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RESEARCH ON THE INFLUENCE OF VOLTAGE AND CURRENT HARMONICS
ON ELECTRICAL LOSSES IN ELECTRICAL NETWORKS

MARUFOV I.M., MUKHTAROVA K.M., KARIMOVA S.M.

Azerbaijan State Oil and Industry University
ilkinmarifov@mail.ru tel.051- 731-01-30

This article analyzes the impact of nonlinearity of modes and non-sinusoidality of voltage-current
waveforms on the efficiency of electrical actuators in distribution electrical networks. During the study, it was
determined that actuators with nonlinear characteristics worsen the quality of electrical energy and cause the
formation of voltage and current harmonics in the network. Different types of nonlinear actuators in distribution
networks were studied in groups and the spectrum of harmonics they created was analyzed. The reasons for the
formation of voltage and current harmonics were investigated, and the issue of normalizing the allowable currents
based on the method of calculating the correction factor for cable lines and current transformers was considered.
Calculations based on the measured load spectrum have shown that the effective current reduction factor is 0.975,
which requires a reduction of about 10% of the fundamental frequency component. The results of the study are of
practical importance for assessing the impact of harmonics in electrical networks and controlling nonlinear loads.

Keywords: nonlinearity, harmonics, voltage, current, asinusoidal, network, correction factor, transformer.

Introduction

The most negative consequence of network loading, high harmonics, has been studied
even better, and several books have been written on this issue. The effect of asinusoidality of
voltages and currents on the main operation of electrical equipment is practically present in all
industrially developed countries and, as a rule, on the one hand, leads to an increase in voltage
and power losses in networks, a further decrease in their carrying capacity, and on the other
hand, to a violation of the nominal operation of electrical equipment and a slight reduction in
its service life, as well as a decrease in labor productivity, as well as the quality and quantity of
the product produced [1]. For example, it is obvious that at a possible asymmetric value of the
voltage of approximately 2% and asynchronousity of 5%, the basic service life of induction
motors is reduced by 21%, for synchronous motors by 32%, for transformers by 8%, and for
capacitors by 40%.

When considering the distortion of the voltage and current curves of a low-voltage
network, it is necessary to take into account certain features of its construction. For a special
case, they are related to the fact that the vast majority of the requirements of such a network, as
well as nonlinear ones, are single-phase. If the network is 3-phase, then all types of high-
harmonic currents flow. In this case, the low voltage in the 4-wire network can cause problems
with the 0 wire becoming even higher, which leads to uneven loading of the phase wires when
a single-phase nonlinear load is directly connected to them. Sometimes the algebraic sum of
the current in the 0 wire can exceed the final value of the current in the phase wire. The analysis
performed in this work shows that the current (neutral maximum) is theoretically 1.730, and
sometimes even 3 times greater than the phase value, taking into account harmonics. At the
moment of instantaneously changing load, current pulsation is observed for each phase at
different times. Since all currents flow into the neutral, there can be no question of mutual
compensation [2]. The maximum value for the load is not crossed, the neutral current is taken
as three times the phase current. In this case, the specific weight of the electronic equipment is
sufficiently small for a larger network. It is more important to note some of the main
constructive features implemented by the low-voltage network. They can have a significant
impact on the higher harmonic values of the voltage and current. According to current practice,
the most common design for NN networks is distribution transformers with winding
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connections such as a star-star scheme with 0. The main disadvantage of such transformers is
the relatively large resistance of the Z 0 series. This is determined by the main constructive
feature of the transformer, the scheme of its existing winding connection, the degree of basic
saturation (reading) for magnetic wires, etc. It should also be noted that several works have
been devoted to the issues of finding the total resistances of the transformer R active, X
inductive, Z. Different methods were used when finding these parameters using various wires.
In this regard, the results differ more among themselves. When analyzing the following, it can
be concluded that the final value of Z for transformers with TM, TCMA, TMA windings is
more than 8-18 times. This feature of transformers with a star-star winding connection can
make low phase currents much more sensitive to asinusoidality [3].

Problem statement

For about the last three years, the center of electromagnetic safety has been studying the
state of the power supply system in large buildings with networks of 100 and thousands of
computers. Analysis of domestic and foreign publications leads experts to the conclusion that
the "Energy System™ is facing a new and more serious problem. Its main meaning is that the
power supply network in buildings equipped with computer equipment is exposed to higher
harmonics than the 0.4 kV industrial frequency (50 Hz) harmonics. At the moment when the
total power of non-linear electrical consumers is taken no more than 10-15%, in this case, any
malfunctions in the operation of the power supply system cannot occur. When the specified
limit is exceeded, various problems in operation arise. In buildings with more than 25%
nonlinear load, problems can occur more quickly [4-6]. The same problem also occurs with
semiconductor-type nonlinear loads. The general form of the most common voltage is shown
in Figure 1, while the ideal form, when compared with sinusoidal ones, is shown in Figure 2.

Ua

Fig.1. Real form of stress during nonlinear loading.

Harmonic distortion of voltages and also currents occurs when there is an element or
equipment in the network that has a nonlinear volt-ampere characteristic.

Sources of sinusoidal voltage distortion can be grouped [7] into the following main types:

1. Electrical power equipment: AC frequency converters, DC converters, UPS
uninterruptible power supplies, rectifiers, converters, thyristor systems, diode bridges, high-
frequency metal melting furnaces.

2. Welding machines, arc furnaces, control systems for residual frequency currents, arc
metal melting furnaces, welding machines, welding machines and arc steel melting furnaces
generate harmonic spectra, the frequency of harmonics, they are generated by the equipment.

3. Transformers with non-linear characteristics, especially with saturation.

4. Frequency converters, cycloconverters, rectifiers.

5. Induction motors, motors, generators, etc.

Induction motors generate harmonics when there is a gap between the stator and rotor,
especially with the saturation of the steel; during normal rotation of the rotor, the harmonic
frequencies are in the range of 500-2000 Hz, but during engine start-up they “skip” the entire
range to a certain value. The torques generated by the motors can be very significant when they
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are installed at the end of a long low-voltage line. In cases of more than 1 km, harmonic
quantities of up to 1% have been measured [8-11].
Ifaz. A
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Fig 2. Distortion of sinusoidal voltage and the appearance of harmonic components.

6. Household appliances: computers, televisions, ovens.

7. Rotating machines - generators and motors, the rotating field of which is non-ideal
sinusoidal. In this case, it is possible to suppress the first-order harmonics, which are more
important than the higher harmonics and at the same time are less valuable, poorly distributed
throughout the system.

8. Saturated magnetic circuits are, first of all, transformers, where the relationship
between induction (B) and magnetic field (H) is nonlinear. In the first approach for the
magnetized current, it can be assumed that the fundamental harmonic dominates, and other
harmonics are not significant. However, in this case, the magnetic flux, and therefore the
voltage at the outputs, cannot be considered sinusoidal.

9. Lighting (DPL-mercury lamps, fluorescent lamps): gas discharge lighting devices and
electrical ballasts.

Problem solving
The essence of the existing methodology is that we can calculate the correction factor
taking into account the effect of the spectrum of the resulting harmonic, the total number of
parallel cables laid in a given trench, the ambient temperature, the permissible loading, etc. It
is known that when an asystolic current flows through the phase line of the cable, heat can be
released due to the active power loss caused by the current of the fundamental frequency and
also by higher harmonics [12].

PP = IZ- Ry + 2i2, I2R, (1)
where |1, In - fundamental frequency and also harmonic current at high limits, R1, Rn - active
resistance of fundamental frequency and harmonic current at high limits. In the 0 line, at the
moment of non-linear symmetrical loading, high harmonic currents can flow, which can cause
3 times higher harmonics and additional power loss.

P =9- Zn=3,9,15.. I Ry, (2)
Expressions (1) and (2) determine the active resistance of the currents in the nth harmonic.

R, = R4(0,187 + 0,532 - v/n), (3)
where Ryq is the resistance of the line to the current at the fundamental frequency, and n is the
total number of harmonics. The released heat is transferred from the heated lines to the
surrounding environment by thermal conductivity [13]. The thermal regime for the cable is
found by the second-order differential equation of the heat balance.

a VT =0 (4)



where a - is the heat transfer and V- is the Laplace operator. The basic calculation method for
the correction factor of the longer-term maximum current can be given by the sum of the active
power losses in the zero and phase lines and is more precisely shown in expressions (2) and (1).

Py =3I{ - Ry - Kayo )

Based on the value of this coefficient, which is greater than unity, the further increase in

losses when an a-sinusoidal current flows relative to the current at the fundamental frequency
can be determined by the expression given below.

koo =1+ Zflozz(kln)zAn +3

fl0=3,9,15...(k1n)2‘4n (6)

zero
Rl
1

R

k.n - nth harmonic coefficient for current; R7°"° - active resistance of the 0 line at the
fundamental frequency, n- harmonic number; 4,, = 0,1870 + 0,532+/n.

Then the concept of equivalent current is applied. This is the basic frequency current, the
amount of heat released when current flows through the 3-wire cable, is assumed to be the same
as the amount of heat released when a sinusoidal current flows through the 0-wire cable.

This can also be calculated in the form given below.

Loy =11 - vV ka0 (7)

In terms of energy, the application of the concept of equivalent 1 is the replacement of
the active energy loss caused by the transition from 4 sources (three lines and 0) to 3 sources
(three lines) and the total power of the heat released by the non-sinusoidal current with the
fundamental frequency current: The reduction of the 4th heat source to 3 is an error case, since
there is some insulation with thermal resistance between 0 and the phase line. However,
calculations show that this error is approximately 5%. As a result, the correction factor for the
longer-term discharge current is determined in the form given below.

Katiow = 1/\/ kaiio (8)

This coefficient is intended to be used to determine the long-term permissible current
when choosing a given cross-section of a cable of known power, in order to avoid some heating
of the cable insulation by higher harmonics. From the expression in (8) it is also possible to
determine the fundamental frequency current [14]. The current correction factor for the
effective value of the asinusoidal current is determined in the form given below.

K; = kallo.v\/l + Zn:B(KIn)Z (9)

Figure 3 shows the implementation of the method in the form of an algorithm.

The calculation of the current correction factor analysis methodology has the following
regularity:

- The final value of the correction factor for cables of different brands laid under
equivalent conditions is always similar, regardless of the designation of the cable insulation.

- The final value of the correction factor never depends on the cross-section of the phase
line for the cable.

- The final value of the correction factor for the long-term allowable current for 4-wire
cables with a 0-wire of small cross-section is even smaller than for cables with the same cross-
section of all types of lines.

- The wider the spectrum of harmonics generated by nonlinear electrical receivers, the
greater the value of the harmonics of the current.

ACBx Type 150 power cable is intended for supplying non-linear loads (Shopping mall).
It is important to determine the final value of the maximum continuous current at the
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fundamental frequency when the effective value of the phase and zero currents and the heating
of the insulation of a given cable, which can affect the coefficient of high-value harmonics of
the current, are not taken into account [15]. The spectral shape of the harmonics of the phase
current in the table .

Active resistance of the core for the cable R, = R7°"° = 0,243 Z—Z.
Final table value of the current that can be continuously discharged 142l =281 A

allo
input parametrs
SR
I n=2 I

Ko =le X+

K = 1/K
ns40 ..r=\'z e

K =, A

# =0, 187+0,532 = ¥R
Ko X+ K =h
Z=Z+K =l

ol don

| y=ve3r~k A /R |

Fig.3. Algorithm for calculating the long-term allowable correction factor of a cable.

Table 1.
Measurement of the harmonic spectrum of the connected current
Number of 1 3 5 7 9 11 | 13 | 15 17 19 | 21
harmonicas
K, % 1 31,2 185 | 12,7 |86 |54 |32 |27 | 17 |11 |07

From the spectrum of existing harmonics, we first determine the necessary conditions for
the use of expression . Ki,, An, as well as the mathematical sum of all types of spectrum of
current flowing in the 0 and phase lines with their 0-sequence harmonics are respectively equal.

(K )? - Ap = 0,2045; n=2ic=3, (K},)* - A, =0,1229
n=3,9,15..
K110 The coefficient (6) is determined from the final result.
Kallo 0 243

At this moment, the basic value of the correction factor for the root mean square value of

the continuous maximum current is determined by expression (9).
1 1
Kyq = N 0,797; K,, = 0,797 - /1 4+ 0,10552 = 0,838
The final value of the current that can be continuously passed at the fundamental

frequencies, taking into account the corrections for the given harmonic currents,
1’ = I50Pe - K,q = 281-0,797 = 224,04 A

allo




This method can introduce some error in finding the final value of the correction factor.
The heat source is separated from each other by insulation with a certain thermal resistance.

Calculation method of the correction factor for the nominal current of an oil transformer.

The decrease in the transformer's capacity due to a sinusoidal current is determined by
the increase in losses due to higher harmonic currents in addition to the increase in losses. All
types of losses in a transformer can be divided into conventionally variable and conventionally
constant losses (load losses) arising from the magnetization of the metal core. Conventionally
constant losses practically do not change when the higher harmonics of the current flow. Unlike
the load, in turn, the losses arising from the circulation and eddy currents in the winding are
conventionally divided into losses on the walls and other parts of the given tank. All these
components depend on the square of the effective value of the leakage current and the degree
of the harmonics present. Due to the additional losses caused by the eddy current in the
transformer windings and also by the circulating current, the corresponding degree is 2, while
the other losses caused by the eddy current in the tank and other structural parts of the
transformer are -0.8 and 1.05.

The increase in the total part of the additional losses of the active power with the
participation of higher harmonics is characterized by the coefficient of increase in losses
compared to the normal operating mode of the transformer at the fundamental frequency.

2
Pril n=n I .
Ky = —— =¥, 21" (—" ) -n?,
Pfil..nom Inom
P n=nmak I 2
K. = b _ ( n ) . ,1,05
b = = E n
Pb.nom = Inom
2
_ _Paig _ yn=nmak (_In 0,8
Kaig = P, - Zn=1 I ne (10)
dignom nom

here Pyig , Pri, Py, losses in the transformer winding, tank and other parts from eddy current
under normal conditions;

I,o-- The root mean square value of the current at nominal frequency and under normal
load conditions.

In this case, the active power load loss of the transformer during an asinusoidal current
leakage was usually considered equal to the load loss in the normal mode and in the presence
of higher harmonics.

Lom * R + Paornom + Po.nom + Panom =

=1*"R+ Kfil * Paornom + Kdig ’ Pdig.nom (11)
(11) with this
I — J Pgiznom (12)
Inom 1+KdolPdol.nom+Kb'Pbsnom"'Kdig.nom

Based on the data provided in the transformer passport, the algorithm allows determining
a correction factor for the normal value, based on the spectrum of higher current harmonics and
the main load of the current transformer compared to the normal value, taking into account the
effect of very high current harmonics caused by non-linear electrical loads and the temperature
rise above them.

0,8
9, =0 K2 (Pm++K i1 P filnom+KbPbak nom+KdigPdigmnom)Pxx 13
b — Yam.f P ( )
Pm+Kri1Pril 08
2] =0 KZM (14)
dol d P +Pg:
mTL filnom

84.m.r- the basic value of the temperature increase in the upper part of the tank under normal
conditions; 8,4, »0-- the value of the further increase in the given temperature of the most
heated point of the winding above the temperature of the oil in the upper part of the tank; K-
the load factor of the transformer relative to the normal value of the current. When the given
geometric dimensions of the transformer are smaller, the algorithm allows for a more accurate
calculation of the correction factor. Based on the spectrum of the load measured at the time of
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using the given calculation method, the following certain results were obtained. The given
effective value of the current reduction factor is 0.9750, while the main frequency current must
necessarily decrease by approximately 10%.

Conclusion

The analysis of the impact of nonlinearity and non-sinusoidality of the regimes on the
efficiency of the operation of electrical actuators was carried out. As noted, electrical actuators
with nonlinear characteristics cause deterioration of the quality of electrical energy. The
analysis of the main types of nonlinear actuators that cause voltage and current distortion in
distribution electrical networks was carried out. Thus, different actuators consume certain types
of nonlinear loads, therefore, it is advisable to study groups of actuators, not individual
actuators. In addition, an analysis of voltage and current harmonics was carried out and the
causes of their occurrence were identified. The issue of normalizing the currents that can be
released using the correction factor calculation method in cable lines and current transformers
was considered. The following results were obtained according to the measured load spectrum
when using the calculation method. The reduction factor of the effective value of the current is
0.975, while the fundamental frequency current should decrease by about 10%.
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ELEKTRIK SOBOKOLORINDO GORGINLIK VO COROYAN
HARMONIKALARININ ELEKTRIK ITKILORINO TOSIRININ ARASDIRILMASI

MORUFOV I.M., MUXTAROVA K.M., KORIMOVA S.M.

Bu mogalads paylayict elektrik sobokalorinds rejimlorin geyri-xattiliyinin vo gorginlik-
coroyan dalgaformalarmin geyri-sinusoidalliginin elektrik isladicilorinin isinin effektivliyino
tosirinin analizi aparilmisdir. Todqiqat zamani geyri-Xatti xarakteristikaya malik igladicilorin
elektrik enerjisinin  keyfiyyatini  pislosdirdiyi vo sobokods goarginlik vo carayan
harmonikalarinin yaranmasina sobab oldugu miioyyan edilmisdir. Paylayici sobokalords
muxtalif tiploro aid geyri-xatti islodicilor qruplar soklindo Oyronilmis vo onlarin yaratdigi
harmoniklorin spektri tohlil edilmisdir. Gorginlik vo coroyan harmonikalarinin formalasma
sobablori arasdirilmig, kabel xotlori vo coroyan transformatorlari ii¢iin diizolis omsalinin
hesablanma metodikasma osaslanaraq buraxilabilon coroyanlarin  normallasdiriimasi
moasalasine baxilmisdir. Olgiilmiis yiik spektri osasinda aparilan hesablamalar gostormisdir ki,
Coroyanin effektiv qiymotinin azaldilmasi amsali 0,975 toskil edir vo bu halda asas tezlik
komponentinin toxminon 10% azalmasi tolob olunur. Toadgiqatin naticalori elektrik
sobokalorinds harmoniklarin tasirinin giymatlondirilmasi va geyri-xatti yiklorin idars olunmasi
Ucln praktik shamiyyat kasb edir.

Acar  sozlar:  geyri-xattilik,  harmonika,  gorginlik,coroyan,  asinusoidal soboks,  dizalis
omsali transformator.

NCCIEAOBAHMUME BJIMSAHUA TAPMOHUK HAITPAKEHUSA U TOKA HA
IHOTEPHU JIEKTPOSHEPI'MHU B QJIEKTPUYECKHUX CETAX

MAPY®OB U.M., MYXTAPOBA K.M., KAPUMOBA C.M.

B naHHOHl craThe aHanuM3MpyeTcs BIUSHUE HEIMHEHHOCTH pPEKUMOB U HECUHY-
COUJANIBHOCTH (POPMBI HAIPSDKEHUS U TOKA Ha 3(p(HEeKTUBHOCTH pabOThI 3IEKTPOIIPUBOJIOB B
pacrpesie/InTeNIbHBIX JJIEKTPUUYECKUX CeTAX. B Xojae uccienoBaHUs YCTaHOBIIEHO, YTO
3JIEKTPOIIPUBOBI C HEIMHEHHBIMM XapaKTEPUCTHUKAMH YXYALIAIOT KAa4eCTBO 3JIEKTPOIHEPTUU
U BbI3bIBAIOT 00pa30BaHHWE T'apMOHUK HANpPSHKEHHUsS U TOKa B CeTH. bblIM mpoBeneHsb!
IPYNIIOBBIE  MCCIENOBAaHUSA  PA3JIMYHBIX THUIOB  HEJIMHEHHBIX JJIEKTPOIPHUBOJIOB B
pacipeneNuTENbHbIX CETAX W IPOAHAIM3UPOBAH CIEKTP CO3JaBAa€MbIX HWMHU T'apMOHUK.
HccnenoBanbl MpUYMHBI 00pa30BaHMs TAPMOHMK HANpPSKEHHs] U TOKA, a TaKXkKe pPacCMOTPEH
BOIIPOC HOPMHUPOBAHUS [JOIYCTHMBIX TOKOB Ha OCHOBE METOJa pPacyeTa IMOINPaBOYHOIO
koapduuuenTa s KaOenbHbIX JUMHUN U TpaHchopMaTopoB Toka. PacdyeTrsl Ha OCHOBE
M3MEPEHHOTO CIIEKTPa Harpy3Ku Moka3aiu, 4to 3(p(GeKTUBHBINA KO3(PPUIMEHT CHUKEHUS TOKa
cocraBisger 0,975, yto TpeOyeT CHUKEHHSI OCHOBHOM COCTABJISAIONICH 4acTOTHI IPUMEPHO Ha
10%. PesynpTaThl HCCIEAOBAHMS HUMEIOT INPAKTUYECKOE 3HAYEHHME A OLEHKU BIIMSHHUS
TapMOHUK B DJIEKTPUYECKUX CETSAX U YIPABJICHUS HEIMHEHHBIMU HAarPy3KaMHU.

KnroueBble ci10Ba: HETMHEHHOCTb, TAapMOHHUKH, HAaNpsDKEHWE, TOK, aCHHYCOMJIAIBHOCTh, CETb,
TIoNpaBOYHBINA KoddduirenT, TpanchopmaTop
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AVTOTRANSFORMATORLARIN iFRAT GORGINLIKDON
MUHAFIiZOSININ TOKMILLOSDIRILMOSI

MUFIDZADO N.A., ISMAYILOVA G.G.
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AZ1010, Baki, Azadliq prospekti, 20
gulgaz77@mail.ru

Bu mogalods avtotransformatorlarin ifrat gorginliklorin tosirindon muhafizasi mosslosi otrafli gokildo
aragdirilir vo onlarin mihafizasini tokmillogdirmok ti¢lin yeni, daha somarali bir sxem toklif olunur. Toklif edilon
bu sxemo osason, avtotransformatorun orta gorginlik dolaginin miihafizosi, onun yiksok gorginlik dolagimni
goruyan osas ifrat gorginlik mohdudlasdiricisinin (IGM) kigik bir hissasindon vo alavs olaraq daha asag1 gorginlik
soviyyesino malik ikinci bir IGM-don istifado etmoklo yaradila bilor. Belo yanasma sayesindo
avtotransformatorlarin ifrat gorginliklordon muhafizasi hom texniki, hom do igtisadi baximdan daha sorfali olur,
cunki bu halda mihafizo sisteminin doyari shomiyyatli doracads azalir. Magalods hom onanovi, hom do toklif
olunan yeni muhafizo sxemi totbiq olundugu hallarda, elektrik verilisi xotlorindon goalon impuls goarginlik
dalgalarinin avtotransformator dolaglarinda yaratdig: ifrat gorginliklor miigayissli sokilds todqiq edilmisdir.
Toadgigat naticasinds mioyyan edilmisdir ki, har iki sxem (izra aldo olunan naticalor bir-birine ¢ox yaximndir vo ifrat
garginliklorin saviyyasi yol verilon normativ hadlori asmur. Belo olan halda, toklif olunan yeni sxemin ham texniki
baximdan etibarli, hom ds igtisadi cohstdon {istiin olmasi 6ziinii gostarir.

Acar sozlar: transformator, daxili ifrat gorginlik, xarici ifrat gorginlik, ifrat gorginlik mohdudlasdiricilari,
ildirnmdan mihafizo.

Masalanin aktualligi. Elektrik enerji sistemlorinin istismari1 prosesinda, sistemi toskil
edon elementlor mixtalif xarakterli goarginlik va coroyan artimlarinin tosiri altinda galir. Bu
artimlarin saymin boytik hissasi daxili vo xarici ifrat gorginliklorin yaranmasi ilo bagl olur.
Xarici ifrat gorginliklor, adston, daha yiksok amplitudaya malik olur vo onlarin yaranmasinin
asas Sabobi ildirimin elektrik verilisi xatlorine birbasa desmasidir. Belo hallarda yaranan impuls
ifrat gorginliklori elektrik avadanliglar1 tigiin ciddi tohliks yaradir.

Bu cir zarbalorin monfi tasirini azaltmagq vo avadanliglar1 qorumaq mogsadilo ifrat
gorginlik mohdudlasdiricilar1 (IGM) totbiq olunur. Xisusilo yarmmstansiyalarda yerloson
transformatorlar vo avtotransformatorlar (AT) yiiksok doyaro vo strateji ohomiyysto malik
avadanhqglar oldugundan, onlarin miihafizasi daha yiksok soviyyads yaradilir. Bu magsadlo
osas IGM-Ia yanasi, alavs olaraq ikinci bir IGM da totbig olunur.

Ikinci IGM, adaton, transformatorlardan miiayyan mosafods yerlosdirilir vo hor iki IGM-
in effektiv va etibarl iglomasini tamin etmok {iglin yarimstansiyaya yaxin olan elektrik verilisi
xatlorinin miayyan hissasi trosla (qoruyucu naqille) ortuilir. Bu texniki hallin mogsadi IGM-
don kegan carayanin onun yol verilon maksimal giymotini agsmamasimni tomin etmakdir [1].

Belaliklo, coxpillali mihafizo sxeminin tatbigi sayasinds ildirim zarbolari vo digor ifrat
gorginliklorin yaranmasi zamani sistemin etibarliligi artir, bahali elektrik avadanliglarinin
zadalonmo ehtimali iso minimuma endirilir.

Avtotransformator (AT) muxtalif gorginlik soviyyalorino malik iki elektrik sobokasi
arasida olagoalondirici funksiya yerina yetirdiyindan, o, har iki sabaka Xxatlorindan galon ifrat
gorginlik dalgalarmin tasirina moruz gala bilir. Buna goro do AT-nin xatlordon golon ifrat
gorginlik dalgalarindan etibarli sokildo muhafizasini toamin etmok magsadils, onun ham yiiksak
gorginlik (YG) dolagi torafds, hom do orta gorginlik (OG) dolag: torofdo ifrat gorginlik
mohdudlasdiricilart (IGM) yerlosdirilir (sokil 1) [1,2].
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Bu muhafizo Usulu sayssinda avtotransformatorun hor iki dolagi ildirim vo ya digor
monsali impuls garginliklordon eyni daracods olunur, naticads avadanligin izolyasiyasinin
zodalonmeo riski azalir vo onun istismarinin etibarliligi artir.

AT

IGMyq -IU- ﬂ I6Mgg

Sok. 1. AT — un xatlardan golan ifrat garginlik dalgalarindan miihafizasi sxemi.

Bu mogalods avtotransformatorun (AT) elektrik verilisi xatlorindon golon ifrat gorginlik
dalgalarindan miihafizosmin moévcud sxeminin tokmillogdirilmasi masalasi arasdirilir.
Magalada hamginin, mdvcud sxems nisbaton igtisadi baximdan daha sarfali yeni bir miihafizo
sxemi toklif olunur vo AT-nin har iki sxemlo mihafizesi zamani dolaglarda yaranan ifrat
gorginliklor tahlil edilir.

Avtotransformatorun orta gorginlik (OG) dolag, aslinda, onun yiksok gorginlik (YG)
dolaginin bir hissosi oldugundan, OG dolagmin miihafizosini, YG dolagin1 miihafizo edon
IGM-in miiayyan bir hissasindan istifado etmoklo tamin etmok miimkiindiir (sok. 2-o bax).

Bu yanagsma hom texniki cohotdon effektivdir, ham do olavo avadanliq xarclorini
azaltmaga imkan verir.

AT

[GMyg

L

Sok. 2. AT — un xatlarden golan ifrat gorginlik dalgalarindan bir IGM — lo miihafiza.

[k yanasmada belo diisiinmok olar ki, YG IGM-do, OG dolagmin gorginliyino uygun
nogtodon olave ¢ixis yaratmagla vo bu ¢ixisa OG xottini vo OG dolagini qosmaqla
avtotransformator (AT) hor iki torofdon (YG vo OG xatlorindon) golon ifrat gorginlik
dalgalarindan qorunmus olar. Belo bir sxem ilk baxigda texniki baximdan sado vo igtisadi
baximdan sorfali gorundr, ¢unki slave avadanliq vo Xarclor minimaldir vo AT-nin qorunmast
birbasa hoyata kegirilir.

Lakin elektrik sisteminin istismar1 zamani bu yanasmanin ciddi ¢atigmazlig1 ortaya cixir.
Belo ki, OG torafdo qisa gapanma yarandiqda, YG IGM-in yiiksok va orta gorginlik toraflori
arasindak1 hissasi yiiksok garginliyin tosiri altina diisiir. Bels yiiksok garginlik, IGM-in yiiksok
Vo orta gorginliklarin forgina hesablanmis bu hissasi Uglin ¢ox bdyuk tohliiko yarada bilir vo
onun siradan ¢ixmasina gotirib, ¢ixarir. Noticods, AT-nin miihafizo sxemi zodslonir vo sistemda
daha boyuk goza riski yaranir. Belo, mihafizo sxeminin iqtisadi baximdan ucuz olmasina
baxmayaraq, onun etibarliliq baximindan ciddi problem yaratdigini gostarir.
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Bu problemin qarsisini almagq ti¢iin toklif olunan alternativ yanagsma daha tohlikasiz va
etibarlidir. Burada YG IGM-don ¢ix1s, OG-0 uygun ndqtadon deyil, daha asag1 gorginliyo
uygun ndqtadan gotirilir. Bu ndqtays ise ikinci, daha asag1 gorginlikli IGM qosulur - sok.3.
Beloaliklo, YG IGM-in slavs ¢ixisi ilo yers baglanan ndqtesi va ikinci algaq gorginlikli IGM
birlikds OG dolagmna uygun olmalidir. Bu yanagma bir ne¢a Ustinlik tomin edir:

1. IGM-in srradan ¢ixma riskinin azalmasi — OG dolaginda qisa gapanma bas verdikdo,
YG IGM - in yilksok vo orta gorginliklor arasinda olan hissasi, YG torofinin tesirina
Moruz qalmir vo normal ig rejimi davam edir.

2. Hor iki gorginlik saviyyasi ti¢iin etibarli mithafizo — ham YG, hom do OG dolaglarinda
yaranan ifrat gorginliklora qarsi miihafizs - tomin olunur.

3. Sistemin etibarliligmin artmast — mithafizo sxemindoki uygunluq sayasinds goza hallar1
va alave zadalonma riski minimuma endirilir.

4. Igtisadi somaralilik — alave IGM, OG IGM — don daha asag1 gorginlikli oldugundan
daha ucuz olur ki, bu da xarclorin azalmasina sabab olur.

Beloliklo, YG IGM-in slava ¢ixis1 ilo yera baglanan ndqtosi arasindaki hissasi vo ikinci
alcaq gorginlikli IGM-in birlikda istifadesi, OG dolaginin gorunmasini tomin edir vo AT-nin
hom etibarliligini, hom do uzunmuddatli istismar somorsliliyini artirir (sokil 3). Bu yanagma,
hom texniki, hom do iqtisadi baximdan sistem {igiin balanslagdirilmis va etibarli hall hesab
olunur.

AT

GM,

L

Sak. 3. AT — un xatlardan goalan ifrat garginlik dalgalarindan
bir osas va bir slave IGM - ls miihafiza sxemi.

Moagalods aparilan todqigat asas moagsadi, avtotransformatorun (AT) yeni toklif olunan
mihafize sxeminin mdvcud istifade olunan sxems nisbaton texniki cshotdon Ustiin olub-
olmamasmi miayyanlosdirmokdir. Bu moaqgsadls, har iki mihafizo sxemi ilo sistemin slagasi
otrafli sokildo Oyronilmis vo analiz edilmisdir [3,4].

Toadgiqat prosesinds hom mdvcud, ham do yeni sxem tzro AT-nin dolaglarinda yaranan
ifrat garginliklor diqgstlo giymotlondirilmisdir. Burada xiisusilo elektrik verilisi xatlorindon
golon impuls garginlik dalgalarinin tosiri altinda dolaqlarda yaranan maksimal garginliklor, bu
gorginliklorin ragslori vo dalgalarin yayilma xiisusiyyatlori migayisoli sokilds aragdirilmigdir.
Moagsad, yeni sxemin totbigi ilo AT-nin hom yiksok gorginlik, ham do orta gorginlik
dolaglarinda ifrat gorginliklorin azaldilmasi, qayidan dalgalarin minimuma endirilmasi Vo
sistemin timumi etibarliliginin artirilmasini miioyyan etmokdir.

Tadqiqatin noaticalori gostarir ki, yeni sxemin totbigi, AT-nin har iki dolaginda yaranan
ifrat gorginliklori effektiv sokilds azaldir, mévcud sxemlo migayisada garginlik saviyyalarinda
ciddi forq yaranmir va naticalor yol verilon normativ giymatlori agsmir. Bu iso hom texniki
etibarlilig1 artirir, hom do alave muhafiza tadbirlorinin igtisadi cohotdoan sarfaliliyini tomin edir.

13



Beloliklo, aparilan todgigat, yeni mihafizo sxeminin yalniz maliyys baximmdan deyil,
eyni zamanda texniki baximdan da effektiv vo etibarli oldugunu ortaya qoyur vo AT-nin
uzunmuddatli, tohllkasiz istismarina sorait yaradir.

Tadgigat metodu. Hesabatda nominal garginliyi 220/110 kV olan avtotransformator
(AT) tadqgiqat obyekti kimi se¢ilmisdir. Tadqiqat ti¢iin, AT dolaqlarinin ekvivalent ovoz sxemi
hazirlanmis vo ona uygun olaraq, ham yiksak goarginlik (YG), ham do orta gorginlik (OG)
dolaglari tigiin birlosdirilmis miithafizo sxemi gobul edilmisdir [6,7]. Bu yanasma, AT- u onun
real i rejimino uygun modellosdirmak vo muhafizo sxeminin effektivliyini giymatlondirmak
ticlin uygundur.

Hesabatda YG vo OG toraflorinds iIGM-lorlo AT dolaglar arasindaki moesafalor 120 m
gotlrilmisdiir [5]. Bu mosafo yarimstansiyanin qurulusu (dalan tipli olmasi), xatlorin
yerlosmasi vo mihafizo elementlorinin optimal islomasi baximindan seg¢ilmisdir. Eyni
zamanda, yarimstansiyanmn digor elementlorini nozoro alan xususi giris tutumlari, hesabata
daxil edilorok sistemin tam elektrik xarakteristikas1t modellosdirilmisdir.

Ifrat gorginlik dalgas1 kimi, xottdo omolo golo bilocok maksimal impuls ifrat gorginlik
dalgasi secilmisdir. Bu dalganm parametrlori 1,2/50 ps, amplitudu iso Xatt izolyasiyasinin
ortilmo garginliyindan bir godor asagi qobul edilmisdir ki, modellogsdirmo praktiki istismar
sortlorini diizglin oks etdirsin. Dalganin yarimstansiyaya galdiyi Xott iso dalga miigavimati
parametrlori ilo riyazi modelo daxil edilmisdir.

Todgigat riyazi modellosdirma Usulu ilo aparilmis vo OrCAD algoritm dili istifads
olunmusdur. Bu yanagma, impuls ifrat gorginliklorin AT dolaglarinda yayilmasmi vo muhafizo
sxeminin effektivliyini doqiq sokilds tohlil etmoys imkan verir.

Alman naticalor hom cadval 1, ham da sokil 4-5 vasitasilo taqdim edilmisdir. Cadvallords
movcud vo yeni mihafizo sxemlori olan hallarda yaranan ifrat gorginliklorin maksimum
giymotlori, onlarin zamana goéro doyismasi vo dolaglarda goarginlik ragslorinin paylanmasi
mugayisali sokilda gOstarilmisdir. Sokillar isa sistemds garginliklorin dolaglarda paylanmasini
vizual olaraq oks etdirir, va natico enbbari ilo sxemin effektivliyi vo AT-nin har iki dolaginin
gorunma saviyyasi haqqinda atrafli informasiya verir [8].

