et al. [22] studied the impact of
Oscillatory natural convection of nanofluid near nanoparticle shape in enhancing heat transfer of
its density maximum in a narrow horizontal magnetized ternary hybrid nanofluid, Maleki et
annulus. al. [23] investigated experimentally heat

transfer enhancement in heated copper tube for
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nanofluids, Ma et al. [24] studied heat transfer
enhancement of nanofluid flow at the entry
region of microtubes, and Halawa et al. [25]
investigated the optimum design of magnetic
field arrangement to enhance heat transfer
performance of magnetic nanofluid. They found
an enhancement in heat transmission by rising
the solid nanoparticles volume percentage. In
the same direction Ali et al. [26] experimentally
studied nanofluids for heat pipes used in solar
photovoltaic panels, also Najim et al. [27]
simulated performance improvement of shell
and tube heat exchanger by using nanofluid.
They reported that adding nanoparticles
concentration improve Nusselt number, so heat
transfer. Contrary to the general expectation,
Abu-Nada et al. [28] investigated the effect of
nanofluid variable properties on natural
convection. The results showed a reduction in
the nanoparticles volume percentage causes an
enhance in heat transmission.

The reason of these unexpected findings may be
understood by taking into account that the
performance of nanofluids is a direct result of
the two contradictory effects on heat
transmission in natural convection flows. This
includes effective dynamic viscosity and
thermal  conductivity, which influence
temperature and flow fields, respectively. These
parameters increase with volume fraction of
suspended nanoparticles [29].

The Lattice Boltzmann method (LBM) has
proved its capabilities to study many
complicated fluids flow phenomena. By using
this approach, Sheikholeslami et al.[30] studied
a nanofluid forced convection heat transfer
around the elliptic obstacle by using LBM, also
Hssikou et al. [31] investigated the variation of
heat transfer in a partially heated or cooled
enclosure. Moreover, Li et al. [32] conducted a
3D Lattice Boltzmann method study on
condensation and condensate on textured
structure.

In this study, the LBM is used to simulate
natural convection fluid behaviour and
enhancement of heat transmission inside an
enclosure.

The effect of nanoparticles enhanced
thermophysical properties on fluid, presented in
terms of streamlines and isotherms distribution
as well as the average Nusselt number
guantifying the heat transfer, is discussed in this
article. The main parameters used in this study
are Grashof number Gr, the percentage of the
concentration of the nanoparticles ¢, the aspect
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ratio of the closed cavity, and the hot obstacle
added to the center of the cavity.

I. PROBLEM STATEMENT

A two-dimensional configuration enclosure of
height H and width W filled with Cu-water
nanofluid is considered in this study (Fig. 1).
The size and shape of the nanoparticles are
considered homogeneous and uniform. In
addition, we assume that the base fluid’s
velocity moves at the same of solid
nanoparticles and are in a condition of thermal
equilibrium. The nanofluid inside the enclosure
is heated from the left wall kept at hot
temperature Ty, and cooled from the right-hand
side wall at a cold temperature Tc, whereas the
top and bottom walls are considered adiabatics.

Adiabatic wall

u=v=0 Y

u=v=0

Ty
Te

le. "

w

Adiabatic wall X

Fig. 1. Geometry enclosure

For the present study, the aspect ratio Ar is the
ratio of the enclosure width to its height
Ar=W/H , which equals to 1 (square form).

Note that the block dimension is fixed as
A, =L/W =0.25, in this study.

l. NANOFLUID AND NUMERICAL
METHOD
1. NANOFLUID

Table 1 presented the thermos-physical
characteristics of the pure fluid (water) and
nanoparticle (Cu).
The external force term Fy at y direction and the
effective thermos-physical characteristics of
nanofluid are taken as.

F,=(pB), 9, [T —%) (1a)

P =(1=0) p; + 00y s (1b)
(pcy), =(1-0)(pe, ), +olre,), . (1c)
(PB), =(1=0)(pB), +2(PB),, : (1d)

where ¢ stands for the solid volume percentage,
p is the density, c, represents the specific heat

capacity at constant pressure, s is the thermal
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expansion coefficient, and subscripts f, D,Q,
np and nf refer, respectively, to fluid pure,
solid nanoparticle, and nanofluid.

In this research, the nanofluid effective dynamic
viscosity x4, and the effective thermal

conductivity «, are defined, respectively,

according to the Graham [33] (2a) and Patel et
al. [34] (2b) models by:

My = U |1+2.50+4.5 1 5
4L 1+L 1+2—h
d, d, d,,
, (2a)
ud, \d
K, =, | ™| 1425000 |22 11| (2b)
Ky o np 1_¢

Where h = 9nm is the inter-nanoparticles spacing,
d,, is nanoparticle diameter, d, isthe pure fluid
diameter, and u, is Brownian velocity for
nanoparticles which is calculated by:
-2l ©
7o Uyp

Where k, =1.3807x10” is the Boltzmann
constant.

c

2.  NUMERICAL METHOD

For the fluid flow and heat transfer fields,
LBM based on two distribution functions to
calculate the flow (f) and the temperature (g)
patterns.

The governing equations for f and g are
respectively:
f (X+cAtt+aAt)-f (xt)=..

(100~ 17 () )

g, (x+cAtt+At)-g (x,t)=...
...—Ti(g‘ (x,t)—gf“(x,t)) !

where At represents lattice time step At=1, c
is the discrete particle velocity vector in the i-
direction, and 5 (z,) is the relaxation times for
the flow (temperature) field. £°? (g/) is the
flow’s  (temperature) local  equilibrium
distribution function [35, 36] at second and first
orders, respectively, as:

(4b)
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o 3(c.u) 9(c.u 2 3u?
f, q(X,t)=a)|p{l+%+ (2C4) _2_02] ,(5a)

9 (xt)=aT E1+@j, (5b)

Table 1. Thermophysical characteristics of pure
fluid and suspended nanoparticles.

Physical Fluid phase Solid phase

characteristics (Water) (Cu)

p (kg/m®) 997.1 8954

Cp (Ikg K) 4179 383

k (W/mK) 0.613 400
B x 1075 (K?) 21 1.67

1 (kg/ms) 8.55 x 107*

dg/np (Nnm) 0.29 10

where the quantities p and u stand for
macroscopic density and velocity, respectively.
o, (o) the weight for flow (temperature).
Figure 2 illustrates D,Q, model used in this
study.

Fig. 2. The discrete velocity sets of the D2Qg
model.

The kinematic viscosity v is given as:

V= [z’t —%} CAL.

And the thermal diffusivity « is defined by:
. |:z'g —ﬂ CAL. (6b)

By fixing Grashof (Gr) , Mach (ma) , and
Prandtl (Pr) numbers, the viscosity v is
calculated by:

(62)

v=c,.MaN1/G, , (7
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where N denotes the lattices number in the
y-direction. Prandtl (Pr) and Grashof (Gr)

numbers are given by:
_ PN’ (T, -Te)

Gr > : (8a)

pr=". (8b)

[04
The external force term F of this problem

of natural convection, which is applied in
collision step, as shown in Eq. (3a) is provided

by:
F=2Fc, 9)

C

Where F,=p.g,.8AT is the buoyancy
force term, g,, is the gravitational vector, and

. T, +T,
At is computed as AT =T --+—5,

Finally, the macroscopic quantities of
density p, Momentum pu, and temperature T
are calculated by using equations as follows:

p=3, (10a)
pu=3fc,, (10b)
T-Yg,. (100)

Along the heated wall, the local (Nu) and
the average Nusselt number (Nu,) are
determined respectively, as follow:

K H (GT )XO . (11a)

K T T, ox

)
Nu,,, = % [ Nudy . (11b)
0

In this work, note that in part of results and
discussion, all the values of stream function
have been calculated by |’ |, which is
defined as:

max

(12)

| 4 max |:| Wmax | ><an '

II. RESULTS AND DISCUSSION
1.
HOICE OF MESH AND VALIDATION
To ensure a grid independent solution, a
thorough mesh testing process was conducted.
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Seven alternative mesh configurations were
explored for the case of Gr=10°and ¢ =5%. The
average Nusselt number Nu,, was calculated on

the heated side wall.

We concluded that a grid independent
solution is ensured with an N =140 grid size, as
shown in Table 2. The second step is to validate
our results with those of the literature.

So, our findings are compared to Khanafer
et al. [21] in terms of the temperature
distribution on axial midline (Fig. 3).

Table 2. Grid independent test on the
hot wall for ¢ = 0% and for ¢ = 5%.

_ Nugyg
sizctjrIOI ¢ =0% ¢ =5%
60x6 7.30436 9.08368
0 087 015
80x8 7.74876 9.31092
0 928 167
100x 7.83996 9.41771
100 344 507
120x 7.88659 9.47491
120 382 074
140x 7.90700 9.50557
140 579 423
160x 7.90773 9.50557
160 249 423
180x 7.89107 9.51982
180 037 403

1.0

Present work
« Khanafer et al.[19]

o8

0.6

. - -

0.4

0.2

0.0
0.0 0.2 0.4 0.6 0.8 1.0

Fig. 3. The temperature profile at the
vertical mid-section for Gr = 10° and ¢ =
5%.

The Fig. 4 and 5, which also are compared
with those of Khanafer et al. [21], illustrate the
isotherms and streamlines profiles.

This shows the good agreement ot-the
present results with literature. So, the ability of
lattice Boltzmann method for solving the
problems of nanofluid.
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(a) ¢ = 0%, Khanafer et al.’s [21] result.

-0.001

(c) @ = 0%, present result.

(b) ¢ = 8%, Khanafer et al.’s [21] result.

-0.002

0. 023

(d) @ = 8%, present result.

Fig. 4. Streamlines for ¢ = 0% and ¢ = 8%, Gr = 10*.

]

(C) @ = 0%, present result.

(d) ¢ = 8%, present result.

Fig. 5. Isotherms for ¢ = 0% and ¢ = 8%, Gr = 10*.

In order to validate the elaborated code, we also
compare our findings with the experimental
results of natural convection in a cavity filled
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with air Pr=071 [37]. The heat source is
located at x, =0.25 on the bottom side of the
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. .2 .
enclosure; its length is EH . Both vertical walls

are maintained at a cold temperature, while the
top wall is adigbatic. From this examination, it

— ~.

e MR A
N Lol

(a) Experimental result of Corvaro et Paroncini [37].

shows that there is a good agreement between
the experimental and numerical data of Corvaro
and Paroncini [37] and our numerical findings

(Fig. 6).

(b) Experimental result of Corvaro et Paroncini [37].

(d) Numerical result of Corvaro et Paroncini [37].

(e) Present result.

(f) Present result.

Fig. 6. Streamlines (a, ¢, and e) and isotherms (b, d, and f) for Ra = 2.12 x 105 in the case of air.

2. EFFECT OF NANOPARTICLES
VOLUME FRACTION ¢ AND
GRASHOF NUMBER Gr

The graphical findings are presented to
determinate the impacts of solid volume
percentage ¢ on the streamlines, isotherms
profiles, and Nusselt number for two different
Grashof number values Gr . Figures 6 and 7
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show the streamlines and isotherms
profiles for Gr=10" with various nanoparticles
concentration ¢ (0-8%) . The streamlines show
that the maximum stream function absolute
value |y, | has increased as volume fractions
of nanoparticles rise (Fig. 7). The formation of
new vortexes, so the intensity of streamlines
enhances due to change of nanofluid viscosity.
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(@), [¥',,.| = 0.0331702 (b), [, | = 0.0404312

-0.002

-0.002.

-0.038]

(©), ¥ ,0, | = 0.0479178 @), [',,..| = 0.0636707

-0.005;

-0.005

Fig. 7. Streamlines for Gr = 103, (a) ¢ = 0%, (b) ¢ = 2%, (c) ¢ = 4%, and (d) ¢ = 8%.

(€)

&
K

Fig. 8. Isotherms for Gr = 103, (e) @ = 2% (), (f) @ = 4% (---), (9) @ = 8% (---), @ = 0% (-).

(@), [$',,.| = 0.0032047 (B), [, | = 0.0037453
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(©), [¥' gy | = 0.0043166 ), [',...| = 0.00539658

0002

-0.0005

Fig. 10. Isotherms for Gr = 103, (e) @ = 2% (), (F) @ = 4% (), (9) @ = 8% (---), and @ = 0% (-).
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Figure 8 demonstrates that, at low Grashof
number cr =10, it is observed that there is no
significant difference between the lines of
temperature for all values of nanoparticles
volume percentage due to the lowest Grashof
value which make the viscous forces dominate
over buoyancy forces, so, the heat transfer is
dominant by conduction process.

Figure 9 illustrates that for high Grashof
numbers (Gr=10"), as the solid nanoparticles

volume percentage ¢ rises, the |y’ | of the
cavity increase, indicating better convection. It
shows how the Grashof number affects the
isotherms, which are more sensitive for Gr =10°
than Gr=10° . However, when the volume
percentage of nanoparticles rises, the isotherms
become increasingly distorted due to an
increase of buoyance forces, and the lines on the
bottom wall (the top) move and come close to
the right side (the left side). Due to higher
conductivity of nanofluid, which might improve
heat transmission, the thermal boundary layer is
more sensitive (Fig. 10). Which means that the
natural convection is enhanced.

Figure 11 presents the effect of Grashof number
Gr, for a specific nanoparticle concentration
p=4% , on the temperature distribution. It
shows that the temperature is influenced by
Grashof number; for er=10° the temperature
profile is distorted more than for cr=10" and
Gr =10°. Figure 12 elucidates that the impact of
volume fraction o , for various Grashof
numbers Gr (10°, 10*, and 10° ), on the average
Nusselt number nu_ along the hot side wall. It is

clear that the Nu,, rises as the volume fraction ¢

and Grashof number Gr augment due to reduce
of the thermal boundary layer thickness which
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Fig. 11. Temperature profiles in the middle of
vertical axis for different values for ¢ = 4% of
Gr = 103, 10*, and 10°.

is the area near a hot surface where heat is
transferred from the surface to the fluid.
Accordingly, heat transfer is improved as the
solid nanoparticles volume percentage ¢ and

Grashof number augment. For cr =10°, the Nu,

was not affected much by increasing
nanoparticle volume percentage. By increasing
Grashof number, the buoyancy forces increase
which enhances energy transport. Thus, the heat
transmission enhances by convection which is
dominated at a high Grashof numbers. In fact,
the inertia forces for Gr=10° are lower than
those for Gr=10°. Because of this, a greater
negative impact of nanoparticles at Gr=10°,
which lowers the Nusselt number more
compared to higher Grashof numbers.

For various aspect ratios of the enclosure Ar, the
impact of the solid nanoparticle concentration
¢ and the Grashof number Gr on the average
Nusselt number Nuayg along the heated side wall,
is displayed in Fig. 13. The results indicated that
throughout aspect ratios and Grashof numbers,
the Nuayg Vvalue increased with the rise in
nanoparticles volume proportion.

It is obviously observed that for all of Grashof
number values the great values of the Nuay are
observed for Ar=05 then Ar=2, and the small
values are observed for Ar =1.

If one of enclosure dimensions increases, either
in width or height, the transfer of energy
improves. Our results established that the
cavity’s geometry also plays a crucial role in
heat transmission.

—=—Gr=10°
12]|—o— Gr=10*
—a— Gr=10°

5
3
=
6
4
_ e—
4-»———’__"
2-|_e——-————e.——’___€—_—'
0 2 4 6 8

Fig. 12. Average Nusselt numbers Nu,,, for
various values of ¢ along the heated surface.
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0 ¢ 8
Fig. 13. Average Nusselt numbers Nu,,4, (=) Ar =1, () Ar = 0.5,and () Ar = 2.

3 EFFECT OF HOT OBSTACLE enclosure is investigated. The block dimension
In this part of this study, the effect of hot is A, =025 (Figs. 14 and 15).
square obstacle situated in the center of a square
V' | = 0.0242641 (@) [’ | = 00355335

-0.002: -0.002

-0.023]

|V ax| = 0-0141949 (b) [ | = 00195602

[¥' .| =0.0056451

-0.0005

Fig. 14. Streamlines for ¢ = 0% (on the left) and ¢ = 4% (on the right), (a) Gr = 103, (b) Gr = 10*, and
(c) Gr = 105,
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Figure 14 presents the streamlines contours
for two distinct values of solid volume
percentage ¢=0% and ¢=4%, and for three
values of Grashof numbers er=10", 10*, and
10° . It shows that for cr=10", from ¢ =0% to
o =4% , the streamlines have taken the same
form with an increasing in the stream function
absolute values |y, |.

As a consequence, the convection process is
enhanced with the increasing of nanoparticle
volume proportion. Moreover, we noticed that
for the whole range of volume proportion of
nanoparticles ¢ and Grashof numbers Gr, it is
clear that due to the heated block, the circulation

(€)

(9)

of stream tends to be elongated in rightward
horizontal direction, resulting the vortex for
Gr=10" and Gr=10° Also, the results
demonstrate that with increasing Gr , the
convection process dominates. For Fig. 15, the
isotherms are affected by heated obstacle. We
observed that for low Grashof number, the
isotherms are distorted around the heated block,
which causes convection to dominate. Also, we
show that there is no visible difference in the
lines of temperature between ¢ = 0% and ¢ = 4%
due to the low Grashof number (cr=10°), the

impact of nanoparticle volume fraction starts to
appearance from Gr >10°.

|
|

ai},l

\l

Fig. 15. Isotherms for ¢ = 0% (—) and @ = 4% (---), for (e) Gr = 103, (f) Gr = 10*, and Gr = 10°.

To investigated the effect of the existence of the
hot obstacle on the Nusselt number Nu,, .

Figure 16 presents that the average Nusselt
number calculated along the hot wall of the
cavity with and without the hot obstacle for a
particular  Grashof number Gr=10° and
different nanoparticles concentration values

66

0<p<8. The results showed that without the
existence of obstacle, the exchange between the
surfaces of the cavity and the fluid is high and
important and the thermal boundary layer
thickness reduces, so the heat transfer enhances
more than the case of cavity with obstacle.



PROBLEMELE ENERGETICII REGIONALE 4 (60) 2023

11

10

—=— Without obstacle
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Fig. 16. Average Nusselt numbers on the hot wall of cavity with and without the obstacle for Gr =10°

CONCLUSION

A numerical study of natural convection heat
transport of a nanofluid in a two-dimensional
cavity (with and without obstacle), by using
Lattice Boltzmann Method (LBM), is
conducted. The key parameters are volume
percentage of solid nanoparticles p and Grashof
numbers Gr , which are in the ranges
Gr=10°-10° and ¢=0-8% , respectively. The
main results of this work are as follows:
e For low Grashof numbers (cr =10°), the heat

transmission is not sufficiently sensitive to the
solid nanoparticle volume percentage ¢ due to
decrease of buoyancy forces. While with the
rising of Gr to the Gr=10°, the heat transfer
enhances.

e As increases the volume percentage o for

high Grashof numbers Gr leads the heat
transmission enhancement efficiently. Also, by
widening the cavity, either in height or width,
we enhance the heat transmission rate.

e The aspect ratios of enclosure have a
significant role on heat transfer of nanofluid.

e The hot square obstacle has an important
effect on natural convection flow of nanofluid,
which the Nusselt number Nuayg is higher in the
case of cavity without hot obstacle more than
for cavity with hot obstacle, so the heat transfer
improves in the case of cavity without hot
obstacle.

Nomenclatures

Ar Aspect ratio
Ao Obstacle dimensions
d Length of the heat source along x-axis

Specific heat capacity at constant pressure

dnp Diameter of nanoparticles
dr Diameter of base fluid

h Inter-nanoparticles spacing
c; Discrete particle speeds

Cs Speed of sound

f Density distribution function
fed Equilibrium state of f

g Temperature distribution function
g& Equilibrium state of g

Oy Gravity acceleration

Ma Mach number

K Thermal conductivity

Nu Local Nusselt number

Pr Prandtl number

Gr Grashof number

D Pressure

w Enclosure length

H Enclosure height

L Block length

T Temperature

u(u,v)  Vector of velocity

Y Cartesian coordinates

Greek symbols

p Density

a Fluid thermal diffusivity

v Kinematic viscosity

B Thermal expansion coefficient
0 Normalized temperature

u Dynamic viscosity

w; Weighted factor for flow (D2Qo)
1) Nanoparticle volume fraction

P Stream function

Ty Relaxation time for flow

T. Relaxation time for temperature
At Time increment

Subscripts

f Fluid

np Nanoparticle

nf Nanofluid

avg Average

H Hot

C Cold
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Assessment of the Slagging Tendency in Power Plant Boiler Furnaces Depending on the
Physical-Chemical Characteristics of Ash and Coal

Chernov S.L., Prokhorov V.B., Pay A.V., Aparov V.D.
National Research University "Moscow Power Engineering Institute™,
Moscow, Russian Federation

Abstract. The purpose of the work is to select replacing design coal possible options for low slagging potential
reasons in the furnace and on adjacent heating surfaces. Solved problems: the main slagging indices (SI) are
summarized, based on considering the two main parameters of the formation of ash deposits, namely viscosity and
fusibility. An analysis of existing methods for assessing slagging processes of heating surfaces in steam power
boilers was carried out. The scientific goal is achieved by the proposed method of ranking coals according to their
slagging tendency on power boiler heating surfaces based on their physicochemical properties. The methodology
is based on the slagging potential dependence of the fusibility and viscosity ash characteristics, considering the
ratio of the ash percentage content to the heating value of coal. The most important result is ranking of 28 coals of
various grades (subbituminous, bituminous, anthracite) burned at Russian power plants according to their tendency
to form ash deposits on the furnaces of power boilers. The significance of the results obtained lies in the
identification of two coal deposits, subbituminous Irsha-Borodinsky and Berezovsky in Easten Siberia and
Kuznetsky bituminous in Western Siberia, which are universal during the transition to burning non-design fuel
from the slagging potential point of view. The dependences of the change in ash viscosity and Sl on the
SiO, / Al,O, and Fe,O,/SiO, ratios in ash for Irsha-Borodinsky and Moscow region coals were under

consideration. It was concluded that the value of the Sl is directly proportional to the load ash content A" and
could differ more by an order of magnitude for different coals.
Keywords: power plant, power boilers, solid fuel, coal, slagging, ash fusibility, ash viscosity.
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Evaluarea susceptibilititii la zgura a cuptoarelor cazanelor energetice in functie
de caracteristicile fizico-chimice ale cenusii si cirbunelui
Cernov S.L., Prohorov V.B., Pay A.V., Aparov V.D.

Universitatea Nationala de Cercetare ,,Institutul de Inginerie Energetica din Moscova”, Moscova, Federatia Rusa
Rezumat. Scopul lucrarii este de a selecta optiuni posibile pentru inlocuirea carbunelui de proiectare din motive
de probabilitate scazutd de zgurd in cuptor si pe suprafetele de incalzire adiacente. Sunt rezumati principalii indici
de zgura (IS), pe baza ludrii in considerare a celor doi parametri principali ai formarii depozitelor de cenusa, si
anume vascozitatea si fuzibilitatea. A fost efectuata o analiza a metodelor existente de evaluare a proceselor de
zgura a suprafetelor de incélzire in cazanele cu energie cu abur. Acest obiectiv este atins prin metoda propusa de
ierarhizare a carbunilor in functie de tendinta lor de a zgura suprafetele de incalzire a cuptoarelor cu boiler pe baza
proprietatilor lor fizico-chimice. Metodologia se bazeaza pe dependenta zgurii de caracteristicile de fuzibilitate si
vascozitate ale cenusii, tindnd cont de continutul redus de cenusi al carbunelui. Cel mai important rezultat este
clasarea a 28 de carbuni de diferite grade (maro, tari, antracit) arsi la centralele rusesti, in functie de tendinta
acestora de a forma depozite de cenusé in cuptoarele cazanelor electrice. Semnificatia rezultatelor obtinute consta
in identificarea a 2 zacaminte de carbune, ambele Berezovsky brun si Irsha-Borodinsky in Siberia de Est, si piatra
Kuznetsky in Siberia de Vest, universala in trecerea la arderea combustibilului neproiectat din punctul de vedere
al prevenirii zgurii. Dependenta modificérilor vascozitatii si IS de raportul dintre continut si cenusa au fost obtinute
pentru carbunii din bazinele Irsha-Borodinsky si regiunea Moscovei. Se arata cd pand la un raport de aproximativ
0.33, ambele dependente sunt direct proportionale, iar cu o crestere suplimentara, valorile IS pentru cdrbunele
Irsha-Borodinsky cresc brusc.

Cuvinte-cheie: centrala electrica, centrale termice, combustibil solid, carbune, zgura, fuzibilitate cenusii,
vascozitate cenusii.

© Yepnor C.JI., [Ipoxopos B.b.,
ITaii A.B., Amapos B.J]
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OneHKka CKJIOHHOCTH K HIAKOBAHHIO TONMOK YHEPIreTHYeCKHX KOTJIOB B 3aBHCHMOCTH 0T (H3HKO-
XHMUYECKMX XapAKTePUCTHK 30JIbI H YTJIs
Yepuos C.JI., [Ipoxopos B.b., ITaii A.B., Anmapos B./I.
HaunonanbeHbIi Hecae10BaTENbCKUM YHUBEPCUTET «MOCKOBCKUM SHEPTrETUUECKUIA HHCTUTYT»
Mocksa, Poccuiickas @enepanus
Annomayus. llenpio paboOTHl SBISETCS BBHIOOP BO3MOXKHBIX BapHaHTOB 3aMEHBI INPOCKTHOTO YIS IO
COOOpaXKEHUSM MaJIOW BEPOSATHOCTH IITAKOBAHWS B TONKE M HA INPHMBIKAIOIINX ITOBEPXHOCTAX Harpesa.
IocTaBneHHast IENb TOCTUTAETCS PEIICHUEM CIIEAYIONINX 3a1ad: 0000IIEHHEM OCHOBHBIX HHIEKCOB IIIJTAKOBAHUS
(IS), ocHOBaHHBIX Ha ydeTe ABYX INIABHBIX IIapaMeTPOB 00pa30BaHNUs 30JI0BBIX OTJIOKCHHUI, 8 UMEHHO BSI3KOCTH U
IUIaBKOCTH, IIPOBEJCHUS aHaIM3a CYIIECTBYIOMIMX METOJAHMK OLEHKH IIPOLECCOB INIJIAKOBAHUSA MOBEPXHOCTEH
Harpesa B IapOBbIX SHEPreTHUECKUX KOTIAX, MPEAT0KEHHON METOIUKON PaHKUPOBAHUS yIJIeH MO CKIOHHOCTH
UX K IIJTAKOBAHUIO IIOBEPXHOCTEH HarpeBa TONOK SHEPreTHYECKUX KOTJIOB HA OCHOBAHUU UX (PU3UKO-XUMHYIECKHX
CBOMCTB. B OCHOBy METOAMKM HOJNOKEHAa 3aBUCHMOCTb IIIAKOBAHUS OT IIABKOCTHBIX M BA3KOCTHBIX
XapaKTEePUCTHUK 301IbI C y4eTOM IPUBEACHHOH 301bHOCTH yrid. Hanbosee cylecTBEHHBIM Pe3yabTaToOM SBIIACTCS
MPOBEICHHOE paHXHpOBaHME 28 yriaed pa3iandHbIX Mapok (Oypsle, KaMEHHBIC, aHTPALHUT), CXKUTAeMbIX Ha
3MeKTpOCTaHIMAX Poccun, Mo MX CKIOHHOCTH K 00pa30BaHMIO 30JI0BBIX OTJIOKECHHH B TOIKAX 3HEPIETHYECKUX
KOTJIOB. 3HAUNMOCTD ITIOJIydCHHBIX PE3yJIbTaTOB COCTOUT B BBIACIECHHH 2-X MECTOPOXKACHHH YIieH, Kak OyphIxX
Bepezosckoro n Upma-bopoanackoro B Bocrounoit Cubmpu, Tak u kamenHoro KysHenkoro B 3amagHoit Cubupw,
YHHUBEpPCANbHBIX IPH TIEPEXOAE HA CXKUT'AHWE HENPOCKTHOTO TOIUIMBA C TOYKH 3PEHHUS MPEAOTBPALICHUS
nurakoBaHus. [lomydeHbl 3aBUCHMOCTH M3MEHEHHS BSI3KOCTH M IS oT oTHomenuid coxepxxanus SiO, / AlL,O, n

Fe,0, / SiO, B 30ne mms yrieit Upina-bopoauuckoro u IToxmockoBHoro GacceiiHa. [TokasaHo, 4To 10 3HAYCHHS
orHomernus Fe,0, /SiO,, paBHoMy mpumepro 0.33, 00e 3aBHCHMOCTH HMEIOT NPSAMYIO MPOHOPIHOHAIBHYIO

3aBHCHMOCTb, a NIPU AaibHeimeM pocte 3HadeHus 1S mms Hpma-BoponuHcKoro yris pe3sko yBEIMIHBAIOTCH.
Crenan BBIBOJI, YTO BeMYHHA |S MpsSMO MpOMOPIMOHATBHO 3aBUCUT OT pabodeit 30JpHOCTH A’ 1 Ha MOPSIOK
MOJKET OTIINYAThCA AJIS PA3HBIX YTJIEH.

Knioueevie cnoea: Tennopas 371€KTPOCTAHLIUS, DHEPIeTUUECKHE KOTIIBI, TBEPAOE TOILUIUBO, yrob, MIAKOBAaHHUE,
TUIaBKOCTh 30J1bI, BA3KOCTH 30751

BBEJIEHHME Ilepen npoBeneHUMEM ONBITHOIO CXKUTAHUS

albTEPHATUBHOTO  TOIUIMBA  IEJIECO00pa3HO
[Tepexon Ha anbpTepHATUBHOE (HEMPOCKTHOE)

MPOBOJUTH peIBapUTEIbHYIO OLICHK
tormBo npu padote TOC B Hacrosiee Bpems POBOA peABap y HEHIY

TOMOYHOI'O IpoLEecca ¢ HOMOLIBIO YHCIEHHOTO
BO3HHMKAeT  BCJEACTBHE  COKpAlleHUS |

MO/JISJIUPOBaHUS o CJIEAYIOIIUM

HE00EeCIIeUeHHOCTH TOCTaBOK YIS, YXYALIEHHUS
€ro KauecTBa, MPEI0KEHNI 110 UCIIOIB30BaHUIO
Oonee  JemeBOr0  TOIUIMBA,  Y)KECTOUEHUS
3KOJIOTHYECKUX TpeOOBaHMIA. Ilon
aJ'II)TepHaTI/IBHBIM TOIININBOM ITOHUMACTCS YFOJ]B,
Ha  UCIOJBh30BaHWE KOTOPOTO HE  OBUIH
paCC‘H/ITaHBI KOTJIbI HpI/I nux HpOCKTHpOBaHI/II/I NN
PEKOHCTPYKITHH, a TaK)Ke paHee He MPOIICIITHI
MPOMBIIIUICHHOTO WJIM ONBITHOTO COKMTaHHS Ha
naauoun TOC.

IIpu IepeBoje KOTJIOB OCHOBHBIMU
MpoOJIeMaMU SIBIISTIOTCS: NIJIAKOBAHKME TOTIOYHBIX

OrPaHUYMBAIOLIMM [apaMeTpaM: JIOMYyCTHMBII
MEXaHHYECKHH HEJO0KOr TBEpPAOro TOIUIHBA,
OTCYTCTBHE LUIAKOBAHUS TOTOYHBIX IKPAHOB M
BBIXO/IHOW YacTH TOIKH, TEMIIEPATYpPhl Ta30B Ha
BBIXO/IC U3 TONKH, 00pa3oBaHie OKCHIOB a30Ta. B
HacTosIIel paboTe paccMaTpUBAIOTCS BOHPOCHI
BbIOOpa  BO3MOXKHBIX  BapHAHTOB  3aMEHBI
HOPOEKTHOTO YIJI IO COOOPaXKEHUSIM Mo
BEPOSITHOCTH I[IAKOBAHWSI B TONKE M Ha
NPUMBIKAIOIIMX TTOBEPXHOCTSAX HarpeBa IupMmax,
¢ecToHax u T.1.

9KpaHOB u MTOBEPXHOCTEN Harpesa, |. IOCTAHOBKA 3AJIAUT
pacmloiOKEeHHbIX HaJa TOMKOH, 3arps3HeHHe
. OCHOBHBIMH ~ XapaKTepUCTHUKAaMH  30JIbI,
KOHBEKTHBHBIX TTOBEPXHOCTEH Harpesa,
. OTIPEACTSAIOUINMH MPOIIECC NITAKOBAHUS TOMKU U
HEYCTOMYMBOCTD TOpEHUS HEIPOEKTHOTO

3arpsi3HEHHST Ta30XOJ0B KOTJA, SBISIOTCS ee
IUIABKOCTh M BSI3KOCTh, KOTOPBIE 3aBHCAT OT
XUMHYECKOTO cocTana [2].

B Tedenue mecITHIIETHI CITOCOOHOCTD 30JIBI K

TOIUIMBaA, IIOBBIIICHHUE KOJIMYECTBA BPCIHBIX
BBIOPOCOB B atMmocdepy, aOpasuBHBI HM3HOC
KOHBEKTHBHOW  YacTH  KOTJOB,  CHIDKCHHUE

9KOJOI'MYECCKHX IMOKa3aTcCJICH, HN3MCHCHUC
o [UIAKOBAHUIO OIpPEACIdIaChb 110 PpEe3yJibTaTaM

YyCJI0BUHN pa60T51 CHUCTEM MBUICIIPUTOTOBIICHUS,
TE€CTa Ha INUIABKOCTH IIO HM3MCHCHUIO q)OpMBI

HJIaKOyAaJICHUs, 30JI0yJIaBJIMBaHUSA nu

nmupaMuAsl W3 YacTHYEeK 30JIBl TIPH  €Tr0
ToruMBonogauu [ 1].
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nocteneHHoM HarpeBanuu puc. 1. [lo T'OCT

2057-94 pasnuyaroT TeMIepaTypbl  Hadvana
JeopManuy, Havaiga pasMmsardeHust  tg (t2),

HaYana MCTUHHOTO JKUIKOTO COCTOSHMS tg(12).

Ilo amepukanckoii wmeromuke ASTM 1857
pa3ianyaroT ClIeyIoue XapaKkTepHbIE
Temneparypsl: 1D TeMIepaTrypa Havajia
nedopmarmn, ST — Temmeparypa pa3sMsrdeHHs
i masinennsa, HT — remmneparypa momycdepst,
FT — temnepatypa »UAKOIUIABKOTO COCTOSHHSL.
OcCHOBHOE pa3in4ne IBYX METOIHK 3aKITI0YaeTCs
B TOM, YTO TEMIIEpaTypa Havaja pa3MsrdeHus tg
HE COOTBETCTBYET TemrepaType pasmsardenus ST,
a COOTBETCTBYeT TeMmmeparype monychepsr HT.

TeMmIeparypHsle TpaHuipl (a3 (pasMsardeHue,
TUTaBIICHUE, KHUIKOE COCTOSHHUS) HOCHT CKOpee
ONHUCAaTeNbHBIA, YeM HM3MEPUTEIbHBIA XapakTep.
To ecTb TeCT HEe MOXET MpeAcKa3aTh PeatbHyIo
CUTYAaITHIO, KOoTOopas BO3HUKAET npu
JKCIUTyaTanuu kotia [3].

CrnexyeT OTMETHTH, YTO CYIIECTBYeT OoJee
HoBeii ['OCT P 542382010 Onuskuiéi 1o
TepMuHaM U ompeneneHusM k ASTM 1857,
OJTHAaKO B CIIPAaBOYHOI JIHTEPAType COXPAHUINCH
TUIaBKOCTHBIE XapaKTEPUCTHKH, MONyYSHHBIE IO
CTapoit METOUKE.

Tect Ha IJIABKOCTB, OnpeIesIOMUN
w
W 5 2
_ 0
H 4 H L
Ucxonupii W W
obOpa3zent ta ) tc
Original sample  |D ST HT FT

ID — onset of deformation, ST — temperature of softening or melting of the sphere, HT — temperature of the
hemisphere, FT — temperature of the liquid-melting state (according to ASTM 1857)
Figure 1. The location scheme of direct-flow burners and nozzle. Change in sample shape when
determining fusibility and accepted characteristic temperatures (t,,t;,t; according to GOST 2057-94).

ID — nauano oegpopmayuu, ST — memnepamypa pazmseuenus uiu niasienus cgepoi, HT — memnepamypa
nonycgeput, FT — memnepamypa scuoxonnasxkozo cocmosnus (no ASTM 1857)
Puc. 1. U3meHenune ¢popMbl 00pa3ia nmpu onpeneieHN NJIABKOCTH H NPUHATHIE XapaKTepPHbIE
Temnepatypsl (t,,t;,t. mo FTOCT 2057-94).

Oco0yto posib B ONpeneNeHNH CKIOHHOCTH
yIas K [UIAKOBAaHUIO, TO €CTh INPUIIMIIAHUIO
YacTMYEeK 306l Ha TMOBEPXHOCTh TOMKA U

06pa3OBaHI/IIO IIPOYHBIX OTJ'IO)KCHI/If/i, urpact
BA3SKOCTH YaCTHU4YCK 30JIbl, KOTOpasi BO BCEX
clydasax YBECJINYNBACTCA C YMCHBUICHUEM

temneparypsl [4]. B pabote [5] mokazano, 4yro
JUISL 307l C BECOBBIM COJEpXKaHMEM OKCHa
*xenesa 6osee 5.0 % Temmneparypa NpHIHITAHUS K
cTeHKaM paBHa okojo 1177 °C, B To BpeMs Kak
JUIS OCTaJIbHOM 30JIbI TPOCIIEKHUBACTCS OOPAaTHO
MPOMOPIIMOHAIBHAS 3aBUCUMOCTh TIPWIIMITAHUS
or e€ Bs3koctd. OCHOBHas 3aBUCUMOCTb
CKJIOHHOCTH K IIUIAKOBAHUIO OT XHUMHUYECKOTO
cocTaBa 30Jbl YIVIS 3aK/IIOYAeTCsl B TOM, YTO C
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poctom conepxanust SiO, (cBbime 75% db) u
YMEHBIIEHUEM MPOLEHTHOrO conepxkanus Fe,O,

(menee 5 % db) yriau cTaHOBSTCS «XOPOIITUMEUY U
WX 30J1a HE BBI3BIBACT 3arpSI3HEHHSI TOBEPXHOCTEH

HarpeBa [2,3]. Ilomyumma pacmpocTpaHeHHE
METOJIMKAa  OIICHKM CKJIOHHOCTH  YyIWId K
[IIAKOBAHUIO o OTHOIIIEHUO CYMMBI
COJIEp)KAHUSA IIEIIOYHBIX OKCHUJIOB B

(Fe, O, +Ca0 + MgO + K,O + Na,0) , K KHCIIOTHBIM
okcugam A (SiO, + AlL,O, +TiO,). IloBbiieHue

oTHomeHuss B/A  cHwkaeTr  Temmeparypy
TUTABKOCTH  30JIbI, TEM CaMbIM  IIOBBIIIAs
CKJIOHHOCTH 30Jbl K IUIaKOBaHUIO. OTHOIIEHHE
B/A wmenbiie 0.11 cuuTaeTcs XOpOIIUM C TOYKH
3peHus] OTCYTCTBHA IIJIAKOBaHHWA B ToOmKe. B
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pabote [2] mpeanaraeTcs SMIUPHYECKHIA HHACKC
cepauctocth (RS), KOTOpEI TpeACTaBIICH B BHJIC
MpoM3BEACHUS conepkanus cepel S db Ha
otHomenue B/A. Meton moiydeH mpH OLECHKE
CKIIOHHOCTH K murakoBaHuio Ha yrisix CLIA u
EBpombl, B KOTOPBIX JKEJE30 IPEACTaBICHO B
Bume cyinbparta sxenesa (FeS,) wuiam nHpHTA.

YTrosb UMeeT Manylo CKIOHHOCTD K IITAKOBAHUIO
mpu RS < 0.6. OmgHako naHHBIA WHACKC HE
TOJUTCS IS YTIICH C MaJIbIM COJIEPKaHUEM CEpHI,
rae mpeoOnajgaeT COoeAMHEHHWE JKenme3a ¢
yriepogom  (FeCO,) B BHIOE cuaepura u
OCHOBHBIM (DaKTOPOM SIBJISIETCA COJEpKaHUE B
3o01e Fe,0,. B aTom ciydae comepkanue xenesa

paccMaTpuBaeTCS BMECTO CONEP)KaHUS CEephl U
ungekc RS He npumMeHum.

B ta6muie 1[6,21-24] 06061eHB OCHOBHBIE
WHJICKCHI IIIAKOBAaHHWS, OCHOBAaHHBIC Ha ydeTe
IBYX TIABHBIX TMapaMeTpoB  0Opa3oBaHUA
30JI0BBIX OTJIOKEHHH, a HWMEHHO BS3KOCTH U

IUIaBKOCTH. B cBOIO odepens TNOCIEAHUE B
MPSIMYIO 3aBUCST OT €€ XMMHYECKOTO cocTana [7].
OtnensHO paccMarpuBaeTcs BITUSTHUE
XMMHYECKOTO COCTaBa YTOJBHBIX CMeceil Ha
BSI3KOCTh W IUTABKOCTH 301161 [8,9]. OOBACHICTCS
3TO TeM, YTO TOPEHHE CMECH YTIIEH IPOTEKaeT He
KaKk CKUTaHHe TOIUIMBA C YCPEAHECHHBIMH
XapakTepUCTUKaMH, a KaK TOpeHHe JIBYX
Pa3IMYHBIX 10 TEIUIOTEXHUYECKUM IapaMeTpam
yriei. MccnenoBanue BIUSHASA CBOKWCTB 30J1bI HA

ee KOJIMYECTBCHHBIC XapaKTePUCTHKH
npoBoamianck B [10]. B Hacrosmieii pabore He
paccMaTpuBaeTCsl  MPOIECC  OCAXKICHUS U

00pa3oBaHHA OTIOKEHUH 30JTbI B 3aBUCUMOCTH OT
JUHAMHUYECKUX XapaKTepUCTUK JBYX(a3zHOTO
MOTOKA, KOTOPbIE OBLTH KCCIIE0BAHBI BO MHOTHX
pabotax, B uactHocTH B [11-13, 25-26]. Taxxke He
paccMaTpUBaeTCsl BIMSHHE MUHEPaIOTHYECKOTrO
coctaBa 00pa30BaHUU Ha YCaJKy W BS3KOCTHBIC
XapaKTEPUCTUKU 30JIbI, KOTOPHIC HCCIEIYIOTCS,
Hampumep, B [14].

Tabmuma 1.
IMpuMeHsieMble HHIICKCHI IUTAKOBAHHUS
Table 1.
Applied slagging indices
IToTeniuan naaKoBaHMS
Ne Hanve- HMHJIeKC MIIakOBaHuUsI Slagging potential
/1 H&Baarﬁge Slagging index Huskuit | Cpenauii | Beicokuit
Low | Medium High
Kpemueroe SA—100 Sio,
! gfﬁgﬁ;‘f;‘g Si0, + Fe,0, + CaO + MgO 7280 | 6572 | 50-65
[{enouno- B/A=
p |KmenoTHOE Fe,0, +Ca0 + MgO + K,O + Na,0 <011 | OH-1 S04
OTHOIIICHHUE = - - 0.14
B/A ratio SiO, + Al,O, +TiO,
IInaBxocTh
3 | s0m, °C A=At > 1343 1123?423' <1232
Ash fusibility 5
Conepxanue
4 | xenesa, % RF = Fe,0, <6 6-7 >7
Iron content
Temnepartypa
IIJIAKOBAHUS A
5 [(BTH),°C ty =945+7.77-— <1050
Slagging B
temperature
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BsskocTHO-TeMIiepatypHas 3aBUCHMOCTb
m3ydainacb B Poccum B paborax [15,16] B
OCHOBHOM IIPHMEHUTENBHO K TOMKaM C KUAKUM
NUIAKOYIAJICHUEM, a TaKKe JUTST
MPOTHO3UPOBAHUS HEKOTOPBIX aCTIeKTOB
nuakoBanus.  [lomyumnmm — pacmpocTpaHeHne
SMITUPUYECKUE METOIbI, B KOTOPHIX HAapsay C
MOJEISIMH  BSI3KOTO  TCUCHUS MPUMEHSIOTCS
sMmupudeckue  koddduimentel.  Hambonee
IIAPOKO HCIONB3YETCS YIPOIIEHHOE ONFCAaHNE
3aBHCHMOCTH BSI3KOCTH OT TEMIEPaTyphl B BHJIE
ypaBHEeHWI Ha 0a3e 3aBUCHUMOCTEl AppeHuyca

4= A-exp(1000 TE) unu  Beiimana-®OpeHkenst

u=AT -exp(lOOOTE), rae A u B smnupuueckue

KOA(PGUITUEHTHI 9acTO ¢ (PU3UIECKUM CMBICTIOM,
T — Temmnepatypa. [anee B KauecTBE OCHOBHOIA
pacyeTHO MO/ HaMU BHIOMPAETCsl ypaBHEHNE
Appennyca, Tak Kak OHO JOCTaTOYHO TOYHO
ONHKCBHIBACT  3aBUCHUMOCTb  BSI3KOCTH  OT
TEMIICPATYPLI JJIA p€ajibHbIX IIJIAKOB, B TO BPpEMA
Kak ypaBHeHue Beiimana-®OpeHkens Aaer B
HMHTEPECYIOLIEM UHTEpBaJIC TeMIeparyp
OpUONMU3UTEIBHO TOT JK€ pe3yiabTaT MpH
3HAUUTENILHO 00Jiee CIIOKHOW CXeMe pPacueToB
[15].

Il. METOIUKA PACYETOB

Host a¢pexkTruBHOTO MOJICITUPOBAHUS
MPOIECCOB IIIAKOBAaHHUS B pslie MyOJIMKAni
[3,7,17] npennararoTcsi CIEAyOLIUE OCHOBHBIE
JIOTTYIIEHUS:

- TIMKOBBIE 3HaueHWs rpaduka ycaaku
JIOCTUTal0TCsl IpU Temieparypax mexay 1100-—
1500 °C u B 3Ty 00J1aCTh MOMAJAI0T TEMIIEPATYPHI
pa3MsArdeHus O0JIBIINHCTBA HCCIEAYEMBIX YIIIEH;

- ycajgka 30JIbI paccMaTpUBaeTCs  Kak
ONPEAEIISIONIUA KPUTEPUN JIUTIKOCTH U MOXKET
OBITH 3aMEHEH BSI3KOCTHIO 30JIbI;

-UIsl  JIAIIKOM  YacTHLbl  XapaKTEpHOU
TEeMIIEpaTypon IpH CTOJIKHOBEHHH c
MTOBEPXHOCTHIO SBIISIETCS TeMIeparypa

pa3msiruenus, ST (t;), IpU  KOTOpOM wyacTuLa

OpuwiIdnaer ©u  crnocoOHa — COAEHCTBOBATH
00pa30BaHMIO OTIOKECHU;

-MHTCHCUBHOCTDH IMIJIAKOBAHUS HOBerHOCTeﬁ
KOTJIa NPSIMO NPOIOPLHOHATIBHO J10JIe 3016l B
obmeld macce yrias, OAHAKO CKIOHHOCTh K
NIJAKOBAaHUIO ~ OOpaTHO  MPOMOPIIMOHATIBHO
BSI3KOCTH 30JIBI.

OMIUpUYECKU pacyeTHbI MeTon Ha Oasze
ypaBHeHus1 Appenuyca paspaboran B BCURA
(British Coal Utilisation Research Association),
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HOCUT Ha3BaHue Metonuku Watt & Fereday u
BriepBhie TipuBezcH B [18]. Ilo3nHee B pabote [6]

OBIT  TIPOBEIEH  CPaBHUTCNIBHBIA  aHaIN3
Pa3IMYHBIX METOJIUK OIICHKH CKJIOHHOCTH 30JIbI
4-x HHIUNCKHX, 4-x aBCTPATHICKUX,
HHIOHE3UHCKOTO, KOJYMOHICKOTO,

F0)KHOA(DPUKAHCKOTO, 2-X aMEpPUKAHCKUX U 3-X
OpUTaHCKMX YIWiell K IUIAKOBAHUIO Ha OCHOBE
pacueTHbIX ~ MHICKCOB, KOTOPBIA  IOKa3al
HAWIy4IIyl0 CXOIUMOCTh PE3yJIbTaTOB HMEHHO
JUISL  BBIIIEHA3BaHHOTO METOa. 3aBHCHUMOCTD
BA3KOCTh -T€MIIEpaTypa NPUBOAMUTCS HE B BHIC
9KCIOHEHLUAJIbHOHN, KaK OBIJIO IIOKa3aHO BHIILE, a
B BUJIE JIOTApU(PMUUECKON 3aBUCUMOCTH:
In() =C+10" -m/ (t —150) (1)
rae t - paBHa TeMmmeparype pasmsrdenus ST,
mu C- oMoupudeckue Ko UIMEHTEHI,
OTpa)karolllue BIMSHUE HA BA3KOCTh KaXJ0T0 M3
mATd  d1eMeHToB:  SiO,, AL O;, Fe,0,,Ca0, MgO .
Cymma fmonei msTh 3JIeMEHTOB JOJDKHA OBITh
paBa 100%. DOwmmupuyeckue KodDHUIHMESHTHI
PaccUnTHIBAIOTCS o HUKECIeAYIOIIM
dopmynam (2) u (3), B3saTeIM U3 [19]:

m = 0.01404294(Si0, ) +

2
+0.0100297(Al,0,) —0.296285 @)

C =0.015418(Si0,) —0.0388047(Al,0,) —
~0.0167264(Fe,0,) —0.0089096(Ca0) - (3)
~0.012932(MgO) +0.0467

HuTepecHo oTMETHTB, YTO KOIPDUIIMESHTHI B
¢dopmynax (2) u (3) u3 [19] yrouHeHBI Ha OCHOBE
oOmmMpHO# 0a3pl JaHHBIX W OTIMYAIOTCS OT
[IEPBOHAYAIILHO [IOJIYYEHHBIX B [18].
IIpoBeneHHbI YpalbCKOll TEIIOTEXHUYECKON
naboparopueit (YTJI) Ha coOcTBeHHOH 0ase
JIAaHHBIX pacdeTHhI aHamu3 [15,16] Takxke
oTiaMyaeTcss  OT  HepBoHavaibHOro.  llpm
Moaupukanun kK03()QUIMEHTOB, ONMpPE/IEIIeHHBIX
B [18], mpenioxeHBI HOBBIE SMIMPHYECKUE
K03 PULIMEHTHI pacyeTHBIX bopmyn
MPUMEHHUTENIEHO K POCCUMCKOMY OaHKY JaHHBIX.
Bmecto (1) VYTJ Obuma  mpemioxkeHa
MOJTUPHUIMPOBaHHAS (OpPMYJa, OTIUYAIOIASCS
TeM, 4TO KO3(QQHUUIUEHT M yMHOXaJcs Ha 1.5, a
n3 koadurmenta C peranraercs 1.25. [Tpu atom
KO3 QUITUCHTHI CTaHOBSITCS ommke K
paccuntaHHeiM B [19], ocobenHo m, THE
pacxoxaenue coctasisieT Bcero 10-15 %. Yro
kacaercsiC,to B [19] mpm ee pacuere
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YUHUTHIBACTCSA MOMIpaBKa Bomkamp Ha
conepkanune MgO B 3011e, KOoTOpas He OepeTcs B
pacuer npu MepBOHaYaIbHON u
MoaupunmpoBanHoi Bepcusix Y TJI metona Watt-
Fereday.

B kawectBe t °C B (1) mnpuHMMaercs
TeMmrepatypa pasmsrdenus 3oibl ST, mpu
KOTOPON YaCTUYKHU 30JIbI OIUIABIISIIOTCS U UMEIOT
TEHIICHITNIO TIPWINIATh K cTeHKaM. Pacuer ST
BEJIETCSI 10 XHMHUYECKOMY COCTaBy 30JBI C
WCIIOJIb30BAaHUEM  CIICAYIOMIEH 3AMIIUPUUECKOM
¢dopmymsr [20]:

ST =a(Si0,) +b(Al,0,) +c(ALO;) + @)
+d(Ca0) +e(MgO) + f () +g

e

0 =100-(SiO, + Al,O, + Fe,0, + CaO + (5)
+MgO)

Bemuuunel koucrantr a, b, ¢, d, e, f,
MpUBEICHB B Tabn. 2 B 3aBHCHMOCTH OT
MPOLIEHTHOIrO coxaepxanus Sio,, Al,O,, Fe,0, B
30I1€.

Tabmuma 2.
BenuunHbBI KOHCTaHT IpH pacueTe Joraprudma BI3KOCTH 1o Mojenn Barra-Dapanes
Table 2.
Values of constants when calculating the logarithm of viscosity using the Watt-Faraday model
Ne
/I C
No OICPIKAHUE B 30JI€ a b c d e f g
Ash content
n/o
1 SiO, <60%, AL,O, >30% 69.94 71.01 65.23 12.16 68.31 67.19 -5486
Si0, < 60%, Al,O, < 30%,
2 92.55 97.83 84.52 83.67 81.04 91.92 -7891
Fe,0, <15%
g | MO =00 ALO=IN o | s 802 | -967 | -5.8 | -399 | 1531
Fe,0, >15% e ' e ha e e
4 SiO, > 60% 10.75 13.03 -5.28 -5.88 | -10.28 3.75 453
B oranume or METOAMKH, M3JI0KEHHOUW B [6]  mpomopruoHaieH AP u o0patHO

pacxolHblE  XapaKTEPUCTUKH  30JIbI  HAaMH
MIPEACTABIISIFOTCS B BUAE LIUPOKO IPUMEHSIEMOTO
B Poccun mapamerpa npuBEAEHHOW 30JbHOCTH
A (%kg
=—,

Q, MJ

301161 Ha pabouyro maccy yrims, %, QF

n

AP ), Tome A'— Qo coaepiKaHUs

- HU3Iasa

TerioTa cropanust yrisi, MJx/kr. B anrinuickoi
paboTe TPUMEHSIOTCS 30JILHOCTh Ha CYXYIO
Maccy Y BbICIIAs TEIIOTa CrOPaHuUs TOIUIUBA, YTO
C HamIeW TOYKHM 3pPEHUS HE COBCEM OTpakaeT
peanbHBIA BBIXOA 30Jbl IMPU CXKUTAHUU YIS B
TONKE 3HEpreTudeckoro Komia. OKOHYATEIbHO
cuntaeM, 4T0 wWHAEeKC ImiakoBamus  (IS)
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HPOITOPIMOHAJICH BI3KOCTH 30J1bI, BBIPQ)KEHHOM B
Buze In(u):
A

= (6)
In(2)
I11. IIAPAMETPbI HCCJIEJJYEMBIX
AJIbTEPHATUBHBIX YIJIEN
ITo BBIIICIPUBEICHHON METOIUKE B

HACTOSILIEM HCCIIEIOBAaHUN OBUIM TPOBEJCHEI
pacdeTsl st 28 yIIiel, HCIoiib3yeMbIX B Poccum.
XapakTepuCTUKa yTied U 30JIbl IPHUBEICHA B
Tabn.3 - 4, B KOTOPOH YIJIM PACIONOXKEHBI 110
reorpa)u4ecKOMy MTPUHIUIY W BKIIOYAET BCE
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OCHOBHBIC MapKu yIJIeW: aHTpaluT, KaMEHHBIN
yrosib, Oypwii yromb.W', A",C" 0003Ha4arOT
COOTBETCTBEHHO coJep)KaHue BJIary,
MUHEpaJIbHBIX IPUMECEH U yriieposa Ha pabouyro
Maccy yrist. VIT — conepikaHue JeTydux BEIIECTB
Ha TOPIOYYIO Maccy TOILIMBA.
Sio,, Al,O,, Fe,0,,Ca0, MgO JIIEMEHTHOE
cogepKaHue B 30J€, [PHUBEICHHOE  Ha
Oeccynbdarnyro maccy. Cpenn MeCTOPOXKICHUH
yraed  mo  reorpadMuecKOMy — MPHHLUILY
NPUBEACHBI XapaKTEPUCTUKH JBYX €BPONEHCKHUX
(Yroms 1-2), mectu yrieii 3ajeraroniix B paifoHe

VYpameckux TOp (yromp 3 - 8), IOByX
Ka3aXCTAHCKUX (Yrons 9-10), HIECTU
samagHocuOupcknx  (Yroms  11-16), cemu

BocTOYHOCHOUpCKuX (Yroms 17-23), ueTpIpex
JanbHeBOCTOUHBIX  (Yromp 24-27), omHOro
kupruszckoro (Yromp 28). EBpomeiickue yrim
NPEACTABICHBl AHTPALUTOM U OyphIM YITISIMH;
Kazaxcran u 3amagnas CuOups — KaMECHHBIMH;
VYpan u Janeauit BocTok — kak KaMEHHBIMH, TaK
u Oypeimu yriusmu; Boctounas Cubupp u
Kupruzust — Oypeimu.

AHTpaIHT UMEET MATYIO BIaXHOCTb, BEICOKOE
coJep:kaHue yriepoga. B JaHHOM KOHKpETHOM
Cllydyae OTMEYAeTCsl MOBBIIICHHAS 30JbHOCTH U
CpPaBHUTEJIBHO Majas TelyloTa  CrOpaHusl.
Hannpiii  ¢dakT o0OBSCHAETCS TEM, 4YTO B
SHEPreTHKY HalpaBisieTcs HE caM aHTpalMT, a
OTXOZBI OT TMPOAYKTOB €ro MepepadoTKH.
KamenHble yrmm  mpejicTaBlieHbl  IIHPOKOM
00J1aCThIO PACXOXKACHUS BCEX BBIIICHA3BAHHBIX
napameTpoB. bBypble yriam xapakTepusyloTcs
BBICOKUMH 3HAYCHUSMH BIIQXXHOCTH W BBIXOJA
JIETyYUX, U3MEHSIOIIEHCS B IIMPOKOM JHaIia30He
30JIbHOCTBIO, MAJIBIMHU COZIEP’KaHUEM YIJIeposa U
TEIJIOTON CropaHusl.

1V. PE3YJbTATBI PACYUETOB UHJIEKCA
IIJAKOBAHUS

Pesynbprarhl pacueToB puBEACHHI B Ta0I. 5, B
KOTOPOH YIJIM TpPEJICTaBICHBl IO YOBIBAHHIO
3HadeHuil IS. B mepBoii m BTOpOil KOIOHKax
MOKa3aHbl COOTBETCTBEHHO HOMEpA YIJIEH IO
MOPSAAKY TeKyIIel TaOIHIbl 1 HOMepa CTPOK I10
tabn. 3. ST mpexncrasnser cobol TemmepaTypy
pasMmsrdeHuss 30mbl, °C, pacCUMTaHHYIO IO
dopmyne (4); In(u) — HarypanbHBIA JoTapudpM
BsI3KOCTH 30761, Ila - c, paccuntannsii mo (1);

0
A" — mpuBEeNEeHHAsl 30JbHOCTb, (I/\o/:f]g), IS -

6e3pa3MepHLn71 WHACKC IIJITAKOBAaHM . HOMep yrid
M0 TMOPAJAKY IIOKa3bIBA€T €ro CKIOHHOCTb K
OIJIaKOBAHHUK: 4YEM OH 6OJIBHJG, TEM BBIIIC
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CKJIOHHOCTh yIJg K OUiakoBaHuio. IlepBele
JlecsiTh yriaed mmeroT Beicokyto ST ot 1258 mo
1475 °C, 6onpuryro BsS3KocTh In(u) ot 5.854 mo

4.753 I1a‘c 1 BBICOKYIO IPUBEACHHYIO 30JbHOCTD

ot 1707 10 3.529 (2X9, |
MJ

Pewaroiiee 3HaueHue Uil 3TUX yrieid uMmeeT
Oosblasi BeJTMYMHA TPUBEACHHON 30JIbHOCTH, TO
€CTh KOHIIGHTpAalMs 30JIbI B TIOTOKE JBIMOBBIX
ra3oB. JlanpHeiimee cHmkeHue |S mpoucxomut
IpY U3MEHEHUHM TEMIEpaTyphbl pasMArdeHus: u
BSI3KOCTH B IIMPOKHX Ipeaesax, B TO BpeMs Kak
IPUBEACHHAsT  30JIbHOCTH  HMMeeT  OOIIyro
TEHJEHIMIO K yMeHbIeHuto. OnHako, Harpumep,
yronb Kepui-Kust (mm. 11) crout poctatoyHo
BBICOKO B Tabnuie HECMOTps Ha MAaIyo
30JIHOCTh H3-32 3HAYUTEIBHOTO CHIKEHUS
BA3KOCTHU 30161. CpaBHEHHE yTJIeH OAHOM MapKH,
HO Pa3HBIX MECTOPOXKICHUH HE BBISBUIIN KaKHX-
HUOYIb  3aBUCHUMOCTEHl € TOYKH  3pEHHS
CKJIOHHOCTH K LIAKOBAHHUIO: KaK Oypble, TaKk U
KaMEHHBIE YTIIH IIPUCYTCTBYIOT KaK BBEPXY, TaK U
BHHU3Y TaOIIUIIBL. 6 BEPXHUX yTJIeH ¢ HANOOMbIIeH
MPEIPACIIONIOKEHHOCTHIO K IJIJAKOBAHHIO
BKIIIOYAlOT 3 OyphiX, 2 KaMeHHBIX yIied Wu
aHTpauuT. MOXXHO  NPEANOJNIOKUTh,  YTO
COICpKaHUE JIETyYHMX U CBSI3aHHOE C HUM
coJiep)KaHue yriepojia B yriie Majlo BIHMSIOT Ha
CKJIOHHOCTP K IIJIAKOBAHHIO.

[Ipennoxxennas METOANKA OLIEHKH
CKJIOHHOCTH YIJIEH K IIJIJAKOBAaHHUIO HE CIIOCOOHA
OIIEHUTH CKOPOCTh BO3HHKHOBEHUS 3arpsi3HEHUH
Ha TETUIOOOMEHHBIX TIOBEPXHOCTSIX TOTKH KOTIIA,
KOTOpasi 3aBUCHT, KPOME COCTaBa, KOJINYECTBa
30JIbI U CBOWCTB YIJIs, OT TEMIIEPaTypHOTO
peXUMa M a3pOJMHAMHUKH TOTIKH. Y UYUTHIBAs 3TH
YCIIOBHSI, MOXHO CO3JaTh O€3IIaKOBOYHBIN
PEKUM B TONKE JaXKe A CaMBbIX CKJIOHHBIX K
nuakopanuto  yrieil. Opnako IS mosBossieT
pPamKUpPOBAaTh YIAM 1O WX CKIOHHOCTH K
00pa30BBIBAThH OTIIOKEHUS. ITO OCOOCHHO BAXKHO
NpU TIPEABAPUTEILHOM BBIOOPE HEMPOSKTHOTO
TOIJIMBA B3aMeH Cxkwurapmerocs panee. C
noMouIsio Tabi. 5, 3Has 1S oboux yriei MOXXHO
OTIpeNIeNITh KaKoi W3 HHUX Oojee CKIIOHEH K
o0Opa3oBaHHi0 OTNIOKeHWH. Ecinm HenmpoeKTHBIN
yroib uMeeT MeHblue |S, To ero npuMeHeHue He
JOJDKHO ~ TIPUBECTH K JONOJHHUTENbHBIM
npobiemMam. B NpoTHBHOM ciiydyae MOXHO
MOMCKATh APYroe HEMpOeKTHOEe TOIUMBO. Takoii
MOJOXOX YHPOCTUT MpeJBapUTEIbHBIM BHIOOD
HETMPOEKTHOTO TOIUIMBA U MOXET NPUMEHSTHCS
JUISL JTFOOBIX TBEPHBIX TOIUTUB, B TOM 4YHCIIE HE
BOLLIEANINX B Tab. 5.
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B Tabn. 5 xamennele yrim Ky3Henmkoro - KOTOpble OJHU M3 cambIX Oonbpimx B Poccuu w,
OacceitHa ¢ TOPSAAKOBBIMH HOMepaMu 22, 23, 25,  cllemoBaTeNbHO,  WCIONB30BAaHUE WX  Kak
26 UMET Malylo BenmuuMHy IS W,  HENpOEKTHOBIX OYEHB MEePCIECKTUBHO.
CIIeZIOBaTEeNbHO, HE O00NafaloT CKIOHHOCTBIO K
[IIAKOBaHUIO. Bce OHM OTHOCATCS K OIHOMY
OacceliHy, 3amacbl BBICOKOKAQ4e€CTBEHHOTO VYT

Tabnuma 3.
DJeMeHTapHBII COCTaB UCCIIEAYEMBIX yIiiei
Table 3.
Elementary composition of the studied coals
7 M
Yrons BacceI/IH,_ MecTopoxaeHue | Mapka W% A % c % | ver o . MJ
Coal Field name Type kg
JloHemkui A
1 Donetskiy A 8.5 34.8 52.2 4 18.23
IToamMockOBHBIM 2b
2 Podmoskovniy B 32.1 30.6 24.3 48 8.67
YensOMHCKUIA 3b
3 Cheliabinskiy 3B 17 35.7 33.6 44 12.56
HNuaTHHCKOE b
4 Intinskiy D 115 28.8 44.2 40 16.87
BopkyTtunckoe XK
5 Vorkutinskiy J 8 29.4 52.6 33 20.77
Kuszunosckuit X
6 Kizilovskiy J 6 32 48.6 43 19.68
BabaeBckoe 16
7 Babaevskiy 1B 56 10.1 23.2 65 8.1
Tynbranckoe 1b
8 Tulganskiy 1B 52 144 22.2 65.5 7.45
Okubacty3ckuii 1-1 Tp. CC
9 Ekibastuzskiy 1 groop SS 6.5 36.9 44.8 25 17.38
Okubacty3ckuil 2-s rp. CC
10 Ekibastuzskiy 2 groop sS 5 45.6 38.4 25 14.61
Ky3nenkuit Ji
11 Kuznetskiy D 115 15.9 56.4 40.5 21.9
Ky3nenxuit r
12 Kuznetskiy G 13 28.7 46.6 41.5 18.09
13 Kuznetskiy T 7 146 | 702 | 125 | 2512
Kysznenknit T
Kysznenknit 1CC
14 Kuznetskiy 1SS 9 18.2 60.8 31 234
Ky3nenkwnii 2CC
15 Kuznetskiy 23S 8.5 16.5 66 20 25.33
16 Kysueuguit X 6 395 | 452 | 37 17.71
Kuznetskiy J
Npma-boponuHckoe 2b
17 Irsha-Borodinskiy B 33 74 42.6 47 15.28
Hazaposckoe 2b

18 Nazarovskiy B 39 7.9 37.2 47 12.85

bepezorckoe 2b

19 Berezovskiy B 33 4.7 44.2 48 15.66

20 T'ycunoosepexoe 3b 26 185 | 39.4 43 14.32

Gusinoozerskiy 3B
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Vroub Bacceiin, mectopoxxaenue | Mapka . . . daf . MJ
Coal Field name Type W% AL | CL% VL% Q. kg
Hrarckoe 1b
21 Itatskiy 1B 40.5 6.8 36.6 48 12.81
22 Xaparopcroe 1b 40 | 132 | 335 | 44 11.39
Haranorskiy 1B
Aseiickoe 3b
23 Azeiyskiy 3B 25 16.5 42.7 48 15.99
Hepronrpunckoe 3CC
24 Nurengrinskiy 35S 10 19.8 60 20 22.48
ApTemMoBCKOE 3b
25 Artemovskiy 3B 23 33.1 29.4 50 11.14
Paituuxunckoe 2b
26 Raichihinskiy B 37 13.9 34.9 43 11.72
IOsxupi Caxanna r
27 South Sakchalin G 10.5 19.7 56.5 42 22.23
Ke3e11-Kus 3b
28 Kizil-Kiya 3B 28 13 45.4 35 16.16
Tabmuma 4.
CocTaB 3076l UCCIEAYEMBIX YIiei
Table 4.
Composition of the ash of the coals under study
Yromb | bacceiin, Mecropoxaenne | Mapka | oy o ALO,,% | Fe,0,,% | Ca0,% | MgO,,%
Coal Field name Type z
JloHnenkuii A
1 Donetskiy A 54.39 23.70 16.19 4.02 1.69
ITomMOCKOBHBINM 2b
2 Podmoskovniy 5B 49.08 36.25 9.78 4,18 0.71
YenaOMHCKUH 3b
3 Cheliabinskiy 3B 58.70 26.21 9.01 3.14 2.94
WnTnnackoe i
4 Intinskiy D 56.58 19.27 14.61 7.15 2.38
BopkyTtunckoe XK
5 Vorkutinskiy j 65.28 20.23 8.97 3.13 2.40
6 Kusunoscxuii K 5654 | 2307 | 1524 | 381 | 134
Kizilovskiy J
BbabaeBckoe 1b
7 Babaevskiy 1B 56.00 24.84 2.69 14.39 2.07
Tynbpranckoe 1b
8 Tulganskiy 1B 57.57 24.61 5.46 7.11 5.25
OxubacTy3ckuit 1-1 p. CC
9 Ekibastuzskiy 1 groop SS 63.98 28.88 5.20 1.12 0.82
Okubacty3ckuii 2-51 rp. CC
10 Ekibastuzskiy 2 groop SS 60.80 30.50 6.24 1.74 0.72
11 Kysueuxui A 63.76 | 21.89 7.23 4.25 2.87
Kuznetskiy D
12 Kysnetuuit U | 6265 | 2156 | 672 | 619 | 288
Kuznetskiy G
13 Kysuenguit T 58.33 | 26.77 7.71 5.00 2.19
Kuznetskiy T
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Yromb | Bacceiin, Mectopoxaenne | Mapka | .y o ALO,,% | Fe,0,,% | CaO,% | MgO,,%
Coal Field name Type 2
Ky3nenkwmii 1CC
14 Kuznetskiy 1SS 58.44 24.69 10.63 4.27 1.98
Kysznenkuit 2CC
15 Kuznetskiy 2SS 62.68 23.58 9.01 2.94 1.78
Ky3nenxuit XK
16 Kuznetskiy ] 67.87 20.53 5.32 4.15 2.13
Hpma-boponunckoe 2b
17 Irsha-Borodinskiy B 47.56 13.11 8.03 26.22 5.08
Hazaposckoe 2b
18 Nazarovskiy B 30.96 10.15 19.29 35.53 4.06
19 bepesoBcioe 261 3061 | 1122 | 918 | 4286 | 612
Berezovskiy 2B
I'ycunoo3epckoe 3b
20 Gusinoozerskiy 3B 53.51 24.61 12.77 5.97 2.93
Urarckoe 1b
21 Itatskiy 1B 35.73 13.16 14.17 33.40 3.54
XapaHopcKoe 1b
22 Haranorskiy 1B 59.86 24.05 5.68 7.64 2.79
Aseiickoe 3b
23 Azeiyskiy 3B 53.24 29.05 7.39 8.10 2.23
24 Hepronrpurickoe 3CC | 5541 | 2853 | 834 | 515 | 257
Nurengrinskiy 3SS
ApTeMoBcKoe 3b
25 Artemovskiy 3B 64.26 27.36 4.77 1.80 1.80
Paitunxunckoe 2b
26 Raichihinskiy B 57.08 26.18 8.01 7.29 1.44
HOxup1#it Caxanun r
27 South Sakchalin G 54.60 27.71 8.79 6.62 2.28
Ke13pu1-Kus 3b
28 Kizil-Kiya 3B 31.88 21.29 21.50 20.98 4.36
Tabnuua 5.
Pesynbratel pacuera unjekca nutakosanus (1S) (IlpencrarieHbl B yOBIBAIOIIEM MOPSIKE 10 BEIMYUHE
IS)
Table 5.
Results of calculating the slagging index (SI) (Presented in descending order by Sl value)
No No
ILIL | TaO. Vrons Mapka I Pa. or %0Kg
In 3-4 Coal Type ST N(x).Pa-s AT MJ ) IS
order | table
IToaMoOCKOBHEIN 7B
1 2 Oacceiin 1259 5.342 3.529 0.6606
. 2B
Podmoskovniy
Okubacty3ckuil 2-s
p. CC
2 | 101 Exibastuzskiy 2 ss 1453 4.753 3121 | 0.6566
groop
3 | 25 | ‘Apremosckoe 3| 1446 5.009 2971 | 05827
Artemovskiy 3B ' ' '
YensOMHCKMIA 3b
b3 Cheliabinskiy 3B 1368 5.047 2.842 | 0.5632
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Ne Ne
IL.I. | TaOmI. Vromns Mapka %kg
In(w),Pa-s AP (—=
In 3-4 Coal Type ST ) ( MJ ) IS
order | table
Okubactysckuit 1-s1 cC
5 9 p. SS 1475 4.888 2.123 0.4344
Ekibastuzskiy 1 groop
JloHenkmit A
6 1 Donetskiy A 1309 4.887 1.909 0.3906
7 16 Kysneuxuid K 1376 5.854 2.230 0.3790
Kuznetskiy J
Tyneranckoe 1b
8 8 Tulganskiy 1B 1327 5.240 1.933 0.3689
9 6 Kusunosciii K 1311 5.125 1.626 0.3173
Kizilovskiy J
HWuTtnnackoe 1
10 4 Intinskiy D 1258 5.470 1.707 0.3121
Kespur-Kus 3b
11 28 Kizil-Kiya 3B 1142 2.815 0.804 0.2858
12 | 12 Kysuenxuid T 1306 5.957 1.587 0.2663
Kuznetskiy G
13 | 20 T'yeuroosepckoe 3b 1304 5.124 1.292 0.2648
Gusinoozerskiy 3B
BaGaesckoe 1B
14 7 Babaevskiy 1B 1322 5.129 1.247 0.2431
Paiiunxunckoe 2b
15 26 Raichihinskiy B 1357 4,968 1.186 0.2388
BopkyTunckoe X
16 5 Vorkutinskiy G 1328 5.993 1.416 0.2362
Aselickoe 3b
17 23 Azeiyskiy 3B 1361 4,584 1.032 0.2251
18 | 22 Xapatopckoe 1b 1345 5.333 1.159 0.2173
Haranorskiy 1B
19 | 18 Hasaposckoe 2b 967 3.037 0.615 0.2024
Nazarovskiy 1B
IOxHub1i Caxanun r
20 24 South Sakchalin G 1355 4,715 0.886 0.1872
21 | 27 Hepronrpunckoe 3CC 1372 4.734 0.881 0.1868
Nurengrinskiy 3SS
Ky3nenxwuii 1CC
22 14 Kuznetskiy 35S 1348 5.124 0.778 0.1518
23 | 11 Kysuenxuid A 1331 5.854 0.726 0.1240
Kuznetskiy D
Urarckoe 1b
24 21 Itatskiy 1B 982 4,377 0.531 0.1213
Kyznenkuit 2CC
25 15 Kuznetskiy 1SS 1351 5.587 0.651 0.1166
26 | 13 | Kysmeuwuii Gacceiin T 1374 3.863 0.581 0.1165
Kuznetskiy T
Hpma-bopoaunckoe 2b
27 17 Irsha-Borodinskiy B 1077 5.687 0.484 0.0852
28 | 19 bepesonckoe 2b 898 3.863 0.3 0.0777
Berezovskiy 2B

Yrimu HWrarckoro, Hpma-bopoguHCKOro W M TaKKe€ MMEIOT 3HAUUTENbHBIE  3aIachl.
Bbepe3oBckoro MecTopoxaeHusi ¢ MOpSAKOBBIMH ~ OCHOBHBIE XapaKTEPUCTHKH YTIIEH COCTaBIISIOT:
HoMepamu 24, 27, 28 oTHOCATCS K OypbIM yriisiM — Husmas temiora cropanust 11.8-19.0 k/Dx/kr;
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301pHOCTh 4.4-8.0 %; ceprucrocts 0.3-0.5 %;
BIXHOCTh 24-44 %. DTh yrmm He MOAJexar
JUTUTEIBHOMY XpaHEHHUIO, MOTYT
CaMOBO3rOpaThCs U MO3TOMY PEKOMEHAYIOTCS K
KCITIOJIb30BAaHUIO B KAaueCTBE HEMPOEKTHOTO
CPaBHUTEIHHO HE JAJIEKO OT MECT JOOBIUH.
PaccmoTpuM BiusSiHME 30BHOCTA VYIS U
W3MCHEHHMS  COCTaBa  30JIbI HAa  HMHACKC
nurakoBaHusa. Ha puc.2 mpuBeneHa 3aBUCUMOCTD
IS or A" nmns caMoro NIIAKyrONIEro W3 psija
yrien, TNpuBeNEHHBIX B Tabl. 5, a HWMEHHO

JaHHBINA yroJb SIBISECTCS OYPhIM U B 3TOM CIIydae
MOXHO  TNPUMEHHTh  UIMPOKO  H3BECTHYIO
3aBUCHUMOCTb, YTO IPU YBEIMUYCHHU 30JIbHOCTH
3TOH  Mapku  yriaedl  IpOoNOpLHOHANIBHO
YMEHBIIIAETCS BIAKHOCTh U HA000poT. [laHHYIO
3aBUCHMMOCTb MOXKHO HPOCIEIUTh HA IpUMeEpe
XapakTepuCcTUK yried B Tabn. 3. Ananus
MOJlyYEHHONH 3aBHUCHUMOCTH TIOKa3bIBAaeT, dYTO
BeJMMUMHA |S TpsAMO NMPOMOPIIMOHATIBHO 3aBUCHT
OT A" U C pOCTOM IOCJEIHEN YBEIUYNUBACTCS U
MOTEHIMA INIAKOBAaHUS MIOBEPXHOCTEH HAarpeBa.

ITongmockoBHOro 0OacceiiHa. OTMeTHM, 4YTO
IS 5
7 /
0;7 //
0,65 / /
0,6 //
-
0,55
25 26 27 28 29 30 31 32 33 34 AP, %

Figure 2. The value of the slagging index for Moscow region coal depending on changes in working ash
content.
Puc. 2. Beimunna nHAeKca nuiakoBanus A5 [10AM0OCKOBHOTO YIJisi B 3aBHCHMOCTH OT U3MeHEHUs
paGoueii 30JIbHOCTH.

Ha puc. 3,4 npuBeneHbl 3aBUCHUMOCTU
W3MEHEHUS BSI3KOCTH 30J1b1 U |S 0T cooTHOIIeHUs
SiO, / AL,O, B 301€ COOTBETCTBEHHO IJISI CAMOIO
nuakytouiero yris [logmockoBHoro Gacceitna u
OJIHOTO M3 CaMbIX OJIArOMPUATHBIX C 3TOW TOYKU
3penust Upma-bBopoaunckoro yris. Jlns oboux

Hucxomsamas st IS ¢ poctom coorHomeHus
Sio, / AlLQ,. OnHaxo, IS gma yrs
IMonMockoBHOrO  OacceliHa NPUMEPHO  Ha
nopsiok donelie, yem it Mpma-bopoanHckoro,
a BA3KOCTbH IIpHU 3TOM IIPUMEPHO OJUHAKOBA.
OO0BbsicHsIeTCs ATOT (DaKT CyIIECTBEHHO OOJbINEH

yIIel  XapakTepHa  IUIaBHas  BOCXOZSILAsS AP" B IEpBOM CiIyyae.
3aBUCHUMOCTDb JUIA BA3KOCTHU n IIJIaBHas
IS;
In(p), Na-c
v . . kA
4
2
0 e - -o - > -0 *— —o
1,1 1,2 1,3 1,4 1,5 1,6 Si02/AI203
A—In(u);+-IS
Figure 3. Dependence of slagging index and viscosity on the SiO, / Al,O, ratio Moscow region coal.
A—In(w); +-IS

Puc. 3. 3aBucHMOCTb HH/IEKCA IIJIAKOBaHUS U Bsi3kocTH oT oTHomenust SiO, / Al,O, IToamockoBHbIi
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YroJib.
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Figure 4. Dependence of slagging index and viscosity on the SiO, / Al,O, ratio Irsha-Borodinsky coal.
A—In(w); IS

Puc. 4. 3aBHCHMOCTB HH/IeKCA NLIAKOBAaHHUS U BI3KOCTH oT oTHowmenust SiO, / Al,O, Upma-

Bopoaunckuii yroJib.

Ha puc.5 npuBeneHsl 3aBucuMoctH IS oT
otHoweHus Fe,0,/SiO, B 301e as yrnen Mpima-

Bbopogmackoro u IlogmockoBHOTO OacceitHa.

3aBUCHUMOCTb, O0JIbIIIe 3TOr0 3HaueHus 1S pia-
bopoauHCKOro yriast pesko  yBEIMYHMBACTCH.
OOBsCHSETCS 3TO NPEBHILICHUEM COJCPKaHUS
Fe,O, B 301e BesnuuHsbl 15 %, koTOopas npuHsTa

ITokazaHo, d4YTOo OO0 3HAYEHUM OTHOIICHMUS,
paBHoMy mpuMmepHO 0.33 o00e 3aBHCHMOCTH  Kak KpUTHYecKas B METOJIuKe pacyera (Talm.4).
UMEIOT IPSIMYIO MPONOPLUOHANBHYIO
1,2
IS —A
1,1
1
0,9 p— Al
r——*"
0,8 o———9
e |
0,7 T’.—T— o d
0,6
0,15 0,2 0,25 03 0,35 04  Fe,0,/SiO,

A — Irsha-Borodinsky coal ISH (E-01); * -Moscow region coal
Figure 5. Dependence Effect of changing the Fe,O, /SiO, ratio in ash on the slagging index.
A — Upwa-Bopoounckuii yeons 1S(E-01); * -Tloomockosuwiil yeouw
Puc. 5. Binsinne n3menennst orHomennst Fe,0, / SiO, B 30/1e Ha MHAEKC NLIAKOBAHUSI.

BEIBOJBI

1. Paspabotana MeToIMKa pPaHXUPOBAHUS
yIIel MO0 CKIOHHOCTM MX K IUIAKOBAaHHUIO
MOBEPXHOCTEH HarpeBa TOMOK 3HEPTEeTHYECKHX

KOTJOB, Ha OCHOBC KOTOpOﬁ MOXXHO
npeaABaprUTCIbHO OIpeaACINTb TOAHOCTH
HEIIPOCKTHOI'O yYTIjId JJid CXKHUI'aHHUA BMECTO
IIPOCKTHOI'O 10 IIOKa3aTeIIro HHACKCA
HIJTaKOBaHM.
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2. Meroauka TpeAcCTaBIeHAa Ha OCHOBE
M3BECTHOTO MIOJTy3MITHPUUYECKOTO MeToja
pacuera Watt-Fereday c monpaskoit Bomkamp na
cogepkanne B 3osme MQO mns  pacuera
IUIABKOCTHBIX M BSI3KOCTHBIX XapaKTEPUCTHK

30J1BI. Nunexc [IIJTAKOBAHUS IS JUIS
pPaH)XKUPOBAaHUS yIJIed KpPOME XHMHYECKOIO
cocTaBa 30JIbI  YYMTBIBAET €€ pacxom u
KOHIICHTPAIIMIO HAa  OCHOBE  IPUBEICHHOMN

30JIbHOCTH AP', pacCUMTHIBAEMOM KaK 4aCTHOE OT
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JeneHus paboyei 30IbHOCTH U HU3IIEH TETIOTHI
cropaHusi Ha pabouyr0 Maccy TOIUIMBA.

3. IlpoBemeHo pamkupoBanue 28 yriei
pasnuuHbIX ~ Mapok  (Oypele,  KaMEHHBIE,
AQHTPALUT), CXKUTAEMbIX Ha JJIEKTPOCTAHLIHMAX
Poccun, mo uX CKIOHHOCTH K 00pa3oBaHUIO
30JI0BBIX OTJIOKEHHH B TOMKAX DHEPTETHYECKUX
KOTJIOB. BrIieneHbl 2 MECTOPOXKACHUS YIJIsl, KaKk
Oyporo B Boctouno#t Cubrpu, Tak 1 KaMEHHOTO
B 3amamHoit Cubupm, yHHBEPCATBHBIX IPHU
nepexo/ie Ha CKUTaHKe HEMPOSKTHOTO TOILINBA C
TOYKH 3PEHUs IPEJOTBPALICHUS IUIAKOBAHHU.

4. Bemnuunaa IS mpsmMo MNpOMOPIHOHAILHO
3aBUCHUT OT paboyeil 30MbHOCTH A" H C POCTOM
nocieqHeld  yBeIMYHMBAeTCS WM MOTEHIHAN
[IIAKOBAaHUS TOBEPXHOCTeW Harpema. IS mis
yrist [lomMockoBHOTO GacceiiHa, 301a KOTOPOTO
CKJIOHHA K IIJaKOBaHUIO, IPAMEPHO Ha MOPSIOK
Ooonmprmre, uwem gna  Hpma-bBopomgunackoro,
BeqnmunHa IS ams koToporo  omHa W3
HauMeHbIINX. Bs3KOCTH IIpu 3TOM MHNPUMEPHO
OJIMHAKOBA. OO0BbscHseTCS 3TOT ¢akr
CYIIIECTBEHHO OOIBIEeH IPUBEIEHHON 30JbHOCTH
B TICPBOM CJTy4ae.

I/Iccnezlonalme BBINMOJTHEHO 3a CYET IpaHTa
Poccuiickoro nHay4yHoro ¢onga Ne 22-19-
00722, https://rscf.ru/project/22-19-00722/
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Increasing the Production of Electrical and Thermal Energy in Biogas
Plants through the Optimal Addition of Agricultural Waste

Polishchuk V.M., Shvorov S.A., Pasichnik N.A., Davidenko T.S., Valiev T.O.,
Dvornyk Ye.O.
National University of Life and Environmental Sciences of Ukraine, Kyiv, Ukraine

Abstract. The aim of the work is to increase the yield of biogas, and, accordingly, the generation of electrical
and thermal energy in biogas plants by optimally adding agricultural production waste to cattle manure. To
achieve the goals set, the following tasks were solved: the yield of biogas from cattle manure was determined
with the addition of various volumes of organic waste during periodic loading of the digester; on the basis of the
experimental data obtained, the unimodality interval was found for the maximum yield of biogas during the
fermentation of cattle pus with the addition of organic waste; Using the dichotomy method, the optimal dosage
volume of various types of organic wastes into the substrate for quasi-continuous loading of the digester was
calculated. Experimental studies were carried out on a biogas laboratory plant with a useful volume of 30 liters
in a mesophilic mode. The most significant result is the determination, using the dichotomy method, of the
optimal volumes of organate, starch, flour, whey, wastewater from wineries, crude glycerin, fuse, soap stock and
molasses to manure pus to increase the biogas yield. As a result of the research, the optimal dosage formulation
of various types of organic waste was substantiated to intensify the fermentation of cattle manure. The
significance of the research results lies in the fact that with the optimal addition of these cosubstrates to the
digester using special dispensers, the biogas yield increases from 1.4 1/h. kg of dry organic matter and above.
Keywords: organic waste, substrate, dry organic matter, biogas plant, digester, biogas, cattle manure, methane
fermentation.

DOI: https://doi.org/10.52254/1857-0070.2023.4-60.07
UDC: 621.18:621.182

Cresterea productiei de energie electrica si termica in instalatiile de biogaz datorita adaugirii optime a
deseurilor agricole
Polisciuk V.N., Svorov S.A., Pasicinik N.A., Davidenko T.S., Valiev T.O., Dvornik E.A.
Universitatea Nationald de Bioresurse si Managementul Naturii din Ucraina, Kiev, Ucraina

Rezumat. Scopul lucrarii este cresterea randamentului de biogaz si, in consecinta, generarea de energie electricd
si termica in instalatiile de biogaz prin adaugarea optima a deseurilor de productie agricold la gunoiul de grajd.
Pentru atingerea obiectivelor stabilite s-au rezolvat urmatoarele sarcini: s-a determinat randamentul de biogaz
din gunoi de grajd de bovine prin adaugarea diferitelor volume de deseuri organice in timpul incarcarii periodice
a digestorului; pe baza datelor experimentale obtinute s-a constatat intervalul de unimodalitate pentru
randamentul maxim de biogaz in timpul fermentatiei puroiului de bovine cu adaos de deseuri organice; Folosind
metoda dihotomiei, a fost calculat volumul optim de dozare a diferitelor tipuri de deseuri organice in substrat
pentru incarcarea cvasi-continua a digestorului. Au fost efectuate studii experimentale pe o instalatie de laborator
de biogaz cu un volum util de 30 de litri in regim mezofil. Rezultatul cel mai semnificativ este determinarea, prin
metoda dihotomiei, a volumelor optime de organat, amidon, fiind, zer, ape uzate din crame, glicerinad bruta,
fuzibil, stoc de sipun si melasd la puroi pentru a creste randamentul de biogaz. in urma cercetarilor, a fost
fundamentatd formularea optima de dozare a diferitelor tipuri de deseuri organice pentru a intensifica fermentatia
gunoiului de grajd de bovine. Semnificatia rezultatelor cercetarii consta in faptul ca, odata cu adaugarea optima a
acestor cosubstrate la digestorul folosind dozatoare speciale, randamentul de biogaz creste de la 1,4 I'h. kg de
materie organica uscata si peste.

Cuvinte-cheie: deseuri organice, substrat, materie organica uscata, instalatie de biogaz, digestor, biogaz, gunoi
de grajd bovin, fermentatie metan.

IloBbIlIeHUE BHIPAOOTKH JIEKTPHUYECKOH U TENJIOBOI JHEPrUuM HA OMOra3oBbIX YCTAHOBKAX 32 CUET
ONTHUMAJBHOTO 100aBJIE€HHS CEJIbCKOX031CTBEHHBIX MPONU3BOICTBEHHBIX 0TX0/10B
HMonumyxk B.H., lIsopos C.A., [lacuunuk H.A., Jlauaenxo T.C., Banues T.0., IBopuuk E.A.
HanmoHansHBIH YHUBEPCUTET OMOPECYPCOB M MPHUPOIONONB30BaHUs Y KpauHbl, KuieB, YkpanHa
Annomayun. AXTyanbHOM POOIIEMON CETOMHSIIHETO JHS ABJISICTCS MPOMBIIIICHHOS MTPOU3BOJICTBO OMOMETaHa
C TIOMOIIBI0 OHMOTA30BBIX YCTAHOBOK K3 OPTraHHMYECKHX OTXOIOB CEIIbCKOXO3SHCTBEHHBIX IPOU3BOJACTB U
HEKOHITUITMOHHON TMPOIYKIIMH, KOTOPHIC SKOJIIOTUYCCKU OIACHBI I OKpYyKaromed cpensl. Llempro paboThl
SIBIISIETCS TTOBBIIIIEHUE BBIXO/Ia OMOTa3a, a, COOTBETCTBEHHO, BEIPAOOTKH JIEKTPUIECCKON U TETUIOBOM YHEPTHH HA
OMOTa30BBIX YCTAHOBKAX 3a CYET ONTHMAJIbHOTO [OOAaBIEHHS K HABO3Y KpPYMHOTO pOraTtoro CKOTa

© Tomuuiyk B. H., IBopoe C. A., [Tacuunuk H. 86
A., HaBunenko T. C., Banues T.O., [Isopauk E. A.,
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CeJIbCKOXO3SUCTBEHHBIX TMPOU3BOJICTBEHHBIX OTXOAOB. J[Js1 MOCTHXKEHUS TOCTABJICHHBIX IeJiel peIaiuch
CIICAYIOIINE 3aJa4yM: OMpENeIICS BBIXOA OHMOra3a W3 HaBo3a KPYITHOTO POraTtoro CKOTa C J00aBICHHEM
pPa3sIUYHBIX OOBEMOB OpPraHMYECKHX OTXOJOB TMpPHW IEPUOJUYECCKON 3arpy3ke METaHTeHKa; Ha OCHOBE
MOJYYECHHBIX SKCIEPUMEHTAIBHBIX AaHHBIX OCYIIECTBIUIOCh HAXOXKACHHWE WHTEpBAla YHUMOIATBHOCTH IS
MaKCHUMaJbHOTO BBHIXOJa Oworaza mnpu CcOpakWBaHMHM THOS KPYIHOTO pOTaToro CKOTa C J00aBICHHEM
OpPTaHMYECKHX OTXOAOB; C IIOMOIIBI0 METOAA AWXOTOMHH PACCUUTHIBAJIICS ONTHUMAIBHBIA 00BEM JO3UPOBKU
pa3MYHBIX BHIOB OPraHWYECKHX OTXOIOB B CyOCTpaT Ui KBa3WMHENPEPHIBHOW 3arpy3Kd METaHTCHKA.
OKcIleprUMEHTaJIbHBIE FCCICIOBAHUS NPOBOIIINCH Ha OHOTa30BOM J1a0OpaTOPHON YCTaHOBKE MOJIE3HBIM
00BeMoM 30 71 B ME30(HILHOM PEXHME C ra3royibIepoM MOKporo tumna. Hanbosnee cyniecTBEHHBIM Pe3yIbTaTOM
SIBIISICTCSL OIIPE/CIICHHE C KCIOJIb30BAHUEM METOJa AMXOTOMHH ONTHMAIBHBIX OOBEMOB OpraHaTa, Kpaxmana,
MYKH, CBIBOPOTKH, CTOYHBIX BOJ] BHHOJICIBYCCKHIX POU3BO/ICTB, CHIPOT0 MIIHIIEpUHA, (hy3a, COANCTOKA U MEJISICHI
K THOKO HaBO3a JIs IMOBBIINICHUS BbIXOJa Ouorasza. B pe3ynabTare MPOBEACHHBIX HCCICIOBaHUI 00OCHOBaHA
onTUMallbHAs PEUENTypa O3MPOBKH PA3IUYHBIX BHIOB OPraHMYECKHX OTXOJOB JUIsl HHTCHCHU(DHUKAINU
cOpakMBaHUsI HABO3a KPYIHOTO POraToro CKOTa. 3HAYUMOCTh PE3yJIbTATOB MCCIICOBAHUI COCTOUT B TOM, YTO
TIPY ONITHUMAJIHHOM JTOOABJICHUH B METAHTCHK C TIOMOIIBIO CIICIIHMATIBHBIX J03aTOPOB, YKAa3aHHBIX KOCYOCTpPaToB
BBIXOJ] OMoTa3a yBeIHMUUBaeTCA OT 1.4 JI/4. KT CyXOro OpraHHYecKOro BellecTBa U BhIMIe. [Ipn 3ToM uMerommecs
OpTaHHMYECKHE OTXOMBI, KOTOPHIC CBAIMBAIOT HA CTUXHHUHBIX IOJHIOHAX, CIHOCOOHBI MOJHOCTHIO OOCCIICYHTH
OmorazoBbIe 3aBOIBI BHICOKO3((PEKTHBHBIMH KOCYOCTpaTaMu, 4TO TMO3BOJHUT COKPAaTHTh CPOKH OKYIaeMOCTH
OHMOTa30BBIX YCTAHOBOK 10 6.4 JeT.

Knroueevie cnosa: opraHMUECKUE OTXOMBI, CyOCTpaT, CyXxoe OPraHHYECKOE BEIISCTBO, OMOTa30oBas yCTaHOBKA,
METaHTEHK, OMora3, HaB03 KPYIMHOTO POraToro CKOTa, METAaHOBOE OpOKEHUE.

LIST OF ABBREVIATIONS
BPX — maBo3 kpymHoro poratoro ckora; CB — cyxoe BemectBo; COB — cyxoe opranmueckoe
BeniecTBo; XIIK — xuMuueckoe moTpedieHue Kucaopoaa; VS — jgerydee TBEp0€ BEIIECTBO.

BBEJIEHUE JIOTIOJIHUTENBHOIO CBIpbS SIBJISIFOTCSI
CoBpemeHHOE JKUBOTHOBOJICTBO  TPOU3BOJCTBEHHBIE OTXO/IBI oprasara,
CTAJIKMBAETCI C OTPOMHBIM  KOJIMYECTBOM  KpaxMmMayia, MYKH, CBIBOPOTKH, CTOYHBIX BOJ
SHEPreTUUECKUX U DKOJOTHYECKUX MpoOJeM.  BHHOJEIHLYECKUX MIPOU3BOJICTB, CBIPOTO

HaBo3 kpymHoro poraroro ckora (KPC), B  mimnepuna, ¢ysa, coarcroka, Meilacchl U HM
pesyibTaTe ero  HakalUIMBaHuUs, SBIsgeTcss  monoOHble. OJHAaKo, HA CETOAHSIIHMN JAEHBb
MOTEHIUAIBHBIM HCTOYHHKOM BO3HHMKHOBEHHUS  HEIOCTaTOYHO  TOJHO  HM3YYEHBI  BOIPOCHI
9KOJIOTHYECKOTO HeONMaronoiaydus He TOIbKO Ha 3¢ (deKTUBHOMN COBMECTHOM nepepadoTKu
¢depmax KPC, HO u nnst Beelt axocuctemsl. [Ipy  BbIIEIEpEYHCICHHBIX ~ OTXOJOB  IMyTEM  HX
XpaHEHUH HAaBO3a MOXET BBIICNATHCS METaH, COpaxuBaHHS B OHMOTa30BBIX ycTaHoBKax (BI'Y)
BJIIMSIHUE KOTOPOTO Ha MApHUKOBHIM d((eKT B ¢ I[eNbl0 TOBBIIICHUS BbIXOJa Ouorasza u

necsitku pa3 cmiapHee, yeM CO,. C papyrod  mpOW3BOAHBIX SHEPropecypcoB (Temna,
ctopoHbl, HaBo3 KPC coBMECTHO C JpyrMMH  3IEKTPOIHEpPTHH, O6uomerana), CHIDKEHUS
OTXOZAaMU  CEJIbCKOTO  XO3SIHCTBA  MOXHO  BBIOPOCOB MApHUKOBBIX Ta30B, UTO SIBJISIETCS
s dexTrBHO YTHIU3UPOBATh MyTeM  aKTyaJbHOW HAyYHO-TEXHUYECKOH 3a1ayeil.
aHadpoOHOro cOpakMBaHWUsI B  OHMOTA30BBIX I. MIOCTAHOBKA 3AJIAYN
YCTaHOBKax, TIOJydas TIIpH O3TOM Owmoras, Kax wusBectHo, B coBpemenHslx BI'Y HaBo3
SIIEKTPHUUYCCKYIO U TeIUIoByr0 sHepruito, nenHoe  KPC  wacTto wmcnone3yercs a1 IOJy4YeHUs
OpraHM4EeCcKOe yJ00PEHNE, a TAKXKE CHIKAThL py  OMOrasa, u3 KOTOPOT'O MPOU3BOAUTCSI
3TOM BLI6pOCI>I IMAPHUKOBBIX I'a30B. OJICKTPUYECKAA MW TCIUIOBAsA OJHEPIUsA, a TaKXKE

D¢pdexTHBHAS TEXHOJIOTHS MPOM3BOACTBA  BBICOKOKAYECTBCHHbIC  ynoOpenus.  Oxuako,
6Hora3a u3 OTXOJIOB J’KUBOTHOBOJICTBa BCJICACTBHUC HaAJIMYHS B HABO3C KPC 6OJ-II)IHOFO

IpeLyCMaTPUBACT HCIONB30Bapme  KOIMYECTBAa CBHIPOI KJIETYaTKHU, BBIXOJ Ouorasa
JIOTIOTHATEIBHBIX BHIOB CHIPhS, UTO MO3BOJNseT ~ MPH  €ro  COpakuBaHMM B OHOra3oBbIX
YBE/MUHBATD MOIIHOCTb oTaenpHbIX ~ YCTAHOBKAX OTHOCHTENBHO HU30K. Ilosromy
aKTyaJIbHOM 3amadeit B YCIOBHSAX
9HEPreTUUECKOro Kpu3Kca sBIISCTCS MOBBIILICHUE
BbIxOZla Oworasa u3 HaBoza KPC 3a cuer
aBTOMaTH3UPOBAHHOTO  COCTABIEHUS  MEHIO
KOCYOCTpaTOB W MX ONTHMAaJIBHOTO JOOaBICHUS

OMOrazoBBIX 3aBO/IOB, & TAK)KE ONTHMHU3HPOBATDH
U CTaOMJIM3UPOBATH TEXHOJIOTMYECKUN MHpoLecc
BeIpaboTkn  Oworaza. OnmHUM U3  caMbIX
MEPCIEKTUBHBIX BUJIOB TaKoro
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B bI'Y pasnuuHbIX BHAOB OPraHUYECKHUX
OTXOZOB  Kak  CTUMYJHMPYIOUIMX  IIpOLEecC
OpoXKeHUS m00aBOK. Ecmm TaKas

CTHUMYJHpYIomas no0aBKa SBISETCS OTXOJOM
MPOU3BOJICTBA M TIPY 3TOM peliaeTcs 3ajada ee
YTUIHM3AIUH, TO B 3TOM CJydYae yaydimiaeTcs U
9KOJIOTHYECKAS CUTYAIIHS B PETHOHE.

DKOHOMHYECKAS 3 PeKTUBHOCTH
JIEHCTBYIONUX OWOTa30BBIX YCTAHOBOK celdac
oucHb HHU3Kas. Hu oJHa W3 HUX HE HMEeT
VIOBJICTBOPUTEIBHOTO  CPOKA  OKYIIaeMOCTH
WHBECTULIMH.

B mensx moBbllIeHUs BbIXona Ouoraza u
BBIpAOOTKH DHEPrWH, B HACTOSIIEE BpEMs
HTUPOKO MPaKTHKYETCS COBMECTHOE
CcOpaXMBaHHUE THOSI KPYITHOI'O POraToOro CKOTa C
CHIIOCOM KYKYpy3bl. Bmecrte ¢ TeM naHHOe
CBIPE MOKHO HCIOJB30BaTh Kak MPOTYKTHI
MMUTAHUS JUUISL 4elloBeKa W Kak KOpM  JUist
JKUBOTHBIX. [103TOMY JJISl TIOBBINICHHS BBIXOJA
Ouorasa W3 HaBO3a KPYIHOTO pOraToro CKOTa
1ejecoo0pa3sHo MCIOJIB30BaTh OoJiee JIeieBoe
ceIpbe [1-5], cTumynupyromiee BeIXo Ouorasa —
OTXOZBI TPOU3BOJICTB, KOTOpPhIE HEOOXOIMMO
YTUIU3UPOBATh ¢ MHUHHMATBHBIMU 3aTpaTaMHu,
yiydmas mOpud  3ToM dkojioruto. OpHako B
HACTOSIIEE BPEMs HEJIOCTATOYHO TOJIHO PEIICHBI
poOJIeMHbIC 3aja9u aBTOMATH3AIUH
COCTaBIICHWSI ~ MCHI0O  pa3jM4YHBIX  BHJIOB
KOCYOCTpAaTOB JUIsl TIOBBIIICHHS BBIXOAa Ouorasa
HA OCHOBE WHTCHCHU(UKANUU COpaKuBaHUS
HaBo3a BPX, He 000CHOBaHEI  OOBLEMEI
noOaBiieHUsT ~ HamOoliee  PacIpOCTPAHEHHBIX
OpraHUYECKUX OTXOJIOB K CyOCTpary.

I1. AHAJIA3 TTIOCJIEJJHUX
UCCJEJOBAHUM

B pe3ynbTare nepepaboTKn
CEIIbCKOXO3SMCTBEHHOTO  CBIPhSl  MONYYaroT
9KOJIOTO OMACHBIE CTOYHBIE BOJIBI KPAXMAIBHBIX U
BUHOJICTTBUYECKUX  IPOU3BOJCTB,  CHIBOPOTKY,
CBIPOH TJIMIIEPUH, MACISIHBIN OCallOK, COAICTOK,
0ap/a, HEKOHUIIMOHHYI) MYKY M T.II., KOTOPBIC
MOYKHO HCIOJIb30BaTh B KauecTBe KocyOcTpara B
OMOTa30BBIX  YCTAHOBKaxX Uil  YBEJIHYCHUS
BBIXOJIa OMorasa. .

B pabote [4] yTBepkmaercs, 4YTO BBIXOJ
Ouoraza mpu cOpakMBaHUM Oapabl COCTaBISCT
0,88 /T VS, B pabote [5] — BBIXO OMOMeTaHa 13
Oapapl caxapHoro tpoctHuka — 435 kg VS, B
pabore [6] — BBIXOm OmWOMeTaHa ¢ Oapnbl
caxapHoro tpoctHuka — 605 n/kg VS, a B [9] —
BbIXOJ1 OnoMeTana u3 6apasl — 0,78 1/g VS.

[IpoBoaMIIMCh MCCIEAOBAHUS UCIIONH30BAHUS
CTOYHBIX BOJ KpaXMallbHBIX MPOHU3BOJICTB W3
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kapTodens U kKaccel (MaHHMOKa OOBIKHOBEHHOTO)
JUTSI TIpOM3BOACTBa Owmorasa. Tak, B padote [8]
yKa3aHo, dYTO KpaxMaJbHbIE IPOM3BOJCTBA
CHIIFHO 3arpsi3HSIOT eKkocucTemy. B pabote [9]
OTMEYAeTCs, YTO, MO MeHblieH wmepe, 0,6 M
CTOUHBIX BOA oOpa3yercs mpu oOpaboTke 1
TOHHBl MAHHOKM WiH 2,4 M> CTOUHBIX BOX JUIS
KaXJI0M TOHHBI MOJyYeHHOro Kpaxmaina. [Ipu ux
cOpaxuBannu Tpu Temmeparype 33+1 C cambrii
0ONBIION CYTOYHBINM BBIXOJ] OMOTa3a COCTaBIISII
0,65 n/n B Teuenue 8,3 cyrok. B pabote [10]
OTIMCAaH TPOIIECC HEMPEPBHIBHOTO COpaKMBAHUUS
CTOYHBIX BOJ IIPOM3BOJICTBA Kpaxmasia 13 KacChl C
nogauert 1,18; 1,28; 1,57 u 2,68 r XMMUYECKOro
COJICpKaHUsl KHCJIOpOJa Ha JIMTP peakTopa B
CYTKH, TP THUIPABIMUECKOM cofiepkanuu 15; 13;
83 m 6,6 cyrok. Ilpm »sTOoM OBII TONyYEH
CyTOUHBIN BeIXOnm Omoraza B 0,52; 0,41; 0,65 u
0,63 n/m coorBerctBeHHO. B pabGorte [11] mpm
COpaXMBaHMM CTOYHBIX BOJ  KPaxMalbHOTO
MPOM3BOJACTBA W3 KacChl Oblla JIOCTUTHYTA
MaKCHUMaJbHas CYTOYHAs MPOM3BOAUTEIEHOCTH
mo Omora3y B 3,7 n/n. Cpenanii BeIX0n OmMorasza
cocraBmn 0,36 /T XUMHYECKOTO COICpPKAHS
kucinopona. CojepkaHue MeTaHa B Ouorase
HaXOoAWI0Ch B quanas3one 69-81%. [IpousBoacTso
Ouorasa 13 OTX0JI0B KapToQels PH TeMIIepaType
38 C u pH 5-7,5 paccmarpuBaiioch B padore [12].
Uepes 10-15 cyrok BeIXonm Omorasa COCTaBIISUT
400-650 M3/t cyxoro BemiectBa. buora3s
cogepkan 52-72% wmerana. COpakMBaHHE CMECH
Kpaxmajla W THOS KPYIHOTO POTaToro CKOTa
nccrenoBano B pabore [13]. beio ycraHoBieHo,
9TO mo0OaBiieHHEe KapTOo(hENTbHOTO Kpaxmaia K
HABO3y KPYITHOI'O POraToro CKOTa YBEIMYHBAJIO
BBIXOJ MeTaHa ¢ 4230 m/mM® mo 8625 n/m® mpu
THJIPABIIMYECKOM BPEMEHH COJICpKaHus 29 CyTOK.
YBenndyenue THJIPABIHYECKOTO BpEMEHHU
yoepKuBaHHS 110 56  CYyTOK  OKa3bIBaJo
HE3HAYUTEIBHOE BIUSHUE HAa TIPOYIIUPOBAHUC
METaHa.

ChIpoii  TIIMICPUH  SIBISICTCS  [TOOOYHBIM
MPOIYKTOM TIPOM3BOACTBA Omommsens. Brixon
Oumorasza Mmpu COBMECTHOM COpa)KUBAHHH CHIPOTO
TJIMIEPUHA U CBAJIOYHOTO (PUIBTpaTa COCTABISCT
403,15 mu/r VS [14]. Ho6aBnenue 2,5% chbiporo
TJIMIEpUHAa K CyOCTpaTy YBEIMYMIO BBIXOJ
omomerana Ha 36% (1058,9 n/xr VS) [15]. Ilpu
COBMECTHOM COpaXMBaHMH THOS KPYITHOTO
poraToro CKoTa u ChIporo riunepuna (6%) BeIxo
ouomerana cocrasysier 0,59 m*/kr VS [16].

Coamnctok ~ ofOpasyercsi B pe3ysbTare
HeWTpanmm3anuu Owoam3ens, a TIocie ero
MIPOMBIBKM CMEIINBASACH C BOJIOW MPEBpaIaeTcs B
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CTOYHBIC BOJBI ITPOU3BOJICTBA OMou3ens. Beixos
OmoMeTaHa TIpU COpPaKUBAHUU CTOYHBIX BOJ
MPOM3BOACTBA OWOAW3ENST C  COJNEpKAHWEM
coarictoka coctaBmsier 937 wkr VS [17], a
CTOYHBIX BOJI TPOM3BOJICTBA IMEPEPaOOTKU PHIOBI
C COJIEpXKAHUEM COAICTOKa COCTaBisieT 775 I/kr
VS [20].

Kak yxkazano B pabote [19], moTeHmman mo
OuoMeTaHy OTpabOTaHHOTO PAaCTUTEIHLHOTO Macia
cocraisier 775 mu/r VS, a B padore [20] —
cToKOB mansMoBoro macia — 0,50 /v VS. Beixon
Omoraza M3 ocagka Macja, MOJIY4YeHHOTO W3
MHKPOBOIOPOCIICH (Chlorella sp.,
Nannochloropsis sp. u Scenedesmus sp.),
cocragisier 500 mur/t VS [21].

JlobaBnieHHe CHIBOPOTKM K CBHHOMY HaBO3Y
npu Temmeparype Opokenus 32 C mo3BOISET
MOJTy4nTh BBIXOA Owmoraza 250 i/xr VS [22]. B
pabore [23] yTBepxkmaercs, dYTo JHOOaBIICHUE
KHUCJIOMOJIOYHON CBHIBOPOTKH K HaBozy KPC
yBeIMYMBaeT BbIXoJ Ouorasza Ha 10%, a B pabote
[24] — na 84%.

B pabore [25] cTaTHCTUYECKUM METOAOM
Obuto  crpymmmpoBaHo 20 pa3TUYHBIX BHIOB
CBIPbsI, Pa3/ICJICHHBIX HAa 5 THUIOB: CYCIICH3US C
HU3KAM COJICPIKaHMEM KJIETYATKH, CYCICH3US C
BBICOKUM COJICPKAHUEM BOJIOKHA, CMECh COJIOMBI
U THOS, CYCII€H3Us COJIOMBbl M aKTUBHBIM mi. B

pabote [26] mTpoBemeH aHaNW3 IATCHTHOM
JICSITEIBHOCTH 10 TPOM3BOJACTBY Oworasza u
YCTAHOBJICHO, 4YTO HauOojee  MOIyJISPHBIM
CBIPHEM SIBIISICTCS. AKTUBHBIN WJI, CTOYHBIC BOJIBI,
OTXOABl  JKMBOTHOBOACTBA W  CEJIHCKOTO
XO3s1iCTBA.

Ananuz MTPOBE/ICHHBIX UCCJICIOBAaHUI
MoKaspiBaeT, 4To TpeOyercs JanbpHeiiee

U3y4yeHrWe BOIMpPOCa HMHTEHCU(UKAIHMK BBIXOJA
Oomoraza m3 cybctpata Ha ocHoBe KPC, uro
MOXXET OBITh JOCTUTHYTO NOOaBIEHHEM K HEMY
OTXOZOB CEILCKOXO3SMCTBEHHBIX IPOU3BOJICTB.