Bu naticalar gostarir ki, yeni toklif olunan mihafizo sxemi, mévcud sxems nisbatan hom
texniki etibarliligi artirir, hom do igtisadi cohatdon somoralidir, yani AT-nin tohliikasiz istismar1
Ucln olavs Ustlnluklari tamin edir.

Cadval 1

Movcud voa yeni sxemlo miihafiza olunan AT — un YG va OG dolaglarinda ifrat garginliklor
Muhafizo| Dalga | Uyy | Uyr | Uys | Uys | Uom | Uor | Uos | Uos | Iym | lom
sxemi gilettn KV | kv | kv | kv | kv | kV [ kV | kV | kKA | kA
9
Mdoveud YG 436 | 561 | 415 | 279 115 115 93 55 3,42 0
sxem Xatti
oG 82 82 129 228 217 312 195 89 0 2,34

Xotti
Yeni YG 438 | 547 | 377 234 111 112 93 54 3,34 | 3,34
sxem Xotti
oG 82 82 134 | 216 210 | 303 190 84 0 2,38
Xotti

Cadval 1-do hor iki IGM-do yaranan garginlik va corayan doyarlori, eloco do AT
dolaglarinin 1, 5 va 8-ci ndqtalorindaki gorginliyin giymatlori togdim edilmisdir.

Movcud mihafizo sxemi totbiq olunmus AT - a YG elektrik verilisi xottindon golon
impuls gorginlik dalgas: tosir etdikds, YG dolagindan oavval yerloson IGM golon dalganmn
amplitudasini 436 kV soviyyesine godor azaldir. Bu zaman IGM-do yaranan carayan 3,423 KA
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olur. Belalikls, AT-nin YG dolaginin girisinds gorginlik 561 kV taskil edir ki, bu da normativdos
g0starilon 920 kV limitindon xeyli asagidir.

YG dolaginda gorginlik, dolagm oavvalindon axirina qodor monoton sokildo azalir.
Dolagm axirindaki gorginlik iss OG dolaginin girisindoki garginliys barabar olur va bu giymot
115 kV saviyyasinds alinir. Bunun sababi, OG Xattinin bu ndqtays birlosmasi vo onun dalga
mugavimatinin gorginliyi mohdudlasdirmasidir.

YG dolagma tatbig olunan impuls garginlik dalgasi OG dolagina kegarak onun boyunca
yayilmaga davam edir vo dolagin avvalindan axirina qodar garginlik azalir, ¢iinki OG dolaginin
sonu yers birlogdirilmisdir. OG dolaginin girisinds gorginliyin 115 kV olmas1 gostorir ki, bu
ndgtada yerloson IGM praktiki olaraq islomir; onun corayani iso 1 A-don az 0,718 A almmisdir
[9,10].

Beloliklo, AT-nin mdvcud mithafizo sxemi ilo YG dolagina impuls gorginlik dalgasi tasir
etdikdo, dolagm 1, 5 vo 8-ci ndqtalorinds vo YG torofdoki IGM-do yaranan gorginliklorin
paylanmas1 sokil 4-do oyani sokildo gostorilmisdir. Bu naticalor gostorir ki, YG dolaginin
muhafizasi effektiv sokildo tomin olunur, OG dolaginda iso impuls gorginliyin tosiri minimaldir
vo IGM islomir.

600KV

-200KV
0s 50us 100us 150us 200us 250us 300us
0 V(N29738) ¢ V(N24712) Vv V(N24896) V(N26141)

Sak.4. AT — un mdvcud sxemla miihafizasi halinda onun YG dolagina impuls
goarginlik dalgasi tasir etdikda, onun YG dolaginin 1, 5,8 — ci noqtalarinda ve
IGM — da gorginliklarin ayrilari

Impuls gorginlik dalgasi1 OG elektrik verilisi xatti ilo yarimstansiyaya goldikdo 0, AT —
un bu hissadoki  IGM — i ilo mohdudlasdirilir. IGM — da gorginlik vo corayan uygun olaraq
217 KV vs 2,343 kA alinir. Bu halda, OG dolagmin girigsinds gorginlik 312 kV — a borabar olur
ki, bu da yol verilon giymatdon (470 kV) ¢ox kicikdir. OG dolaginda garginlik yerls birlagan
neytrala godor dolaq boyu azalir vo neytral néqtads sifir olur. OG dolagina tasir edan impuls
garginliyi digor istigamotds - YG dolaginda da yayilir. Bu dolagda gorginlik onun girigino
dogru dolaq boyu azalir vo girisdo 88 kV olur. YG dolagmin girisindo gorginliyin belo kigik
giymot almasina sobab bu noqtoedo YG elektrik verilisi xattinin olmasidir. Xottin dalga
miqgavimeti girisindoki gorginliyi 88 kV — a gadar mohdudlasdirir vo bu giymat kifayst etmir
ki, buradak1 IGM islasin. Dogrudan da IGM islomir, ¢iinki ondan kegon carayan 0,249 A — dir
[11].

Avtotransformatorun (AT) toklif olunan yeni sxemlo mihafizasi zaman1 olds olunan
naticalorin, onun movcud sxemlo mihafizosi zamani1 aldo olunan naticalorlo migayisasi
gOstorir ki, bozi gostoricilor demok olar ki, eynidir, digarlorinds iso yalniz ciizi farglor
movcuddur (cadvalo bax).

Masalon, YG xottindan galon impuls gorginlik dalgas1 zamani bu torafds yerloson IGM-
do yaranan gorginlik mévcud sxemdo 436 kV, toklif olunan sxemdo iso 438 kV almir. IGM-do
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yaranan carayanlar mivafiq olaraq 3,42 kA va 3,34 kA, dolagin girisindoki gorginlik isa 561
KV vo 548 kV olmusgdur. Bu gostaricilor arasinda forq minimaldir va har iki sxemin muhafizo
effektivliyinin yiksok oldugunu gostarir.

AT-nm mdvecud sxemls mithafizasi zaman1 YG dolaginn bir ne¢o ndqtasinds vo IGM-do
yaranan gorginliklorin paylanmasi sokil 4-do goOstorilmisdir. Eyni 6lgmalor yeni sxemlo
muhafizo zamani da aparilmis vo naticalor sokil 5-do toqdim edilmisdir. Sokil 4 va sokil 5-i
muqayiss etdikdoa gorinir ki, garginlik ayrilori arasinda nozoragarpacaq forq yoxdur, yani har
iki sxem dolaqglarm ifrat gorginliklordon qorunmasini eyni saviyyads tomin edir.

600KV

—

)
7

C

s 50us 100us 150us 200us 250us 300us
O V(N39663) ¢ V(N39921) v V(N39937) A V(N38815)

Sak.5. AT — un yeni sxemla miihafizasi halinda onun YG dolagina impuls garginlik
dalgasi tasir etdikde onun bu dolaginin1, 5, 8 néqtalerinds ve IGM — da garginlik ayrilari

Bu noticalor gostorir Ki, yeni sxemin tatbigi mdvcud sxemlo miqayisads texniki
baximdan he¢ bir zoiflik yaratmir, lakin olave Ustlnlik — iqgtisadi semaralilik va
sadoalosdirilmis qurulus tamin edir.

Avtotransformatorun (AT) yeni toklif olunan sxemlo mihafizesi zamani, ona YG
xattindon galon impuls gorginlik dalgasi tasir etdikdo, OG dolaginda yaranan garginliklorin
giymatlori mévecud sxemlo mihafizo zaman 6lgiilon garginliklorls ¢ox yaxim olur. Yoni, yeni
sxemin totbigi OG dolaginda maksimal goarginliyin saviyyasini oshomiyyatli daracads
doyisdirmir vo bu baximdan yeni sxem mdvcud sxemlo migayisodo texniki baximdan
effektlidir [12,13].

Lakin, OG IGM-do Vo OG dolagmin girisindoki gorginliklorin dalga formasi forgli
xarakter dasiyir: burada yaranan garginliklor aperiodik, yani diison dalga tipinds olur (sokil 6).
Bu fargliliyin sobobi, YG dolagnin girigino tatbig olunan impuls gorginlik dalgasinin OG
dolagmin girigina birbasa YG dolagimdan kegorok golmamosidir. Bunun avazine, dalga OG
dolagina kombins edilmis YG vo OG IGM-lordon kegarok daxil olur.

Noticoda, OG dolaginda yaranan gorginliklor artiq YG dolagindan birbasa Gtiiriilon dalga
xarakterini dagimir. IGM-lorin vo dolagin elektrik parametrlori bu dalganin amplitudasini vo
formalarini doyisir, bu iso aperiodik dalga formast ilo naticalonir. Bu xususiyyat, OG dolagmnimn
impuls gorginliklorin tasirine reaksiyasini daha yumsaq vo nazarot olunan sokilds doyisdirir,
eyni zamanda dolagin izolyasiyasinin qorunmasini tomin edir.

Belalikla, yeni sxem totbiq edildikdo OG dolaginda maksimal garginlik saviyyasi mévcud
sxemlo demak olar ki, eynidir, lakin gorginliklorin dalga formasi aperiodik xarakter alir, bu da
muahafizo sisteminin reaksiyasinin doyismasini gostorir. Bu xUsusiyyst, impuls ifrat
garginliklorin AT-nin OG dolagina tasirini azaldir vo dolagin izolyasiya stressini balanslasdirir,
noticado AT-nin etibarliligi va tohllikasiz istismart artir.
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Sak. 6. AT — un yeni sxemla miihafizasi halinda onun YG dolagina impuls garginlik
dalgasi tasir etdikde onun OG dolaginin1, 5, 8 néqtalarinds ve IGM — da gorginlik ayrilari

Butln bu deyilonlordon gorundr ki, AT — 1n ifrat garginliklordon mdvcud vo toklif olunan
yeni sxemlo muhafizasi zamani onun dolaglarinda yaranan gorginliklorin giymatlori ¢ox yaxin
olurlar. Belo olan halda vo yeni sxemin iqtisadi cohotdon movcud sxemdon {istiin olmasi
sababindan, bu sxemdan istifads olunmasi magsadouygun hesab olunmalidir [6, 7].

NOTICO

Avtotransformatorlarin (AT) ifrat gorginliklordon qorunmas1 magsadils yeni bir miihafiza
sxemi toklif edilmisdir. Bu sxem, mévcud - tatbiq olunan mihafizo sxemindan fargli olaraq,
hom texniki, hom ds igtisadi baximdan optimallagdirilmisdir. Todqigat zaman1 AT-nin hom
mdvcud, hom da yeni sxemlo mihafizo edildiyi hallarda, ona impuls ifrat gorginlik dalgasi
totbiq olunmus va dolaglarinda yaranan garginliklor migayissli sokildo 6yronilmisdir.

Analiz noticalori gostarir Ki, har iki sxemds AT dolaglarinda yaranan maksimal ifrat
garginliklor bir-birina ¢ox yaxin giymotlords olur. Eyni zamanda, bu gorginlik soviyyalori
normativ va yol verilon maksimum gorginlik limitlorini ke¢cmir, yani har iki sxem dolaglarin
etibarli miithafizosini tomin edir. Bu, onu gostarir Ki, yeni sxemin totbiqi texniki baximdan
mdvcud sxemlo mugayisads he¢ bir zoiflik yaratmir vo elektrik avadanliglarmin izolyasiya
Saviyyasini qoruyur.

Yeni muhafizo sxeminin on boyik Ustlnliyd iss onun igtisadi cohotdon daha sarfoli
olmasidir. Sxemin qurulusu sadslosdirilmis, slave avadanliq taloblori azaldilmis vo qurasdirma
xarclori minimuma endirilmisdir. Bu xiisusiyyat, AT-nin hor iki dolaginin etibarli miithafizasini
goruyarkon hom sarmays xorclorinin optimallasdirilmasina, hom do istismar zamani xarclarin
azaldilmasina imkan yaradir.

Beloliklo, aparilan todgigat naticesinde mioyyon edilmisdir ki, yeni miihafizo sxemi
yalniz texniki baximdan effektiv deyil, eyni zamanda iqtisadi baximdan da istiindir. Bu
sobobdon, AT-larmn ifrat garginliklordon qorunmasi iigiin bu yeni sxemin totbigi magsadsuygun
va optimal hall hesab edils bilar.
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COBEPHIEHCTBOBAHMUE 3AIIUTDBI _
ABTOTPAHC®OPMATOPOB OT IIEPEHATIPSI)KEHU U

MY®UBAJE H.A., HICMAHJIOBA I'.T.

B cratbe paccmaTpuBaeTcs BOIPOC 3alIUThI aBTOTPAHC(HOPMATOPOB OT MEPEHANPSKCHHIMA
W TpeajaraeTcsi HOBas CXeMa 3allliThl, pa3paboTaHHAas JJIs MOBBIIICHUS HAJCKHOCTH IPH
CHWDKEHUHU 3aTpaT. B mpemnmaraemoil cxeme 3amura oOMOTKH cpeaHero HampstkeHus (MV)
OCYILIECTBIISIETCS C UCTIOTIb30BaHUEM HeOobIoi yactu paszpsaauka (OITH) BEICOKOBOIBTHOM
oomoTtku (HV), nonoaHeHHOH JONOTHUTEIBHBIM HU3KOBOJIBTHBIM pa3psaHukoM (LV). Takoii
KOMOMHHUPOBAHHBIA TOJIX0J oOecreunBaeT APPEKTUBHYIO 3alIUTY OOMOTKH CPEIHETO
HAmpsDKeHUS TpU  3HAYUTEITBHOM COKpAIIeHHH KOJMYECTBAa HEOOXOJUMOTro 3alUTHOTO
obopynoBanus. B pesynbrare NpeanoKeHHBI METOJ] OKa3bIBaeTCs 3HAYMTETHHO Ooiee
SKOHOMHYHBIM TI0 CPAaBHEHUIO C TPAJAULIMOHHONW CXEMOUM 3alWThl, HE CHIKAs MPH STOM
ypOBEHb 0€30MacHOCTH M HAJAKHOCTH. B mHcciemoBaHWM TMpOBelNeH MOAPOOHBIN aHaMM3
BO3JICHCTBUSI UMITYJIBCHBIX TIEPEHANPSDKEHUN Ha aBTOTpaHCHOPMATOp MPH MPUMEHEHHH Kak
CYIIECTBYIOIIEH, TaK U MPEIAJIOKEHHON cxeM 3aiuThl. C UCMOJb30BAHUEM MAaTEMaTHYECKOTO
MOJENUPOBAHUS M HUMHUTAIMOHHOTO MOJIEIMPOBAHHUS OBLIM  pacCUMTaHbl  yPOBHU
MEPEeHANPSKEHU BO BCEX COOTBETCTBYIOIIMX OOMOTKAaX, YTO TIIO3BOJIMIJIO BBHITOTHUTH
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CPaBHHTEIBHYIO OIICHKY 00eMX cXeM. Pe3ynbTaThl TMOKa3bIBAIOT, YTO B OOOMX CiIydasx
MaKCHMaJbHBIC TICPEHANIPSDKEHUSI B 0OMOTKaX OYCHb OJIM3KU U OCTAIOTCS HUXKE JOMYCTUMBIX
3HAYEHUH, YTO TOJATBEPKIAET, YTO HOBAas CXeMa OO0CCIIEYMBACT 3AIIHUTYy, YKBHBAICHTHYIO
TpanuiuoHHoi. Kpome Toro, HOBasi cxeMa HMeeT HECKOJBKO TOTIOJTHUTEIbHBIX TPEUMYIIIECTB:
OHa COKpamIaeT odIee KOJUYECTBO MCIOJIb3YEMBIX Pa3psSAHUKOB, YIPOIIAET YCTAHOBKY H
TEXHHUYECKOE 00CTy)KUBAHUE, & TAK)KE IMOBHIIIACT SKOHOMUYECKYIO (D (DEKTHBHOCTH CHCTEMBI
3amuThl. VcciieoBaHue JEMOHCTPHPYET, YTO TPEIUIOKCHHAss KOH(UTYpalus 3amluThl
3¢ dEKTUBHO 3aIUIIACT aBTOTPAHC(HOPMATOP OT BHICOKOBOJIBTHBIX MTEPEXOTHBIX MPOIIECCOB B
CeTH, ONTUMHU3HPYSd KaK TEXHUYCCKHE XapaKTECPUCTUKH, TaK W IKOHOMHUYCCKYIO
3¢ EKTUBHOCTE.

KiroueBblie ciioBa: aBroTpanchopMaTop, BHYTPEHHEE MEpCHAINPSDKCHUE, BHEIIHEE IMepCeHANpPSIKCHHE,
OrpaHUUUTENH NIePEHANPSKEHHS, MOJHAE3AIIUTA.

IMPROVEMENT OF OVERVOLTAGE PROTECTION FOR
AUTOTRANSFORMERS

MUFIDZADE N.A., ISMAYILOVA G.G.

The article addresses the issue of overvoltage protection for autotransformers and
proposes a new protection scheme designed to enhance reliability while reducing costs. In the
proposed scheme, the medium-voltage (MV) winding protection is achieved by utilizing a small
portion of the surge arrester (SA) from the high-voltage (HV) winding, complemented by an
additional low-voltage (LV) surge arrester. This combined approach ensures effective
protection of the MV winding while significantly reducing the amount of protective equipment
required. As a result, the proposed method is considerably more economical compared to the
conventional protection scheme, without compromising safety or reliability. The study includes
a detailed analysis of the impact of impulse overvoltage waves on the autotransformer under
both the existing and the proposed protection schemes. Using mathematical modeling and
simulation, the overvoltage levels in all relevant windings were calculated, allowing for a
comparative evaluation of the two schemes. The results show that in both cases, the maximum
overvoltages in the windings are very similar and remain below the permissible limits,
confirming that the new scheme provides protection equivalent to the traditional approach.
Furthermore, the new scheme offers several additional advantages: it reduces the total amount
of surge arresters needed, simplifies installation and maintenance, and improves the economic
efficiency of the protection system. The study demonstrates that the new protection
configuration effectively safeguards the autotransformer against high-voltage transients from
the supply network while optimizing both technical performance and cost-efficiency.

Keywords: autotransformer, internal overvoltage, external overvoltage, overvoltage limiters, lightning
protection.
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Artan enerji tolobat1 vo asas avadanliglarin kdhnolmasi soraitinds su elektrik stansiyalarin (SES) blok
transformatorlarinin etibarli vo effektiv idaro olunmast masololori daha da aktuallagir. Magalods bu avadanligin
idaro olunmasina dair iki milasir yanagma — risk yonumli vo pozisional (movgeys ssaslanan) yanagmalar tohlil
olunur. Risk yoniimlii yanasma transformatorlarda potensial nasazliqlarin miioyyanlasdirilmasi, onlarin bag verma
ehtimalinin vo mimkin naticalorinin giymatlondirilmasini ohato edir. Pozisional yanasma iso transformatorun
stansiya sxemindoki rolu, enerji blokunun strukturundaki shamiyyati vo nasazliq zamani enerji sisteming toSiri
baximindan tohlili tamamlayir. Mogalads har iki yanagsmanin inteqrasiyasina asaslanan risk matrisasi konsepsiyasi
togdim olunur. Bu yanagma sayasindos idaraetmo todbirlari — texniki xidmatin planlagdirilmasi, modernizasiya vo
ehtiyat mexanizmlorinin tatbigi Uzrs prioritetlogdirma hayata kegirilir. Homginin, yagm voziyysti, vibrasiya ve qaz
torkibi 0zro onlayn monitoring sistemlori vo FMEA, RCM, nasazliq agaclarmin tohlili Kimi mdaasir risk
giymatlondirma metodlarinin totbigi tovsiys olunur. Burada risklarin giymatlondirilmosi, miimkiin nasazliglarin
tohlili (FMEA vs s.), taxmini naticalorin giymatlondirilmasi vo bu naticalorin avadanliq tizerindoki tasirlorine gérs
prioritetlogdirilmasi metodlar1 tagdim edilir. Homginin, blok transformatorlarda miisahido edilon kritik risk
faktorlar1 (temperatur artimu, izolyasiya zaiflomasi, vibrasiya va s.) misal gatirilorak onlarin idars edilmasi yollar
izah olunur. Bu integrasiya, aktivlorin idars olunmasinda somoroliliyin artirilmasina, istismar xarclarinin
optimallagdirilmasina va SES-in dayaniqh faaliyyatinin tomin olunmasina imkan verir.

Acar sozlar: SES blok transformator, aktivlerin idaros olunmasi, risk yoniimlii yanagma, pozisional
yanasma, FMEA, SCADA, avadanlhigin etibarlilig1, risk matrisi, rogomsal monitoring.

GIRIS

Avadanliglarmn istismar vaziyyatini optimal amok vo material xarclori ilo mioyyan
saviyyads saxlamaq elektrik enerjisi obyektinin aktivlorinin idars edilmosi sisteminin prioritet
moqsadlarindan biridir. Bu moaqgsadlo miasir miassisalor nasazliglarin sayini artirmadan va
avadanhigm xidmot middstini azaltmadan avadanliga texniki xidmoat Xorclorini azaltmaga
imkan veran bir sira problemlari hall etmolidir, yani blidcoanin diizglin idars olunmasmi tomin
etmolidir.

Azorbaycanda elektrik enerjisi obyektlorinin avadanlhiginin idarosetmo sisteminin
tokmillagdirilmasi Uglin tadricon risk yonimlii yanasma totbiq edilir. Bu nov xidmatin bir
xususiyyati, tohlildo olave bir parametrin istifadssidir - avadanliglarin nasazhigi ehtimali.
Ohomiyyat daracasinin birga nozardon kegirilmasi avadanliq va onun siradan ¢ixma ehtimali
risk saviyyasini miayyan etmays imkan verir.

Bu yazida elektrik enerjisi sonayesinin inkisaf tarixindo formalasmus elektrik enerjisi
obyektinin avadanliglarinin idaro edilmosino mixtolif yanasmalar, onlarin xiisusiyyatlori,
ustnliklori va catigmazliglart hagqinda imumi malumat verilir.

Avadanliqlarin idars edilmoesinds risk yoniimlii yanasmaya kegid etmok istoyan enerji
sirkatlorinin konkret nimunalori verilmisdir. Magalodo geyri-salis ¢oxluglar nozariyyasinin
totbigi osasinda risk saviyyasinin mioyyan edilmosi Usulu nozardon kegirilir ki, bu da
stansiyada mévcud olan monitoring sistemi nozoro almmaqla su elektrik stansiyalarmimn
transformatorlarinin istismar vaziyyatini giymatlondirmoys imkan verir [8-10].

Elektrik enerjisi qurgusunun avadanhqlarimin idars edilmasinds yanasmalar
asagidakilardir.

Elektrik enerjisi qurgusunun avadanligmm idarsetmo sisteminin toskili strategiyanin
secilmasini vo metodologiyanin miiayyanlosdirilmasini ohats edir.
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Hal-hazirda elektrik enerjisi qurgularinin avadanliqlarmimn idaro edilmasins asagidaki
yanagmalar mévcuddur [1-3]:

- RTF (Run-to-Failure) - imtinaya goadar islomo;

- TBM (Time-Based Maintenance) - qaydalara uygun texniki qulluq, planlt profilaktik
baxis;

- CBM (Condition-Based Maintenance) - sort Uzro texniki xidmat;

- RCM (Reliability-Centered Maintenance) - etibarliliq yoniimlidiir

texniki xidmat;

- RBM (Risk-Based Maintenance) - risk yonimli texniki qullug.

Imtinaya qador istismar (RTF— Run to Failure)

Elektrik enerjisi avadanliglarinin idara edilmasine yanasmalarin inkisafi tarixindo ilk
RTF strategiyasidir (Run to Failure). Bu strategiya amayin toskili doeracasine gérs on az sortdir.
Imtinaya godor istismar, limit voziyyatine ¢atdigdan sonra avadanligda tomir va texniki xidmot
islorinin aparilmasini nazordo tutur ki, bu da mioyyon edilmis funksiyalarin yerino
yetirilmamasi va buna gora do isloma gabiliyyatinin itirilmosi demokdir. Bu yanagma 6ton asrin
20-30-cu illari G¢tin xarakterikdir.

Imtinaya qodor istismar strategiyanin iistiinliiklori vo ¢atigmazliglar1 Cadval 1-do
verilmigdir.

Imtinaya qodor istismar strategiyanin iistiinliiklori vo ¢atismazliglar

Codval 1
Ustiinliiklor Catismazhiglar
1. Tomirlor arasinda uzun 1. Tomir iglorinin va texniki qullugun yerina yetirilmoasi Ggiin
muddot talob olunan resurslarin (maliyys, vaxt vs s.) planlasdirma
2. Tomir xidmeatinin gabiliyyatinin olmamasi
saxlanmas Gglin asagi xarclor | 2. Baxim va tomir islorinin uzun middatli olmas:
3. Qozalarin aradan qaldirilmasi tigiin yliksok xarclor.

Baxilan strategiya, ugursuzlugu normal texnoloji prosesin pozulmasina, habels insanlarin
hoyat1 vo saglamligina, otraf mihito tohlikonin yaranmasina sobob olmayan asag: giymatli
avadanhglar t¢iin mévecud catismazliglara baxmayaraq, hazirda ugurla tatbiq edilo bilar [6-7].

Imtinaya qodar amoliyyat strategiyasini totbig etmok lazimdir, ilk névbado basga texniki
xidmat novinid secarkon nasazliga godor istismar edilon avadanhgin dayisdirilmasi xarclorini
alternativ xarclorlo miigayiss etmok.

Qaydalara uygun texniki qulluq, planh profilaktik baxis (TBM - Time-Based
Maintenance)

Elektrik enerjisi qurgusunun avadanhiginin idara edilmasine bu yanagma 20-ci asrin 50-
60-c1 illarinds istifads olunmaga basladi. Bu, sonaye muassisalorinin mexanizm vo masinlariin
saymin artmasi, avadanligin 6ziiniin miirokkabliyinin artmasi, hamginin yiksak giymato malik
olan avadanliglarin xidmot middstinin uzadilmasi ehtiyaci ilo alagadardir. Naticads, nasazliga
godor omoliyyat strategiyasinin istifadosi yersiz oldu, ¢iinki bu, avadanliglarin nasazligi
naticasinds shomiyyatli itkilora sabab oldu.

Elektrik stansiyasi vo yarimstansiya avadanliqlarma planl profilaktik texniki xidmot
haqqinda Osasnamays uygun olaraq, elektrik stansiyasi vo yarimstansiya avadanligina planl
profilaktik tomir, ayri-ayr1 hissalorin vo aqreqatlarin tomiri vo doyisdirilmoesi vo avadanhgin
uzunmuddatli, etibarli vo gonastli iglomasini tomin etmok yolu ilo avadanligin texniki
parametrlorini layiha va hesablanmig dayarlors ¢atdirmaga yonalmis islorin macmusudur [2-5].

Bu yanagma ¢argivesindo nasazliga qodor omoliyyat strategiyasi ilo mugayisado yerino
yetirilon islorin say1 vo hacmi Xarclorin artmasina sabab olur vo buna gére do avadanligin
texniki xidmatina noazarat etmok vo idaro etmok zarurati yaranir. Naticados, tomir vo texniki
xidmotin planlasdirilmas: sistemlori, 0 clmladon codvallorin yaradilmasi proseslarinin
avtomatlasdirilmasi ti¢iin ilk alotlor meydana ¢ixir. Qaydalara uygun olaraq texniki xidmat
strategiyasinin istiinliiklori vo ¢atigmazliqlar1 Cadval 2-do verilmisdir.
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Qaydalara uygun olaraq texniki xidmat strategiyasinin iistiinliiklari vo ¢atigmazliqlari
Codval 2

Ustiinliklor

1. Fovgelads goazalarin sayinin azaldilmasi

2. Avadanligin istismar muddatinin
tomirloraras: dovrlora nozarat etmok imkan:
3. Tomir zamani avadanhglarin dayanma
muddatinin tonzimlonmasi

4. Avadanliglarin, onun komponentlarinin vo
mexanizmlarinin tomiri xarclorinin
prognozlasdiriimasi

5. Avadanliglarin nasazligiin sabablorinin
tohlili.

Catismazliglar

1. Tomir iglorinin planlasdiriimasi {iglin vosaitin
olmamasi

2. Omok Xarclarinin hesablanmasinda ¢atinlik
3. Planlagdirilmig tomir iglorini operativ sokildo
tonzimlomokdo gatinlik

4. Saz vaziyyatdos olan avadanliglarin tamirinin
aparilmasi

5. Qalan xidmot muddatindan asili olmayaraq
agreqatlarin va hissalarin macburi
doyisdirilmasi.

Qaydalara vo ya planli profilaktik tomira (SPM) uygun olaraq texniki qulluq avadanliglarin
nasazligdan avval profilaktik yoxlamalarini vo tamirini nazards tutur ki, bu da avadanligin texniki
Vaziyyatinin yaxsilasmasina vo nasazliq ehtimalinin azalmasina sobob olur. Avadanhqlara texniki
qullug tadbirlarinin tezliyi vo miiddoti avadanligin dizaynindan vo onun is soraitindon asilidir [11].

Vaziyyats asaslanan Baxis (CBM - Condition-Based Maintenance)

Vaziyyato asaslanan texniki xidmat strategiyasi 20-ci asrin 70-80-ci illari tictin xarakterikdir.
Bu yanagsma texniki diagqnostika, monitoring vo elektrik avadanhqlarmin vaziyyatini
prognozlasdirmaq ti¢iin texniki vasitolordon istifado etmoaklo muoyyan edilon avadanhigin faktiki
texniki voziyyetino osaslanaraq texniki xidmatin vo tomirin planlasdirilmasini nozords tutur.
Voziyysto asaslanan texniki xidmot strategiyasinin istiinliiklori vo catismazliglar1 Cadval 3-do
verilmisdir.

Codval 3
Vaziyyato asaslanan texniki xidmat strategiyasmin iistiinliiklori vo ¢atismazliglari
Ustiinliklor Catismazliglar
1. Tomir va texniki xidmot 1. Ayri-ayr1 avadanhq gruplarinin texniki vaziyyati indeksinin
xarclarinin azaldilmasi hesablanmasi iigiin vahid senaye metodologiyas: yoxdur vo
2. Bahali avadanliglarin mdvcud aktivler v onlarin istismar intensivliyi hagqinda real

islomo muddatinin artmasi
3. Ugursuzluglarin sayinin
azaldilmasi

4. Avadanhiglarin dayanma
vaxtlarinin sayinin
azaldilmas1

5. Insanlar vo otraf mihit
Ucuin yitiksak tahliikasizlik

molumatlar asasinda butdvlikds elektrik enerjisi qurgular:

2. ©ksar generasiya miassisalorindo asas avadanligin texniki
vaziyyatinin monitoringi sistemlari texniki vaziyyato goro tomir
néviindan istifado etmays imkan vermir

3. Avadanliglarin asinma saviyyasini vo hasazliq ehtimalin:
prognozlasdirmag t¢tn monitoring melumatlarina, nasazliglarin
Vo nasazhiglarin statistikasina osaslanan istehsal avadanhglarinin
texniki voziyyatinin sistematik giymatlondirilmasi vo prognozu

mdvcud deyil

Etibarh va uygunlu texniki baxis (RCM)

RCM butln istehsal sistemlori vo onlarin komponentlarinin istehsal prosesinda etibarl
sokilda islomasini tamin etmok Gglin talob olunan todbirlori tapmaga vo gérmoys imkan veran
metodologiyadir.

DUIST R 27.002-2009 "Mihandislikdo etibarlihig. Sortlor vo anlayislar'a uygun olaraq
RCM-nin mogsadlari:

1. miayyan edilmis is saraitinde mohsulun lazimi etibarlihq géstaricilari ilo islomasinin tamin
edilmosi;

2. mahsulun dizaynini tokmillosdirmak va ya miiayyan edilmis etibarliliq saviyyasi qeyri-kafi
olan komponentlarinin alava ehtiyatlarini tatbiq etmak t¢tin zoruri malumatlarin slds edilmasi;

3. texniki xidmat xorclori va galiq nasazhglardan dayan zoror do daxil olmagla, minimum
Umumi hayat dovru dayari ilo bu magsadlors nail olmag;

4. svvollor miayyan edilmis texniki xidmat mogsadlorine nail olunmasinin effektivliyini
giymatlondirmok yolu ilo mdvcud texniki xidmot programinin ilkin yaradilmis programla
mugayisada yenidon nozardon kegirilmasi vo tokmillosdirilmasi Gglin zaruri olan molumatlarin oldo
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edilmosi. Toahlukasizliyi baximindan kritik vo ya bahali komponentlorin texniki voziyyatinin
monitoringi programin tokmillosdirilmasinds mithiim rol oynayir [1,3].

RCM-nin forgli xususiyyati ondan ibaratdir ki, avadanliga texniki qullug prinsiplori yalniz
parametrlor va tobiotlo deyil, hom do nasazligin noticalari ilo miayyoan edilmalidir. Etibarlihq
yonimlu texniki xidmat strategiyasina bir sira todbirlorin muayyan edilmasi vo totbiqi daxildir.
Istonilon istehsal sistemi va onun komponentlorinin miiayyan is soraitinds 6z funksiyalarini yerina
yetirmoasino imkan verir [1]. Etibarliliga yonalmis texniki xidmatin dstunliklori va ¢atismazlhiglar:
Codval 4-ds verilmisdir.

Etibarliliq yonimli texniki xidmatin tstnltklori va catismazlhiglar:

Codval 4

Ustiinliiklor Catismazliglar
1. Daha samoarali texniki xidmat omoaliyyatlarinin hoyata kegirilmasi 1. Daxil edilon
hesabina sistemin funksiyalarint yerino yetirmoasinin yiiksok etibarlilig | informasiyanin
2. Daha somorali blidca planlasdirmasi, noticads texniki xidmat keyfiyystindon
xarclorinin azalmasi; asililigin yuksak
3. Tam sanadlosdirilmis audit hesabatlarinin yaradilmasi va Soviyyasi;
buraxilmasi; 2. Ixtisash kadrlara
4. Ugursuzlugun idars edilmasi sistemindan istifads etmok imkant; ehtiyac.
5. Texniki xidmat sistemina cavabdeh olan menecerlor onlara nozarat
va talob olunan monitoringi hoyata kegirmays imkan veran idaraetmo
aloti alacaglar.

Risk 9sash Baxim (RBM)

Risk osasli strategiya (RBM) progqnozlasdirilan naticalordon vo onlarin istehsal Gglin
ohomiyyatindon asili olaraq risk dayarino asaslanaraq istehsal aktivlarina texniki tosiri miayyon
etmoys imkan veron metodologiya [12-15].

Bu tip texniki xidmatin bir xsusiyyati, tohlilds slava bir parametrin (avadanliqlarin nasazligi
ehtimali) istifadesidir. Ugursuzluq ehtimali texniki voziyyatin bir funksiyasidir. Osas texnoloji
avadanliglarin texniki vaziyyatinin giymatlondirilmasi integral gostericinin muoyyan edilmasi
prosesidir (texniki voziyyatin gostoricisi). Texniki voziyystin gostoricisi faktiki molumatlar
osasinda miiayyan edilon avadanligin vo ya elektrik enerjisi qurgusunun texniki voziyyatinin
komiyyat giymatlondirilmasidir.

Risk saviyyasi birge muoyyan edilir ekspert tsulu ilo vo ya mévcud nasazliglarin statistikasi
asasinda tapila bilon onun ugursuzluq ehtimalini1 vo avadanligin shamiyyat doracasini nazors alaraqg.
Risk doyari avadanhiga texniki qulluq vo tomirin optimal vaxtini va hacmlarini misyyan etmays,
habels onlarin hayata kegirilmasinin prioritetlori sirasina gora siralamaga imkan verir [16-19].

Risk yoniimlii yanagma osasinda tomir vo texniki xidmat todbirlorinin planlagdirilmasi
istehsal programlarmi planlagdirarkan foaliyyat novlorinin se¢ilmasini osaslandirmaga imkan verir.

Risk asasli texniki xidmatin Gstunliklori va ¢atigsmazliglar: Cadval 5-da verilmisdir.

Risk asasli texniki xidmatin Ustunliklori vo ¢atismazliglari

Codval 5
Ustiinliiklor Catismazliglar
1. Tomir va texniki xidmat xarclarinin azaldilmasi 1. Mévcud aktivlar va onlarin istismar intensivliyi
2. Bahal avadanhglarin islomo middotinin artmasi hagginda real molumatlar osasinda ayri-ayri
3. Ugursuzluglarin sayinin azalmasi avadanliq gruplarinin texniki vaziyyatinin
4. Sistemin tathigindon sonra xarclorin tez hesablanmast {igiin vahid sanaye metodologiyasi
gaytarilmasi mdovcud deyil
5. Insanlar va otraf muhit tigiin yiksok tohliikasizliyin | 2. Real vaxt rejiminds avadanligin texniki
tomin edilmasi vaziyystinin monitoringi sisteminin togkilinin
6. Texniki xidmat sisteminin idars edilmosi {giin ylksak giymati
molumat bazas: yaradilir 3. Risk saviyyslorinin vo prioritetlorinin miioyyan
7. Avadanhglarin miimkin nasazliglar: vo onlarin edilmosi yiiksok ixtisasl kadr talob edon amak
aradan galdirilmasi vo garsisinin alinmast tigiin tutumlu prosesdir
tovsiyslor hagginda molumat bazas: yaradilir 4. Daxil edilon informasiyanin (verilonlorin)
keyfiyystindan yilksok asilihq
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NOTICO

Moagalods su elektrik stansiyalarinin (SES) blok transformatorlarinin idars olunmasinda
miiasir yanasmalarin totbiginin zaruriliyi vo bu sahodo movcud problemlora cavab veran
optimal idarsetmo modellari otrafli sokilds tohlil olunmusdur. Xiisusila artan enerji talobati vo
osas avadanliglarin kdhnolmosi fonunda transformatorlarin etibarli vo gonastli istismarmin
tomin olunmasi strateji shomiyyat kasb edir.

Risk yonimlu va pozisional yanagsmalarin hor biri transformatorlarin idars olunmasinda
spesifik Ustlinluklor togdim edir. Risk yoniimlii yanasma nasazliqlarin proqnozlasdirilmasi vo
onlarin miimkiin naticalorinin giymatlondirilmasi vasitasilo texniki xidmat tadbirlorinin daha
moqsadyonlii sakilds planlasdirilmasina imkan verir. Pozisional yanagsma isa avadanligin enerji
sistemindoki funksional shomiyyatina osaslanaraq prioritetlosdirilmoni tomin edir. Bu iki
yanagmanin inteqrasiyasit osasinda formalagdirilmis risk matrisi iso effektiv idaroetmo
gorarlarmin verilmoasins sorait yaradir.

Magaloda hamginin FMEA, RCM vo nasazliq agaclarmmn tohlili kimi muasir risk
giymatlondirma metodlarinin tatbiqinin vacibliyi vurgulanir. Onlayn monitoring sistemlorinin
(SCADA, DCS, IoT sensorlar1 va s.) istifadasi naticasinds real vaxtda molumatlarin tahlili
texniki xidmatlorin daha dagiq vo gonastli icrasini miimkiin edir.

Noatico etibarilo, togdim olunan yanasmalarin vo inteqrasiya olunmus modelin totbiqi
SES-lords blok transformatorlarin istismarinda:

- gofil nasazliglarin qarsismin alimmasina,

- texniki xidmot vo modernizasiya Uzros gorarlarin optimallasdirilmasina,

- Umumi istismar Xarclorinin azaldilmasina,

- avadanligin etibarliligimin vo xidmot middatinin artirilmasina tohfo verir.

Bu metod vo yanasmalar enerji sektorunda faaliyyat gdstoron mitoxassislor, texniki
xidmat sahasinda gararvericilor va ragomsal idaraetms platformalarinmn hazirlanmasi ilo mosgul
olan qurumlar Ggln praktik va strateji oshamiyyat dasiyir. Beloliklo, mogalads tagdim olunan
yanasmalar enerji istehsali obyektlorindo aktivlorin idars olunmasinda dayamiqlihq vo
somoraliliyin artirilmasi tiglin miihiim konseptual baza yaradir.
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PUCK-OPUEHTUPOBAHHBIE U 3ABUCAIIUE OT
MECTOHAXOJIEHUA ITIOAXOAbI K YIIPABJIEHUIO BJIOYHBIMUA
TPAHC®OPMATOPAMMU HA THAPOSJIEKTPOCTAHIUAX

HNXAJMNEBA C.J1., IMPUEBA H.M.

B ycnoBusix pacrymiero cmpoca Ha 3JIEKTPO’HEPTMIO M YCTApEBaHUS KIIHOYEBOTO
0o0OpYyZOBaHUSI ~ BOMPOCHI  HAAEKHOTO U SPQPEKTHUBHOIO  YIpaBIEHUS  OJIOYHBIMU
TpaHchopmaropamu ruapoiekTpoctaniuuil (I'DC) craHoBsTCS Bce Oojiee akTyalbHbIMU. B
CTaThe aHAJIM3UPYIOTCS JiBa COBPEMEHHBIX MOAX0Ja K YIPABICHHUIO 3TUM 000pYyIOBaHHEM —
PHUCK-OPUEHTHPOBAHHBIM M MO3UIIMOHHBIHN (TTO3ULMOHHBIN). PUCK-OpHEHTHPOBAHHBIN 1OIX0]]
MPENoJaraeT BISIBJICHNE OTEHIMANIBHBIX 0TKa30B TPaHC(HOPMATOPOB, OLIEHKY BEPOSATHOCTH
UX BO3HUKHOBEHUS U BO3MOXKHBIX MOCIEACTBUMN. [103UIIMOHHBIN OAX0A TONOIHAET aHAIIU3 C
TOYKU 3pEHHs] PoJId TpaHchopMmMaTopa B CXeME CTAaHLUHU, €ro 3HAYUMOCTU B CTPYKTYype
SHEpProbJoKa M ero BIUSHUSA HA SHEProCUCTEMY B cilydae OTKa3za. B craThe mpencraBieHa
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KOHIICTILIMS MAaTPUIbl PUCKOB, OCHOBAaHHAsI HA MHTETpalluy 000MX Mo1X010B. biaronaps stomy
MOAXO0ly ONPENEINAIOTC INPUOPUTETHl B MEPONPUATUAX IO YIPABICHUIO — IUIAHUPOBAHUE
TEXHUYECKOTO OOCITY)KHBAaHUS, MOJICPHHU3ALIMS M BHEPEHUE PE3EPBHBIX MEXaHU3MOB. Taxxke
PEKOMEH/IyeTCsl MCIIOIb30BaTh CUCTEMbI OHJIAH-MOHUTOPHHTA COCTOSIHUS Macia, BUOpaluu U
ra3oBOI0 COCTaBa, a TAK)KE COBPEMEHHbBIE METO/IbI OIIEHKU PUCKOB, Takue kak FMEA, RCM u
aHaJIM3 JIepeBa OTKa30B. B crarbe mpeacraBieHbl METO/bI OLEHKU PUCKOB, aHAIU3a BUJOB
otka3zoB (FMEA u gap.), OLEHKH NpPOTHO3UPYEMBIX PE3YJbTATOB U MNPUOPUTU3ALUU ITHX
pe3yiabTaTOB B 3aBHCUMOCTH OT WX BIHSHHMA Ha oOopynoBanue. Takke Ha mpumepax
MOSICHAIOTCSL KpUTHYECKUE (pakTopel pucKa, HaOIrogaeMble B OJIOYHBIX TpaHC(hOopMaTopax
(TIOBBILLIEHHUE TEMIIEPATYPhI, OCIIA0JICHUE U30JIALUN, BUOpALIHS U Jp.), a TAKKe OOBSICHIIOTCS
METOJbl WX yIpaBlieHHs. Takas WHTErpamusi IO3BOJISIET TMOBBICUTh 3()(HEKTUBHOCTH
yIOpaBieHUs aKTUBAMHU, ONTHMHU3MPOBATh OSKCIUTyaTallMOHHBIE pPACXOJbl U 00ECHEeUHThH
YCTOWYHMBYIO pabOTy 3JEKTPOCTAHIUH.

Karouessbie cioBa: 6iounblii Tpancdopmarop COC, ympaBieHHe aKTHBaMH, PUCK-OPHUEHTHPOBAHHBIN
noaxox, nozuimonnslil monxon, FMEA, SCADA, HaziexxHOCTH 000pynOBaHMs, MaTpHlla PHCKOB, IH(POBOI
MOHUTOPHHT.

RISK-ORIENTED AND LOCATION-SPECIFIC APPROACHES TO MANAGING
BLOCK TRANSFORMERS AT HYDROELECTRIC POWER PLANTS

SHIKHALIYEVA S.Y., PIRIYEVA N.M.

In the context of increasing energy demand and obsolescence of key equipment, the issues
of reliable and effective management of block transformers of hydroelectric power plants (HPS)
are becoming more and more relevant. The article analyzes two modern approaches to the
management of this equipment - risk-oriented and positional (position-based) approaches. The
risk-oriented approach involves identifying potential failures in transformers, assessing the
probability of their occurrence and possible consequences. The positional approach completes
the analysis in terms of the role of the transformer in the plant scheme, its importance in the
structure of the power unit and its impact on the power system in the event of a failure. The
article presents the concept of a risk matrix based on the integration of both approaches. Thanks
to this approach, management measures are prioritized - maintenance planning, modernization
and the introduction of backup mechanisms. It is also recommended to use online monitoring
systems for oil condition, vibration and gas composition, and modern risk assessment methods
such as FMEA, RCM, and fault tree analysis. Here, methods for risk assessment, failure mode
analysis (FMEA, etc.), estimation of estimated results, and prioritization of these results
according to their impact on the equipment are presented. Also, critical risk factors observed in
block transformers (temperature rise, insulation weakening, vibration, etc.) are explained by
giving examples and explaining their management methods. This integration allows for
increasing the efficiency of asset management, optimizing operating costs, and ensuring the
sustainable operation of the power plant.

Keywords: SES block transformer, asset management, risk-based approach, positional approach, FMEA,
SCADA, equipment reliability, risk matrix, digital monitoring.
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Moqalodo rogomsal energetika dovriindo transformatorlarm  vo  elektrik  verilis  xotlorinin
modernlosdirilmasi masalalari tohlil olunur. Ragemsallasma proseslorinin enerji sistemlorindo totbiqi, agilli
sobokolorin formalagmasi vo siini intellekto osaslanan idaroetmo sistemlorinin ohomiyyoti elmi baximdan
qiymotlondirilir. Transformator vo verilis xatlorindo enerji somoraliliyinin artirilmasi, real vaxt monitoring
texnologiyalarmin totbiqi, homg¢inin itkilorin azaldilmasi istigamotindo miiasir yanagmalar aragdirilmisdir.

Acar sozlor: rogomsal energetika, transformator, elektrik verilis xatlori, enerji somoraliliyi, agill sobakalar,
avtomatlagdirma.

GIRIS

Miiasir dovrds energetika sonayesi dordiincii sonaye inqilab1 kontekstindo koklii doyisikliklor
yasayir. Rogomsal texnologiyalarin totbiqi noticosindo enerji sistemlorinin idaro edilmasi,
monitoringi vo diagnostikasi tam yeni soviyyoyo yiiksolmigdir [1]. Elektrik enerjisinin istehsali,
oOtiiriilmasi vo paylanmasi arasinda miihiim olagolondirici rolu transformatorlar vo verilis xatlori
oynayir.

Enerji infrastrukturunun rogomsallagsmasi, siini intellekt vo “agilli soboko™ texnologiyalarinin
totbiqi enerji tohliikosizliyi, somaralilik vo ekoloji davamliliq baximindan boyiik iistiinliiklor yaradir

[2].

Energetika sahosindo bas veron texnoloji doyisikliklor rogomsal transformasiya prosesini
siiraotlondirmisdir. Enerji sistemlori yalniz elektrik istehsali v otiiriilmasi ilo mohdudlagmir, hom do
real vaxt rejimindo molumatlarin toplanmasi, analiz edilmasi vo gorarlarin avtomatik gobulunu
tomin edon miirokkob idaraetma sistemins ¢evrilmisdir.

Rogomsal energetika konsepsiyast agilli infrastrukturun formalasmasina, enerji axinlarmnin
optimallasdirilmasina va enerji tohliikasizliyinin artirilmasina yonolib. Transformatorlar vo elektrik
verilis xatlori bu prosesin asas obyektlorindondir.

Azorbaycanin enerji sektorunda modernlosma programlar1 dovlot strategiyasi ¢orgivasindo
hoyata kecirilir vo “yasil enerji” konsepsiyasi roqomsal infrastrukturun inkisafini prioritetlosdirir.

Metodologiya

Todqigatda analitik vo sistemli yanasma metodlar1 totbiq edilmisdir. Miiasir enerji
sobokalorindos istifado olunan roqomsal nozarat sistemlori, sensor asasli monitoring texnologiyalar1
va siini intellekt alqoritmlori miiqayisali sokilda tohlil olunmusdur.

Olds olunan naticalor asasinda transformatorlarin v verilis xatlorinin texniki gostaricilorinin
optimallagdirilmasi, homginin enerji itkilorinin azaldilmasi istigamotindo rogomsal hallorin rolu
qiymotlondirilmisdir.

Tadqiqatin maqsadi — enerji sistemlorinin dayaniqliligin1 vo samaorsliliyini artirmaq ti¢iin
rogomsal idaraetmonin totbiq imkanlarimi géstormokdir.

ELEKTRIK VERILIS XOTLORININ ROQOMSAL MODERNLOSDIRILMOSI

1. Elektrik verilis xatlarinin modernlasdirilmasi
Elektrik verilis xotlori enerji sisteminin osas dasiyict elementlorindondir. Onlarin
etibarlilig1 enerji tominatinin sabitliyino birbasa tasir gostarir.
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Miiasir xatlordo SCADA va IoT sensorlar1 vasitasile gorginlik, corayan, temperatur vo mexaniki
gaorginliklor real vaxt rejiminde izlonilir. Bu yanagma qoza risklorini azaldir vo profilaktik
xidmat imkanlarini artirir.
2. Transformatorlarin miiasir texnologiyalart
Modern transformatorlarda tatbiq olunan texnologiyalar:
o Ragomsal idaraetmo modullar: Uzagdan nozarat vo avadanliq optimallasdirilmasi.
o Sensor asash diagnostika: Temperatur, vibrasiya va izolyasiya voziyyatinin
monitoringi.
e Amorf polad niivalor: Enerji itkilorini 30—40% azaldir.
o Ekoloji izolyasiya yaglari: Otraf miihito tosir minimal vo avadanligm 6mrii uzanir.

3. Enerji itkilorinin azaldilmas iisullart

Avadanliq tipi Istismar miiddoti | Illik enerji itkisi (%) | Modern texnologiya ils itkisi

(i) (%)

Kohns 25 5.0 3.0
transformator

Amorf niivali 25 3.5 2.0
transformator

Standart verilis 40 6.0 4.0

Xotti
HVDC xotti 40 4.5 2.5

Roagomsal monitoring vo idarsetmas texnologiyalar1 ilo enerji itkilorinin manbalari real
vaxtda agkar edilir vo profilaktik tadbirlor goriiliir.

4. Ragamsal idaraetmanin igtisadi samaraliliyi

Gostoarici Onanavi sistem | Roagomsal idaraetmos Farq (%)
Istismar xarclori 100% 80-85% 15-20% azalma
Avadanliq nasazlig1 | 100% 70-75% 25-30% azalma
Enerji itkilori 100% 88-90% 10-12% azalma

Rogomsal idaraetmo totbiqi noticosindo hom iqtisadi, hom do texniki effektivlik artir.
Rogomsal transformasiyanin iqtisadi effekti hom enerji istehsalinda, hom do paylanmasinda
Ozilinl gostorir.

Todqiqatlar gostorir ki, agilli soboko vo rogomsal idaroetmo texnologiyalarmin totbiqi
naticasinda:

e istismar xorclori 15-20% azalir,
e avadanhqlarin nasazliq derocasi 25-30% azalir,
e enerji itkilori iso orta hesabla 10—12% azalma gostorir.

Bu gostaricilor transformator va verilis xotlorinin rogomsal modernlosdirilmosinin
igtisadi cohatdon somorali oldugunu siibut edir.

5. Dayaniql enerji strategiyalart va ekoloji Ustinliklar

Ragamsal energetika yalniz texnoloji deyil, ham do ekoloji mogsadlora xidmat edir. Agilh
sistemlor enerji istehlakini optimallagdirir, barpa olunan enerji manbalarinin integrasiyasini
asanlasdirir va karbon emissiyasini azaldir.

Azorbaycanin “yasil enerji zonalari” vo “Azad igtisadi zonalar” gorgivesinds hoyata
kecirilon layihalords ragamsal idaroetmonin totbiqi artiq realliga gevrilmokdadir.

Umumi anlayis va ahamiyyati.

Elektrik verilis Xotlori enerji sisteminin asas komponentlorindondir. Onlar elektrik
enerjisinin istehsal manbalorindan paylayici sobokalora va istehlakgilara 6turilmasini tomin
edir. Muasir dovrds bu xatlor yalniz enerji Ottron deyil, hom do molumat toplayan va &tiiran
intellektual infrastruktura cevrilir [3].

Miiasir texnologiyalar va idaraetma tisullari.
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Verilis xotlorindo roqomsal idaroetmo vo sensor nozarst texnologiyalarinin totbiqi
sayosindo xatalarin real vaxtda askarlanmasi vo profilaktik todbirlorin goriilmesi miimkiindiir.
Osas yeniliklor bunlardir:

e Rogomsal sensorlar vasitasilo gorginlik vo corayan doyismalarinin onlayn izlonmasi;
e Dron va peyk nozarat sistemlori,
e Optik lifli rabito vasitasilo molumat otiirtilmasi;
e “Self-healing grids” — 6ziinii barpa edon agill1 sobokalor [4].
Enerji itkilorinin azaldiimas:.
Verilis xatlorinds enerji itkilori asason corayan vo miigavimat parametrlorindon asilidir:

Pii=I°R

Bu itkilorin azaldilmasi ti¢iin yiliksok gorginlikli 6tiirma sistemlori (HVDC) va kompozit
keciricilor genis totbiq olunur. HVDC texnologiyast hom mosafs, hom do enerji keyfiyyati
baximindan somoralidir [5].

TRANSFORMATORLARIN ROQOMSAL MODERNLOSDIRILMOSI

5. Agilli sabaka va diagram gostarisi

&
lé

/L Mearkazi
| idareetma ]
I . Geri
T l ‘ /\/\/ oéturme
O

Sensorlar

Sok.1. Agilli sabokads transformator va verilis xatlorinin monitoring sistemi.

Rogomsal sobokolor enerji tolobatini vo toklifini balanslasdirir, fovgolads hallar
prognozlasdirilir, vo sistemin dayaniqligi tomin edilir.

Transformator doyison coroyanin gorginliyini elektromaqnit induksiya prinsipi ilo
dayisdiran cihazdir. ©sas qanun asagidaki kimidir:

Up _ N
U, N,

burada Ui, U; - gorginliklor, N1, N2 - sarim saylaridir [6].
Rogamsal nazarat va diagnostika.
Yeni nosil transformatorlarda roqomsal idaroetmo modullari, sensor sistemlor vo molumat

toplama qurgular1 movcuddur. Bu texnologiyalar:

e temperatur va yiik saviyyasini izloyir;

e arizalar1 erkon morholods askar edir;

e uzaqdan idarsetms va diagnostika imkani yaradir;

e enerji itkilorini minimuma endirir [7].
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Ekoloji va somoaralilik baximindan yeniliklor.

Amorf polad niivali transformatorlar vo az itkili izolyasiya yaglar1 enerji somaraliliyini
artirmaqla yanasi, ekoloji dayaniqlig1 tomin edir. Bu ciir texnologiyalar ham enerji qonastina,
ham dos karbon izinin azaldilmasma komok edir [8].

ROQOMSAL ENERGETIKADA GOLOCOK YANASMALAR
Golocokda enerji sistemlorinin idara olunmasi stni intellekt, blokgeyn, IoT (esyalarin
interneti) va bulud hesablamalari texnologiyalarma asaslanacagq.
Bu texnologiyalar vasitasilo:
o Enerji tolobat1 vo toklifi avtomatik balanslagdirilacaq;
o Agilli sensorlar vasitosilo sistemin real voziyyati tohlil edilocok;
o Enerji infrastrukturu daha ¢evik vo tohliikasiz hala gatirilocok [9].

NOTICO
Rogomsal energetika soraitindo transformator vo elektrik verilis xotlorinin
modernlogdirilmasi enerji sistemlorinin etibarliligl, somoraliliyi vo ekoloji davamlilig: ii¢lin
osas istigamotlordon biridir. Rogomsal idarsetmo, slini intellekt vo avtomatlagdirma
texnologiyalarinin totbiqi enerji infrastrukturunun inkisafini tomin edir.
Bu istigamotdo aparilan islor Azorbaycanin vo diinyanin enerji sektorunda yasil vo
rogamsal kegidin asasini qoyur.
Transformator vo verilis Xxatlorinin  ragomsal modernlosdirilmasi enerji  sistemlarinin
etibarliligini, tohliikasizliyini vo somoraliliyini artirir.
e Rogomsal idarsetmo vo agilli sobakalor enerji axinlarinin optimallasdiriimasini tomin
edir.
e Suni intellekt vo avtomatlasdirilmis monitoring sistemlari goza hallarinin garsisini alir.
e Bu yanasma Azorbaycanin enerji sektorunda rogomsal kecgid vo “yasil enerji”
strategiyasina uygun golir.
Goalocokds ragomsal texnologiyalarin daha genis tatbigi barpa olunan enerji manbalarinin
inteqrasiyasini asanlasdiracaq va karbon emissiyasini azaldacag.
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MOJEPHU3ALIUSA TPAHC®OPMATOPOB U JIUHUI
SJEKTPOINEPEJAY B 3IIOXY IIU®POBOM SHEPTETUKHU

CYJIEMUMAHOBA JL.Y.
B CTaThbeC aHaJ'II/IBI/IpyIOTC}I BOHpOCBI MOIlepHI/ISaLII/II/I TpaHC(bOpMaTOpOB nu J'II/IHI/II71
BHGKTpOHepe,Z[aLII/I B BHOX}/ LIH(I)pOBOfI 3HepFeTI/IKI/I. C Haquoﬁ TOYKH 3peHI/I$I OILICHUBAKTCA

MNPUMCHCHUC TMIPOLUCCCOB I_II/I(I)pOBI/BaL[I/II/I B OJHCProcucreMax, (I)OpMHpOBaHI/IC HHTCIJICK-
TyaJIbHBIX ceTel M 3Ha4Y€HHUE CHUCTEM YIIpaBJICHHUA Ha OCHOBC HMCKYCCTBCHHOT'O HHTCJIJICKTA.
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PaccmarpuBaroTcss  COBpEMEHHbBIE TMOAXOABI K  TOBBIIMICHUIO  3HEProd3h(eKTUBHOCTH
TpaHc(hOpPMATOPOB U JIMHUH DJIEKTpONEperaun, NIPUMEHEHUIO TEXHOJIOTUH MOHUTOPHUHIA B
peanbHOM BPEMEHHU, a TAKXKE CHUXKEHHIO IIOTEPb.

KnroueBsle ciaoBa: 1mppoBas  dHepreTMka, TpaHcOpPMAaTop, JIMHHM  3JIEKTPOINEpEiayH,
9HeprodPp(eKTUBHOCTH, NHTEIIEKTYaIbHbIE CETH, aBTOMATH3aIIHS.

MODERNIZATION OF TRANSFORMERS AND TRANSMISSION
LINES IN THE ERA OF DIGITAL ENERGY

SULEYMANOVA L.Ch.

The article analyzes the issues of modernization of transformers and power transmission
lines in the era of digital energy. The application of digitalization processes in energy systems,
the formation of smart networks and the importance of artificial intelligence-based control
systems are evaluated from a scientific point of view. Modern approaches to increasing energy
efficiency in transformers and transmission lines, the application of real-time monitoring
technologies, as well as reducing losses are examined.

Keywords: digital energy, transformer, power transmission lines, energy efficiency, smart grids,
automation.
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Hava elektrik verlis xatlori (HEVX) elektrik enerjisinin istehsal monbolorindon istehlakgilara 6tartlmasini
tomin edon agiq tipli enerjiGtirmo qurgularidir va muasir enerji sistemlorinin yuksok gorginlikli 6turici
infrastrukturunun osasini togkil edir. Bu xatlor hom uzunmasafali 6tiirmolords, hom do regional paylayici
sobokalords istifado olunur vo onlarin etibarli foaliyysti enerji sisteminin {imumi dayanigligina birbasa tosir
gostorir. HEX-lorin konstruksiyasi elektrik, mexaniki va iglim tosirlorine garst dayanigli sokilda layihalondirilir
Vo Xott boyunca elektrik enerjisinin fasilosiz 6tlrilmasini tomin edir. Mogalodo hava verlis xatlorindo
kommutasiya gorginliklorindon mihafizo sistemlorinin qurlusu vo giymatlondirms metodlar arasdirilmigdir.

Acar sozlor: hava verilis xotlori, sunt reaktorlar1, miihafizo sistemlori, izolyasiya, ildirimdan miihafizo,
ifrat gorginlik mohdudlagdiric1 qurgular

Hava elektrik xotlorindo (HEX) kommutasiya omoliyyatlar1 — agarlarin qosulmasi vo
ayrilmasi, bos xottin qosulmasi, yiikiin ayrilmasi, sunt reaktorlarmin vo ya kondensator
batareyalarinin qosulub-ayrilmasi — kegid elektromaqnit proseslorin yaranmasima sabab olur.
Bu proseslorin noticosindo omolo golon kommutasiya gorginliklori nominal gorginlik
soviyyasini bir ne¢o dofo asaraq izolyasiya sisteminin elektrik vo termiki yiiklonmosini artirir.
Notico etibarilo izolyatorlarda sothi sizma coroyanlari, qigilcimlanma, desmo hallarinin ehtimali
yiiksalir vo xottin istismar etibarliligi azalir. Buna géro do HEX-lorin layiholondirilmasi vo
istismar1 zamani asas prioritetlordon biri kommutasiya mongali impuls gorginliklorinin tohliikoli
soviyyoya c¢atmasinin qarsisini  alan miihafizo sistemlorinin  diizgiin seg¢ilmosi  vo
optimallasdirilmasidir.

Kommutasiya gorginliklori ildirim mongali impulslarla miiqayisodo daha uzunmiiddatli,
lakin yiiksok enerji tutumlu keg¢id prosesloridir vo xiisusilo 110-500 kV gorginlik siniflorindo
izolyasiya koordinasiyas1 baximmdan holledici rol oynayir. Ildirim impulslar1 xatto tosadiifi va
qisa zamanl tosir etso do, kommutasiya impulslar1 enerji sisteminin normal rejim
ompliyyatlarinin tobii naticosi kimi daha tez-tez bas verir. Bu sobabdon dissertasiyada miihafizo
todbirlorinin osas hissasi mohz kommutasiya gorginliklorinin mohdudlagdirilmast vo onlarin
dinamik parametrlorinin qiymstlondirilmasino yonsldilir; ildirim miihafizosi iso kompleks
yanagsmanin tamamlayici elementi kimi nazors alinir [1].

Kommutasiya gorginliklorindon miihafizo sistemlori elektrik sobokosinin  kegid
prosesloring tosir gostorarak impulsun:

» maksimal amplitudasini azaltmaga,

o yiiksolmo siirotini (du/dt) mohdudlasdirmaga,

 sOnmo miiddatini qisaltmaga,

e enerjinin tohliikkosiz istigamoto ydnoaldilmosine vo ya istilik soklinde udulmasina
xidmot edir. Belo miihafizo izolyasiyanin smaq-déziimliilik soviyyesi ilo impulsun pik
qiymatlori arasinda tolob olunan ehtiyat1 saxlayir vo IEC 60071-2 standartinda qoyulan
izolyasiya koordinasiyasi sortlorinin yerina yetirilmasini tomin edir.

Funksional toyinatina goro kommutasiya gorginliklorindon miihafize sistemlori imumi
sokildo iki osas mexanizm iizra isloyir:

1. Gorginliyin mohdudlasdirilmasi (clamping) — impulsun pik amplitudasini miisyyan
hadds “kesarak™ izolyasiyanin déziimliiliik soviyyesindon agagida saxlayir.
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2. Soniimlandirma va dalga formasmin yumsaldilmasi (damping/conditioning) — impulsun
yiksolmo siiratini azaldwr, salinimlar1 zsiflodir, refleksiya vo rezonans tesirlorini
mohdudlasdirir.

Bu mexanizmlors asason vo beynoslxalq normativlers (IEC 60099, IEC 60071-2, IEEE
C62 seriyasi va s.) uygun olaraq kommutasiya gorginliklorindon miihafizs vasitolori asagidak1
osas qruplara tosnif edilir [2,3]:

1) ifrat garginlik mahdudlasdirici qurgular (IGM)

IGM kommutasiya impulslar1 zamani xottdo yaranan artiq gorginliyi qeyri-xotti
miigavimat hesabina mohdudlasdiraraq enerjinin bir hissasini 6ziinds udur vo artiq komponenti
torpaga yonoldir. Miiasir HEX-lordo metal-oksid (ZnO) asasli IGM genis totbiq olunur. Onlarin
istiinliiklori:

o yiiksok siiratli reaksiya (mikrosaniyo saviyyasi),

 boylik enerji udma qabiliyyati,

 impulsdan sonra operativ barpa olunma kimi xiisusiyyatlordir.

IGM «xiisusilo garisiq hava—kabel xottlorindo sorhod zonalarinda vo yarimstansiya giris-
lorinds yerlosdirildikds refleksiya naticosinda yaranan lokal piklori effektiv sokilde azalda bilir.

2) RC-zancirlar vo kecid garginlik mohdudlasdiricilan

RC-zoncirlor rezistor vo kondensatorun ardicil/paralel birlosmosindon ibarst olub
kommutasiya impulsunun yiiksalmo siiratini azaldir vo dalgalarin enerjisini sondurlr. Bu
qurgular osason:

o yiiksok gorginlikli acarlarin kontaktlarinda,

o transformator vo reaktorlarm giris-¢ixis uclarinda,

e yenidon qosulma rejiminin intensiv oldugu diiyiinlords totbiq olunur. RC-zaoncirlorin
osas effekti vaxt sabitinin (t=RC) artirilmasi noticosindo impulsun “yumsaldilmasidir”; yoni
izolyasiyaya diison elektrik sahosinin ani artimi1 mohdudlasdirilir.

3) Carayan mohdudlasdirici reaktorlar vo induktiv kompensasiya elementlori

Kommutasiya rejimlorindo gorginlik impulsunun geri qayitmasi vo rezonansin siddoti
xottin paylanmig induktivlik-tutum nisbati ilo six baglidir. Sunt reaktorlar1 vo uygun induktiv
kompensatorlar:

e xottin ekvivalent dalga miigavimatini doyisdirir,

o impulsun yayilma soraitini stabillogdirir,

o gorginlik piklorinin yaranma ehtimalin1 azaldir.

Uzun mosafali 110220 kV xatlorindo vo bos xottin kommutasiya rejimlorindo bu
elementlorin rolu xtisusilo boytikdiir.

4) Aktiv idaraetma vo monitoring asash miihafiza

Miiasir enerji sistemlorindo “controlled switching” texnologiyasi, mikroprosessor
idaroetmo agarlar, sensor-diagnostik komplekslor vo roqomsal yarimstansiya konsepsiyasi
kommutasiya anin1 faza bucagi tizro optimallasdirmaga imkan verir. Bu yanasma impulsun on
olverissiz anda yaranmasinin qarsisini alir vo passiv miihafizs vasitslorinin is yiikiinii azaldir.
Aktiv mithafizonin asas iistiin cohati prosesa real vaxtda tosir etmosi va sistemin adaptiv sonaye
istismarma uygunlagsmasidir.

Beloliklo, kommutasiya gorginliklorindon miihafizo sistemlori HEVX-lorin izolyasiya
stabilliyini vo etibarliligmi tomin edon osas texniki vasitolordir. IGM pik gorginliyi mohdu-
dlagdirir, RC-zancirlor impulsun dalga formasmi yumsaldir vo sondurir, reaktorlar refleksiya-
rezonans tosirlorini azaldir, aktiv idaroetmo iso kommutasiya prosesini optimallagdirir. Bu
qoruyucu vasitolorin birgo vo diizgiin sec¢ilmis kombinasiyasi kommutasiya impulslarinin
tohliikalilik saviyyesini normativ hoddloerds saxlayir vo dissertasiyanin ndovbati bolmolorindo
aparilacaq modellosdirms va risk-etibarliliq tohlili ii¢iin metodoloji osas yaradir [4].

Yuxarida toqdim olunan tosnifata osason, kommutasiya gorginliklorindon miihafizo
sistemlarinin har biri impulsun dinamikasina forqli mexanizmlarlo tosir gdstarir va bu tasirlorin
xattin real istismar goraiti ilo uygunlugunun qiymatlondirilmasi vacibdir. Xiisusils kond tipli vo
uzun moasafali HEX-lardo hom faza kegiricilorinin birbasa zodslonmasi, hom do kabel-hava
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sorhad zonalarinda lokal maksimumlarin yaranmasi risklori artir. Bu baximdan miihafizo
elementlorinin yerlosdirilmosi, torpaqlama soraiti vo xottin konstruktiv qurulusu izolyasiya
koordinasiyasi ligiin holledici rol oynayir.Havanin iist qatinda yerlogdirilon qoruyucu naqillerin
faza keciricilorini birbasa zorbodon neco qorudugu, coroyanin torpaqlama xottino neco
yonlondirildiyi vo bu prosesin ekvivalent elektrik modeli sokil 1-do verilmisdir.

Sok.1 Hava elektrik xoattinds ildirimétiiriicti sistemin konstruksiyasi:
a -hissasinds ildirimétiiriicii naqilin qurulusu,
b- hissasinds sinaq zamamni ildirim zarbasinin fotosakli,
c- hissasinda iss ekvivalent elektrik sxemi.

Bu sxem corayanlarin (I:—14) vo potensial forglorin (Ui, Uz) paylanmasmni oks etdirir.
Gorunduyl kimi, ildirim zorbosi birbasa faz kegiricisino deyil, qoruyucu nagilo yonalir va
torpaglama Xatti vasitasilo sénimlanir.

RC-zoncirlarin va ildirimdtiiriicii sistemlorin is prinsipi. Hava elektrik Xotlorinda
yaranan kegid proseslor zamani gorginlik impulslarinin amplitudast bir ne¢o yuz kilovolt
hoddino cata bilor. Belo rejimlards izolyasiya sistemina diison elektrik sahasinin intensivliyi
artir, noticads desmo Vo ya qigilcimlanma hadisasi bas vera bilar.

Hdinmétiiriicii sistemlarin is prinsipi. Ildirnmétiiriicii sistemlor (ing. overhead ground
wire systems) hava Xattinin (st hissasinds yerlosdirilon metal naqillordan ibaratdir vo onlarin
osas funksiyasi ildirim zorbosinin birbasa faz kegiricisine diismosinin qarsisini almaqdir. Ildirim
Carayani an az migavimot yolunu — yani ildirimétiiriicii naqili va torpaglama xattini secir. Bu
halda yiiksak garginlik faz keciricilorina deyil, torpaga yonoldilmis olur [5-6].