IIpu 3TOM HEO0XO0AMMO ONpEeETUTh
ONTUMAJIbHBIE COOTHOIICHHUS OTXOJI0B
npom3BoAcTB u  KPC, 1pum  KOTOPBIX
obecrnedanBaeTcs MaKCHMAaITbHBIH BBIXO/T
Ouorasa.

Lenpto  paboOThI  SABASETCS  TMOBBIIICHUE

BbBIXOOa 61/101"3321, BBIpa60TKI/I SHGKTpI/I‘IeCI(Oﬁ n
TETIOBOM OHEPrun Ha OMOra30BEIX YCTaHOBKax
3a CYCT ONTHMAJIBbHOI'O ,Z[O6aBJ'IeHI/I5{ K HaBO3y

KpYIHOIO poraroro CKOTa
CeITbCKOXO035HCTBEHHBIX MIPOU3BOICTBEHHBIX
OTXOJIOB.

JIs  JOCTYIKEHHS  THOCTaBIICHHOM — IIEIH

pemrajncy Cleayromue 3aJavu: ONpeacIsaICA

&9

BBIXOJ] OHMOraza M3 HaBO3a KPYMHOTO pPOTaToOro
CKoTa ¢ J00aBJIeHHUEM pasIUIHBIX O00BEMOB
OPraHUYECKUX OTXOJOB TIPH TEPHOANICCKON
3arpy3ke METaHTCHKA, Ha OCHOBE IONYyYCHHBIX
9KCHEPUMEHTAIBHBIX JaHHBIX OCYHIECTBIIOCH
HaXOK/IGHUEe HWHTEpBaja YHUMOAAJIBHOCTU IS
MakCUMalbHOTO  BBIXOJa  OuWorasza  Tpu
COpaKUBaHHUU THOSI KPYITHOTO POTaToro CKOTa C
JNO0aBIIEHMEM  OpPTaHWYECKUX  OTXOJOB; C
NOMOIIBI0 METOJa AMXOTOMHH PacCUUTHIBAJICS
ONITUMAJILHBI 00BEM JO3UPOBKH Pa3TUIHBIX
BUJIOB OPTaHUYECKUX OTXOJIOB B cyOCTpaT st
KBa3MHENPEPHIBHOM 3arpy3Ky METaHTCHKA.

III. METOJIUKA UCCJETOBAHUI

UccnenoBanne npotecca METaHOBOTO
OposkeHus: 00pa3I0B OPraHUYCCKUX MATCPUAIIOB
B paboTe NpPOBOAWICS C IOMOIIBIO MeToJa
MEPUOIUECKOTO COPaKMBAHUSI.

Ipornecc METAHOBOTO OpoxeHHUs
WHULMUPOBAJIICSI HAa  OCHOBE  CMEIIMBAHUS
nopuuu o0paslia OpraHUYecKoro MaTephaia C
UHOKYJISITOM (cycnien3us, coJiepkanas
CTapTOBYIO  TIONMYJISIUIO  JKU3HECTIOCOOHBIX
MeTaHooOpa3yromux OakTepuii) B Onopeaktope,
repMeTH3alnui OMOpPeakTopoBa W TOAJEPKAHUU

noctosiHHOM — Temmepatrypel  40+1°C.  [las
aHalM3a  BOCIIPOM3BOAMMOCTU  PE3YJIbTaTOB
UCCIICIOBaHUI cmecu TOTOBUJIMCH u
CcOpaXMBAIUCH B 3-X TIOBTOpax.

Hns NPOBEACHUS UCCIEOBaHUS
uCroNb3oBajiack ~ OWoraszoBasi  JabopaTopHast

Ouoras3oBast yCTAHOBKA C METAHTEHKOM TI0JIE3HBIM
ooremom 30 11 ¢ ¢ukcanuei BeIxoJa OMorasza c
MOMOIIBI0 MOKpOTO ra3ronpzaepa (puc. 1). Pexxum
3arpy3Kd  MeTaHTeKa MIEPUOTUUECKHM,
TeMIlepaTypHbIA pexuM — Me3oduibHbIH. Harpes
U KOHTPOJb TEMIeparypbl OpPraHHW30BaHO C
IOMOIIBIO  3JIEKTPUYECKOro  oborpesares,
000pPYI0BaHHOTO TEPMOPETYIIITOPOM.

18 MHTEHCUBHOTIO OTBOAA U PABHOMEPHOIO
pacmpezeneHus  Temiaa  OoT  o0Oorpemarens
UCIIOJIb30BaNIach BoJsiHas pyOaika. M3mepenue
TEMIIEpaTypsl  IPOM3BOAMUTCS C  MOMOIIBIO
anekTpoHHOro  gatumka TCM-50. OObpem
NOJY4YeHHOTo OHora3a HECKOJNBKO pa3 B CYTKH
ompejensuics MO IIKane, 3aKperjieHHOH Ha
Hampapisiomeln 15, mo BeICOTE MOJHATHS
UWIMHApa-ypaBHOMepa 14  rasrombuaepa, cC
HOCJIEOYIOUIMM II€PEecYeTOM MpPU H3BECTHOM

JIUAMETPE  LWIMHApPA-ypaBHOMEpa, KOTOPBIH
coctapiseT 20 cM.
B MeranTeHk 3arpy’aicsi OTMEpPEHHbIN

0o0BeM cyOcTpaTa ¢ ONTUMATBHBIM JO0ABICHUEM
CEIIbCKOXO03HCTBEHHBIX HPON3BOJICTBEHHBIX
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OTXOJIOB, TIOCJIE Yero KpaH 16 3akpbIBayCs st IIpu noGamneHMn HOBOUW moOpIMU CyOcCTpara
CO3MaHus aHa’pOOHOTO pexuMa. [ KOHTpons — mepeOpo’KeHHBII cyoctpar OOHOBJISIICS
MIPOBOTMIINCH MICCIICIOBaHUS 0€3 MT00aBICHUSI M ¢ HaIMoJoBUHY (KodddurmeHnT onopokaeHus — 0,5).
Jo0aBIIeHHEM CEITbCKOXO3SIHCTBEHHBIX

MIPOU3BOICTBEHHBIX OTXO0B B TPEX MOBTOPAX.

16

18
14 15

I — memanumenx; 1l — eazeonvoep,; 1 — HapysicHLIL KOPNYC MEMARMEHKA, 2 — 6HYMPEHHUL KOPNYC
Mmemanmenka, 3 — 6o0sanas pybawka, 4 — akmusHas 30Ha Memanmenka, 5 — kpoluka, 6 — mpyoa ois
nodauu buomaccel;, 7 — mpyba ona caua wiiama, 8 — mpyoa onsa yoanenus waama, 9 — mpyba ons
nooauu 600vl;, 10 — mpyba 015 ycmaHo8Ku ypoeHs 600bl 8 800sHOU pybawxe, 11 — cazonposood; 12 —
mpyoxa 0na nooawu 6uoeaza;, 13 — xopnyc eazeonvoepa; 14 — yunumop-ypasnomep, 15 —
nanpasasiowas, 16 — kpan,; 17 — mpyokra 051 omeooa buoeaza u3z akmueHou 3016l Memanmenxa, 18 —
mpyoxa 01 ombopa 2asa u3 eazeonvoepa; 19 —mewanka, 20 — nacpeeamens

Puc. 1. Cxema j1a6opaTopHoii 6H0ra3oBoii ycranosku.!

OCHOBHBIM ~ CBIpbEM ANl  TPOMU3BOACTBA [Ipu noGaBneHny yka3aHHBIX KOCyOCTpaTOB B
0norasa B CeIbCKOM XO3SHCTBE SABJSECTCS HABO3.  HE3HAUUTEIHHOM KOJHMYECTBE BBHIXOH OHorasa,
HaBo3 kpymHOTo poraroro ckorta ye COACpKHT [0 HAllNM HCCICAOBAHHSAM, YBEIMYHBACTCS IO
MeTaHooOpasytomme Oaktepuu, yto ynyuymaer 1,4 n/da xr COP u Boiue. [Ipu 3T0M CyiiecTBeHHO
Opoxxernne. OpnHako BBIXOA OWoraza Tpd  yBEIMYUBAThH pasmep METAaHTCHKA,
cOpa)KMBaHMM THOS KPYITHOTO POTaToro CKoTa  J0OpOoXKeBaTens, pe3epByapoB AJisi OMOILIaMa He
HE3HAYUTEJICH W TI0 pe3ysibTaTaM MPOBEJCHHBIX  TpeOyeTcs, MOCKOIBbKY 00BEM 3arpyaeMoro B
uccIieIoBaHui cocTaBiseT B cpenHeM 0,7 /94 KT METaHTEHK CBIPbsl IIOYTH HE YBEIMUYUTCA U
COP, 4ro He mO3BOJsET OBICTPO OKYINUTH  IOITOMY  HE  BBI30OBET  JOIOJHHUTEJIBHBIX

KalWTaNOBIOKEHHS, JaKe€ YUUTHIBAs "3€NEHBIM"  KamuTaJOBIIOKEHUH.

Tapu¢ Ha IEKTPOIHEPIHUIO, IPOU3BEACHHYIO U3 OpraHuzanst  ONTUMA@JIBHOH  JO3UPOBKHU

Ouorasa. Pa3HBIX  BHJIOB  OpPraHHYECKUX  OTXOJOB
Joist yIIy4lleHUs BBIX0/1a Omoraza  Oasupyercs Ha HaXO0XJAECHUU TaKUX

pEeKOMEHIyeTcss B cyOcTpaT  J00aBJIATh  DKCHEPUMEHTAIBHBIX JIAHHBIX, IPU KOTOPHIX Ha
KOCYOCTpaThl OpPraHMYECKHX OTXOMOB (WM  KaXIOM 3Tare (PyHKIHOHHPOBAaHUS OMOTa30BOM
3aMEHATh MMHU BOJY WM JHIECTaT, KOTOPhIE  YCTAaHOBKU OOECIICYMBACTCS WHTECHCHU(PUKAIUSL
JI00ABJISIOTCS B CyOCTpaT Uisl IOCTHXKECHHSI ero  OpOKEHHUs ¢ MAaKCHMAJIbHBIM BBIXOJIOM OMoOrasa.
ONITUMATBHON BJIQKHOCTH). K takuMm  [locne momydeHust TaHHBIX SKCIIEPUMEHTANBHBIX
KocyOcTpaTam OTHOCSITCSL: pasMoOIIOTOe  HMCCIEOBAaHUA MO JO3MPOBAHUIO PA3IAIHBIX
HEKOHIUIIMOHHOE 3€PHO  XJICOHBIX 3JIAKOB,  BHJIOB OPraHUYECKHX OTXOJOB OCYIIECTBIISIACH
CBIpOW TIHIepuH, (y3, COANCTOK, Mejacca, WX 00paboTKa IS BBISBICHHUS ONpEAeTICHHBIX
Oapna u apyrue. 3aKOHOMEPHOCTEW, XapakTepa CBs3eH MExXIy

| .
Appendix 1 90
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YpOBHSAMH (PAaKTOPOB (X) ¥ QYHKUUSAMH OTKIMKA  KOA(QQHUUUEHTOB Bapuanuy; Ko3(pPHUIUEHTOB
(y). OOpaboTka pe3ylbTaTOB HCCICAOBAHUN  KOPPENAlUH;  KO3(P(HUIMEHTOB  pPEerpeccuw;
NPOBOJMIIACE JUIS BCEX IIOJYYSHHBIX JAHHBIX  ONpENeNsuIcs JIOBEpUTEIbHBIM HHTEpBaN IS
(reHepasibHasi COBOKYIIHOCTH) M BEIOOPOYHO AJISI  CPETHErO 3HAYEHMUS, HaliMeHbIIIEH
YacTH TIONYYEHHBIX JaHHBIX (BBIOODOYHAS  CYIIECTBEHHON Pa3HHIIBL; OlICHHMBAJIACh
omeHka). Jlns  aroro WO  pe3ynbTataM  JJOCTOBEPHOCTH IOJIyYEHHBIX PE3yJIbTaTOB
9KCIEPUMEHTABHBIX uccienoBaHuii  (MpoBepKa HYJIEBOW THITOTE3HI).
NPOM3BOAMIINCH pacyeTbl: CPEJIHUX 3HAYCHUI, Jns  Wcronb30BaHUS  AKCIEPUMEHTAINBHBIX
JICTIEPCHUH, CpeHUX KBaJpaTHYHBIX  JaHHBIX, NPUBEACHHBIX B BHJE TaOmuIpl 1, B
OTKJIOHCHMH;  aOCOJIOTHBIX  IOTPENTHOCTEH;  MaTeMaTHYECKOM MOJICITN ONpeAeIsIach
OTHOCHUTENBHBIX MOTPEIIHOCTEH;  3aBUCHMOCTH MEXAY X H Y.
Tabnuya I°
JKcIepUMEeHTANbHBIC IAHHBIC
X X1 X2 X3 Xn
Y i Y2 V3 n

DTy 3aBUCHMOCTh MOXHO TMpPEACTaBUTH B
BHJIE MHOTOYJIEHA BH/IA:

y=a,+ax+..+a,x". (1)
Onuum 13 METOZ0B HAXOXKICHHS
KO3()GUIMCHTOB  ypaBHEHUi, OIMCHIBAIOLINX

OKCIICPUMCHTAJIBHBIC TOYKH, MABJISICTCA MCTOJ
HaMMCHBIINX KBAJPaToB.

Bzaumocss3p MCXKAYy NOCPECMCHHBIMU X W )
MOXXHO OImhCaTh CHGZLYIOLLleﬁ 3aBUCUMOCTBIO!

2)

ITockompky 3Ta KpHBas HE HaKJIaIbIBAETCS
TOYHO Ha HKCIEPUMEHTAIbHBIE TOYKH, TO TPHU
HAXOXJIEHUH i-r0 3HaueHus 1o Qopmyne (2) mo
CpPaBHECHHIO C TaOTMYHBIM 3HAYCHUEM Y; OyneT
BO3HUKATH TOTPEITHOCTH!

Vi

_ 2
y=a,+ax+a,x.

3

3anaya HaXO0XKJICHUS KO3 PHULHEHTOB
YpaBHEHUSI COCTOMT B TOM, YTOOBI CyMMapHas
HOIPEeIIHOCTh JUII  BCEX 1N Touyek Oblia
MUHHUMAJIEHOM:

n n
Zgl. :Z(yi —a, —a,x; —azxiz)—> min. (4)
i=l i=1

Ho 3TOT KpUTEpUit B pacuere
KO3 GUIIMCHTOB ypaBHCHHS HE MOXKET OBITh
HCTIONB30BaH, MOCKOJBKY €CTh MOJOKHUTEIbHBIC
U OTPHIIATENIbHBIC 3HAYCHHS MOrpemHocTe. U
€CJI CyMMa & 1 OyzeT B ypaBHeHUH (4) pasHa 0,
TO 3TO HE 03HAYACT, YTO MOTPEIIHOCTEH HET U
ypaBHECHHUE BHIOPAHO KaK HAWITyUIIIee.

N +1 Zx sz
Al= sz sz sz
PREEDR D

2 _
—Qy — A\ X; —AyX] =&; .
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Y4uTBIBas 3TO, B KAUECTBE KPUTEPHUS OIICHKU
MOJYYEHHBIX PE3yJIbTaTOB BBIOPAH MHHHMYM
CYMMBI KBaJ[PaTOB MMOTPEIIHOCTEH:

n n 2
Z(Si )2 ZZ(J’,' —ay — alxi) —min. (5)
i=1 i=1

O0paboTka CTaTHCTUYCCKHUX JTAHHBIX
mpousBoaAWiack ¢ ucnois3oBanuem  [IIIIT
MathCad. [Inst 3TOr0 CTaTHCTUYECKHE ITaHHEIE
BBOJIMIUCH B KOMIIBIOTEP B BUJIE IByX MAcCHBOB
JAHHBIX TAOMHIBI 1: Xx; U y;, TAC X; — 3HAYCHUE
apryMeHrTa, a y; — 3Ha4eHHEe DKCIICPUMEHTAIbHBIX
JMaHHBIX. JlaHHBIC B MacCHBaX MMEIOT HHICKCHI
oT 0 710 N. CoOTBETCTBEHHO KOJUYECTBO TOUYEK B
tabmuue paBHO N+1.

ITociie TOro, Kak MacCHBBI BBEICHBI, IS
JanbHeHIeH paboThl ¢ HUMHU MPOU3BOIMIACH UX
paccopTUpoBKa TO POCTYy apryMeHTa © B
TPAHCIIOHUPYEMOM BHJIE, IPe0Opa30BaB CTOJIOUK
JAHHBIX B CTPOKY.

KBagpaTtuuHasi anmnpoKCUMaIusi TaOJIHYHBIX
JIAHHBIX, T.€. HAXOXKJICHUE YPaBHCHUS BUJIA:

v=d,+dx+d,x,, (6)
BBIMIOJIHSJIACH €  KCIIOJIb30BAaHHEM  METOojIa
HAVMCHBINNX KBaJPATOB HA OCHOBE PEIICHUS
CHUCTEMBI  TpeX  JUHCHHBIX  ypaBHCHHH,
KOO GUIMEHTB KOTOPHIX M IpaBble YacTH,
HaXOAMIUCH ¢ moMoripo Mathcad:

Dy
in Vi

Z(xi)z Vi

i

Bl (7
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ITocne pacuera Al u Bl Haxoaunucs 3HaYeHUs
MacchMBa KOS((HUIMCHTOB d; KBaIpaTHYECKOH
3aBUCHMOCTH, TPAHCIIOHUPOBAB BEKTOP:

d=Al1"-Bl (8)
3HaueHUs CpEIHEKBAaAPATUIHON
MOTPEITHOCTH OIPEAEISITUCH 10 (POpMYIIe:

Z[yi —dy—dx; —d, '(xi)z]z

S=1-

N ©)

B  pesynaprare  pemieHuss — 3ajadud C
ucnonbzoBanueM [1I1I1 Mathcad, onpenenstoTes
k03¢ puLMeHTHI YpaBHEHUH,
CpeIHEKBagpaTUYECKHE HOIPEIIHOCTU
ypaBHEHUH U CTpouTCs rpaduk fx).

[TocraHoBKka 3a1aun ONTUMH3ALUHT
OpernosiaraeT Halddue OJHOTO IapaMeTpa
ONTUMM3ALUU X (KOJIUYECTBO OPraHUYECKUX
OTXOJIOB) M IeJIeBOM (YyHKIMH f(Xx) —» max
(BeIXO# Oworasza), ompeaeneHHOW B 001acTH
JIOTIYCTUMBIX 3HaueHui xeD, e D=[a, b], a a n
b — nelicTBUTENbHBIE 4YHCIA, BHIOpDAaHHBIE B
JIuamnasoHe [-oo, +o]. To, 4TO MOUCK OoNTUMyMa
OrpaHUYeH MOMCKOM MHHHMMAIBHOTO 3HAYCHUS,
HE WIpaeT CYyLIECTBEHHOH pOJM, MOCKOJIBKY
MOUCK MaKcUMyMa f(X) SKBUBaJICHTEH IOHUCKY
MUHUMYyMa — f(X).

IIpy HaMMYUM HECKONBKUX  PEIIECHUH
MHHHMYMOB, TOYKOM IJIOOQIPHOTO MHHHMYyMa
(dhyHKIIMH f(x) B 00IACTH TOMYyCTUMBIX 3HaYeHH D
Oyzer Takas Touka x*, IpH KOTOPOil BBIOJIHSETCSI
yeaoBue: f{(x*) < f(x) nast Bcex x € D.

Toukol JOKadbHOTO MHHUMyMa (YHKLIUH
Oymer Touka x*, B KOTOPOH IpH HaJIHMYUH

MOJIO)KUTENILHOI'O  YHWCJIa F  BBINOJIHAETCS
yCIIOBHE:
f(x*) < f(x) s Bcex x € {x: [x* - X| <r}.
Pemenue JTAHHOU 3a71a4n

OJIHOTIApAaMETPUYECKON ONTHMHU3ALUU  MOKET
OCYIIECTBISTHCSI MHOTHMH METOIAMH, CpPEIu
KOTOpBIX  Hauboinee MOMYyNApPHBI  METOJBI:
"'30J10TOT0 ceucHus" WA duboHayyw,
OUXOTOMHU  WJIM  TIOJIOBUHHOTO  JIEJICHUA,
KBaJ[paTUYHOIN anmpokcumanuu win Ilaynna u
apyrue [26]. [Ind UX MCNONB30BAaHUS CIEXYET
CHavala HaWTH uWHTEpBaN [a, b], BHyTpH
KOTOPOTO HAxOAWTCA TOJNBKO OJHA TOYKa
MUHUMYMa x*, TO eCTh Takoil WHTEepBai, Ha
KoTOpoM  (QyHKOMs  OyneT  yHUMOZAAJIbHA.
YHuMoanbpHas Ha HHTEPBAJIC a < x <b QyHKIH
f{x) 6ynmeT TONBKO TOTHA, KOT/Ia OHA MOHOTOHHA
¢ o0ernx CTOPOH OT ONTUMAalbHOH TOUKH X*.
CBOIMCTBOM YHHUMOJAIBHON (DYHKIIMU SIBISETCS
TO, YTO KOTJa Ha WHTEpBane [a, b] ecTh ABe
TOYKH X| U X2, X TIPU 3TOM a < X; < Xx» < b, TOTH1a
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npu: f(x;) < f(x) 3HaueHne x* < x», a mpH f{x;) >
f{x2) 3HAUCHHE X* > X3,

DTO CBOWCTBO YHUMOIATLHOW  (PYHKITHH
IIMPOKO HUCIIOIB3YETCS B METOIaX ONTHMH3AIIHH,
YMCHBIIAIONINX WHTEepBan [a, b], Takux Kak
"30710TO€ cedeHue", IOJOBHHHOE JIeJIEHHE U
PaBHOMEPHBI TIOUCK.

WuTepBan YHUMOAAJIbHOCTH
(meompenenennoctn) [a, b]  Haxomutcs
MOCIIC/IOBATEIBHEIMA ~ PACTYIIIMMHU ~ IIaTaMu B
HaIpaBJICHUM YMEHBIICHHUS IeJIEBOM (DYyHKIIUU
JI0 TEX TI0p, IOKa OHA HE HAYHET PACTH.

ANTopuUTM pelieHus JaHHON 3amaun OyneT
COCTOSITh B TOCIEAOBATEIILHOM BBIIOJIHEHUHU
CJEeAYIOLUX ONepanuil:

1. 3amaercs HavallbHOE 3HAYCHUE  Xo,
HavajgbHas BEIMYMHA W3MEHEHUS IapaMmerpa —
miar 4, OnpeeIsoNuil HapaBiICHUE IBUKCHUS.
3amaroTcs 1Ba CUETYMKA MBIDKEHUS: HAIpPaBO
k=0 u nBmxenus Haneso c=0.

2. Beraucnsercs 3nadeHue f(x) u f(x+h).

3. Ecmu f(x+h) < f{x), TO yBenuuuBaeTcA X,

x = x+h, a TaKKe yBeIMUUBaeTcs mar Biasoe (h =
2h), peanusyeTcs IBW)KCHHE HampaBo k=1 wu
BBITIOJIHACTCS Tlepexonq Ha 1. 2 win (B
MIPOTUBHOM CJTy4ae) — mepexo/ Ha 11. 4.

4. TIpoBepsiercs, ObLIO JTU IBWKEHHUE HAIIPABO
k=1, ecnmu Obulo — mepexod Ha m. 6 Wik (B
INPOTHBHOM Clly4yae) — epexo] Ha II. 5.

5. IlpoBepsieTcs, OBIIIO TN OBIKEHUE HAJIEBO
c=1, ecnu ObUTO — mepexona Ha I. 6 i (B
MPOTUBHOM CJy4ae) MEHSCTCS HaIpaBJICHUE
IBWKEHUS h - h, peammsyercs IBUKCHUE
HAJIEBO ¢=1 W BBIMIOJIHSACTCS IMEPEXO/1 Ha 1. 2.

6. Ilouck ocraHaBIUBAETCS M ONPEACISIETCS
WHTEpBaJl HEONPEICICHHOCTH, B KOTOPOM d@ = X

k], a b=x+]|h|.
HOCJ'IC HaXO0XICHUA HUHTCPpBalia
YHUMOJAJIbHOCTH, MOKHO HepeﬁTH K

HAXOK/ICHUIO ONTHMAIBHOTO 3HAYCHUSI 1IEIeBOM
(GYHKIMHM Ha KaXJOM dTare (yHKIIMOHUPOBAHUS

BI'Y HauOoJee MIPOCTBIM METOJI0M
OJHOTIapaMETPUUYECKON ONTUMU3ALNHU —
METOA0M JUXOTOMHH.

Cxema pereHus JTaHHOM 3aa4Ku
OIITHMMU3ALMH METOIOM AUXOTOMHHM ITOKa3aHa Ha
puc. 2. Ilpm »d>TOM MeETOJ JUXOTOMHH
UCIIONIB3YETCST  JUIS  HAXOXIACHUS  ONTHMyMa
LIeJIEBOM hyHKITIN Ha WHTEpBaje
YHUMOIaJTEHOCTH.

CoryiacHO cxeMe alropuTMa Ha WHTEpBaJe
[a, b] BEIOMpaeTcss nBE TOYKH OTHOCHUTEIHHO
CepeIMHBI UHTEpBala
x1=(atb)2-¢/2ix:=(a+b)2+e/2,
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rne & 3aJlaHHasg TOYHOCTD,
MaJjas BenuanHa &> 0.

HEKOTOpas

Jlanee BBIUMCISAIOTCS 3HAYCHUS (YHKIUU B
9THUX TOYKaX W CPAaBHHUBAIOTCA MEXIY CO0OH C
MTOMOIIBIO CIEAYIONIUX MPaBUIT:

X onr - ¥onr

a=xs5

OcTaHOB

Puc. 2. CxemMa aJIrOpuTMa ONTHMAJIBLHOM J03MPOBKH OPraHHYeCcKOro BellecTBa MeTOI0M
AUXOTOMUH 3

ecnu f(x;) < f(x), TO ONTUMYM HaxXOJIUTCS Ha
uHTEepBaANe [a, x2]; ecmu f(x;) > f(xz2), TO
ONTUMYM (Xonr) HAXOIWUTCS HA WHTEPBANC [X),
bl; ecmm f(x;) = f(x2), TO onTUMYM (Xour)
HaxXOJUTCS B HHTEPBAIC [X1, X2].

[Tocme »TOrO JUIMHA OTpE3Ka CYKAETCs
OyTeM I[epeHoca TOYKM a Wiu b BHYTpb
orpeska. OTpe3oK cyxkaercs TOIoliaM JI0 TeX

mop, MOKa €ro JJWHAa HE CTaHEeT MEHBIIC
3aJaHHOM TOYHOCTH.

Ha OCHOBE MIPUMEHEHUS JTAHHOTO
MaTeMaTHYECKOTO amnmapara MOJIy4E€HO

CpaBHEHHE JWHAMHKHM BBIXOJa OwWorasza Tpu
MoHocOpakuBanuu THOst KPC u ¢ onTuManbHBIM
JI0OaBIICHHEM Pa3TIIHBIX KOCyOCTpaToB
OpraHUYIECKUX OTXOJOB (puc. 3).

C puc. 3 BumHO, YTO HHTCHCH(UKAIUSA H
HanOOJNBIIMK  BBHIXON OWoraza B  Ipeeax
WHTEpBATA  YHUMOJAIBHOCTH  O0ECIICUMBACTCS
TOJBKO TP  ONTUMAJIBHOM  JOOaBICHHU K
cyoctpary, a uMenHo: kpaxmana 5% COP or COP
cyoctpara; 2,3% MyKM OT MacCchl CyOCTpara;
34,2% COP ceiporo rimuepuna B COP cyGctpara;
1,3% dys3a ot maccsl cyberpara; 1,2% coarncroka
ot macchel cyoctparta; 10,6% menecHoit Oapapl OT
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Maccel cyoOctpata, ¢ 3ameHoir 60% BoAbl B
cyOcTpaTe ChIBOPOTKOM; ¢ 3ameHor 13% Bomsl B
cyOcTpare co CTOYHBIME BOJIAMH BUHOJICITHSL.

CpaBHEHHE HaKOIUICHHBIX BBIXOJIOB OMOTa3a
Mpu COpaXMBAHWH BHINICYKa3aHHBIX CyOCTPaToOB
MpUBecHa Ha puC. 4.

PesynbTaThl CpaBHEHUS
BBIXOJOB  Omoraza (puc. 4) MO3BOJSIOT
MIPEIOCTaBUTh MIPaKTHYECKUE HAy4IHO
000CHOBaHHBIE METOIWYECKHE pPEKOMEHIANN
o ONITUMAJILHOMY JO3UPOBAHHIO u
WHTEHCHBHOMY COpaXKMBAHUIO PA3IMYHBIX BHIOB
OpPraHUYECKUX OTXOJIOB.

HaKOIINICHHBIX

C HOMOILBIO MeToza JUXOTOMUU
OTIpe/IeIeHbl ONTUMAIbHBIE 00BEMBI TO3HUPOBKH
opraHata, Kpaxmajga, MYKH, CBIBOPOTKH,
CTOYHBIX BOJI BHHOJICIIBUECKUX IIPOU3BOICTB,
ChIporo  rimiepuHa, (Qys3a, coamcroka H
MeJaccHOM Oapapl K OCHOBHOMY cyOCTpaty
(HaBO3y KpYIHOTO pOratoro CKoTa) s

KBa3HHETPEPHIBHOM 3arpy3KH METaHTEHKA. .
3HAYUTENIFHO  YJIYYIIHTh  DKOJOTHYECKYIO

OOCTAaHOBKY B pEruoHe H OOECHEYHTh CPOK

OKYTIaeMOCTH OMOTra30BOH YCTaHOBKH 110 6,4 JIET.
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2.5

n/(4ac..kr COB)
Biogas output rate, I/(hr.kg DOM)

CKopocTh Bbixoga Guorasa,

BpeMs yaepxaHus, cyTok
Cy6ctpar Retention period, days

substrate: -l=1 -2 —&=3 /4 =5 <=6 7 8 =9 10

1 — KoHTpOIBHBIH crutomHOM cyocTpatr KPC; 2 — cMeck opranata u rHost KPC; 3 — maBo3 KPC ¢
nobasnenreM 5% COP ot COP cybcrpara kpaxmana; 4* — cybcrpar ¢ nobasienueM 2,3% MyKH OT
Macchl cyOcTparta; 5* — cyOcTpat ¢ 3amenoit 60% BoabI CHIBOPOTKOM; 6 — cybcTpaT ¢ 3amenoit 13%
BOJIbI CTOYHBIMHU BOJIAMH BUHOJICIBUECKUX MPou3BoACTB; 7 — HaBo3 KPC ¢ nosuposkoii 34,2% COP

ceiporo riunepuna g0 COP cy6erpata; 8 — raoit KPC ¢ mo3uposkoit 1,3% ¢y3a ot maccel cydcTpara;
9 — naBo3 KPC ¢ no3uposkoii 1,2% coancroka oT Macchl cyoctpara; 10 — nHaBo3 KPC ¢ mo3uposkoit
10,6% menecHoii 6apabl OT Macchl cyocTpara
* — Opokenue mpu Temreparype 40°C
Puc. 3. luHaMHKA HHTEHCHBHOI'O BLIX01a GHOra3a npu c6pakMBaHUM Pa3HbIX cydcTpaTos. *
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Bpewms yoepaHusi, CyTok
Cy6cTpar Retention period, days
Substrate: -1 -+2 —&=3 A4 =5 —<—6 7 8 =9 10

1 — koHTpOABHBIH crmomHo# cyocTpat KPC; 2 — cmech opranara u raost KPC; 3 — naBo3z KPC ¢
nobasnenuneM 5% COP ot COP cybcerpara kpaxmana; 4* — cyOcTpar ¢ nobasienueM 2,3% MyKd OT
Macchl cyOcTparta; 5* — cybeTpat ¢ 3amenoit 60% BOBI CBIBOPOTKOM; 6 — cydcTpaT ¢ 3amenoit 13%
BOJIbI CTOYHBIMHU BOJIAMH BUHOJIEIBUECKUX MPou3BoACTB; 7 — HaBo3 KPC ¢ no3uposkoii 34,2% COP

ceiporo riunepuna 10 COP cy6cerpara; 8 — ruoii KPC ¢ nosuposkoit 1,3% ¢y3a ot maccel cydcTpara;
9 —naBo3 KPC ¢ mo3uposkoii 1,2% coarncroka ot maccel cydctpara; 10 — HaBo3 KPC ¢ mo3upoBkoit
10,6% memnecHoit Oapbl OT Macchl cyOcTpaTa
* — Opoxxenue npu Temmeparype 40°C
Puc. 4. CpaBHeHHe HAKOIIJICHHBIX BBIX0/I0B 0M0ra3a NPH ONTUMAJIbHOI 103MPOBKe KOCy0CTaTOB
U uX cOpakuBanuu (Temneparypa opo:xenus 40°C) °
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TakuM 00pazoM, B YCIOBHSIX IHEPIeTHYECKOTO
KpH3UCa 3HAYMMOCTh PE3yJIbTAaTOB HCCIIECIOBAHHI
COCTOMT B TOM, YTO C IOMOIIBIO CIEIHAIBHBIX
J03aTOpOB IPU ONTHUMAIGHOM J00aBICHHH B
METaHTEHKH MPOMBIIUICHHBIX OMOTa30BbIX 3aBOJIOB
YKa3aHHBIX OPTaHWYECKHUX OTXOJI0B BBIXOZ OHorasa
yBenmuuuBaercss or 14 /4. Kr  cyxoro
OpraHUYECKOro BEIIECTBA U BBIIIIE, YTO TIO3BOJISIET

V. BBIBOAbI
1. B ycnoBusix paboTHl CEIbCKOXO3SIHCTBEHHOTO
TPEAIPUATHS KUBOTHOBOTIECKOTO THTIA

HAKaIUIMBAECTCS JOCTATOYHO OOJIBINOE KOJIMYECTBO
JKMBOTHOBOJIYECKHX OTXOJOB (KaK IPaBUIIO, HAaBO3a
KPYITHOTO POTaToro CKOTa), KOTOpPBIE HEOOXOIMMO
UCIIOJIb30BaTh B KAueCTBE CHIPhS Uil MPOU3BOACTBA
6uoraza. OHaKo BbIXOJ OMOra3a U3 LEIbHOr0 HaBO3a

KPYITHOTO  pOTaToro CKOTa HEJOCTATOYCH IS
OBICTPOM  OKYNMAaeMOCTH  KAIHMTAJOBIOXKCHUH B
O0uorazoByr ycTaHoBKy. Jlius uHTEeHCHUKANUU

Opo’keHMs U IOBBIIIEHUS BbIXOJa OHorasa K HaBO3Y
KPYIHOTO PpOTaToro CKOTa HEOOXOAMMO H00aBIATh

KOCY6CTpaTBI, B Ka4yC€CTBC KOTOPBIX MOXHO
HUCIIOJIB30BAThH OTXOAbI Hepepa6aTBIBaIOH.[I/IX
IPOU3BOACTB.

2. Pa3paboTaHbl METOMWYECKHE OCHOBEI

UHTEHCU(DHUKAIMN OpO’KEHHsI, OCHOBAaHHbBIC Ha
HAXOXJICHUM MHTEpPBAJIa YHUMOJAITBHOCTH, B
mpefienax KOTOPOTO C  IMOMOMIBI0  METoja

Appendix 1
'Fig. 1. Schematic of a pilot plant for batch methane
fermentation: 1 - capacity of the bioreactor; 2 - fixed
part of the eudiometer; 3 - moving part of the
eudiometer; 4 - container with coolant; 5 - PVC
tube; 6 - gas cock; 7 - gas analyzer; 8 - working
environment of the bioreactor; 9 - internal space of
the eudiometer with biogas; 10 - coolant (water); 11
- 5% aqueous NaCl solution; 12 - mercury
thermometer; 13 - thermostat (AT =+ 1 ° C).
3Fig. 2. Cumulative flow of biogas in time during
fermentation of mixtures No. 1-No. 3.
“Fig. 3. Cumulative flow of biogas in time during
fermentation of mixtures No. 4-No. 6.
SFig. 4. Cumulative velocity of biogas flow in time
during fermentation of mixtures No. 1-No. 3.
“Table 1. Experimental data.
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Universal Method for Detecting Violations in the Integrity of a Digital
Image Based on Analysis of Blocks of its Matrix
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Odesa, Ukraine

Abstract. The requirement to provide the content expertise (particularly digital video) in real time is
becoming critical. Thus, the aim of the work is to increase the efficiency of identifying the fact of vio-
lation of image integrity by developing a universal expert method with low computational complexity.
This aim was achieved by using a new approach developed by the authors earlier that based on the
properties of the dependence of the frequency index of the singular vector of the image matrix on its
number, adapted for the case of a block organization of expertise. The most important theoretical re-
sult of the work is the higher rate of growth of the linear approximation of the dependence of the
block-average values of the frequency indexes of singular vectors on its number, which was estab-
lished for the original content, as compared to the non-original content. The significance of the ob-
tained results is that the developed expert method, being a block one, has insignificant computational

complexity — (_)(nz) operations for an nxn image matrix, which makes it promising for working

with digital content, in particular with video, in real time. At the same time, the algorithmic implemen-
tation of the method made it possible to increase the efficiency of detecting violations of image integ-
rity by reducing type | errors by 2% compared to the best analogue; type Il errors remained at the
same level. The versatility of the method is confirmed by its high efficiency regardless of the specifics
of the perturbation effect, including in conditions of minor disturbances.

Keywords: digital image, integrity violation, singular vector, frequency index of singular vector,
integrity expertise.
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Metoda universala de detectare a incilcérilor integrititii unei imagini digitale pe baza analizei blocurilor

din matricea acesteia

Boboc 1., Kobozeva A.

Universitatea Nationald Politehnica din Odesa, Ucraina

Rezumat. Cerinta de a oferi expertiza integritatii care sd permitd separarea unei imagini originale de una
neoriginald fara a tine cont de specificul influentei perturbatoare(in special video digital) in timp real devine
critica. Astfel, scopul lucrarii este de a creste eficienta identificarii faptului de incélcare a integritatii imaginii
prin elaborarea unei metode expert universale cu complexitate de calcul scazuta. Acest obiectiv a fost atins prin
utilizarea unei noi abordari elaborate de autori anterior, care se bazeaza pe proprietitile dependentei indicelui de
frecventa al vectorului singular al matricei imaginii de numarul acestuia, adaptatd pentru cazul unei organizari
bloc de expertiza. Cel mai important rezultat teoretic al lucrarii este rata mai mare de crestere a aproximarii
liniare a dependentei valorilor medii bloc ale indicilor de frecventa ai vectorilor singulari de numarul acestuia,
care a fost stabilitd pentru continutul original, In comparatie cu continut neoriginal. Semnificatia rezultatelor
obtinute este cd metoda expert elaboratd, fiind una bloc, are o complexitate computationald nesemnificativa
(_)(nz) — operatii pentru NxNo matrice imagine, ceea ce o face promititoare pentru lucrul cu continut digital,
in special cu video, in timp real. In acelasi timp, implementarea algoritmici a metodei a facut posibila cresterea
eficientei detectarii Incalcarilor integritatii imaginii prin reducerea erorilor de tip I cu 2% fata de cel mai bun
analog; erorile de tip II au ramas la acelasi nivel. Versatilitatea metodei este confirmata de eficienta sa ridicata,
indiferent de specificul efectului de perturbare, inclusiv in conditii de perturbari minore.
Cuvinte-cheie: imagine digitald, incdlcare a integritatii, vector singular, indice de frecventa al vectorului
singular, expertiza 1n integritate.

© Boboxk 1.U., Ko6ozeBa A.A., 2023

98



PROBLEMELE ENERGETICII REGIONALE 4 (60) 2023

YHuBepcanbHbI MeTO BhISBJICHHS HAPYIICHUS HEeJI0CTHOCTH HU(POBOro n300pakeHNsl, 0CHOBAHHBIH
Ha aHaju3e 0JI0OKOB €ro MaTPUIIBI
boook .., KodozeBa A.A.
HanmonansHslii yHuBepeuteT «Omecckas IOJNTEXHIKA
Opecca, YkpanHa

Annomayus. CoBpeMeHHbIE HH(OPMALMOHHBIE TEXHOJOTWH MPEAOCTABIISIOT IIMPOKHE BO3MOXHOCTH IS
OCYIIECTBIICHHS! HECAHKIMOHUPOBAHHBIX HW3MCHCHHH LU(PPOBBIX KOHTEHTOB, B YaCTHOCTH, IH(PPOBBIX
M300pakeHNH, KOTOPHIM TOCBAIIEHA padoTa, YTO MOXET HNPUBECTH K HETATUBHBIM ITOCICICTBHUSIM, BIUIOTH IO
KaTacTpO(MIECKHX, KaK JJIsl OTACIBHO B3SITHIX JIIOJIEH, TaK U JUIS YeJIOBEUECTBA B II€JIOM, KOT/Ia TAKUE KOHTCHTBI
UCIIOJNIB3YIOTCS B HEPa3BJIEKaTENbHbIX HesIX. B HaCTOSIINI MOMEHT pacTeT BOCTpeOOBaHHOCTh YHHBEPCAIBHBIX
METOJIOB IKCIIEPTH3HI LIEJIOCTHOCTH, MTO3BOJIIOIINX OT/ACNSATh OPUTMHATBHOE H300payKeHUS! OT HEOPUTHHAIIBHOTO
0e3 yuera crenu(UKN KMCIOJIb30BAaHHOIO BO3MYIIAIOIIEIO BO3JECHCTBHS. KpUTHYECKH BaKHBIM CTaHOBUTCS
TpeboBaHHE OOECIIeUeHHs] SKCHEPTH3bl KOHTEHTA, B YaCTHOCTH LU(POBOTO BHUIEO, B PEXKHUME pPEATBLHOTO
BpeMeHH. C yu4eToM 3TOTo LENbI0 PaboThl ABJSIETCS MOBBINIEHNE () (EKTUBHOCTH BBISBICHHS (DaKTa HapyLICHUS
[EJIOCTHOCTH HM300paKCHUS IyTeM pa3pabOTKH YHHBEPCATBHOTO JKCIEPTHOTO METO/a, OO0JIaJaroliero
HE3HAYHUTEIbHON BBIYUCIUTENBHOM cl0XHOCTHIO. [TocTaBneHHast menp ObUIa JOCTUTHYTA IyTEM HCIIOIb30BAHMS
HOBOTO MIOAXO0Aa, pa3paboTaHHOTO aBTOpamu panee, — CHB-nmoaxoaa, OCHOBaHHOTO Ha y4eTe CBOHCTB (DyHKIHH
3aBUCHMOCTH 9aCTOCTH CHHTYJSIPHOTO BEKTOPa MATPHUIBI N300paXKeHHs OT €ro HOMEpa, aJanTHPOBAHHOTO IS
cirydass OJOKOBOW OpraHM3allMU SKCIEPTHU3BI, KOT/Ia MaTpHIa W300pakeHHs NpEIBAPUTENbHO pa3OMBaeTCs Ha
650K, aHANMM3UpyeMble 0 OTAENbHOCTH. Hambomee BaKHBIM TEOPETHUECKHM PE3YJIBTaTOM pabOTHI SBISETCS
YCTaHOBIICHHAs JIJIsl OPUTMHAIBHOTO KOHTEHTa OOJIbIIas CKOPOCTh POCTa JIMHEHHOM anmnpoKcuManuu QyHKIHY,
OTpakarolieil 3aBHCHMOCTh CPEIHHMX MO OJIOKaM 3HAYEHWH YacTOCTEl CHUHTYJISPHBIX BEKTOPOB OT HOMEpa
BCKTOpa, M0 CpaBHCHUIO C HECOPUTMHAJIbHBIM. 3HAaYUMOCTh TNOJYYCHHBIX PE3YJIbTATOB 3aKII0YaC€TCA B TOM, 4YTO
pa3pa60TaHH1>1171 3KCHepTHLIﬁ METO, ABJIAACH 6J'IOKOBI:IM, NMCECT HE3HAYUTCIIbHYIO BBIYHUCIIUTCIIbHYIO CJIOKHOCTD
- Q(nz) omepanui Uit NxN-MaTpuibl H300paKeHHs, YTO JeJlaeT €ro IMEepCHeKTUBHBIM s paboThl C
(POBEIMI KOHTCHTAaMH, B YaCTHOCTH, C BHIEO, B PEKHME PEabHOTO BpeMeHH. 1Ipu 3ToM anropuTMudecKas
peanu3aiys MEeToAa MO3BOJIMIA TTOBBICUTH (P ()EKTHBHOCTD BBIABICHHS HAPYIICHHS LEJOCTHOCTH N300paKeHHS
MyTEM CHIDKEHHS OomMOOK 1-ro poma Ha 2% MO CpaBHEHWIO C HAWIYYIINM aHAIOTOM, OMIMOKH 2-TO poja
OCTallCh Ha TOM K€ YPOBHE. YHHBEPCAIBHOCTh METOJa MOATBEPXKIACTCS €ro BHICOKOH 3((EKTHBHOCTHIO
HC3aBUCHUMO OT CHCHI/I(bI/IKI/I BO3MYHIAOMICTO BO3}1€I71CTBI/IH, B TOM 4YHCJII€E U B YCJIOBHAX HE3HAUYUTCIIbHBIX
BO3MYILICHHU.

Kniouesvie cnosa: mudppoBoe n300paxxeHne, HapyIIeHNE IeTIOCTHOCTH, CHHTYJIIPHBIN BEKTOP, YaCTOCTh CHHTY-
JSIPHOTO BEKTOPA, SKCIIEPTH3a LIEIOCTHOCTH.

BBEJIEHUE Hapymenne uenoctHocT — uMH(pOpMauuy,
Npe/cTaBIeHHOH B nUGPOBOM  BHUJIE, B
yacTHOCTH, UudpoBoro wuzobpaxenus (LIN),
npobjeMe 3KCIepTU3bl KOTOPOro MOCBSIIEHA
Hacrosimas paboTa, MOXKET TPHUBECTH K
3HAYUTENbHBIM  HETAaTUBHBIM  IIOCIEACTBUAM,
BILIOTH 10 KaTacTpo(UUECKHX, Koraa
HECAaHKLIIMOHUPOBAHHO HM3MEHEHHbIE KOHTEHTEI
UCIIOJIB3YIOTCS B HEpa3BIEKAaTENbHBbIX LIEJsIX.
CoBpeMeHHbIE HH(OPMALMOHHBIE TEXHOJIOTUU

ITpouecc BHEJIPEHUS HOBBIX
WHQOPMAIMOHHBIX TEXHOJOTUH BO Bce cephl
JKU3HU O0IIecTBa TpeOyeT He3aMeIIUTEIbHOrO
TTOBBIIIICHUS 3 HEKTHBHOCTH MIPOIIECCOB
3amuThl  uHpopMmaruu. LllupokomaciirabHoe
WCTIONIb30BaHUE BBIYHCIUTEIHLHOH TEXHUKA U
TEJIEeKOMMYHHKAIIIOHHBIX CHUCTEM, TNepexoa K
6e30yMakKHBIM TEXHOJIOTHSM, MPEATOIATraroIIHii

pacupeHue UQPOBBIX TEXHOJIOTHH,
o MPEOCTABIISAIOT MIMPOKHE BO3MOXKHOCTH ISt

YBEIUYCHHE 00BEMOB 00pabaTheiBaeMoit
OCYIIIECTBIICHHS HECAHKI[MOHUPOBAHHBIX

nHbOpMaIUH " paciupeHue Kpyra .

. M3MEHEHU# HU(PPOBBIX KOHTEHTOB, CJICICTBUEM

M0JIb30BaTeIICH MPUBOAT K KAYECTBEHHO HOBBIM
4ero SBJSETCS  TIOBBIIIEHUE aKTyallbHOCTH

BO3MOYKHOCTSIM HECAaHKI[MOHUPOBAHHOTO
MPO0OJIEMbI BBISIBJICHUS] HAPYIICHHUS LIEI0CTHOCTH

JIoCTyIa K pecypcam u JIAHHBIM

1 poBoit nHpopmarmmy, pocT
BOCTPEOOBAaHHOCTH 3P (GEKTHBHBIX 3KCIEPTHBIX
MeTomoB [3-5].

Bce cymectByonme 3KCIEpTHBIE METOIbI,
paboraromne ¢ L[, MoxxHO pa3nenwuTh Ha JIBE
Oosiplie  TPYNNbI: YHHUBEPCAIbHBIE, LEJbIO
KOTOPBIX SIBIISIETCS OTHAEJIEHUE OPUTMHAILHOTO
I ot Takoro, KoTopoe OBLIO HW3MEHEHO, 0e3

WHQOPMAIMOHHBIX CHCTEM, K UX BBICOKOM
YS3BUMOCTH. B COBpEMEHHBIX YCIOBHUAX 3allUTa
WHGOPMAIUH B IIETIOM M 3alIUTa UHPOPMAIUK B
ABTOMATU3UPOBAHHBIX I/IH(i)OpMaHI/IOHHI)IX
CHUCTEMax B YaCTHOCTH CTaHOBHUTCS Bce Ooiiee
CIIOXHOW TpobsemMoii, TpedyeT i CBOETO
peUICHUA NPUBJICYCHUA COBPEMCHHLIX HAay4YHBIX
uccienoBanuii [1, 2].
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ompeJiesIeHsI KOHKPETHOTO MCTOYHHUKA, CrIoco0a
M3MECHEHHS N300paKeHUs [6], 1 HampaBIICHHEIC,
JCHCTBUSI ~ KOTOPBIX ~ OPUEHTHPOBAaHBl  Ha
BBISIBJIEHUE pe3yIbTaToB KOHKPETHBIX
BO3MYLIAIOIUX BO3ACHCTBUM, YUYWTBHIBAIOT HX
0COOCHHOCTH [7-10]. Y3kas obacTs
MPUMEHUMOCTH METOJIOB BTOPOM TpYIIBI JIENaeT
ux Oonee 3G (PEKTUBHBIMU, YeM yHUBEPCAIbHBIE,
B  YCIOBHAX, Ha KOTOPbIE PAaCCUUTAHBEI
HaIlpaBJICHHbIE METOABI. YHUBepcabHbIE
METOJbl BBISIBICHUS HAapyLIEHHs IEIOCTHOCTH,
ABISFOINMECST B oOmeM  ciay4ae  MeHee
YYBCTBHUTEIbHBIMU K BO3MYILAIOLINM
BO3JEMCTBUAM, MOXXHO  paccMaTpuBaTh B
KayecTBe «TiepBoi JTUHUH 00OpOHBI»,
NO3BOJISIIOIIEH  «OTKUHYTH»  3HAYUTEIBHYIO
YacTb WM3MEHEHHBIX KOHTEHTOB, MPOXOXJIECHUE
KOTOpPOW MPHUBOJIUT K 0o0Jiee YyBCTBUTEIBHOM
HaIlpaBJICHHOW HSKCHEpTH3€. YUWUTHIBAsA, 4YTO
yame BCEro y JKCHepTa OTCYTCTBYET TOYHAs
uHQOpPMaIUsl O KOHKPETHOM BHJE aTaku Ha
KOHTEHT; YHHBEPCAJbHbIC IOIXOAbI SBISIOTCS

THOKIMH u CITOCOOHBIMU OBICTPO
aalTUpoOBaATHCA K HOBBIM BO3MYIIArOUM
BO3II€I710TBPI$[M, B HYaCTHOCTHU K HOBBIM

creranorpadraeckum metomam [11]; sxcneprusza

[EJIOCTHOCTH  KOHTEHTA  YacTO  SIBIISIETCS
HEOOXO0IUMOMH JUIST BO3MOKHOCTH €ero
NaIbHEHIIIETO0  HCIOJB30BaHUA M MOXKET
TpeOOBaTh  OTPAaHWYEHHOTO  BpEMEHW IS
MPOBEJCHMS, AaKTYalIbHOCTh  YHHUBEPCAJIbHBIX
METOJIOB PacTeT.

YHuBepcaabHbIe JKCIIEPTHBIC METO/IBI

CEeroJHs yallle BCEro MpPEIJIararTcs B YCIOBUAX
creraHoananuza [12] ¢ ywyerom OypHOro
pasBUTHsL  cTeraHorpad@uu,  OTHOCACh B
OOJIBLIIMHCTBE CBOEM K TpYIIE CTaTUCTUYECKUX
METOMOB.

Tak B [13] mnpemioxkeH yHHBEpCAIbHBIN
CTETaHOAHATUTHYCCKUIT METOJ, IT03BOJISIOIIMI
BBISIBIISITD CTEraHOCOOOIIEHHS,
chopMHpPOBaHHBIE HAa OCHOBE KOHTCHHEPOB-
n300paeHnl, W3HAYAILHO  XpaHUMBIX B
¢dopmare Jpeg, ¢ ywerom Toro, uro Jpeg-

KOMIIPECCUs HaKJIa/IbIBACT YHUKAJTbHBIH
OTIEYaTOK Ha W300paKEHHE, ITO3BOJISIOMINN
OTIpeIeTISATh MIPOU3OIIEAIINE HUCKQKCHUS.

BrisiBnenue u3MeHeHU B M300pakeHUM 3/1eCh
OCHOBBIBAETCSI Ha aHAJIN3€ COBMECTUMOCTH 8X§-
OokoB  mumKcene — Jpeg-m3oOpaxeHHS ~ C
33/IaHHOM  MaTpuled KBaHTOBaHMsS. MeTox
(bakTHuecKH MPUMEHUM K J0OBIM
cTeraHorpauuecKum aJIropuT™Mam, 3a
UCKITIIOYCHUEM TeX, KOTOpPhIE OCYIIECTBISIOT
BCTpPaWBaHUE JOMOIHUTEIFHOW WHGOpMAIUN B
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KO3 QULIMEHTBI  JAUCKPETHOTO  KOCHHYCHOTO
peoOpa3oBaHHUs. IockompKy BCE
creraHorpaduyaeckue aNTOPUTMBI BCerma
CTpeMSTCS K MHUHHMH3AIHMUA HCKKEHUH A
YMEHbBIIIEHUS BEPOATHOCTH TTOSIBIICHUS
apTedakToB, TO porecc
cTeraHonpeoOpa3oBaHusi He OyAeT MOTHOCTHIO
YHHYTOXATh XapaKTepHYIO CTPYKTYPY,
CO3JaHHYIO Jpeg-xkomnpeccueii, OCTAaBJISISL
BO3MOKHOCTP OTIPENIEIICHHS TOTO, OBIJIO WK HET
nmanHoe I[[M coxpaneHo B ¢opmare Jpeg mo
BHEJPEHUSI  JOMOJHUTENHHOH  WH(OpPMAIIHH.
[TonoxuTenbHBIA OTBET Ha BOIPOC SBISIETCS
yKazaTeneM Ha CTeraHonpeoopa3zoBaHUeE.
[IpeanoxxeHHbIi MOAXO0A IUPOKO HCIIOIB3YETCs
B CTETaHOAHAJIN3€ M B HACTOAIINI MOMEHT, XOTS
ero MPUMEHUMOCTh MpernoiaraeT
WCTIONIb30BaHUE KOHTEWHEpa HMCKIIOYUTENIHLHO B
¢dopmate Jpeg, orpaHNYHBasl €T0 BO3MOKHOCTH.
I[Ipu »sToM »>d(DHEeKTUBHOCTh MPENTIOKEHHOTO
METO/Ia 3HAYMTENBHO TaJaeT C YMEHBLICHHEM
MPOIMYCKHONH CITOCOOHOCTH CKPBITOTO KaHala

CBSI3U - BEJINYUHBI BO3MYULIAIOLIETO
BO3JICHCTBUSI.