Sakil 2-ds ildirimétiiriici naqilin vo dayagin torpaqlama xottinin is prinsipi sxematik
sokilda gostorilmisdir. Burada ildirim corayani I, ildirimétiiriicti naqil boyunca axaraq dayagin
torpaglama elektroduna daxil olur va potensial farqgi AU torpagla barabarlosir.

Ildirimétiriici naqil Ildirimatiriici naqil

L I
xarici ildinmétiiriiciinin
(izolyasiyasiz) qurulus naqil. ~_—

[ -~ ay
Faz kegiricisi = Faz kegiricisi = *
]
Izolyator
Torpaglama Torpaglama
elektrodu ] elektrodu
u
4 AY

Sok.2. {ldirimétiiriicii sistemin iki konstruktiv varianti:
a — xarici ildirmoétiiriicii (izolyasiyasiz) qurulus;
b — izolyasiyal1 ildirimétiiriiciinun qurulus.
[Idirimétiiriicii sistemlorin effektivliyi midafio bucag: ilo xarakterizo olunur. Miidafio
bucagi a dayaqlarm hiindiirlityli vo kegiricilorin yerlosmoa masafasi ilo miayyan olunur:
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h—h,

a/2
burada h — ildirmétiirici naqilin  hiindiirlityti, h, — faz kegiricisinin hundurluya,
a— fazalararas1 masafadir. Tacriiba gostarir ki, a= 25-35° olduqda ildirim zarbalarinin 95 %-
don ¢oxu ugurla ildirimétiiriicti naqilo yonalir.

Torpaglama migavimatinin ki¢ik olmasi (2-10 Q) ildirim caroyaninin tam sénmasi Ugiin
mithiim sortdir. Muasir dayaglarda torpaglama sistemi sinklonmis polad lentlor vo ya saquli
elektrodlar soklinds yerino yetirilir [7].

RC-zancirlarin is prinsipi. Kommutasiya zamani yaranan gorginlik impulslar ildirimdan
forqli olaraq daha qisa davamli va yiiksak tezlikli olur. Onlarin azaldilmasi tigiin RC-zancirlor
— yoani ardicil va ya paralel qosulmus rezistor-kondensator birlogsmolori istifads olunur.

Bu elementlorin asas vazifasi garginliyin doyisma sliratini mohdudlasdirmaq va enerjini
istilik soklinds udmaqdir. RC-zancirin ekvivalent dévrasi Sokil 3-do gostorilmisdir.

RC-zancirin dinamik davranisi asagidaki diferensial tonliklo ifads olunur:

t
U(t) = Up(1 — e kc)
burada R— miigavimot, C— tutum, T = RC— ddvranin vaxt sabitidir.

tga =

RC snubber

Sok.3. — Kommutasiya rejiminda RC-zancirin ekvivalent modeli.

Gorundiyd kimi, R va C giymatlori artirildigca gorginlik impulsu daha yavas yiiksalir vo
kegid prosesi daha hamar olur. Bu, izolyasiyanin iizorino diison elektrik sahasini shamiyyatli
doracado azaldir.

RC-zoncirlor  xUsusilo  ylksok gorginlikli agarlarn  kontaktlar1 iizorinde vo
transformatorlarin birlosmo yerlorinds totbig olunur. Onlar ham do kommutasiya rejiminda
enerji paylanmasinin sabitlasdiricisi rolunu oynayir [8].

Aparilmis sinaqlar gostarir ki, 110 KV Xottdo RC-zoncir totbiq edildikdo kommutasiya
gorginliyinin amplitudasi toxminan 25-30 % azalir, kontaktlararas1 qovsiin davametmo muddati
iso 1,5 dofo qisalir. Ildirimétiiriicii sistemlor faz Kegiricilorinin birbasa ildirim tesirindan
qorunmasini, RC-zancirlor iso kommutasiya zamani yaranan kecid goarginliklorin sénmasini
tomin edir. Bu iki prinsipin birgs tatbigi hava elektrik xstlorinin timumi etibarlihigmni artirir vo
izolyasiya sisteminin xidmot middatini uzadir.

Kommutasiya rejimlarinda mihafizonin dinamik gostaricilori. Hava elektrik xotlorinda
kommutasiya proseslori ¢ox qisa zaman intervalinda bas veran ylksok tezlikli elektromagnit
hadisaloridir. Bu hadisalor zamani xattin izolyasiya sistemino tosir edon asas parametrlor — pik
gorginlik, sonmo muddoti, gorginlik mohdudlasdirma omsali, enerji udma qabiliyyati vo
sistemin etibarliligt — muhafizo sistemlorinin dinamik gostoricilorini formalasdirir. Bu
gostaricilorin tohlili mihafizo sistemlorinin somorali segilmasi vo optimal parametrlorinin
muoyyan edilmosi tigtin vacibdir [9].

Reaksiya vaxti vo sénma muddati. Kommutasiya impulsunun dinamik davranigini
mioyyan edan asas parametr RC-zancirin vaxt sabitidir:

T=RC

Bu sabit impulsun sénmo stratini tayin edir. Adaton impulsun 95 % sénmasi G¢in
togriban:

t; = 37

Masalon, R =50 Q vo C = 20 pF oldugda:
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7=50-20-10"°=0.001s, t;~ 0.003s=3ms
Bu o demokdir ki, RC-zoncir qosuldugda kommutasiya impulsu 3 millisaniys orzinda
tohllkasiz saviyyaya endirilir.
Enerji udma gabiliyyati. RC-zoncirin impuls zamani uddugu enerji:

ts
W= f i?(t)Rdt
0

Sads giymatlondirmo tgiin:
Tutaq ki, impuls zamani orta carayan la=40, sonmo muddati ts=3 ms:
W =~ I2,Rt;, W ~40%-50-0.003 = 240/
Bu enerji RC-zoncirin istilik yiklonmasi tgun tohluksli hesab olunmur va tipik sinaq
giymatlorine uygundur.
Gorginlik mahdudlasdirma amsali. Mihafizo sistemlorinin effektivliyi asagidaki omsalla
xarakterizo olunur:

k. — quruma
" qurumastz
Misal Ggiin:
qorumasiz halda pik garginlik: Umax=450 kV
RC-zancir qosuldugda: Ugoruma=280 kV
k., = 280 _ 0.62
- m h 450 B . _g=
Bu notico IEC standartlaria goro yiksok somarslilik hesab olunur (km<0.7).
Asagidaki qgrafik kommutasiya impulsunun RC-zoncir olmadan va RC-zoncir ilo

davranigini sadalosdirilmis formada gostarir (sokil 4).
1.00

—— Qorumasiz impuls
RC-zancirli impuls
0.75

0.50

0.25 ‘

oo I 1] | (\ “ ﬂ n iy AAAAAAAAAAAAA
1111 A

—0.50

Garginlik, nisbi vahid

—0.75 A

—1.00

T T T T T T T T T
0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0
Zaman, ms

Sok.4. RC-zancirli va zoncirsiz kommutasiya impulsunun miigayisasi.

Sakil 4-don gorinduyd kimi, RC-zancirin tatbigi kommutasiya impulsunun maksimal
amplitudasini nazoragarpacaq doracads azaldir vo Kegid prosesin sénmo middoatini qisaldir.
Lakin muhafizo sisteminin effektivliyini yalniz dalga formasina gors deyil, homginin reaksiya
vaxti, enerji udma qabiliyyati vo gorginlik mohdudlagdirma omsali kimi dinamik gostaricilorin
umumi giymatlondirilmasi asasinda tayin etmoak daha mogsadouygundur. Buna gora do ndvbati
morhaloda RC-zoncir va ildirimétiiriicii sistemlor Ugun osas dinamik parametrlor cadval 1-do
sistemlogdirilmis sokilda togdim olunur [10].

Kommutasiya rejimlorinde  mihafizo sistemlorinin dinamik gostaricilorinin tohlili
gostorir ki:

e RC-zoncir kommutasiya impulslarmin pik amplitudasini 3040 % azaldir,

e impulsun s6nmo muddatini 2—-3 dofo qsaldir,

e gorginlik mohdudlagdirma amsalini 0.6 saviyyasina endirir,
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e ildirimotiiriicii sistem iso faza kegiricilorini birbasa ildirim zarbasindan qoruyur vo
impuls enerjisini tam torpaga yonaldir.

Codval 1
RC-zoncirin va ildirimdétiiriicii sistemin dinamik gostaricilori
Gostarici RC-zancir [ldirimétiiriicii sistem
Reaksiya vaxti 0.5-3 ms 1-5ps
S6nmo miuddati 3-10 ms Yoxdur (corayan torpaglanir)
Gorginlik mahdudlagdirma amsali km 0.55-0.70 0.20-0.35
Enerji ilo iglomo prinsipi Enerji udur Enerjini torpaga yonaldir
Effektivlik Kommutasiya [ldirim zorbolorinds
impulslarinda

Bu naticalor hava elektrik xotlorindo izolyasiya koordinasiyasini tomin etmok Uglin
kompleks miihafizo yanagsmasmin zaruriliyini stibut edir vo modellosdirms {iglin osas yaradir.

Etibarlilig va risk oasasli qiymatlondirma  meyarlari. Hava elektrik xatlorinda
kommutasiya goarginliklorindon muhafizo sistemlorinin somoraliliyini giymatlondirmok tgiin
yalniz impulslarin amplitudas1 vo dalga formasi ilo mohdudlasmaq kifayat etmir. Praktik
istismarda osas mogsod — miihafizo todbirlorinin xottin imumi etibarliligini no doaracado
artirdigmi vo texniki-igtisadi risklori no godor azaltdigini osaslandirmaqdir. Bu sobobdon
kommutasiya rejimlorindo muhafizo sistemlorinin kompleks giymotlondirilmasi etibarliliq
nozariyyasi va risk asasli yanasma Uzarinds qurulur.

Etibarliliq baximindan hava xotti “fiziki komponentlor + mihafizo qurgulart +
torpaglama + idaroetms” kimi coxkomponentli sistem kimi qobul edilir. Sistema tosir edon asas
tohliika monbalori iss, bir tarafdon, kommutasiya impulslarinin izolyasiyada yaratdigi garginlik
artimi, digar torafdon iso ildirim zarboalorinin Xotto birbasa vo ya dolay tasiridir. Buna gors
etibarliligmm qiymotlondirilmoasi iki soviyyads aparilir: komponent etibarliligi vo sistem
etibarlilig.

Komponent etibarliligi géstoricilari:

Hor bir muhafizo elementinin (RC-zoncir, ildirimdétiiriicii naqil, torpaglama konturu,
acarlarin idaroetmo sistemi) siradan ¢ixma intensivliyi nasazliq axini ilo xarakteriza olunur:

y
burada ns — mioyyan vaxtda geyds alinan nasazliqlarm say1, T — miisahide middastidir.

Komponentin islok qalma ehtimali asagidaki eksponensial qanuna oSason
giymatlondirilir:

R(t)=e ™M

Bu ifado gOsterir ki, nasazliq intensivliyi azaldiqca komponentin etibarlilig1 yiksalir.
Moasalon, RC-zancirin termik yiklonmasi va tokrarlanan impulslar naticosinds siradan ¢ixma
ehtimali Arc ilo, ildirimétiiriicii sistemdo iSo asas risk dayagin torpagqlama miigavimatinin
artmasi ilo At parametri ilo giymotlondirilir.

Komponent etibarliligi ilo yanasi, istismarda ¢ox genis istifado olunan iki mihim
gOstarici mévcuddur:

MTBF =21, MTTR = 2‘ma
A Tlf

burada MTBF — nasazliqlar arasi orta is miiddsti, MTTR — orta borpa vaxtidir.

Bu gostaricilor muhafizo sisteminin resursunu vs istismar baximindan “dayaniqliligmi”
xarakterizo edir.

Sistem etibarlilig1 vo kompleks giymatlandirma. Hava elektrik xattinin qorunmasi bir ne¢o
elementin paralel vo ardicil islomasine asaslandigi ti¢iin, iimumi etibarliliq ¢oxkomponentli
sistem modeli kimi toyin edilir. ©gar komponentlor ardicil islayirsa:

n

Rgis(t) = HRi(t)
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Ogor osas qoruyucu elementlor paralel isloyarok bir-birini ehtiyatlayirsa, timumi
etibarliliq daha yiiksok olur:

Ry (@ =1-| [ = Ri()

Bu yanasma gostarir ki, masalon, RC-zancir + ildirimétiiriicti naqil + effektiv torpaglama
birlikds totbig olundugda Xottin imumi etibarliligi tok elementli qoruma ilo migayisads
ohomiyyatli daracads ylksalir.

Etibarliliq gostoricilori “nasazliq ehtimalini” izah etso do, risk anlayisi ehtimal ilo
naticanin (zararin) birgs tasirini giymatlondirir. Enerji sistemindo risk iimumi sokilds bels tayin
olunur:

Risk = P; - C
burada P+ — izolyasiya desmasi Vo ya avadanligin siradan ¢ixma ehtimali, C — homin
hadisonin naticosinds yaranan texniki-igtisadi zororin dlgusudur.

Kommutasiya gorginliklori tigiin riskin hesablanmasinda asas kriteriyalar agagidakilardir:
-Izolyasiya desilmosi ehtimali (pik gorginliyin izolyasiyanm doziimliiliik soviyyasine
yaxinligi);
-Elektrik tachizatinin kasilmasi noticasinda zarar (enerji itkisi, istehlakg¢ilarin dayanmasi);
-Avadanligin barpa Xarci va vaxti;
-Tohltkasizlik riski (qisagapanma vo yangim ehtimalr).

Riskin praktik giymotlondirilmosi ticiin tez-tez nisbi risk indeksi tatbig olunur:

RI — Umax
Uimp
burada Umax — kommutasiya impulsunun maksimal giymsati, Uimp — izolyasiyanin icazo

verilon impuls dozumlilik saviyyasidir.
Ogoar RI<0.8 olarsa, risk asagi; 0.8<RI<1.0 oldugda risk orta; RI>1.0 olduqgda iso risk
yuksok giymatlondirilir vo muhafizs tadbirlorinin tokmillosdirilmasi talob olunur.
Kommutasiya garginliklarindon miihafizs sistemlarinin (YGM, RC-zancir, sunt reaktoru
Vo S.) somoaraliliyi yalniz pik gorginliyin azalmasi ilo deyil, eyni zamanda impuls enerjisinin
paylanmasi, dinamik davranis, etibarliliq va risk gostaricilori ilo birlikda giymatlondirilmalidir.

NOTICO

Aparilan arasdirmalar gostordi ki, kommutasiya rejimlorinds Xottin oan hossas vo riska
moruz galan hissalori kabel-hava sorhadi vo Xottin ag¢iq uca yaxin zonalaridir. Mahz bu
sahalords gorginlik impulslar1 toplanir va izolyasiya c¢tin tohlikali saviyyays yiksals bilar.
Buna gora do hamin néqgtslords slave miihafizs todbirlarinin gorilmasi xdisusi shamiyyat kasb
edir. Electromagnetic Transients Program — Restructured Version (EMTP-RV) mihitindo
aparilan modellosdirmo goOstordi ki, RC-zancir, ZnO tipli ifrat gorginlik mohdudlasdiricisi
(arrester) vo sunt reaktorun birgo totbigi gorginlik piklorini orta hesabla 3040 % azaldur,
dalgaformalarin daha tez sonmosine sorait yaradir vo Xott izolyasiyasmin yiiklonmasini
nozaragarpacaq dorocods azaldir.
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N3YYEHUE METOJ10OB PASPABOTKH U OHEHKHU CUCTEM 3ALIIUTBI
OT KOMMYTAIIMOHHBIX MEPEHAIIPSIKEHUAM
B BO3YIIHBIX JIMHUAX DJIEKTPOIIEPEJAYN

MYPAOBA P.A.

Bo3gymubeie nuaumM snextponepenaun  (BJI) — 93TO  OTKpBITBIE  COOPYXKEHUS,
obecrneunBaroIIye rnepenady EeKTPOIHEPTUH OT UICTOYHUKOB IMPOU3BOJICTBA K OTPEOUTEISIM
W SIBJISIIONIMECS OCHOBOW BBICOKOBOJIBTHOW TMepearoiieii MHPPaCTPYKTypbl COBPEMEHHBIX
SHEProcUcTeM. OTH JIMHUU IIHPOKO TMPHUMEHSAIOTCS Kak B MAarucTpalbHBIX —CETIX
ANIEKTpOTIepeauu, TaK U B PErHOHATIBHBIX PACTIPEACTUTENbHBIX CETSIX, IPU 3TOM UX HaJeKHAs
paboTa HampsIMyl0 OMpEaesieT YCTOMYMBOCT W 0€30MacHOCTh  (PYHKIIMOHMPOBAHUS
SHeprocucTeMsl B 1eidoM. KOHCTpyKIusi BO3AYIIHBIX JMHUI pa3palaTbIBaeTCs C y4eTOM
BO3JICHCTBUSL DJCKTPUUYECKUX, MEXaHWYECKUX U KIMMAaTU4ecKuX (aKTOpPOB U JIOJDKHA
obecrieunBaTh JUIMTENBHYIO U OecrepeOoiiHyl0 Tmiepenady sJeKTposHepruu. B craThe
paccMaTpuBarOTCA METO/AbI TPOSKTUPOBAHUS U OLICHKU CUCTEM 3aIUTHI OT KOMMYTAaIMOHHBIX
HaMpsDKEHUN B BO3AYIIHBIX JIUHUSAX JIEKTPOIEpEIayu.

KnroueBble cJI0Ba: BO3AyLIHBIE JIMHUN IEKTPONIEPEIAUH, ITYHTUPYIONINE PEAKTOPBI, CHCTEMBbI 3aIllUTHI,
M30JIIMS], MOJTHUE3AINTa, YCTPOWCTBA OIpaHNYEHHS NepEeHAIPSKEHUN

A STUDY OF METHODS FOR DEVELOPING AND EVALUATING SURGE
PROTECTION SYSTEMS IN OVERHEAD POWER LINES

MURADOVA R.A.

Overhead power lines are open structures that transmit electric power from generation
sources to consumers and form the backbone of the high-voltage transmission infrastructure of
modern power systems. These lines are widely used in both main transmission networks and
regional distribution networks, and their reliable operation directly determines the stability and
safety of the power system as a whole. The design of overhead lines is developed taking into
account the impact of electrical, mechanical, and climatic factors and must ensure long-term
and uninterrupted power transmission. This article discusses methods for designing and
evaluating switching voltage protection systems in overhead power lines.

Keywords: overhead power lines, shunt reactors, protection systems, insulation, lightning protection, surge
suppression device.
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MUASIR PYEZOELEKTRIK ELEMENTLORI UZORINDO
PYEZOGENERATORUN LAYIiHOLONDIRILMOSI
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Pyezogeneratorun layihalondirilmesine uygun miasir pyezoelektrik elementin segilmasi, mexaniki
enerjinin (masalan, titroma va ya tozyigin) elektrik enerjisina ¢evrilmosi tigiin onun konfiqurasiyasinin miioyyan
edilmasi mihim morhalalordon biridir. Layihslondirmo zamani pyezo materialin birbasa xiisusiyyatlori nozars
alinaraq, bu prosesi hoyata keciron optimal sxem formalagdirilir. Hazirlanan bu sxem alinan yiiklorin somarali
toplanmasini vo onlar1 faydali gorginliys gevrilmasini tomin edir. Noticads slds edilon enerji avtonom sistemlarin,
sensorlarin va ya otraf mihitdon enerji y1gilmasi kimi miixtolif totbiglorin enerji tominatinda istifads olunur.

Acar sozlar: Pyezoelektrik effekt, pyezogenerator, enerji yigimi, rezonans tezliyi, mikrogenerator, seysmik
kitlo, pyezoelektrik materiallar.

Giris. Muasir elmi-texniki inkisaf morhalosindo enerji tolobatinin siiratlo artmasi
alternativ. vo somorali enerji monbolorinin axtarigini  zoruri etmisdir. Bu istiqgamotds
pyezoelektrik elementlora osaslanan enerji yigimi vo ¢evrilmasi texnologiyalar1 xiisusi
ohomiyyat kasbh edir. Pyezoelektrik effekt mexaniki tasirlorin naticasinds elektrik enerjisinin
yaranmasina asaslanir vo bu xisusiyyat pyezogeneratorlarin islomo prinsipinin asasmi toskil
edir.  Pyezogeneratorlar vibrasiya, tazyiq Vs ya firlanma kimi mexaniki tasirlordan enerji hasil
etmok qabiliyyati sayasindo mikrosistemlords, sensor qurgularda vo avtonom enerji
monbalarinds genis totbiq potensialina malikdir. Son illords aparilan elmi tadgiqgatlar gostarir
ki, pyezoelektrik materiallardan hazirlanan generatorlar asagi giico malik sistemlor Ggln
davamli vo etibarli enerji moanboayi kimi istifads oluna bilor.

Bu qurgularin somaraliliyi asason istifads olunan materiallarin mexaniki dayaniqligi va
elektrik xisusiyystlorindon asilidir. Bu todgigatda yiksak cevrilmo gabiliyystino malik PZT
(Qurgusun Zirkonat Titanat1) vo PVDF(Polivinilidendiflorid polimeri) kimi pyezoelektrik
materiallardan genis istifado arasdirilmigdir. Bu istigamotds aparilan arasdirma enerji y1gimi
texnologiyalarmin tokmillosdirilmasi, enerji ilo mustaqil isloyan elektron sistemlarin inkisafi
va davamli enerji tominati sahasinds muhiim elmi va praktiki ohomiyyot dasiyir.

9sas hissa. Muasir pyezoelektrik elementlor mexaniki enerjini birbasa elektrik enerjisino
ceviro bilon materiallardir. Bu xiisusiyyot onlardan enerji yigimi vo avtonom enerji
manbalorinin yaradilmasinda genis istifado etmoys imkan verir. Pyezogeneratorlarmn 2sas
moqsadi xarici mexaniki titromalor vo ya firlanma harakatlorindan yaranan enerjini elektrik
signalina ¢evirmokdir. Belo sistemlords pyezoelektrik elementlor adston siia, 16vha vo ya halga
formasmda konstruksiyalara inteqrasiya olunur. Generatorun effektivliyini artirmaq {igiin
firlanan sistemin tezliyi ilo pyezoelementin rezonans tezliyi uygunlasdirilir. Bu uygunluq enerji
cevrilmasini maksimum doracads samarsli edir. Pyezoelementlora barkidilmis otalot kutlolori
onlarin deformasiyasmi artiraraq ¢ixis gorginliyini yuksaldir. Pyezoelektrik materiallar,
mexaniki gorginlik vo ya deformasiya noticasinds elektrik ylku yarada bilon va eyni zamanda
elektrik sahasine moruz qaldigda mexaniki deformasiya kegirs bilon materiallardir.
Pyezoelektrik effekt bu xtsusiyyatin geri ¢evrilo bilon xususiyyatidir. Pyezoelektrik material

40


mailto:nicatcelilli35@gmail.com

mexaniki qivva Vo ya gorginliys moruz qaldiqda, materialin kristal tor qurulusundak: yikli
atom vo ya ionlarin movqelari doyisir. Bu yiik 6tiiriilmasi madds boyunca elektrik potensiali vo
ya gorginlik yaranmasina sabab olur. Pyezoelektrik effektin birbasa va oks tasirini ayird etmok
mumkinddr.  Bir materialda mexaniki gorginlik naticesinds elektrik yiikiiniin yaranmasi
birbasa pyezoelektrik effekt adlanir. Bu effekt pyezoelektrik sensorlarda daxil olmaqla miixtalif
totbiglordo genis istifado olunur. Birbasa effektin torsi iso oks pyezoelektrik effektdir.
Pyezoelektrik material elektrik sahasine moruz qaldigda deformasiyaya ugrayir vo ya formasini
doyisir. Bu fenomen pyezoelektrik aktuatorlar vo generatorlarda istifado olunur.
Pyezoelektriklik simmetriya morkozi olmayan vo imumi dipol momenti sifir olmayan
materiallarda miisahido olunur. [1] Pyezoelektrik materialin {i¢ is rejimi mévcuddur. d33
rejimi, homginin uzunlamasina rejim kimi taninir, polyarliq va gorginlik istigamatinin paralel
oldugu is rejimidir; bu, pyezoelektrik enerji toplama tatbiglori tigtin tovsiys olunur. d31 rejimi,
homginin enins rejim kimi taninir, polyarliq va tatbig olunan garginlik istigamatinin bir-birino
perpendikulyar oldugu rejimdir. Ugiincii rejim paralel kosici rejim d15-dir, bu, ilkin polyarhq
elektrodlarma perpendikulyar yerlosdirilmis elektrodlar tizorinds yiik toplandigda vo Kkasici
mexaniki qivvs tothbiq olundugda meydana golir. Bu xususiyyat bitlin pyezoelektrik Kimi
materiallarda movcud deyil. Piezoelektrik materiallar homginin onlarin elektromexaniki omsali

ilo xarakterizo olunur, bu asagidaki kimi tayin olunur:
e
burada, W;®— ox uzra yigilan elektrik enerjisini, W,,]; — isa hamin ox 0zra verilon
mexaniki giris enerjisini ifados edir.
Bu xususiyyati aldo etmok gln ferroelektriklor polyarizasiya olunmalidir. Sokil 1-do
hazirda miithondislik tatbiglorinds istifads olunan pyezoelektrik materiallarin ferroelektrik vo

geyri-ferroelektrik materiallara ilkin tosnifatini gostarir [2] .

Pyezolektrik Materialin Polarizasiya
Isasinda Tasnifati

Ferroelektrik

-PZT
-PVDF
*PbTiO,
-BaTiO,
*LiINDO,

4 _

Sok.1. Muasir mihandislik tatbiglorinds istifads olunan pyezolektrik materiallar.

Generatorlarda enerji gevrilmasi Uguin bittn dord asas pyezoelektrik grupundan olan
materiallardan istifado etmok miimkiindiir. Pyezoelektrik generatorlarin dizayninda on ¢ox
keramika materiallarindan istifado olunur. Ovvalco generatorlarda PZT keramikalar1 istifado
olunur. PZT, titan vo civo zirkonatin qarigiq kristalidir vo Umumi formulu belodir:
(X)PbTi03—(1—x)PbZrO3(X)PbTiO3.(1xPbZrOzxPbTiO3-(1-xPbZrOs.

PZT keramikanin xiisusiyystlorini qarisiq kristali toskil edon komponentlorin faiz
nisbatini doyismoklo manipulyasiya etmok mimktndur (x = 0-1). Bu, forgli material sabitlorino
malik PZT keramika istehsal etmoyo imkan verir. Generator dizaynina hasr olunmus tok bir
PZT keramika movcud deyil. Kompozitlor, muxtslif formadaki pyezoelektrik materiallardan,
yapigsqan qatlarindan, polimer filmindon va uygun sokildo formalasdirilmis elektrodlarindan
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ibarot materiallardir. Bu kompozit qatlarinimn alavs hissslorins diizgun yerlosdirilmis elektrodlar
quragdirilir.

Layiholondirmo morhalasinds  hom mexaniki, ham do elektrik modellogdirma
tisullarindan — xudsusilo ANSYS kimi sonlu elementlor proqramlarindan istifado olunur.
ANSYS programinda sonlu element modeli qurulmusdur (sokil 2-3). ANSYS programinda
qurulmus sonlu element modelindo analiz noticasindo pyezoelement Uzorindo maksimal
gorginlik 240 V saviyyasinds miisahido edilmisdir. Garginliyin ylksok olmasi generatorun
elektrik enerjisi istehsal giiclinii artirir. Daha yiiksok gorginlik, enerji toplama va saxlama
sistemlorino daha ¢ox enerji 6turtdlmesine imkan verir. Bu programlar vasitasilo goarginlik
paylanmasi, rezonans tezliklori vo ¢ixig gorginliyi analiz edilir. Firlanan sistemlords totbiq
olunan pyezogeneratorlar vibrasiyadan enerji y1gimi ii¢iin ¢ox olveriglidir. Onlar batareyasiz
isloyan sensor sistemlorinds, monitoring cihazlarinda vo agilli mexanizmlords totbiq oluna
bilor. Lakin onlarin bir sira ¢atismazliglar: var [3]:

1. Az coroyan. Pyezogenerator ¢evrici rolunu oynayir, lakin elektrik enerjisi monbayi
deyil.

2. Elektrik yiikii yalniz mexaniki tosir aninda yaranir. Corayan qisa miiddatlidir, bu isa
bir sira qurgulara slava elementlarin tatbigini talob edir. Naticods konstruksiya mirokkablogir
Vo bununla da etibarlilig1 azalir.

e —

Sak.2. Sonlu elementin simulyasiya modeli.

Q008 8¢1¢m) L]
- y
00 07

Sok.3. Garginlik totbiq edildikds sonlu element modeli.

5-100 pum qalinliginda pyezoelektrik elementlorinin istehsali iigiin yeni texnologiyanin
totbigi vo onlarm avtomatik olaraq ¢oxqatli konstruksiyalara yigilmasinin reallagdirilmasi
pyezoelektrik generatorlarin optimal parametrlorlo hazirlanmasina imkan verir. Bu parametrlor
onlarin impedansinimn yiik impedansi ilo uygunlagmasini va ¢ixis garginliyinin 2-10 V-dan 240—
300 V-a godor olmasini tomin edir [1-4]. Pyezogeneratorun konstrukiyasi pyezoelementin
konstrukiyasindan asihidir. Polyarizasiya istigamoti mexaniki qlvvs istigamati ilo Ust-Usto
diigon pyezoelementlor 100-300 V gorginlikli giiclii pyezoelektrik generatorlarin
yaradilmasinda istifado olunur. Yaradilmasinda asason PVDF osasli pyezoelemntdon istifado
olunur. PVDF osasl elastik pyezoelementlor adi keramika asasli pyezoelementlordon fargli
olaraq daha elastik vo yinguldir. PVDF osash elastik pyezoelementlorin totbigi noticoasinda
enerji cevrilmoasinin somoraliliyi 15% artmisdir. Biikiilmo tipli (bimorf) pyezoelementlords,
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polyarizasiya istigamati vibrasiya zamani deformasiya istigamatina perpendikulyar oldugda, 2—
10 V ¢ixish mini-pyezoelektrik generatorlarin yaradilmasinda istifads edilir.

Adoton, gucli pyezoelektrik pyezogeneratorlar mexaniki enerjini (en az1 1-2 kN tazyiq
altinda) dovri yiikklomo zamani elektrik enerjisina geviron cevricilordir. Bu zaman dayison
gorginlik korpt tipli tonzimloayicilor vasitosilo sabit gorginliys ¢evrilir. Pyezogevrici uzun
muddat arzinda, hor dovr tiguin nisbaton az miqdarda elektrik enerjisi istehsal etdiyi t¢iin adstan
enerji toplama vo saxlama sistemi istifads olunur (sokil 4). Pyezogeneratorun ¢ixis gorginliyini
mulayyan soviyyado stabillosdirmok Uglin geri alago sistemina malik xutsusi kontrollerdan
istifado olunur. Kontroller homginin pyezogeneratorun impedansinin enerji istehlak¢isinin gixis
impedansi ilo uygunlagmasini tomin edir. [5]

DC/DC
batareya

Eneriji
istehlakeis).

AC/DC cevirici  EEEEp

Kontroller

Sak. 4. Qidalanma modulunun blok sxemi.

Tipik bir pyezoelektrik elementlori Uzrsinds yigilmis pyezogenerator, sokil 5-do
gostarilon ekvivalent elektromexanik model ils tasvir olunur.

1] )
Electrical subsystem
8 L 5 c il
'-_l-n—\ ‘l.'".l\l‘l'
f'sc-:.nr.l e l i T
N = L
g e = |- l By =
: g
7

Sok.5. (a) Pyezoelektrik generator qurgusunun elektromexaniki modeli.
(b) Bimorf pyezogeneratorun dévra modeli.

Bu ddvro asagidaki elementlordan ibaratdir:
 Manba G(t): mexaniki sahads giris titroyis intensivliyi ilo ifads olunur;
o Induktivlik L: mexaniki sahado ekvivalent inersiya kitlasini gostarir;
« Rezistor R: pyezoelektrik generatoru togkil edon materialin titrayiglori vo digar mexaniki
itkilori ifads edir;
« Kondensator C: mexaniki sahada ¢evricinin elastik enerjisini tomsil edir;
« Kondensator Cp: pyezoelektrik elementin iki elektrodu arasindaki elektrik tutum doyoridir.
Elektron inteqrasiya edilmis dovralords sokil 5-do gostorilon bu model sadslosdirilorak
pyezoelektrik elementin daxili migavimati Rp vo tutumu Cp ilo paralel birlosdirilmis AC
carayan generatoru kimi gostarilir [9].
Girigdo izah edildiyi kimi, xarici mexaniki quvveays moruz galan pyezoelektrik cihaz
struktura gorginlik/deformasiya voziyyati gotirir, bu da bir elektrik sahasi yaradir vo birbasa
pyezoelektrik effekt noticosindo terminallarda yuk amolo galir. Bu elektrik enerjisi misbot va
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ya monfi signallardan ibarat ola bilor vo istifadodon avval dizlondirilmalidir. Buna gors do,
pyezoelektrik generatorun AC carayanini DC enerjiys ¢evirmak tigtin AC/DC gevirici interfeys
ddvrasins ehtiyac var.

Standart pyezogenerator dovrosi — guinos radiasiyasi, titroyis, istilik forqlori vo ya radio
tezlik (RF) signallar1 kimi mixtalif mihit monbalarindan enerji toplayaraq onu istifads oluna
bilon elektrik enerjisino geviron sado dizayndir. Sokil 6-da gostorilon tokmarhalali standart
pyezogenerator dovrasi tam korpl diizlondiricidan ibaratdir. Dayison corayanin sabit corayana
cevrilmasini oan sads Usulla hoyata kegirir.[6-8]

——CL i RL

Sok. 6. Standart tam korpi diizlondirici dovrasi.

Bu ddvradoki diod korplsl coroyanin pyezoelektrik tobagadon geriya harokatini
angallayir va onu diizlosdirir. Har bir impuls, yiikiin isarasindan asili olmayaraq, enerji toplaya
bilor. Bu, slagali tutumun daha stratli yiklanmasini tamin edir. Lakin bu metodun moanfi torofi
— impedans uygunlagsmasinin miimkiin olmamasi va diodun birbasa garginlik itkisi sababindan
cevirmo somoraliliyinin asagi olmasidir.

Aparilan toadgigatlar gostorir ki, pyezoelektrik generatorlarin enerji cevrilmo somaraliliyi
osason rezonans tezliklorinin  dizgun secgilmasindon vo pyezoelementin  material
xususiyyatlorindon asilidir. ANSYS analizindo maksimal gorginliyin 240 V soviyyasinda
miisahido olunmasi enerji ¢ixismi artirir vo avtonom sistemlor ticiin daha slverisli edir. PVDF
osasli elastik pyezoelementlorin tatbigi enerji ¢evrilmasini toxminon 15% yuksaldorok
generatorun somoraliliyini artirir. Beloliklo, optimallasdirilmis pyezoelektrik generatorlar
mikrosensorlar vo agilli cihazlar tgiin perspektivli vo effektiv enerji monbayi Kimi
giymatlondirils bilor.