YHuBEpcaabHbII CTE€TaHOAHAJIUTUYECKUI
METOJI, OCHOBAaHHBI Ha aHaau3e Habopa

YyBCTBUTENBHBIX CTATUCTUYECKUX I1apaMeTpOB,
MOJTyYSHHBIX B pe3ynbTare BEUBIIET-
MpeoOpa3oBaHUsl  CTErOHOCOOOIICHHS,  JIJIst
KOTOPOTO B Ka4eCTBE KOHTEHHEpPa MCIIOIb3YyeTCs
U, npeanoxen B [14]. OnHaKo 3TOT METOJ, KaK
u MertoJ paspaboraHHbli B [15], ocHOBOI
KOTOPOTO  SIBJISIETCS ~ aHallU3  TUCTOTPaMM
3HAYeHHWH SPKOCTH THUKCEeNed W300pakeHus u
JIUCKpETHOTO mpeobpazoBanus Dypre ¢ yueToM

OTJ'II/I‘-II/Iﬁ ITUX XapaKTepI/ICTI/IK JJIA
OpPUTHHAIILHOTO KOHTEeHHepa u
CTEraHOCOOOIICHNUS, HE obecreyuBaoT

JIOCTaTOUHYI0 3()(PEKTHBHOCTH CTEraHOaHAIN3a B
YCIIOBUSIX MaJIbIX BO3MYIIAIOIIUX BO3ACHCTBUN —
MaJod MPOMYCKHOH CHOCOOHOCTH CKPBITOTO
KaHaja CBS3M.

YHuBepcanbHbIe CTeTaHOAHAINTECKHE
METO/bI, UMEIOIINE PA3IMYHbIC MaTEMAaTHIECKUE
0a3uchl, KOTOpBIE aBTOPaMH IMO3ULHUOHUPYIOTCS
kak o3¢ddexTuBHBIe, mNpemIokeHst B [16,17].
OpnHako yHHBEpCANbHBIM CTEraHoaHalu3, JaXKe
Oyayun 3(QQEeKTUBHBIM, HE MOXET 3aMEHUTh
YHUBEpPCAIbHON 3KCIepTusbl nesnoctHoctu LU,
HapylIeHne KOTOPOW MPOU3ONLIH B PE3ybTaTe
BO3MYIIAIOUIMX BO3JIEHCTBUH, KOTOpBIE MOTYT
OBITH OTIIMYHBI OT cTeraHomnpeooOpasoBanus. Ha
CETONHSIIHUA JIeHb YHHBEPCAIbHBIE METOJIbI
BBISBIEHHA HapymeHu uenoctHoctd U
NPAaKTUYECKH OTCYTCTBYIOT, 4YTO OOBSICHIETCS
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KpallHEM CII0)KHOCTBIO pelIaeMod 3ajauu |
KOHLIEHTpalMell BHUMAaHHS CIIELHUAIMCTOB Ha
KOHKPETHbIX HauOojiee paclpoOCTPaHEHHBIX U
9acTo HCTIONB3YEMBIX BO3MYIIAIOLINX
BO3JICHCTBHUSIX.

OpnHum u3 HEMHOTOYHUCIICHHBIX
CYIIECTBYIOIUX CeTomHs 3¢ heKTHBHBIX
YHHUBEPCaIbHBIX METO/IOB BBISBJICHUS
Hapymenus: uenoctHoctu LU sBnsercs meron,
paszpabotanHbelii B [6], Oasupyrommiics Ha
JIOKa3aHHOM Ui OoJbIIMHCTBA [ X/-0JI0KOB
MaTpuubl opuruHanbHoro L[, momydeHHBIX
IMyTeM CTaHIAPTHOTO Pa30MEHMS €ro MaTpHIIBI

[18], COOTHOITICHHH:
4(u1,0)z L(Vl,c)z 4(n° ,el), roe U,V
OPTOHOPMHUPOBAHHBIE  JIEBBIM M TpaBbId

cunryisipasie Bektopbl (CHB) 6moka, xoTopsie
COOTBETCTBYIOT ero HauOOIIBIIEMY

o=of|o,

.
G=((51,02,...,G|) ,0,20,2>...206, 20

CHUHTYJSIDHOMY  YHCIY o;;

cunryssipasie yncna (CHY) 6moka;

|c5|| - HOpMa
BEKTOpa G,
0 =/ YV Y R
N-ONTUMAJIbHBI BEKTO
Au,.0), L(Vl,c_s), 4(n°,ell))
MeX1y BEKTopamMu U, U G, v, u 6, N u

(1)

mpoctpancTBa Rl,

— BCJIMYMHBI YIJIOB

BEKTOpOM CTaHaapTHoro Gasuca € =(10,...0)

MPOCTPAHCTBA R' coorBercrenHo. VkaszaHHOE
COOTHOIlIEHHWEe Hapymaercs ana LU, He
SIBIISIFOIMXCSL OpUTMHANBHBIMU. [IpennoskeHHbIi
METOJI XOpOIIO 3apeKOMeHAOoBan ceds Tpu
BbISIBJICHUHU PE3YIbTAaTOB Pa3IMYHBIX
BO3MYIIAIONINX  BO3JeHCcTBUH  (HAJIO)KEHUE
myma, (QUIbTpanus, pa3MbITHE W T.JI.), B TOM
YUCI€ W B KayeCTBE CTETaHOAHAIUTHYECKOTO:
ommbku [ poma, xorma IIU, memocTHOCTH

KOTOporo Oblla HapylleHa, ONPEAeIsIoch
METOJOM KakK OpUrHHAIbHOE, cocTaBuiu 5.7%,
ommbku Il  poma, Korma OpHWTHHAIHHOE

n300paXeHne TPAKTOBAJIOCH KaK IpeTepleBlIee
u3MeHeHus1, cocrasuiu 4.1%. B cuny toro, uto
3¢ peKTHBHOCTH ocTaercs TS MEeToJ1a
3HAYUTEIILHOW HE3aBUCHMO OT KOHKPETHUKH
BO3MYIAIOLIETO BO3AECHCTBUSA, MOATBEPKAAS ETO
YHHBEPCANbHOCTh, OH HCIOJB3YyEeTCSd aBTOPAMHU
JUISL  TIPOBEJEHHUS  CPAaBHHUTEIHHONW  OLIEHKH
3 PEeKTUBHOCTH MeToAa, pa3paboTaHHOTO B
JTaHHOH pabore.

CymecTByomye 53KCIEepTHBIE METOAbl He
pelaT OKOHYATEeNbHO MPOOJIeMy BBISBICHHUS
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HapymeHus nenoctHoctu L{U. Bee eme octaercs
AKTyaJlbHBIM BOIIPOC MIOBBIILICHUS
3((PEKTHBHOCTH TaKOTO BBIABICHUS, B TOM
qyciie, B YCIOBHSAX MaJblX BO3MYIIAIOIINX
BO3JICUCTBHI, a B ciayvae
CTETaHOAHAJIUTUYECKUX METOAOB — B YCIIOBHAX
MaJIOH MPOMYCKHOH CIOCOOHOCTH CKPBITOTO
kaHama cBpu. C  ydetroM TOro, 4TO
pa3zHooOpa3re BO3MYIIAIONINX BO3JEUCTBUN Ha
M MOXXHO cuHMTaTh OECKOHEUHBIM, pa3padoTKa
YHHBEPCAIbHBIX SKCHEPTHBIX METOJ0B TpelyeT
Oosiee TPHUCTANIBHOIO BHUMAHHUS CO CTOPOHBI
CITCIIMAJTUCTOB B 00JIACTH 3aIIUTHI WH(OPMAIIIH
JUIsL  YCTpaHEHHs BCE €lle CYyIIEeCTBYIOIIEH
3aBHCHMOCTH KadecTBa 3TOW 3KCIEpPTH3bl OT
BHJIa U CHJIBI BO3MYIIIAIOIIEr0 BO3/IEHCTBUSI.

Henasuo aBTOpaMHu B CTaThe,
omybnukoBanHoi B 2023 romy B HacTosIeM
HAayYHOM JKypHayie, OBbIT MpeJIOKeH HOBBIH
MOAXOA K BBISBICHUI0 HEOpPUTrHHaiIbHBIX 11U,
OCHOBAaHHBIA Ha aHAJIU3€ XapaKTEPHBIX CBOWCTB
CHUHTYJIIPHBIX BEKTOPOB Marpuilsl [{H, koTOphIil
Be3ne Hike Oyaem HaseiBath CHB-momxomom.
JlaHHBIA MOAXOM BUAWTCS NMEPCHEKTHBHBIM AJIS
pa3pabOTKM  Ha  €ro OCHOBE  HOBBIX
YHHUBEPCAIbHBIX 3KCIIEPTHBIX METO/IOB,
MOCKOJIBKY OPHUEHTHUPOBAH Ha OTJIMYHE CBOMCTB
OpUTHHAIIBHOTO W HeopuruHaibHoro LM 6e3
ydera KaKoH-1100 KOHKPETHKHU TOTO
BO3MYIIAIOLIETO BO3ACHCTBHS, KOTOPOE HPUBEIIO
K HapyLIEHHIO nesocTHocTy LIN.

B  HacTosmmMiikT  MOMEHT C  Y4YETOM
3HAYUTEIbHBIX pa3MepoB LU, mudpororo Bugeo
(IB), paccMaTpuBaeMoro KaK
nocien0BaTeNnbHOCTh KaapoB-LU, kxpuTrHueckum
BOXHBIM  sBiIAeTCS  oOecredyeHne  Mayoi
BBIYUCIIATEIbHOU CJI0’KHOCTH
COOTBETCTBYIOIIETO  OJKCHEPTHOTO  METOJa,
0coOEHHO B  ciydae, KOrJa OKCIepTH3a
MPOBOJUTCS B PEXKUME PEANbHOTO BPEMEHH, YTO
9acTo SIBJIAETCS aKTyalbHON HEOOXOIMMOCTHIO.

C y4eToM BCEro BBIIIE HU3I0KEHHOTO

Llenvlo  paboTBl  SIBIAETCS  MOBBIILICHHE
3G (PEKTHBHOCTH BBISIBICHHS (akTa HapyIICHUS

LETTOCTHOCTH o1 IIyTEM pa3paboTku
YHUBEPCAIBHOTO AKCIIEPTHOTO METO/1a,
obnamaromiero HE3HAYUTEILHON
BBIYHCIIMTECILHON  CIIOXKHOCTHIO, Ha OCHOBE
CHB-noaxona.

OddexTUBHOCTH MeTo/1a OIIEHUBAETCS

KOJIMYECTBEHHO omnOKamMu 1-ro u 2-ro poaa.

METO/IBbIL, PE3YJIBTATHBI N
OBCYXJIEHUE
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Paccmotpum ocnoBel CHB-noaxoapa. Ilycts
F - nxn-marpumna opurunampHoro IIM. ms
HEE BO3MOXHO IIOCTPOCHHE  OJIHO3HAYHO
OTIPEIeNSIEMOTO B CITydae OTCYTCTBHSA KPaTHBIX
CHY HOpManbHOTO CHHTYJISIPHOTO Pa3iIOKEHUS

[19]:

n
F=UzV' =Y ouy', 2)

i=1
rie U,V — oproroHanbHble NXN-MaTPUIBL,
CTONOILBI KOTOPHIX U;,V, , i =1,_n, JIEBBIE U

mpaBeie CHB F coorBercTBeHHO, mpu 3TOM
nesple CHB  [ONONHUTENBHO  SIBISAIOTCS
JeKCUKorpaguyecKky MoJoKuTeabHbiME  [19];

2=diag(csl,...,cn), '

G, 2..20,20 (3)

— CHY F; npaBas wactb ¢opmyibl (2) maer
IPECTaBICHHE CHUHIYISIPHOTO pA3lIOKEHHS B
dopMe  BHEIIHMX  OPOM3BEACHHH,  T.C.
pa3IOKeHHE MCXOJHOW MATpUIbl Ha CyMMY
Matpu  o;UV.',i=1N, eIMHHYHOrO paHTa,
KaK/1asi U3 KOTOPBIX OIPENeIIsieTCsl CHHTYIISIPHOM
Tpoiikoit (o;,U;,V; ). Kaxmomy CHB u; (v;) 1A
CTaBHTCS B

COOTBECTCTBUEC qHuCJI0Bas

XapaKkTepUCTHUKa, OMpenenseMas CIeAyIUuM
obpa3zom:
n
B E,eczzun—uemuoe
n= (4)
n+1
, €CTIU 1| — HeuemHoe
e M - YKWCI0 HW3MEHEHWM 3Haka B

rnociienoBaTelbHbiXx KommoHeHTax CHB. Jlms
W  ompenensercs  auckperHas  (QYHKIUSL

fr(i),i =1,n, orpaxaromeii 3asucumocts (U, )

(n(vi )) - yactoctu CHB u; (Vi) OT €ro HoMepa i.
OcHoBoM CHB-nogxona SIBIISIETCS
YCTaHOBJICHHOE CBOMCTBO TMHEHHOCTH 4aCTOCTH
CHB mns opurunaneHoro I[W B dopmare 6e3
MOTepPh, KOTOPOE 3aKIIOYAETCS B CIEAYIONIEM:
MPAKTHYECKH TOCTOSHHOW SIBJISETCS CKOPOCTh
BO3pacTaHusl TpeHAa (YHKIIUU fr(i), T.C. fr(i)

XOPOILIO annpoKCUMHUPYETCS JINHEHHOMN
! Appendix 1 ($yHKLIMEH NpakTHYECKH
ppendix Ha BCel o0macTtu

onpexnenenus (puc.l).

i)

350 T T T T T T T

300

250

200

150

100

a0

0 100 200 300 400 500 EO0 700 800
Homep CHB
Singular value number

Puc.1. I'padpuxu 3aBucumoctu yacroctu CHB ot
ero Homepa JJs1 opurudHanabHoro I B popmare
0e3 nmorepn U JIMHEHHOI anNpoKCUMUPpYIoLIel

¢ynknun.
JIuneiinocts  wactrocth CHB  sBigercs
XapaKTEePUCTUKOM, YyBCTBUTEIBHOU K

BO3MYIAIOIIUM BO3JIEUCTBUAM, a 3HAYUT JAET
NPUHLMIIHAIBHYIO BO3MOXKHOCTB I OTACICHUS

OpUTHHAIFHOTO KOHTEHTA oT TaKoro,
LEJIOCTHOCTh KOTOPOTO HapylleHa, B TOM YHCIIe
B YCIIOBUSIX MaJTbIX BO3MYIIAIOIITUX

BO3JICHCTBUI, HE3aBUCUMO OT UX KOHKPETUKH.
[TockonpKy paHee aBTOpaMu IOKa3aHO, YTO
qacToCTUu COOTBCTCTBYIOHII/IX JICBBIX H HpaBI)IX

CHB u, u Vv, marpuupsl I cpaBHUMBI MEXKIY

CO6OI>'I, KaKk W 4YaCTOTbl COOTBCTCTBYHOIIHUX HM

TapMOHMYECKUX ¢dyHKIUH, Janee JUTS
OINIPENETIEHHOCTH  PacCMaTPUBAIOTCS  JICBBIC
CHB.

B Hactosmmit Moment oOpabGotrka IU, B
YaCTHOCTH, IPOLIECCHI CTEraHonpeoOpa3oBaHus,

CKaTUsl C TOTepsAMH C  HCIIOJIb30BaHUEM
crannaptoB Jpeg, Jpeg2000 n np. mpoucxonsT
1100JIOKOBO nocie IIPeJBAPUTEIHHOTO

(crammaptHOTO) pa3bmenus wmarpunsl L[[U Ha

6noku [18]. MoXXHO yKa3aTh HECKOJIBKO MPUYUH

TIOBBIIIICHUS MIPHOPUTETHOCTH OJIOKOBBIX

aNTOPUTMOB:

e BrruncnurenpHasi CIOXHOCTBH Jr000ro 010-
KOBOI'O QJITOPUTMa OMNPEAEISIETCS KOJIHYe-
CTBOM 00pabaThiBa€MbIX OJIOKOB, T.C. IJIs

Nx N-marpunsl F cocrabiser (_)(nz) omne-

paryii, 9To AeJaeT TaKOW aIrOpUTM IepIeK-
TUBHBIM 1151 pabOThI ¢ HM(PPOBEIMU KOHTEH-
TaMH, B 4YaCTHOCTH, ¢ 1IB, B pexxume peannb-
HOTO BpEMEHU;

e biiokoBas o6paboTka LIU naeT BO3MOKHOCTD
€CTeCTBEHHbIM 00pa3oM pacnapajieuThb
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3TOT MpoLEecc, TPOBOAS OTHOBPEMEHHO 00-
paboOTKy HECKOIBKIX OJIOKOB;
Hapywenne nenoctioctu U ceronns uva-
CTO CBSI3aHO C IPOLIECCOM €ro CTEraHoIpe-
oOpazoBanusa. CoBpeMEHHBIE CTETaHOMETO-
Ibl, KaK IPaBWIO, JOJDKHBI OBITH yCTOWYH-
BBIMU K aTake CKaTHeM C MOTepsAMHU Ui
obecriedeHnsT BO3MOXKHOCTH  COXpPaHEHUs
[[U-creranocooOmeHuss B TakoM (opmate
(Jpeg), d4tOo, KpoMe BCero MpoOYero, maeT
BO3MOXHOCTb HW30€KaTh JOMOJHUTEIBHOTO
BHUMAaHHUS K MOJYYCHHOMY CTEraHOCO0OIIe-
Huto.  Ilockonpky — anropurMel  Jpeg,
Jpeg2000 pazbmBaroT MaTpHUIly Ha OJIOKH C
nocienyomeld ux o0paboTKoH, TO s
obecriedeHUs BO3MOKHOCTH 3(PQPEKTUBHOTO
JEKOJUPOBAaHUSI BCTPOCHHOW HH(OpMALMH
MOCJIe CXKAaTUSl CTETaHOCOOOIIEHHS TPOIEce
CTeraHonpeoOpa3oBaHuUs 1enecooopasHo
MPOBOJUTH TAaKXKe MOOIOKOBO, YIIPABIISS CO-
CTaBIAIOIMNAMHU OJOKa TaKUM 00pazoMm, 4TO-
OBl yCTPaHUTh BO3MOXKHOCTH pPa3pyLICHUS
BCTPOCHHOH HHGOpPMAaLUMK B PE3yJIbTaTe
CXKaThs, 9TO W MPUBOAWT K ONMOYHOU 0Opa-
6otke UM mpu BcTpavBaHMM JOMOJHUTEIb-
HOU MH(OpMAIHH.
C y4yeToM BBILIEHIEPEUHUCIECHHOIO OYE€BUIHON
MPEJICTARISCTCS  MPUOPUTETHOCTH  OJIOKOBOH
obpabotrku [ Ha ceromHsimiHUN NI€Hb, YTO
OPUBOIUT K LEJNeCO00Pa3HOCTH IPOBEACHUS
9KCTIEPTHU3bl aHAJOTMYHBIM 00pa30M, HCIIOb3Ys
6110koBEIE MeTOIbI. HeoOX0auMO OTMETHTH, YTO
OpraHu3alys  3KCIEPTU3bl NPH  HOMOIIH
OJIOKOBBIX METOZOB HMMEET CMBICI HE3aBUCHMO
OT HaJMYUs/OTCYTCTBUSI TEPBUYHON OJIOKOBOM
obpaborku [ ¢ yueToM HE3HAYUTETHLHOU
BBIYUCIIUTEIBHOM CIOKHOCTH TAKUX METOJIOB.
PaCCMOTpI/IM BO3MOXHOCTb MNPUMCHHUMOCTH
CHB-nonxoma mpyd  OpraHu3anud  OJIOKOBOH
sKcnepTH3bl. s sToro mcciemyem Bompoc o
TOM, HACKOJIbKO CBOMCTBO JIMHEHHOCTH YaCTOCTH
CHB sBnsercs YyBCTBHUTEIBHBIM K pasMepy
matpuiel L[ (Gmoka), niam wHade: HACKOJIBKO

3TO CBOICTBO Oyzer 0CTaBaThCA
«ompeiensieMbIM» [0  Mepe  YMEHBIICHUS
pasmepoB koHTeHTa. C y4eToM TOro, dYTO
GyHKIHs fr(i), i=1,N MOHOTOHHO# He
ABJSIETCS, MOXKHO  TPEANONIOXKHUTh, YTO C
YMEHBIIEHUEM  Pa3MEpoOM  MAaTpHIIBI F

muHeiHocTh vactoctu CHB Oyzer Bce menee
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O‘leBH,I[HOfI Jaxe JJIA OpUTrMHAJIBHBIX
KOHTCHTOB, qTO IIOATBEPKAACTCA
BBIYHUCIUTCIBHBIM J3KCIICPUMCHTOM, THUIIMYHBIC
HarjsiIHbIC PE3YJIbTAThI KOTOpOTO

neMoHcTpupyeT puc.2. boiee Toro, mpu maiom
pasmepe F (Hampumep, s Hanboilee dYacTo
UCTIONB3YEMOTO Ha MpakTUKe 8%8-0moka) He
TOJILKO HE TIPOCMATPUBACTCA JIMHEWHOCTH
gactoctu CHB, HO W OTIMYUTHL MOBEIECHHUE

GyHKIHH fr(i),i =1,n mis opurunansHoro I[N
u [, uenocTHOCTP KOTOpPOro HapyllieHa, He
MPEACTABISIETCS  BO3MOXHBIM ~ (pHC.3), dUTO

MTOATBEPIKIAACTCS MIPaKTHIECKOMH
HEPa3TUYNUMOCTBIO U KOJTUYECTBEHHBIX OLICHOK:

L =max fr(i)- 1),

n

2
. \\2
P=| > (fr(i)-1G)7 | .
i—1

rie |(i),i =1,n — pe3yubTar AUCKpPETH3AIMU
JUHEHHOW  ammpokcuMmanuu  (QyHKOHH fr(i),
KOTOpPBIC  paccMaTpUBAaIOTCS B KadeCTBE
MoKa3aTeJied HapyIICHUs JTUHCHHOCTH Y4aCTOCTH
CHB mns U (xagpa LIB).

C y4eroM pe3yJbTaTOB  IPOBEICHHBIX
SKCIIEPUMEHTOB OYEBUIEH BBIBOJI 0

HeoOxoxumoctu amanrtarmu CHB-mmogxoma mis
ciyyasi, korga skcneptusa LI ocymectsisercs
TOOJIOKOBO.

PaccmoTpum 3aBUCUMOCTH BCeEl
coBokynHoctu 4dactocted CHB ot ux Homepa
st Bcex OnokoB LI omHOBpemenHo. 3mech B
CHIy  BO3pacTaHUsi  KOJMYECTBA  JIAHHBIX
nposiBieHne  JmHeWHocTH  dactocth  CHB
SIBIISIETCSL OKMAAEMbIM M SIPKO TPOSIBISIETCS B
M3MEHEHUSX  MOJ THCTOTpaMM  3HAYCHHIA
gactocTd KoHKpeTHbIX CHB 0510K0B (puc.4).

YauteiBas pe3yabTaThl MIOCJICTHETO
SKCIIEPUMEHTA, MOXXHO MPEANOI0XKHUTh, YTO
cBoiicTBO ImHelHocTH 4Yactocth CHB Oyner
SIBHO MIPOCMATPUBATHCS TUTS 0JIOKOB
opurnHaisHbix LW mpu paccmoTpeHun s
kaxgoro CHB ero cpemHero mo Bcem Oiiokam

L ns (4 (B)).
MOATBEp)KAaeTca Ha mpakTuke (puc.5(a)), a ero
OTCYTCTBHE UMEET MECTO ISl BO3MYILEHHbIX LI/

(puc.5(6-1)).

SHAYCHUA qaCTOCTH 49TOo
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Puc.2. I'padpuxu 3aBucumoctu yacroctu CHB oT ero HomMepa u ux JuHelHbIe anMpoKcUMAaNMK 1Js Ix[-
MoAMATPHUL MATPHUILI opurdHaibHoro LIU: a — opurunaabaoe LHU; 6 — 1=1600; B — 1=124; r — 1=64;
a—1=322
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0 1 1 1 1 1 1
3 4 ]

Homep CHB
Singular value number
a

n] I 1 1 1 1 1

4 5
Homep CHB
Singular value number
6

Puc.3. 'padpuxu 3aBucumoctu yacroctu CHB oT ero HoMepa u UX JUHelHbIE AaNNPOKCUMALUH /1151
KOHKPeTHOro 8x8-6;10ka konkperHoro LIU: a — opurnnanbuoe LIU; 6 — LU nocJie Ha10:KeHUs1
rayccosckoro mryma (D=0.0001)3
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B000

&000
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i}
a
=
=]

Number of blocks
Komriectso Gnokos B ITIT

Number of blocks
miecTBo 0710KoB B ITIT
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.
=
=
=
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)
a

7000 T T

7000 T T

s000 G000
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s
mokoB B ITIT
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3000
3000

Number of blocks
KomriectBo GrokoB B ITIT

o
=1
2
8
Number ot block
Komriectso
]
=]
38

1000 1000

Puc.4. I'mcrorpammsl 3HadyeHuii yacroctu 1t CHB 8x8-6s10k0B opurnnansaoro 800x800-IU: a — nas
Uys 6— st Uy B— st Ugs r—aorst Ug?

Heo0Xx0auMo yCTaHOBUThH KOJIMYESCTBEHHBIM
MMOKa3aTelb/II0Ka3aTeln HapyIICHUs
muHeriHocTH yactoctd CHB Omokor M. Panee
aBTOpaMH OBLIO TOKa3aHo, 4To dactocTh CHB

uU; (Vi) OTIPE/ICJICHHBIM 00pa30M OTBEUAET TOM

YaCTOTHOM COCTaBJISAIOMIEH KOHTEHTA,
uHQOpMAIUs O KOTOPOH, TIaBHBIM 00pa3oMm,

COJICPKUTCS] B CUHTYJIIPHOU TpOMKe (Gi ULV, ),
a MMEHHO B MaTpule paHra 1, uMeromeil Buj

T
o;U;V; (2): uem Gomplle 4acTOTa, MAKCUMAIBHO

-
npejacTaBieHHas B O;U;V, , TeM Oojblie H

gactocte CHB U, (V;). CuHrynspHbIe TpoKH,

orseuatonie CHB ¢ Hanbonpmmvu HOMEpaMmu,
HecyT B cebe mH(pOopMalHIio, TIaBHBIM 00pa3oM,
0 BBICOKOYACTOTHOW COCTAaBIISAIOLICH CHTHAaja, a
cootBercTBytoiiie CHB wumeroT HauOosbiine
gactoctd. OmgHako 3t xe CHB saBuagrorca u
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HaI/I6OHee LIyBCTBI/ITe.HI)H])IMI/I K BO3MyH_IaIOH_[I/IM
BO3,Z[CI>1CTBHHM B COOTBCTCTBUU C COOTHOIILICHHUEM
[20]:

sin20; < 2||AF||2/svdgap(i F),

rae 0; — yron nosopora CHB U; B pesynbrare

BO3MYULIAIOLIErO0  BO3JAEWUCTBHS,, MaTPUYHBIM
IPEACTABICHUEM KOTOPOro sBIsIeTCa NXN-
Marpuna AF, ||||2- CIIEKTpajibHasl MaTpU4Has

HOpMa, svdgap(i,F )= mi_n|csi —cj| -
i

oraenennocts CHY  o;, sBisromascs Mepoi

gyBcTBUTeNbHOCTH CHB K BO3Mymarommm
BozzaeicTBusAM. C  ydetoM (3) HaMMEHBIIYIO
orgeneHHocts  Oymyr umerp CHY ¢
HauOONBIIUMI HOMEpPAaMH, CIEACTBUEM HYEro M

SBIIICTCS ~ 3HAUUTENIbHAs  YyBCTBUTEIBHOCTH
cootBercTBytommx CHB, xotopeie moryr
MpopearupoBaTh 3HAYUTETHHBIM YTII0M
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MMOBOpPOTa JaK€ Ha OKPYIJICHHA, KOTOPBLIC €ro 3a Mmpeacyibl TOro KOOPAWHATHOTO OpTaHTa
IPpUCYTCTBYIOT B M000M  BBIYUCIUTEILHOM COOTBETCTBYIOIIETO IIPOCTPAHCTBA, B KOTOPOM
mpooecce B CHCTEME YHCEIT C IUIaBaIOIIEH 9TOT BCKTOD HaXOOHJICA IIEpBOHAYAJIBHO,
ToukoM. Takas peaKkuuAa CHB MOXeT BEIBECTH HN3MCHUB 3HAKU HECKOTOPLIX €T0 KOMIIOHCHT.

T]s(u:i) T]s(“i)
a5 . . . . 25 . . . . . ‘
3 - -
2 L m
250 1
Sl | 15} .
15 1
‘I L m
1 - -
ns5¢ .
o5k 1
o ‘ . . ‘ . . 0 . . . . . ‘
1 2 E] 4 5 B 7 g 1 2 3 4 3 & 7 g
Homep CHB Homep CHB
Singular value number Singular value number
a o

0ar- B nsf 4

0 ) ‘ ) ) ) ) 0 ‘ . . . . .
1 2 3 Fl 5 5 7 8 1 2 3 4 5 6 7 8

Homep CHB Homep CHB
Smgular value number Singular value number
B r

Puc.5. I'padpuxu 3aBucumoctu 1_13 (ui (B)) As 8x8-010koB konkperHoro IIU ot ero Homepa: a —

opurnHaiabHoe LIU (B popmare 6e3 moteps); 6 — LIU, mogeprureecs c:xxkatuio (Jpeg, QF=75); B — LI,
MOJBePriIeecs: HATOKEeHHIO rayccoBekoro myma (D=0.0001); r — LI/, moaBeprieecsi HAJI0KEHUIO
MyJbTHILIHKATHBHOro myma (D=0.0001)°

brokn, KOoTOphIE paccMaTpPWBAIOTCA TMPH  MaKCUMAIBHON) YacTOCTh (CM. TpuMep puc.4).
omokoBoit oOpaboTke I Ha mpakTtmke, kak  OJHAKO B CHIIy WX OOJBIION YYBCTBHTEIBHOCTH

p .
npasuwio, umeor pasmep | =2, rme k — K BO3MYIIAIOLIHM BO3JICHCTBHSAM 9TH
HATypaJbHOE YHCIIO. MakcuMmanbHas dactocTs — BOSACHUCTBHA, € Y9CTOM  BBIIICCKA3aHHOIO, C
CHB ©Onoka mpu TakoM pa3Mepe HE MOXKET 6ob IO BEPOATHOCTEIO HIpUBEAYT K
k-1 . M3MEHEHUIO MX YaCTOCTH BMECTE C M3MECHEHHEM

npeBbIIaTh 2°  (Clydail H3MEHEHHs 3HaKa MPH
3HAKOB ~ KOMIIOHEHT, a  TIOCKOJIBKY

MEepexoJie OT KaKJIOW KOMIIOHEHTHI BEKTOpa K
nmocienytomieii). Tak MaKCHMallbHasi 4YacTOCTh
CHB B 8x 8-010kax He MOXeT ObITh 00JbIIE 4.
Nmenno mia nociaequux CHB B GoibImHCTBE
OomokoB  opurmHanbHoro LI wu  Oymer
HaOMIOAaThCs ~ MakcuManbHas  (Onm3kas K

6onpmmHacTBa CHB ¢ HanmbonpmmMu HOMepamMu
OHa MakcuManbHas (Onm3Kas K MaKCUMAaJbHOMW)
13 NPUHLIMINAIGHO BO3MOXHBIX 3HA4Y€HUH, TO
BO3MYULIAIOIME  BO3JCHCTBUS  IpPHUBEAYT K
HEYBEJIMYCHUIO/YMEHBIICHUIO ~ YacTOCTH IS
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TaKuX BEKTOpPOB (puc. 6 (paccMmarpuBaeTcs
Bosmymienne LM, wnbopmamus o KOTOpoM
TIpeICTaBICHA Ha puc. 4)), KOTOpOE
MOITBEPKIAFOT TaKKe pe3yNIbTaThI
BBIYHCITUTEIHHOTO SKCIIEPUMEHTA,
MpeaCcTaBICHHEIE B Ta0m. 1.

3neck W HIKE  NPU  MPOBEIACHUU
BBIYHCITUTEIHHOTO AKCIIEPUMEHTA

3a1CUCTBYIOTCS clieqyromue MHoxecTBa LIU:

e M, - opurnnansusie LIV B popmare 6e3 mo-
Tepb, U3 koropeix 400 I u3 6a3 [21,22],
200 1M, momy4eHHBIX HempogecCHOHAIb-
HBIMH BHJICOKAMEPaMH, |M1| =600;

e M, -IIU, uenocTHOCTb KOTOPBIX HApYIICHA.
MmuoxectBo M, chopmupoBano u3 u300-
M,,

PaXX€HUM, TPUHAMIEHKAIUX yTeM

6000 T T 5000

5000

4000

Number of blocks
JIMecTBO GI0K0R B IIIT
o

2000

Number of blocks

Ko

1000

MPUMEHEHUS Pa3INYHbIX BO3MYIIAIOIINX
BO3JICHCTBUM: HAJOXEHUS T[ayCCOBCKOIO
IIyMa C HyJIEBBIM MaTEeMaTHYECKUM OXHIa-

miem u D e{0.00001 0.0001,0.001};
MYJIbTUIUIAUKATUBHOT' O aryma

(De {0.001,0.01}); [IyMa «COJIb-TIEPEID
(d 6{0.02,0.05}); CKaTHS C [OTEPSIMH

(amroputm Jpeg c Hambomee pacmpocTpa-
HEHHBIM K03 punmentom kayecta QF=75);
CTeraHonpeoOpa3oBaHusl MpPU IMOMOIIU Me-
Toda MOAM(UKAIMK HAWMEHBIIETro 3HaYa-
mero Outa (LSB-mMeTom) ¢ pasnuyHbIMH
3HAQUEHUSIMM  TPOIYCKHOW  CIIOCOOHOCTH
ckportoro kadana ces3u (IICCK) (IICCK=1,

0.75, 0.5 6uT/IMKCEID); M2| =6120.

5000 - 5000

4500 4500

— 4000

B
[
@
a
=]

w
=}
=
=]

2500

Number of blocks
]
=]

KomrecTeo GTIOKOB
PO
I}
2 2
g B
Number of blocks

TITIECTBO OTIOKOR

Q.

Puc.6. I'mcrorpammsl 3HavyeHuii yacroctu 178 8-ro CHB 8x8-6.10x0B Bo3myuiennoro 800x800-1{1: a —
HaJlosKeHHeM rayccosckoro myma (D=0.0001); 6 — HaJio3KeHHeM MYJabTHILTHKATHBHOrO mryma (D=0.001);
B — HAJIO)KEHHEM HIyMa «coJib-niepen» (d=0.05); r — csxaTuem ¢ norepsimu (Jpeg, QF=75) ©

Bosnbiioe BHUMaHWE, KOTOPOE YIEISETCS B
paboTe BO3MYILAIOUIUM BO3JICHCTBUAM-IITyMaM
OOyCIIOBJIEHO T€M, YTO pEe3yJabTaT JIoOOro

BO3MYILIECHUS HNPUHLHUITHAIBEHO MOXKET
paccMaTpuBaThCcs KaK HaJOXKEHHE HEKOTOPOro
myma [23,24], kpomMe TOro IIyM 4YacTo

UCIONB3yeTCAd JUIsl MAacKHUpPOBKH JIOKAJIBHBIX
Hapymenuid nenoctHoctn LU (kimonupoBanue,
(boTOMOHTaX U 1Ip.).

[lomydeHHsle pe3ynbTaThl IS XapakTepa
m3MeHenus: vacroctu CHB  GmokoB ¢
HauOOJBIIUMH HOMEPaMH C Y4YE€TOM TOTO, YTO

gacrocte mepsoro CHB U, Bo Bcex Omokax

Bcerja pasHa 0, HOCKOJILKY BCE KOMIIOHEHTHI U,

HOJIOKUTENBHBI, @ CaM BEKTOp OJHM30K K N-
ontuMaiibHOMy Bektopy (1) [6], mpuBomsAT K
CIEeIyIOIIeMY  BBIBOJIY:  CKOPOCTH  pocTa
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JIMHEHHOMN aIMpoKCUMAaIuU hyHKIIH
fr(i), i =11 ana cpennux mo 610KaM 3HaYEHHI
gacrocteii CHB  Oymer  Oombmie st
OpWUTHHAIBHOTO KOHTEHTa, 4YeM [UIi TOrO,
[EJNIOCTHOCTh ~ KOTOPOrOo  HapylleHa,  4YTO
MOJTHOCTBIO  TOJTBEPIKIACTCS  pe3ylibTaTaMu

BBIYHUCIIUTEILHOTO dKCIIEpUMeHTa (Tabi.2).
HeobxomuMo OTMETHTB, YTO OTIMYHE Kak
CpEITHETO TI0 AKCIEPUMEHTY 3HAYCHHUS CPEIIHETO
o 61okam [ 3naduenus dyacroctm CHB 6ioxa
¢ HaubOJBIIUM HOMEPOM, TaK U CPEIHEro
3HAYEHUS] YIJIOBOro KO3(h(HUIMEHTa JTHHEHHOI
annpoKCUManuu (GpyHKIUH fr(i) 3aBUCHMOCTH

cpenHero no Oiokam 3Hadyenus yactoctu CHB
OT €ro HoMepa i TOJYYCHHBIX OJIOKOB, s
OpPUTMHAJIBHOTO U HCOPUTHMHAJIBHOI'O KOHTCHTOB
OyZer  yBEIMYMBATBCS C  POCTOM  CHIIBI



PROBLEMELE ENERGETICII REGIONALE 4 (60) 2023

MPUMEHSEMOT0 BO3MYIIAIOIIETO BO3ICHCTBUS
(Tabn. 1, 2 — yMeHbIIEHHE pacCMaTPUBAEMBbIX

IapaMeTpoB C  YBEJIMYEHHEM  I1apaMeTpOB
LIYMOB, YBEIUYECHUEM [ICCK pu
creraHonpeoOpa3oBaHUN), YTO MOXKET OBIThH
BIIOCJIEACTBUM  HCIIOJIB30BAHO JAJSI  OLCHKH
BEJIMYMHBl  BO3MYULIAIOIIETO  BO37AEHCTBUA,
IpuMeHeHHoro k LU.

C ydeToM  MOJYYEHHBIX  PE3YJIbTaTOB
OCHOBHbIE Iaru IpeaIaraéMoro

YHHUBEPCAIBHOTO METO/A BBISIBICHUS HAPYIICHUS
uenoctaoctu LU cnenyromue.
Ilazl. Marpuny F 1U
CTaHJapTHBIM  o0pa3oM  Ha
MPOMU3BOJIBHBIA U3 KOTOPBIX — B.
a2 2. [1ns xaxaoro 610ka B:
2.1. IlocTpouTs HOpMaIBbHOE CUHTYJIIPHOE

pazouTh
[x[-0m0KHW,

pasnokeHne (2): B=U.2.V, .
ompenenuts  Jessle  CHB Onoka -
U (B),U,(B)...u (B);

2.2. Hnst KaXkJI0TO CHB

ul(B)’ Uz(B).---, u, (B) OTIPE/ICITHTD YaCTOCTh
ﬁ(ui (B))i= 1,1 B coorsercTBuH C (4).

Illaz3. TlocTpouTh TUCTOTPAMMY

-
n
snaenmii wacrocrn CHB U,(B) 6mokos 1IH,
Onpenenurs Mod (Fﬁ) - Moy Fﬁ'
Hlaz 4. Ecnu

mod (li

n

)< L 1
2
mo uenoctHocTs [{U Hapymiena,
nepexof Ha mmar 10.

Hlaz5. Onpenenuthb 1_15 (ui(B)),i =11, -
cpennue no Omoxkam LU 3HaueHwst gacrtocreit
u,(B) CHB.

Illaz 6. Echu

Ns (ul (B)) >C,

rae C — moporoBoe 3Ha4eHue, ycra-
HaBJIMBAEMOE 3KCIIEpUMEHTAIIBHO,
mo uenoctHocTh LI He HapyieHa,
niepexon Ha mar 10.

Ilaz 7. TlocTponth (PyHKIMIO fl‘(i),i =1,
3aBUCHUMOCTH CpPEIHEro o OJIOKaM 3HaueHUs
sactoctn CHB M (u;(B)) ot ero Homepa.

Hlaz 8. OnpenenuTh yriioBod KO3 QUIMEHT
Ol JUIsl JIMHEHHOW anmpokcuManuu (yHKIUU

fl’(i), i=11 , TIOJYyYEHHOM Ha IPEIbILyIIEM

miare.
Ilaz 9. Eciu

108

a=>P,

rae P — noporoBoe 3HaueHUe, ycTa-
HaBJIMBAEMOE SKCIIEPIMEHTAIBHO,
mo uenoctHocTs LU He Hapy1ieHa,
unaue LI npereprieno HapyleHne
LEJIOCTHOCTH.
Ilaz 10. OxoHYaHHE SKCIIEPTH3HI
uenoctHocTH LU.

AnTopuTMUYECKas peanu3aIisa MeTona Oblia

npoBeneHa g |=8.  Jlns  ompenenenuns
napaMeTpoB C, P ObLI MpOBEJCH
BBIYHUCIIUTEIBHBI  OKCIIEPUMEHT,  YCIIOBHS

KOTOpPOTO COOTBETCTBYIOT OIHCAaHHBIM BBIIIIE.
Jnsa matpunpl kaxaoro uz LI muoxects M,

M, crpomnocs npenBapuTenbHOE pa3dUeHne Ha

8x 8-610KkH, mocie 4ero I Kaxaoro OJoKa
HaxXOIWINCh YacTOCTH BCEX, B TOM 4YHCIE H
nocneanero, CHB, mnonydeHHBIXx — myTem
HOPMaJIbHOTO  CHHTYJSIPHOIO  Pa3jIOKEHUs
MaTpulel Omoka; mms kaxmoro LI crpoummack

GyHKIHS fr(i),i =1,l, 3aBucumoctu cpemnero
mo Omokam 3HaueHuss yactroctd CHB or ero
HOMEpa, Uil JIMHEWHOM  anmmpoKCHMAalluu

KOTOPOW OMpeAersuics YIIOBOH KO3(PQHUIMEHT
Ol; a TaKXkKe ONPENeNIIOCh CpelHee 3HaueHHe

1_13 (UB(B)) 4actocTd Ug 1O BceM Onokam.

Pesynbrarel  MPOBEIEHHOTO
MpeJICTaBIeHbI Ha puc. 7, 8.

B pe3yJsbTare BBIYUCIIUTEILHOTO
OKCIIEPUMEHTa, TJ€ OCHOBHOE BHHMaHHE
yIEIsIoch OmMOKaM 1-ro  poja, IOpOroBbiE
3HAUCHUE JUISA AITOPUTMHUYECKOW pealn3ainu
pa3pabOTaHHOTO METOAa ONPEICTHINCh Kak:
C=2.28; P=0.35.

IIpu TECTUPOBAHUU
peanmusaimn Ha [ u3 MHOXecTBa M1U M,

3KCIIEPUMEHTa

aNrOPUTMHUYECKON

ObUH TIOJTyYEHBI clenyromye OIIEHKH
s¢dextuBHOCTH: OmMOKK 1-ro poma — 3.9%,
omnOku 2-ro poma — 4.2%. CpaBHUTENBHBIN
aHamm3 3¢ eKTUBHOCTH c METOJIOM,
npeiokeHHsIM B [6], mMOKa3zan yMeHbIICHHE
omnOoK 1-ro poxa npakTuuecku Ha 2%, OLIMOKU
2-T0 poja CpaBHUMBI MO 3HAYCHHIO. 3aMETUM,
YTO BO3MYILIAIOIINE BO3JCHCTBUS, B YCIOBHUSX
KOTOPBIX MIPOUCXOIMIIO (dopmupoBaHHe
MHOX€ECTBa M,, BKJIIOYAIOT OYEHb

HEe3HAYUTEJbHBIE 1O CHJIE, B  YCIOBHAX
HEKOTOPBIX M3 HHUX MeToq u3 [6] BooOIIe He
TECTUPOBAJICS, KakK, Hampumep, HaJOKEHHE
rayCCOBCKOTO nryma c D=0.00001,
MYJIBTUILUINKATHBHOTO c D=0.001,
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CTEeraHONpeoOpa3oBaHue METOJIOM  BBISBICHHUIO PE3yJbTaTOB 3TUX BO3JICHCTBUI HE
MOJTU(QUKAINNY HAUMCHBIIIETO 3HAYAIEro OUTa C  CHIDKAETCS, YTO CBHUJIECTEIBCTBYET B €r0O IOJB3Y
IICCK = 0.5 out/mukcens, pu 9TOM  TI0 CPAaBHCHHIO C aHAJIOTOM.

3¢ pekTUBHOCTh pa3pabOoTaHHOrO MeEToNa IIO0

Tabmmma 17.

CpenHee 1o SKCIEpUMEHTY 3Ha4eHue cpeaHero mo 0iokam [ 3Hauenus vactoctu BockMoro CHB
6noka st 8%8-6110k0B°,

M, nenocTHOCTh KOTOPOro HAPYIIEHA B PE3YJIBTATE BOZMYIIAOUIETO BO3ACHCTBUS
The digital image whose integrity is compromised as a result of disturbance
I'ayccoBckuii mrym MynbTHILINKA- ym «comb- | CreranompeoOpa-
~ Gaussian noise TUBHBII OTyM nepem 30BaHHE
S Multiplicative «Salt & meTonoMm LSB s <
2 = noise pepper» noise Stegano- g2 _.S
S @
=i = - QULn &
a = transformation o~ &
S 8 using LSB- Suw =
=S O €
E 2 method 0 =g
=Ne) g @]
OQ S d — — 5 g ?
o — o —
S| 8| 8| 8 S | & | 8| B5s| 52|85 3
o - ) o o o O
S o o O O
S > I I A ik & = =S
A a) 0 0
[aN} (2] < < (=] < N~ (e} < ™ (e}
< (=] (32} o < ™ ™ — N O AN
™ o i N i e8] o0} ™ N~ < e}
N~ re) ™ ~N < N e} <t < Te} o
N N N N N N N N N N N
Tabmuma 2°.

CpenHee 3HaueHHE yrJIOBOro Ko GHUIreHTa JINHEHHON annpoKcuMauud GpyHKIUN fr(i)
3aBHCHMOCTH CPEIHETO 10 610KaM 3Hadenns yactoctd CHB ot ero Homepa st 8x8-61okos0.

I, uenocTHOCTh KOTOPOIO HApyII€Ha B PE3YJIbTAaTe BO3MYILAOIIETO BO3IEUCTBUS
The digital image whose integrity is compromised as a result of disturbance
I'ayccoBckuii mym | Mynptumuka- | lym «coms- Creranomnpeobpa-
~ Gaussian noise THUBHBIH [ITyM nepen 30BaHHUE METOLOM
f o Multiplicative «Salt & LSB =
3+ . .
= noise pepper» noise Stegano- gg-g
§ = transformation using | & i g
= .S LSB- method =S €
=2 °=3
=Ne) - o 0 o O
o o = — — = o E Q>
o — o] ol H O n
S S| 8| 8| 8| 8| g| 8 S |xB xg:5¢8
= = oS oS Q =) S v | Ow| O, O 4
o 7 1] 1] & 1] I S = =0
A a o) o © © O o ©
=
© o o~ Ty o o ™ N o o © Te)
N (e} i N~ [0} < N~ ™ N ({e] < [92]
Lo b3} ™ o © N o o) © 3] =) L0
o o o o o o o o o o o o
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Puc.7. 'ucrorpammsl 3Ha4eHH# yIJI0BBIX KOOQGHIHUEHTOB Ol JHMHEHHBIX aNNPOKCUMALMH 1Sl PYHKIUH

fr(i) 3aBHCHMOCTH cpe/iHero no 6;oxam 3HadyeHust yacroctu CHB ot ero Homepa, mosydennsix aiasa IHU:

a —u3 mHoxkecrBa M, ; 6 — u3 muokecrBa M, 1

140 T T T T T T B00 T T T T T T T T T

a00 ¢

100

b
=
(=]

oo
L=

Kommecteo ITIT
=
(=)

Komrecteo ITIT
o
[l

[ ]
=
(=]

=y
[
Number of digital images

Number of digital images

20

18 2 22 24 28 28 3 32 1 12 14 1B 18 2 22 24 2B 2B 3
Tsle(2)) Tsfeis(2])
a 0
Puc.8. 'mcrorpammel cpeanux no 6jaoxkam LU 3Havyenmii yacrocTu u8(B):

a— st LU u3 muoskecrea M, 5 6 — u3 muoxecrBa M, 12,

BrruncnurensHas CIIOHOCTh Pa3zpaboTtaHHbIil MeTOJ, SBISSACH OJIIOKOBBIM,
MPEUIOKEHHOTO METOJ]a B CHJIy ero OJOKOBOM  MMEeT  HE3HAUUTENBHYI0  BBIYHCIUTEIHHYIO
OpraHu3alMyd  OMpENEeNsIeTcs  Kak Q(nz) CIIOKHOCTh — Q(nz) omeparuii s N X N-
onepauui s N x N-matpuis L. Marpuiibl [{M, 4Tto nenaer ero neprneKTUBHBIM

C yuerom toro, 4ro ¢opmanbio IIB mMoker  And paboThl ¢ HUPPOBBIMM KOHTEHTaMH, B
paccMaTpuBaThCs Kak mocieaoBaTenabHocts [[M-  vacTHoCcTH ¢ LIB, B pexxume pearbHOro BpeMEHH.
KaJpoB,  pa3pabOTaHHBIA  METOJ  MOMKET B xone pazpabotku meToma:

WCTIONB30BaThCsl IS AKCIEPTU3BI IEJIOCTHOCTH o  mpoBeaeHa anmantanms CHB-moxxoma s
I1B. obecrnieuennsi A3PGPEKTUBHOCTH €ro HCIOIb-

30BaHUSl B Cllydae OJIOKOBOH OpraHu3aluu
BbIBO/IbI skcneptussl LU;

e ycra”oBlieHO, 4yT0 4dactocth CHB, orBeua-
tomux HamMenbimmM CHY | x| -GiioxoB
Matpuubl LU, sBnsercs XapakTepUCTHKOM,

B pabore pemeHa BaxkHasg Hay4YHO-
MpaKTHIeCcKast 3agaya MOBBIILICHHE

3G (GEKTUBHOCTH BBISBIICHHS (akTa HapyIICHUS N .
LeI0CTHOCTH 0l myTeM pa3paGoTK YyBCTBUTENIEHON K BO3MYIIIAIOIIAM BO3JEH-

YHUBEPCAJIBHOIO  OKCIIEPTHOIO ~ METOJa  Ha creuiv. Jlna opuruHanbueix L cpennee
ocnose CHB-noaxona. 3nayenue yacroctu CHB U, (B) 3HAYNUTEID-
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HO TPEBOCXOAWUT 3TOT mapamerp ansa LU,
LIEJIOCTHOCTh KOTOPOTO HapylIeHa, MpHUYeM
OTJIIMYHME BO3PACTAET C POCTOM CHJIBI BO3MY-
IIAIOUIET0  BO3ACHUCTBUA. YYeT JaHHOIO
CBOWCTBA IpHU pa3padOTKe METOAA O3BOJIUII
3HAYUTEJIBHO YMEHBIIUTH KOJIUYECTBO OLIM-
00K 2-ro poja IpU SKCHEPTU3E IO CpaBHE-
HUIO C BAPHAHTOM, IJI€ 3TO CBOWCTBO YUTEHO

He OBLIO;

®  YCTAaHOBJIEHO, YTO CKOPOCTH POCTa JIMHEM-
HOI aNmpoKCUMAIU GyHKIMHT
fr(i),i =11, orpakaromeii 3aBUCUMOCTD

CpemHMX 0 OJOKaM 3HAYeHWH dYacTocTeH
CHB ot HOMepa BekTopa, OyaeTr O6obIie s
OpUTHHAIIBHOTO KOHTEHTa, YeM Ui TOrO,
LEJIOCTHOCTh KOTOPOT0 HapylleHa, MpUYEM,
kak m gt gactoctu CHB, orBewarommx
HauMenbiiuM CHY | x | -610ko0B, 310 OTIH-
YHe BO3PACTAET C POCTOM CHIIBI BO3MYIIAO-
IIEr0 BO3JCHCTBHSA, YTO MOXET OBITH BIIO-
CJIEJICTBUM HCIIOJIb30BAHO JUISI OLEHKH €ro
BEJIMYUHBL. J[aHHOE CBOICTBO MO3BOJIAJIO B
paszpaboranHoM MeToqe S(h(EeKTHBHO wHC-
MOJIb30BaTh KOJMYECTBEHHYIO XapaKTepHu-
CTUKY  JIMHEHMHOH  anmpOKCUMUPYIOLIEH
GyHKIMH U1 fr(i) - yIi0Boi K03 dum-
eHT I OTAeNeHus opurunHaibHoro LU ot
TaKOT0, EJIOCTHOCTh KOTOPOTO HAPYIIIEHA.
Pazpaborannas ANTOPUTMHUYECKAS
peannzanys — NPEATOKEHHOTO  3KCIEPTHOTO
METO/Ia TO03BOJIMJIA MOBBICUTH 3(PPEKTUBHOCTD
BEISBJICHUS HapylieHus 1enoctHoct L myrem
CHWXeHHUs1 omubok 1-ro poma Ha 2% 10
CPaBHEHHIO C aHAJIOTOM, MPH 3TOM OIIUOKH 2-TO
polla ocraiuch Ha TOM JK€  ypOBHE.
YHUBEpCaTbHOCTh METONIa MOATBEPIKIAETCS €ro
BBICOKOW A(PQPEKTHBHOCTHIO HE3aBUCHMO  OT
CHEIU(PUKN BO3MYIIAIOIIETO BO3ACUCTBUS, B TOM
YUClle W B YCJIOBUSX  HE3HAYUTENBHBIX
BO3MYIIICHUH.

APPENDIX 1 (IPUJIOKEHUE 1)

!Fig. 1. The dependence of the frequency index of the
singular vector of the image matrix on its number for
the original lossy digital image and linear approximat-
ing function

2Fig. 2. The dependence of the frequency index of the
singular vector of the image matrix on its number and
linear approximating function for IxI-submatrix of
original digital image: a — original digital image, b —
1=1600, ¢ — 1=124, d — 1=64, e — |=32

3Fig. 3. The dependence of the frequency index of the
singular vector of the image matrix on its number and
linear approximating function for 8x8-block of digital
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image: a — original digital image, b — digital image
after applying Gaussian noise (D=0.0001)

“Fig. 4. Histograms of the frequency indexes’ values
for singular vectors of 8x8-blocks of original
800x800 digital images: a — u,, b — u,, c— ug; d—
Ug

5Fig. 5. The dependences 7 (u; (B)) of blocks of

original digital images on its number: a — original
lossless digital image, b — digital image under com-
pression (Jpeg, QF=75), ¢ — digital image after apply-
ing Gaussian noise (D=0.0001), d — digital image
after applying multiplicative noise (D=0.0001)

®Fig. 6. Histograms of the frequency indexes’ values
for 8" singular vector of disturbed 800x800 digital
image: a — after applying Gaussian noise (D=0.0001),
b — after applying multiplicative noise (D=0.001), ¢ —
after salt-and-pepper noise (D=0.05), d — after lossy
compression (Jpeg, QF=75)

"®Table 1. The experimental average value of the
average value over digital image blocks of the fre-
quency index’s value of the eighth singular vector of
a block for 8x8 blocks

910Table 2. The average value of the angular coeffi-
cient of the linear approximation of the dependence of
the block-average value of the frequency index of
singular vector on its number for 8x8 blocks

1Fig. 7. Histograms of angular coefficients values o

of linear approximation for fr(i) function of the

dependence of the block-average value of the fre-
quency index of singular vector on its number: a — for

digital images from M, b — for digital images from
M 2

2Fig. 8. Histograms of average frequency index’s
values over digital image blocks us(B): a — for digi-

tal images from M., b — for digital images from
MZ
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The Influence of Previous Treatment of Wheat Straw from Bales on the
Intensity of Biogas Outlet

Zablodskiy M.%, Klendiy P.?, Shvorov S. !, Trokhaniak V. !, Dudar O.3
!National University of Life and Environmental Sciences of Ukraine,
Kyiv, Ukraine
2 Separated subdivision "Berezhany Agrotechnical Institute™ National University of Life and
Environmental Sciences of Ukraine,
Berezhany, Ukraine
3Separated structural subdivision “Berezhany professional college of National University of
Life and Environmental Sciences of Ukraine”
Berezhany, Ukraine

Abstract. The purpose of the research is the experimental determination of the effect of preliminary mechanical
and additional magnetic treatment of wheat straw from bales on the intensity of biogas output. This goal is
achieved by solving the following problems: determining the physical-chemical properties and component
composition of winter wheat straw from packs; obtaining chopped straw by grinding on a laboratory grinder to a
fraction of 5-25 mm in length; processing soaked straw in water in an extruder to form 15 pre-treatment
samples; calculation the carbon-nitrogen ratio for mixture of straw of certain pretreatment option and inoculum;
determination the specific energy intensity of the extrusion process; conducting fermentation experiments and
studies of the biogas output process for 42 days for various options for pre-treatment of winter wheat straw from
packs, in particular the option with the simultaneous action of constant magnetic field. The most important
results of the research are: experimental proof of the effectiveness of the method of preliminary mechanical-
magnetic treatment of winter wheat straw from bales in the production of biogas, which forms a synergetic
effect; with a one-time extrusion of straw and treatment with constant magnetic field of 1.8 mT, the biogas
output increases, which makes it possible to obtain the same amount of biogas as with 5-fold extrusion, but with
energy costs for extrusion reduced by 4.28 times. At the same time, sufficient productivity of the biogas
production process is maintained, the lag phase is reduced, and the biomethane output increases by
approximately 5.5%. The significance of the obtained results is that the proposed approach to the formation of
biogas technology with using mechanical-magnetic processing of wheat straw ensures the intensification of
biogas output and an increase in the level of production.

Keywords: anaerobic fermentation, biogas, wheat straw, magnetic field, energy costs, synergetic effect.
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Influenta tratirii anterioare a paielor de grau din baloti asupra intensititii iesirii biogazului
Zablodski M.%, Klendi P.2, Svorov S.1, Trohaniak V.?, Dudar O.3
Universitatea Nationala de Stiinte ale Vietii si Mediului din Ucraina, Kiev,
2 Subdiviziune separati , Institutul Agrotehnic Berejani” Universitatea Nationali de Stiinte ale Vietii si Mediului
din Ucraina, Berejani
% Subdiviziune structurali separati ,,Colegiul profesional Berejani al Universititii Nationale de Stiinte ale Vietii
si Mediului din Ucraina” Berejani
Rezumat. Scopul cercetarii este determinarea experimentald a efectului tratamentului mecanic preliminar si
magnetic suplimentar al paielor de griu din baloti asupra intensitatii productiei de biogaz. Acest scop se
realizeaza prin rezolvarea urmatoarelor probleme: determinarea proprietatilor fizico-chimice si a compozitiei
componentelor paielor de grau de iarnd din baloti; obtinerea paielor tocate prin mécinarea pe o rasnitd de
laborator pana la o fractiune de 5-25 mm lungime; prelucrarea paielor inmuiate in apa intr-un extruder pentru a
forma 15 probe de pretratare; calculul raportului carbon-azot pentru amestecul de paie cu anumite optiuni de
pretratare si inocul; determinarea intensitatii energetice specifice procesului de extrudare; efectuarea de
experimente de fermentatie si studii ale procesului de iesire a biogazului timp de 42 de zile pentru diverse
optiuni de pretratare a graului de toamna din pachete, in special optiunea cu actiunea simultand a campului
magnetic constant de paie. Cele mai semnificative rezultate ale cercetarii sunt: dovada experimentala a
eficacitatii metodei de tratare preliminara mecanico-magnetica a paielor de grau de iarnd din baloti in producerea
de biogaz, care formeaza un efect sinergic; cu o extrudare unica a paielor si tratament cu cdmp magnetic constant
de 1.8 mT, productia de biogaz creste, ceea ce face posibila obtinerea aceleiasi cantititi de biogaz ca la
extrudarea de 5 ori, dar cu costurile energetice pentru extrudare reduse cu 4.28 ori. In acelasi timp, se mentine o
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productivitate suficientd a procesului de producere a biogazului, faza de intarziere este redusa, iar productia de
biometan creste cu aproximativ 5.5%. Semnificatia rezultatelor obtinute este cd abordarea propusa pentru
formarea tehnologiei biogazului cu utilizarea prelucrarii mecanico-magnetice a paielor de grau asigura
intensificarea productiei de biogaz si cresterea nivelului de productie.

Cuvinte-cheie: fermentatie anaeroba, biogaz, paie de grau, cimp magnetic, costuri energetice, efect sinergetic.

Bausinue npensiayuieii 00padoTKH MIIEHUYHON €COJIOMbI H3 TIOKOB HA HHTEHCHBHOCTH BbIX0/1a Ouorasa
3abmoxckuii H.!, Knenawnii I1. 2, lIsopos C.., Tpoxansk B.!, Tymap 0.3
'HauuoHansHeli yHHBEPCUTET GHOPECYPCOB M NPHUPOJIONONB30BaHus Y kpauHnbl, Kues, Ykpanna
2Ornenennoe noapasnenenne «bepexkaHcKuil arpoTEXHUYECKUH HHCTUTYT» HallMOHAIBHOTO YHHBEPCUTETA
OHOpPECYPCOB U MPHUPOIONOIL30BaHUS Y KpauHbl, bepekansl, Ykpauna,
30Ornenennoe cTpykTypHOe nopasaenenue «bepexanckuii npoeccHoHaIbHBIN Koyulemx HanuonansHoro
YHUBEPCHUTETa OMOPECYPCOB U MPUPOAOIIOIL30BaHUs Y KpauHbl», bepexansl, Ykpaunna.

Annomayusn. 1enpio UCCIeIOBaHUH SBISIETCS SKCIEPUMEHTAIbHOE OIPENeICHNe BIUSHUSA IpEIBaPUTEIBHOM
MEXaHUYECKOW W JOTOTHUTEIHHON MAarHUTHOW 0OpabOTKH MINCHWYHOH COJOMBI U3 TIOKOB HA MHTCHCHUBHOCTH
BbIXOJa Omorasa. IlocTaBieHHAS IIeNTb TOCTUTACTCS MTyTEeM PEIICHHS CICAYIONINX 3a1a4: ONpeaelicHre (pHU3UKO-
XUMHYECKIX CBOMCTB M KOMIIOHCHTHOTO COCTaBa COJOMBI O3MMOW MIICHHIBI U3 ITaKOB; MOJYYCHHUE COJIOMBEI-
CeYKH TPH WU3MENBPYCHHH Ha JTa0OpaTOpHOM WM3MeNbunTene 1m0 (pakmum mamHOW 5-25 MM; oOpaboTka
3aMOUYCHHOH B BOJIE COJIOMBI B JKCTpyaepe ¢ (GopMmupoBaHHEM 15 00pas3ioB MpeaBapUTEIbHON 00pabOTKH;
pacder yriaepoaHO-a30THOTO COOTHOLICHUS JUII CMECH COJIOMBI OIPEJE/ICHHOIO BapUaHTa IMpeIBAPUTEILHOM
00paboTKM M WHOKYJISITA; ONpEJesieHne yIeIbHOM dHEPrOeMKOCTH Tpolecca IKCTPY3HH; MPOBEJICHNUE OIBITOB
(epMeHTaIMM M UCCIIEAOBAHMII Mpoliecca BhIXOAa Ouoraza B TedeHue 42 CyTOK AJIsl pa3iIMuHBIX BapUaHTOB
Ipe/IBapUTEIbHON 00pabOTKU COJIOMBI O3UMOIl MIICHHUIIBI U3 MaKOB, B YaCTHOCTH BapHaHTa C OJHOBPEMEHHBIM
JICUCTBHEM MOCTOSIHHOTO MarHuTHOTO TOJISL. HawuGoee CYIIECTBEHHBIMU
pe3yIbTaTaMH UCCIICIOBAHHN SBIAIOTCS:  OKCIIEPUMEHTAJIBHOE T0KAa3aTelIbCTBO A(PGEKTUBHOCTH CIOCO0a
TIPeIBAPUTEIHLHON MEXaHO-MarHUTHOH 0OpaOOTKH COJOMBI O3WMOI MIIEHHWIBl M3 TIOKOB IIPHU IIPOHU3BOJICTBE
Ouorasza, (HopMHPYIOIIEro CHHepreTHdeckuil 3¢ dEKT; IpHu 0OJTHOPA30BOH OAKCTPY3WH COJIOMBI U 00paboTKe
ITOCTOSTHHBIM MarHUTHBIM moreM 1.8 MTn yBenmmumBaeTcs BBIXOJ OWora3a, 9To MO3BOJISIET MOJIYYHTH TO K€
KOJIMYECTBO OMOTa3a, 4To W MPU S-KPaTHOH SKCTPY3UH, HO C YMEHBIICHHEIMHE B 4,28 pasa 3aTpaTtaMu SHEpTHH Ha
okeTpy3uto. [Ipm  3TOM  coxpaHseTcs IOCTaTOYHAs IMPOM3BOIAMTENBHOCTH  IIpOIEcca  MPOHM3BOJICTBA
Ouorasa, cokparniaercs jgar-gasa, a BBIXOJI OMOMETaHa yBeIWYHMBaeTcs mnpuMmMepHo Ha 5.5%. 3HaummocTh
MOJIyYSHHBIX PE3YJIbTATOB COCTOMT B TOM, 4YTO MPEJIONKEHHbIH MNOAX0A K (HOpMHUpOBaHHIO OHOrazoBoii
TEXHOJIOTHSI C  HCIOJb30BAaHMEM MEXaHO-MarHUTHOW 00pabOTKM NIIEHWYHOW COJIOMBI oOecrednBaeT
MHTEHCHU(HUKALUK BbIX0/1a OMOrasa U MOBbILICHHE YPOBHSI TPOU3BOJICTBA.

KiawueBble ciioBa: aHadpoOHas GepMeHTAIHs], Onora3s, MIICHUYHAS COJIOMa, MATHUTHOE T0JIE, YHEPro3aTpaThl,
CHHEPTeTHYECKU 3P PeKT.

INTRODUCTION removing lignin and hemicelluloses, reducing the
crystallinity of cellulose and increasing the
porosity of the material [14, 21]. Different types
of physical processes, such as grinding, milling,
ultrasound and irradiation can be used for
increasing the bioaccessibility of lignocellulosic
materials in the biogas fermenter. Energy costs
during physical processing of biomass depends
on the final size of parts and degree of reduction
in crystallinity of the lignocellulosic material.
The size of the materials as a rule is reduced to
10-30 mm after crushing and to 0.2-2 mm after
grinding.

Thus, for grinding wheat straw to grain size of
0.8 and 3.2 mm, the energy costs makes
respectively 51.6 and 11.4 kWh/t. According to
the literature facts, the maximum level of
fermentative hydrolysis of wheat straw after
durable mechanical grinding (14 h) is 80%,

Wheat straw is one of the most spread
vegetative remains, that are produced in the
world. Anaerobic fermentation, that is used
during the work with wheat straw, is an
attractive practice, with the help of which are
fixed the issues as energy recuperation, so as
control  environmental  pollution.  Biogas
technology can secure link between livestock-
raising and plant growing, playing an important
role in self-sufficient eco-agriculture [5].
Previous treatment is one of the most important
stages in the general conversion of biomass, as it
directly influence on the economic efficiency of
vegetative material processing in a whole. The
main aim of previous treatment is increasing the
accessibility of cellulose for  microbial
decomposition by means of destruction the
connections of the lignocellulosic complex,
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while the degree of cellulose crystallinity
decreases to 13% [9]. The main defect of this
method of activation is duration and high energy
costs.

The known results of the investigation from
the studying of the microbial reaction on straw
groups of bacteria that decomposing cellulose in
laboratory biogas installations, which work with
manure apart or together with straw [18, 20].
Using previous treatment (steam explosion) in
four laboratory fermenters at different
temperatures, was studying the influence on the
structure of the community of bacteria that
belong to the phyla Firmicutes and Bacteroidetes
and decomposing cellulose. The addition of
straw, its previous treatment and work
temperature were affecting on the bacteria
community, but there were none substantial
differences in productivity of installations and
outlet of gas. In another investigation was
studied, microbial consortium, which consists of
bacteria and fungi, which synergistically reveal
great capacity to decompose lignocellulose [27].
A method of previous treatment of lignocellulose
with using this functional microbial consortium
was developed. Increased capacity was found to
dissolution into wheat straw and broth which
contain amounts of organic materials such as
volatile fatty acids and carbohydrates, that can be
used for biogas synthesis.  Anaerobic
fermentation of previous treatment wheat straw
showed an increase of total outlet of biogas and
methane respectively on 39.24% and 80.34%,
and the faster start-up of 20-days production
process comparing with the process based on the
unwrought system.

However, solid organic substrata, such as
energy culture crops, crop remains (including
wheat straw) and organic fraction of solid
everyday waste, naturally have low content of
microelements. This aspect has been underlined
by researchers and numbers of investigations
have Dbeen realized to demonstrate the
importance of microelements in anaerobic
etching. In the work [26], it has been proved, that
iron chloride (FeClI3) as an addition, added to the
thermophilic system of bioreactor with sludge,
directly increased production of methane.

Trace of metals are important components of
cofactors and enzymes, and their addition to
anaerobic bioreactor increases production of
methane. Many micro- elements are contained in
remains of process extraction of herbs [24]. It
was shown that the addition of 10% remains of
false ginseng during anaerobic fermentation of
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wheat straw of combined production of biogas
and methane increased on 28 and 37% compared
to production, achieved in the control.

The efficiency of the enzyme in fermentative
reactions depends on the inclusion of an external
magnetic field or participation in the ion-radical
reaction of a partner with presence of magnetic
moment - magnetic isotope of chemical element
[11]. In experiments in vitro was revealed that
magnetic isotope of magnesium 25Mg, as well as
zinc 67Zn and calcium 43Ca in 2-4 times
accelerated synthesis of ATP. For understanding
the principles of functioning of biological
membranes is important mechanism of passage
of ions in the narrow pores of ion channels. For
calculations, usually the channel is represented
in aspect of a set of energy barriers and pit,
without giving a concrete physical picture of the
structural features of the channel. In work [3],
was investigated the influence of magnetic fields
of extremely low-frequency on transport Ca (2+)
in a biological system which consist of highly
purified vesicles of plasma membrane. Two
guantum-mechanical theoretical models were
tested, which assume that biologically active
ions can be connected with the channel protein
and influence on state of the opening the
channel. In the work [25] is presented the
analysis of steady axisymmetric stokes flow of
an electroconductive viscous incompressible
fluid through a spherical part, covered with a
porous husk in the presence of a uniform
magnetic field. The theoretical basis of the
influence of the magnetic field on the physico-
chemical reactions of aqueous solutions of
biomass additionally is confirmed by the results
of the experiment. Under the influence of the
magnetic field, increases the degree of
electrolytic dissociation, the speed of chemical
reactions, and the degree of readiness of ions to
take electrons in our research in 2020 Year .

In the research [1] evaluated the state of
fermentation technology of straw for receiving of
biogas. The results show that the selection of an
adequate process previous treatment is one of the
main key factors of the successful receiving of
biogas from straw. The analysis of conducted
researches shows that is needed further study of
the issue of intensification outlet of biogas from
the substrate based on cattle manure water
(cattle) with the addition to it extruded straw.

The aim of this research is experimental
determine of the influence of previous
mechanical and additional magnetic treatment of
wheat straw from bales on the intensity outlet of
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biogas with an assessment of the energy intensity
of the previous treatment.

RESEARCH METHODS

The used wheat straw from bales of farm’s
economy of the Koziv district of the Ternopil
region of Ukraine is grayish color with the
content of spikes - 11%; content of dry matter
(TS) — 93%; content of dry organic matter
(ODM) is 89%. Humidity of straw was measured
with the help highly precise portable hygrometer
straw in bale WILE 27 Olli Control
FARMCOMP. The humidity of straw was 16%.
As a source of methane bacteria (seeding) was
been used fermented too much cattle manure
water from the fermenter of biogas installation
(BGI) of the University: wCP = 1.7%; pH = 7.7.
The laboratory fermenter is the gas-tight packet
made of polymeric material with a content of
500 ml. To calculated on amount of biomass was
added seeding at the rate of 1 part of the sample
to 4 parts of the seeding, displaced the air from
the fermenter and soldered hermetically the
orifice. To soldered packet was hung up weight,
and the packet put into the measuring glass tank.
In this way, was determined the initial volume of
the researched version. The fermenter was hung
up in an incubator where it was kept at
temperature of +37.5°C for 42 days. The volume
of biogas sample was determined by changing
the volume of fermenter in which was the
researched biomass. The bit of biomethane
corrected for the standard conditions of
temperature and pressure in the selected volumes
of biogas was determined after 42 days by the
way of connecting the outlet orifice of
bioreactors to containers, which were filled with
lime water (450 ml), through which is passed the
formed biogas for gathering carbon dioxide.
Chopped straw was received by grinding straw
from bales on laboratory’s grinder into fractions
length is approximately 5-25 mm. The
productivity of the laboratory’s grinder is 2.2 t/h,
the specific energy intensity of the grinding
process is 5 kW-h-t*(-1). For the preparation of
extruded wheat straw, was used the aft extruder
EGK-200 with the nominal power of electric
drive 18.5 kW, voltage 380 V.

In the process of extrusion, straw is exposing
to short-term, but very intense mechanical
influence. Due to the high temperature of 110-
180 °C, pressure in 5.1 MPa and efforts in the
working parts of the extruder, occur structural-
mechanical and chemical changes of the outlet
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raw materials. Due to the sharp pressure with
outlet of the heated up mass, occurs an
"explosion™ (increase in volume) of the product,
which makes it more accessible for the influence
of enzymes. During extrusion, to the working
area was supplied water with certain correlation
of straw-water (R_sw) for removing burning of
raw materials in the places of contact with the
working surfaces of extruder.

The specific energy intensity of extrusion
process was determined as follows:

3 V31U Cos ¢
€ 1000G (1)
where C — is specific energy intensity of
extrusion process, kW-h-t*(-1); | ; 1 — consumed

current, A; U - voltage of electrical network, V;
G — mass productivity of the extruder, t-h"\(-1)
cosp — power factor of the electric drive.
Determination of dry matter of DM, organic dry
matter of ODM, reaction of medium pH,
fractional composition and content of chemical
elements was carried out according to
appropriate standards and known methods [15].
In table 1 is shown the content of chemical
elements of straw from bags.

The main components of straw were determined
by standard methods: lignin - by the sulfuric acid
method with using 72% sulfuric acid; cellulose -
nitrogen-alcohol method; ash - by the method of
burning.

In the table 2 is presented the component
composition of winter wheat straw. The received
results are calculated on the absolutely dry mass
of the substance.

The correlation of C/N is an important
parameter that should be taken into account
during the research. In our case, for samples of
wheat straw from bales, the correlation C/N=
81.46.

The determined correlation C/N for cattle
manure was 16.1. Depending on the number of
stages of straw extrusion, was noted a small
increase correlation of C/N to values from 82 to
84.

Each fermenter capaciousness of 515 ¢
contained the substrate in which 20% was sum
amount of straw of certain version previous
treatment and 80% -was the inoculum.
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Table 1
The content of chemical elements in 1 kg of winter wheat straw, g
[%2) Q
S < s | E E | 2 5 | E
g 'g %. 3 S Z = §0 = =
s S| g| 8 | £/ 2| 5|s8| ™
= g & | 2 =
48 | 3913 | 45 | 49 | 04 | 281 | 125 | 0.04 | 0.1 | 0.02
Table 2

Component composition of winter wheat straw from bales

Content 0(‘: the Indicator for components
component, % from Cellulose Hemicellulose Lignin Ash
the mass of
absolutely dry straw 44.8 319 18.4 3.7

The calculation correlation of C/N mixture that
is fermented, carried out according to the
formula:

(7 B ZMn -(Cn@oo—wp))

NS Nnaoowa) @

where C/N is the carbon-nitrogen correlation for

the converted mixture; Mn-mass of the n-th
component of the mixture, kg; Cn- is content of
total carbon in the n-th component of the
mixture, %; Nn-content of total nitrogen in the n-
th component of the mixture, %; Wn- is the
humidity of the n-th component of the mixture, %.

Extruded straw in all experiments was soaked
before extrusion in water for 15 minutes at
temperature of +16°C. Separately was conducted
research of fermentation of extruded wheat
chopped straw from bales (1-time extrusion)
with the simultaneous action of permanent
magnetic field. The permanent magnetic field is
created by a coil with the amount of turns of 80,
reeled on an insulating frame made of copper
wire with section of 1.5mm and located near the
package with the substrate in the thermostat. The
necessary level of magnetic field strength
(magnetic induction) in the area where is located
the fermenter is regulating in the circuit by the
laboratory’s autotransformer - rectifier.

Each test was repeated by three times for all
variants of previous treatment of winter wheat
straw from bales.

Thus, the initial correlation of C/N of mixture
was 19.6. For a successful flowing anaerobic
fermentation process, correlation of C/N in the
mixture should be 20...30 [10]. For the growth of
the population of microorganisms, the optimal
launching value is correlation of C:N:P of
150:5:1 in our research in 2020 Year . When using
mixtures with a lower correlation of C/N, are
observed significant losses of nitrogen in the
form of ammonia, and when are using mixtures
with a higher correlation, decrease rates in
cellular growth. During the process CO2, it is
consumed much more actively, than nitrogen,
and before the end of biofermentation, the given
correlation is already in the range of 10 ... 15.

RESEARCH RESULTS

The results of researches the process of outlet
of biogas during period of 42 days for various
versions for previous treatment of winter wheat
straw from bales at temperature of the
experiment and without taking into account the
dissolved carbon dioxide in substrate are presented
in Table 3.

On the Fig. 1 is shown the distribution of
parts of extruded straw from bales by fractions.
The extruded straw, independently from divisible
of extrusion has rather equable distribution parts
of straw in the middle fractions (NeNe. 3, 4, 5).
Smaller content of parts from fractions with
large size of parts (NeNe. 1, 2), even smaller -
with small sizes (NeNe. 6, 7).
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Table 3
Outlet of biogas during 42 days for different versions of previous treatment of straw
_ _ Outlet of biogas, m%t VS

Ne Versions of previous treatment of straw 7d | 14d | 21d | 284 | 354 424

1 2 3 4 5 6 7 8

1 | Seeding of methane bacteria from the fer-
menter of BGI of the institute; WCP=1.7%, | 0 12 16 16 22 22
pH=7.7

2 | Raw wheat straw from bales 153 x 3.8 (con- 68 | 197 | 224 | 229 | 248 | 248/168
trol sample)

3 | Wheat chopped straw from bales after 1
shredding 17.5 x 3.3mm? 95 | 204 | 239 | 262 | 263 | 263/178

4 | Fresh wheatzchopped straw after shredding 126 | 236 | 272 | 292 | 205 | 295/199t
17.5x3.3mm

5 E_xtruded straw frozm bales (2-times extru- 101 | 318 | 336 | 337 | 337 | 337/233¢
sion), 8.6 x 1.4 mm

6 Ext(uded whe_at chopped straw2 from bales 100 | 284 | 331 | 331 | 331 | 331/2321
(1-time extrusion), 8.4 x 1.4 mm

7 Ext(uded Whea}t chopped straw fzrom bales 206 | 328 | 344 | 344 | 344 | 344/237
(2-times extrusion), 6, Zx 1.4 mm

8 E_xtruded wheat chopped straw ;"rom bales (3 208 | 330 | 356 | 356 | 356 | 356/245:
times extrusion), 5, Z x 1.4 mm

9 Ext_ruded Whea}t chopped straw 2from bales 201 | 320 | 374 | 374 | 374 | 374/260!
(4 times extrusion), 5.2 x 1.4 mm

10 Ext_ruded whea}t chopped straw 2from bales 214 | 335 | 377 | 377 | 387 | 387/262:
(5 times extrusion), 5.0 x 1.4 mm

11 E_xtruded fr_esh wheat chopged straw (5 234 | 355 | 397 | 399 | 425 | 425/208!
times extrusion), 5.0 x 1.4 mm

12 | Extruded wheat chopped straw from bales
(2-times extrusion), water was supplied only | 212 | 320 | 355 | 368 | 368 | 368/255'
during extrusion at +16°C 6.3 x 1.4 mm?

13 | Extruded (5-times extrusion) wheat chopped
straw from bales, sifted through sieve with | 201 | 295 | 336 | 342 | 350 | 350/234!
size of closets Zmm 4.5 x 1.2 mm?

14 | Extruded (5-times extrusion) wheat chopped
straw from bales, sifted through a sieve with | 201 | 299 | 360 | 360 | 360 | 360/251!
size of closets 2 mm 3.5 x 1.0 mm?

15 | Extruded (5-times extrusion) wheat chopped
straw from bags, sifted through a sieve with | 196 | 313 | 360 | 360 | 360 | 360/248!
size of closets 1 mm 2.5 x 1.0 mm?

16 | Extruded (5-times extrusion) wheat chopped
straw from bales, sifted through a sieve with | 174 | 320 | 342 | 342 | 342 | 342/229!
size of closets of 0.5 mm; 0.5 x 0.5 mm?

17 | Extruded wheat chopped straw from bales
(1-time extruglon), 8.4 x 1.4, irradiation of 219 | 329 | 378 | 379 | 380 | 380/272!
the substrate in fermenter by the permanent
magnetic field of 1.8 mTI

! Content of methane in selected volumes of biogas was determined after 42 days.

2 Average size of straw’s particles

The results of research in the dependence of
outlet of biogas from the average length parts of
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correlation of straw-water (R, ) of raw material

during extrusion are presented in the table 4 and
on the fig. 2. In the table 4 also brings in an
indicators that characterizing power inputs on
previous treatment of straw by extrusion,
namely: current consumption of electric drive of
extruder; duration of extrusion process; specific
energy intensity of extrusion process.

When is using straw from bales for extrusion,
the average size of parts of straw after 2-times
extrusion is 8.6 mm, and when are using
chopped straw- 6.3 mm. The outlet of biogas
almost did not change (+2%). The current
consumption of extruder decreased from 18A to
17A (table 5, Fig. 3).

N
=]

o wu

o

BRSNS N W W
w v

o

content of fractions after extrusion,%

(=R

— - HMe=3
— ————— Me=4

Me=1
mMe=2

Me=5

1 2 3 4

B =l AT

faction number

5

1-7mmx40mm, 2-5mm x 25 mm, 3 - 3mm x20mm, 4 - 1 mm x 20 mm, 5 - 0.5 mm, 6- 0.35 mm,
7 -<0.5 mm.

Fig. 1. Distribution parts of straw by fractions.

Table 4

Dependence of outlet of biogas from the divisible of extrusion

Loy srv » MM Outlet of biogas, m3t1VS
C
Ne | M R _|after| | A e |Gt
E | Tow tosﬁﬁ:” extru- S kWt 7d | 14d | 21d |28d | 35d
sion
17.5
1 — — (5-40) — — - - - 95 204 239 | 262 | 263
2 1 1:1 17.5 84 | 17.0 0.6 70,6 0,095 | 190 | 284 331 | 331|331
3 2 1:1 17.5 6.3 | 17.0 0.6 134 0,05 206 | 328 344 | 344 | 344
4 3 1:1.2 17.5 53 | 17.3 0.62 195.9 0,036 | 208 | 330 356 | 356 | 356
5 4 1:1.5 17.5 5.2 17.2 0.61 246 0,028 | 201 320 374 | 374 | 374
6 5 1:1.75 175 50 | 171 0.605 309 0,022 | 214 | 335 377 | 377 | 387
450
400 —
- — — —
;300 o -2
Soas0 —— 3
5 200 —3 - 4
%150 — —*— 5
%100 —/y -6
g 50 |4 7
0%,/ <> 8
50 10 20 40 50
Day

1 - seeding of methane bacteria from fermenter, 2 - wheat chopped straw from bales (17.5 mm), 3 - extruded
wheat chopped straw (1-time extrusion, 8.4 mm), 4 - extruded wheat chopped straw (2-times extrusion, 6.3
mm), 5 - extruded wheat chopped straw (3 - times extrusion, 5.3 mm), 6 - extruded wheat chopped straw(4 -
times extrusion, 5.2 mm), 7 - extruded wheat chopped straw (5- times extrusion, 5.0 mm), 8 - extruded wheat

chopped straw (1-time extrusion, 8.4 mm treated by permanent magnetic field of 1.8 mTI).
Fig. 2. Outlet of biogas by 42 days of fermentation in depending on divisible of extrusion of wheat chopped
straw.
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1 - seeding of methane bacteria from the fermenter, 2 - wheat straw from bales (153 mm), 3 - wheat chopped
straw from bales (17.5 mm), 4 - extruded wheat straw (2-times extrusion, 8.6 mm), 5 - extruded wheat chopped
straw (2-times extrusion, 6.3 mm)

Fig. 3. Outlet of biogas by 42 days of fermentation depending on the average length wheat straw from
bales before extrusion.

Table 5
Dependence of outlet of biogas on the average length of straw before extrusion

Lav.srv » MM Outlet of biogas, m%t VS

Ne | Mg | Ry | toextru- | after I, A | cosp Ce G.’l
3 ' kW-h/t | t 7d | 14d | 21d | 28d | 35d

sion extrusion

1 - - 153 - - - - - 68 | 197 | 224 | 229 | 248
2 | 2p |11 153 8.6 18.0 | 0.66 | 312 |0.025|191 318|336 |337|337
3 - - 17.5 - - - - - 95 | 204 | 239 | 262 | 263
4 | 2p |11 17.5 6.3 170 | 0.6 134 | 0.05 | 206 | 328 | 344 | 344 | 344
DISCUSSION surface area per unit mass, and thus, the

During research Ne. 10 (Table 3) with extruded
wheat chopped straw (5-times extrusion), which
was soaked before extrusion in water for 15
minutes at +16°C with sizes of parts of 5.0 mm x
1.4 mm, was got the maximum specific outlet of
biogas and biomethane, respectively 387 and 262
m?/t VS. At the same time, in research Nel6 with
analogical conditions of extrusion of straw, but
sifted through the sieve with the smaller closet’s
size (0.5 mm), were got the minimum specific
outlet of biogas and biomethane, respectively,
342 and 229 m3/t VS. The result coincides with
research of the influence of previous treatment of
winter wheat straw that were kept in shelters in
ordinary roll bales [7]. The lower sieve selected
in this experiment had size of cells 0.5 mm.
After sieving, was conducted previous cleaning
with hot water. Cumulative production of
biomethane was 225 m®t VS. Dry grinding was
chosen as the method of previous treatment
because the smaller parts have much larger

microorganisms and their enzymes have large
contact area to work. However, in our research,
was established regularity of decrease of specific
outlets of biogas and biomethane even with 5-
times extrusion in experiments with the length of
straw’s parts less than 5 mm. That is, grinding
really contributes to the availability of substrate
for microbial communities, but exists certain
limit of sizes to which should be conducted
grinding. For the microbial community is
necessary also certain area of carriers for
immobilization of microorganisms and creation
of colonies.

With decreasing the average length of extruded
wheat straw (Table 4) from 8.4 mm to 5.0 mm,
the outlet of biogas have increased from 331 m®/t
VS to 387 m¥/t VS, that is on 17%. Compared to
initial chopped straw (control experiment), the
average length of straw’s parts decreased from
17.5 mm to 5.0 mm, and the outlet of biogas has
increased from 263 mé3/t VS to 387 m/t VS, that
is on 47%. Attached to length of extruded wheat
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straw of 8.4 mm and treatment of substrate with
the permanent magnetic field of 1.8 mT (Table
3), the outlet of biogas increased from 331 m3/t
VS to 380 m3/t VS, that is on 15%, that allows to
receive the same amount of biogas, as attached
to the length of extruded straw of 5 mm (Me =5),
but with smaller power inputs for mechanical
treatment (Table 3-5; Fig. 2, Fig. 3). As shown
by the summary curves (Fig. 2, Fig. 3), the speed
of methanogenesis process considerable measure
was depended on the method of previous
treatment. A significant difference was given by
the results of researches in which respectively
were used wheat straw from bales of durable
keeping and fresh straw. Thus, with 5-times
extrusion, sizes of parts of straw practically
converge, but the outlet of biogas in experiment
Ne. 10 (Table 3) adds up 387 m®t VS, for
methane — 262 m3/t VS, which is lower by about
10% in comparing with the result of experiment.
Ne.11 — biogas 426 m®/t VS, methane - 298 m/t
VS. This is also confirmed in experiments with
chopped straw: the outlet of biogas in
experiment Ne. 3 (263 m®t VS) is lower
comparing to the result of experiment Ne. 4 (295
m/t VS) on 12%. The difference can be
explained by the fact, that deteriorated in store
("gray") straw are washed out the chemical
elements and already partly are lost its
nutritional properties, since take place partly
disintegration of microorganisms by account of
additional feeding with nitrogen, which they
intercept from the air.

The results of the given research coincide with
the results of work [17], in which investigated
the bioconversion of lignocellulosic waste
(wheat straw) after physical and chemical
previous treatment and cattle manure in the
process of anaerobic joint fermentation in
mesophilic bioreactors of periodical operation.
Increases biogas production with increasing of
the content volatile matter (VS) in wheat straw
and decreasing correlation of inoculum-
substrate. (ISR). On the level of total content of
solid matter (TS) 3% and correlation of
inoculum-substrate (ISR = 1), outlet of biogas
and methane were respectively 510 and 307 m/t
VS. Some difference in the productivity of
biogas in the work [17] and the given researches
caused by 12% difference correlation of
inoculum-substrate, and also the chemical
previous treatment of wheat straw, which, by the
way, complicates the technological process of
biogas production. The results of this research on
outlet of biomethane also coincide with the
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results of work [13], in which investigated the
influence of three different methods of previous
chemical treatment of wheat straw with using:
N-oxide of organic solvent at 120 °C for 3 hours;
ethanol as an organic solvent at 180 °C during 1
hour; alkaline treatment with NaOH at 30 °C
during 24 hours. The three methods of previous
treatment had different influence on the chemical
content of straw. Thus, previous alkaline
treatment was the most effective for removing
the lignin’s fraction. The influence of different
scales of mechanical fragmentation binding of
different  concentrations of NaOH on
lignocellulosic components and removal of
lignin from wheat straw is shown in [8]. The
content of lignin rapidly decreased with
increasing concentration of NaOH and then
reached stable value of about 13% when the
concentration of NaOH was higher than 6%. Are
known that lignins straw of grass plants are
structurally different from lignins of soft or hard
wood, and lignins of straw have characteristic
solubility in alkalis. The solubility of alkalis is
explained by the presence of alkali-labile
complicated ethereal links between
hydroxycinnamic acids and hemicelluloses
(arabinoxylans) in complexes of lignin/phenolic
substances—carbohydrates. The action of
permanent magnetic field in the process of
anaerobic  fermentation manifests itself in
significant decrease of level of oxidizing-
renewable potential and increasing of pH
substrate and corresponding increasing of the
rate of chemical reactions in our research in 2020
Year . It should also be emphasized the fact that
inoculum itself, as component of mixture, also
has lignin up to 10% from the mass of dry matter
[23]. Assuredly, the concentration and effect of
alkaline environment (increasing pH) in the
given research were much smallerr, but the
synergistic effect from increasing the rate of
chemical reactions and some dissolution of
lignin in substrate was manifested.

It is interesting to compare the results (Table 3)
with the results achieved in [5, 16, 19, 22],
which demonstrate the synergistic effect in
fermentation of mixture of waste and,
accordingly, the possibility of adding to wheat
straw various nutritional remnants. In work [5],
mixture of cow’s hem waste with blood (SB),
various nutritional remnants (VC) with content
of straw (37.5%), foods for animals (37.5%), and
waste of fruits and vegetables 12 (25 %). The
outlet of biomethane of 452 m/t VS indicates on
the achievement of the synergistic effect even



PROBLEMELE ENERGETICII REGIONALE 4(60)2023

with low launching value of correlation C/N=
11.8. In work [16], were used mechanically
previous treated lignocellulosic remnants (wheat
and rice straw, pulp and wheat straw, bagasse
and rice straw, pulp, wheat and rice straw) in
anaerobic bioreactors of periodical mode under
mesophilic mode. The synergistic effect formed
maximum value of 339 NmLCH4/gVS and
stable production of biomethane at correllation
of substrate to inoculum (S/1) of 1.5 by the way
of joint decompose of wheat and rice straw. At
the same time, the lowest outlet of biomethane of
15.74 NmLCH4/gVS was observed for mixture
of bagasse and rice straw at correlation of
substrates to inoculum of 2.5. Besides, all
studied mixtures had demonstrated significant by
duration (up to 20 days), lag-phase which was
not observed in this research (Fig. 2, Fig. 3).
Strategies for biological previous treatment of
lignocellulosic resources of second-generation
for increasing of biogas production are
demonstrated in works [19, 22]. However,
strategies of chemical and physical previous
treatment demonstrate natural defects, including
the formation of inhibitory products, biological
previous treatment, more often propagandize as
ecologically pure process with low energy
consumption, low outlays on utilization, and
milder conditions of exploitation. Polyporus
brumalis BRFM985 was cultivated on wheat
straw to investigate the simultaneous influence
of previous treatment parameters on anaerobic
fermentation, including initial moisture of
substrate, temperature, duration, and adding of
metal. For quantitative judge importance of each
parameter and also synergistic effect between
them was used methodology reaction of surface.
First of all, the addition of metal and secondly,
the duration of previous treatment led to the
positive influence. Nevertheless, the promising
potential of methods of biological previous
treatment has not been fully realized yet, and the
highest achieved production of methane 182 m®t
TS during 20 days that is rather low result in
comparison with the given research (Fig. 2, Fig.
3).

In this work, it is possible to compare the
anaerobic joint fermentation of cattle manure
with crushed wheat straw with the results of
research [23], in which, with an average length
of parts of wheat straw, crushed straw of 20 mm,
the outlet of methane on 42 day was 250 m/t VS.
which exceeds the result of experiments Ne.3 and
Ne.4 (Table 3). But this is explained by the fact
that the research [23] was carried out in
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laboratory’s reactors in thermophilic mode (50
°C).

At the same time, the results of this research
significantly exceed the results of experiments
[18, 20] that were carried out in laboratory’s
reactors (5 I) that worked with organic loading of
raw straw or straw subjected to steam explosion,
during (joint processing) joint digestion with
cattle manure. Processes over 25 days at
operating temperatures of 37, 44, or 52 °C
showed stable productivity but low outlet of
methane (0.13-0.21 N L CH4/kg VS) for as
separete manure and so as joint digestion with
straw.

An evaluation of three versions of previous
treatment, i.e., mechanical treatment, steam
explosion, alkaline treatment, shows that
mechanical previous treatment is economically
more beneficial than the other versions, even if
the expected outlet of biogas is evidently lower
[1]. This is connected with that the previous
chemical or thermal treatment leads to high
investment costs due to high pressure,
temperature or long processing time of
treatment. In this research, the specific energy
intensity of the extrusion process has
proportional dependence on C.=65.2-M,

divisible of extrusion (Table 4). When the length
of the extruded wheat straw is 8.4 mm and
treatment of substrate by permanent magnetic
field of 1.8 mT (Table 3), the outlet of biogas
increases, which allows to obtain the same
amount of biogas as with 5-times extrusion, but
with smaller amount in 4.28 times the power
inputs for extrusion (Fig. 2, Fig. 3). At the same
time, is kept sufficient productivity of the
process of biogas production and the output of
biomethane increases by approximately on 5.5%.

Understanding that in water under the
influence of magnetic field, eventuating its
structural rearrangement, and on some chemical
elements and compounds also influence
magnetic field, it is possible to trace the
influence (direct or mediated) on specific
technological result. A few examples will insert
clearness in this statement. Many researches
have shown that water that has been previously
suffered influence of electromagnetic, electrical,
vibrational or magnetic fields kepts its biological
activity during long periods of time. At the same
time, is observed change on specific electrical
conductivity, magnetic susceptibility, surface
tension, and viscosity [12]. The water kepts and
transmits information that is concerned to
dissolved substances with the help of the
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hydrogen net. The evolution of physical-
chemical parameters over r the time provide for
trigger effect of the structure of molecular
aggregates after the potentiation procedure [6].
The magnetic system, is configured for mode of
water destructuring, ensures increasing of
monomolecules in its structure to 30%. Since
water monomolecules have minimum size in
comparing to clusters, they easily penetrate into
cells. Besides, they are anomalously polar and,
therefore, able to quickly dissolve microcrystals
of salt and ensure the unobstructed supply of
nutrients to cells of microorganisms. The
concentration ~ of  hydrogen ions  (pH)
significantly effects on the development of
microorganisms already in the of process
fermentation in the bioreactor.

Taking into account the high concentration of
magnesium, iron and calcium in straw (Table 1)
and substrate, including the magnetic isotope
25Mg, Ca (2+), we can assume that their
participation in the process of intensification of
methanogenesis [3, 11]. Existing models of
functioning of biological membranes [6, 12]
represent ion channels as water pores of atomic’s
sizes, formed by macromolecules with active
charged centers. At the same time, the charge
centers create a constant electric field,
perpendicular to surface and is external to ratio
to parts of the interphase region. The direction
action of the force is determined by the sign of
charge of the part. In the biological membranes
exists channels, the properties of which change
on the applied influence, for example, of electric
or magnetic field.

These effects are called "gates", since by
opening and closing the pore under the influence
of field, they control by the movement of ions.
The proposed theoretical models in [4, 6, 12] and
experimentally determined characteristics of the
physical-chemical processes in bioreactor give
good qualitative convergence of the influence of
magnetic  field on activation of the
methanogenesis  processes ~ which  were
considered in the given work. The effects of
change in oxidizing-restoration potential and pH
are shown for different substrates both under the
influence of rotating electromagnetic field with
level of magnetic induction of 0.0035 T, and
when substrate is moved in field of permanent
magnets with the level of magnetic induction of
0.065 T. The industrial implementation of the
method of activation of anaerobic fermentation
processes is eventuated by the way of using
multifunctional electromechanical converter with
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an external massive hollow rotor on which are
located the pallets, intended for mixing the
substrate. The magnetic field of interharmonic
frequencies is formed in the zone of contact of
rotor and substrate in our researches in 2017-2019
Years. The methodology of activation of
anaerobic fermentation processes by magnetic
field can be also used by the way of influencing
on the catalyst process nickel [28] and synthetic
magnetite.  Schematically, the process of
obtaining of synthetic magnetite can be written
as follows:

FeCly + 2FeCl3 +8NH3-H20 —
Fe304 +8NH4CIl +4H20
Iron chloride practically is almost always dissolved
in water, and ammonia hydrate is present in the

process of bioconversion of cattle manure water or
bird droppings.

CONCLUSIONS

Biogas technology with using mechanically
processed wheat straw can provide link between
livestock and crop production, thus playing an
important role in self-sufficient eco-agriculture.

Was conducted an experimental analysis of the
possibilities of using and proposed acombined
method of previous mechanical-magnetic
processing of deteriorated in store (“gray")
winter wheat straw from bales in production of
biogas in which is formed synergistic effect.

When the length of extruded wheat straw is 8.4
mm and treatment of substrate with permanent
magnetic field of 1.8 mT, the outlet of biogas
increases, which allows obtaining the same
amount of biogas as with 5-times extrusion, but
with less on 4.28 times power inputs for
extrusion. At the same time, is kept sufficient
productivity of the biogas production process,
and the outlet of biomethane increases by
approximately on 5.5%.

Extrusion and influence of magnetic field not
only shorten the lag- phase and activate the rapid
growth of the microbial community in
bioreactors, but also significantly shorten the
stationary phase of their development.
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Optimizing Electric Vehicle Charging with Moth Flame Control Algorithm
of Boost-KY Converter
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Abstract. Electric vehicles have assumed a prominent role in future transport system due to the
diminishing availability and escalating costs of fossil fuels, coupled with growing concerns about the
impact of global warming. The purpose of the work consists in addressing the pressing need for efficient
and sustainable solutions in the realm of electric vehicles and renewable energy integration. The tasks
solved in the article to achieve the given goal are the following: an improved Boost-KY converter has
been introduced to counter the inherent limitation of low PV panel voltage output. This converter
effectively mitigates voltage and current ripples, thereby ensuring a stable power supply for EV
charging. Additionally, the Moth Flame Optimized Proportional Integral (MFO-PI) controller has been
implemented to regulate converter operation, demonstrating exceptional proficiency in mitigating PV
output unpredictability. MATLAB simulation is done to validate the proposed system's performance.
The most important results are the achievement of impressive maximum efficiency of 96.21% and
remarkably low Total Harmonic Distortion (THD) value of 1.04%. The system maintains consistent
voltage and current levels for PV panels and EV battery, ensuring dependable energy supply. The
significance of the results obtained consists in their potential to revolutionize the intersection of
renewable energy integration, electric vehicle (EV) adoption, and sustainable transportation
practices.The PV-based EV charging system not only reduces dependence on finite fossil fuel resources
but also contributes to environmental preservation, aligning with global efforts to combat climate
change. Furthermore, system adheres to stringent requirements of IEEE 519 standards, positioning it as
a catalyst for the adoption of clean energy solutions within the future transport system.

Keywords: PV system, electric vehicle, improved Boost-KY converter, Moth Flame optimized Pl
controller.

DOI: https://doi.org/10.52254/1857-0070.2023.4-60.10

UDC: 621.3

Optimizarea incarcirii vehiculelor electrice cu ajutorul algoritmului de control optimizat prin metoda
”molie-flacira” a convertorului Boost-KY
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Cercetitor stiintific, Facultatea de Inginerie Electricd, Universitatea Medi-Caps, Indore, MP, India.
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tot mai reduse si a costurilor tot mai mari ale combustibililor fosili, precum si a preocuparilor tot mai mari legate
de impactul incélzirii globale. Prin urmare, obiectivul principal al acestei cercetari este dezvoltarea unui sistem de
incédrcare a vehiculelor electrice eficient si durabil bazat pe energie fotovoltaica (PV), utilizind productia de
energie fotovoltaicd viabila la nivel mondial. A fost introdus un convertor Boost-KY Imbunatitit pentru a
contracara limitarea inerenta a tensiunii scazute de iesire a panoului fotovoltaic. Acest convertor atenueazd in mod
eficient undele de tensiune si de curent, asigurand astfel o sursa de alimentare stabild pentru Incarcarea vehiculelor
electrice. In plus, a fost implementat controlerul MFO-PI (Moth Flame Optimized Proportional Integral) pentru a
regla functionarea convertorului, demonstrand o competenta exceptionald in atenuarea imprevizibilitatii iesirii PV.
Simularea MATLAB este realizatd pentru a valida performanta sistemului propus. Cele mai notabile rezultate ale
acestui studiu includ obtinerea unei eficiente maxime impresionante de 96.21% si o valoare remarcabil de scdzuta
a Distorsiunii armonice totale (THD) de 1.04%. Un sistem de incércare a vehiculelor electrice bazat pe panouri
fotovoltaice nu numai ca reduce dependenta de rezervele limitate de combustibili fosili, dar contribuie si la
conservarea mediului, ceea ce este in conformitate cu eforturile globale de combatere a schimbarilor climatice. In
plus, sistemul indeplineste cerintele stricte ale standardului IEEE 519, facandu-l un catalizator pentru introducerea
de solutii de energie curata in sistemul de transport al viitorului.

Cuvinte-cheie: sistem fotovoltaic, automobil electric, convertor Boost-KY imbunatatit, controler PI optimizat cu
algoritmul ’molie si flacara”.

© Santosh D. Gadekar, Murali M., 2023 126



PROBLEMELE ENERGETICII REGIONALE N (NN) AAAA

OnruMu3anus 3apsaaKH JIeKTPOMOOHIelf ¢ MOMOIIBI0 ONTHMH3NPOBAHHOTO C MOMOIIBIO METO1a
"Motbuiek-Ilaams» ITU-peryasTopa dycreproro KY-npeodpasoBarens
Canrom [I. Tagexap’, Mypanu M.2
'Hayunsblii coTpyaHuK, haKyIbTeT sneKTpoTexHuky, YHausepcuter Medi-Caps, Munop, mrat Maccauycerc,
Nnnusa
2Jlouent kadeapsl aekTpoTexHuku yHusepcutera Medi-Caps, Munop, wratr Maccauycere, Maaus

Annomayus. DIEKTPOMOOWIN HWIpPAlOT BaXXHYIO PO B TPAaHCIOPTHOW CHCTEME OYAyIIEro B CBS3H C
YMEHBIIIEHHEM JOCTYITHOCTH M POCTOM CTOMMOCTH MCKONIAEMOTO TOIUIMBA, & TAKKE PACTYIIMMH OINACCHHUAMH IO
MOBOJy HOCJIEJICTBUH TJ100anbHOrO moTeruieHus. Takum oOpa3oM, OCHOBHOH LEJIBIO JaHHOTO HCCIIEIOBAHMS
ABIsieTcs  pa3paboTka A(PQEeKTUBHOW M YCTOHUMBOM CHUCTEMBI 3apsiIKU JIICKTPOMOOMJIEH Ha OCHOBE
(hOTOINEKTPUUECKHX DIIEMEHTOB, UCIIOJIb3YIOIIEH TI100aIbHbIE BO3MOKHOCTH ITPOU3BOICTBA (POTOAIEKTPHUECKOM
sHeprud. [yt 60pbOBI ¢ OrpaHUYEHUSMHE, CBSI3AHHBIMH C HU3KHM BBIXOJIHBIM HAINPsHKEHUEM ()OTOIIEKTPUUECKHX
naHenei, ObL1 pa3paboTaH yCOBEPILEHCTBOBaHHBIM IpeoOpazoBarens Boost-KY. DtoT mnpeobpasosatersb
3¢ PEKTUBHO CHIDKAET IMyJIbCAILIMN HAIPSDKEHMS U TOKa, 00ECIeyrBasi TeM CaMbIM CTaOMIBHOE 3JIEKTPOIUTaHUE
UL 3apsAKH dJekTpoMmobmieid. Kpome Toro, ams peryimupoBaHHs pabOTHI mpeoOpa3oBarens ObLT MPUMEHEH
ONITUMHU3UPOBAHHBIN MIPOTIOPIIMOHATBHO-HHTET PATIbHBIH (MFO-PI) KOHTPOJUIEP Moth Flame,
JEMOHCTPHPYIOMNI HCKITIOYUTENBHYIO 3()()EKTHBHOCTh B CHIKEHHH HETIPEICKAa3yeMOCTH BBIXOIHOTO CHTHAJA
(oroanexTprueckux nanene. s moarsepxaeHust 3¢ HEKTUBHOCTH IPEIUIOKCHHOW CHCTEMBI OBLTO IPOBEAECHO
monemupoBanne B MATLAB. HanGonee mpumeuaTenpHBIC pe3yNbTaThl NAHHOTO HCCICJOBAHUS BKIIOYAIOT
JIOCTHXKEHUE BreuvaTisiomero MakcumansHoro KITJL 96.21% 1 yAMBUTENbHO HU3KOTO 3HAUYEHUS CYMMAapHBIX
rapmonuueckux uckaxenuit (THD) 1.04%. Cuctema noanepkuBaeT NOCTOSHHBIN YPOBEHb HANPSKEHUS U TOKA
Kak JuIs pOTORJIEKTPUYECKUX TTaHeJeH, TakK U Ul akkymynaTopa EV, obecrieunBas Ha/ie)KkHOE SHEProcHaOKeHHE.
3HAYUMOCTh TMOJYUYCHHBIX PE3YJIbTATOB MOAUYCPKUBACTCA WX IMOTCHIUAJIOM Ui PEHICHUA Ba)KHCHIIIMX 3aga4 B
00J1aCTH YCTOWYHMBOTO Pa3BUTHS TPAHCIIOPTA M MHTETPAIMK BO30OHOBJSIEMBIX MCTOYHUKOB 3Hepruu. Crucrema
3apsIIKU DJIEKTPOMOOMIEl Ha OCHOBE (POTOIJICKTPUYECKUX MaHeNeil He TOJBKO CHHMXKAET 3aBHCUMOCTH OT
OTPaHWYEHHBIX 3aIlacOB MCKOMAEMOT0 TOIUIMBA, HO M CIOCOOCTBYET COXPAaHEHHIO OKPY’KAIOUIEH CpPEeabl, 9TO
corylacyercs ¢ TI00aNbHBIMH YCHIMAMH 10 00pb0e ¢ m3MeHeHneM KiimMata. Kpome Toro, cucrema cooTBETCTBYET
KecTKUM TpeboBaumsaM cranaapra |[EEE 519, uto nemaer ee karanmu3aTopoM BHEAPEHUS 3KOJIOTHYECKH YHCTHIX
9HEPreTHYECKUX PEIICHUI B TPAHCIIOPTHYIO CHCTEMY OyAyIIero.

Knrwouegvie cnoea. GoTodnekTpuiecKas CHCTEMA, 3IEKTPOMOOMIb, ymyqmenHslii Boost-KY -mpeobpazosarens,
ONTHIMU3UPOBAHHBIM METOJIOM «MOTBUICK - miams» [T -perymsrop.

1 INTRODUCTION the ability to be energy independent. [4, 5]. Some
of the recent innovations introduced in the field of
PV based EV charging station with their features
and constraints are listed in Table 1. Integrating
PV panels in series or parallel is not a realistic
way to increase voltage or current due to the
significant space and cost requirements. As a
result, a DC-DC converter with a larger gain
voltage conversion ratio is necessary to create
substantial voltage outputs [6]. Boost converters
are frequently used in PV applications to convert
DC to DC voltage, although step-up voltage ratio
is the only other option [7]. Additionally, the
discontinuous input and output that results in gain
swings in Boost converters necessitates the use of
extra switching machines. Several architectures
have employed Buck-boost converters for the
functioning of MPPT in an effort to offset these
problems, however these converters suffer from
higher switching stress [8]. Additionally, the
discontinuous input current of buck-boost
converters prevents them from executing
optimum MPPT in the lack of substantial
coupling capacitors. These converters also require
big input capacitors. Single Ended Primary
Inductance Converter (SEPIC) and Cuk converter

Consuming fossil fuels has drawbacks like
limited supply sources and environmental
concerns. Due to the depletion of fossil fuel
supplies, renewable energy alternatives have
emerged [1]. There are various ways to lessen
pollution caused by the burning of fossil fuels in
terms of environmental problems. For the
transportation of people and commodities, the
transportation industry requires a substantial
amount of oil and gas resources, which produces
CO; emissions and environmental damage [2]. As
consequently, electric vehicles (EVs) have been
proposed and are now being utilized to reduce
fossil fuel usage and CO. emissions. The
controller of an EV uses electricity from the
renewable energy sources or utility grid to charge
the battery [3].The PV panels have become
increasingly considered to be superior energy
source solutions to charge EVs when compared to
other renewable resources. Solar power plants are
currently utilized as primary source of energy to
charge EV batteries because of a range of benefits
which includes as lower maintenance and
operation costs, a low carbon footprint output, and
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can now overcome the shortcomings of buck-
boost converters. [9, 10]. However, these types of
converters are incapable of generating significant
speed up/down voltage and are confined to a
moderate power range. Huge input and output
inductors are necessary for high-powered
operation, and the converter is badly affected by
grid variations. The above limitations are
overcome by using Improved Boost-KY
converter. The proposed converter is designed by
the incorporation of Improved Boost [11] and KY

converter [12] to provide a higher voltage
conversion ratio, making it well-suited for
boosting the low-voltage output of PV panels to
levels required for efficient battery charging or
grid connection. This converter lowers the
harmonic content and improves system
functionality even more by ensuring a stable
power supply for EV charging.

Table 1
Recent innovations in PV based EV charging station
Methods Remarks
Fuzzy Logic Control Contributions | Renewable energy integration, efficient
(FLC) [13] charging, decentralized energy management

and adaptability.

Constraints

The scalability of the system for larger charging
stations or grid integration present challenges.