NOTICO

Todgigat gostorir ki, pyezoelektrik elementlor osasinda enerji yigimi goalocayin
perspektivli texnologiyalarindandir. Miiasir materiallar, xiisusilo PZT vo PVDF osash
kompozitlor, generatorlarin somoraliliyini vo davamliligini artirir. Buna baxmayaraq, qurgusun
toksikliyi, enerji idaroetmasi va integrasiya problemlari holo do holl olunmamis qalir. SECE,
SSHI va PSCE kimi yeni dovro modellari enerjinin daha effektiv toplanmasina imkan yaradir.
Umumilikda, pyezoelektrik enerji yigimi sahosi enerji somorsliliyinin artirilmasi vo davamli
texnologiyalarim inkisafi li¢lin miihiim potensiala malikdir.
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INPOEKTUPOBAHUE IIBE3OI'EHEPATOPA HA OCHOBE COBPEMEHHBIX
HNBE3O3JIEKTPUYECKUX 2JIEMEHTOB

JUKAJINJIJIA H.D.,, MAMEJIOBA H.H., TAIIUMOB X.X.

BbIOOp  COBpEMEHHOTO  MBE30DJIEKTPUYECKOTO  AJIEMEHTa,  COOTBETCTBYIOIIETO
MPOCKTUPOBAHUIO TIHE30T'CHEPATOpa, a TaKXKe OIpelesieHue ero KOHQUrypamud JUist
npeoOpa3oBaHUsl MEXaHWYECKOW OJHEpruu (Hampumep, BUOpAMM WM JIaBJICHUS) B
ANIEKTPUYECKYIO SPHEPTHUIO SBISIFOTCS BXKHBIMH dTanamu. [Ipr IpoeKTHPOBaHNHT YUUTHIBAIOTCS
NpsIMBIE CBOMCTBA Mbe30MaTepuaia, Ha OCHOBE 4Yero (OpPMHPYETCs ONTHMalbHAas CXeMa.
Pazpaborannas cxema obOecrneunBaeT 3(PGEKTHBHBIA CcOOp TOJYYEHHOW Harpy3ku U
npeoOpa3oBaHWe €€ B TOJE3HOE HampsokeHWe. B pesynabTare IONydeHHAs JHEPrus
UCTIONB3yeTCs Uil 00ECIICYCHUs] SHEPTrUeH aBTOHOMHBIX CHCTEM, CEHCOPOB WM Juisi cOopa
SHEPTUHU U3 OKPYKAIOIICH CpPellbl B PA3INYHBIX MPUIIOKECHUSX.

KnroueBble ciioBa: mbe3031eKTpuaeckuil 3¢ dexr, mpe3oreHepaTop, cOOp SHEPrur, pe30HaHCHAsI 4acTOTa,
MHKpOTeHepaTop, ceiicMuyeckas Macca, Mbe303IEKTPHICCKHE MaTepUabl.

DESIGN OF PIEZOGENERATOR BASED ON MODERN
PIEZOELECTRIC ELEMENTS

CALILLI N.E., MAMAEDOVA N.N., HASHIMOV X.X.

Selecting a modern piezoelectric element suitable for piezogenerator design and
determining its configuration to convert mechanical energy (e.g., vibration or pressure) into
electrical energy are crucial steps. During the design process, the direct properties of the
piezoelectric material are considered to form an optimal circuit. The developed circuit ensures
efficient collection of the generated charges and their conversion into useful voltage. As a
result, the harvested energy is used to power autonomous systems, sensors, or for energy
harvesting from the environment in various applications.

Keywords: piezoelectric effect, piezogenerator, energy harvesting, resonant frequency, microgenerator,
seismic mass, piezoelectric materials.
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Lightning overvoltages represent a serious threat to the reliability of overhead power lines, particularly in
medium-voltage distribution networks. Due to their exposed configuration, overhead lines are highly susceptible
to electromagnetic coupling from nearby lightning discharges, which often leads to insulation stress, flashovers,
and power supply interruptions. This paper investigates lightning overvoltages in overhead power lines using
analytical modeling and numerical simulation supported by experimental data. The Extended Rusck Model is
applied to account for realistic line geometry, lossy soil conditions, nearby tall structures, and grounding
arrangements. Time-domain simulations are carried out in the LIOV-EMTP environment using the Agrawal field-
to-line coupling approach. Analytical estimates indicate that nearby lightning strokes with peak currents of
approximately 30 kA can induce overvoltages in the range of 120-180 kV on typical 10-20 kV overhead lines,
which may exceed their insulation withstand capability. The obtained modeling results are in good agreement with
reported full-scale and laboratory experimental data. The findings support the development of effective lightning
protection measures and contribute to improving the reliability of overhead power systems.

Keywords: lightning overvoltages; overhead power lines; Extended Rusck Model; electromagnetic
coupling; surge protection.

Introduction

Overhead power lines (OHLs) constitute a fundamental component of electric power
transmission and distribution systems, enabling the reliable delivery of electrical energy over
extensive geographical areas. Owing to their exposed configuration, however, OHLs are
inherently susceptible to atmospheric phenomena, among which lightning activity represents
one of the most severe natural threats to system reliability and operational performance. In
regions characterized by moderate to high lightning density, such as Poland and other parts of
Central Europe, lightning-related disturbances play a critical role in system stability, fault
resilience, and the continuity of power supply.

Both direct and indirect lightning discharges pose significant risks to overhead lines, with
the severity of their impact determined by the characteristics of the lightning event, line
configuration, and the effectiveness of protective measures. A direct lightning strike to a phase
conductor can inject currents on the order of tens of kiloamperes into the network, generating
overvoltage surges that may reach several megavolts, depending on the line’s characteristic
impedance. These surges frequently exceed the basic insulation level (BIL) of power
equipment, resulting in phase-to-phase or phase-to-ground flashovers, permanent insulation
damage, and the operation of protective relays. Such effects are particularly critical in medium-
voltage (MV) distribution systems, where insulation margins are limited and even a single
lightning event can lead to extensive customer outages and significant economic losses.

In practice, overhead lines are even more frequently affected by lightning-induced
overvoltages caused by nearby discharges. These overvoltages arise from the electromagnetic
coupling between lightning-generated fields and the line conductors and supporting structures.
Although their peak amplitudes are generally lower than those associated with direct strikes,
their high frequency of occurrence results in a considerable cumulative impact on network
performance. Distribution networks operating at voltage levels of 10-20 kV are especially
vulnerable to such disturbances, which may lead to progressive insulation degradation,
recurrent operation of surge arresters, and failures of covered or insulated conductors.
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The accurate assessment of lightning-induced overvoltages requires a detailed
understanding of electromagnetic field propagation, conductor response, and the influence of
grounding systems, shielding arrangements, and protective devices. Classical analytical
approaches, such as the original Rusck model developed in the mid-20th century, provided a
valuable foundation for early studies; however, these methods are increasingly inadequate for
modern power networks. Contemporary line configurations often involve complex geometries,
variable conductor heights, non-uniform soil resistivity, and the presence of nearby metallic
structures and urban infrastructure, all of which significantly affect lightning—line interaction.

To address these limitations, recent research has focused on the development of advanced
modeling techniques capable of capturing the complex behavior of lightning-induced
phenomena under realistic conditions. The Extended Rusck Model (ERM), for example,
extends the classical formulation by incorporating lossy ground effects, partial shielding,
nearby conductive objects, and non-uniform conductor elevations. In parallel, time-domain
simulation environments such as LIOV-EMTP enable detailed numerical analysis and facilitate
model validation through comparisons with full-scale field measurements and controlled
laboratory experiments. These tools allow for a more accurate prediction of transient
overvoltages arising from both direct and indirect lightning events.

In this paper, a comprehensive investigation of lightning-induced disturbances in
overhead power lines is presented, combining analytical modeling, numerical simulation, and
experimental validation. Particular emphasis is placed on the influence of key parameters—
including lightning current waveform characteristics, soil conductivity, grounding
configurations, and the presence of nearby structures—on the magnitude and temporal behavior
of induced overvoltages. The results contribute to the development of more effective lightning
protection strategies and offer practical recommendations for engineers involved in the design,
operation, and modernization of high-voltage and medium-voltage overhead networks.

By integrating analytical rigor with practical engineering considerations, this study aims
to enhance the resilience and operational safety of power systems. This objective is of
increasing importance in the context of climate-related changes in lightning activity and the
growing complexity of modern electrical infrastructure.

Formulation of the Problem.

Lightning activity represents one of the major natural threats to the reliability of overhead
power lines. Both direct and indirect lightning strokes can generate significant overvoltages
that exceed the insulation levels of power system equipment, leading to phase-to-phase and
phase-to-ground flashovers, insulation breakdowns, customer outages, and overall disturbances
in the power supply system.

When a direct lightning strike hits an overhead line (OHL), the lightning current is
divided at the point of impact into two traveling waves propagating in opposite directions along
the line. The resulting overvoltage amplitude can be estimated as one half of the stroke current
multiplied by the characteristic impedance of the line, which typically ranges from 400 to 500
Q. For instance, a lightning current of 10 kA acting on a line with a characteristic impedance
of 400 Q produces an overvoltage of approximately 2000 kV, which far exceeds the insulation
strength of medium-voltage (MV) distribution lines.

Such extreme overvoltages often result in multiple flashovers, both between phases and
from phase to ground. In the affected section of the network, these phenomena lead to voltage
sags and temporary power interruptions as protective devices operate to isolate the faulted line
segment.

Figure 1 illustrates a typical overvoltage waveform caused by a direct lightning strike to
an MV overhead line. According to the results reported by Mirra et al. [1], the waveform is
characterized by short-duration, high-frequency spikes associated with repeated insulation
breakdowns, followed by a slower-rising voltage component with an amplitude close to the
insulation withstand level.
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Fig.1. Example of a typical overvoltage due to a direct strike to an MV line.

In the case of bare conductors, direct lightning strikes usually lead to temporary short-
circuit flashovers that are rapidly cleared by protective relays, thereby preventing long-term
damage. However, for covered conductors, the presence of insulation restricts the flow of
power-frequency arc currents. As a result, phase-to-phase flashovers may cause severe thermal
and mechanical stress, potentially leading to insulation rupture and permanent conductor
damage, as discussed in [2].

Although overvoltages resulting from direct strikes are more severe in terms of peak
magnitude, indirect (induced) lightning events occur much more frequently, particularly in
distribution networks rated at 15 kV and below. These events are caused by electromagnetic
coupling between nearby lightning discharges and overhead lines and, despite their lower
amplitude, cumulatively account for a large number of insulation failures and service
interruptions.

The magnitude and waveform of lightning-induced overvoltages depend on several
interrelated parameters, including the lightning current waveform, distance between the strike
point and the line, ground conductivity, conductor configuration, and the presence of shielding
or surge protection devices. In practical conditions, lightning often strikes elevated objects such
as towers, masts, or nearby buildings rather than the line itself. In such cases, the induced
voltage on the overhead line is formed by the combined electrostatic and electromagnetic
influence of the lightning channel and the current flowing through the struck structure, which
significantly complicates the prediction of overvoltage levels.

Therefore, the problem of lightning protection for overhead power lines involves a wide
range of physical phenomena and requires both analytical modeling and experimental
validation. Simplified or classical approaches, such as the original Rusck model [3], exhibit
limited accuracy when applied to complex scenarios involving tall strike objects, non-uniform
soil resistivity, or multi-segmented line geometries. This limitation underlines the necessity for
enhanced modeling techniques and numerical methods capable of reliably predicting lightning-
induced overvoltages and supporting the design of effective lightning protection strategies.

Solution to the Problem

To reduce the adverse effects of lightning-induced overvoltages and to improve the
protection of overhead power lines, advanced analytical models supported by experimental
validation are required. Among these, the Extended Rusck Model (ERM) represents a
significant improvement over the classical Rusck formulation, as it accounts for realistic line
geometries, lossy soil conditions, nearby tall objects, and the influence of grounding systems
and surge protection devices [4-7].

Within the ERM framework, the voltage induced on an overhead line is determined by
the combined action of the scalar electric potential associated with charges in the lightning
channel and the magnetic vector potential generated by currents flowing in both the lightning
channel and the struck object. This approach enables the evaluation of the spatial and temporal
evolution of induced voltages along the line, including cases where lightning strikes elevated
structures located in the vicinity of the line.
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The reliability of the ERM has been confirmed by full-scale field experiments, most
notably those reported by Yokoyama et al. [8-10], where simultaneous measurements of
lightning stroke currents and induced voltages were performed. Comparisons between
measured and calculated waveforms demonstrate that the ERM accurately reproduces the
voltage front and peak values, while minor discrepancies in the waveform tails can be attributed
to simplified lightning current representations, transmission-line modeling assumptions, and
measurement system limitations. Additional validation has been obtained from reduced-scale
laboratory experiments using a 1:50 overhead line model with appropriate voltage and time
scaling factors [16], which further confirmed the capability of the ERM to predict both the
amplitude and shape of induced overvoltages.

In parallel, the field-to-line coupling model proposed by Agrawal et al. has been
implemented within the LIOV-EMTP simulation environment [13-15]. This tool allows
detailed time-domain analysis of lightning interactions with complex, multi-conductor
overhead systems, taking into account lossy ground effects, non-uniform grounding conditions,
corona phenomena, and realistic network terminations. Numerical results obtained using LIOV-
EMTP show strong agreement with both ERM predictions and experimental observations.

In analytical form, the lightning-induced voltage along the line can be expressed as an
integral of the longitudinal component of the external electric field:

X

Vinga (x, ) = — J ESXt (s, t) ds
0
For practical engineering estimation of the peak induced voltage, a simplified coupling

relationship is often employed:
di(t)
Ving () » M(r) ——

where M (r)is the mutual coupling coefficient between the lightning channel and the overhead
line, which depends on the distance r, conductor height, line geometry, and ground parameters.
Assuming an exponential approximation of the lightning current front,

i(t) = Imax (1—e7t/7r),
the maximum rate of rise of the current is given by

(di) _ Imax
At/ max T

Consider a nearby lightning stroke with a peak current
Inax = 30 KA,

and a front time
Ty =2 ps.

The maximum current derivative is therefore
(di) _30x10° o,
dt). .. 2x106 /s
For a typical overhead distribution line located at a distance of approximately r =
100 mfrom the lightning channel, the mutual coupling coefficient may be taken as

M(r) = (8-12) uH.
Hence, the peak induced voltage is estimated as

Vinapk = (8-12) X 1076 x 1.5 x 100 = (1.2-1.8) x 10°V,
Vinapk = 120-180 kV.
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Such voltage levels are comparable to, or may exceed, the insulation withstand capability
of typical 10-20 kV distribution lines, indicating a high probability of insulation stress,
flashover, or surge arrester operation.

Discussion

Analytical calculations and experimental observations consistently show that lightning-
induced overvoltages generally exhibit shorter front times and narrower pulse widths than
overvoltages caused by direct strikes. Nevertheless, due to their high frequency of occurrence,
induced events represent a dominant factor in insulation aging, repeated protective device
operation, and long-term reliability degradation of overhead distribution systems.

In conclusion, the Extended Rusck Model, supported by experimental investigations and
numerical simulations using tools such as LIOV-EMTP, provides a robust and physically
consistent framework for predicting lightning-induced transients. The application of these
methods enables the design of more resilient overhead lines, optimized surge protection
schemes, and improved power system reliability under lightning exposure.

Conclusions

This study has addressed the problem of lightning-induced overvoltages in overhead
power lines by combining advanced analytical modeling, numerical simulation, and
experimental validation. Both direct and indirect lightning effects were considered, with
particular emphasis on induced overvoltages, which occur more frequently and represent a
major source of insulation stress and service interruptions in medium-voltage distribution
networks.

The Extended Rusck Model was employed to account for realistic line geometries, lossy
soil conditions, nearby tall structures, and grounding and protection arrangements.
Comparisons with full-scale field measurements and reduced-scale laboratory experiments
demonstrated that the model accurately reproduces the front and peak values of induced voltage
waveforms, confirming its applicability under practical operating conditions. Minor
discrepancies observed in the waveform tails were attributed to simplified current
representations and modeling assumptions rather than fundamental limitations of the approach.

Analytical estimation based on field-to-line coupling relationships showed that nearby
lightning strokes with typical current parameters can induce peak voltages on the order of 120—
180 kV on overhead distribution lines. These values are comparable to, or exceed, the insulation
withstand levels of 10-20 kV systems, highlighting the necessity of effective surge protection
and optimized grounding configurations.

The results also indicate that lightning-induced overvoltages are characterized by fast rise
times and relatively short durations. Despite their lower peak magnitudes compared to direct-
strike overvoltages, their high frequency of occurrence makes them a dominant factor in
insulation aging, repeated surge arrester operation, and long-term reliability degradation of
overhead lines.

Overall, the combined use of the Extended Rusck Model, time-domain simulation tools
such as LIOV-EMTP, and experimental validation provides a reliable and physically consistent
framework for assessing lightning-induced transients. The proposed approach supports the
development of improved lightning protection strategies and contributes to enhancing the
resilience and operational reliability of overhead power systems exposed to lightning activity.
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HAVA ELEKTRIK XOTLORINDO iLDIRIMDAN YARANAN IiFRAT
GORGINLIKLORIN MODELLOSDIRILMOSI

HUSEYNOVA i.9.

[ldirrmdan yaranan ifrat gorginliklor, xtsusilo orta gorginlikli paylayici sobokalords hava

elektrik xatlorinin etibarlilig1 tigiin ciddi tohlika monbayidir. Ag¢iq konstruksiyaya malik
olduqglarina gora hava xatlori yaxin masafods bas veran ildirim bosalmalarmnm elektromaqnit
tasirina yuksak doaracods moruz qalir ki, bu da izolyasiyanin garginlosmasing, elektrik enerjisi
tochizatinda fasilalora sobab olur. Magalods hava elektrik xatlorinds ildirimdan yaranan ifrat
gorginliklor analitik modellosdirma vo odadi hesablama asasinda, eksperimental molumatlarin
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calb edilmasi ilo tadqiq edilmisdir. Xottin real hondosasini, torpagin itkilorini, yaxinliqda
yerloson hiindlr obyektlori va torpaglama sxemlarini nozars almaq tigiin genislondirilmis Rusck
modeli totbiq olunmusdur. Zaman oblastinda adadi modellosdirma Agrawal saho—xatt olage
modeli asasinda LIOV-EMTP miihitinds aparilmisdir. Analitik qiymatlondirmalor gostarir ki,
pik coroyani toxminon 30 kA olan yaxm ildirim zarbalori 10-20 kV-luq tipik hava elektrik
xatlorindo 120-180 kV saviyyasinds ifrat gorginliklor yarada bilor ki, bu da izolyasiyanin
dozumliliik saviyyasini asa bilor. Alinan naticalor odobiyyatda toqdim olunan tammiqyasli vo
laboratoriya eksperimentlorinin naticalori ilo yaxsi uygunluq gostorir vo hava elektrik
sobokalorinin etibarliligmin artirilmasi tigiin effektiv ildirimdan miihafizo tadbirlarinin islanib
hazirlanmasina imkan yaradir.

Acar sozlar: ildirnmdan yaranan ifrat gorginliklor; hava elektrik xotlori; genislondirilmis Rusck modeli;
elektromagnit olago; ildirnrmdan miihafizo.

MOJEJMPOBAHUE NEPEHATIPSI)KEHUA OT MOJIHAM B BO3YIIIHBIX
JIMHUAX SJEKTPOIIEPETAYN

T'YCEMHOBA U.A.

[lepenanpskeHuss OT MOJHUM NPEACTABISIIOT CEPbE3HYI0 Yrpo3y HAJIEKHOCTH
BO3IYIIHBIX JIUHUW DJEKTpoTepenadu, OCOOCHHO B PaCHpENeIUTENbHBIX CETAX CPEIHEro
HamnpsDKEeHUs. BceleacTBue OTKPHITOM KOHCTPYKIIMM BO3AYIIHBIE JIMHUH B 3HAYUTEIHHOU
CTENIEHHU TIO/IBEPIKEHBI SJIEKTPOMArHUTHOMY BO3JICHCTBUIO OJU3KUX TPO30BBIX Pa3psiOB, YTO
4acTO MPUBOAUT K MEPEHANPSHKEHUIO HW30JSLUU, MEPEeKPBITUAM U HapyLICHUSAM
aneKkTpocHaOxeHusl. B paboTe BBINONHEHO HCCIENOBaHUE MEPEHAINPSDKEHUH OT MOJIHUU B
BO3AYIIHBIX JIMHUAX DJIEKTPOIEPEAAUYd HA OCHOBE AHAJUTUYECKOTO MOJCIUPOBAHUS H
YUCJIEHHOTO pacyéra C MPUBJICYEHHEM 3KCIEPHUMEHTAIBHBIX NaHHBIX. [l ydéra peasbHOU
reOMETPHH JIMHUY, TIOTEPh B TPYHTE, HATHUUS OJHM3KO PACIOJIOKEHHBIX BEICOKUX OOBEKTOB U
CXEM 3a3eMJICHUs NIPUMEHEHA paclIupeHHas MoJenb Pycpka. UnciIeHHOE MOIETUPOBAHKUE BO
BpeMeHHOW oOsactu BeimoiaHeHO B cpeae LIOV-EMTP ¢ wucnosbp3oBaHueM MoOJEnH
AIIEKTPOMArHUTHOM CBs3U ArpaBajia. AHATUTHYECKHE OIICHKU IOKa3bIBAIOT, 4YTO OJU3KHE
yIapbl MOJHUU C MUKOBBIMH TOKaMu mopsaka 30 KA MOryT BBI3bIBaTh MEPEHANPSKECHUS
BesmurHOM 120—180 kB Ha TUNMHUYHBIX BO3AYIIHBIX JUHUAX HanpsokeHueM 10-20 kB, uro
MOXET MPEBBILATh JOMYCTUMBIE YPOBHU JJIEKTPUUECKOW MPOYHOCTH HUX H30JIALUU.
[TomyueHHbIe pe3ylbTaThl XOPOIIO COTIACYIOTCS ¢ OMYOJIMKOBAHHBIMU JAHHBIMU HAaTYPHBIX U
1ab0paTOPHBIX IKCIIEPUMEHTOB M MOT'YT OBITh UCIIOJIB30BAaHbI IPU pazpaboTKe 3 (HEKTUBHBIX
MEp MOJIHUE3AIUThl W TOBBIIIEHUU HAAEKHOCTH BO3IYLIHBIX 3JIEKTPOIHEPreTUYECKUX
CUCTEM.

KnioueBsble ci10Ba: mepeHANpsDKEHHS OT MOJIHHH; BO3IYIIHBIC JIMHUM JICKTPOIEpPEIadn; paciiipeHHas
Mozenb Pychka; alIeKTpoMarHuTHas CBSI3b; MOJIHHUE3ALINTA.
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This paper examines recent advancements in Thermal Energy Storage (TES) technologies for Concentrated Solar
Power (CSP) systems, focusing on their underlying principles, current developments, and future prospects. It
provides an overview of the major TES configurations, including Sensible Heat Storage (SHS), Latent Heat
Storage (LHS), and Thermochemical Heat Storage (THS), analyzing their operational principles, material
properties, and integration with CSP. The study also discusses the key challenges and limitations of each TES
approach and identifies the technological improvements needed to enhance efficiency, scalability, and cost-
effectiveness. Overall, the findings indicate that while SHS configurations, such as molten salts, dominate in CSP
applications, further research and innovation in all TES configurations are essential to unlocking the full potential
of CSP with TES, contributing to the global transition toward sustainable, renewable energy systems.

Keywords: concentrated solar power, thermal energy storage, solar energy, molten salt

INTRODUCTION

The global demand for energy and reliance on fossil fuels have significantly increased due to
population growth and industrialization [1]. However, the continued reliance on conventional energy
sources contributes to climate change and environmental degradation [2]. Consequently, researchers are
increasingly focused on developing and optimizing renewable energy technologies due to their
sustainability and minimal environmental impact.

Among renewable energy technologies, Concentrated Solar Power (CSP) has gained considerable
attention for its potential to provide large-scale, dispatchable energy [3]. This is particularly achievable
through its integration with Thermal Energy Storage (TES) systems, which enable CSP to overcome the
intermittency challenges associated with solar energy. CSP systems employ different configurations,
including Parabolic Trough Collectors (PTC) and Solar Power Towers (SPT), which focus solar rays to
generate heat energy [4]. The captured heat may subsequently be stored and transformed into electricity,
providing continuous power even during non-sunny periods [4].

CSP plants generate thermal energy by employing optical systems, such as mirrors and lenses, to
concentrate sunlight onto a receiver [3]. The captured heat can then be converted into electrical energy
via heat engines (commonly steam turbines) or chemical processes [5]. The selection of an appropriate
TES system for CSP applications depends on multiple factors, including storage duration, capital and
operational costs, required temperature ranges, and overall storage capacity [6].

The integration of TES in CSP plants (as shown in Figure 1) significantly enhances their
reliability by mitigating the fluctuations inherent in solar and other renewable energy sources. Unlike
wind and solar photovoltaic (PV) technologies, which are dependent on real-time weather conditions,
CSP plants with TES can provide continuous electricity generation by storing excess thermal energy for
later use [7].

Over the past few decades, extensive research and technological advancements have led to the
development and commercialization of CSP-TES solutions. Most of CSP technologies utilize molten
nitrate salts as both the heat transfer fluid (HTF) and TES medium. This technology is implemented in
a two-tank storage configuration coupled with a steam turbine, which is currently considered the state-
of-the-art approach [8].

TES systems in CSP applications are categorized into three main types: (1) Sensible Heat Storage
(SHS), which stores thermal energy by increasing the temperature of a storage medium, such as molten
salts or thermal oil; (2) Latent Heat Storage (LHS), which uses phase change materials (PCMs) to store
and discharge heat while maintaining nearly constant temperature conditions; and (3) Thermochemical
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Heat Storage (THS), which relies on reversible chemical reactions to achieve high energy density and
long-term storage stability [9].
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Fig.1. TES Integration in CSP plant.

Each TES technology has distinct advantages and limitations. SHS remains the most widely
adopted method in commercial CSP plants due to its well-established efficiency-cost balance. While
SHS systems typically operate with storage efficiencies between 50% and 90%, LHS systems can reach
up to 100%, whereas THS systems generally fall within a similar range [10]. However, LHS and THS
systems are generally more expensive than SHS due to their higher heat and mass transfer requirements
for efficient charging and discharging cycles [11]. Despite significant advancements in TES research,
further innovations are necessary to develop storage technologies that are environmentally sustainable,
technically viable, and economically feasible for widespread CSP deployment.

CONCENTRATED SOLAR POWER TECHNOLOGIES

Concentrated Solar Power (CSP) plants are categorized into four primary technology types:
Parabolic Trough Collectors (PTC), Solar Power Towers (SPT), Linear Fresnel Reflectors (LFR), and
Parabolic Dish Collectors (PDC). Figure 2 gives a visual representation of the working principles of
different CSP technologies, illustrating the process of concentrating solar radiation to heat a working
fluid, which is subsequently used to generate electricity via direct steam generation or heat exchangers
utilizing molten salts or thermal oils as HTF.

PTC utilizes parabolic mirrors to concentrate sunlight onto a receiver tube containing heat transfer
fluid (HTF), typically synthetic oil or molten salt, with operational temperatures below 500°C [12]. SPT,
on the other hand, employs an array of heliostats to direct sunlight onto a central receiver, achieving
temperatures exceeding 1,000°C [13]. This higher temperature capability enhances energy conversion
efficiency and facilitates the integration of thermal energy storage (TES), enabling dispatchable power
generation even in the absence of direct sunlight. LFR uses flat, cost-effective mirrors to focus solar
radiation onto a linear receiver. While LFR systems offer lower production costs, their efficiency is
generally lower compared to PTC and SPT [14]. PDC, although capable of achieving high operational
efficiencies due to their ability to reach elevated temperatures, are typically constrained to small-scale
applications due to their complex design and maintenance requirements. Among these technologies,
PTC and SPT dominate the global CSP market, accounting for the majority of installed capacity. PTC
remains the most widely implemented CSP technology due to its commercial maturity and extensive
deployment. However, SPT is increasingly considered the preferred CSP solution for future energy
systems, as it operates at higher temperatures, resulting in greater thermal efficiency and improved
integration with TES systems [14].
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A significant advantage of CSP plants lies in their capability to integrate TES systems that store
excess thermal energy for subsequent use, thereby maintaining electricity generation even under reduced
solar input, such as during overcast conditions or at night. By decoupling energy collection from power
generation, TES units improve the operational flexibility and overall reliability of CSP facilities,
enabling electricity production to align more closely with demand fluctuations.

METHODS

This study employs a methodological approach based on literature review, comparative analysis,
and qualitative evaluation. First, an extensive review of academic papers, industry reports, and technical
articles from 2010 to 2024 was conducted to understand the principles of Concentrated Solar Power
(CSP) systems and their integration with Thermal Energy Storage (TES) technologies. The review
focused on different TES systems, including Sensible Heat Storage (SHS), Latent Heat Storage (LHS),
and Thermochemical Heat Storage (THS), analyzing their performance, advantages, challenges, and
technological advancements.

A comparative analysis was conducted to evaluate various TES technologies based on their
energy storage capacity, operational performance, and compatibility with CSP systems. The evaluation
considered parameters such as material properties, energy densities, system integration complexities,
and cost-effectiveness.

Additionally, a qualitative assessment was conducted to identify emerging trends in TES
technologies, technological gaps, and areas where further research is needed. Finally, the commercial
feasibility of TES technologies was evaluated by reviewing case studies of existing CSP plants and
analyzing scalability, cost reduction potential, and market adoption.

ADVANCEMENTS AND FUTURE PERSPECTIVES OF THERMAL ENERGY STORAGE

Thermal energy can be stored in three fundamental forms: sensible heat storage (SHS), latent heat
storage (LHS), and thermochemical heat storage (THS) [16]. SHS systems, the simplest and most
commercially mature TES technology, store energy by increasing the temperature of a storage material
such as molten salts or thermal oils [17]. The storage capacity in SHS systems depends on the specific
heat capacity, density, and operating temperature range of the material. Despite being cost-effective and
technically straightforward, SHS exhibits lower energy storage densities compared to LHS and THS.

Latent Heat Storage (LHS) systems employ phase change materials (PCMs) that absorb and
discharge heat throughout phase transition processes (e.g., solid-liquid or liquid—gas) [18]. LHS offers
significantly higher energy density, with storage capacities up to eight times greater than SHS systems
[19]. However, practical challenges related to material stability, thermal conductivity, and system
integration hinder its large-scale commercialization.

Thermochemical heat storage (THS) systems store energy through reversible endothermic and
exothermic chemical reactions, enabling exceptionally high energy storage densities and long-duration
storage [20]. THS represents the most technically advanced and efficient TES method, but its
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complexity and high costs have prevented widespread deployment in commercial CSP plants [21].
According to Achkari et al., while LHS and THS technologies exhibit superior thermophysical
properties, their application remains largely confined to laboratory research and pilot-scale
demonstrations [22].

Given the cost-effectiveness and simplicity of SHS, it continues to dominate commercial CSP
plants. However, further advancements in LHS and THS are required to overcome technical and
economic challenges, enabling broader adoption in large-scale CSP applications. The subsequent
sections provide a detailed analysis of each TES technology, examining its operational principles,
material properties, efficiency, and commercial feasibility for concentrated solar power systems.

e SENSIBLE HEAT STORAGE
Sensible heat storage (SHS) systems can be classified based on the type of storage medium
utilized, which includes liquid-based systems (e.g., molten salts, nanofluids), solid-based systems (e.g.,
concrete and rocks), and gas-based systems (e.g., steam).

e LIQUID-BASED SYSTEMS

Among various SHS media, molten salts are the most widely implemented in CSP applications
due to their advantageous thermophysical properties [10]. Common eutectic mixtures used for TES in
CSP include HITEC ternary salt (53% KNOs, 7% NaNOs, and 40% NaNO;), HITEC XL® (48%
Ca(NO3) 2, 7% NaNOs, and 45% KNO3), and the commercially known binary mixture “Solar Salt” (60%
NaNOs and 40% KNOs) [23]. The predominant storage configuration for molten salts is the two-tank
system, where one tank stores the hot molten salt while the other maintains the cold storage. Heat is
transferred between these tanks for charging and discharging operations [24]. In indirect storage
configurations, a heat exchanger is used with thermal oil as the heat transfer fluid (HTF), whereas in
direct systems, molten salt itself serves as both the HTF and the storage medium. Molten salts offer
several advantages, including high energy density (ranging from 75 kWh/m® to 200 kWh/m®),
operational temperatures up to 565°C, long-term durability exceeding 10,000 thermal cycles, and an
estimated lifespan of over 20 years [25].

Despite their widespread application, existing molten salts face thermal stability challenges,
particularly at temperatures exceeding 560°C, leading to decomposition and corrosion issues in CSP
components [26]. The adoption of high-temperature-resistant alloys can mitigate these issues. Further
advancements in molten salt technology are essential to enhance their thermal stability, reduce
corrosion, and enable operational temperatures of 600-650°C, facilitating integration with next-
generation supercritical CO, Brayton cycles.

Nanofluids represent another innovative approach in TES, offering superior thermophysical
properties, including higher specific heat capacity and enhanced thermal conductivity compared to
conventional molten salts [27]. However, their application is constrained by the operational temperature
limit of the base fluid as molten salt (approximately 565°C). While the addition of nanoparticles
improves heat transfer properties, it also introduces challenges such as increased viscosity, higher
pumping costs, stability concerns related to nanoparticle agglomeration, and potential corrosion effects
[28]. Additionally, the increased cost of nanofluid-based storage media must be offset by corresponding
improvements in thermal performance to ensure economic viability. Currently, nanofluids are still in
the research stage, with significant challenges remaining, including understanding nanoparticle
interactions, addressing stability issues, and optimizing their economic feasibility. Further experimental
studies are necessary to assess the long-term behavior of nanofluids and determine their suitability for
CSP applications.

e SOLID-BASED SYSTEMS

Packed-bed thermal energy storage systems employ a matrix of densely packed solid particles,
which accumulate thermal energy conveyed by a heat transfer fluid (HTF) throughout the charging
phase. During charging, the HTF, heated by the solar field, enters from the top of the packed bed and
transfers its thermal energy to the solid particles [29]. Conversely, during the discharging phase, the
HTF flows in the opposite direction, entering from the bottom and being reheated by the energy
previously stored in the solid medium. Commonly used storage materials in packed-bed systems include
locally available rocks and sand, such as quartzite rock and silica sand [30]. Additionally, certain
commercial packed-bed TES systems are engineered to withstand operating temperatures reaching
around 1600 °C, employing cost-effective ceramic particles with high thermal stability [31].
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This TES technology offers several advantages, such as the widespread availability and cost-
effectiveness of storage materials, making it a practical solution for energy storage applications.
Additionally, it can operate across a broad temperature range and enables direct heat transfer between
the working fluid and the storage medium. Its chemical stability and resistance to degradation further
enhance its reliability [32]. Moreover, the system does not involve hazardous substances or corrosive
chemicals, ensuring safer and more sustainable operation [30]. However, most research on packed-bed
TES has been conducted at the laboratory or prototype scale.

Concrete-based TES presents another viable alternative to molten salt storage, offering cost-
effectiveness and the availability of raw materials. Concrete consists of cement, coarse and fine
aggregates, water, and potentially other additives. In concrete-based thermal energy storage (TES)
systems, the material undergoes a series of thermochemical transformations when exposed to elevated
temperatures. At lower temperatures, dehydration occurs as physically and chemically bound water is
released [33]. As the temperature increases to intermediate levels, dihydroxylation takes place,
particularly affecting phases such as Portlandite (Ca(OH)) [33]. At higher temperatures, decarbonation
processes dominate, involving the decomposition of calcium carbonate (CaCOs) [33]. These
transformations, along with possible phase changes in the mineral structure, can significantly influence
the thermal stability and mechanical integrity of the concrete.