Mixed Integer Linear Contributions

Programming (MILP)

Profit maximization, optimal battery sizing,
efficient resource utilization and grid stability.

[14] Constraints

The limitations include dependence on accurate
data, computational complexity, reliance on
load forecasts and high upfront costs for optimal
solutions.

Fuel Cell-Electrolyzer Contributions

Unit [15]

Sustainability,
independence and reduced grid dependency.

cost efficiency, energy

Constraints

Challenges related to the initial cost, weather
dependence, and complexity of integrating
multiple energy sources

Intelligent Energy Contributions
Management Scheme

(IEMS) [16]

Peak
management, grid impact reduction and cost
effectiveness.

load reduction, efficient energy

Constraints

Integration
scenarios.

challenges and limited grid

Charging/Discharging Contributions
Scheduling Algorithm

[17]

Charging satisfaction, economical operation,
energy efficient
balancing.

operation and grid-load

Constraints

Lack of energy storage and environmental

considerations.

It is considered necessary to implement a
proper controller to optimize the dynamic
characteristics of the converter to provide a stable
and controlled output. Because of its simple and
feasible design, the operation of converters in a
solar system is often regulated by using a PI
controller [18]. Nevertheless, even minor load
variations degrade the effectiveness of the
controller, and its variables are difficult to adjust
in non-linear applications such as PV systems.
The trial and error method is the most frequently
utilized P1 controller tuning method, and it is error
prone, time consuming, and inaccurate. The
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disadvantages of traditional tuning techniques are
being addressed as computer technology and
optimization approaches advance. A genetic
algorithm is utilized to modify PI controller's
factors; however, the computation time is long
due to slow convergence, and imprecise
population coding reduces the performance of
GA. For PI parameter tuning, particle swarm
optimization technique is used [19, 20]. Although
the PSO has the advantage of rapid convergence,
its application is restricted by the difficult of being
trapped in local optima. GWO has fewer
parameters, simpler principles, and is easier to
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implement than conventional optimization
approaches such as PSO and GA [21, 22]. GWO
[23], on the other hand, low solution accuracy, has
slow convergence speed and is prone to falling
into local optima. Therefore, to solve these
problems, Moth Flame optimization algorithm is
presented here. MFO-PI controller simplifies the
adjustment of its parameters, making it more
suitable for non-linear systems [24]. It avoids the
need for manual, time-consuming, and error-
prone tuning methods like the trial and error
approach. It offers rapid convergence and
efficiently searches for optimal controller
parameters, reducing the time required for tuning.

This work proposes the PV based EV charging
system using Improved DC-DC converter with
optimized Pl controller. The solar panel DC
voltage energizes battery for EV charging
whereas an excess energy from PV system is
enhanced through the use of Improved Boost-KY
converter and further supplied to the grid. The
efficient proposed converter regulation is
obtained by using MF optimized Pl controller.
Moreover, the MF optimized PI controller offers
quick transient response and enhanced
convergence speed compared to conventional Pl
controller. The grid supplies energy to the battery
for EV charging during shortage of power from
the PV system. This proposed work distinguishes
itself from existing ones by offering a

-
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/

A
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GENERATOR
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V
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Iv

4
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i PWM PULSES

comprehensive and innovative solution that
combines advanced converter technology and a
specialized control strategy. While traditional
converters struggle with fluctuations in PV panel
output, this innovative converter ensures
reliability in energy transfer for EV charging. The
implementation of the MFO-PI controller is
specifically  designed to  handle the
unpredictability in PV output. Its exceptional
proficiency in regulating the converter operation
ensures that the system can adapt to varying
conditions, maintaining stable power levels even
when faced with fluctuations.

2. PROPOSED SYSTEM
DESCRIPTION

The demand for EVs is growing by the day,
and one of the most significant problems is a
shortage of facilities for charging. Countries are
striving for quick expansion of renewable energy
to be used as a charging station source in order to
lessen their carbon footprint. For the advantage of
the system as a whole, this research designs an
optimised Pl controller combined with solar PV
in an EV charging station. The schematic
depiction of an organized efficient optimized
control for a PV powered EV charging station is
shown in Fig. 1.

19 GRID
728 |
19 VSI Ly C,I Uy
e

I PWM PULSES

PWM
GENERATOR
PI A\
A P,
tCONTROLLER "—\ /<_* s Pref, Qref

T Pach Qact

Fig. 1. PV powered EV charging station, using MF optimized PI controller.

In most cases, the electricity generated by a PV
system is utilized to charge battery of an electric
vehicle. To increase the excess PV voltage, an
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Improved Boost-KY converter is used in the
proposed work. The proposed converter achieves
high voltage gain, improves efficiency, and
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lowers costs. Nevertheless, voltage preservation
is required to ensure efficient power production
with minimal loss; therefore, the MF optimized Pl
controller is established. By adjusting the PI
controller's parameters, the MFO helps to
improve the system's efficiency and stability. The
generated DC link supply is passed to single
phase VSI for active AC conversion, together
with a PI controller for voltage stabilisation. The
LC filter connected to the system reduces
harmonics and improves grid supply. The
proposed converter achieves maximum efficiency
with enhanced THD value. At times of power
deficiency from PV system, the grid energizes the
battery.

A. PV System Modelling

Photovoltaic cells are one of the fundamental
elements of solar power plants that transform
solar power into electrical energy. Fig. 2 depicts
the corresponding circuitry of a PV cell and
its components.

N\ i
\\4“44& 'i‘ ‘ S: D § Ry Vi

Fig. 2. Equivalent circuit of PV cell

Equations (1, 2, 3, 4, 5 and 6) can express
mathematical formulas that describe the PV
module in single diode model, which consists of
series-connected PV cells.

I=1,—1g—1 . 1)
21,1, e VARI) | _V+R @
aNth Rsh
KT,
Vi=—=, ®)
q
Iph = <Iscn +KT (TC +Tcn )) 4 (4)
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l, =——— 6
& Voc ( )
ex .
p a'NSV'ln
Where 1, -photo generated current; I, -

current parallel resistance; I, - diode saturation
current; 1, -diode current; V -terminal’s voltage,
a -ideality factor; N, - number of series cells; R, -
series resistance; V,thermal voltage;K K -
Boltzmann constant ;R -Shunt resistance;T, -
PV cell's temperature in Kelvin;q- electron
charge;G- solar irradiance; 1, - short circuit
current under standard test conditions (STC); K, -
temperature coefficient ofl ;V,. - voltage of
open circuit ; E -band gap energy. Due to the

inconsistency of solar energy, the voltage
provided by PV is generally insufficient for grid
operation. As a result, converter deployment is
essential and the proposed research produced a
unique converter for voltage boosting, which is
detailed below.

B. Improved Boost-KY Converter Modelling

Fig. 3 depicts an improved Boost-KY
converter proposed in this paper to increase the
excess PV voltage.

Fluctuations in voltage and current passing
through converter components are demonstrated
in various operation modes.

The converter in use is in continuous
conduction mode (CCM). The filtering elements
utilised by the Improved Boost and KY converters
included inductor L, and capacitorC,.

These converters share a common load. In Fig.
3 () & (b), the operating modes of the converter
are indicated.

¢

>

L,

J—’W

C;

Ry

ARG

Fig. 3. Proposed Improved Boost-KY converter
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A 4

Fig. 3(a). Stage 1.

A 4

R,

Fig. 3(b). Stage 2.
Stage 1

Operation at Stage 1: During this state, the
switch S, is ON, the switch S, is OFF, and diode

D is reverse biased due to the voltage between the
inductor L,

The capacitor C, releases its stored power and
charges the inductor L, , whereas the capacitor C,
releases its saved charges to the load and the
output capacitor C, . Furthermore, Table 2 shows

the charging conditions of the converter's various
components.

Table 2
Improved Boost KY Converter switching state
. Inductors | Capacitors
Switch Diodes P
81, S2 D Ll L2 Cl CZ Co
0,1 1 T 0 VA O
1,0 0 l J T

J —discharging, T —charging

Operation at Stage 2: During this mode 2, the
switch S, is OFF, switch S, is ON, and diode D

is forward biased and conducting. In contrast to
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mode 1, the inductors L, and L, are discharging
while the capacitors C, and C, are charging.

Considering the subsequent path:
Vey,L,C,L,,C, and C with the assistance of
KVL.

Voy +V, +Ve, +V +V +V =0 (7)

The voltage over the capacitor C, is specified

as follows:
Vq =Vey (8)

Assuming the switch S, has been turned ON

at interval DT in stage 1, the voltage across
inductor L, is expected to be,
VL1 =Vey 9)

Examine the outermost route in mode 2 and

use KVL,
Voy +V +V, +V, =0 (10)

Ve,

On consideringV,, =
Vo +V, +Vp, +V, =0 (11)
(12)

When there is a periodic operation, average
voltage across the inductor is zero.

(\/Ll,swon)(DT)+(VLl,swoff )(l_ D)T =0 (13)
V., (DT)-V, (1-D)T =0 (14)

Where switch’s duty ratio is represented by D.
The V, is written as,

D
Vo =V (Ej (15)
The duty cycle is specified as,
Y
= o 16
Vo +VPV ( )

Thus, the proposed Improved Boost-KY
converter is able to employ in a variety of
applications. Whenever the converter has no
losses, the energy received by the load is equal to
the converter input power,

P

PV

=P

o)

(17)

Input current has a value equal to |
L
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Pov =Vey lpy =Vey I, (18)

The predicted output power P, is,
P =V]I, (19)
Voy I, =V, 1, (20)

The average inductor current is calculated to
be,

A V.2

—_0 o0 _ o

- V _VPV R0

PV

I, =lay (21)

When S, is turned off, the modification ini_ is
displayed as,

V,,DT V

Al = === 22
L L . (22)
The ripple voltage at the output is expressed
as,
AV, =AV, = VoD (23)
° R,Cof

C. Moth Flame Optimized PI Controller
Modelling

A PI controller is a form of closed loop
controller that is widely utilized in a wide range
of applications. A Pl controller requires to
preserve the desire voltage by varying duty
factor of the Improved Boost-KY converter’s
output based on the difference among organised
and real output voltages. It results in higher peak
variations and a slower response time, As a result,
optimum tuning is critical, which MFO [25]
achieves in this research. To improve
performance of the proposed converter, and
parameters of a Pl controller are modified using
MFO.

MFO Algorithm

One of the population-specific techniques
influenced by moth flying and navigation
behaviours is MFO. Throughout the night time,
the moths fly at a position that is set to the moon.
As a result, it is capable of flying in a direct path
for a considerable distance. In the occurrence of a
small distance artificial illumination,
nevertheless, moth is going to fly in a spiral
pattern as it attempts to keep a fixed position
towards the light source. Because of the presence
of the solution sets during the process of
optimisation, this method has a strong potential to
avoid local optimum. The MFQO's most recent and
most effective approach serves as a guide for
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moths. Because of this circumstance, the moths
are unable to be contained in lack of progress, and
so convergence is confirmed.

The calculated representation of the MFO
technique, that involves a fixed of rules, is
depicted in the matrix as given as:

my, My
M=| ! : (24)

m m, 4

n,1

Where mthe overall moths and number of
dimensions is indicated by . For every month,
the statement is put forward that an array occurs
for recording related fitness values as given as:

oM,

OM =| OM, (25)

oM,

Where n is the number of moths. The fitness
value for each moth is the final output of the
fitness function. Since matrix M is a constant
encoding, it must be decrypted into a
transformation integer in order to express a
possible meeting process utilising the topology
sort process. Each moth's location vector is then
passed to the fitness function. The result of this
function is assigned to relevant moth asOM,.

Flames constitute another crucial feature via the
MFO algorithm, that is represented in the matrix,
that's similar to the moth's matrix seen following
to enhance the possibilities.

Fl,l

Fl‘d
F- :

: (26)
Fn,l

Fn,d

Here the d is the dimension parameter and
denotes no.of flames. The function is related with
the construction of initial solutions and the
computation of objective values, for which
several randomized distributions are has been
used. It needed to be emphasised that both
solutions used moths and flames. The variations
between them were caused by the treatment
approach and the updating of both solutions in
each cycle. Moths are regarded to as original
search agents since they roam about search space.
Flames, on the other hand, are recognised as the
finest position of moths that gains so far. As a
result, if a better option is found, each moth
searches for a flame and jumps into it. A moth's
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optimal approach is never lost due to this
technique. The MFO method is made up of three
tuple approximating global optimal functions that
are as given as:

MFO =(1,P,T) @7)

If 1is the randomised moth’s population
activation function, and appropriate value of
fitness is summarised as given as:

M, = (ub(i)~Ib(i)rand () +1b (i)

Where ub and Lb are variables lower and upper
limits,  respectively.  Following  function
systematic model is:

1:@—{M,OM}

( START )

v

INITIALIZED THE MOTHS
PARAMETER RANDOMLY

Y
CALL PI CONTROLLER

v

CALCULATE THE FITNESS
FUNCTIONS AND TAG THE BEST
POSITIONS BY FLAMES

=
L)

(28)

(29)

C )

The e P function, changes the moths
throughout the search space. This function obtains
the M matrix and eventually yields its modified
version.

P:M —>M (30)

T function returns true if the termination
requirement is fulfilled. At that point, if
termination requirement is dissatisfied, the T
function returns false:

T:M — {true, false} (31)

A logarithmic spiral is defined as follows for
the MFO algorithm:

s

M,, F,

ithj

)=D,e".cos(2xt)+F; (32)

L~

Y

UPDATE FLAME NUMBER,T,AND,R

ITER-ITER+1

3

!
CALL PI CONTROLLER

v

CALCULATED FORTHE
CORRESPONDINGMOTH

Y

UPDATE M(j, j) FOR THE
CORRESPONDINGMOTH

ALL
TERMINATION
CRITERIA
SATISFIED

-1

GET BEST SOLUTIONS
FOR PI CONTROLLER
(Kp AND Ki)

!

END

Fig. 4.Flowchart of MF optimized PI controller.

Fig. 4 illustrates the flowchart diagram for MF
optimized PI controller.

In this equation, D, denotes distance of the
i—th moth for j—th flame, b is logarithmic

spiral, and t is random number. D is estimated as
given as:
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D =|F, - M| (33)

Where M, represents the i-th moth, F

represents the j—th flame. A moth can navigate
around a flame using the spiral equation, but it is
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not fundamentally in space between them.
Adaptive convergence over the course of
iterations, constant r decreases from -1 to -2 to
increase convergence around the flames. The
amount of flames is flexibly reduced by
increasing the no. of iterations. In this scenario,
the subsequent formula is used subject to the
specified condition:

N-1

flameno = round (N —1)x (34)

Where, | denotes current number of iterations,
N denotes the maximum amount of flames, and T
denotes total number of iterations. The moths
successfully adjust their positions in relation to
the most optimal flame in the last steps of
iterations.

D. Implementing the MFO based PI controller in
the MATLAB environment

Define the objective function: Define an
objective function that quantifies the performance
of the control system. This function typically
evaluates how well the PI controller performs
based on certain criteria like overshoot, settling
time or error. The objective function should take
the PI controller parameters as input and return a
fitness value to be minimized or maximized by the
MFO.

Initialize the Moth-Flame Algorithm
parameters: Set an algorithm parameters such as
the population size, the maximum number of
iterations, the range of controller parameter
values and other control parameters like the flame
intensity factor, and other parameters specific to
the MFO algorithm.

Generate an initial population: Create an
initial population of potential Pl controller
parameter sets. These could be developed at
random or based on some prior knowledge.

Perform the MFO optimization: Inside a
loop, execute the MFO algorithm to optimize the
Pl controller parameters. The algorithm involves
the following steps:

a. Evaluate the fitness of each potential
solution using the objective function.

b. Update the position of moths in the
population based on their fitness and the
movement equations of the MFO.

c. Apply the MFO specific operations like
selecting a leader moth, calculating the flame
intensity, and updating positions accordingly.

Termination condition: Decide on a
termination condition, such as a maximum
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number of iterations or reaching a specific fitness
threshold.

Extract the optimized Pl controller
parameters: After the MFO optimization is
complete, extract the optimized PI controller
parameters from the best solution found.

Implement the Pl controller: Use the
optimized PI controller parameters to implement
the controller.

E. Single Phase VSI Modelling

Fig. 5 depicts a single phase voltage source
inverter system for converting a constant DC link
voltage to an alternating current. VSl is indeed the
power part of a converter system. It is a type of
inverter used to convert a single-phase DC
voltage into a single-phase AC voltage with
controllable amplitude and frequency.

!-I #‘l
Tt KE Dy E 4,13 D3
1 | |

Vae "=

UTILITY

71
KB D, Kl D,

oy

Fig. 5. Single phase VSI

.

It consists of a direct current voltage source,
four switchesT,,T,,T,,T, and four diodesD,,

D,,D,, and D, . The inverter output is transmitted

to grid via an LC filter, which reduces harmonics
while maintaining a sinusoidal waveform.

3. RESULTS AND DISCUSSION

This paper proposes an efficient PV-based EV
charging system that employs an improved DC-
DC converter with an optimised PI controller. The
weak solar panel dc voltage has been enhanced by
using an Improved Boost-KY converter that has
reduced voltage and current ripple factors. Using
an MF optimised PI controller, the suggested
converter regulation is effective. Furthermore, as
contrasted with conventional Pl controllers, the
MF optimised Pl controller provides faster
transient response and faster convergence speed.
The proposed system's parameter specifications
are presented in Table 3.
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Table 3 Improved Boost-KY converter
Design of Parameter L.L, 1.2mH
Parameter | Specification C,.C, 4.7uF
Solar PV System C, 2200 uF
Series connected Switching Frequency
solar PV cells 36 F, 10KRHZ

The waveforms for PV panel temperature and
irradiance are shown in Fig. 6. The constant
Short Circuit Current 8.33A temperature and  irradiation 35 &1000
(W/Sg.m) attained, which is represented in Fig.

Open Circuit Voltage 12V

Peak Power :
eak Powe 10KW, 10 Panels 6(a) & (b) respectively.
SOLAR PANEL TEMPERATURE WAVEFORM SOLAR PANEL IRRADIATION WAVEFORM
40 =1000 |-
g E
T 2 800 J
E 30 2]
8 “;E' 600}
o 20 =]
g £ 400
PO E 200
o | | | | | =
0 | | | | |
0 0.1 0.2 T_o.s 0.4 0.5 0.6 o o1 0.2 03 0.8 05 0.6
ime(s) Time(s)
(a) (b)

Fig. 6. Waveforms indication of Solar panel (a) Temperature (b) Irradiation.

PV panels are affected by nonlinear variables  overall system efficiency, a steady voltage of 58V
like as temperature and irradiation. Asaresult,the  DC is obtained, as presented in Fig. 7 (a). The
power produced by of the PV panel fluctuates  solar panel's current waveform is shown in Fig.
often and generates only a small amount of dc  7(b), that obviously indicates that the current is
voltage. Because this voltage variation has a initially zero and increases gradually to a steady
significant impact on the devices utilised and the  level of 11 A after some time.

S?LAR P.ﬂ_NEL VOI:TAGE WIAVEFOR.M SOII.AR PA!!EL culRRENT UlVAVEFDlIIM
60 [ ;i 1 1 I 1 . o
> 20t 8
| | 0

00 0.1 0.2 0.3 0.4 0.5 0.6 0 0.1 0.2 0.3 0.4 0.5 0.6
Time(s) Time(s)
(a) (b)

Fig. 7. Waveforms indication of Solar panel (a) Voltage (b) Current.

Fig. 8 depicts the voltage that is produced of Pl is less than that of the converter with Pl
the Improved Boost-KY converter with Pl and controller. The current become stable after 0.3
MFO controlled PI controller. As a result, the seconds with small amount of distortions, which
Fig. 8 (a) & (b) clearly shows that the estimated is represented in Fig. 8(c).

settling time of the converter with MFO tuned
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CONVERTER OUTPUT VOLTAGE WAVEFORM

USING Pl CONTROLLER
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Fig. 8. Waveforms indication of proposed converter voltage (a) Using PI controller (b) Using MF
optimized PI controller (c) Current output waveform.

Fig. 9 (a) and (b) illustrate a waveform
reflecting the voltage and current of a charge
storage battery. It preserves the extra energy
generated by the PV panel, depending on its
capacity. From the observation, the stable

BATTERY VOLTAGE WAVEFORM
- T T T

voltage and current value of 12V and 1A is
maintained correspondingly. The battery SOC
needs to be maintained within a specific range,
which in this case is 70%, as displayed in Fig. 9
().

20 BATTERY CURRENT WAVEFORM
T T T T T
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s
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Fig. 9. Waveforms indication of EV battery output (a) Voltage (b) Current (c) SOC.
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Figures 10 (a) & (b) depicts waveforms for which improves grid performance. The
grid voltage and current. A steady grid voltage proposed system attains the stable real and
of 230V is preserved without distortion in the reactive power for single phase grid is indicated
intended three grid system. In a similar way a in Fig. 11.
steady grid current of 8A remains consistent,

GRID'VOLTAG'E WAVEFORM . : GRID FURREN'T WAVE'FORM -
- 0
S 100 I g
_g’ ° §-20
S-100 ":;

:
s

" L " i "

0.1 0.2 0.3 0.4 0.5 0.6

Time(s) 0 0.1 0.2 N ::( " 0.4 0.5 0.6
(a) (b)
Fig. 10.Waveforms indication of grid output (a) Voltage (b) Current.
REAL POWER WAVEFORM REACTIVE POWER WAVEFORM
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200 1 ] | ] |
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Fig. 11. Waveforms indication of (a) Real power (b) Reactive power.
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Fig. 12. THD waveform
; . Improved Boost-KY. The proposed converter
TH-IIZ—)h?/aIFLr; p:fsef 023;: tevrchizﬁh:sv:;i S:;L?T; ; achieves an enhanced efficiency of 96.21% with

requirement of IEEE 519 standard. Table 4 & 5 a m|n|m|z_ed THD value of 1'.04%' The
presents a comparison of efficiency & THD corresponding plots are represented in Fig. 13.

with various converters to the proposed
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Table 4 Table 5
Comparison Analysis of Efficiency THD values
Components - Converter THD%
Converter cTLIDIls Efficiency Boost[26] 432%
Boost[26] |1] 1 |1 | 1 80% Cuk[27] 3.98%
Cuk[27] 3] 2|2 |1 85% SEPIC[28] 3.08%
SEPIC[28] |3| 2 |1 |1 88.82% KY[29] 2.89%
KY[29] |2]1]1]2 95% Proposed converter 2.35%
Proposed
Improved |3] 2 | 1| 2 96.21%
Boost-KY
|COMPARISON OF EFFICIENCY COMPARISON OF THD
120 4::,
100 — — 4
_ —_— A5 —
: B B ax T
N u —E
w40 — — 1
0.5
0 — ] 0
° BOOST CUK SEPIC KY Igﬂolgigr\j’:\[[) CONVERTERS poosT
@ (b)
Fig. 13.Comparison analysis of (a) Efficiency (b) THD.
Table 6 , the proposed MF optimised Pl controller is
. . superior to the traditional PI controller. The
Controller transient response comparison proposed MF optimised PI controller has a fast
Rise | Peak Settlin settling time of 0.26 seconds. Table 7 provides
CONTROLLER | Time | Time Ti tg an effectiveness analysis of  various
t, t, Ime & optimization algorithms. The MFO algorithm
Pl stands out as the most effective among the
CONTROLLER | 0.06 | 0.03 0.35 algorithms  considered in this analysis,
[18] delivering a superior solution with a faster
MFO-PI convergence speed and minimal computational
CONTROLLER | 003 | 002 | 026 time. This comparison highlights the MFO

Based on the findings in Table 6, In regard
to rise time t,, peak time t and settling time t,

algorithm's suitability for the optimization task
at hand, where both optimization quality and
computational efficiency are essential factors to
consider.

Table 7

Effectiveness Analysis of O

ptimization Algorithms

Algorithms Objective Convergence | Computational Time
Function Value Speed

MFO 100 50 iterations 0.5s

Genetic Algorithm [19] 120 75 iterations 2.25

Particle Swarm 110 60 iterations 1.8s

Algorithm [21]

Simulated Annealing 115 80 iterations 3.1s
[30]

Grey Wolf Optimizer 105 55 iterations 1.5s
[23]
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Thus the proposed work's exceptional
proficiency in regulating the converter operation
ensures that the system can adapt to varying
conditions, maintaining stable power levels even
when faced with fluctuations.

4. CONCLUSION

The primary goal of this study is to enhance
the performance of a Boost-KY converter for
efficiently converting minimal PV voltage output
to higher, more stable voltage levels. To achieve
this objective, the following tasks were addressed:
An enhanced Boost-KY converter is employed to
effectively manage the fluctuations in PV output
voltage resulting from the dynamic interplay of
irradiance and unpredictable weather conditions.
Furthermore, an MFO-PI controller is used to
oversee the enhanced Boost-KY converter,
significantly mitigating the inherent
unpredictability of PV output. As a result of these
efforts, the study found that the MFO-PI
controller, is highly effective in managing a wide
range of peak levels in PV systems operating
under various conditions. Additionally, it is
observed that MF optimized PI controller
achieved a quicker settling time of 0.26 seconds
compared to a conventional PI controller. The
proposed system's performance was rigorously
evaluated using MATLAB simulations. The
results demonstrated that the system achieved a
maximum efficiency of 96.21% and exhibited low
THD.Incorporating energy storage systems, such
as batteries or supercapacitor, into the PV-based
EV charging system can provide uninterrupted
power supply and grid services. Future studies
could focus on the optimal integration, control
and sizing of energy storage components to
maximize system resilience and reliability.

References

[1] Jiang W., Zhen Y.A real-time EV charging
scheduling for parking lots with PV system and
energy store system. IEEE Access, 2019, vol. 7,
pp. 86184-86193.

Wu D., Zeng H., Lu C., Boulet B. Two-stage
energy management for office buildings with
workplace EV  charging and renewable
energy. IEEE Transactions on Transportation
Electrification, 2017, vol. 3, no. 1, pp. 225-237.
Shariff S.M., Alam M.S., Ahmad F., Rafat Y.,
Asghar M.S., Khan S. System design and
realization of a solar-powered electric vehicle
charging station. IEEE Systems Journal, 2019,
vol. 14, no. 2, pp. 2748-2758.

Minh P.V., Le Quang S., Pham M.H. Technical
economic analysis of photovoltaic-powered

(2]

(3]

[4]

139

electric vehicle charging stations under different
solar irradiation conditions in  Vietnam.
Sustainability, 2021, vol. 13, no. 6, pp. 3528.
Zhang Y., You P., Cai L. Optimal charging
scheduling by pricing for EV charging station with
dual charging modes. IEEE Transactions on
Intelligent Transportation Systems, 2018, vol. 20,
no. 9, pp. 3386-3396.
Kim S., ChaH., Kim H.G. High-efficiency voltage
balancer having DC-DC converter function for
EV charging station. IEEE Journal of Emerging
and Selected Topics in Power Electronics, 2019,
vol. 9, no. 1, pp. 812-821.
Bellinaso L.V., Figueira H.H., Basquera M.F.,
Vieira R.P., Griindling H.A., Michels L. Cascade
control with adaptive voltage controller applied to
photovoltaic boost converters. IEEE Transactions
on Industry Applications, 2018, vol. 55, no. 2, pp.
1903-1912.
Nayak P.S., Kamalapathi K., Laxman N., Tyagi V.
K. Design and simulation of BUCK-BOOST type
dual input DC-DC converter for battery charging
application in electric vehicle. 2021 International
Conference on Sustainable Energy and Future
Electric Transportation (SEFET), 2021. IEEE.
Divyasharon R., Banu R.N., Devaraj D. Artificial
neural network based MPPT with CUK converter
topology for PV systems under varying climatic
conditions. 2019 IEEE International Conference
on Intelligent Techniques in Control, Optimization
and Signal Processing (INCOS), 2019.1EEE.

[10] Maroti P.K., Padmanaban S., Holm-Nielsen J.B.,
Bhaskar M.S., Meraj M., Igbal A. A new structure
of high voltage gain SEPIC converter for
renewable energy applications. IEEE Access,
2019, vol. 7, pp. 89857-89868.

[11] Zaoskoufis K., Tatakis E. C. An improved boost-
based DC/DC converter with high-voltage step-up
ratio for DC microgrids. IEEE Journal of
Emerging and Selected Topics in Power
Electronics, 2020, vol. 9, no. 2, pp. 1837-1853,
2020.

[12] Zaoskoufis K., Tatakis E. C. An improved boost-
based DC/DC converter with high-voltage step-up
ratio for DC microgrids. IEEE Journal of
Emerging and Selected Topics in Power
Electronics, 2020, vol. 9, no. 2, pp. 1837-1853.

[13] Abraham D. S., Chandrasekar B., Rajamanickam
N, Vishnuram P., Ramakrishnan V., Bajaj M.,
Piecha M., Blazek V., Prokop L. Fuzzy-based
efficient control of DC microgrid configuration
for PV-energized EV charging station. Energies,
2023, vol. 16, no. 6, pp. 2753.

[14]Dukpa A., Butrylo B. MILP-based profit
maximization of electric vehicle charging station
based on solar and EV arrival forecasts. Energies,
2022, vol. 15, no. 15, pp. 5760.

[15]Enescu F. M., Birleanu F. G., Raboaca M. S.,
Raceanu M., Bizon N., Thounthong P. Electric
Vehicle Charging Station Based on Photovoltaic

(5]

(6]

(7]

(8]

[l



PROBLEMELE ENERGETICII REGIONALE N (NN) AAAA

Energy with or without the Support of a Fuel Cell—-
Electrolyzer Unit. Energies, 2023, vol. 16, no. 2,
pp. 762.

[16] Amir M. Z., Haque A., Bakhsh F. I., Bharath
Kurukuru V. S., Sedighizadeh M. Intelligent
energy management scheme-based coordinated
control for reducing peak load in grid-connected
photovoltaic-powered electric vehicle charging

stations. IET  Generation, Transmission &
Distribution, 2023.
[17]Jin H., Lee S., Nengroo S. H., Har D.

Development of charging/discharging scheduling
algorithm for economical and energy-efficient
operation of multi-EV charging station. Applied
Sciences, 2022, vol. 12, no. 9, pp. 4786.

[18] Yilmaz U., Kircay A., Borekci S. PV system fuzzy
logic MPPT method and PI control as a charge
controller. Renewable and Sustainable Energy
Reviews, 2018, vol. 81, pp. 994-1001.

[19] Belgaid Y., Helaimi M.H., Taleb R., Youcef M.B.
Optimal tuning of PI controller using genetic
algorithm for wind turbine
application. Indonesian Journal of Electrical
Engineering and Computer Science, 2020, vol. 18,
no. 1, pp. 167-178.

[20]Ibrahim M.A., Mahmood A.K., Sultan N.S.
Optimal PID controller of a brushless DC motor
using genetic algorithm. Int J Pow Elec & Dri Syst
ISSN 2088.8694, 2019, pp. 8694.

[21] Dezelak K., Bracinik P., Sredensek K., Seme S.
Proportional-integral controllers performance of a
grid-connected solar PV system with particle
swarm optimization and ziegler—nichols tuning
method. Energies, 2021, vol. 14, no. 9, pp. 2516.

[22]Dash S.K., Ray P.K., Korkua S.K., Mishra S.,
Puhan P.S. Development of PV tied UPQC using
PSO based PI tuning Controller based on SOI-
QSG PLL.2020 IEEE First International
Conference on Smart Technologies for Power,
Energy and Control (STPEC), 2020. IEEE.

[23]Sule A.H., Mokhtar A.S., Jamian J.B., Sheikh
U.U., Khidrani A. Grey Wolf Optimizer Tuned PI
Controller for Enhancing Output Parameters of

Fixed Speed Wind Turbine, 2020 IEEE
Information about authors.
Santosh Dinkar Gadekar,

Caps University, Indore, MP

Systems, E-mail:
santoshgadekar.919@gmail.com

research scholar in the Department
of Electrical Engineering at Medi-
India. . His current research areas
of interest are Electrical Machines,
Operation and control of Power

140

International Conference on Automatic Control
and Intelligent Systems (I2CACIS), 2020, pp. 118-
122.

[24]Mehne S. H. H., Mirjalili S., "Moth-flame
optimization algorithm: theory, literature review,
and application in optimal nonlinear feedback
control  design," Nature-inspired  optimizers:
theories, literature reviews and applications,
2020, pp. 143-166.

[25] Shehab M., Abualigah L., Al Hamad H., Alabool
H., Alshinwan M., Khasawneh A. M. Moth—flame
optimization algorithm: variants and
applications. Neural Computing and Applications,
2020, vol. 32, 9859-9884.

[26] Nejabatkhah F., Danyali S., Hosseini S.H., Sabahi
M., Niapour S. M. Modeling and control of a new
three-input DC-DC boost converter for hybrid
PV/FC/battery power system, IEEE Transactions
on power electronics, 2011, vol. 27, no. 5, pp.
2309-2324.

[27]Galea F., Apap M., Spiteri Staines C., Cilia J.
Design of a high efficiency wide input range
isolated Cuk Dc-Dc converter for grid connected
regenerative active loads, 2011.

[28]Javeed P., Yadav L.K., Kumar P.V., Kumar R.,
Swaroop S. SEPIC Converter for Low Power LED
Applications, In Journal of Physics: Conference
Series, 2021, vol. 1818, no. 1, pp. 012220. IOP
Publishing.

[29] Saravanan S., Usha Rani P., Thakre M.P.
Evaluation and Improvement of a Transformerless
High-Efficiency = DC-DC  Converter  for
Renewable Energy Applications Employing a
Fuzzy Logic Controller. MAPAN, 2022, pp. 1-20.

[30] Magzoub M.A., Alquthami T. Optimal design of
automatic generation control based on simulated
annealing in interconnected two-area power
system using hybrid PID—fuzzy
control. Energies, 2022, vol. 15, no. 4, pp. 1540.

M. Murali Professor in the
Department of Electrical
Engineering at Medi-Caps
University, Indore, MP, India.
His current research areas of
interest are Transmission
Pricing, Artificial Intelligence &
E-mail:
murali233.nitrv@gmail.com



mailto:santoshgadekar.919@gmail.com
mailto:murali233.nitrv@gmail.com

PROBLEMELE ENERGETICII REGIONALE 4 (60) 2023

Optimization of Operating Modes of CHPPs as a Way to Reduce
Greenhouse Gas Emissions

Tatarinova N.V., Suvorov D.M.
Vyatka State University
Kirov, Russian Federation

Abstract. The aim of the work is to analyze and evaluate the operating efficiency of CHPPs to develop
an optimal operating strategy based on minimizing fuel consumption and greenhouse gas emissions.
To achieve this goal, the following tasks were solved: a quantitative assessment of the most effective
methods of operating units in typical operating modes was given; dependences of changes in the main
energy and environmental parameters based on mathematical models of turbine units using real energy
characteristics of turbine stages and compartments were constructed; long-term optimization method
to exploitation operation of CHPPs to the point of view of reducing greenhouse gas emissions was
shown on specific examples. The most significant results are the following: a comprehensive method-
ology for applying mathematical models for solving the most typical problems for CHPP was used,
both from the point of view of saving primary fuel and reducing carbon emissions; the dependences of
the influence of operating parameters on the carbon footprint were calculated; it has been established
that the specific consumption of equivalent fuel and the carbon footprint are reduced when the loads
are redistributed between turbine units during the heating period; the advantages of two-stage heating
of delivery water over single-stage heating and sequential loading of turbines of the same type over
parallel loading have been determined. The significance of the results obtained lies in their applicabil-
ity in solving problems of optimizing the operating modes of CHPPs, taking into account the determi-
nation of the values of reducing greenhouse gas emissions.

Keywords: greenhouse gas emissions, carbon footprint, cogeneration, district heating, energy
efficiency, CHPP, operating measures.
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Optimizarea modurilor de operare ale CHPP ca o modalitate de reducere
a emisiilor de gaze cu efect de sera
Tatarinova N.V., Suvorov D.M.
Universitatea de Stat din Veatka, Kirov, Federatia Rusa

Rezumat. Scopul lucririi este de a analiza si evalua eficienta operationald a CET pentru a dezvolta o strategie de
operare optima bazatd pe minimizarea consumului de combustibil si a emisiilor de gaze cu efect de sera. Pentru
atingerea acestui scop, au fost rezolvate urmatoarele sarcini: a fost efectuatd o evaluare cantitativa a celor mai
eficiente metode de operare a unitatilor in moduri de operare tipice; S-au construit dependente ale modificarilor
principalelor parametri energetici si de mediu pe baza modelelor matematice ale unitatilor de turbind folosind
caracteristicile energetice reale ale etajelor si compartimentelor turbinei; Metoda de optimizare pe termen lung a
exploatarii CET din punctul de vedere al reducerii emisiilor de gaze cu efect de serd a fost prezentata pe exemple
specifice. Rezultatele cele mai semnificative sunt urmatoarele: a fost utilizatd o metodologie cuprinzitoare de
aplicare a modelelor matematice pentru rezolvarea celor mai tipice probleme pentru CET, atit din punct de
vedere al economisirii combustibilului primar, cdt si al reducerii emisiilor de carbon; au fost calculate
dependentele influentei parametrilor de functionare asupra amprentei de carbon; s-a stabilit ca consumul specific
de combustibil echivalent si amprenta de carbon sunt reduse atunci cand sarcinile sunt redistribuite intre turbine
in perioada de Incélzire; au fost determinate avantajele incalzirii in doud trepte a apei de livrare fatd de incalzirea
intr-o singura treapta si incarcarea secventiala a turbinelor de acelasi tip fatd de incarcarea paralela. Semnificatia
rezultatelor obtinute constd in aplicabilitatea lor in rezolvarea problemelor de optimizare a modurilor de
functionare a CET, tinand cont de determinarea valorilor de reducere a emisiilor de gaze cu efect de sera.
Cuvinte-cheie: emisii de gaze cu efect de sera, amprenta de carbon, cogenerare, termoficare, eficientd energetica,
CET, masuri de exploatare.
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OnTumusauus pe:xxuMoB padoTsl TIL kak cnocod cHM:KeHUs1 BLIOPOCOB NAPHUKOBLIX ra30B
Tarapunosa H.B., Cysopos .M.
Bsarckuil rocynapctBenHblil yauBepcuret, Kupos, Poccuiickas ®enepauns

Annomayusn. llensio nanHOoW paOOTHI SBISETCS aHANN3 W OIEHKAa 3(P(GEKTHBHOCTH PadOTHI MapOTypOWHHBIX
TOLI st BEIpaOOTKH ONTHMAIBHON SKCIDTYyaTAIIMOHHOM CTpaTeTHH Ha OCHOBE MUHHMHM3ALUH PAcX0ja TOILUINBA
U BBIOPOCOB MAPHHUKOBBIX Ta3oB. /I MOCTIDKCHMS NMOCTABICHHOM LENM pEIIeHbI CIEAYIOIINE 3aJadd: JaHa
KOJIMYECTBEHHAsE  OIeHKa Hambonee dS((EeKTUBHBIX  CIIOCOOOB  JKCIUTyaTaluH  TEIDIO()UKAIMOHHBIX
TypOOyCTaHOBOK B XapakTEpPHBIX peXHMax paOOThl; IOCTPOCHBI 3aBHCHMOCTH HM3MEHCHUS OCHOBHBIX
9HEPreTUYeCKUX M OKOJOTMYECKHX IapaMeTpoB Ha 0a3e MaTeMaTHYecKHX MoJeliell TypOOyCTaHOBOK C
UCIIOJIb30BAaHUEM DPEAJIbHBIX JHEPreTHYECKUX XapaKTEPUCTUK CTYNEHEH M OTCEKOB TYpOMH; Ha KOHKPETHBIX
NpUMepax IOKa3aHO, KaKUM 00pa3oM B JOJTOCPOYHOH IEPCIEKTUBE MOXXHO OPraHHU30BaTh ONTHMAIBHYIO C
TOYKH 3pEHUsI CHIKEHUSI TOIUTMBHBIX 3aTPaT U BHIOPOCOB MapHHUKOBBIX Ta30B dKcinTyaranuio TOL[. OcHOBHEIM
MOKa3aTesIeM sl pacuyera SHepreTH4ecKor 3 peKTHBHOCTH SIBIISIETCSI YACNBHBIN pacXo yCIOBHOTO TOILUIMBA Ha
OTIYCK 3JIGKTPOSHEPIUH, DACCUMTAHHBIH B COMOCTaBUMBIX YCJOBHUSX, a JUId pacueTa 3KOJIOTHYECKOM
3((eKTHBHOCTH — 00beM BHIOPOCOB MAPHUKOBBIX T'a30B B YIIIEPOAHBIX enuHHUNax. Hambomee cymecTBeHHBIMU
pe3ysbTaTaMy SIBISIOTCS CIEAYIONIME: MCIOIh30BaHA KOMIUICKCHAs METOJWKA NMPUMEHCHHS MaTeMaTHIECKUX
MoJieTiel, Ha OCHOBE KOTOPBIX PEIIaroTcsi Hanboiee XapakTepHsle [t 6onpmmHeTBa TOL 3a1aun onTuMHU3anum
PEKMMOB MX pabOTHI KaK C TOYKH 3PEHHUS] SKOHOMUH TIEPBHYHOTO TOIUIMBA, TaK M C TOYKH 3PEHUS CHUKCHUS
YIJIEPOIHBIX BBIOPOCOB; PACCUNTAHbI 3aBUCHMOCTH BIIMSHUS PEKHUMHBIX apaMeTpoB padoTsl TOLl Ha Bennunny
YIJIEPOHOTO CIIe/Ia; YCTAaHOBJICHO, YTO yJEIbHBIM pacXoj YCIOBHOTO TOIUIMBA M BEJIMYMHA YIIIEPOAHOTO CleAa
Ha oTmyckaemylo TOL[ aieKkTpuuecKylo SHEprui0 CYLIECTBEHHO YMEHBINAIOTCS MpU MepepachpeieieHin
Harpy3oK MexIy TypOoarperaraMy B OTONHTENBHBII IEpHOJ PU paboTe Mo TEIUIOBOMY rpadHKy; ONpeeIeHO
NMpECUMYHICCTBO JABYXCTYIIEHYATOIO IMOAOI'PEB CETeBOM BOJbI TI€p€A OJHOCTYIICHYATBIM MOAOTPEBOM U
MOCJIE/IOBATENILHOM  3arpy3KM  OJHOTHMIIHBIX TYpOWH Tiepel mnapayielbHOW. 3HAYMMOCTh  ITOJy4EHHBIX
PE3YIbTATOB 3aKIIOYACTCA B UX IMPHUMCHHUMOCTH IMPHU MOCTAHOBKE M PCIICHUHM 3aJlad ONTHUMH3AIUN PEKHUMOB
pabotsl TOL] ¢ yueTom omnpesieneHns BEIMIHH CHIDKCHHS BBIOPOCOB ITAPHUKOBBIX I'a30B.

Knrwouegvie cnoea: BHIOPOCH TNApHUKOBBIX Ta30B, YIJIEPOMHBIM cJel, KOTGHEepalwWs, IEHTPaTIU30BaHHOE
TeIIoCHa0KeHue, sHeprerudeckas 3gpdexruBHOCTh, TOL, pe)KUMHBIE MEPOTIPHUSTHSL.

BBEJEHUE JIeNbHBIX cTpaHax 10 58% — 3to OuHnsHANA,
[lIBenus, Janns, Hunepnanner), u 3a mocnenHee
JIECSTUIIETHE CYIIECTBEHHOTO YBEIWYCHUS STON
monu He mpoumsommio [8, 16]. B abcomoTHBIX
mudpax korenepanus B EC cokparunace Oonee
yeMm Ha 10% 3a nocneanue 10 ner, u no cpaBHe-
Huto ¢ Poccuedt M cTpaHaMu TIOCTCOBETCKOTO
MPOCTPAHCTBA, T1Ie 3Ta Ao aoXxoauT jo 30%,
9Ta BEJIMYMHA KaKETCSA OYeHb HeOobIoi. Ho u
B Poccuu 3a mocnemuue 25 et noisi KOMOUHU-
POBaHHOI BBIPAOOTKHU 3JICKTPOIHEPTMHM HA TEIl-
JIOBBIX JIIEKTPOCTAaHIMAX CHU3Miach Ha 19% B
CHITy TOTO, YTO B HACTOSIIEe BpPeMsl TEIUIOCHA0-
JKEHUE B CTpaHE MPEACTABICHO Pa3pO3HECHHBIMU
CTPYKTypamMH, OOBEKThI KOTOPBIX HE HMEIOT
€IMHON TEXHHYCCKOH, SKOHOMHUYECKON M HHBE-
cturioHHON monnTuku. Ilostomy TOLL mpowur-
PBHIBAIOT HAa PHIHKE TEIUIOBOM SHEPTHH JIOKAIb-
HBIM CHCTEMaM TCIUIOCHAOKEHHsT Ha Tase
(mpeskzie Bcero BBUAY HW3HOIICHHOCTH TEILIO-
TPAHCIIOPTHBIX CHUCTEM, BBIHYXXIAIONTUX ITOTpe-
oureseil MepexoquTh HA COOCTBEHHBIC MCTOYHHU-
KM TEIUIOCHAOKEHHs). DTO B KOHECYHOM HMTOIE
HETaTUBHO CKa3bIBA€TCSI Ha CTOMMOCTH TEILIO-
BOH 3HEpruu A KOHEYHBIX MOTpebuTeneil, Ha
3¢ (EeKTUBHOCTH WCTONB30BAHUSA IHEPrOpecyp-
COB, a TaKXke YCyryOisieT 3KOJOTHYECKHEe IPO-
onewmsi [3, 4].

[ToBbimienne 3P QPEKTUBHOCTH MPOU3BOJCTBA
SHEPTUM BCETJa SBIBUIOCH BEAYLIUM HAIpPaBICHU-
€M HaYYHBIX HCCJIEJOBAaHUN M MPAKTHYECKUX Pa3-
pabotok. OHO MMeeT MPUOPUTETHOE 3HAYCHUE HE
TOJIBKO JIJIS1 SHEPTeTHYECKON OTpaciv, HO U 0011e-
CTBa B IIEJIOM, TaK Kak TO3BOJISIET CAENaTh DHEp-
ruio Oosiee JOCTYMHOM /IS HaceJeHHs, a TakkKe
CIOCOOCTBYET Pa3BUTHIO HOBBIX TEXHOJIOTHH,
CO3JaHHI0O pabOYMX MECT M 3KOHOMHYECKOMY
pocTy.

B eBpomneiickux cTpaHax ¢ OTHOCHUTEIBHO XO-
nogabiM kimmatoMm (I'epmanus, BemukoOputa-
Hust, LlBerust U psin APYrHX CKaHIMHABCKHX
CTpaH), TJie MPOU3BOJICTBO TEILJIOBOI 3HEPTUN HE
MeHee Ba)KHO, Ye€M MPOU3BOJCTBO JIEKTPOIHEP-
THH, JJaBHO OCO3H&JIM, YTO KOMOHMHHpPOBaHHAs
BbIpa0bOTKa (KOreHepalusi) B COYETaHUH C IICH-
TpaJIM30BaHHBIM TEIUIOCHA0KEHHEM, OCOOCHHO B
ropojilax C BBICOKOM IUIOTHOCTBIO HACEIECHHA,
MOXET HMETh CYIIECTBEHHBIE MPEUMYILECTBA
nepes pa3JebHON U BBICTYNATh 3(PPEKTHBHBIM
MHCTPYMEHTOM TOBBIIEHUs 3] PeKTuBHOCTH
CHUCTEMBI TersiocHatkeHust B 1enmom [1, 5, 15].
Tem He MeHee, ecly CpaBHUBATh JOJII0 KOT€HE-
paiuu B 00IIeM o0beMe Mpou3BoauMoi EBpo-
MEHCKUM COIO30M D3JIEKTPO3HEPTUH, TO OHa CO-
CTaBJIsIET B CpeaHEM JIh okojio 12% (B oOT-
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Tem He MeHee, CTpaHbl, TAe CEromHs 00BeM
KOTEHepallui HEBEJHK, IUIAaHUPYIOT €ro yBeu-
YeHue, HalpuMep, B I'epMaHuM IOCTaBUIM LENb
YABOUTH JOJI0 IMPOU3BOACTBA 3JIEKTPOIHEPTUU
T3OL ¢ 13% B 2020 roxy mo 25% x 2025 roxy.
[Ipuyem, sHeprus, noiaydaemas B KOMOWHHPO-
BAaHHOM LIMKJIE, IPH KOTOPOM TEIIO Hampasils-
eTcs UMEHHO Ha TemIO(HUKAIHMIO MPOMBIILICH-
HBIX U JKUJIBIX O0BEKTOB, TaM IPUPABHUBACTCS K
«3ereHo» »HepreTuke. B BemnkoOputanwm,
MOMHMMO TOCTIOAJIEPKKH, TE€HEPUPYIOLIUE KOM-
[aHWHU, TEPEXOIsIINe Ha BBIPAOOTKY 3JIEKTPO-
SHEPTUU C OJHOBPEMEHHBIM IPOHM3BOICTBOM
TemJia, MOTYT PacCCUUTHIBATh €IIe U Ha CTUMYJIU-
pytome rpaHtel [1, 2]. B To ke BpeMsi OCHOB-
HOM MpUPOCT KOTE€HEPALUMOHHBIX MOLIHOCTEH
OXHJIAaeTCAd B TEKYIIEM JCCATWICTHH B A3Hat-
CKO-THXOOKEaHCKOM peruoHe, MpUOIIKas ero
noiro Kk 50%. B nenoM BHMMaHHME K KOTeHEpa-
LMY pacTeT BO BCEM MHUpE: B IEPCIEKTUBE M0
2030 roga mporHo3upyeTcs eXXeroAHblid IPUPOCT
TaKuX MOLIHOCTEH Ha ypoBHe 2,8% (mpuueMm c
PasBUTHEM PACIPEACICHHON SHEPTeTUKH MOSBU-
JIJaCb BO3MOXXHOCTb IMPUMECHATH TCXHOJIOTHIO KO-
reacpanuu ¢ ApyrumMud UCTOUYHHUKaMU SHCPIUU B
€AMHOM IIMKJIE KaK C HMCIOJb30BAaHHUEM pa3IHy-
HBIX BHUJIOB YTJIEBOJOPOJHOTO, TaK U BO30OHOB-
aseMoro Tormiuaa) [6, 9-13].

ITomuMo TOTO, UTO KOTEHEpAIUs —3TO camas
3HEeprod(HeKTUBHAS TEXHOJIOTUS MPOU3BOJICTBA
3JIEKTPOHEPTHH U TEIUIA, 3TO 00YCIIOBJICHO ellle
M BO3pacTamolieil BCEMHUPHON OOECTIOKOEHHO-
CTBIO 110 IOBOXY TMobanbHOTO norermieHus. Ilo-
3TOMY OOJIBILIOW HMHTEPEC BBI3BIBAIOT NPOEKTHI,
OpPUCHTUPOBAHHBIE Ha CHUIKXCHUC HOTpe6J'IeHI/I5[
MEPBUYHONW SHEPruH, a 3HAYUT, U COKpalleHHE
BBIOPOCOB MapHHUKOBBHIX ra3zoB. W ecnu paHblie
3a4acTyl0 BO MHOTHMX CTpaHax dHepreTudyeckas
CTpaTrerusi 61)ma HarpaBjJicHa B OCHOBHOM Ha OII-
TUMH3ALUIO TOTPEeOJICHUs SHEPTUH, TO cerdac, ¢
y4€TOM BBEACHUS HOBBIX OIPaHMYHUTEIBHBIX MEp
B 00JaCTH CHIKEHHS SKOJIOTMYECKOW Harpy3Ku
Ha KIMMAaT (B YaCTHOCTH, TPAHCTPAHUYHOTO yT-
JepoHOrO Hajora B EBpocorose) m BeliencTBHE
3TOTO WMEIOIINM MECTO 3aMETHBIM CIaJIOM PEH-
TabeNTbHOCTH IIEJIOTO  psAAa IPOMBINUICHHBIX
00BEKTOB, aKLEHT CMEILIAeTcsi B CTOPOHY CO-
KpamieHus motpebnenus pecypcoB. OTcioma u
IMMOBBIICHHOC BHMMAHUEC K KOI'€HEpaluuu, KOTO-
pas B IOCJTEIHHE TOAbl CTAHOBUTCS MHPOBBIM
TPEHAOM B HauOOJbIIECH CTETIEHM UMEHHO MOTO-
My, YTO CHOCOOCTBYET YaCTHYHOU JeKapOOHU3a-
UM JHEPreTHYecKOil OTpaciu W 3aMeIJICHHIO
npoleccoB raodanpHoro noremienus [7, 17-20].
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Poccus, cormacuo ganaeiMm OOH, HaxomuTcs
B IATEPKE MHUPOBBIX JHIEPOB IO BBIOPOCY OC-
HOBHOTO TapHHKOoBOro raza — CO,. Breimie Tomb-
ko Kwuraii, CIIIA, EC u Uaaus. Bmecte ¢ Tem,
OHA UMEeeT 3HAYUTEIbHBIN MOTEHIINAN ISl pOCcTa
KOMOMHHPOBAHHOTO TPOU3BOJICTBA TEIIOBON W
AIIEKTPUIECKON SHEPIUH, KOTOPHIH 0 KOHIA He
UCTIONB3YeTCsl, HECMOTPSI Ha JOBOJILHO JAaBHIOKO
TPAAUIIUIO U SIBHBIE HKOJIOTHYECKHE MPEUMYIIIe-
CTBa.

Hcnonb3oBanue HAAEKHBIX U TOYHBIX METO-
JIOB pacyeTra M OLEHKH BHIOPOCOB MapHUKOBBIX
ra3oB MMEET CYIIECTBEHHOE 3HAa4YeHHe. AHaIHn3
ombita epomneiickux crpan (IIsemmu [6], Boi-
rapuu [35]), a taroke Typuun [10], Kutas [9] u
JIPYTHX CTPaH IMOKa3bIBAIOT, YTO BEKTOP HAYUHOU
MBICIT HAIIPaBIIEH MPEUMYIIECTBEHHO B CTOPO-
HY COBEpLICHCTBOBaHHUs METOJAWK, HaIpaBieH-
HBIX HA YTOYHEHHE CTEXHMOMETPHYCCKHX YpaB-
HEHUI mporiecca TOPEHUsT TBEPJOT0, KHUIKOTO U
ra3000pa3HOro TOIUIMBA. JTH HOBBIE METOJOJIO-
THH XapaKTepu3yloTcsi OoJiee BBICOKOW TOYHO-
CTBIO TI0O CPAaBHEHHIO C CYIIECTBYIOIUMH, OTHA-
KO, B HUX HE yJeJsIeTcs BHUMaHHe TaKOMY BaXK-
HOMY DJJIEMEHTY, KaK MaTeMaTHUECKUE MOJCIH
TypOUWHHBIX yCTAaHOBOK, KOTOpPBIE MO3BOJISIIN OBl
aJIeKBaTHO PACCUMTHIBATH OOIIMHA PacXoj Teria
Ha TypOMHBI U, B KOHEYHOM HTOT€, PacxoJ mep-
BUYHOrO TOIUIMBAa. BMecto 3Ttoro mo cux mnop
WCTIONB3YIOTCS CTaHIAPTHBIE HOPMATHUBHBEIE Xa-
PaKTEpPUCTUKHA TypOOYCTAaHOBOK, IArOIUe, Kak
ObUTIO TOKa3aHO B pabote [29], cyliecTBEeHHbIE
MOTPENIHOCTH TIPU pacyerax, YTO B KOHEYHOM
WUTOTE TIPUBOAWT M K HEAOCTATOYHO KOPPEKTHO-
My pacueTy BhIOPOCOB ITAPHUKOBBIX Ta30B.

Henbio naHHOW paOOTHI SABISETCS HCCICIO-
BaHMe 5(eKTUBHOCTH BBIPAOOTKH AJIEKTPO-
sHeprun Ha TOLl B XapakTepHBIX peKHMax HMX
paboThl ¢ WCMOIB30BAHUEM MATEMAaTHUECKUX
MoJieniell TypOOyCTaHOBOK, OCHOBAaHHBIX Ha pe-
AJBHBIX IHEPTETUYECKUX XapaKTEPUCTUKAX CTY-
MeHel W OTCEKOB C YYETOM TaKUX KpPHUTEPUEB,
KaK CHIDKCHHE pacxoja TOIUIUBA U YMEHBIICHUE
BBIOPOCOB TTAPHUKOBBIX T'a30B.