These chemical interactions can impair the durability and structural soundness of the concrete,
leading to spalling, a form of material degradation that markedly limits system longevity. Strategies
such as incorporating polypropylene fibers (PPF) have been explored to mitigate spalling risks [34].
Rahjoo etal. [35] conducted controlled laboratory experiments demonstrating that geopolymer-based
concrete (GEO) can endure operating temperatures up to approximately 650 °C, surpassing typical OPC-
based counterparts, which degrade above 500 °C. It should be noted that these elevated temperature tests
were conducted under laboratory conditions only, and further validation would be required to confirm
performance under real-world TES operational settings. Despite advantages such as ease of
construction, non-toxicity, and non-flammability, challenges related to material degradation due to
thermal expansion, contraction, and cracking remain critical concerns. Long-term demonstration
projects are necessary to validate the feasibility of higher operating temperatures and assess the
reliability and durability of concrete TES modules [36].

e GAS-BASED SYSTEMS

Gas-based TES primarily employs steam accumulators, which utilize pressurized saturated water
as the storage medium. These systems operate by storing sensible heat in the form of pressurized liquid
water, which absorbs excess steam from the cycle during the charging process [37]. The steam
condenses within a pressurized storage vessel, increasing both the temperature and pressure of the stored
liquid. The system reaches full charge when approximately 90% of the storage volume is occupied by
the saturated liquid. Steam accumulators can operate at temperatures up to approximately 330°C,
depending on their design pressure [38]. However, the technology also presents several limitations,
including restricted storage capacity due to the high-pressure requirements, low operational
temperatures, and limited scalability [39]. These constraints render steam accumulators inefficient and
economically unviable for large-scale applications.

e LATENT HEAT STORAGE SYSTEMS

Latent heat storage (LHS) systems utilize phase change processes, typically involving solid-liquid
transitions, to store thermal energy at a nearly constant temperature [40]. For effective implementation,
the phase transition temperature of the storage medium must align with the operational temperature
range of the system. Phase change materials (PCMSs) used in LHS are classified into organic compounds,
inorganic compounds, and their eutectic mixtures [41]. While organic PCMs are generally suited for
low-temperature thermal energy storage, inorganic PCMs, such as carbonates, fluorides, and chlorides,
are more appropriate for high-temperature applications, making them suitable for use in concentrated
solar power (CSP) plants. However, these materials often exhibit undesirable corrosion behavior when
exposed to metals over multiple thermal cycles [42].

Copper (Cu) is widely recognized as a highly promising PCM for high-temperature thermal
energy storage due to its exceptionally high melting point (above 1000°C), superior thermal
conductivity, and significant latent heat capacity (208.7 kJ/kg) [43]. These characteristics make Cu an
ideal candidate for efficient energy storage and transfer in advanced thermal applications.

S7



Despite their advantages, PCMs face several challenges, including incongruent melting,
significant subcooling, and high corrosivity. Nonetheless, future advancements in PCM-based latent
heat storage (LHS) systems are expected to facilitate their broader adoption and practical
implementation.

However, recent studies suggest an increasing focus on this system, and it is expected that, in the
future, this technology will move beyond laboratory research and be implemented in CSP plants for
practical energy generation.

e THERMOCHEMICAL HEAT STORAGE

Thermochemical energy storage stores solar energy as chemical energy via reversible
endothermic and exothermic reactions [44]. These systems typically operate at elevated temperatures,
allowing the stored energy to be released efficiently when required. In thermochemical storage systems,
the working material typically consists of two main components: a sorbent, which may be in solid or
liquid form, and a sorbate, usually represented by released water vapor. The amount of thermal energy
required to initiate the desorption or dissociation process is determined by the strength of the interaction,
or binding energy, between these two substances [45]. A clear understanding of thermochemical heat
storage systems also requires distinguishing between the two primary types of sorption mechanisms—
absorption and adsorption— and recognizing the procedures involved in their operation.

Among the various chemical processes considered for thermal energy storage, metal oxide/metal
reactions and ammonia-based reactions are the most significant. According to Pardo et al. [46],
thermochemical thermal energy storage (TES) represents a promising solution for long-term storage of
solar heat. Prieto et al. [47] identified calcium carbonate (CaCOs) as one of the most effective
thermochemical materials due to its high energy storage density (ESD) of 4,400 MJ/m? and its suitability
for high-temperature applications within the range of 800—900 °C. Ma Zhiwen [48] reported that
thermochemical TES technology, utilizing a chemically looping fluidized bed in CSP systems, can
achieve temperatures ranging from 500 to 1500°C in the receiver.

High-temperature thermochemical storage systems represent the next generation of thermal
energy storage, offering enhanced efficiency in solar energy conversion and long-duration energy
storage capabilities. While calcium looping emerges as a particularly promising approach, further
advancements are needed to refine reactor configurations, enhance material stability over repeated
cycles, and optimize CO; capture and release integration. In addition, future research should focus on
improving heat and mass transfer within the system, reducing operational costs, and developing scalable
and modular system designs to enable practical implementation in large-scale CSP applications.

However, considering current research trends and technological readiness levels, the near-term
deployment of thermochemical heat storage systems in commercial CSP plants appears unlikely, as
most developments are still limited to laboratory or pilot-scale investigations.

CONCLUSION

Thermal energy storage (TES) remains a cornerstone for enhancing the efficiency, reliability, and
dispatchability of Concentrated Solar Power (CSP) systems. Among the three principal TES approaches,
sensible heat storage (SHS), latent heat storage (LHS), and thermochemical heat storage (THS), SHS
currently dominates commercial deployment due to its technological maturity, cost-effectiveness, and
operational simplicity. Molten salts, particularly in two-tank configurations, have demonstrated robust
performance in CSP applications. However, improvements in thermal stability and corrosion resistance
are necessary to enable higher operating temperatures compatible with next-generation supercritical CO;
cycles.

LHS systems, employing high-temperature phase change materials, offer markedly higher energy
densities and the potential for extended storage durations. However, challenges such as corrosion,
material degradation, and integration complexity continue to limit large-scale adoption. Recent
advances in high-melting-point metallic PCMs, such as copper, indicate promising pathways for
overcoming these barriers, but long-term field validation remains essential.

THS systems present the highest theoretical energy densities and unparalleled potential for long-
duration storage with minimal losses. Processes such as calcium looping and metal oxide redox reactions
exhibit strong applicability for CSP at elevated temperatures. Nonetheless, high system complexity,
material stability concerns, and cost barriers confine these technologies largely to laboratory and pilot-
scale demonstrations.

Future progress in TES for CSP will depend on a dual-track strategy: (i) optimizing SHS systems
to push operational boundaries while reducing costs, and (ii) accelerating research, development, and
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demonstration efforts for LHS and THS technologies to achieve commercial readiness. Cross-
disciplinary advances in materials science, heat transfer enhancement, corrosion mitigation, and
modular system design will be crucial.

Ultimately, the integration of advanced TES technologies will play a pivotal role in enabling CSP
to provide stable, dispatchable, and competitive renewable energy in the global energy transition.
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FOKUSLASDIRICI GUNDS ENERGETIK QURGULARININ ISTILIK ENERJISI
AKKUMULYASIYASININ iNKiSAF TENDENSiYALARI

KOLBOLIYEV F.R.

Bu mogalods Fokuslasdirict Energetik Giinos Qurgular1 (FEGQ) iigiin Istilik Enerjisi
Akkumulyasiyas1 (IEA) texnologiyalarinda son tendensiyalar arasdirilir, onlarm osas prinsiplori,
moveud inkisaf istigametlori vo golocok perspektiviori tohlil olunur. Mogalode osas IEA
konfiqurasiyalarina timumi baxis toqdim olunur, bu sistemlorin igsloma prinsiplori, material
xususiyyatlori vo FEGQ ilo inteqrasiyasi arasdirilir. Todgigat, hor bir IEA yanasmasimn osas
catinliklarini vo mohdudiyysatlorini miizakirs edir, homginin somaraliliyin, migyaslana bilanliyinin vo
igtisadi samoaraliliyin artirilmasi li¢iin tolob olunan texnoloji tokmillogdirmoelori misyyanlosdirir.
Umumilikda, neticalor gostorir ki, FEGQ tatbiglorinde orimis duzlar kimi konfiqurasiyalar iistiinliik
toskil etso do, biitiin IEA texnologiyalarinda aparilacaq olave todgigatlar vo innovasiyalar, IEA
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texnologiyast olan FEGQ sistemlorinin tam potensialinin reallagdirilmasi1 vo davamli, barpa olunan
enerji sistemlarina global kecidin siiratlondirilmasi baximindan miihiim shamiyyat dastyir.

Acar sozlar: fokuslagdirict energetik giinog qurgulari, istilik enerjisi akkumulyasiyasi, giines enerjisi,
orimis duz.

TEHJAEHIIUU PA3BUTHUSA TEXHOJIOTUU AKKYMYJISALIMA TEILJIOBO SHEPT MU B
CUCTEMAX KOHHEHTPUPYIOIIIUX COJHEYHBIX DQHEPI'OYCTAHOBOK

KAJIBAJIUEB ®.P.

B nmaHHOI cTaThe paccMaTpHUBAaIOTCS COBpPEMEHHBIE TEHAEHLWM pa3BUTHUS TEXHOJOTHI
AKKyMYJIHpPOBaHUS TerIoBOM 3Heprun (ATD) M KOHIEHTPUPYIOMIUX CONMHEYHBIX SHEPrOyCTaHOBOK
(KC3Y). Ilpoananu3npoBaHbl UX OCHOBHBIE MPHUHLHUIIBIL, CYIIECTBYIOIINE HAMpaBICHUS Pa3BUTHUS U
MEPCIIeKTUBBI JIATBHEHINEr0 coBeplIeHCTBOBaHUs. [IpencraBieH 0030p OCHOBHBIX KOH(UTYyparmi
cucreM ATD, mccienoBaHbl MX MPUHIUIBI paOOTHI, CBOWCTB MPUMEHSEMbIX MaTEpUANIOB, a TaKXkKe
Bornpockl uHTerpanuu ¢ KCOY. B pabore 00cyxaaroTest KItoYeBble TPOOJIeMbl H OrpaHHYCHUS KaXKI0H
u3 Texnojoruit ATD, a Takke onpenensoTcsi HeoOXOMMbIE TEXHOIOTHYECKHUE YCOBEPIICHCTBOBAHUS
JUIs  TIOBBINICHUS 3(PQEKTUBHOCTH, MACHITAOMPYEeMOCTH M OJKOHOMHYHOCTH CHUCTeM. B 1ieiom
pe3yNbTaThl UCCIIEIOBAHMUS MTOKA3bIBAIOT, YTO, HECMOTPS Ha Ipeobiiaanne KoH(QUTYpaIiii Ha OCHOBE
paciaBieHHBIX cojieli B mpuMmeHennn KCOVY, manmpHelmme WCCIeqOBaHUS W WHHOBAIIMHM BO BCEX
HampaBieHmsIX ATD mMeloT BakHOE 3HAYeHWE I peair3anuu mosHoro moreHnuama KCOY ¢
CHUCTeMaMH aKKyMyJIHMPOBAaHHA TEIUIa M YCKOPEHHS TJI00aJbHOrO IIepexofa K YCTOWYHBBIM,
BO300HOBJISIEMBIM JHEPTe€THUIECKUM CHCTEMAM.

KniodeBble c/10Ba: KOHLEHTPUPYIOLIME CONHEYHBIE SHEPrOyCTAaHOBKH, AKKyMYJIUPOBaHUE TEIUIOBON
SHEPIUH, COJTHEYHAs SHEPTHs, PacIIaBICHHBIE COIU
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In isolated neutral networks, it becomes necessary to generate artificial overvoltages in order to perform
insulation testing of electrical equipment under load. In this context, it is required to establish the mathematical
relationships between the parameters of single-phase non-stationary ground faults. During such faults, the
dependencies among critical parameters—such as overvoltage multiplicity, ground-fault resistance, and fault
angle—are governed by complex laws. Therefore, adequate mathematical models must be developed to describe
these interdependencies under practical conditions. This study addresses the analytical determination of the
relationship between overvoltages arising in isolated neutral networks due to non-stationary ground faults, ground-
fault resistance, and the network’s phase-to-ground capacitance. For this purpose, a regression equation has been
derived to express the dependence of overvoltage multiplicity on ground-fault resistance and phase-to-ground
capacitance, and a corresponding 3D (spatial) representation has been constructed.

Keywords: isolated neutral network, overvoltage frequency, ground fault resistance, phase-to-ground
capacitance of the network, regression equation, 3D modeling

Introduction

It is well known that the failure of electrical equipment can lead to various injuries among
operational personnel, disruption of technological processes, and severe accidents. Therefore,
specific tests are conducted in advance to prevent such issues. In general, these tests are carried out
in the following cases: commissioning of equipment or installations, after an accident, following
scheduled or unscheduled maintenance, or after a certain period since the last inspection. Notably,
high-voltage insulation testing of electrical equipment is mandatory for isolated neutral power
networks with voltages up to 35 kV [1, 2].

In such networks, during single-phase ground faults, the ground-fault current is mainly
limited by the capacitive component. This, in particular, leads to the occurrence of arc overvoltages
at the initial stage of the fault. The level of overvoltage depends on the ground-fault parameters
(ground-fault resistance, network capacitance, and ground-fault angle). Therefore, in order to test
the network insulation under load, analysis and modeling of single-phase ground-fault processes
are required.

In isolated neutral networks, performing high-voltage insulation tests under load conditions
is of particular relevance for identifying potential equipment failures in advance and ensuring the
uninterrupted power supply to consumers [3, 4]. Research conducted in this field indicates that
various methods and tools have been proposed for such testing [5-7].

In [8], a description of simulation modeling of single-phase ground faults is presented, taking
into account the characteristics of isolated and compensated neutral networks. The proposed model
makes it possible to analyze transient processes during ground faults and to assess the influence of
various parameters on arc overvoltages. However, the model is not suitable for analyzing the
individual effects of specific network parameters.

In [9], overvoltages arising from single-phase ground faults in isolated neutral networks are
investigated. It is noted that the magnitude of overvoltage can reach 3-5 times the nominal voltage.
The necessity of establishing a mathematical relationship between arc overvoltage, ground fault
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resistance, and network capacitance is emphasized, although no description of the model is
provided.

In [10], a diagnostic methodology for single-phase ground faults in isolated neutral networks
is proposed. The results of electromagnetic transient process studies and overvoltage assessment,
obtained using a laboratory test bench capable of modeling 6-10 kV networks, are presented.
However, the practical applicability of the obtained results is not considered.

Foreign researchers highlight the importance of a comprehensive approach to the analysis
and modeling of arc overvoltages in isolated neutral networks [11]. The use of three-dimensional
models, spectral analysis, and regression methods enables more accurate prediction of network
conditions during single-phase ground faults and effective control of arc overvoltages under load
testing. Therefore, modeling the dependence of arc overvoltage on ground fault resistance and
network capacitance in isolated neutral networks is considered a relevant task for improving the
overall reliability of power systems.

In neutral-isolated networks, the application of overvoltages caused by single-phase ground
faults during testing requires thorough analysis and high-precision modeling of these processes.
Various mathematical models, including regression equations, are used to analyze the dependence
of overvoltage on network parameters. Such models make it possible to predict in advance the
multiplicity of overvoltage as a function of network characteristics. For example, in studies on
overvoltage modeling in 10 kV distribution cable networks under single-phase ground faults,
overvoltage calculations and analyses were performed [12].

In [13], the analysis of overvoltages in neutral-isolated networks during single-phase ground
faults was carried out, and the use of active resistance was proposed for overvoltage control. In the
related studies, the multiplicity of overvoltage in 6-35 kV networks under single-phase arc faults
was assessed, taking into account the influence of ground-fault capacitive current on the magnitude
of overvoltage. However, network parameter considerations were not incorporated into the
modeling [14-18].

Some works analyzed overvoltages arising from circuit interruptions during single-phase
faults, providing mathematical models and simulation results, although the combined influence of
network parameters was not considered [19]. In neutral-isolated distribution networks, the
grounding of the neutral by different methods and its impact on the overvoltage magnitude were
investigated using spectral and wavelet analysis techniques, with the EMTP-ATP software package
employed for modeling [20,21].

As noted above, studies in this field have not provided comprehensive evaluations of the
dependence of overvoltages on ground-fault parameters in isolated neutral networks during single-
phase-to-ground faults. Therefore, it is necessary to develop mathematical models that describe the
relationships among these parameters.

In [22], a method for testing insulation under load conditions in isolated neutral networks was
proposed. According to this method, based on Petersen’s theory, artificial non-stationary ground
faults are created in the network to test insulation under load. It should be emphasized that during
such ground faults, the magnitude of arc overvoltages in the networks depends on the ground-fault
resistance, the fault angle, and the phase-to-ground capacitance of the network. Hence, to determine
the value of the test voltage, it is essential to preliminarily establish the ground-fault resistance and
the fault angle. For this reason, identifying the dependencies of the multiplicity of arc overvoltage
in isolated neutral networks on ground-fault resistance, fault angle, and phase-to-ground
capacitance under non-stationary ground faults represents a relevant research problem.

1. Problem statement for the regression model of arc overvoltage

In general, to determine the dependencies among the aforementioned parameters, it is
necessary to perform a numerical solution of the system of differential equations characterizing the
transient process of single-phase earth fault in neutral isolated networks, using modern
computational technologies. However, the numerical solution of this problem is considerably
complicated due to the stiffness of the mentioned differential equations. In other words, since the
system of differential equations is nonlinear, in some cases the stability of the solution is
compromised and the results become distorted. Therefore, to overcome such difficulties, it is
essential to obtain analytical expressions defining the dependencies of the arc overvoltage
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multiplicity (k) on the earth fault resistance (R,), the earth fault angle (¢), and the phase-to-earth
capacitance of the network (Cf). It should be noted that, for this purpose, in [23,24] the dependence
of arc overvoltage on the ground fault resistance was considered; in [25,26] the dependence on the
ground fault angle was studied; in [27,28] the dependence on the phase-to-ground capacitance of
the network was analyzed; and in [29-32] analytical expressions were obtained for the dependence
of arc overvoltage on both the ground fault resistance and the ground fault angle, with proposals
made for their practical application.

A 3D model that takes into account the arc length and velocity during a single-phase ground
fault was developed. The model was experimentally validated on a test platform in real distribution
networks [33-35, 36]. However, in the proposed model, the influence of ground fault parameters
such as the ground fault angle and the network capacitance was not considered.

To address the issue of controlling voltage magnitude during load tests of network insulation,
it is also necessary to investigate the dependence of arc overvoltage on other pairs of parameters.
Therefore, as a continuation of the research carried out in this work, attention is given to developing
a simple and easily applicable regression model for the dependence of arc overvoltage on ground
fault resistance and phase-to-ground capacitance in isolated neutral networks. It should be noted
that although preliminary studies have been carried out by the authors for this purpose, due to the
relevance of the problem, further research is required to improve the accuracy of the obtained
mathematical model and to enhance its practical applicability. The regression model describes the
revealed interdependence between parameters, yet it does not explicitly account for the need to
assess risks arising during tests and to develop protective measures for equipment. At the same
time, the model cannot fully capture all nonlinear effects and the characteristics of transient
processes [37].

For a visual representation of the dependence of arc overvoltage on ground fault parameters,
three-dimensional graphs are used. This makes it possible to effectively analyze the overvoltage
level and to adopt more adequate decisions for its control.

2. Mathematical model of the dependence of arc overvoltage on network parameters

The analytical expression describing the dependence of arc overvoltage magnitude on the
ground fault resistance and the phase-to-ground capacitance of the network in an isolated neutral
system (¢ = const) caused by non-stationary ground faults is considered. For this purpose, the results
of experimental studies carried out on a low-voltage model of an isolated neutral network are used
(¢ =90°), as presented in Table 1 [22].

As seen from Table 1, the dependence of arc overvoltage multiplicity on the grounding
resistance and the phase-to-ground capacitance of the network can be approximated by the
following regression equation [38]:

k=i+£+c, (1)
R, C

0 f

here, a, b, ¢ — are regression coefficients.
If in equation (1) we accept the substitutions Ri = x and ==Y
0 f

k =ax+bhy+c, (2

1

Table 1.: Dependence k = (R, C;)

RO,Om C,,mkF
1 2 3 4 5 6 8
5 3,30 2,99 2,85 2,74 2,66 2,58 2,47
10 2,96 2,74 2,59 2,47 2,39 2,33 2,21
15 2,77 2,54 2,39 2,28 2,20 2,14 2,08
20 2,62 2,38 2,24 2,13 2,06 2,01 1,92
25 2,49 2,25 2,12 2,02 1,95 1,91 1,84
30 2,38 2,15 2,02 1,93 1,88 1,84 1,80
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Thus, the dependence of the arc overvoltage multiplicity (k) on the conductance of the
ground-fault circuit (x) and the reciprocal value of the phase-to-ground capacitance of the
network (y) can be approximated by a linear regression equation (Table 2).

Table 2.: Dependence k = f(x,y)

X y

1,00 0,50 0,333 0,250 0,200 0,167 0,125
0,200 3,30 2,99 2,85 2,74 2,66 2,58 2,47
0,100 2,96 2,74 2,59 2,47 2,39 2,33 2,21
0,067 2,77 2,54 2,39 2,28 2,20 2,14 2,08
0,050 2,62 2,38 2,24 2,13 2,06 2,01 1,92
0,040 2,49 2,25 2,12 2,02 1,95 1,91 1,84
0,033 2,38 2,15 2,02 1,93 1,88 1,84 1,80

The regression coefficients of equation (2) are determined by the following known
expressions [36]:

_ o) rkx)-rky)rxy) \
T o) 1—r2ry) |
b= ok) rky)-rkx)rxy) k 3)
a(y) 1-12(x,y) o
c=M(k)—aM(x) — bM(y).}

Here, M (x) is the mathematical expectation of the variable x, M(y) is the mathematical
expectation of the variable y, M (k) is the mathematical expectation of the variable k, o (x) is
the standard deviation of x, o (y)is the standard deviation of y, o (k) is the standard deviation
of k, r(x,y)is the linear correlation coefficient between x and y, r(k,x) is the linear
correlation coefficient between k and x, and r(k,y) is the linear correlation coefficient
between k and y.

The numerical values of the statistical indicators required for determining the regression
coefficients and identifying the desired model are obtained from the correlation table presented
in Table 3. The following notations have been adopted in the correlation table:

A=(4~MGF; B =(y,~MO)F; =k MK
£, = (6~ M (0)- (1~ M ()R = b - M) (6 - M) T, = ~M(k))-(y, - M)}

” — “; N, = (ax +by, +c—k ).

The data array consists of a volume of n=42, and the values of the statistical indicators
necessary for determining the coefficients, obtained as a result of calculations, are presented
below.

DX =343 Z y; =15,45; Z k, =97,62;
i=1 i=1 i=1
z X Z Yi Z i

M (x)= 1n =0,082; M(y):iﬂTzo,sss; M (k)= 1n =2,324;
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Table 3.: Correlation Table

i Xi Vi ki A; B; Ci E; P; T; L; N;
1 | 0,200 | 1,000 | 3,30 | 0,01400 | 0,39960 | 0,95201 | 0,07480 | 0,11545 | 0,61679 0,01399 | 0,00213
2 | 0,100 | 1,000 | 2,96 | 0,00033 | 039960 | 0,40413 | 0,01158 | 0,01165 | 0,40186 0,02334 | 0,00477
3 | 0,067 | 1,000 | 2,77 | 0,00022 | 0539960 | 0,19866 | -0,00948 | -0,00668 | 0,28175 0,01177 | 0,00095
4 | 0050 | 1,000 | 2,62 | 000100 | 0,39960 | 0,08744 | -0,02001 | -0,00936 | 0,18693 0,01650 | 0,00186
5 | 0,040 | 1,000 2,49 0,00173 0,39960 0,02746 -0,02633 | -0,00690 0,10475 0,05128 | 0,01630
6 | 0,033 1,000 2,38 0,00233 0,39960 0,00310 -0,03055 | -0,00269 0,03521 0,08712 | 0,04299
7 | 0,200 | 0,500 2,99 0,01400 0,01746 0,44317 0,01563 0,07877 0,08796 0,00868 | 0,00067
8 | 0,100 | 0,500 2,74 0,00033 0,01746 0,17281 0,00242 0,00762 0,05493 0,08439 | 0,05340
9 | 0,067 | 0,500 2,54 0,00022 0,01746 0,04653 -0,00198 | -0,00323 0,02850 0,07205 | 0,03349
10 | 0,050 | 0,500 2,38 0,00100 0,01746 0,00310 -0,00418 | -0,00176 0,00736 0,0415 | 0,00978
11 | 0,040 | 0,500 2,25 0,00173 0,01746 0,00551 -0,00550 0,00309 -0,00981 0,00641 | 0,00020
12 | 0,033 | 0,500 2,15 0,00233 0,01746 0,03037 -0,00638 0,00842 -0,02303 0,02568 | 0,00304
13 | 0,200 | 0,333 2,85 0,01400 0,00119 0,27637 -0,00408 0,06220 -0,01814 0,00460 | 0,00017
14 | 0,100 | 0,333 2,59 0,00033 0,00119 0,07060 -0,00063 0,00487 -0,00917 0,08055 | 0,04352
15 | 0,067 | 0,333 2,39 0,00022 0,00119 0,00431 0,00051 -0,00098 | -0,00226 0,06711 | 0,02572
16 | 0,050 | 0,333 2,24 0,00100 0,00119 0,00710 0,00109 0,00266 0,00290 0,03851 | 0,00744
17 | 0,040 | 0,333 2,12 0,00173 0,00119 0,04173 0,00143 0,00851 0,00705 0,00556 | 0,00013
18 | 0,033 | 0,333 2,02 0,00233 0,00119 0,09259 0,00166 0,01470 0,01050 0,02863 | 0,00334
19 | 0,200 | 0,250 2,74 0,01400 0,01389 0,17281 -0,01394 0,04919 -0,04899 0,01203 | 0,00108
20 | 0,100 | 0,250 2,47 0,00033 0,01389 0,02123 -0,00216 0,00267 -0,01717 0,06166 | 0,02320
21 | 0,067 | 0,250 2,28 0,00022 0,01389 0,00196 0,00176 0,00066 0,00521 0,05003 | 0,01301
22 | 0,050 | 0,250 2,13 0,00100 0,01389 0,03774 0,00373 0,00615 0,02289 0,01876 | 0,00159
23 | 0,040 | 0,250 2,02 0,00173 0,01389 0,09259 0,00491 0,01267 0,03586 0,01213 | 0,00060
24 | 0,033 | 0,250 1,93 0,00233 0,01389 0,15546 0,00569 0,01905 0,04646 0,04360 | 0,00708
25 | 0,200 | 0,200 2,66 0,01400 0,02817 0,11270 -0,01986 0,03972 -0,05635 0,02810 | 0,00558
26 | 0,100 | 0,200 2,39 0,00033 0,02817 0,00431 -0,00307 0,00120 -0,01103 0,04624 | 0,01221
27 | 0,067 | 0,200 2,20 0,00022 0,02817 0,01544 0,00251 0,00186 0,02086 0,03286 | 0,00522
28 | 0,050 | 0,200 2,06 0,00100 0,02817 0,06984 0,00531 0,00836 0,04436 0,00397 | 6,68888
29 | 0,040 | 0,200 1,95 0,00173 0,02817 0,14009 0,00699 0,01559 0,06282 0,02886 | 0,00316
30 | 0,033 | 0,200 1,88 0,00233 0,02817 0,19739 0,00811 0,02147 0,07457 0,05103 | 0,00920
31 | 0,200 | 0,167 2,58 0,01400 0,04047 0,06539 -0,02380 0,03025 -0,05144 0,05010 | 0,01671
32 | 0,100 | 0,167 2,33 0,00033 0,04047 0,00003 -0,00368 0,00010 -0,00114 0,03262 | 0,00577
33 | 0,067 | 0,167 2,14 0,00022 0,04047 0,03396 0,00301 0,00276 0,03707 0,01765 | 0,00142
34 | 0,050 | 0,167 2,01 0,00100 0,04047 0,09877 0,00637 0,00995 0,06323 0,00813 | 0,00026
35 | 0,040 | 0,167 1,91 0,00173 0,04047 0,17163 0,00838 0,01726 0,08335 0,03707 | 0,00501
36 | 0,033 | 0,167 1,84 0,00233 0,04047 0,23453 0,00972 0,02340 0,09743 0,06003 | 0,01220
37 | 0,200 | 0,125 2,47 0,01400 0,05897 0,02123 -0,02873 0,01724 -0,03538 0,08398 | 0,04303
38 | 0,100 | 0,125 2,21 0,00033 0,05897 0,01306 -0,00445 | -0,00209 0,02775 0,00549 | 0,00014
39 | 0,067 | 0,125 2,08 0,00022 0,05897 0,05967 0,00364 0,00366 0,05932 0,00462 | 9,24856
40 | 0,050 | 0,125 1,92 0,00100 0,05897 0,16344 0,00769 0,01280 0,09818 0,03880 | 0,00555
41 | 0,040 | 0,125 1,84 0,00173 0,05897 0,23453 0,01011 0,02017 0,11761 0,05922 | 0,01187
42 | 0,033 | 0,125 1,80 0,00233 0,05897 0,27487 0,01173 0,02534 0,12732 0,06589 | 0,01407
¥ | 3.430 | 15,450 | 97,62 | 0,13747 3,35869 5,25982 0,00000 0,62590 2,56695 1,52022 | 0,44830

n

Zn:(xi —~M(x)f’ =0,13747222; Z(yi —~M(y))* =3,35869048; Zn:(ki —~M(k))* =5,259829;

3 (% MG, ~M (1) =0; 3k ~ M), M (x)) = 0,6255;

i=1 i=1

i(ki ~M(k)Xy, =M (y))= 2,5669524;

i=1

n

Z‘ ax; + b>:(a +e—k I =1,520225995;
i=1 i

> (ax; +by, +c—k;)* =0,44830679.

i=1

Based on Table 3, variances, root mean square deviations, two-dimensional covariance
coefficients (correlation moments), and two-dimensional correlation coefficients for individual
quantities are calculated using well-known formulas. The obtained numerical values are as follows:
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2 (% =M(x)y 2 (v =M(y)f

D(x) == - =0,00327; D(y) == - =0,07997;
>k —=M(k))
D(k) == - =0,12523;

o(x)=+/D(x) =0,05721; o(y)=+/D(y)=0,28279; o(k)=+/D(k) = 0,35388;

(% - M)y, ~M(y)) 3 (k=M (KN, M (x))

=1

cov(X,y) =2 . =0; cov(k,x) == - =0,0149;
3 (kM (K)Xy, ~M(y))
cov(k,y) =" . =0,06112;
cov(Xx,y) cov(k, x) cov(k, y)

=0; r(k,x) = =0,73606; r(k,y) = =0,61073.

r(x,y) = ————== A
RN ) JDIDK D)D)

Then, based on expressions (3), the estimated values of the regression coefficients of equation

(1) or (2) are obtained as follows:
a=4,55; b=0,76; c=167.

Thus, after determining the regression coefficients, the dependence (2) between the
multiplicity of arc overvoltage caused by non-stationary ground faults in networks with isolated
neutral, the conductivity of the ground fault circuit, and the reciprocal value of the network’s phase-
to-ground capacitance can be explicitly written as follows:

k =4,55x + 0,76y + 1,67, 4)
3. Adequacy of the mathematical model
Let us verify the adequacy of the regression equation (4) obtained between the amplitude of
overvoltage during transient ground faults, the conductance of the ground-fault circuit, and the
reciprocal value of the network phase-to-ground capacitance. For this purpose, the multiple
correlation coefficient is calculated and its significance is tested using Fisher’s criterion [39].
The value of the multiple correlation coefficient is determined by the well-known expression:

2 2
R \/r (k, x)+r?(k, y)—22r(k, X)r(k, y)r(xy) _ 0.96.
1-r*(x,y)

The fact that the multivariate correlation coefficient is close to unity (R = 0,96 —
1) indicates that the dependence between the multiplicity of arc overvoltage, the conductivity of
the ground fault circuit, and the reciprocal value of the network’s phase-to-ground capacitance can
be considered a strong linear correlation

The significance of the multiple correlation coefficient is tested using the F-Fisher criterion.
It is known that, at a significance level of a, the regression equation is considered adequate if the
condition F > F(a, q4, q;) is satisfied [39], where g, and g, are the degrees of freedom.

The empirical value of the F-Fisher criterion, based on the given data, is determined as
follows:

E_ R® n-m-1 ;
-2 m (5)
Here, n is the number of experiments, n = 42; m is the number of factors, m = 2. According
to equation (5), the value of F = 229.22.
The critical value of the Fisher criterion F is obtained from the table depending on the
significance level (a) and the degrees of freedom (q4, q,) [39]:
=005 g =m=29,=n-m-1=42-2-1=39; F(a,q,,q,)=3,24.
Since F =229.22 > F(a,q,,q,) = 3,24, the multivariate correlation coefficient (R =
0,96) and the statistical significance of the regression equation are confirmed.
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The probable error of the multiple correlation coefficient is determined by the following well-
known expression:

1-R?
I (6)

Here, t(a;n —m — 1) is the tabulated value of Student’s criterion, which is taken from

statistical tables depending on the significance level (o) and the degrees of freedom (n-m-1) [39].
a=0,05 n-m-1=42-2-1=39; t(a,n—m—1)= 2,023

Then, according to expression (6), eg = +0,0245.

The determination index R? = 0,962 = 0,9216 shows that 92.16% of the variation in the arc
overvoltage multiplicity (k) is explained by the variation in the conductivity of the ground fault loop
(x) and the inverse value of the phase-to-ground capacitance of the network (y), while the remaining
7.84% is due to the influence of other unaccounted factors.

The mean relative and root-mean-square approximation errors are determined, respectively,
by the following well-known expressions:

- nlax. + by, -k
R T T 10096 - 3.60%
n4s ‘ K ‘
n

> (ax, +by, +c—k; )

o=\= =0,108.
n

£q =Ht(a;n-m-1)

4. Results of computer modeling

Thus, the dependence (1) between the multiplicity of arc overvoltage caused by non-
stationary ground faults in networks with isolated neutral, the ground fault resistance, and the
network’s phase-to-ground capacitance can be explicitly written as follows:

455 0,76
=4 —

0 f

k +1,67, (7)

Based on the regression equation (7) obtained using the OriginLab [40] software, a 3D
(spatial) representation of the dependence of the arc overvoltage multiple on the ground fault
resistance and the phase-to-ground capacitance of the network was constructed (Fig. 1).

From the analytical relation (7) and Fig. 1, it can be clearly observed that in isolated neutral
networks, the magnitude of the arc overvoltage during single-phase ground faults depends on the
network parameters (ground fault resistance and phase-to-ground capacitance). This provides a
practical basis for monitoring this dependence and ensuring the required value of overvoltage
during insulation tests of the network under load by means of appropriate control.

Fig.1. 3D representation of the dependence of arc overvoltage magnitude
on grounding resistance and the network phase-to-ground capacitance.
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As can be seen from the figure, there is a strong correlation between arc overvoltage,
grounding resistance, and network phase capacitance. The obtained simple regression model
makes it possible to effectively predict arc overvoltages at different parametric values of the
network, which is highly important for practical applications and for enhancing the reliability
of distribution networks. At the same time, the modeling results have shown that, particularly
at higher values of phase capacitance, an increase in grounding resistance leads to a decrease
in the arc overvoltage magnitude.

Conclusion

1. It has been confirmed that modeling the dependence of arc overvoltage in isolated
neutral networks on ground fault resistance and network capacitance is an essential tool for
analysis and under-load testing in such networks. The use and visualization of the obtained
mathematical model enable more accurate assessment of risks and overvoltages during single-
phase faults, ensuring more effective process control.

2. A practically implementable regression model has been developed to describe the
dependence of arc overvoltage magnitude, caused by non-stationary ground faults following
Petersen’s theory, on ground fault resistance and the phase-to-ground capacitance of the
network. The proposed analytical relationship between these parameters can be regarded as a
harmonic correlation and serves as a convenient mathematical model for theoretical
investigations.

3. The modeling results have shown that, particularly at higher values of phase-to-ground
capacitance, an increase in ground fault resistance leads to a decrease in overvoltage magnitude.

4. The research findings may be useful for power engineers in the design and
modernization of distribution networks. The developed regression model can be applied in the
Azerbaijani power system during insulation testing under load conditions to address the
management of arc overvoltages caused by single-phase ground faults in isolated neutral
networks.
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QOVS IFRAT GORGINLIYIN YERLO QAPANMA MUQAVIMOTI VO
SOBOKONIN YERD NOZORON FAZA TUTUMUNDAN ASILILIGININ 3D
MODELLOSDIRILMOSI

ORUCOV N.I.,, QULIYEV H.B., 9LIMBMMODOVA S.C.

Neytrali izolo edilmis sobokolords elektrik avadanliglarinin izolyasiyasinin yiik altinda
sinaqlarinin aparilmasi {igiin siini ifrat gorginliyin yaradilmasi zsruri olur vo bu zaman
birfazali qeyri-stasionar yerlo qapanma parametrlori arasindaki riyazi slagolorin miioyyon
edilmasi tolob olunur. Birfazali geyri-stasionar yerlo qapanmalar zamani ifrat gorginliyin
dofaliyi, yerlo gapanma miigavimati vo yerlo gapanma bucagi kimi vacib parametrlor arasindaki1
asililiglar miirokkob qanunuygunluqlara tabe olurlar. Odur ki, praktik soraitlor iiciin bels
parametrlorin 6z aralarinda asililiglarmi bilmoys imkan veron adekvat riyazi modellor
islonmolidir. Isdo geyri-stasionar yerlo qapanmalar noticosindo neytrali izolo olunmus
sobokolordo yaranan ifrat gorginliklo yerlo gapanma miiqavimoti vo sobokonin yera nozoron
faza tutumu arasindaki olagonin analitik olaraq miioyyon olunmasi problemina baxilmisdir. Bu
moqsadlo ifrat gorginliyin dofsliyinin yerlo gapanma miigavimati vo sobokonin yers nozoron
faza tutumundan asililig1 iigiin reqressiya tonliyi alinmis vo ona uygun 3D tosviri qurulmusdur.

Acar sozlor: neytrali izolo olunmus soboks, ifrat gorginliyin dofsliyi, yerlo qapanma miiqavimati,
sobokonin yers nazoran faza tutumu, reqressiya tonliyi, 3D modellosdirma.

3D MOJAEJIMPOBAHHUE 3ABUCUMOCTHU AYT'OBOI'O HEPEHAIIPS)KEHUSA OT
COINPOTUBJIEHUS 3AMBIKAHHAIO HA 3EMJTIO Y ®A3HOU
EMKOCTHU CETH OTHOCHUTEJIBHO 3EMJIN

OPY’KEB H.WU., I'YJIMEB I'.b., AIMMAME TIOBA C./.

HcnpiTanne M30ISIITAN  DJICKTPOOOOPYIOBAaHUS IO HArpy3KoH B CeTSX C HW30JMPOBAHHOH
HeliTpanpio TpeOyeT OmpeneNeHus] 3aBHCHMOCTEH MEXAy I[apaMeTpami, XapaKTepH3yIOIUMHU
oqHO(a3HBIM HECTalMOHAPHBIM 3aMbBIKaHUS Ha 3emito. OnpeneneHre TaKuX 3aBHCHMOCTEH B
OONBITMHCTBE CITy4aeB COMPSDKEHO C psoM TpymaHocTed. llosToMy amsi MpakTUYecKuX YCIOBUH
cienyer pa3paboTaTh MPOCThIE MATEMAaTUIECKHE MOEIH, TIO3BOJISIFOIINE Y3HATH 3aBHCHUMOCTH MEXKTY
3TUMH Tapamerpamu. B pabope paccmartpmBaercss 3afada OIPEENIEHUS 3aBHCHMOCTH MEXIY
MepeHanpspkeHueM, BO3SHHUKAIONIMM B CETH C HW30JUPOBAaHHONW HEHUTPANbl0 MPH HECTAI[MOHAPHBIX
3aMBIKaHUSAX Ha 3EMITI0, CONMPOTHBICHHEM 3aMBIKAHWIO Ha 3eMit0 U (a3HOH EMKOCTH CETH
oTHOCHTENbHO 3eMiu. C 3TOH Menbl0 MOJMYYeHO YpaBHEHHWE PETPEeCCHH 3aBHCHMOCTH KpPAaTHOCTHh
MepEeHAIPsKEHU OT COMPOTHBIICHUS 3aMBIKaHUS Ha 3eMITI0 U (pa3HOW €MKOCTH CETH OTHOCHUTEIHHO
3eMJIM M TIOCTPOEHO COOTBeTCTBYIoMIee 3D m3o0paxkenue.

KiroueBble ci1oBa: ceTH C M30JIMPOBAHHONW HEUTPANIbIO, KPATHOCTh NEPEHAIPSHKEHUS, CONPOTUBIIECHUS
3aMBIKaHHS Ha 3€MJTI0, (pa3HOI EMKOCTH CETH OTHOCHTENBHO 3€MJIH, ypaBHEHHUE perpeccud, 3D MoznenupoBaHue.
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Highly crystalline, hexagonal SrFei2Ow nanoparticles were synthesized using a simple, one-step co-
precipitation method. Two different chemical routes were employed to synthesize strontium hexaferrite
(SrFei2010) nanoparticles, and the resulting materials were analyzed in a comparative study. X-ray diffraction
(XRD) patterns of powders calcined at 800 °C confirmed that all samples crystallized in a hexagonal
magnetoplumbite structure with space group P6;/mmc. The temperature dependence of the samples' magnetization
was investigated in the range of 80-800 K under an applied magnetic field of 8.6 kOe. Similar Curie temperatures
were found for both samples (702 K and 706 K). However, the sample synthesized using polyvinylpyrrolidone
(PVP) exhibited significantly higher saturation magnetization (57.80 G-cm?g™") and coercivity (5167 Oe) than the
sample synthesized using Na2CO:s as a reducing agent. These results suggest that using PVP during synthesis
significantly affects both particle morphology and magnetic performance. The coercivity of the PVP-assisted
sample is more than twice that of the Na.COs-based sample, highlighting its potential for use in applications
requiring stable, robust hard magnetic materials.

Keywords: Strontium hexaferrite; nanoparticles; PVP; morphology; magnetization, coercivity

1. Introduction

The industrial focus on the development of high-frequency motor technologies requires
the production of new efficient, soft and hard magnetic materials having many superior
characteristics compared to existing metal magnetics. The use of such materials for the
preparation of magnetic cores can increase the strength of the magnetic field in electromagnetic
coil by several hundred times compared to existing fixed metal magnetics. From this viewpoint,
the researches dealing with new magnetic materials based on isolated metal particles is of great
interest to study the magnetic exchange mechanism through thin insulating layers and the
formation of multiphase ferromagnetic order in the theory of magnetism. As the magnetic cores
get their final shape after compression and their final magnetic and mechanical properties after
hardening, they can be immediately wired and assembled into the motor frame. This allows the
magnetic core manufacturers both improving the design and simplifying the engine
manufacturing process. For such applications, the use of M-type hexaferrites is more
appropriate [1-7]. Among them, strontium-based ferrites are particularly attractive due to their
high Curie temperature and environmentally friendly nature, which makes them suitable not
only for use in electrotechnical devices but also in medical applications [2]. Therefore, it is
important to employ synthesis methods that are simple, energy-efficient, and involve fewer
chemicals that pose minimal risk to human health.

There are various physical and chemical methods developed to obtain powdered
strontium hexaferrite nanocrystals including co-precipitation [8-9], solid-state reaction
(ceramic) [10] and hydrothermal [11-15] and green synthesis [16] methods. Lia et all. [16] used
modified solid-state method to obtain SrFei-O:s aiming to enhance the coercivity (HcJ) of
SrFei2019 by optimizing the synthesis parameters.
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Among the tested conditions, the use of Fe;O4 nanoparticles with a Fe/Sr ratio of 12,
sintered at 1100 °C, led to the formation of a self-composite structure comprising 70% nano-
sized and 30% micro-sized particles. This structure resulted in a significantly improved
coercivity of 348.9 kA/m. Zhanyong et al. [18] reported the synthesis of SrFei12010 hexaferrites
using a microwave-assisted solid-state reaction. The resulting particles exhibited high
crystallinity and large grain sizes, leading to a saturation magnetization of up to 72 emu/g.
However, due to the formation of multi-domain structures, the coercivity was relatively low
compared to single-domain particles. This study demonstrates the typical trade-off between
high saturation magnetization and lower coercivity in larger, multi-domain particles. SrFei201o
powder was successfully synthesized Garc 1a-Cerda et.al [19] via the sol-gel method. Authors
show that single-phase SrFei2O1s formed after calcination of the gel precursor at 800 °C, while
the sample calcined at 900 °C showed the highest magnetic performance, with a coercivity of
4783 Oe and saturation magnetization of 56.97 emu/g. Sol-gel auto-combustion was used by
authors [20, 21], and their properties were studied across various annealing temperatures. E.
Roohani et.al. obtained phase purity of SrFei2O19 above 950 °C, while magnetic saturation and
coercivity peaked at 1000 °C [20]. TEM revealed hexagonal nanoparticle growth with
increasing temperature, and FTIR/TGA confirmed structural and thermal changes. Kumar et al.
[4] used a controlled annealing method to enhance the structural and magnetic properties of
strontium hexaferrite (SrFei2O19). The samples exhibited a saturation magnetization (M)
ranging from approximately 56 to 72 emu/g, and the coercivity increased to 6105 G (=0.63 kOe)
—as aresult of controlled annealing at 950 °C. R. L. Palomino-Resendiz et al. [22] investigated
the thermodynamic and magnetic properties of SrFei2O:9 nanodisks synthesized using a
sonochemical method, examining how these properties change with temperature. The study
examines the oxidation kinetics and magnetic behaviour of this phase-pure, disk-shaped
nanomaterial, including its superparamagnetic characteristics, with a measured coercivity field
of 0.56 kOe at 100 K and a saturation magnetization of 71.05 emu/g.

All these literature studies showed that the methods used in the synthesis of
nanocrystalline materials significantly influence their size, structure and microstructural
properties [2-4, 12].

In the present study, two different reducing agents—polyvinylpyrrolidone (PVP) and
sodium carbonate (Na2COs)—were employed during the synthesis of strontium hexaferrite
(SrFei12019) nanostructures using a simple one-step co-precipitation method. The objective of
this study is to investigate the influence of these reducing agents on the structural, magnetic,
and optical properties of the synthesized materials.

2. Materials and methods
2.1. Samples preparation

SrCl-6H20, FeCls-6H20, polyvinyl pyrrolidone (PVP), sodium hydroxide (NaOH) and
sodium carbonate (Na2COz) were used as initial materials for the synthesis of SrFe12019 NPs
by two chemical methods.

Method 1 (Sample 1). SrCl2-6H20 and FeCls-6H20 salts with molar ratio of Fe/Sr =12
were dissolved in deionized (DI) water and mixed on a magnetic stirrer at a speed of 1200 rpm.
PVP was gradually added to the solution in small amount under continuous stirring. The
resulting mixture was then placed in an ultrasonic bath opearing at a 68 kHz frequency and
sonicated for 30 minutes. Subsequently, a 7M NaOH solution was gradually added to the initial
mixture in small portions under continuous stirring. The mixing was stopped at a 10.5 level of
pH, when a rapid precipitation of dark cranberry color precipitate occurred. The obtained
precipitate was repeatedly washed with DI water by centrifugation until the pH value reached
8. After filtering, the precipitate was poured into a ceramic pot and dried at 150 °C in drying
chamber, and calcinated at 800 °C for 4 h.
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Method 2 (Sample 2). Two solutions were prepared separately. The first solution,
containing SrCl.-6H-0 and FeCls-6H20 salts in a 1:12 molar ratio, was dissolved in deionized
(DI) water and stirred on a magnetic stirrer at 1200 rpm. The second solution was prepared by
dissolving 2.5M NaOHand 1M Na2CO:s in DI water. This solution was then gradually added to
the first one in small portions, under continuous mixing in an ultrasonic bath operating at 68
kHz. The process was stopped when thepH reached 10.5, at which point rapid precipitation
occurred. The resulting precipitate was repeatedlywashed with DI by centrifugation until the
pH value reached 8, then dried in a ceramic crucible at 150°C in a drying chamber and
subsequently calcined at 800 °C for 4 hours.

2.2.Instrumentation

The structural characteristics of SrFe12019 NPs were studied using Rigaku Ultima IV X-
ray diffractometer in grazing incidence diffraction (GIXRD) geometry at 1 degree of incident
X-rays with Cu Ko radiation source (A = 1.5406 A). Diffraction angle in the range of 20 - 90°
was used to identify the crystal structure of the samples. Scherrer equation and Williamson-
Hall (W-H) method assuming uniform deformation model (UDM) was used to determine the
crystallite size of NPs. Morphology and elemental analysis were conducted using Electron
microscope Zeissevo, Zeiss, Germany is used for analysis of morphology of the synthesized
NPs. The Raman spectra of the samples were recorded at room temperature using a
spectrometer Confotec MR350 (A = 532 nm, P = 3.0 mW). FTIR spectroscopy analysis was
performed at room temperature using an IR Affinity-1 (Shimadzu, Japan) by measuring the
transmittance spectra of the samples. Temperature dependences of the specific magnetization
of SrFe12019 NPs were obtained within 80-800 K temperature range in 0.86 T magnetic field
using a ponderomotive method. The magnetization loops for the samples were measured at
room temperature using a vibrating sample magnetometer (VSM, PPMS Cryogenic Ltd).

3. Results and discussion
3.1. X-ray diffraction

Figure 1 presents the X-ray diffraction (XRD) results of Sample 1 and Sample 2,
synthesized using both methods. The diffraction patterns were compared with the reference
XRD data of strontium hexaferrite (SrFei2O19) from the JCPDS database, which corresponds to
a hexagonal magnetoplumbite crystal structure with space group P6s/mmc (JCPDS card No.
33-1340). "As can be seen in Figure 1, the main difference between the graphs lies in the
intensity of the two most representative peaks: (107) (20 = 32.48°) and (114) (20 = 34.33°)
[20]. According to the literature [24], the observed differences in peak intensities may be
attributed to local variations in the Fe**/Sr*>" molar ratio, as well as to the synthesis method
itself. These factors can cause distortions in the tetrahedral, octahedral, and trigonal bipyramidal
interstitial sites within the hexaferrite crystal structure. Such distortions can alter the packing
density of the crystal lattice, leading to slight structural variations. This hypothesis is supported
by the results of the structural and magnetic characterizations.

Peaks of a-Fe:0Os are also observed in the XRD pattern of SrFei2O19 NPs. The main
characteristic peaks of a-Fe.Os are known to be at 33.2° and 35.6°, corresponding to the (104)
and (110) Muller indexes [23,24]. The peak at 33.2° has a lower intensity compared to the very
intense peaks of the SrFe12019 NPs. There is no peak observed at 35.6°, but there is a peak at
35.77°, which is identical to (108) and is related to the SrFe12019 NPs [20,25].

Although the XRD pattern of sample 2 (Fig. 1b) closely resembles that of sample 1 in
terms of peak positions, notable differences in the intensity of the diffraction peaks are
observed. This variation in peak intensity suggests differences in phase composition between
the two samples. A comparative analysis of the XRD data indicates that the sample synthesized
via the first method contains a relatively lower amount of the a-Fe.Os phase than the sample
prepared using the second method.
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Several mechanisms may account for this observation. One plausible explanation is that
during the wet chemical synthesis of SrFei-O19, Sr ions are partially lost during the thermal
decomposition stage, resulting in an excess of Fe ions. These surplus Fe** ions can subsequently
lead to the formation of the secondary a-Fe.Os phase [2].

Furthermore, due to the variability of chemical synthesis methods, it is likely that the
samples contain a-Fe20s phases in different concentrations. The subsequent sections of this
manuscript will provide a detailed analysis of these variations. According to the peaks recorded
on the XRD patterns, the crystallite size of SrFe12019 NPs were calculated by using Scherrer
equation:

D =0.9 AB:cos @ Q)

where, D is the average crystallite size, A is the wavelength of the X-ray source (Cu Ka , 1.54
A), B isthe integral breadth of the diffraction peak, which was calculated from the full width at
half maximum of the diffraction peak , and 0 is the Bragg’s diffraction angle. For comparison,
the Williamson—Hall method was also used for this purpose [26]. The term (S cos®) was plotted
with respect to (4 sin®) for the preferred orientation peaks of powder samples. £ is the peak
width at half-maximum intensity and @ is the peak position. Accordingly, the slope and y-
intersect of the fitted line represent strain and particle size, respectively. The plots showed a
negative strain for the SrFe12019 NPs. This strain may be due to the lattice shrinkage that was
observed in the calculation of lattice parameters. The results of the analysis for the SrFe12019
NPs samples are shown in Figure 1 (Inset).
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Fig.1. XRD patterns of SrFe12019 NPs obtained by two different chemical methods: (a) sample 1,
(b) sample 2. Inset: The W-H analysis of SrFe;2019 powder samples assuming UDM.

The calculated lattice parameters and the average crystalline size of different SrFe12019
samples are given in Table 1.

Table 1. Lattice parameters and average crystalline size of SrFe12019 materials obtained by
different synthesis method

Crystalline size,
a, nm c, nm Crystallite size (by D (nm)
Scherrer eg., (nm)
Sample 1 5.871 23.004 25 23.15
Sample 2 5.873 22.997 24.83 25.44
JCPDS card, 5.884 23.050 - -
No 33-1340

77



3.2. FTIR analysis

FTIR spectroscopy is an instrumental analytical method that can be used to identify
functional groups and the chemical structure of substances. This technique analyses the infrared
spectrum of samples with varying compositions by measuring molecular vibrations, which
allows for the precise identification of chemical bonds and functional groups [27-30]. Figure 2
shows the FTIR spectra of Samples 1 and 2 within the wavenumber range of 300—-4000 cm'.
Both samples display characteristic peaks at similar positions, suggesting the presence of
comparable vibrational modes. The prominent absorption bands observed at 442, 553 and 596
cm! are attributed to metal-oxygen (M—O) stretching vibrations within the crystal lattice.
These vibrations are characteristic of the M-type SrFei12010 hexaferrite phase [29]. The band at
596 cm! corresponds to Fe—O stretching vibrations in tetrahedral sites, while the bands at 553
and 442 cm correspond to Fe—O stretching modes in octahedral coordination. Although
strontium—oxygen (Sr—O) bonds are present in the structure, their vibrational modes typically
appear below 400 cm™ and exhibit low IR activity due to their predominantly ionic nature; thus,
they are not distinctly observed in the spectrum. The well-defined nature and positions of these
absorption bands confirm the successful formation of the hexagonal ferrite structure.

Transmittance (%)

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Fig.2. FTIR spectra of Sample 1 (blue curve) and Sample 2 (red curve)

However, sample 2 exhibits additional absorption peaks at 861, 908 and 1020 cm™. These
peaks are indicative of nitrate groups, residual carbonate or metal-OH species and C-O-C
stretching vibrations, respectively. The presence of a broad band near 1477 cm™ also suggests
the formation of carbonate groups. These features are likely to be associated with the use of
carbonate-containing precursors during the synthesis of SrFei2010 NPs using the second method
(Sample 2). In contrast, sample 1 exhibits relatively intense absorption bands in the 3259-3470
cm ! region, which are absent in sample 2. These peaks correspond to O—H stretching vibrations
and may arise from hydroxyl groups (—-OH) or adsorbed water molecules.

3.3. SEM analysis

Figure 4 a) and b) inducates the morphologies of the samples synthesised by both
methods. As shown in this Figure, the SEM images confirm the clear morphology which is the
formation of nanostructured ferrite. It can be seen that the morphology of samples is distributed
evenly and present the characteristic of hexagonal platelet and magnetic particles attract each
other, it results in agglomeration and overlap between those particles. There are, however,
discrepancies. The sample obtained by method 1 (sample 1) exhibits greater uniformity not
only in size, but also in morphology.

As can be seen, sample 1 consists of powdery spherical NPs. It can be estimated that the
average particle size of samples is approximately within the range of 20 - 30 nm. Sample 2
consists of hexagonal shaped particles of small thickness with a surface area of 1 - 4 pm?.
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Fig.3. SEM images of the SrFe;2019 NPs: a) sample 1, b) sample 2.

The elemental composition of the SrFe12019 materials, depending on the conditions of
formation, was estimated from measurements of the energy dispersive X-ray spectroscopy
(EDS) spectra. A typical energy dispersive spectrum for sample 1 and 2 are shown in Figure 4.

Fig.4. Typical energy dispersive spectrum of the SrFe12019 NPs.

The EDS spectrum of the samples exhibits signals from Sr, Fe, O and C. Comparing the
intensities of the Sr, Fe and O peaks, we can conclude that the content of these elements in the
films is close to stoichiometry. The presence of C in the spectrum is associated with the use of
a copper grid coated with an amorphous carbon film. A uniform distribution of Sr, Fe and O
atoms on the particle surface without local areas with an excess concentration of any element
has been established. The chemical composition of the samples was determined by averaging
the concentration values from 10 different points on the SrFe12019 NPs surface (Table 2).

Table 2. Elemental composition of the SrFe12019 NPs prepared by two methods.

Sr, at% Fe, at% O, at%

Sample 1 3.24 37.36 59.40
Sample 2 3.20 37.83 58.97
Calculation 3.12 37.50 59.38

3.3. Raman spectroscopy

Raman spectroscopy is a method of analysis that allows getting information about the
chemical structure, crystallization quality and interaction of the molecules that make up the
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substance without changing its chemical composition [11,28-32]. The comparative Raman
spectra of both sample 1 and sample 2 at room temperature are shown in Figure 5.

© ——sample 1
—— sample 2

Intensity (a.u.)

500 1000 1500
Raman shift (cm™)

Fig.5. Raman spectra of the SrFe12019 NPs: sample 1 (black line), sample 2 (red line).

As it can be seen, the crystallization of both samples proceeded well and the 338, 409,
531, 618 and 688 cm™ modes confirming the formation of SrFe1,019 a hexagonal magnetic
plumbite crystal structure with space group P63/mmc are observed [29-32]. Besides, the modes
of 224 and 292 cm™ confirm the formation of the nanocrystalline a-Fe,O3; phase that was
observed also during X-ray analysis. Analysis of the Raman spectra of both samples, has
revealed that the peaks in the spectrum of sample 2 shifted towards the short wavelength region
compared to sample 1 (mainly 537 cm™ and 1333 cm™). The peak observed at the position of
1319 cm? (in sample 2) indicates the formation of amorphous carbon during synthesis by both
methods. The signal coming to the detector from sample 2 is larger than that from sample 1.

3.4. Magnetic properties

Magnetic properties are strongly influenced by many factors, including the crystallinity,
size, shape, and crystal defects of the material. The Curie temperature is an important parameter
for magnetic materials, and it is also affected by the synthesis method, partial substitution of
metal cations with other metal ions, and other factors [4,8,12].

Temperature dependences of the specific magnetization of samples were obtained in the
temperature range 80-800 K in 8.6 kOe magnetic field using the ponderomotor method (Figure
6).
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Fig.6. Temperature dependence of the specific magnetization of SrFe;2019 NPs samples.
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The specific magnetization value at 80 K is 67.55 emu/g for sample 1 and 59.15 emu/g
for sample 2, which is slightly lower than the specific magnetization values of strontium ferrites
obtained by other technologies [2,3, 32]. With the rise in temperature, the specific
magnetization gradually decreases, and below the Curie temperature it decreases quickly until
becomes equal to zero. The Curie temperature is 702 and 706 K for samples 1 and 2,
respectively. According to the theory of the spontaneous magnetization process, as the
temperature rises, the distance between atoms increases, reducing the effect of exchange
interaction. Besides, as a result the of thermal motion law of continuous destruction of the
magnetic moment orientation of atom, the saturation intensity of spontaneous magnetization
decreases as long as the temperature not exceeds the Curie point. This leads to the destruction
of the regular orientation of the magnetic moment of atom, the absence of spontaneous magnetic
moment and the transformation of the material from the ferromagnetic phase to the
paramagnetic phase.

Figure 7 shows the room-temperature magnetization versus magnetic field, o(H)
hysteresis loop measurements with the maximum applied magnetic field of 30 kOe for the
nanocrystalline SrFe12019 materials produced by two methods.
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Fig.7. Magnetic hysteresis loops for SrFe12019 NPs at 300 K: (a) sample 1, (b) sample 2.

All these o(H) curves imply the hard ferromagnetic characteristics features of SrFe12019
NPs. The saturation magnetization (og), the remanent magnetization (o) and the coercivity
(Hc) were determined from the magnetization hysteresis loops at 300 K of the studied SrFe12019
NPs. It can be seen that the saturation of magnetization is reached at field of about 17 kOe for
both samples. The saturation magnetization (as), expressed in Bohr magnetons per formula unit
of SrFe12019, was calculated using the following equation:

__ 5585
S ng M’

1)

where M is the molar mass of SrFe12019 (1061 g/mol); 5585 is a conversion factor based on
Avogadro’s number and the value of the Bohr magneton, ng. is Bohr magneton number.

Using the values of specific residual magnetization, the residual magnetic moment (nR)
expressed in Bohr magnetons was calculated. The calculated values of ns, nr and coercivity
(Hc), for both samples at 300 K are presented in Table 3. As seen from the table, the coercivity
of sample 1 is approximately twice that of sample 2. Given that coercivity depends on factors
such as nanoparticle size, structural inhomogeneity, and other microstructural features, it is
assumed that the magnetic field required to reach saturation in sample 1 also contributes to its
higher coercivity. For the present SrFei2O1s materials, the or/os ratio is > 0.5, indicating that
all samples exhibit single-domain magnetic behavior [1].
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Table 3. Magnetic properties of SrFe;2O19 NPs samples at 300 K

o3, Ns, OR, NR, He, orl os

sample emu/g Us emu/g s Oe
No.1 57.80 10.98 29.43 5.59 5167 0.51
No.2 53.01 10.07 25.74 4.89 2091 0.50

Since nanostructured SrFei2O10 materials are highly sensitive to synthesis parameters,
differences in these parameters can directly affect the properties of the final materials. Significant
variations are observed in key magnetic parameters, such as saturation magnetization (Ms) and
coercivity (Hc), among SrFei2O19 samples synthesized by different methods; however, the cR/cS
ratio remains almost unchanged. Although certain magnetic properties reported in some of the
referenced literature are superior, the calcination temperature used in this study is considerably
lower. This offers notable advantages in terms of energy efficiency and cost-effectiveness.

5 Conclusions

The present study investigated the influence of processing conditions on the structural and
magnetic properties of nano-sized SrFei2O1s powders synthesized via a one-step sol-gel method
using two different chemical routes, with either PVP or NaCO:s acting as a reducing agent. X-ray
diffraction (XRD) analysis confirmed that samples synthesized using either method crystallized in
the hexagonal magnetoplumbite structure (space group P6s/mmc), with lattice parameters a and ¢
that were in good agreement with standard JCPDS data. Both XRD and Raman spectroscopy
indicated the formation of a predominantly SrFei2O1s phase, with a minor presence of a-Fe:0Os
observed in both synthesis routes.

Temperature-dependent magnetization studies demonstrated that increasing temperature
leads to disruption of magnetic moment alignment, resulting in a transition from ferrimagnetic to
paramagnetic at a Curie temperature of approximately 700 K for both samples. Magnetic hysteresis
measurements at room temperature revealed that one sample exhibited hard ferromagnetic
properties, while the other exhibited soft ferromagnetic properties. This indicates that magnetic
behaviour depends strongly on the synthesis method. Notably, using polyvinylpyrrolidone (PVP)
as a reducing agent altered the particle morphology and enhanced magnetic performance
simultaneously. This resulted in a higher saturation magnetization (57.80 G-cm?-g™') and coercivity
(5167 Oe) than that observed in the sample synthesized using Na.COs.This advantage can be partly
attributed to the fact that significantly less a-Fe.Os phase is formed when PVP is used, in contrast
to the use of sodium carbonate. Since o-Fe:Os is antiferromagnetic material with weak
ferromagnetic behavior at room temperature, its reduced presence contributes to the improved
magnetic characteristics of the final product, when PVP is used as a stabilizer rather than sodium
carbonate. The more than twofold increase in coercivity suggests that PVP-assisted SrFei2O1o
nanoparticles are promising candidates for applications requiring thermally stable, robust hard
magnetic materials.
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PVP va Na:CO; ISTIFADO EDILOROK SINTEZ OLUNMUS SrFeiz019
NANOHISSOCIKLORININ MAQNIT XUSUSIYYOTLORININ
MUQAYISOLI ToDQIQi

MUSAYEVA N.N., GREMENOK V.F., XBLiLOVA N.X, S_TANciK A.V.,
JALUDKEVIC A.L., MINCUKOVA O.F., BISINSKiY M.V.,
iZZOTOVA B.M., OLiZADO M.T.

Yiiksok kristallikliyo malik heksagonal SrFei2O1s nanohissaciklori sado, birmerholali

birgs ¢okdiirme (co-precipitation) tisulu ilo sintez edilmigdir. Stronsium heksaferrit (SrFei2019)
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nanohissociklorinin alinmasi iiglin iki miixtolif kimyovi yanagmadan istifado olunmus vo oldo
olunan materiallar miiqayisoali sokildo tohlil edilmisdir. 800 °C-do termik islonon tozlarin
rentgen difraksiya (XRD) naticolori biitiin niimunslorin P6s/mmc faza qrupu ilo heksagonal
magnetoplumbit strukturunda kristallagdigini tosdigqlomisdir. Niimunolordo maqnitlonmonin
temperatur asililig1 8.6 kOe xarici maqnit sahosi altinda 80—800 K intervalinda Syronilmisdir.
Hor iki niimuns ii¢iin yaxin Kiiri temperaturlar1 miioyyan edilmisdir (702 K va 706 K). Lakin
polivinilpirrolidon (PVP) istifads edilorok sintez olunan niimuno, Na.COs reduksiyaedicidon
istifads ilo alinan niimuns ilo miigayisads daha yiiksok doymus maqnitlonms (57.80 G-cm? g ™')
vo koersitivlik (5167 Oe) gostormisdir. Noticolor gostorir ki, sintez zaman1 PVP-don istifado
olunmas1 hissocik morfologiyasina vo maqnit xassalorine shomiyyatli doracads tosir edir. PVP
ilo sintez olunmus niimunanin koersitivliyi Na2COs osasinda alinmis niimunonin gostaricisini
iki dofodon cox tistoloyir vo bu da onun stabil va yiiksok etibarli sort maqnit materiallar1 tolob
edon qurgularda totbiqi tiglin perspektivli oldugunu gostorir.

Acar sozlor: Stronsium heksaferrit; nanohissociklor; PVP; morfologiya; maqnitlonmo; koersitivlik.

CPABHUTEJBHOE UCCJEJIOBAHUE MATHUTHBIX CBOMCTB
HAHOYACTHUI SrFei201, CAHTE3UPOBAHHBIX
C UCITIOJBb30OBAHHMEM PVP u Na:CO:s

MYCAEBA H.H., T PEMEHOK B.®., XA/IMJIOBA X.X., CTAHYUK A.B.,
JKEJYJIKEBUY A.JIl, MUHYYKOBA O.®., BYIIUHCKH M.B.,
N33ATOB B.M., AJIN3AJIA M.T.

Bricokokpucraminyeckue rekcaroHanbHble HaHOYacTULB SIFei2010 ObLITN CUHTE3UPO-
BaHbI C HCIOJIb30BAaHUEM MPOCTOTO OJHOCTAIUITHOIO METO/Ia COBMECTHOTO OcaxKaeHus. J[is
MOJIy4YeHUs HaHOYACTUIl cTpoHIMeBoro rekcadeppura (SrFeizOi) ObUIM MPUMEHEHBI JBa
pPa3IMYHBIX XHMHUYECKUX TMOAXO0Ja, a IMOJIydeHHble MaTepuaabl OBLIM CpPaBHUTEIHHO
npoaHanm3upoBanbl. Judpakrorpammer pentreHoBckoit mudpakuuu (XRD) mopomikos,
npokanéuueix npu 800 °C, moaTBepAMIIH, YTO BCe 00paslibl KPUCTAJUIM3YIOTCS B I'eKCaro-
HaJIbHOW CTPYKType MAarHeToIuIIoMOuTa € MPOCTPAaHCTBEHHOM rpynmoi P6s/mmc. Tewm-
repaTypHasi 3aBUCUMOCTh HAMarHWYEHHOCTH 00pa3oB uccienaoBaiack B auanazone 80—-800 K
IpH BHEITHeM MarHuTHOM TioJte 8.6 KOe. Oba obpasiia nokasanu oinskue TemiepaTypsl Kiopu
(702 K u 706 K). Omnako oOpasel, CHHTE€3MPOBAHHBIA C HCIOJIb30BAHHUEM IOJHUBHHUII-
nuppoaugona (PVP), mpoaeMoHCTprupoBasl 3HAYUTENILHO 00Jiee BHICOKYIO HAMarHUYeHHOCTh
HaceimeHus (57.80 G-cm3-g™") u xospuuTuBHOCTH (5167 O€) mo cpaBHEHHIO C 00pa3IoM,
noyyueHHbIM C ucnois3oBaHueM Na:COs; B KadecTBe BOCCTAHOBUTENA. DTH PE3YJIbTAThI
CBUJETEIHCTBYIOT O TOM, 4TO TpuMeHeHue PVP B xoje cuHTe3a CylecTBeHHO BIUSET Kak Ha
MOP(QOJOTHI0 YaCTHI, TaK M HAa UX MarHuTHele cBoiicTBa. KospuuTuBHOCTH 00pasiia,
nonyueHHoro ¢ PVP, Gosiee uem B /Ba pasa mpeBbIlIaeT 3HaYCHHUE AJIsl 00paslia Ha OCHOBE
Na:COs, uro mnom4Y€pKHBAET €ro MepPCHeKTUBHOCTh [UIsl MPUMEHEHHUS B YCTPOMCTBaX,
TpeOYIOMMX CTAOMIBHBIX U BHICOKOHAIEKHBIX KECTKUX MAarHUTHBIX MaTepUATIOB.

KiroueBble c10Ba: CTPOHITMEBHIN rekcadepput; HaHodacTHbl, PVP; Mmopdomorus; HaMarHm4eHHOCTS;
KOSPLIUTHBHOCTb.
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ZnO VARISTORLARININ FiZiKi VO ELEKTRIK
XUSUSIYYOTLORININ TOHLILI
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Moagalodo ZnO varistorlarmim fiziki vo elektrik xlisusiyyatlori genis tohlil olunmusdur. Todgigat zamani
miloyyon edilmisdir ki, varistorlarin etibarliligi vo uzundmiirliiliiyli texnoloji nozarstin keyfiyystindon, sintez
prosesinin sabitliyinden, asqarlama balansindan vo mikrostrukturun homogenliyinden asilidir. ZnO varistorlarmin
geyri-xatti elektrik xassalori onlarin denacik serhodlorinds formalasan baryer tobaqaleri ilo izah olunur. Homg¢inin,
polimer asasli nazik tobagali kompozit varistorlarm alinma texnologiyasi, onlarin asagi temperaturlu sintezi, kigik
olgiilari vo parametrlorinin asan tonzimlonmasi baximindan istiinliiklori gostorilmisdir.

Acar sozlar: ZnO, varistor, kompozit, mikrostruktur, metal oksid varistor, ani garginlik, fiziki vo elektrik
xassalori.