Ora pabora BKiIIOYaeT oOCyxkIeHHE (aKTo-
POB, KOTOpBIE 3aCIy>KHBAIOT OOJIBIIEr0 BHUMA-
HUSl KaK C TOYKH 3PEHHs] MHTEpIpEeTalvyu JiaH-
HBIX KOTCHEpallUW TPH Pa3HBIX PEKUMHBIX Ia-
paMmeTpax, TaKk ¥ C TOUKU 3peHus OoJiee IMUpPOKo-
TO BHEAPEHHS 3TOW TEXHOJOTMH B KOHTEKCTE
KITMMAaTHYECKOW TIOBECTKH (UCIIOJIb30BAHUS €
MOTEHIHANa U BO3MOXKHOCTEH IJISi COKpAIICHUS
BeIOpOcoB CO»).

Breibop Tembl wmccienoBaHHus OOYCIIOBIIEH
clenyromuM. Bo-TiepBbIX, HONIA 3IIEKTPOIHEp-



PROBLEMELE ENERGETICII REGIONALE 4 (60) 2023

ruu, npousBoaumoii Ha TOIL, kak yxe ObUIO TIO-
Ka3aHO paHee, BeCbMa 3HaumTenbHa [22]. Dko-
HOMHYHOCTh IIpoliecca MPOM3BOACTBA 3IIEKTPO-
SHEPTMM B JAaHHOM CEKTOpe HUMeeT Ooblioe
3HavueHHe I Ooiee 3PPEKTUBHOTO HMCIOIB30-
BaHMs NIPUPOIHBIX PECYpcoB, obecreueHus I0-
CTYIHOCTH M CTaOWJIBHOCTH 3JIEKTPOIHEPTUHU
JUIS HACEJIEHUS U IPOMBIIUIEHHOCTH.

Bo-BTOpBIX, TPOM3BOACTBO 3JCKTPOIHEPTUU
Ha TOIL] compspkeHO ¢ BBIOPOCOM ITaPHUKOBBIX
ra3oB, TAKHX KaK YIJIEKHUCIBIA ra3, KOTOPbIA sB-
JSIeTCs. OCHOBHOM MPUYHMHOW TJI00ANLHOTO TO-
TEIUICHUS U U3MEHEHUs Kinmarta. B cBsi3u ¢ tem,
YTO HM3MEHEHHME KIMMara SBISETCd ONHOH M3
TJIaBHBIX TJIOOANBHBIX TPOOJIEM Ha CEroaHsII-
HUN JeHb, ynydmeHue >PQPeKTUBHOCTH IMPOU3-
BOJICTBA JIEKTPOIHEPIHH OyIEeT MOJOKHUTEIbHO
CKa3bIBATHCS] HA CHIKEHUH YTIIEPOAHOTO ClIela.

B-tpetbux, moBbllieHHe 3 PEeKTUBHOCTH
MIPOM3BOACTBA 3eKTposHeprun Ha TOL[ moxer
NPUBECTH K HKOHOMUYECKUM BBIFOAAM 3a CYET
CHIDKCHHS 3aTpaT Ha UCIOJIB30BAHUE U IKCILTya-
TaIMIO TETUIOBBIX YCTAHOBOK U IMOBBIIICHUS KOH-
KYPEHTOCIIOCOOHOCTH TMPOU3BOJCTBA 3JIEKTPO-
SHEPruy Ha IJI00AIBHOM PBIHKE, B TOM YHUCIIE, 32
CYET CHWKEHHSI HAJIOTOOOJIOKEHHsS MPSMBIX yT-
JEPOAHBIX BBIOPOCOB (U1l  DHEPreTUYECKUX
KOMITaHUM BO MHOTHMX CTpaHaxX KOHLEMLUS yriie-
POJHBIX aKTHBOB BCE €IlIe HOBa, 3a4acTyl0 KOM-
MaHWsAM HE XBaTaeT OMbITa M 3HAHUH 0 yIpaB-
JeHuro umn) [2, 5].

B paGore pematotcs cneaytomue 3axaun. Bo-
MEPBBIX, OTO BHIOOP HanbOollee MOAXOASIIEH Me-
TOJIUKHU JUTS pacyera pacrpelesieHHs TeTIOBBIX
U JIEKTPUYECKUX HAarpy30K MEXay Teropuka-
LIUOHHBIMH ~ TypOoarperaramu, I03BOJISIOIIEH
OTIpeJieNIATh Haubojee SKOHOMHYHEBIC BHYTpH-
CTaHUMOHHBIE pexxuMbl TOL[ B cooTBEeTCTBHH C
pacronaraéMpIMM  BBIYMCIHMTEIBbHBIMU  Cpell-
CTBaMU M TPAHUYHBIMU YCIIOBHSMH, a TAKXKeE U3-
MEHEHUE BEIMYHMHBI YTIIEPOJHOTO Ccliea TpH
M3MEHEHHUH OOLIero pacxoja TeIuia Ha TypOo-
ycTaHOBKy. Bo-BTOpBIX, 3TO pacder Ha Oaze
aJICKBaTHBIX MAaTEeMaTHUYECKHX Mojeield TypOuH
C peaqbHBIMH IHEPreTHYECKUMH XapaKTepUCTHU-
KaMH 3aBHCUMOCTEH 3(PPEKTUBHOCTH BBIPAOOTKH
3JIEKTPO’HEPTHH HA TEIIOBOM IOTPEOJIEHWH Ha
TOLI no cpaBHEHUIO C pa3leNbHON BHIPaOOTKOM
Opyd  pasHBIX KIMMAaTHYECKHX YCIOBHAX. B-
TPETHUX, ATO OIIEHKA BIMSHUS PEKUMHBIX MEpO-
npuATHN (ONITUMU3AIUHN PEXUMOB padboTsr TILI)
Ha OCHOBHBIE SHEPreTUYECKHE MTOKa3aTeNl CTaH-
UM U BEJIMYUHY YTJIEPOIHOTO cjefa U IoCTpoe-
HHUE COOTBETCTBYIOIIMX 3aBUCHUMOCTEH. B-
YEeTBEPTHIX, 3TO JHEPreTUUecKass U 3KOJIOorude-
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CKasl OIICHKA (C TOYKU 3pEHUS CHW)KCHUS BEIU-
YHMHBI YIJIEPOIHOTO ciena) Hanbomee 3pdexTus-
HBIX CMOCOOOB IKCIUTyaTalliW TETUIO(MUKAITHOH-
HBIX TYpOOYCTAaHOBOK B pa3jMYHBIX pPEXKHUMAX
paboThL

METOAOJIOI'UsSA UCCJIIEAOBAHUS 1N

I'PAHUYHBIE YCJOBUSA PACUETOB

CpaBHUTENBHBIA aHAN3 JHUTEPATYPHBIX HC-
TOYHUKOB, JKCIEPUMEHTAIBLHBIX U TEOpPETUYC-
ckux gaHHbIX [21, 23, 25] mokasbiBaer, 4TO B
HacTosmiee BpeMsi B Poccun u 3a pyOexxoM He
CYIIECTBYET HE TOJHKO YHHUBEPCAIBHOIO MOAXO-
Jla K CO3/TaHUIO0 aJiITOPUTMA ONTHUMHU3AIUHN PEKHU-
MOB paboTer TOLI, HO ¥ K CO3TaHUIO CaMUX Ma-
TEeMAaTHUYECKUX  MOJENEH  KOTCHEpaIlMOHHBIX
ycTaHOBOK. HecMoTpsi Ha MHOrooOpasue cytie-
CTBYIOIIMX Ha CETOAHAIIHMN ICHb Moenei [27,
28, 30], oHm, KaK mMpaBuIIO, CIA0O0 MPUTOIHBI IS
BBITIOJTHCHUSL YCIEIIHBIX KOMIUICKCHBIX pacue-
TOB JHEPTeTUYECKNX U JIKOJOTHYECKHX IOKa3a-
TeJe B CBA3HM C OTCYTCTBHEM B HUX JIOCTOBEp-
HBIX XapaKTEPUCTHK, KOTOPbIC ObI TaBalu aJcK-
BAaTHYIO OILICHKY B IIMPOKOM IHANA30HE PEXKU-
MOB paboTel. Jlo cuX mop TpaguIMOHHO MPHMeE-
HSIFOTCSL CJIAIIKOM YIPOIIEHHBIE (CTIPSMIICHHBIE)
KaK pacxoJHbIC, TaK M YHEPIEeTHUCCKUE XapaKTe-
PUCTHKH TYpOWHBI W OTACIBHBIX €€ CTyIeHeu
(oTcexoB) [26, 27], HECMOTpS Ha TO, YTO pealb-
HBIE XapaKTEPUCTUKH MUMEIOT O0JIee CIOXKHBIA U
B OOJIBIIIMHCTBE CIy4YacB HEJIMHEHHBIN XapaKTep.
OnTUMH3aIMOHHBIE 337a4u pElIalTcs B TOU
WM WHOW CTEIICHHM TOJBKO Ha PEeKMUMax, OJu3-
KHX K HOMUHaIBHBIM, Korjaa KITJl orcekoB mpu-
HUMAeTCs TIOCTOSHHBIM T1apaMeTpOM WU €ro
W3MEHEHUE YYMUThIBaeTCs ympoieHHo [31, 32].
Opnako B padotax [24, 29] ObLIO MOKa3aHO, YTO
MPUMEHEHUE HOPMATHUBHBIX XapaKTEPUCTHK Typ-
OMH W WX KOHJEHCATOPOB IS pEIICHUs 3a/1ad
ONTUMHU3ALMK HE BIIOJHE IIEJIECO00pa3Ho, a B
HEKOTOPBIX CIy4asiX U HEIPaBOMEPHO, OCOOCHHO
B CYIIIECTBEHHO MEPEMEHHBIX PEXUMaX PabOTHI.
[ToaTomy aBTOpamMu OblIa MCIONB30BaHA pa3pa-
OoTaHHas Ha Kadeape TEIUIOTEXHUKH W THIpaB-
nuku Batl'V uenas cepusi MaTeMaTHUYECKUX MO-
Jleneld Juis  pacueTa MaKCHMajlbHO TOJHOTO
CIIEKTpa CTallMOHAPHBIX MEPEMEHHBIX PEKUMOB
TEIIO(UKAMOHHBIX TAapOTYpPOUHHBIX yCTaHO-
BOK OTEYECTBEHHOI'O IMPOU3BOJICTBA, MOCTPOCH-
HBIX Ha OCHOBE JIOCTOBEPHBIX (BepUGMUIINPOBAH-
HBIX C BBICOKOH CTEIEHBIO TOYHOCTH) YHEPIeTH-
YECKUX XapaKTePUCTHK TYpPOWHHBIX CTYIIEHEH U
OTCEKOB, UMEIOIINX YHUBEPCAIBHBIN XapakTep, a
TaKKe JUIsl pacyeTa PEeXKMMOB paOdOThl KOHJIEHCa-
TOPOB TaKUX TypOOyCTaHOBOK [24]. DT Mojenu
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MO3BOJISIOT C YY€TOM TEKYIIETO COCTOSHUS Typ-
OMHHOTO O0OPYIOBaHHS M TEIUIOBOM CXEMBI
MPOU3BOJIUTH TIOJHBIM JE€TalbHbIA TEIJIOBOMH
pacueT W ONpenesaTh 3HEPreTUYCCKYI0 3 dek-
TUBHOCTH TOTO WJIM WHOTO PEIIEHUS 10 M3MEHe-
HUIO peXrMa padOoThl B IIMPOKOM JHMAIra3oHe
W3MCHEHUS MapaMeTpoB. Takue MOACITU peayu-
30BaHbI B BUJIC MPOTPaMMBI, & anpoOanus U OT-
JajKa TpoBeaeHbl Ha aedcTByromux TOLI. Pea-
JU30BaHHBIN aITOPUTM COCTOHT M3 HECKOJIBKHX
OCHOBHBIX 3TallOB. BO-TICPBBIX, BHIOOp Hayallb-
HOTO TPUOIDKSHHUS U3 OMOTNOTEKH BO3MOXKHBIX
PEXKHUMOB (3TOT 3Tall TTOYTH HE OCIOXKHEH HTepa-
TUBHBIMH IPOLIECCAMU; TOJYYCHHBIC Ha 3TOM
JTane pe3ysibTaThl pacueTa MCIIOJIB3YIOTCS B Ka-
yecTBe 0a3pl MCXOMHBIX NaHHBIX); BO-BTOPBIX,
pacueTr TypOOyCTaHOBKH Ha MEPEMEHHBIN PEKUM
(6azoli a1 HEro SBJSIFOTCS JaHHBIC U3 MPEIbI-
IyIero sTama). B pesynerare pemieHws 3agadu
HAXOAWTCS COCTOSHHE CHCTEMBI, OIpelesieMoe
nmapaMeTpaMH BO BCEX 3JIEMEHTAaxX B HEpacyeT-
HBIX YCHOBHUSIX. [l 3TOro KaxKObld BJIEMEHT
OTIMCHIBAETCS CHCTEMOW anredpandecKkux ypas-
HEHHUI TEIIOBOTO OajaHca, THAPABIUKH, TEILIO-
nepeaayur, a3poAuHaMuUKU U T.1. C y4eToM 4mc-
J1a 3JIEMEHTOB, BKIIFOUEHHBIX B PACUETHYIO CXEMY
(6onee 20), oOriee KOJIMYECTBO YpaBHCHUU B
cucreme Oonee 50. Bonipmas yacTe ypaBHEHUi
HeJMHEHHBbIe JTMOO0 TpaHCIeHIeHTHBIe. JInHewn-
HBIMH U3 YPaBHEHHUU TIEPEUYHCICHHBIX THIIOB SB-

JSIIOTCA TOJBKO OajlaHCOBBIE W YpaBHEHHS CBS-
3ell MEXIY SJIEMEHTaMH, OCYILECTBISIIOIIUX IIe-
penady napaMmeTpoB. JlaHHas OLIEHKA pa3MEpHO-
CTH U CIIOKHOCTH 33JaYd IOKA3bIBaeT, YTO €€
MIOJIHOE U KOPPEKTHOE pelleHne 0e3 HCIONb30-
BaHUS YHCICHHBIX MOJEIEH HEBO3MOXKHO. MHO-
TOYPOBHEBBIA HMTEPAalMOHHBIN alrOpUTM pela-
€TCsl MOJIEpPHU3UPOBaHHBIM MeToA0oM HproToHa ¢
penakcanueld (M3MeHeHneM 'mara' WUTepammoH-
HOT'O Ipolecca) MO HECKOJIbKUM IEPEMEHHBIM.
Ha nambonee TpynoeMKHX BETBICHHAX 0OLIast
CTENEHb BJIOXEHHOCTH HUTEPATUBHBIX IMKIIOB
JOCTUraeT WIECTH, BKJIOYAas YPOBEHb pacdeTra
Temmogu3nIeckux CBOWCTB paboumx Ten. [o-
CTOMHCTBO TaKOT'0 MOJAX0Ja COCTOUT B TOM, YTO
cucTeMa ypaBHEHHUH (opMmupyercs He Ui KOH-
KPETHOW pacyeTHOW TEIIOBOM CXEeMBbI TypOo-
YCTaHOBKH, a MPEeIyCMaTPpUBAET BOZMOKHOCTD €€
nU3MEHEHus 0e3 U3MEHEHUs! aJirOpUTMa pacueTa B
L[EJIOM.

Ha puc. 1 Ha mpumepe TypObunsr T-50-12.8
MOKa3aHa TEIUIOBas CXeMa pacueTHOW MOJEINH,
TOTIOJIOTHSI KOTOPOH MEHSETCS 10 KEJIaHUI0 HC-
clenoBaTeNs, T.€. CTPYKTypa IporpaMMbl O3BO-
JISIET TIPU HEOOXOAUMOCTH JIETKO 3aMEHUTh MOJIC-
T TEeTIO0OMEHHMKOB, KOHAEHCATOPa, HarpaBJie-
HUS CJIMBA IpeHakel, MUTaHue Jiea’paropa U T.11.
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st oneHku sHepretuuyeckoi 3ddexTuBHO-
CTH M3MEHEHUS peXrMa paboThl TypOWHBI OBLTH
BBIOPAHBI BEJTMYHMHBI: OOIITHIT pacXxo.I TEIJIOTHI Ha
TypOOycTaHOBKY Q,, YACTBHBII pacxo/ TOILUINBA

Ha BBIPa0OTKY OJJIEKTPUYECKON HHeprum b u
YACTBHBIA PacXOJl TEIIOTHI Ha BHIPAOOTKY 3JIEK-
TpUYECKOM 3Hepruu (. B cpaBHUTENBHBIX pac-

yeTax B KadyecTBE aDCONIOTHBIX IMOKa3arenei
ObUIM HCIIOJIH30BaHBl TAKWE BEJMYUHBI, KaK H3-
MEHEHHE TIOTepPh TEIJIOTHl B XOJOJHOM HCTOY-
HUKe (KOHACHCATOpPE), M3MEHEHHE pacxoma Tell-
JIOTHI Ha TYpOWHY, U3MEHEHHE PacXo/ia TOIIHBA.
N3 olmiero ypaBHEHUs] HEPreTHYECKOro Oa-
JmaHca TypOOyCTaHOBKH CIEAYeT, YTO OOIIHA
pacxo]] TeTIOTH Ha TypOOYCTaHOBKY Q, paBeH:

Q=Q +N; +Q, (1)

rae N, — BHYTPEHHsII MOLIHOCTH TYpOWHBI,
MBT; Q, - pacxon TEIIOTH U3 0TOOPOB TypOH-

HbI; Qx — pacxoJ1 TEIIOTHI B KOHAeHcaTop, MBT.
YaenbHeI pacxoa TEIUIOTHI Ha BEIPA0OTKY
ANEKTPUUECKOU SHEPIUU (| OIpeeNseTes Kak:

q (Qo _Qt )/Ne ' (2)

rae Q, — pacxoj TemIoThl Ha TypOOyCTaHOB-
Ky, Q, —pacxoj TemioTsl u3 0TOOpOB TypOMHBI,
N, —3JIeKTpHYECKas MOIIHOCTH [29].

[lpu wuccnenoBaHNM TEPEMEHHBIX PEXKUMOB
TpeOyeTcs, MpeXae BCEero, OLEHKa W3MEHEHUS
H9KOHOMHUYHOCTU TypOOYCTaHOBKH IpPHU H3MEHE-
HUM peXuMa ee paboThl U UCIIOJIb30BaHKHE a0Cco-
JIOTHOTO TIOKa3aTellsl WM ero U3MEHEHHsI OKa-
3pIBaeTcsl HEeyoOHBIM. bonee MpomyKTHBHBIM B
TaKUX CIy4asx SIBISAETCS TPUMEHEHHE CpaBHU-
TEJILHOTO TIOKa3aTells, a UMEHHO — YIEIbHOTO
pacxola Teula NpU HU3MEHEHHUH BBIPAOOTKH
AEKTPOIHEPTUH:

Qadd = (AQO -AQ )/ANe ) (3)
rﬂe AQO = QO _Quu 7 AQ( = Qt _QtO;
AN =N, —N Qs Qo N 1 Q0 QN
OTHOCSITCS COOTBETCTBEHHO K HEKOTOPOMY HC-
XOAHOMY ¥ HOBOMY pe&XHUMaM paboThl TypOWHBI
[29].

Bennuuna @,y XapakTepu3yeT JHeprerude-

eo’

CKy10 3()(p)eKTUBHOCTH TOTO MM MHOTO M3MEHE-
HUsSl peXuMa padOThl TypOWHBI, CBSI3aHHOTO C
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U3MCHCHHEM BBIPAOOTKH JIMOO OTIyCKa JIIeK-
TPOIHEPTHUH.
Hcronp30BaHne MOKa3aTens O,y OKa3bIBaeT-

Csl TaKKe BecbMa MOJE3HBIM Ui PEUICHHUs OIl-
TUMH3ALMOHHBIX 3aJad TPU COBMECTHOM 3Kc-
IUTyaTalyK TPYIIBI TYpOOyCTaHOBOK [29].

Vraepomusriii cen (Carbon Footprint) — sto
Mepa BBEIOPOCOB ra30B, KOTOPBIE BHOCAT BKJIAI B
rinobansHOe noTeruienue, Bkiatodas CO,, MeTa u
JIpyrue Ta3bl, OCBOOOXKIAIOMINECS B PE3yIIbTaTe
JeSTensHOCTH uennoBeka [8]. Yrimepomusiii cien —
9TO BaKHBIH MHCTPYMEHT U OLIEHKH OpraHu3a-
1WA, TOBapOB WJIM YCIYT C TOYKH 3pPEHUS yriie-
poaHoro BozaeucTBusA. s TeruiosHepreTuye-
CKUX 00BEKTOB OIIEHKA YIJIEPOAHOTO ClIe/Ia SBIISI-
eTcsl 0COOEHHO Ba)KHOM, TaK Kak BHIOPOCHI Ta30B,
CBSI3aHHBIX C TPOW3BOJICTBOM 3JIEKTPOIHEPTUH U
TEIIa, COCTABISIOT 3HAYUTENBHYIO JONI0 OT 00-
mero oo0beMa BEIOPOCOB B aTMOChepy.

CymecTByeT HECKOIBKO MOAXOAOB K OICHKE
YTIEPOAHOTO Cliefa Ul TeIIOIHEePreTHYECKUX
00beKTOB, a uMeHHoO [33, 34]:

1. Meton ompeneneHusl TOTEHIMANA TIIO-
0aJbHOrO ITOTEILIEHNS,

2. Merton xusnennoro nukina (Life Cycle As-
sessment, LCA);

3. Meton WHBEHTapU3alluu
(Emissions Inventory);

4. MeToJ1 OIIeHKH YTIEPOIHOTO Ciela 1Mo py-
KOBO/JISIIIIUM TIPUHIIUIIAM HAIMOHAIBHBIX MHBEH-
Tapu3aliii MapHUKOBBIX T'a30B, pa3pabOTaHHBIHA
MeXnpaBUTENbCTBEHHOW TPYIION 3KCHEPTOB
o m3meneHuto kumara (MI'OHUK).

Kaxnplil U3 3THX METOJOB MMEET CBOM TIpe-
WUMYIIECTBA M HEJIOCTATKH, U BBIOOp MeTona 3a-
BHUCUT OT IIeNiell OIEHKH YTIEPOJHOTO CIiena,
JIOCTYITHOCTH JTaHHBIX U OM3HEC-MOJAETH O0beK-
Ta. BakHO Takke y4WTHIBaTH (PAKTOPBI, BIHSIO-
mpie Ha BHIOPOCHI Ta30B, TAaKWE KaK THIl MCTOY-
HUKa (Hampumep, yrojib, ra3, BETep), MPOIECC
MPOM3BOJICTBA, & TAKXKE PACXOABI HAa SHEPTUI0 U
WCIIOJIb30BaHUE PECYPCOB.

Meroauka MI'OUK mno oneHke yriaepogHoro
ciema OT TEIIOBBIX 3nekTpocTanmuii  1SO
14067:2018 «Greenhouse gases — Carbon foot-
print of products — Requirements and guidelines
for quantification» mmpoko wucmonb3yeTcs BO
BCEM MUpE U MpeJCTaBiseT coboi Hauboee as-
TOPUTETHBIA W HAJEKHBIN HHCTPYMEHT s
OLICHKU BJIUSTHUS BBIOPOCOB MAPHUKOBBIX Ta30B
Ha kiaumaT. Pocculickuil aHanor oueHKH yrie-
poxroro ciega— I'OCT P 56276-2014/ISOITS
14067:2013 «l"a3pl mapHUKOBBIE. YTJIEPOIHBIN
ciie]] MPOAYKIMU» — ObUI BBEIEH B JICHCTBUE B

BEIOPOCOB
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2016 rogy. MI'OUK perynspHO BBIIyCKaeT Tad-
JIUIIBI C KOHKPETHBIMU 3HAYEHUSMU YTIIEPOTHOTO
ciena Ui SHEPrOHOCHUTENEH, a B PYKOBOISIIIX
nokymentax MI'OUK npusenens! Gpopmynbl s
OIICHKH BBIOPOCOB Ha BCEM KMU3HEHHOM IIUKIIE
NpeAnpusTUs B dHepreTuke [34].

Hamnee paccMOTpeH pacd€T yriiepogHOro clre-
Jla TIpH CTaIllMIOHApPHOM CXXUTAaHUM TOIUIMBA, TaK
Kak OH OyZeT MCHONb30BaH IJs1 JalbHEUIIHX
OIICHOK.

MuBenTapuzaiiysg napHukoBbix razoB [1IT mo-
nensHOM TOII cocTraBieHa HA OCHOBE CTaHIApTa
I'OCTP UCO 14064-1 — 2021 «HauuoHanbHBIN
crannapt Poccuiickoit @eneparuu. ['azpl map-
HukoBble. YacTs 1. TpeboBaHus u pyKOBOACTBO
10 KOJIMYCCTBCHHOMY OIIPCACICHNUIO U OTYCTHO-
CTH O BBIOpPOCaxX W TIOTJIONEHUH TapHUKOBBIX
ra3oB Ha YPOBHE OpPTaHHM3AUW» U HAXOTUTCS B
rapMoHu3anun C ApYyIrumMu CTaHJapTaMHu,
Harpumep, 1SO  14044:2006. Environmental
management - Life cycle assessment - Require-
ments and guidelines, IDT).

IIpexxne Bcero, A OLEHKH YIJIEPOJHOTO
ciesia Heo0X0AUMO UMETh JaHHBIE O KOJIMUYECTBE
COXOKEHHOTO TOIUIMBA ISl KaXKIOM KaTerOpUH
WCTOYHHKA, a TaKKe HCIOJIh30BaTh KOd(duim-
€HTHI BBIOPOCOB 10 YMOJTYaHUIO, KOTOPBIE MOTYT
OBITH TIONyYEHBI B COOTBETCTBUU C TUATIA30HOM
3HAYEHWI HEOIIPEeNIeIeHHOCTH, MPEICTABICHHBIX
B paszzene 2.3.2.1 [34]. Jlis 3TOro uCnoab3yeTcs
COOTBETCTBYIOIIEE YPABHEHUE!

C=B-K 4)

qg ’

rne C - BBIOPOCHI JAaHHOTO MAapPHUKOBOTO Ta3a
(1IT") mo Tuny TorutkBa (Kr); B - KOJMYECTBO
coxoxennoro tommsa (T[x); K, — xoadduuu-

eHT BhIOpocoB manHoro I (greenhouse gase) mo
tuny toruBa (kr [1I'/Tdx. Koadduuumentsr ais
pacdeta B3sTHI U3 Tabmuuel 2.2 [34]. Qs CO. —
56100 kr COo/Tx; mis CHs — 1 xr IIT'/T]Ix;
st NoO — 0,1 kr TTT/TTx.

C momompi0 MOTEHIMAaNa TI00aTbHOTO II0-
teruienns (IIT'TI) paccumThiBaroT Tak Ha3bIBae-
Mmbiii  COz-axBuBasieHT (CO2€) BBIOPOCOB, T.C.
nanHele o BbIOpocax III' kaxmoro Buma mepe-
CUHTHIBAIOTCSI B DKBUBAICHTHbIC 3HAYCHHS BbI-
6pocoB CO. ¢ MOMOMIBIO CIEIUATBHBIX Iepe-
BonHBIX GWIF-k03ddunmento. Ucnonb3yroTes
sHauenmst [II'TI mms 100-meTHero BpeMEHHOTO
TOPHU30HTA, TIPUBE/ICHHBIE B METOJIMYECKUX YKa-
3anusx MI'OUK (oHm BbIpaxkaroTcsi B OTHOCH-
TEJIbHBIX €IMHULAX U ONPENEISIOT, HACKOIBKO
0oyiee MOIIHBIMU SIBIISIFOTCS 3TH Ta3bl MO CpaB-
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HeHUIO ¢ yraekucibiM razoM (COz), B3ATBIM 3a
0a30BOC 3HAUCHUE).

st Tpex ocHOBHBIX ra3os 3HaueHust GWIF-
ko3 dummentor cienyronme: COz; — 1, CHs —
25, NoO — 298 [GOST P 1SO 14044-2019. Na-
tional Standard of the Russian Federation. Envi-
ronmental management. Life cycle assessment.
Requirements and guidelines (Standartinform,
Moscow, 2019)]. PesynbTaThl MO KOJIMYECTBY
BeIOpocoB  III' mpencraBmenst B COp-
skBuBaneHrte. Jpyrue Bumel [ rumpodropyr-
aepoasl (I'®Y), nepdropyrieponst (IIDVY), rek-
cadropun cepsl (SF6) n TpudTopun azota (NF3)
IUISL pacCMaTpHUBAEMBIX KaTeropuid BEIOpocoB I1I°
HE YUHUTHIBAIOTCSI.

[Tpu nepecueTe BEIOPOCOB MAPHUKOBBIX Ta30B
N20 u CHs MBI yMHOXXaeM UX 00BEMBI Ha COOT-
BercTByromue GWIF-koapdummentsr. Takum
00pa3oM, MBI MOXEM OIICHUTH OOIIMI BKJIAJ
3THX Tra30B B TJI00albHOE MOTEIUICHHE Ha Ipo-
Tsoxeann 100 ner. [lotpebnenue TorumBa UMeeT
enuHulbl u3mepenus T/x, noatoMy miid pacué-
Ta MOKEM B34Tb CYMMapHBIC 3aTpaThbl TCIIJIOTHI.
Torma xoHeuHast Qopmyrna Bcex BEIOPocoBC
OyZeT UMeTh BHI:

C=0,(Kco, + Ky, - GWIFy,, +

+Kyo, -GWIF, ), (5)

rae Q, — oOmme 3aTpaThl TEIUIa IPU MPOU3BOJI-

CTBE AJIEKTPUUYECKON U TEIUTIOBOM SHEPIUU; KCOZ ,
Ken, s Kyo, - K03 dHuIMenTsI BHIOPOCOB NApHU-
KOBbIX raszoB, GWIF,, & GWIF, - mepeBoaHble

ko3¢ ¢urmentsr [II'TI kakmoro w3 MapHUKOBBIX
T'a30B.

Pacder pexxuMoOB pabOTHI arperaTtoB MOJIEINb-
Hoi TOL BeIMONHAETCS HA OCHOBAHUU IPOTPaMM
pacuera TypboycranoBok T-50-12.8, T-185/220-12.8
n T1T-80/100-12.8. MccnemnoBatue MpOU3BOIUTCS
JUIl KJIMMaTU4ecKux ycioBui r. Kuposa, korto-
pble aHAJOTMYHBI TAKUM YCJIOBUSM B CTpaHax
Cesepnoii EBpomnibl. Ha mepBom 3Tame pacueTHOTO
WCCJIEIOBaHUs OLCHUBAETCS OOIIUH SHepreTuye-
CKUHM M 3KOJOTMUECKHH 3PQEKT 0T Terioduka-
muu s MojenbHoM TOLl. Ha BTOpoM aTame
OLICHUBAETCS BJIMSHUE TOW MM MHOW JOJIOCPOY-
HOW SKCIUTyaTallHOHHOW CTpaTeTUM BEICHHS pe-
KUMOB paboTs! Ha TOL Ha BeTMUMHY YTIEPOIHO-
TO Clie/ia IPH TIPOU3BOZCTBE SHEPTETUIECKON MPO-
JOYKIMU Ha TpUMepe TypOOYCTaHOBOK Pa3HbIX TH-
TIOB.
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PE3YJIbTATBI CPABHUTEJBHOI'O
PACUETA KOMBMHUPOBAHHON U
PA3JEJbHOM BBIPABOTKHA
TEIJIOBOU U DJEKTPUYECKOM
SHEPTYHM HA MOJIEJIBHOM T3II, K3C U
KOTEJIbHOM

B xauecTBe 00BeKTa HCClenOBaHMS BRIOpaHa
monenbHas TOC, paboratomias Ha rase, ¢ TypOo-
ycranoBkoii T-50-12.8, xoropas moxer pabo-
TaTh KaK B TEIUIO(WKAIMOHHOM, TaK W KOHICH-
CAllMOHHOM DPEXUMax, W BOJOTpeiiHas Tra3oBas
KOTEJIbHAsl CUCTEMBI LICHTPAITU30BaHHOTO TETLIO-
cHaOxeHus. CpaBHUBAJIOCH TOTpeOJICHHE TIep-
BUYHOHW DHEPTHUHU JJIS ABYX CHCTEM, paOOTAIOIIIX
Ha OpraHn4ecKkoM (MCKOmaeMoM) TOIUIUBE (IpH-
pomHoM raze) — TOLl (KkoMOMHHMpPOBaHHOE TPO-
W3BOJCTBA TEIUIOTHI U DJEKTPOIHEPTUH) U CH-
crteMa koHjeHcanmoHHoH TOC (TypOuHa mepe-
BOJIUTCS B KOHJICHCAIIMOHHBIH PEXUM PabOTHI) U
KOTEJIBHOM 11 HpPOU3BOACTBA TEIUIOTHL. [JIms
OLIGHKM 3Hepretudeckoro 3¢dekra oT KoreHe-
palMu  TPOBEJACHO CpPaBHEHHE  HECKOJIBKHX
HauboJiee XapakTePHBIX PEXKUMOB Pa3JelbHON U
KOMOWHHUPOBAHHOW BBIPA0OTKH AJIEKTPUIECKOMH
U TCIUIOBOM DHEPTUU MO TEIIoBOMY (TIpU Mak-
CUMAJIbHOM W HOMHHAJIBHOM pPacxoJax CBECIKETO
mapa) W JJeKTpHYecKoMmy Tpadukam (COOTBET-
CTBYIOIIUM peXUMaM pabOThl B OTOMUTEIBHBIN
Y HEOTONUTENbHBIN Mepuoabl). bein paccunra-
HBl 3HAYEHUS D3JEKTPUYECKOW MOIHOCTH, OTO-
MUTENLHOW HArPy3KH U OOIIHE 3aTPaThl TETLUIOTHI
Ha TypOoycraHOBKY. [IpHHSATHIE UCXOAHBIE NaH-
HBI€ JUIA pacyeTa MpeJcTaBlIeHbl B Tabmuie 1.

B xoje cpaBHUTENBHBIX pPaCUETHBIX UCCIIE0-
BaHMII Ha Maremarndeckoil momemum T1-50-12.8
MOJTy4YeHHBIE Pe3yJIbTaThl KOMOMHUPOBAHHOW M
pas3zienbHON BBIPAOOTKH SHEPTUU TPEICTABICHBI
Ha puc.2 (1o ’HepreTndeckoMy AQ, ¥ SKOJIOTH-

yeckoMy Kputepusim AC). Pacuer yriepogHoro
ciema C, y.e. (yrmeponnas equauna = 1 T CO»-
sKkBHBajeHTa, t CO»e/s), OBUT BBITTOMHEH O (HOp-
myiie (5), moAPOOHbIH pacdyeT NPUBEACH HIKE B
KadecTBe MpUMepa ISl OJHOTO U3 PEXUMOB (TIpu
pacxoje cmexero mapa G,=70 kr/c, pacxoje

cereBoit Bogsl W=200 kr/c, Temneparype oOpart-
HO¥ ceteBoil Boabl 7,=50°C):

C=0,(Keco, +Ken, - GWIFy,, +
+Kyo, - GWIF,, ) =189.12- (56100 +1-25 +

+0.1- 298) =10.62 kg CO, /s =0.01062t CO,e/s =
=0.01062-3600-24t CO,e/day =917.6t CO,e/s.

23 Appendix 1

Ta6muma 12.
OCHOBHBIEC HaYAIbHBIE TTApAMETPBI TYPOOYCTaHOB-
ku T-50-12.8 npr KOMOMHHUPOBAHHOM BHIPAOOTKE
SJIEKTPUYECKOH U TETUIOBOM SHEPrHK®

[Tapametpsr (parameters) 3uauenus (values)

I[aBJ'IeHI/Ie CBCIKCTO Mmapa

Po, MIla (fresh steam 12.7
pressure po, MPa)

TeMnepaTypa CBeXero napa

t,, °C (fresh steam tempera- 555

ture t,, °C)

1 pexum - 20 kr/c;

2 pexuM - 50 kr/c;
Pacxon ceexero napa G,,

kr/c (fresh steam con-
sumption G,, kg/s)

3 pexum - 70 kr/c
(1 mode - 20 kg/s;
2 mode — 50 kgfs;
3 mode - 70 kg/s)

Temmneparypa oOpaTHOi
ceTeBoii BojbI 72, °C (re-
turn delivery water tem-
perature 7, °C)

50

nuamasod ot 200 mo
800 kr/c ¢ marom
100 xr/c (range from
200 to 800 kg/s in in-
crements of 100 kg/s)

Pacxon cereBoit Boanr W,
kr/c (delivery water con-
sumption W, kg/s)

Crenens oTkpeITHS pery- | 0% (mpu KoMOHMHHPO-

nupyromei quadparmer BaHHOU BBIPaOOTKE)

gacTu HU3Koro masienust | 100% (mpu pasnenpHOi

(PAYHN) Heg urg, %
(Degree of opening of the
sliding grid of the low-
pressure section (SG LPS)
Hsc Lps, %)

BBIPabOTKE)

(0% (with combined
generation)

100% (with separate
generation))

KIIJI xotmoB, % (boiler

. 92
efficiency, %)
KIIJ Tpancmopra
temtotsl, % (heat transfer 98

efficiency, %)

148

Ilo momyuyeHHBIM pe3yapTaTaM MOXHO 3a-
KIIFOYUTh, YTO TPOIIECC OJHOBPEMEHHOM BBIpa-
OOTKM TETUIOBOW W DIIEKTPHYECKON OSHEPTruu
uMmeer OoJiee BBICOKYIO 3HEproadpdekTuBHOCTDH
[0 CPaBHEHMIO C pPa3AEIbHOM CXEMOW 3HEpro-
cHaO)KeHUsI, KOT/la TeIuIoBasi SHEPTHUSl MPOU3BO-
JIUTCSl HA TApOBBIX WJIM BOJOTPEWHBIX KOTEIb-
HBIX, & JIEKTPUYECKask SHEPTHUs MOCTABISAETCA U3
[EHTPAIN30BAHHBIX HCTOYHUKOB — TEIUIOBBIX
JNeKTpuYecKnx craHmuii. KoMmOuHMpoBaHHBIH
METO/JI NTPOU3BOCTBA 3JIEKTPOIHEPTHH M TEMJIO-
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THI B OJHOH SHEPrOyCTaHOBKE CHUKAET MOTPeO-
HOCTb B TOIUTMBE MpuUMepHO Ha 27-34% 1o cpas-
HEHUIO C Da3IeibHBIM B IIMPOKOM JHAaIla3oHe
PEKUMOB pabOTHI, U HAPSILY C 3TUM YMEHBIIAET
U YTTICPOJHBIN Ciel], BeIMINHA CHIDKEHHS KOTO-
pOro HaxXOAMTCS B ITHX ke mpenenax (33-34%).

MW |AQ,
80 // 7
A
60 / // 2/
40
/ ;
20 1
0
tCO.e/day| AC
400 /// 3
300 /,/ 2/
200 %
L— /
100 1
w
0

200 300 400 500 600 700 kg/s

Puc. 2. Pa3Huma cyMMapHBIX 3aTPaT TEIUIOTHI
U BeJTHYMHBI BHIOPOCOB MAPHHKOBBIX ra3os (B
yriiepoaHbIX enunumax y.e./cyr. (tCOze/day)) na
TypOOYCTAHOBKY U KOTEJbHYIO IPH pa3iejJbHOH 1
KOMOMHHUPOBAHHOM BbIPA0OTKe IJHEPrUM U pas-
JIMYHBIX PeKUMAX PaGoThl, COOTBETCTBYHOIIUX
pacxoay cBexxero mapa Go: 1 - 20 kr/c (kg/s), 2 - 50
kr/c (kg/s), 3 - 70 kr/c (kg/s), B 3aBucHMOCTH OT
pacxona ceresoii Bogs1 W (Kg/s).*

Takum 00pa3oM, WU B HOBBIX TEXHOJOTHYE-
CKUX YCIIOBUSIX TETUTO(UKAIMS COXPAHSET CBOO
3¢ (eKTUBHOCTD MTepe/] pa3/iebHON BEIPAOOTKOM.
B takux crpanax, kak ['epmanus, BenukoOpura-
s, Janaws, 1Isenus, Kurait u apyrue, BHIOH-
paroT KOT€HEPALNIO KaK KIIOYEBYIO COCTaBJISAIO-
IIyl0 CBOE€H »HeprocucteMbl. OHHU aKTHBHO
BHEJPAIOT M Pa3BUBAIOT BO30OHOBISIEMBIE HC-
TOYHHMKH PHEPTUM W YACISIOT OO0JbIIOe BHUMA-
HHUE MOBBIIEHUIO 3 dexTuBHOCTH cBoMX TOLJ,
YTO MTO3BOJIIET UCIIOIB30BATh BTOPHYHBIE PECYP-
CBI JIISl TIPOM3BOJICTBA TeIIa B KOMOMHUPOBAH-
HOM 1ukie. Kak mokaspIBaeT MX ONBIT, IPUMeE-
HEHHE TPHUTCHEPAIMOHHBIX CHCTEM (BMECTO KO-
TE€HEPAITMOHHbBIX) emle OOJIbIIe CIOCOOCTBYET
NOBBIICHUIO KO3 PHUIMEHTa HCHOIb30BAHUS
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MIEPBUYHOM SHEPTUM M CHW)KCHUIO pacxojia Tpa-
mqunronHoro tormusa [6, 19, 20]. Oxmako, mms
TOYHOW OLIEHKH SHEPreTUYECKOH U 3KOJIorhye-
ckoil 3¢ dekTuBHOCTH PabOTHI MaPOTYPOMHHBIX
TOL npy pa3nUYHBIX TPAHUYHBIX YCIOBHSX H
1T BBIOOpA OOOCHOBAHHBIX PEIMICHUH HCIOIb-
30BaHME MaTeMaTHYeCKHX Mojeiel TypOoycra-
HOBOK C pCEaJbHBIMH XapaKTCPUCTHKAMH TYyp-
OMHHBIX CTyTIEHEH M OTCEKOB MOXKET OBITh TO-
JIE3HO.

PACYETHOE OIITUMU3AIIMOHHOE

HNCCIEAOBAHHUE
Bropas yacTs uccienoBaHus HampaBlieHa HA
pelieHue TaKoi BKHOM TEXHUKO-

9KOHOMHYECKON 3a/adyM, KaKk ONTHUMH3AIUs pe-
JKUMOB paboThl Teroanekrporuentpanu (TOII) ¢
[ENbI0 TTOBBIIEHUST 3(P(HEKTUBHOCTH HCIIONb-
30BaHMS IPHUPOIHBIX PECYpPCOB, KOTOPBIE CIIY-
)kat TormuBoM i TOLl, u moBbIIeHUE HE
TOJBKO JKOHOMHYECKOW 3(PPEeKTUBHOCTH pa-
0OTHI CTAaHLMM HA PBIHKE 3JEKTPOIHEPIHH H
Telia, HO U CHI)KEHHUS BO3JEHCTBUS Ha OKpY-
JKAIOLIYIO Cpemdy.

[MocranoBka 3afay ONTHUMHU3AIMH PaOOTHI
TOIl umeeT BBICOKYIO BBIYHCIUTEIBHYIO CIIOXK-
HOCTb, IPUUMHAMH KOTOPOI ABJISAIOTCS: a) CIOXK-
HBIH BHJ 1eeBOl QyHKIMHU; 6) OONbIIOE YHCIIO
yIpaBiisieMbIX (BapbUPYEMBIX) MApaMeTPOB, KO-
TOpPOE 3aBHCUT OT NPUMEHSEMBIX MareMarude-
ckux Mmozeneir arperatoB TOL[; B) Oounblioe
YHCIIO OTPaHUYEHHH, HAK/IAAbIBAEMbIX Ha 3HaUe-
HUSl YIPaBIsIEMbIX ApPaMETPOB; T') 3aBUCUMOCTD
KpUTepHeB onTuManbHocTH paboter TOL u rpa-
HUYHBIX TTapaMeTPOB OT yCJIOBHH €€ 3KCIUTyaTa-
un. [ToaToMy BEIOOp MaTeMaTHUECKUX MOJeNeH
TOLl sBasieTcss onmpenesomuM JUisl JOCTHXKe-
HUS TIOCTAaBJICHHOW €M M 3aBHCUT OT OCOOEH-
HOCTell pemaeMoil 3anaun. MMeromascs B pac-
MOPSDKEHUH aBTOPOB OMONMOTEKa MaremMaTuye-
CKUX MoJieNiell TeroGUuKaoHHbIX TypOOoycTa-
HOBOK TTO3BOJISIET B TIOJTHOW Mepe pelaTh 3a1a4u
TAKOTo KJjlacca, 4To OyAeT MOKa3aHO Ha HECKOJIb-
KHMX YaCTHBIX TPUMEpax HIKE.

B xagectBe mepBoro mpumepa MpoaHATH3U-
POBaHO M3MEHEHHE BEIMYMHBI Q, B 3aBUCHUMO-

CTH OT NPUPOCTa SJIEKTPHUYECKOH MOLIHOCTH B
pe3yibTaTe pa3Horo (MapajuiebHOTO W TOCIe-
JIOBATEIILHOTO) OTKPBITHS PETYIUPYIOIINX JHa-
¢parM OZHOTHIIHBIX TYpOMH Tpu paboTe Mo
anekTpuueckomy rpaduky (puc.3).

B cooTBercTBHM C pacueTaMu IO MOJEIH
POCT MOIIHOCTH BO BCEX YCJIOBHSIX HMPUBOJIUT K
CHIDKEHHIO BennuuHbl Q,. JlaHHBIN BBHIBOJ MMe-
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eT 0OJbLIOe MPaKTHYECKOE 3HAYEHHE, TaK Kak
MIO3BOJIIET MPABUIIBHO OPraHU30BATh PEXXKUM pa-
60TeI TypOOycTaHoBOK Ha TOLl u CHU3WTH BBI-
Opochl yriekucnoro rasa. Kak mokasanu mpose-
JCHHbIE HCCIENOBaHUs, Oojiee 3KOHOMHYHBIM
ABJISIETCS IIOCTIEIOBATENIEHOE OTKPBITHUE PEryJIH-
pytomeii nuadparmer (PJ). IMomydeHusiit 3¢-
(EKT OT ONTUMATIBHOTO pacipeesieHHs MTUKOBOH
Harpy3kd MeXay TypOWHamu CBSI3aH B IEPBYIO
ouepenb ¢ HEMHEHHBIM XapaKTepOM 3aBHCHUMO-
CTH BHYTPEHHEW MOIIHOCTH YaCTH HH3KOTO J1aB-
nenns (YHM) or pacxoma mapa. B aToii cBsizu
CIIeyeT OTMETUTh, YTO yYMEHBIIEHHE BEHTHJISI-
IUOHHBIX MpomyckoB napa B YH/ rermodukanu-
OHHBIX TypOMH HE TOJBKO MOBBIIIAET MX DKOHO-
MHYHOCTh B 0a30BOM pEKUME, HO TaKKe pacilu-
psieT BO3MOXKHOCTh W yBelIM4IHBaeT 3(QdeKTHB-
HOCTh ONTHMH3AIMH TEPEMEHHBIX PEXUMOB pa-
00TBI TypOOYCTaHOBOK. V3 HOpMATHBHBIX Xapak-
TEPUCTHUK TIPH 3TOM CJIEAYET, YTO NMPUOTKPHIBATH
PJ1 Hy>kHO napajuIeIbHO Ha BCeX TypOoarperarax,
T.€. ONTHUMAIGHBIM SIBIISIETCS Kak OyATo OBl paB-
HOMEpHOE paclpenesieHue Harpy3Ky, 4To U Ipo-
UCXOAWUT B HAcTosIIee BpeMs B OOJBIIMHCTBE
CJIy4aeB IPH 3KCIUTyaTallli OJUHAKOBBIX TYpPOHH.

Mw
80

AQ,

AN

60

/TN

40

20

0
tCOe/day
4

AC

3

™

ANg
0 2 4 6 8 10 Mw
Puc. 3. CpaBHHTe/IbHOE H3MEHEHHUE JHEPTeTH-
yeckoii 3¢ PekTUBHOCTH (3aTPAT TENJIOTHI HA BbI-
pa6oTKy 1eKkTpodHepruu AQe) M BeJJMYHHBI BbI-
OGpOCOB MAPHHKOBBIX ra3oB (B YIJIEPOIHBIX eIH-
Huuax y.e./cyr. (tCOz¢/day)) npu onTUMH3aIHH
pacnpenejieHisi IMKOBOM HATPY3KHU MeKIY ABYyMSI
(1) u Tpems (2) oxHoTUNHBIME TypOuHamu T-50-
12.8 npu nocJieoBaTeLHONM U NapaJlIeJbHOM 3a-
rpy3Ke B 3aBHCHMOCTH OT IPHPOCTA dJIeKTpHYe-
cxoii momaocTH ANe®

0
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B xagectBe BTOpOro mpumepa 3¢h¢heKTUBHOM
OpTraHM3alfH AKCIUTYaTallly BBIITOJIHEHA OIEHKA
3 PEeKTHBHOCTH TIepepacIpeaesieHrus TEIUIOBOM
Y DJICKTPUYECKON HATPY3KU MEXKIY Pa3TMYHBIMU
TypboycTaHoBkamMu B mpexaenax oxHoud TOILI.
I'panndaHbIe yCITOBUS MOAETUPOBAHUS HATPY30K
U PeXUMOB paboTel arperaroB TOL[ cooTser-
CTBYIOT HauOoyiee THIWYHBIM Juis KupoBckux
TOU-4 u TOL-5 ycnoBusM. B HeoTonuTensHBIN
nepuoxg TOL| paboraeT MO >BIEKTPHUECKOMY
rpaduKy (TO ecTh C 33JaHHOH CyMMapHOMH dJIeK-
TPUYECKOM MOLIHOCTHIO (XN, )) OpH OTHOCH-

TEJIHHO MaJIOM W HEM3MEHHOM OTITYCKE TeTJIOTHI
IUTsL HYXKJ TOpSYero BoOJoOCHaOeHus. B Takux
YCIIOBUSIX TIOSIBIISIETCS BO3MOXXHOCTh ONTHMH3a-
U 3a cY€T TepepacrpeneieHns Kak pacxoja
CETEBOW BOJIBI MEXKIY TYpOOYCTaHOBKaMH, TaK U
WX JJICKTPUYECKON MOITHOCTHU. B Tabnuiie 2 u Ha
puc.4 TpUBEACHBI PE3yIbTAaThl PACUETHBIX HC-
CJICIOBaHMI KaK 3JICKTPUICCKON HArpy3KH, TaKk U
pacxoma CeTEeBOM BOJBI MEKIY pa3IHUYHBIMH
TypOOyCTaHOBKaMHU TIPH OMPEIEIEHHBIX YPOB-
HAX ZN, .

mMw
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Puc. 4. Bo3moskHast 3peKTUBHOCTH Nepepac-
npeesIeHNusl pacxoJa ceTeBoil BoAbl Me:KAy TypOo-
ycranoBkamu Nel u Ne3 u cpaBHUMTeIbHOE H3Me-
HEHHeE BeJIUYHHBbI YIVIEPOIHOIO CJiea B pesKuMax
padoThl B HeoTONMTENbHBINA mepuoa. CymmapHas
MOIIHOCTH TypOoycTanoBok 240 MBr.
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Ta6muma 2.

Pe3ynbTarhl pacyeTHOr0 UCCIIEeIOBaHUS MTEpEPaCIPEICIICHUs] PACX0I0B CETEBOW BOJIBI TIPH COBMECT-
noii pabore TI' Nel u TT” Ne3. CymmapHas s1eKTpudeckas Momuocts 240 MBr. 8

Pexum W1 W3 3G, , Kr/c Q,, MBt | AQ,, MBT N, /SN C,y.e.lcyr.
(mode) | 1/u4 (t/h) | t/u (t/h) (kgls) (MW) (MW) mimE (t COze/day)
1 264,68 662,87 7,195 0,460 34,91
2 262,44 661,25 5,578 0,417 27,06

1000 3000
3 258,88 656,37 0,698 0,354 3,39
4 257,91 655,63 -0,038 0,295 -0,18
1 260,46 657,63 1,953 0,416 9,48
2 258,32 655,52 -0,154 0,354 -0,75
1500 2500
3 257,37 654,55 -1,118 0,292 -5,42
4 257,12 653,93 -1,740 0,236 -8,44
1 258,41 655,67 0,000 0,367 0
2 257,11 654,01 -1,658 0,292 -8,04
2000 2000
3 256,88 653,17 -2,506 0,229 -12,16
4 257,72 653,26 -2,417 0,173 -11,73
1 257,89 655,80 0,127 0,310 0,62
2 257,19 653,29 -2,386 0,229 -11,58
2500 1500
3 259,29 655,18 -0,487 0,167 -2,36
4 260,88 655,58 -0,091 0,112 -0,44
1 257,19 653,84 -1,829 0,260 -8,87
2 259,08 655,11 -0,560 0,188 -2,72
3000 1000
3 261,02 655,99 0,320 0,125 1,55
4 263,04 655,52 -0,154 0,053 -0,75
1 259,42 655,97 0,293 0,203 1,42
2 261,28 657,07 1,393 0,146 6,76
3500 500
3 262,87 656,57 0,902 0,083 4,38
4 265,36 657,27 1,594 0,019 7,73
1 296,02 711,13 55,455 0,656 55,46
2 4000 0 272,84 683,50 27,823 0,472 27,82
3 261,01 661,96 6,292 0,265 6,29
4 262,98 655,65 -0,027 0,083 -0,027

Kak mpaBuio, B NeTHUH nepuoa B dKCILTya-
TalMd HaxoJATCS TOJNBKO JiBa Typboarperara.
[TosToMy B KauecTBe mpuUMepa NPOBEAEH PacuET
OITHOBpeMEHHOH paboTel TypOoarperata (TI)
Nel (tuma ITT-80/100-12.8) u TT" Ne3 (tuma  T-
185/220-12.8). CymmapHast BeIWYHHA pacueT-
HOW 3JIEKTPUYECKOM Harpy3ku moTpeduTeneit
npuHATa paBHoi 240 MBT, ueMy COOTBETCTBYyET
CcOCTaB OCHOBHOTO oOopymoBanus TOIl ¢ Tpems
Typbunamu (Ha TOLl paboraer nBa TypOoarpe-
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rata T-185/220-12.8 u ogun I1T-80/100-12.8).
3a cder mepepacmpeneieHUsT pacxoia CETEBOM
BOJbl MEXJYy HUMH TEILJIOBAasl U JJIEKTpUUYECKAs
Harpy3ka arperaroB TOLl uzMmensercs, 4yTo npu-
BOJUT K U3MECHEHHSIM CYMMapHOTO pacxoja Tell-
JIOTHI HA TypOOYCTAaHOBKH, MTOTEPH TEIIa B KOH-
JIEHCATOpe W, KaK CIEACTBHUE, YIIIEPOAHOIO Clie-
na. [Ipudyem mms pacdyera W3MEHEHUS PEXUMOB
pabotsr TOIl 3Th mOTEpM pPacCUMTHIBAIOTCS IS
KaKJIOTO 3HAYCHUS TETUIOBOM HATPy3KH.




PROBLEMELE ENERGETICII REGIONALE 4 (60) 2023

IIpencraBicHHBIE JaHHBIE XapakTEPU3YIOT
BIIMSIHUE TIepepacIipe/ieieHns] pacxojia CeTeBOi
BOJBI MEXAYy TypOWHAMH B TPAHUYHBIX PEXKH-
Max, T.e. B P&KHMax ¢ MUHUMAIbHBIM CyMMap-
HBIM PAacXOJIOM TEIUIOTHl TOIUIHBA XQ,, KOTO-

pble, KaKk MpaBWiIO, AOCTUTAIOTCA MPU MHOJHOM
otkpbiTiu PJ] Ha omHOM M3 TypOuH. OHM MOKa-
3BIBAIOT, YTO IEpepaclpesielieHne pacxooB Cce-
TEBOU BOJBI OKa3bIBACT JOCTATOYHO CYLIECTBEH-
HO€ BJIVMSIHHE Ha SKOHOMUYHOCTH pabotel TOLI.
W3 nanHbIX, NpUBEAEHHBIX Ha puc.4, ciemyer,
YTO NPU ONPENETAEHHBIX U HEU3MEHHBIX COYETa-
HHUSX PacXooB ceTeBOi BoasI (W1/W) uMeeT Me-
CTO TCHJICHIIMS K CHUKCHHIO OOIIMX 3aTpaT Terl-
70ThI (£Q, ) MpU PaBHOMEPHOM pPacCIpee/ICHUH

pacxola CETeBOM BOABI MEXIY TypOOyCTaHOB-
kamu. B TO e BpeMs MepeBo;] OJHOM U3 TYpOUH
B YHCTO KOHJICHCAIIMOHHBI PEeXHUM M Iepeaaya
BCEH TEIUIOBOM HAarpy3Kd Ha JApPYyryl Bcermaa
NPUBOJUT K CHIKCHHIO SKOHOMHUYHOCTH PabOTHI
TOL. DOTH ke 3aKOHOMEPHOCTH HAOJIONAIOTCS
IIPU aHAJIN3€ BEIWYMHBEl YIJIIEPOJHOrO Clela B
COOTBETCTBYIOIIUX PEKUMAX.

B kadecTBe TpeTbero mpuMepa INpoBeIcHa
oreHKa 3P PEKTUBHOCTH HEKOTOPHIX W3MEHEHUH
MIPU 3KCIUTyaTallil CETEBBIX MOAOIPEBaTENbHBIX
YCTAaHOBOK. TpagullMOHHO, B JIETHUH HEpUOL
TermoQUKauOHHbIE TypOOYCTaHOBKH SKCILTya-
TUPYIOTCSI C OJJHOCTYTIEHYAThIM TOJOTPEBOM Ce-
TEBOM BOJABI B HUKHEM CETEBOM IOJOTPEBATEIE.
B cuimy oTHOCHTENBHO MambIX TEMJIOBBIX HArpy-
30K OJIHOCTYIIEHUYATHIN MOJOTPER JIEUCTBUTEIHLHO
MOJKET OOECIeUHTh 3aJaHHBIH TeMIepaTypHbII
rpa¢uk. OJHAKO IpU 3TOM BO3HHKAET CUTYyalus,
KOTJIa TIPH OTITyCKe HEOOJIBIIOTO pacxo/ia rapa B
HIDKHUHA 0TOOp MMEET MECTO JIPOCCEIMPOBaHUE B
perymupytomieit muadpparme (P/) 3HauuTensHO-
ro KOHJIEHCAITMOHHOTO ToToKa. JlaHHOEe o6cTos-
TEIbCTBO NMPHUBOJIUT K CHIDKEHHIO OTHOCHUTENb-
Horo BHyTpenHero KIIJ[ TypGoycraHoBku, a
3HAYUT U €€ SKOHOMUYHOCTH.

[Ipencrasusiercs, uro 6onee 3PPEKTUBHBIM B
YKa3aHHBIX YCIOBHUSAX SBISETCS OBYXCTyINEHYa-
TBI MTOOTPEB CETEBOM BOJBI, TO €CTh MOCIEN0-
BaTEJIbHO B HIDKHEM M B BEPXHEM CETEBBIX MO0
rpeBaresix. [lpu atom s mopnmepkaHus 3a-
JAHHOTO OTIyCKa Terila BO3MOXKHO JINOO IpH-
MEHEeHHEe 00BOJa CETEeBOW BOJBI MOMHMO CETe-
BBIX IOJIOTpeBatenieii, JmbO peryiupyemoe
OTpaHMYEHHUE MOJAYM I1apa B BEPXHUM CETEBOU
nojorpesareib. s oueHKH BO3MOXKHOCTH (-
(heKTUBHOCTH TAKOTO MOAX0Aa OBLIM MPOBECHBI
COOTBETCTBYIOIIME PAc4YEThl JUIsl NBYX TypOoO-
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ycranoBok Tuna T-185/220-12.8, pesynbraThl
KOTOPBIX MPEACTaBICHEI HA pUC. 5—0.

[IpencraBneHHbIe TaHHBIE CBHICTEIHCTBYIOT
0 TOM, YTO B PEANbHBIX YCIOBHUSIX DKCILTyaTaIllul
MEePexo/ ¢ OJHOCTYIIEHYAaTOro Ha JIBYXCTYIICH-
YaTbli IOJIOTPEB CETEBOM BOJIbI 1a€T 3HAUYUTEIIb-
HOE CHIDKEHHE pacxoja Tella Ha TypOoycrta-
HOBKM B YCJOBHSAX COXpaHEHHsS TEIIOBOM
Harpy3kd M ODIJIEKTpUYecKOoi MouHocTh. [lpu
3TOM BO3MO’KHas 3KOHOMUS TomiuBa AB Moxer
JOCTUraTh Uil TYpOMH pPa3iudHOTO THIA
0,5-2 T y.1./4, a cOKpalleHue YrIIepoIHOTO ciea
mo 170-900 y.e./mec. coorBercTBeHHO. Ecmm
MPUHATH BO BHHMaHWE CTOMMOCTH | y.e. Ha
pBIHKE B pasMmepe nopsaaka €85, To skoHOMuUYe-
ckuii 3¢ (HEeKT OT BHEIPEHUS dTHX MEPOIPUATHI
MOXKET COCTaBUTH OT 14 110 76 ThIC. € B Mecsi1 Ha
OJIHY TypOOYCTaHOBKY.

AQ,

kW

6000

4500

3000

1500

May
Puc. 5. DHepreruueckas 3ppeKTUBHOCTS Te-
pexosia ¢ OJTHOCTYNEeHYaTOro Ha JBYXCTYNeHYaThbIi
MO/I0TPeB ceTeBOii BObI B HEOTONMMUTEIbHBII Me-
puoa padoThl ABYX TYpOoycTaHOBOK. 3MeHeHue

June July August  September

pacxoaa TemIoThl Ha TypouHbI. °

C

thous. tCOze/
month

May June July
Puc. 6. Jxosiornueckasi 3¢ppeKTHBHOCTH Nepe-
X0/1a ¢ OJHOCTYIIEHYATOI'0 HA ABYXCTYIeHYATHIN
NO/I0TPEB ceTEeBOM BOJbl B HEOTONHUTEJIbHBII Ie-
puox padoThl ABYX TYpOoycTaHOBOK. 3MeHeHue

BeJIMINHDLI YIJIEPOIHOro ciaena.

August  September

TakuM 00pa3oM, BBITTOJHEHHBIE HCCIIEI0Ba-
HUSl CBHJETENBCTBYIOT O NMPUHIMIIHAIBHON BO3-
MOKHOCTH ONTHMHU3ALMH PEKUMOB PadOTHI IO
ANIEKTPUIECKOMY TpaduKy TpyHmbl Teriopuka-
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OUOHHBIX TypOOYCTaHOBOK, IOJIy4aTb 3KOHO-
MU0 IEPBUYHOTO TOIUIMBA M COKPAIIATh BEIOPO-
ca MAapHUKOBBIX I'a30B IPAKTHUECKH O€3 I0Ioj-
HUTENBHBIX KalMTaJIbHBIX 3aTpar. Bce 3T0 10-
CTUraeTcsl IyTEeM HCIOIb30BaHUS Majao3arpar-
HBIX CIIOCOOOB M3MEHEHUS PEKUMHBIX IapaMer-
POB U peryaupoBaHUs] HArPY30K, CIIOCOOCTBYET
MOBBIICHUIO KOHKYpeHTocnocooHoctn TOLl Ha
pBIHKaX TEIJIOBOM M 3JIEKTPUYECKOW IHEPTUH U
CHIDKEHHIO HAJIOTOBOM Harpys3Ku.

3AKJIIOYEHHUE

[Tonutnka B 00NAaCTH PHEPreTUKU B KPAaTKO-
CPOYHOM NEpCHEKTUBE CBUAETEILCTBYET O HE-
BO3MOKHOCTH JJII MHOTHX CTpaH MHpa TOJHO-
CTbIO M30€XKaTh COOPYXKEHHUSI U pabOTHl TerJIo-
BBIX 3JeKTpocTaHiuil. OJHAKO CyYIIECTBYIOT
CrocoObl CHU3WTH HETaTMBHOE BO3/ICWCTBUE Ta-
KHX 3JIEKTPOCTAHIIMN Ha OKPYXKAIOMIYIO Cperdy.
Cpenn HHX MOXHO BBIACTUTH PECTPYKTypHU3a-
[IUI0 PHEPTeTUYECKON OTpaciu (yBEIWYeHHE J0-
U KOTEHEPAllMOHHBIX YCTAaHOBOK IIPU CTPOH-
TEIbCTBE HOBBIX HCTOYHHKOB IPOU3BOJCTBA
JNIEKTPUYCCKON DHEPruu), a TaKkKe CHIKCHHE
pacxo/ia OpraHMYEcKOTO TOILIMBA TMPH IKCILTya-
tauuu TOL 3a cueT npoBeACHUS PEKUMHBIX OI-
THUMH3ALUOHHBIX MeponpusaTuil. Mccienosanue,
MPOBEJICHHOE B paMKaxX JaHHOH paOOThI, Tpeao-
CTaBJISIET JIaHHBIC O CHIDKEHUH MAPHUKOBBIX BBI-
6pocoB ot TOI] Ha OCHOBE ONTHUMAIBHOTO BEJe-
HUSI PEKUMOB PaOOTHI CTAaHIUH, YTO pPaHee He
uccienoBanock. OCHOBHBIE BBIBOIBI H PEKOMEH-
JTAIIIH CBOJSITCS K CIIETYFOIIUM TTOJOKESHHSIM.

1. Pazpabotan u mccieoBaH METOIOJIOTHYE-
CKUM MOAXOJ] K KOMIUIEKCHON OIIEHKE 3HEPreTH-
YECKOU M dKoIoTHYecKor 3 PpeKTHBHOCTH pado-
Tl TOL] Ha OCHOBE MAaTEMAaTUYECKOIO0 MOJAEIHU-
pOBaHHA, MO3BOJSIOUINN JIaTh TEOPETUYECKOe
000CHOBaHWE TPEJIaraeMbIX PEmIeHUul 10 dKC-
wiyatauud TOLl 1 BO3MOXHOCTh HUCCIIEIOBAHUS
BIIMSIHUSL Pa3NUYHBIX (AKTOPOB Ha BEIUYHHY
yraepoaHoro ciena. [lokasano, 4To oH MO3BOIS-
€T pellaTh XapakTepHbIC 3aJlayd MO ONTHUMH3A-
UM PEXUMOB pabOThI CTAHIMH, TAKWE Kak Iie-
pepacrpeieieHne TEeIUIOBBIX W 3JIEKTPUYECKUX
Harpy30K Mexny TypOOyCTaHOBKaMH, PacxoJlOB
CETEeBOM BOJBI MPHU Pa3HbIX I'PAHUYHBIX YCIOBU-
X (TIOCTOSIHCTBO BBIPa0ATHIBAEMOM 3JIEKTPO-
SHEPTuH WK OOIIEro pacxoja TOIUIMBA HA CTaH-
LUH), ONpeesieHHE MOpsAKa 3arpy3ku TypOo-
YCTaHOBOK B THWKOBBIE Tepuojsl. [Ipemmoxen-
HBIM T01X0a ObUT ampoOupoBaH Ha psge TOI]
r.Kuposa u ero 3¢dexkTuBHOCTS MOATBEPKACHA
JETAIbHBIMA ~ PacCYeTHO-IKCIEPUMEHTATEHBIMA
WCCIIEIOBAHUSAMH, PE3YJIbTAaThl KOTOPHIX MpPHUBE-
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JICHBI B cTaThe. M3JI05KeH alrOpUTM MOCTPOCHHUS
MaTeMaTHYeCKUX MOJENeN sl JFOOBIX THITOB
TeI0(UKAMOHHBIX TYpOWH, OCHOBaHHBIA Ha
MPUMEHEHUH peallbHBIX SHEPreTHYECKUX Xapak-
TEPUCTUK 000pYyIOBaHUS, IPUBEACHHBIX K YHH-
BEpCAIbHOMY MaTEeMaTHUYECKOMY BULY.

2. O00CHOBaHA MPUMEHUMOCTh HU3JI0KEHHOIO
MOJXO0/a TaKXKe Uil KOJUYECTBEHHOH 3KOJIOTH-
YeCKOH OLEHKH ([0 BETMYMHE CHW)KCHUS BBI-
OpOCOB TIAapHUKOBBIX Ta3oB) Hambosiee 3¢dek-
TUBHBIX PEXKHUMOB pabOTHI TEIIO(UKAIIMOHHBIX
TypOOYCTaHOBOK B IEPUOBI KaK MUKOBBIX, TAK U
YaCTHYHBIX Harpy3ok B (PaKTHYECKHX YCIOBHSIX
skcruryataruu TOL.

3. Ha mpumepax TemiopuKalMoOHHBIX Mapo-
TypOMHHBIX ycTraHoBOK TumoB [1T-80/100-12.8,
T-50-12.8 u T-185/220-12.8 npencraBiieH cpas-
HUTENbHBIA aHAIN3 SHEPTreTHIECKUX M SKOJIOTH-
4yeckux (10 BEJIMYMHE YIIIEPOAHOTO ciiea) Mo-
Ka3zaTeslell B XapaKTEepPHBIX PeXHMax paboThl M
MpH ONTHMHU3AINH, TOJYICHHBIX B PE3yJbTaTe
pacuera c HCHONB30BaHHEM pa3pabOTaHHBIX Ma-
TEMaTUYCCKUX MOJACIeH. YCTaHOBJICHO, YTO
MPaBWIBHBIA BEIOOP MOCIEIOBATENIEHOCTA 3a-
TPy3KH TypOOYCTaHOBOK PAa3WYHBIX THIIOB W
CTETNICHH HCIIOJb30BaHMsI MapoOTypOMHHOTO 000-
pynoBanus TOLI, B cpenHeM, NO3BOJISIET CHU3UTh
YAETBHBIA Pacxo] TOIUIMBA Ha OTITYCK AJIEKTPO-
SHEPTUH, W, CIIEeJOBAaTeIbHO, BEIUYMHY BHIOPO-
COB TMApHUKOBBIX Ta30B Uil OOJILIIMHCTBA pe-
ANBbHBIX PEXXUMOB IpuMepHO Ha 3-5%.

4. [lpumepamu, TIPUBEACHHBIME BBIIIE, TOI-
TBEPIK/IeHa BO3MOXKHOCThH HCIIOJIB30BAHUS TPEJI-
JIOKCHHOW METOJMKH M KPUTEPHEB ONpe/IeIeHUs
SHepreTHYecKoi APPEKTUBHOCTH U pa3padoTaH-
HBIX MaTeMaTHYeCKHX MOeNeH IS pelIeHus
3amad ympasieHus obopymoBanmem TOL[ mist
ONTUMAJBHOTO pacpeieNIeHUs] Harpy30K MEXIy
TypboarperaraMd B yCIIOBHSIX BBITIOJIHEHUS CY-
miecTByronMx rpadukoB Harpyszok. Ilepepac-
npejielieHne Harpy30K MeXIy TypOoarperaramu
B TIOJIb3Yy HanOoJee MOIIHBIX TYpOUH MO0 KOp-
PEKIMS 10 pacxojaM M TemIieparype IpsMon u
0o0paTHOW ceTeBOW BOJBI HA MCTOYHUKE TPHBO-
JUT K COKpAILEHHUIO YIJIEPOIHOIO Cliefia, B Cpes-
HeM, Ha 5-10%.

5. YcTaHOBIEHO, YTO MPHU COXPAHEHUH CYM-
MapHOW TEIUIOBOM M 3JIEKTPUUYECKON Harpy3ok
norpeduTenell CHWKEHHE YIeNbHBIX 3aTpaT Ha
MPOM3BOJCTBO 3JIEKTPOIHEPTUM B IIEJIOM IO
AIIEKTPUIECKOMN CTAHIIMU MOXKET OBITh JOCTHTHY-
TO 32 CUET M3MEHEHHS TEIUIOBOH CXeMBI TypOo-
YCTaHOBKH, @ IMEHHO, 3a CUET Mepexoa ¢ OJIHO-
CTYIIEHYaTOr0 Ha JBYXCTYNEHYATHIH IOJOTPEB
CETEBOI BOJIBI, TPEkKAE BCETO B HEOTOIHTEIb-
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HBI TepuoA. [Ipyu 3ToM BO3MOKHAsi SKOHOMHUS
TOIUTMBA MOXET JOCTHTaTh JUIl TYpOWH pa3ind-
Horo tuna 0,5 — 2 Ty.T./4, a coKpalleHue yrie-
pomHoro ciena —mo 170-900 y.e./mec. cooTBeT-
CTBEHHO.

6. [Io pe3ynpratamMm NpOBEICHHOTO HCCIENO-
BaHMS MOXKHO 3aKJIOYHTH, YTO pa3pabOTaHHBIC U
000CHOBaHHBIE PEKOMEHAAINH, OTHOCSIINECS K
ONTUMH3ALINYU pacTpeelieHHs Harpy30K MExay
TypOoarperataMu, M TpPEIIOKEHHUS I0 paruo-
HAJILHBIM PEXHMaM UX JKCIUTyaTally IT03BOJIS-
0T YMEHBIINTh HEOJIaronpusTHOE BO3JEHCTBHUE
TOL| Ha OKPYKAIOIIYIO CPeny W MOBBICHUTH d(-
(EeKTHBHOCTH MPOM3BOJCTBA M OTIIyCKa TEILIO-
BOW W DIIEKTPUYECKOH SHEPruyd MpHU OTHOCHU-
TENPHO HEOONBIINX 3aTpaTax Ha WX peam3a-
HIO.

Takum 00pa3om, B pe3yibTaTe BBIIOIHEHHO-
ro MCCIENOBaHMs YCTAaHOBJICHA MPUMEHHUMOCTD
MOJYYEeHHBIX PE3YIbTaTOB MpPU TOCTAHOBKE H
pELIeHNH 3aa4 ONTHMHU3AUH PEKUMOB PaOOTHI
TOLl ¢ yderoMm pacueTa CHWXEHHsI BBIOPOCOB
MapHUKOBBIX Ta30B, B TOM YHUCIE 3a CYET: BO-
HEPBBIX, ONpPEIeTICHNUs TPAaHUYHBIX yCIOBHH Ta-
KUX 3a/1a4; BO-BTOPBIX, BHIOOpA BHIa MaTeMaTH-
YeCKHUX MoJieNieil 000pyJOBaHUS U YCTaHOBIICHUS
TpeOOBaHUH K MX TOYHOCTH; B-TPETHHX, HCIIOJb-
30BaHUSI METOOMKH pacyeTra HSHEpPreTHYecKoro
a¢ddeKxTa U BEIMYMHBI CHHXXCHHUS YTIICPOJHOTO
crena.

APPENDIX 1 (TPUJIOKEHMUE 1)

Fig. 1. General view of the basic thermal scheme of
the turbine unit.

23Table 1. Basic initial parameters of the T-50-12.8
turbine unit for combined generation of electrical and
thermal energy.

4Fig. 2. The difference in the total heat costs and the
amount of greenhouse gas emissions (in carbon units
tCOze/day) for the turbine unit and the boiler plant
with separate and combined energy production and
various operating modes corresponding to the fresh
steam consumption Go: 1 - 20 kg/s, 2 - 50 kg/s, 3 - 70
kg/s, depending on the flow of delivery water
W (kg/s).

SFig. 3. Comparative change in energy efficiency
(heat consumption for electricity generation AQ.) and
the amount of greenhouse gas emissions (in carbon
units tCO,e/day) when optimizing the distribution of
peak load between two (1) and three (2) turbines of
the same type T-50-12.8 with sequential and parallel
loading depending on the increase in electrical power
ANe.

®Fig. 4. Possible efficiency of redistribution of
delivery water consumption between turbine units No.
1 and No. 3 and comparative changes in the carbon
footprint in operating modes during the non-heating
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period. The total electric power of turbine units is 240
MW.

"8Table 2. Results of a computational study of the
redistribution of delivery water costs during the joint
operation of TG No. 1 and TG No. 3. Total electric
power is 240 MW.

%Fig. 5. Energy efficiency of the transition from one-
stage to two-stage heating of delivery water during
the non-heating period of operation of two turbine
units. Change in heat consumption to turbines.

YFig. 6. Environmental efficiency of the transition
from one-stage to two-stage heating of delivery water
during the non-heating period of operation of two
turbine units. Change in carbon footprint.
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Abstract. The purpose of the article is to substantiate the use of a new criterion for controlling the grinding
technological process to improve the use of electrical energy. The subject of the study is the process of using
electrical energy in impact grinding machines. The set goal is achieved by solving the following problems:
analyzing the energy of the grinding process, determining the parameters of raw materials and operating modes of
the electric drive that affect the efficiency of electrical energy usage. Based on theoretical research, a mathematical
model of energy consumption in grinding processes has been developed. Analytical studies of the resulting
mathematical model showed the nonlinear extreme nature of the specific energy consumption of the grinding
process with changing raw material parameters and operating modes. This creates the prerequisites both for using
specific electrical energy costs as a control criterion and for the use a controlled electric drive to achieve maximum
energy savings. The most important result is that the operating modes of grinding machines could be established
by more efficient use of electrical energy. The significance of the work lies in the fact that by adapting the operating
modes of the electric drive to the current parameters of the raw materials and the state of the equipment make
possible to reduce the specific electrical energy consumption up to 15% and this is the basis for using a criterion
based on specific costs in control systems for technological processes with grinding impact machines. For further
application of the obtained results it is necessary to conduct experimental studies to confirm the increase in the
efficiency of electrical energy use.

Keywords: control criterion, energy consumption, mathematical model, adjustable electric drive, grinding.
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Criteriul de control al economisirii energiei pentru masinile de slefuit cu impact
Ciausov S.V., Sabo A.G., Popova L.A.
Universitatea Agrotehnologica de Stat din Taurida, nuBudico
Budico V.I.
Universitatea Nationala Tehnica a Ucrainei ,,Institutul Politehnic din Kiev numit dupa Igor Sikorsky”,
Kiev, Ucraina

Rezumat. Scopul articolului este de a fundamenta utilizarea unui nou criteriu de control al procesului tehnologic
de micinare pentru a imbunatati utilizarea energiei electrice. Subiectul studiului este procesul de utilizare a
energiei electrice in masinile de slefuit cu impact. Scopul stabilit este atins prin rezolvarea urmatoarelor probleme:
analiza energiei procesului de macinare, determinarea parametrilor materiilor prime si a modurilor de functionare
ale actiondrii electrice care afecteaza eficienta utilizarii energiei electrice. Pe baza cercetarilor teoretice, a fost
elaborat un model matematic al consumului de energie in procesele de macinare. Studiile analitice ale modelului
matematic rezultat au aratat natura extrema neliniard a consumului specific de energie al procesului de macinare
cu modificarea parametrilor materiilor prime si a modurilor de operare. Acest lucru creeaza premisele atit pentru
utilizarea costurilor specifice cu energia electricd ca criteriu de control, cat si pentru utilizarea unei actionari
electrice controlate pentru a obtine economii maxime de energie. Cel mai important rezultat este cd modurile de
functionare ale masinilor de slefuit ar putea fi stabilite printr-o utilizare mai eficientd a energiei electrice.
Semnificatia lucrarii constd in faptul ca, prin adaptarea modurilor de functionare ale actionarii electrice la
parametrii actuali ai materiilor prime si starea echipamentului fac posibila reducerea consumului specific de
energie electricd cu pana la 15% si acesta este baza de utilizare a unui criteriu bazat pe costuri specifice in sistemele
de control pentru procesele tehnologice cu masini de slefuit cu impact. Pentru aplicarea in continuare a rezultatelor
obtinute este necesara efectuarea unor studii experimentale care sa confirme cresterea eficientei utilizarii energiei
electrice.

Cuvinte-cheie: criteriu de control, consum de energie, model matematic, actionare electrica reglabild, maruntire.
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JHeprocOeperaIuii KPUTEpHil yNpaBaeHHUS H3METbYAKINMMHE MAIIMHAMH YAAPHOI0 el CTBHA
Yaycos C.B., Ca6o A.T'., ITonosa U.A.
TaBpuueckuii rocyAapCTBEHHBIN arpOTEXHOJIOTUYECKUM yHUBEpcUTeT MMeHH Imutpus MotopHoro,
3amoposxbe, YKpanHa
Byasko B.H.
HannonanbHeli TEXHUUECKUH YHUBEPCUTET Y KPAUHBI
"KueBckuit monmurexuudecknii HHCTUTYT uMern Urops Cukopckoro”, Kues, YkpanHa

Annomayus. llenplo cTaThW  SIBISIETCS OOOCHOBAaHHE TPUMEHEHHMS HOBOTO KPHUTEPUS  YHpPaBJICHHA
TEXHOJIOTHUECKUM TIPOLIECCOM H3MEJIBYEHUS, KOTOPBIH MO3BOJIMT JOCTHYb YIYYIICHHS HCIOIb30BAaHUSL
3MeKTpUUecKor 3Hepruu. [IpenMeToM uccnenoBaHus SABISIETCS MPOLECC UCTIONB30BaHUS AJIEKTPUIECKON S HEPT UU
B M3MEJbUAIOIIMX MalllMHAX ynapHoro aedcTBus. [locTaBieHHas LieNb JOCTUTAETCS PEHICEHUEM CIEAYIOIINUX
3aJa4: aHaJIM30M DHEPIEeTHKH IPOIlecca N3MENbUCHHUS, OTPEIeNICHNEM MapaMeTPOB ChIPbSt U PEXKUMOB PabOTHI
JNEKTPOIIPUBO/A, BIMAIOMMX Ha 3((GEKTUBHOCTH HCIIOIb30BaHMsS JIICKTpHUYECKON SHeprud. Ha ocHoBaHuu
TEOPETHYECKUX HCCIIeIOBaHUN pa3paboTaHa MaTeMaTHYeCcKash MOJIeIb SHEPro3arpaT B poleccax U3MeIbYeHUsI.
UccnenoBanuss NOIYyYEHHOM MaTEMAaTHMYECKOM MOJAENM IOKa3ajlyd HEJIMHEHHBIH ASKCTPEMAJIBHBIM XapakTep
YIENBHBIX 3HEPro3aTpar Mporecca N3MEIbUCHNS IIPH N3MCHSIOMNXCS MApaMeTpax ChIPbS M PeXUMax paboTsI.
OTO CO3JaeT MPEANOChUIKM KaK I WCIOJB30BaHUS B KAadeCTBE KPHUTEPHs YNPABICHUS YACNBHBIX 3aTpat
3JIEKTPUYECKOI SHEPTHH, TaK ¥ HEOOXOJMMOCTH NPUMEHEHNUS PETYIHPYEMOTO 3JIEKTPOIIPUBOIA IS JOCTHKECHUS
MaKCHMaJIbHOTO 3HeprocOepexenns. Hanbosee BaKHBIM Pe3yabTaTOM SIBISETCS TO, YTO YCTAHOBIICHO HAJIMYHE
PEKUMOB PabOTHl M3MEIHYAIONINX MAIIMH, MO3BOJIIOMMUX Oosee 3(PEKTUBHO HCIIOIB30BATh AIEKTPHIECCKYIO
SHEPIUIO, 3aTPAauUBAEMyI0 Ha TEXHOJIOTMYECKHH Ipolecc. 3HAYMMOCTh pabOThl COCTOUT B TOM, YTO 3@ CYET
aJlanTanyuy PeKUMOB pabOoThl JIEKTPONPHBOJA K TEKYIIMM IapaMeTpaM ChIpbsi U COCTOSHHIO 000pYyIOBaHHMs
JOCTUTACTCA CHMIKCHUE YJCJIIBHBIX PACXOd0B 3H€KTpH‘~IGCKOﬁ OHCPIruu Ha BCJINYHUHY 0 15%, a 3TO ABJICTCA
OCHOBOM JJIA UCTIOJIb30BAHUA KPUTCPUS Ha OCHOBE YICJIbHBIX 3aTpaT B CUCTEMAX YIIPAaBJICHUA TEXHOJIOTHYCCKUMU
MpoleccaMy ¢ U3MENIbYAIOIIUMHU MAllIMHAMU yAAPHOTO AeUCcTBUs. [ nanpHelero npuMeHeHus MOJIy4eHHbIX
pe3yJIbTaTOB HEOOXOANMO MPOBEACHHE IKCIIEPUMEHTAIBHBIX HCCICIOBAHUM C TOATBEP)KICHHUEM IOBBIIICHHS
3¢ PEKTUBHOCTH HCIOIB30BAHNS IEKTPUIECKON SHEPTUH.

Knrwouegvie cnosa. Kputepuil yNIpaBleHUS, 3HEPro3aTpaTbl, MaTeMaTHYECKas MOJENb, PETYINPYEMBbIid
3JIEKTPOIIPUBO/], U3METbUCHHE.

INTRODUCTION modes, and energy consumption for work pro-
cesses in impact crushers;

3) conduct an analytical study of the model
and establish the nature of the influence of op-
erating modes and raw material parameters on
energy consumption in impact crushers;

4) to establish the presence of the prerequi-
sites for influencing the work process energy
consumption in impact crushers due to the
change of operating modes and the application
of new control criteria when using an adjustable
electric drive;

5) to determine a new criterion for energy-
saving control of impact crushers and justify the
feasibility of its use in the control of technolog-
ical systems with an adjustable electric drive;

6) to draw conclusions and give an assess-
ment of the application of the energy-saving cri-
terion for the control of the impact crushing ma-
chines with an adjustable electric drive.

Bringing the input raw materials to the re-
quired granulometric composition is one of the
key technological operations in the food, fodder
and mining industries of the national economy.
In the vast majority, this technological stage is
the foundation for ensuring the quality indica-
tors of finished products within the given limits.

The search for methods and means of reduc-
ing energy consumption for technological re-
quirements is a problem that will be relevant
both in the present and in the near future. The
solution to the problem lies not only in the
search for non-traditional sources of electricity
and methods of their use, but also in an in-depth
study of the technological process energy. At
the same time, the implementation of energy
saving in technological systems is a more diffi-
cult task. As arule, this is due to the presence of
certain restrictions on the operation of machine
drive modes that is determined by technological
requirements for input raw materials, interme-
diate stages of the process and finished prod-
ucts. Thus, to solve the problem of finding en-
ergy-saving methods in impact grinding ma-
chines with an adjustable electric drive, the fol-
lowing problems must be solved:

1) analyze the energetics of work processes
that take place in impact crushers and determine
the main factors affecting the energy consump-
tion of the process;

2) develop a theoretical model that allows
you to determine the relationship between raw
material parameters, equipment operating
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At the same time, as the analysis of modern pro-
duction shows, this technological operation is
the stage of the technological process in which
the energy intensity is the greatest [1, 2]. It is
natural that the general situation in today's en-
ergy resources market determines the constant
scientific interest in conducting research in the
field of energy efficiency analysis of grinding
technological processes. This is evidenced by
the number of scientific studies in this direction
in recent years [1, 3, 4-7].

As a rule, all modern technological pro-
cesses are controlled by automatic regulation
systems, the behavior of which is based on a
certain criterion or a system of criteria [1, 5-9].

Thus, in work [1] the authors analyzed vari-
ous strategies for controlling the grinding pro-
cess and gave their comparative analysis. The
study of the processes occurring during grind-
ing was given by the authors in [10] and it has
as a criterion the achievement of maximum
equipment performance. The search for a solu-
tion to the problem of overall economic effi-
ciency of production is also proposed as a man-
agement criterion in work [8]. The authors of
the work proposed an extreme search manage-
ment system based on an economic quality cri-
terion.

The research results presented by the authors
in [3] give reason to assume an extreme nature
for optimal operating modes and their instabil-
ity when the composition and properties of raw
materials change. This article also talks about
the shortcomings and difficulties encountered
when using standard control criteria based on
the load current of the electric drive of grinding
machines.

The research results presented in [5] are of
particular interest. Here it was considered the
influence of the design parameters of machines
for grinding biomass on the specific costs of
electrical energy. The research materials make
it possible to significantly narrow the range of
many factors influencing energy costs.

It should be noted that the analysis of the en-
ergy efficiency of the technological process
from the point of view of the electrical energy
use efficiency is practically not used in the con-
trol criteria. The need to conduct research in or-
der to develop such a criterion becomes even
more relevant in view of both the situation on
the energy market and from the point of view of
the constant increase in the electricity cost share
in the production total costs [12, 13].
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At the same time, scientific research in the
field of studying the working processes of im-
pact crushers provides a stable basis for the
analysis of the working process energy use effi-
ciency and the synthesis of the appropriate con-
trol criterion [14-16]. The expediency for a such
research conducting is additionally supported
by the availability of the modern technical tools
in the field of adjustable electric drives and their
control hardware. It becomes possible to find a
relatively simple implementation for the com-
plex technological system disintegration into el-
ementary operations based on the architecture
using local control controllers, so it makes pos-
sible some significantly simplify for the solu-
tion to improve the electrical energy use effi-
ciency due to its implementation separately in
each technological unit, but with the presence of
appropriate control criteria.

I. RESEARCH METHODS

Impact grinding machines used in flow pro-
cessing systems can be classified by the pres-
ence of a corrugated deck, the angle of coverage
of the sieve and the direction of feed of raw ma-
terials into the grinding chamber [3, 11]. At the
same time, regardless of the design features of
the machine, the process of grinding raw mate-
rials can be divided into two stages: grinding by
hitting the raw materials against the hammer
and deck and subsequent processing by grind-
ing in the annular area formed by the rotating
edges of the hammers and the surface of the
sieve [10,11]. In this way, the use of electric
power for grinding work processes in impact
crushers can be described by the equation:
W, =W +W_ +W,, @
here Wh + the energy consumption when the
hammers of the rotor collide with the flow of
raw materials fed into the crushing chamber, J;
Wi - energy consumption in the annular layer, J;

Wial - idling energy consumption, J.

In order to obtain the necessary results, let us
consider the processes in more detail. When raw
materials enter the working chamber of the
machine, a collision of raw material particles
with the rotor hammers occurs. As a result, the
particles either collapse or bounce off the
hammer. In this case, an exchange of energy and
momentum occurs between the hammer and the
particle. As a result, the rotor loses energy and
slows down, and the energy transferred to the
particle goes towards its destruction and (or)
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heating [11]. This case represents a partially
elastic collision of two bodies. Suppose that the
impact of a particle on a hammer is central -
then according to [11] the energy consumption
during the collision of two bodies can be
described by the equation:

mlmO
2(m, +m,)

AW = (2

(V,u _Vo)z(l_ kz)

Here m;— hammer mass, kg; mg — particle
mass, kg; v, — linear speed of the hammer
before co-impact, m/s; vo — linear velocity of the

The edge
of hammer

particle before the collision, m/s; k — the
recovery coefficient determined by the type of
raw material and which characterizes the degree
of elasticity [11].

The material flow moves at speed V,, under
the axial feed (see Fig. 1a, point 1). At the same
time, the tangential component of the initial ve-
locity is much smaller than the radial one v, .
Besides, the velocity of the particle before the
collision is much smaller than the velocity of the
hammer (V, <<V ), so in equation (2) it can be

assumed that vo=0.

Fig. 1. The scheme for the grinding process energy calculation.

Let us assume that the flow of raw materials
entering the crushing chamber is distributed
evenly across the width of the row of crushing
drum rotor hammers and that particles of the
loaded material do not pass between the ham-
mers. Thus, further interaction can be consid-
ered as the interaction of a monolithic row of
hammers with a flow of components. Based on
the above and equation (2), we can write down
the expression that determines the energy con-
sumption per second:

m,m v?

AW == _(1-k?),  (3)
2(m, +m,)

Here mg — the mass of particles colliding

with a row of hammers, kg, m; — the mass of a

row of hammers, kg.

Let us assume that the flow of raw materials
entering the crushing chamber is distributed
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evenly across the width of the hammers of the
crushing drum rotor. In this case, due to the high
rotation speed of the rotor and the small distance
between the hammers in a row (and in addition,
hammers in two adjacent rows of the rotor are
usually installed in a checkerboard pattern), it
can be assumed that particles of the loaded ma-
terial do not pass between the hammers. Conse-
quently, further interaction can be considered as
a collision of a continuous row of hammers with
a flow of components, while the mass of the row
is:

(4)

m =mzZz

[ 1h1’
Here m; — the mass of one hammer, kg; zn —
the number of hammers in a row.

Preliminary calculations show that due to the
significant total mass of a series of hammers
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compared to the mass of colliding particles (mo
<< my), it can be assumed that:

m, +m, ~m,. (®)
Then equation 3 will take the form:
2
AW =%(1—k2)- (6)

Let q be the value that determines the second
loading of the crusher, then the mass of particles
colliding with a row of hammers:

= @)
n.x

c”Vhm

m. =

here n; — the rotor rotation frequency, rpm;
xnm — the number of rows of hammers on the
rotor.

Let's determine the power consumption
required to overcome the moment of resistance
caused by the rotor collision with the material
flow:

[aw

AR, =t

_avi(l-k?)
©o2nx,

=;qvi(1—k2)

Here t — the time spent on the grinding
process, s.

After integrating equation (8) over time,
we’ve got a simplified expression which can be
used to determine the energy consumption for
the destruction of raw materials by impact:

W :;]qvj(l— k?)-dt-

ht
0

(9)

The linear speed at a co-impact can be cal-
culated as [17, 18]:
v=2mR, (10)

here R — the radius at which the hammer
collides with the raw material particles, m.
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Then equation (8) can be rewritten in the
form:

W, :;]q(ZmR)z(l—kz)-dt . (1)

ht
0

The working process in the grinding cham-
ber occurs in such a way: a layer of material is
formed and here the final destruction of parti-
cles occurs to a given granulometric composi-
tion. Let's determine the energy consumption of
this part of the work process. In its essence and
nature, the process occurring at this stage of the
process is similar to the energy of the processes
that occur when cultivating the soil with the ro-
tor of a working tool such as a cutter [3, 19].
Moreover, the peculiarity of this case is that the
energy can be determined as in the case of a
complete absence of linear supply of the work-
ing body into the grinding medium. The power
required to drive the cutter rotor in the absence
of its supply to the environment can be calcu-
lated according to the equation [19]:

(12)

Here ey — the coefficient of specific
resistance of the medium to cutting, N/m; z,—
the number of cutter teeth on the rotor; ¢ — tooth
width, m; h — penetration of the teeth into the
soil layer, m; n, —rotation frequency of the drive
shaft, rpm.

Taking into account certain assumptions, the
model of the process of rotation of the crusher
rotor in the chamber material layer can be
adapted to equation (12). During the operation
of the cutter, only the sector of the lower part of
the working body is in direct contact with the
soil, and power losses are caused by the
movement of the knives in this volume of
material [9. The energy consumption during the
operation of the hammers in the annular layer
between the sieve and the rotor is determined by
the work to overcome the forces of friction
against the side walls of the hammer and the
resistance of the medium to the hammer
movement. Moreover, unlike a milling cutter,
the entire surface of the rotor is in contact with
the material layer (see Fig. 1b). Thus, power
losses in the annular layer of the camera can be
determined by the equation [19]:

AP =x ahn(D-Az)-z,n,  (13)
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Here «., — the specific resistance of the raw
material in relation to the movement of the rotor
hammers in it, MPa; a — width of a row of
hammers, m; h, — depth of hammers in the
annular layer, m; D — diameter of the crusher
chamber, m; 4z — the gap between the ends of
the hammers and the sieve surface, m; n — the
rotation frequency of the crusher rotor, s™.

Let's determine the depth of the knives in the
material layer of the crushing chamber. In the
steady mode of operation of the crusher, the
amount of incoming product is equal to the
amount removed from the working chamber.
Moreover, the maximum value of the last value
is limited and determined by the granulometric
composition of the finished raw material and the
throughput capacity of the crusher sieve. From
the above, it can be concluded that the height of
the material layer in the crushing chamber is a
function of the crusher loading q. Let's
determine the depth of the rotor hammers hpm
depending on the substance amount in the
chamber.

According to fig. 1 the ring area formed by
the deepening of the hammers in the material
layer is calculated as:

S :ﬁ((D—AZCj —(D—Azc —hhmJ ] (14)
2 2

After performing the transformation:

S =z (D-2Az,-h,). (15)

Then the volume of the cylinder formed by
the deepening of the hammers hnm and the ends
of the rotor knives (see Fig. 1b) across the entire
width of the crusher chamber will be
determined by the equation:

V=dh (D-2Az-h_). (16)

If we divide the right and left sides of
equation (16) by 7lx and open the brackets in the
right side of the equation we get:

vV _Ah,D-2dh Az-Al o
P e

K K

After performing the transformation:

162

h? +h (2Az, - D)+ :ﬂ/ =0. (18)

K

Solving the quadratic equation (18) with re-
spect to hnm we’ve got:

(—2Az, + D)i\/(ZAzC -DY v

~(19)

h =
hm 2

For physical reasons (due to the fact that
hnm<D/2) in solution of equation (19) the root
can be unambiguously preceded by the sign "-".
In steady state the amount of raw material en-
tering the chamber is equal to the amount of raw
material removed from the chamber through the

sieve:

dm

2, 20
it (20)

q:

here m; — mass removed from the working
chamber, kg.
According to [16]:

dm
dt

= pm, @)

Here m,— mass of the product in the crushing
chamber, kg; g — proportionality factor.

The crushing process in hammer crushers is
built in such a way that the interaction between
the rotor hammers and the surrounding layer of
material in the crushing chamber is possible
only when h,>0, i.e. when m,>mj (since usually
m. >> mo then equation 21 in general is valid),
where mq is the mass of material in the chamber,
which corresponds to the filling of the chamber
to the level Az, (see Fig. 1b). So, a more accu-
rate description of the raw material removing
from the impact machine chamber will be given
by the equation:

dm
2 _f3. -m). (22)
dt ﬂ (mK mO)
According to (20-22) we got:
q=p4-(m _—m,). (23)

So:
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m :ﬂ+mo- (24)
B

According to [11, 19], the coefficient g is
proportional to the rotor rotation frequency and
can be determined as:

here a — a dimensionless coefficient (de-
pends on the sieve parameters and the gap be-
tween the hammers and the sieve), o =
0,0015...0,0023 [19].

From the known definition of specific grav-
ity, we get:

v=", (26)

v

here m — weight of the product layer, kg; —
specific weight of the product in the layer,
kg/m?.,

Since the gap 4z. is sufficiently small in the
normal mode, it can be assumed that:

M, = DAz (@)

So:

V= 1{‘4 + ﬂDAzCIKyJ- (28)
7lan,

If we put (28) into (19):

h,, =(D-2Az,
29)
4(y + 7Z‘DAZC|K7) (
247, - DY -~ 2
(a2, -0 -

After performing the transformation in equa-
tion (29) and substituting the value of the layer
height, we obtain the equation that determines
the power loss in the annular layer:

AP. =(D—2Azc —/(2Az, -D) -

\KWE(D—AZ[ )eranp

.(30)
—4[ a . DAzcj
anad y J 2
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By substituting the value (30) into (2) we get
an equation that allows us to determine the
power consumption for work processes in the
chambers of hammer-type crushers:

AP, =AP, +;qv§m (1-k?)+(D-2az, -

—\/(ZAZC—D)Z—A{ q +DAZCDX'(31)
ona y

Kevﬂ'(D -Az, )Znanp
2

X

The raw materials crushed in impact crush-
ers possessing different parameters have a dif-
ferent ability to destroy under impact. In addi-
tion, it is known that the humidity of products
has a significant impact on energy consumption
[10, 12, 20, 21]. On the basis of the conducted
research the corresponding coefficients were
determined. The introduction of coefficients
makes it possible to estimate the actual energy
consumption for the process. The numerical
values of these coefficients are functionally de-
pendent on the type of raw material and can be
estimated according to literature data [19].

The working surfaces of the machines wear
out during the normal exploitation. Let & be a
coefficient characterizing the wear degree of the
machine working surfaces. Let's assume that it
has a directly proportional effect on the amount
of energy consumption. Taking into account the
condition of the equipment and the type of raw
materials the power losses for the work pro-
cesses in the chamber of hammer-type impact
crushers will be determined as:

2 2
AP, = AP, +50m 17K Lk )+(D—2Azc -
‘K K

6l pi

(32
—\/(ZAZC—D)Z—{ q +DAzC]]x( )
and y

Kevﬂ'(D -Az, )Z‘wanp
2

X

here x,— coefficient of rejuvenability of raw
materials; x.— raw material moisture factor.

Il. RESULTS
Using this equation, it is possible to deter-
mine the amount of electrical energy spent on
technological operations. However, this integral
indicator is not sufficiently informative as it
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does not allow to evaluate the efficiency of the
use of electrical energy and realize the reduction
of electrical energy consumption in impact
crushers. From the point of view of controllabil-
ity of work processes in impact machines the
performance is a function of its loading. At a fi-
nite time, the performance can be described by
the technological load parameter. Taking into
account (32) the specific consumption of elec-
trical energy in the power drive electrical equip-
ment of the grinding machines will be described

as:
w +[§th (1_k )

A, =—>
qnen 77[]’

+(D-2Az, -

2 : KsiKpi

2 q
_\/(ZAZC —D) —4(anﬂ_|x7/+DAth}JX (33)

7K, (D —Az, )thanp :I
zqnenntr

X

Here nen — asynchronous motor efficiency;
ne — engine-working machine transmission
efficiency.

It can be seen from the above equation that
the factors that most affect the electrical energy
use efficiency of impact crushers are: electric
drive modes (speed of rotation and loading) and
physical and mechanical properties of raw
materials (moisture and specific gravity). Thus,
it is advisable to analyze the electrical energy

use efficiency based on the consideration of the
nature of the electrical energy specific
consumption for the grinding process for those
parameters described above and could be
applied as control inputs.

To fulfill the tasks one should conduct a
study of equation (33) for the presence of ex-
trema and determine the nature of the behavior
of the electric energy specific consumption
function within the limits of physically accepta-
ble values of the above-mentioned controlling
influences. Let's assume that the mentioned
function is defined and differentiated in the en-
tire range of physically permissible values of
the control parameters. Then the nature of the
behavior of this function can be determined on
the basis of the behavior of its derivatives ac-
cording to the above-mentioned operating mode
control parameters. Based on the parameters of
a typical unit for grinding using the Mathcad
package, one could separate derivative func-
tions of the specific consumption of electrical
energy A calculated based on the variable pa-
rameters of the electric drive: the loading of the
crushing chamber 04/0q and the rotation fre-
guency of the crusher rotor 04/0n. On this basis,
the graphical dependences 04/6q were con-
structed for various parameters of raw materials
in the range of physically permissible loads of
the machine (Fig. 2a) as well as 64/0n in the
range of permissible regulation of the rotation
frequency by the electric drive (Fig. 2b).

A_ oA A_ oA
g an
2 1(‘?‘ 20 /1/
B ///
T
L 1%10° / / 0¥ 4%%5,%&)74’45ﬁ:4
o‘,1 02 03| 04 05 /{ﬁ/ -20 ///
0 = |
7 - :
--1x10° | ///
60
q. 4 /
' { n = const ]7 80 ﬁq: o
-100
a) b)

Fig. 2. Graphical dependences of the private derivatives of the function of the grinding process
electrical energy specific consumption according to the variable parameters of the electric drive control:
a —when the load of the crusher chamber changes,

b — when changing the rotation frequency of the crusher rotor.
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Based on the analysis of the above graphical
dependencies, it can be concluded that in the
plane of both variable operating modes of the
electric drive (rotor rotation frequency and cam-
era loading) the function of the specific con-
sumption of electric energy of the grinding pro-
cess has an extremum [22, 23]. At the same
time, it is clearly visible that in the case of ad-
justment of both electric drive operating modes,
like the case of loading, the derivatives change
their sign from "-" to "+". It can be asserted that
the set points of the extremum are definitely the
minimum point according to [22, 23]. It can be
stated that in the technologically permissible
range of changes in the electric drive operating

| Ay K/kg

modes the function of the electrical energy spe-
cific consumption is continuous and has no
other extremum points. So, the function reaches
its smallest value at the calculation points of the
minimum.

Further theoretical studies were carried out
by means of analytical calculations also using
the Mathcad package. The specific consump-
tion of electrical energy of the power drive elec-
trical equipment was calculated depending on
the crusher electric drive operation modes. The
corresponding analytical response surface (Fig.
3a) and a map of the electric energy specific
consumption level lines (Fig. 3b) were ob-
tained.

| n, s’

0,5 0,6 q, kg/s

b)

0,7

Fig. 3. Theoretical dependences of the electrical energy specific consumption when controlling the vari-
able modes of electric drive operation (the frequency of rotation of the rotor and the loading of the work-
ing chamber of the crusher): a — response surface, b — level line map of the response function.

From the analysis of the obtained analytical
dependences of the specific consumption of
electrical energy it can be concluded that the
efficiency of the use of electrical energy for the
grinding process in the plane of the above-
mentioned variable operating modes of the
electric drive has a non-linear extreme
character.

At the same time, when controlling the
operating modes of the electric drive, both in the
plane of changing the rotation frequency (n) and
in the loading plane (q), there is always a value
of the operating mode of the electric drive,
which corresponds to the minimum specific
energy consumption, and therefore to the
maximum efficiency of the electric energy use.
An important fact is that this mode of operation
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is not fixed and changes when a certain value of
the control parameter is applied and vice versa.

In order to obtain a complete picture of the
energy consumption of the grinding process. It
is advisable to study the influence of variable
physical and mechanical parameters of raw
materials on the efficiency of the electrical
energy use in the grinding process. As
evidenced by the analysis of literary sources, the
most influential parameters are moisture (V)
and specific gravity (y) of raw materials.

The  obtained calculated  graphical
dependences (Fig. 4) clearly confirm that the
value of the variable operating modes of the
electric drive according to the parameters of
load and rotation frequency which ensures the



PROBLEMELE ENERGETICII REGIONALE 4 (60) 2023

A, k/kg AA’ k]/kg
t / SN Y = 600 kg/m®
J/
32.0 #
= 600 kg/m® T —
NQEEEp
30.0
\ ~ \L — ¥ = 750 kg/m’® (
_ 750 kg/md| 280 — 0,55k /s]»
30 N | . /% \4 4 4
VD 1
N — /
25 \\ = = 24.0 ¥ = 900 kg/m®
= 900 kg o~ | 220
- PR B - L - -
04 0.5 0.6 q. q,kgls 40 asn_ 50 55 n, st
a) b)

Fig. 4. Theoretical dependencies of the specific consumption of electrical energy on the grinding
process when the specific weight of the raw material changes in different operating modes of the electric
drive: a —as a function of load, b — as a function of rotation frequency.

rational use of electrical energy changes
when the above physical parameters of the raw
materials are varied.

It can be seen that with an increase in y, the
optimal value of g shifts to a higher direction,
and the value of n - to the zone of lower rotation
frequencies. The value of specific costs is
inversely proportional to the specific weight
change.

With increasing humidity, the optimal value
of the rotation speed shifts to the zone of higher
speeds, while the change in q is insignificant,
and the value of the specific electrical energy
consumption is directly proportional to this
parameter of the component (Fig. 5).

An increase in the wear coefficient of
working surfaces £ also leads to an increase in
specific energy consumption. But the main
thing is that the value of the adjustable
parameters of the electric drive, which ensure
the operation of the equipment with maximum
efficiency in the use of electrical energy, also
changes.
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The reason for this behavior of the electrical
energy use efficiency the at different loads is
most likely the behavior of power losses in the
drive power electrical equipment caused di-
rectly by work processes. It is clear that the
main destruction occurs when the hammers of
the rotor collide with the flow of particles. At
the same time, with fixed parameters of the ro-
tor and constant frequency of its rotation, the
number of particles destroyed by impact is fi-
nite. Undestroyed particles fall into the annular
layer in the area of the sieve, where they are de-
stroyed by friction, reducing the overall effi-
ciency of the process. It is logical that the mo-
ment of the rotor rotation resistance in it de-
pends on the layer height. Thus, exceeding the
load above the maximum number of crushed
particles leads to additional energy consump-
tion and, therefore, to a decrease in the effi-
ciency of the use of electrical energy.
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Fig. 5. Theoretical dependences of the specific consumption of electrical energy of the grinding
process: a — depending on the load at different wear rates;
b — depending on the rotation frequency at different humidity

The nature of the electrical energy use
efficiency depending on the rotor rotation
frequency and the physical properties of the
component can be explained by the fact that the
efficiency of direct grinding is functionally
dependent on the critical rate of destruction of
raw materials. The critical rate of destruction, in
turn, depends on the initial physical and
mechanical properties. That is, there is always a
rotation frequency that corresponds to the
maximum efficiency of the electrical energy use
for the grinding process.

At the same time, it turns out from fig. 4 and
5 that non-compliance with the operation modes
of the electric drive, which ensure the maximum
efficiency of the use of electrical energy, can
lead to overspending of up to 15% of electrical
energy per unit mass of finished products.

This feature is not used both when making
decisions in the existing criteria for controlling
grinding machines and in the principles of
hardware implementation of control systems for
these machines. Accordingly, typical systems
for controlling the operating modes of electric
drives implemented on the basis of ensuring the
nominal load current do not guarantee the
maximum efficiency of the use of electrical
energy in the technological process.
Improvement of indicators of the electrical
energy use is possible when applying an integral
criterion for controlling the electric drive
operating modes of impact crushing machines,
which is based on the analysis of the specific
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consumption of electrical energy. As evidenced
by the above analytical dependencies, the
application of this criterion allows not only to
improve the energy indicators of the
technological process, but also to adapt the
operating modes of the electric drive both to the
variable physical parameters of the component
and to the variable state of the working
machine.

I11. CONCLUSIONS

1. It was established that the typical criteria
for controlling the modes of operation of the
electric drive of impact crushing machines do
not ensure the maximum efficiency of the use of
electrical energy in the technological process. It
was determined that the factors affecting the ef-
ficiency of the use of electrical energy can be
divided into two groups: operating modes of the
electric drive and physical properties of raw ma-
terials.

2. The dependence has been obtained that al-
lows one to determine the specific consumption
of electrical energy for the grinding process.
The model allows us to determine the operating
modes of the electric drive that will ensure
grinding with minimal electrical energy con-
sumption under variable physical properties of
the raw materials and the condition of the equip-
ment.

3. The nonlinear extreme nature of the spe-
cific electrical energy consumption of the grind-
ing process has been established depending on
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the variable operating modes of the electric
drive: rotor speed and loading of the working
chamber of the grinding machine. It has been
established that the values of operating modes
that ensure maximum efficiency in the use of
electrical energy vary depending on the variable
properties of the raw materials and the condition
of the equipment.

4. An energy-saving criterion for determin-
ing the operating modes of impact grinding ma-
chines based on the minimum specific energy
consumption, determined according to (33)
based on the changing parameters of raw mate-
rials and the condition of the equipment, is sub-
stantiated.

5. It was found out that due to the adaptation
of the operating modes of the electric drive to
the variable parameters of the raw materials and
the condition of the equipment, it is possible to
achieve a reduction of the specific consumption
of electrical energy by up to 15%. This, in turn,
forms the basis for the use of the specified cri-
terion in control systems and the synthesis of
relevant technical solutions.

6. For the further practical application of the
obtained analytical results, it is necessary to
conduct experimental studies in order to con-
firm the effect of increasing the efficiency of the
use of electrical energy when applying the new
criterion for controlling the operating modes of
the electric drive.

7. The need to substantiate new approaches
to control the operating modes of the electric
drive of impact grinding machines becomes
even more relevant in view of the emergence of
new hardware solutions in the field of adjusta-
ble electric drive, which makes it possible to ap-
ply the results of research for some other types
of machines.
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