Metal oksid varistorlari, asasan ZnO (sink oksid) asasli keramik yarimkegirici cihazlardir
Vo onlarm goarginlik-carayan xususiyyatlori cox giclii geyri-xatti xususiyyatlora malikdir. Son
illorda arzinds bu varistorlar elektron, elektrik va enerji paylama sistemlorini ildirim impulslar1
vo ya kecid gorginliklori kimi zorarli yuksok gorginliklordon gorumag Ggtin an ¢ox istifads
olunan vasitalordon birins ¢evrilmisdir. Varistorlar keramik sintez tisulu ilo hazirlanir. Burada
qurulus asasan kegirici ZnO doanaciklorindan vo onlarin strafinda olan nazik izolyasiyaedici
baryerlordan ibarstdir. ZnO varistorlarinin asas moqsadi dovrani artiq gorginlikdon qorumaqdir.
Bununla bels, bu material aktiv dovro elementi kimi do genis istifado olunur. Garginlikdon
goruma hom elektron ddvrlor, ham dos enerji paylama va 6tlirms sanayesi tciin ¢ox vacibdir.
Moasalon, asag1 qiymatli vo yiiksak etibarli yarimkegirici komponentlordon ibarat olan dévralor
asason 120 voltlu dayisan carayan Xotlori U¢lin nazards tutulur. Lakin belo komponentlarin
enerji sistemindos yaranan ani yuksak garginliklora davam gotirs bilmayacayi hallar da istisna
deyildir. Varistorlarin is prinsipi, totbiq olunan garginliyin miayyan haddi asdiqda kegiricilik
gabiliyyatinin koskin sokildo artmasi ilo izah olunur. Bu geyri-xatti kegiricilik xisusiyyati
varistorlara hom asagi gorginlikli elektron qurgularda, hom do ylksok gorginlikli enerji
sistemlorindos effektiv qoruma funksiyasi yerina yetirmays imkan verir. Varistorlarin istifadasi
elektrik v elektron sistemlorinin istismar etibarliligini artirir vo potensial nasazliqlarin qarsisini
alir[1].

Toqdim olunan isin asas magsadi ZnO varistorlarinin mikrostruktur asililigi vo elektrik
xiisusiyyatlorinin tohlilidir.

Bu problemin miqyasini daha yaxs1 basa diismok ti¢iin cadval 1-ds verilmis molumatlara
baxag.

Bu codval, miixtolif sohor vo kond yerlorinds aparilmis sorgu naticasindo toplanmis ani
gorginlik yiiksolislorinin molumatlarini toqdim edir. Bu molumatlara osason gilinds bir neco dofo
1000 volt vo daha yliksok gorginliklor bas verir. Bu ciir yliksok gorginliklor osason kegid
impulslar1 vo ya ildirim firtinalar1 zamani yaranir vo qorunmayan yarimkegirici komponentlora
ciddi zarar vers bilir. Buna géro do mohsullarin etibarlilig1 ii¢ilin bels ani yiiksok gorginliklora
qarst qorunma tomin olunmalidir.
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Cadval 1
Ani gorginlik sigrayiglari

Yerlosmo On ¢ox rast Davametmo | Saatda orta Pik On giiclii gorginlik
némrasi | golinon gorginlik miiddati garginlik garginlik davametmosi
zirvasi (V) (us va ya dovr) say1 (V) (us va ya dovr)

1 300 10 psan 0.07 700 10 psan

2 500 20 psan 0.14 750 20 psan

3 300 1 dovr 0.05 600 1 dovr

4 300 2 dovrl 0.2 400 2 dovr

5 250 1 dovr 0.01 400 1 dovr

6 800 1 dovr 0.03 1800 1 dovr

7 300 10 psan 0.1 1200 4 dovr

8 1500 1 dovr 0.2 1500 1 dovr

9 2000 1 dovr 0.4 2500 1 dovr

10 1500 1 dovr 0.15 1500 1 dovr

11 1400 1 dovr 0.06 1700 1 dovr

12 600 3 dovr s 0.05 800 3 dovr

13 200 15 psan 0.1 400 30 psan

14 1000 4 dovr 0.1 5600 1 dovr

Molum oldugu kimi, ZnO varistorlari, “metal oksid varistor” adi ilo do taninir vo ilk dofa
Yaponiyada hazirlanmigdir. 1970-ci illorin ovvallorindo ABS-da GE-MOV ticaroat adi ilo
sonaye va istehlak avadanhqlarinin 1000 voltdan asag1 gorginliklorde qorunmasi {igiin toqdim
edilmisdir. Qeyd etmok lazimdir ki, ZnO keramika materiallarmin qeyri-xotti elektrik
xiisusiyyatlori lizorindos ilk todqiqatlar 1950-ci illorin sonlarinda Rusiyada aparilmisdir, lakin
bu materiallarmn totbiq imkanlar1 Yaponiya todqigatgist Matsuoka vo onun homkarlar
torafindon toxminan on il sonra kost olunmusdur. Bundan sonra ZnO varistor materiallarmin
inkisafi vo totbiqi iizorindo intensiv islor aparilmis vo bu materiallar ani gorginliklordon
goruyucu cihaz kimi genis istifado edilmoya baglanmisdir[2].

Hal-hazirda ZnO asaslh varistorlar yiiksok gorginliklor texnikasinda miixtalif sababdon
yaranan gorginlik (coroyan) artimlarinin mohdudlasdirilmasinda genis totbiq olunur. ZnO
asasindaki elementlorin volt-amper xarakteristikasinin qeyri-xattiliyi () 50-70 intervalinda
doyisir. Belo yliksok qeyri-xottilik ZnO varistorlarini digor yarimkegiricilorlo miigayisodo
ovazsiz edir.

Zn0O varistorlar1 ardicil-paralel baglanir vo dielektrik Ortiiyo yerlosdirilir. Varistorlarin
totbiqi zamani1 ohomiyyat kosb edon amillordon biri do onlarin parametrinin stabilliyidir. Bu
moqsadlo varistorlarin elektrotermiki kéhnolmasi aparilir: elektrik sahosinin tasiri goraitindo
varistorlar 403-423 K-o qadar qizdirilir, sonra isa otaq temperaturuna qoadar soyudulur.

Bu texnoloji omoliyyat varistorun agilma gorginliyinin(Uop), geyri-xattilik omsalinin(f3)
vo acilma gorginliyine qodor miigavimotinin(p) stabillosmasino kimi tokrar olunur.
Varistorlarin parametrlorinin stabil galmasi ii¢lin onlarin nomlikdon qorunmasi vacib sortdir.
Varistorlarin hazirlanmasinin son amoliyyat1 onlarin sithina elektrodlarin ¢okilmasidir. Bu
omoliyyat belo aparilir: elementlorin sothi kimyovi tomizlonir, sothine gilimiis pastadan
elektrodlar ¢okilir vo bisirilir. Elektrodlar1 otraf miihitdon miihafizo etmok ii¢lin onlarin sothi
laklanir. Onun qadagan zonasmnm eni diger yarimkegiricilordon, mosalon SiC-nin uygun
parametrlorindon boyiikdiir. Ona gore do agqarlanmamis ilkin ZnO-nun agilma gorginliyindon
sonrak1 miiqavimati daha boyiik oldugu ii¢lin onun geyri-xattilik amsal ki¢ik olmalidir. Lakin
qadagan zonasinin eninin bdyiikliiylino baxmayaraq bismo prosesinds oksigen catismazligina
gora ZnO-nun stexiometriyasi tohrif olunur vo ona goérs do n tip yarimkegiriciiliys malik olur.
ZnO-nun kristallitlori arasinda varistor effektinin formalagsmasini tomin edon ¢ox nazik
izoloedici oblast yaranir. En kosiyinin sahosi 1sm? olan ZnO varistoru amplitudu bir nego kA
olan corayan impulslarina davam gotirir va yiiksok gorginlik sigrayislarini is¢i gorginliys qador
asagi sala bilir[3].
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Biitiin keramika materiallarinda oldugu kimi, ZnO varistorlarinin da mikrostrukturasmin
nizamsiz olacagi gozlonilondir. ©gor, biitiin donociklorin sorhadlori hom elektrik baximindan
hom ds biitiin denaciklor dl¢ii vo forma etibarilo tam eyni olsaydi, o zaman varistorun Umumi
elektrik xarakteristikasi tok bir donocik sorhodinin xarakteristikast ilo eyni olardi[4,5]. Lakin
realliqda keramika mikrostrukturunda kicik pozuntular- mosslon, miixtalif paralel coroyan
yollarinda olan donacik sorhadlorinin sayindaki forqlor varistorun elektrod sathlori boyunca
corayanin ciddi sokildo doyismesino sobab ola bilor. Lakin qeyd etmok lazimdir ki, ZnO
varistorunun volt-amper xarakteristikasi ilo onun mikrostrukturu arasindaki olago, hom
donaciyin sorhadinin, ham do elektrik xiisusiyyatlorini tonzimlomoys imkan veran miithiim
vasitadir. Bu, konkret totbiq li¢iin optimal parametrlorin se¢ilmosini tomin edir.

Son illorde ZnO asasli nazik tobagali kompozit varistorlarin totbiqine do ¢ox yer verilir
[6]. Polimer osaslt nazik tabaqali kompozit varistorlar alinma texnologiyasinin sadsliyindon
basqa, boazi istismar parametrlorino goro do lstiin cohotloro malikdir. Polimer matrisasinin
kristallagsmasinin temperatur-zaman asililigii doyismaklo kompozit varistorlarin xassolorini vo
parametrlorinin sabitliyini nizamlamaq olar. Keramik fazaya asqarlar alavo etmoklo polimer
asasli kompozitlorin sathinin aktivliyini, homg¢inin volt-amper xarakteristikasinin geyri-xattilik
omsali va agilma gorginliyini nazaragarpacaq doracods doyismok miimkiindiir. Qeyd edak ki,
polimer osasli nazik tobogali kompozit varistorlarm almmma texnologiyasinin asagi
temperaturlugu, ¢oki vo hondosi dl¢iilorinin ¢ox kigik olmasi, geyri-xottilik omsal1 vo agilma
garginliyinin magsadouygun sokilds variasiyast miithiim praktiki shomiyyat dasiyir[ 7-21].

NOTICO

Isdo miioyyon olunmusdur ki, varistorlarin etibarhiligi vo uzundmiirliiliiyii texnoloji
nozaratin keyfiyyotindon asilidir. Diizgiin asqarlama balansi, sabit sintez etmo miihiti vo
mikrostrukturun homogen saxlanilmasi1 deqradasiya proseslorinin qarsisini ohomiyyatli
dorocodo ala bilor. Qeyd etmok lazimdir ki, ZnO varistorlar1 vo ZnO osasinda hazirianmis
kompozit varistorlarin xassolori yarimkeciricilor fizikasinin, keramika elminin vo elektron
cihaz miihondisliyinin garsiliql kosismosindo yerlosir. Bu materiallarin xiisusiyyatlorini dorin
anlamagla, daha etibarli, yiiksok enerjiyo davamli vo sabit qoruma elementlori istehsal etmok
mumkdndr.
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AHAJIN3 ®U3NYECKHUX U DJEKTPUUYECKHUX
CBOMCTB ZnO-BAPUCTOPOB

AXAJBAJIE III.M., HYPYBEWJIN T.K., UIMAHOBA A 41
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VY CTaHOBIIEHO, YTO HAJEKHOCTh U JOJTOBEYHOCTh BApUCTOPOB 3aBHUCIT OT KadyeCcTBa
TEXHOJIOTHYECKOT0 KOHTpoJisi. [IpaBmiibHbIN OanaHc JIerupoBaHus, CTaOUIbHAS Cpelia CUHTE3a
U TOJJIEp)KAaHUE OJHOPOJHOM MMKPOCTPYKTYPhl MOTYT CYHIECTBEHHO IPEIOTBPATUTh
npornecchl aerpaganuu. Cieayer OTMETHTh, YTO CBOWCTBA BapuUCTOpoB Ha ocHoBe ZNO u
KOMIIO3UTHBIX BapUCTOPOB, H3rOTOBIEHHBIX C UCHONb30BaHueM ZNnO, HaxomsaTcs Ha
nepeceueHny (PU3UKH TOIYIPOBOJHUKOB, HAYKH O KEpaMUKE M WHKEHEPUHU DIIEKTPOHHBIX
ycTpoiicTB. I'my0OKO€ MOHUMaHHE XapaKTEPUCTHK 3THUX MaTepHalioB IMO3BOJIIET CO3JaBaTh
Oosiee HaIEKHbBIE, YCTOWYMBBIC K BBICOKOW SHEPTUH U CTAOMIIbHBIC 3aIIUTHBIC JIEMEHTHI.

KuloueBbie caoBa: ZnO, Bapucrop, KOMIIO3UT, MHUKPOCTPYKTYpa, METAJIOOKCUIHBIN BapuCTop,
MTHOBEHHOC HAMpPsDKCHUE, (PU3MUECKHIE U JICKTPUUECKUE CBOMCTBA.

ANALYSIS OF PHYSICAL AND ELECTRICAL
PROPERTIES OF ZnO VARISTORS

AHADZADE SH.M., NURUBEYLI T.K., IMANOVAA'Y.

It was found that the reliability and longevity of varistors depend on the quality of
technological control. The correct doping balance, stable synthesis environment and
maintaining a homogeneous microstructure can significantly prevent degradation processes. It
should be noted that the properties of ZnO varistors and composite varistors based on ZnO lie
at the intersection of semiconductor physics, ceramic science and electronic device engineering.
With a deep understanding of the properties of these materials, it is possible to produce more
reliable, high-energy-resistant and stable protection elements.

Keywords: ZnO, varistor, composite, microstructure, metal oxide varistor, instantaneous voltage, physical
and electrical properties.
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TOKDiVARLI KARBON NANOBORULARIN ELEKTRON
QURULUSUNUN XiRALLIQDAN ASILILIGI
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Bu todgigatda tokdivarli karbon nanoborularm (SWCNT) elektron qurulusunun onlarin xiralliq
indekslarindon (n, m) asililig1 funksional sixliq nozariyyasi (DFT) gargivasinds aragdirilmigdir. Qrafen voragesinin
mixtolif istigamatlords bikilmasi nsticosindo yaranan xiralliq, nanoborularin enerji zolagi qurulusuna vo
keciricilik xassalorina shomiyyatli doracods tosir gostarir. Hesablamalar géstorir ki, (n—m) adadi 3-2 béliindikds
nanoboru metal davranig niimayis etdirir, béliinmadikds iso yarimkegirici xiisusiyyato malik olur. Bu farq, grafen
strukturundaki Dirak (K) ndqgtslorinin bikilms istigametine goro kvantlagdirilmis k-vektorlarla kasisib-
kosigsmomasi ilo izah olunur. DFT analizlori naticasinds karbon nanoborularin qadagan zolagmmn eninin hom
diametr, hom ds xiralliq bucagindan asili olaraq doyisdiyi miisyyan edilmisdir. Xiralliqdan asili elektron davranig
karbon nanoborularin nanoelektronika vo sensor texnologiyalarinda istigamato noazarst olunan totbiglori tg¢lin
fundamental baza yaradir.

Acar sozlar: karbon nanoboru, xirallig, elektron qurulug, DFT, qadagan zolagi, yarimkegirici, metal.

Giris

Karbon nanoborular (CNT) — qrafen varogalorinin silindrik formada bukulmosi
noticasinds yaranan birdlgiilii (1D) nanostrukturlardir vo unikal elektron, mexaniki va istilik
xususiyyatlorina gora son illords genis elmi maraq dogurur [1,2]. Bu strukturlarin kosfi 1991-
ciilds S. lijima tarafindon hayata kegirilmis vo 0 vaxtdan glinimuzs gadar karbon nanoborular
nanoelektronika, enerji dasiyicilari, sensor sistemlari Vo kompozit materiallarin inkisafinda osas
todgiqat istigamotlorindan birino ¢evrilmisdir [1].

Karbon nanoborularin an mihim xususiyyatlorindon biri onlarin elektron qurulusunun
xiralliq indekslarindan (n, m) asili olmasidir. Xiralliq indeksi, qrafen tobagesindoki iki osas
vektor (a1 vo a2) boyunca sarma istigamatini miiayyan edir va naticodo karbon nanoborunun
simmetriyasini vo elektron davranigini tam sokildo tayin edir [3,4]. Bu indekslor arasindaki farq
(n—m) borunun yarimkegirici vo ya metal xassa niimayis etdirib-etdirmayini milayyan edon asas
parametr hesab olunur. ©gor (n—m) adadi 3-a tam boltnurss, CNT metal, bolinmadikds isa
yarimkegirici olur [3,5].

Bu ganunauygunluq, qrafen strukturundaki Dirak (K) noqtslarinin karbon nanoborunun
kvantlasdirilmis k-vektor Xatlori ilo kasisib-kasismomoasi ilo izah olunur. Basqa s6zls, bukilma
istigamoti enerji zolaginin formalagmasma vo qadagan zolagmin yaranmasina birbasa toSir
goOstorir. Qrafenin ikidlgiilii metal davranisi boru formasina gevrildikdo kvantlasdirilmis k-
vektorlar yalniz miiayyon istigamatlords icazolidir. Bu istigamotlor K ndgtasindan kegirso
karbon nanoboru metal, kegmirss yarimkegirici xiisusiyyato malik olur [6,7].

Son illordo funksional sixliq nozariyyasi (DFT) kimi hesablama metodlarinin inkisafi
karbon nanoborularin elektron qurulusunun daha dagiq modellogdirilmasine imkan yaradib.
DFT yanagmasi vasitasilo karbon nanoborularin gadagan zolaginin eninin onlarin diametring,
xiralliq bucagina va struktur simmetriyasina gora neco doyisdiyi doqigliklo tohlil olunur [8,9].
Bu tip nozori todgigatlar karbon nanoboru 2 ossashi tranzistorlar, sensorlar vo kvant cihazlari
kimi tatbiglorin dizayninda asas baza rolunu oynayir.

Bu isds tokdivarli karbon nanoborularm elektron qurulusu DFT ¢argivasinds sistematik
sokilda arasdirilmis, miixtolif xiralliga malik strukturlar iigiin enerji zolag1 va hal sixligi1 (DOS)
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analizi aparilmisdir. Magsad (n, m) indekslorinin elektron kegiricilik davranigina tasirini
muoyyanlosdirmok Vo (n—m) mod 3 kriteriyasinin fiziki osaslarini nozari vo hesablama
baximindan izah etmakdir.

Noazari asaslar
QOrafen strukturu va Karbon nanoborunun yaranmasi.

Tokdivarli karbon  nanoboru (SWCNT) grafen veorogesinin miioyyan istigamatdo
silindrik formada biikiilmosi ilo yaranir. Qrafen ikidlgiilii altibucaqli kristal qurulusa malikdir
va hor karbon atomu sp? hibridlogmasi ilo ii¢ qonsu atomla o-rabito amolo gatirir, dordinci
elektron iso m-orbitalda yerlosir. Elektron horokatliliyi osason @ vo m* zolaglari vasitasilo tomin
olunur. Qrafenin periodikliyini toyin edon asas vektorlar asagidaki kimi ifado edilir:

& =2(.3), @ =2 (3-V3) <1>
Karbon nanoborunun qurulusu xiralliq vektoru ilo toyin olunur:
Ch = nay +ma; e

Burada (n) vo (m) tam ododlordir vo borunun xiralliq indekslorini gostorir. Bu vektorun
istigamaoti qrafenin hansi istigamotdo “biikiilocoyini” miisyyon edir.

Xirallig va nanoborunun tipi
Xirallig vektoru osasinda karbon nanoborular {i¢ osas qrupa boliiniir: Ziqzaq tip
nanoborular: (n, 0), Kiirsii tip nanoborular: (n, n), Xiral nanoborular: (n, m), (n£m, m#0)
Xiralliq bucag1 asagidaki kimi miiayyan edilir:
0 =tan™?! (@) (3)

2n+m

Bu bucaq karbon nanoborunun elektron xiisusiyyatlorini toyin edon asas parametrlordon
biridir.
Elektron qurulusun xiralligdan asililig

Qrafen strukturunun enerji zolag1 Dirak noqtalorinds (K vo K') kasisir va sifir qadagan
zolagina malikdir. Lakin qrafen veoroqosi boruya c¢evrilonds, yoni bir istigamotdo

kvantlagdirilma totbiq olunanda, yalniz miioyyon k-vektor komponentlori icazalidir.
Bu kvantlagdirilma sorti asagidaki kimi verilir:

C_h>-E=2nq, q€EZ 4)
Bu o demokdir ki, yalniz kvektorlar1 bu sorti 6doyirsa, enerji saviyyalori mévcuddur.
Ogor bu kvantlagdirilmig xstlordon biri qrafenin Dirak ndqtesindon (K) kecorss, karbon
nanoboru metal davranis gostarir; oks halda, Dirak noqtasi ilo kasilmadiyi {igiin qadagan zolag1
yaranir vo karbon nanoboru yarimkegirici olur.
Natico olaraq, metal vo yarimkegirici davranis {i¢iin sads kriteriya belo formalasir:

0, metal CNT

(n —m)mod3 =
# 0, yarimkecirici CNT

Bu kriteriya ilk dofa Saito vo Dresselhaus torofindon analitik sokilds tosdiglonmisdir [3].

Qadagan zolaginin eninin hesablanmasi
Yarimkegirici karbon nanoborular ii¢lin qadagan zolaginimn eni toqribon belo toyin olunur:

~ 2ayo .
E, ~ 0 |sin(30)] (5)

Burada:
Ey — gadagan zolaginin eni, a=0.142 nm = 0.142- C-C rabitasinin uzunlugu, y0~2.7 eV- =n-
elektronlarinin kegid enerjisi, di-nanoborunun diametri, -xiralliq bucagidir.
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DFT naticoalori empirik (tight-binding) modellarlos {ist-iisto diisiir vo (n—m) mod 3 kriteriyasini
tam sokildo tosdiqloyir. Qatqisiz (pristine) karbon  nanoborularin zona struktur qrafiklori
gostorir ki, yalniz (n—m) 3-o bdliinonlords zolaqlar Fermi soviyyasini kasir, digarlorinds iso
qadagan zolag yaranir.

e ((n-m)) 3-o boliiniirss — metal CNT

e ((n-m)) 3-0 boliinmiirso — yarimkegirici CNT
Bu fundamental qanun karbon nanoborularmn elektronika, optoelektronika va sensor
texnologiyalarmda mogsadli dizayni {i¢iin nazari baza togkil edir.

Hesablama metodu

Bu todgigatda (11,0), (12,0), (13,0) tipli zigzag tokdivarli karbon nanoborularin
(SWCNT) elektron xususiyyatlori funksional sixliq nozoriyyssi (DFT) ¢argivesindo
Oyronilmisdir.

Hesablamalar Atomistix Tool Kit (ATK, versiya 2023.09) proqraminda Lokal Sixliq
Yaxinlagsmas1 (LDA) asasinda aparilmigdir. lon-elektron qarsihiqli tosirlori Fritz-Haber Institutu
formalizmi, mibadilo vo korelasiya funksionallar1 iso Perdew-Zunger yanasmasi ilo tohlil
olunmusdur. Atomik orbitallarin xatti kombinasiyasi ilo genislondirilmis Kohn-Sham dalga
funksiyalar istifado edilmisdir. Enerji kasim dayarlori tamiz sistemlor tglin 75 Hartree gobul
edilmisdir. Struktur optimizasiyas: zamani qlivve Vo gorginlik ii¢lin yaxinlasma kriteriyalar
0.001 eV/A vo 0.001 eV/A3 olaraq toyin edilmisdir. Tors fozada inteqrasiya 1x1x5 Monkhorst-
Pack k-ndgts nimunalomasi ils icra edilmis, elektron temperaturu 300 K se¢ilmisdir.

Natica va muzakiralar

Bu bolmodo (11,0), (12,0) vo (13,0) xirallig indekslorino malik tokdivarli karbon
nanoborularin (SWCNT) elektron zona quruluslar1 funksional sixliq nozoriyyesi (DFT)
osasinda todqiq edilmisdir. Sokillordon (Sokil 1-3) gorunduyd Kimi, nanoborunun elektron
davranig1 onun xiralliq indekslarindon ciddi sokilds asihidir. Sokil 1-da (11,0) tipli nanoborunun
enerji zolag1 tosvir olunmusdur. Goriindiiyl kimi, Fermi soviyyosi (EF) ilo valent vo kegiricilik
zonalar1 arasinda miioyyan enerji boslugu mévcuddur. DFT hesablamalar1 noticasinds bu
boslugun eni 0.854 eV olaraq toyin edilmisdir. Bu bosluq nanoborunun yarimkegirici xassoya
malik oldugunu gostorir. Burada (n—m) =I1loldugu ii¢ciin bu doyar 3-o0 bolinmiir, yoni
(n—m)mod3+#0. Natico etibarilo, bu nanoboru yarimkegirici davranis niimayis etdirir. Sokil 2-
do (12,0) tipli SWCNT-nin zona qurulusu gostorilmisdir. Bu halda ener;ji zolaglarindan biri
birbasa Fermi soviyyosini kosir vo qadagan zolagi miisahido edilmir. Hesablanmis 0.08 eV
doyori nanoborunun metal vo ya ¢ox dar zolaql1 yarimkegirici xassoyo malik oldugunu gostorir.
Bu, nanoboruda elektronlarin sorbast horakat etdiyini vo sistemin metal davranig gostordiyini
tosdigloyir. Miivafiq olarag, (n—m)=12 oldugu ii¢iin 3-0 bdliiniir vo bu da (n—m)mod3=0
kriteriyasimna tam uygundur. Sokil 3-do (13,0) xiralliq indeksino malik nanoborunun enerji
soviyyalori tosvir edilmisdir. Bu strukturda yenidon Fermi soviyyasi ilo enerji zolaglar1 arasinda
qadagan zolag1 miisahids olunur. DFT hesablamalar1 naticasindo bu qadagan zolaginin eni 0.71
eV olarag miioyyon edilmisdir. Bu da nanoborunun yarimkegirici tobisto malik oldugunu
gostorir. Burada (n—m) =13— 3-5 boliinmiir, naticads elektron keg¢idi ii¢lin enerji tolob olunur.
Oldo edilon noticolordon goriindiiyii kimi, DFT hesablamalar1 nanoborunun elektron
xassolorinin onun xiralliq indekslorino vo (n—m) forqino birbasa bagli oldugunu aciq sokildo
tasdigloyir. Yoni,

0, metal CNT

(n —m)mod3 =
# 0, yarimkecirici CNT

Bu asililiq qrafen strukturlarinda Dirak ndqtolorinin (K ve K') nanoborunun
kvantlasdirilmig k-xotlori ilo kosigib-kosigsmomasi ilo izah olunur. ©gor bu xatlor K néqtosindon
kecirso, sistem metal, oks halda yarimkegirici olur [3,5].
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Eyni zamanda, DFT analizlori gostorir ki, nanoborunun diametri artdiqca qadagan
zolaginin eni azalir vo genis diametrli CNT-lor metal davranisa daha yaxinlasir. Bu, nanoboru
sistemlorindo kvant mohdudlasdirma effektinin zoiflomasi ilo slagodardir.

Beloliklo, alinmis noticolor hom nozori modellori (tight-binding yanasmasi), hom do ovvalki
eksperimental miisahidolori [4—6] tam sokildo dastokloyir va tokdivarli karbon nanoborularin
elektron xiisusiyyatlorinin dizayninda xiralligin miihiim rol oynadigin1 bir daha tosdiqloyir.

Bandstructure of SWCNT(11,0)
~

Energy (ev)
(=]
o

__-—‘-—""‘—-__

Sak1. (11,0) KNB-nun zona qurulusu

Bandstructure of SWCNT(12,0)

Energy (eV)

Sak.2. (12,0) KNB-nun zona qurulusu.

Bandstructure of SWCNT(13,0)

Energy (eV)

Sok.3. (13,0) KNB-nun zona qurulusu.
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NOTICO

Bu todgigatda tokdivarli karbon nanoborularin (SWCNT) elektron qurulusunun onlarin
xiralliq indekslorindon (n,m) asililigi funksional sixliq nozariyyassi (DFT) cargivasinda
sistematik sokildo arasdirilmisdir. Miixtalif xiralliga malik ((11,0), (12,0) va (13,0))
nanoborular ii¢iin aparilan hesablamalar naticasinds oldo olunmus zona quruluslari, karbon
nanoborularin elektron davraniginda (n—m) mod 3 kriteriyasinin halledici rol oynadigini aydin
sokilda tasdiglomisdir.

Hesablamalar gOstormisdir ki, (11,0) va (13,0) nanoborular ii¢iin qadagan zolagmin eni
muvafiq olaraq 0.854 eV vo 0.71 eV olub, bu strukturlar yarimkegirici xasso niimayis etdirir.
Oksina, (12,0) nanoboru ii¢iin gadagan zolaginmn eni 0.08 eV olmusdur ki, bu da onun metal
tobistini gostorir. Naticolor, (n—m) odadi 3-o bdlundikds karbon nanoborunun metal,
bélinmadikds isa yarimkegirici xassa gostardiyini nozari va hesablama baximindan siibut edir.

Eyni zamanda, nanoborularin diametrinin artmasi il qadagan zolaginin eninin azalmasi
misahido olunmusdur ki, bu da sistemds kvant mohdudlasdirma effektinin zsiflomasi ilo
olagodardir. DFT naticoalori six rabito modelinin analitik prognozlarini, hom do ovvoalki
eksperimental miisahidalori tam sokilda dostokloyir.

Beloliklo, karbon nanoborularn  xiralligdan  asili  elektron  qurulusunun
muoyyanlosdirilmosi, onlarmm nanoelektronika, sensor texnologiyalari Vo yarimkegirici
cihazlarin dizayni sahosindo moagsadli totbiqi ticiin fundamental elmi baza yaradir.
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3ABUCHUMOCTD 3JIEKTPOHHOM CTPYKTYPBI OJJHOCTEHHBIX
YIVIEPOJHBIX HAHOTPYBOK OT XUPAJIBHOCTH

I'ACAHOBA X.A.

B nanHo#i paboTe uccienoBaHa 3aBUCUMOCTb 3JEKTPOHHOM CTPYKTYpBI OJJHOCTEHHBIX
yriepoHbix HaHOTPYOOK (SWCNT) oT uxX XupajabHBIX MHAEKCOB (N, M) B paMKax TeOpUHU
¢ynkumonana miotHoctd (DFT). Iloka3aHo, 4YTO XHMpaJbHOCTh, BO3HUKAIOLIAas IPH
CBOpAuMBaHUM I'pa)€HOBOTO JIMCTA B Pa3IMYHBIX HANpaBJICHUSX, CYIIECTBEHHO BJIMIET Ha
30HHYIO CTPYKTYpPY U DJIEKTPONPOBOJAIINE CBOHCTBa HAaHOTPYOOK. Pe3ynmbraThl pacuéros
MOKa3bIBAIOT, YTO NpU (N—m), AensdmeMcss Ha 3, HaHOTpyOKa MpPOSBISET METaIIMYECKOoe
MOBEJICHHE, a B cilydae, Korja (n—m) He JeJUTCS Ha 3, — IMOJIyIPOBOJHUKOBBIE CBOMCTBA.
Taxoe paznuune 0OBsCHIETCS IepeceyeHUEM (MITH €ro OTCYTCTBHEM ) MEXKIy KBAaHTOBAHHBIMU
k-Bekropamu cBepHyTOro rpadenoBoro cinos u Toykamu Jlupaka (K) B mepBoil 30HE
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bpummtosna. Ananus B pamkax DFT Tarxke mnokasan, 4To IIMpUHA 3alperiéHHON 30HBI
YIJIEPOJHBIX HAHOTPYOOK M3MEHSIETCS B 3aBHCUMOCTH OT JUAMETpa TPYOKH M XHPAIbHOTO
yria. 3aBUCUMOCTh JJIEKTPOHHOW CTPYKTYpPBHI OT XMPAJIbHOCTH CO3/1aT (pyHIaMEHTAIbHYIO
OCHOBY JUIsl OpDUEHTUPOBAHHOT'O IPUMEHEHUS YIIIEPOIHBIX HAHOTPYOOK B HAHOZJIEKTPOHUKE U
CEHCOPHBIX TEXHOJIOTUSX.

KnroueBsie cioBa: yriepogHas HaHOTpYOKa, XUPaIbHOCTB, JJIEKTPOHHAs CTpyKTypa, DFT, 3anpeménnas
30Ha, MOIYIPOBOJHHK, METAIIN.

ELECTRONIC STRUCTURE DEPENDENCE OF SINGLE-WALLED
CARBON NANOTUBES ON CHIRALITY

HASANOVA Kh.A.

In this study, the dependence of the electronic structure of single-walled carbon nanotubes
(SWCNTSs) on their chirality indices (n, m) was investigated within the framework of Density
Functional Theory (DFT). The chirality arising from the rolling of a graphene sheet along
different directions significantly affects the band structure and conductive properties of carbon
nanotubes. The calculations reveal that when the difference (n—m) is divisible by 3, the
nanotube exhibits metallic behavior, whereas when it is not divisible by 3, it demonstrates
semiconducting characteristics. This distinction is explained by the intersection (or lack
thereof) between the quantized k-vectors of the rolled graphene sheet and the Dirac (K) points
in its Brillouin zone. DFT analysis further indicates that the band gap width of carbon nanotubes
varies with both the tube diameter and the chiral angle. The chirality-dependent electronic
behavior of SWCNTSs provides a fundamental scientific basis for their orientation-controlled
applications in nanoelectronics and sensor technologies.

Keywords: carbon nanotube, chirality, electronic structure, DFT, bandgap, semiconductor, metal.
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CTPYKTYPHBIE U OITHYECKHUE CBOMCTBA
HAHOKPUCTAJIVIMNTOB ZnTe u ZnTe:Cu

MAMEJIOBA C.A.

Baxunckuii 'ocyoapcmeennwiil Yuusepcumem
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Tonkue mnenku ZnTe 1 ZnTe:Cu ObuM MOTYYEHBI UMITYJIBCHBIM JIa3epHBIM OCaXk/ieHneM. JlerupoBanue
mwieHok ZnTe ¢ Cu ¢ Ienpl0 yBETUYEHUs KOHIEHTpAallMd HOCHTENEeH p-TUIIA M YCTAaHOBJEHHUS BIMSHUS
koHIeHTpauun Cu Ha CTPYKTYpHBIE, ONTHYECKHE M JJIEKTPUYECKHE CBOICTBa TOHKMX IUIeHOK ZnTe mms
paccMOTpeHHs UX IOTEHIMAJIbHOTO NPUMEHEHHs] B 3JIEKTPOHHBIX YCTpolcTBaX. IIpoBeneHsl HCCliemoBaHUS
PEHTITCHOCTPYKTYPHOT'O ~ aHaliu3a, PCEHTTCHOBCKOM  (POTOAIEKTPOHHON  CHeKTpockomuu, Y @-Buaumon
cnekrpockonuu U 3ddexra Xomna muenok ZnTe u ZnTe:Cu.

Kirouesble ciioBa: Tonkue wieHkd, ZnTe, ZnTe:Cu, onTHYECKHE U DIEKTPUIECKIE CBOKUCTBA.

Tennypun uunka (ZnTe) - mnomynpoBomguuk II-VI rpynmbl, KoTopblii  BbI3Ba
3HAYUTEIbHBIA UHTEPEC B MOCIEIHUE I'OJbI B CBSI3U C €r0 MPUMEHEHUEM B ONITOAIEKTPOHHBIX
ycrpoiictBax. ZnTe OTHOCHUTCS K p-THUILY, HOJIYIPOBOJHUK CO CTPYKTYpOH HHHK-OOMaHKa,
nocTosHHas pemetku 6,1037 A, mmpuHa 3ampemenHoi 30HBI 2,26 3B npu KOMHATHOI
temmneparype [1]. [lneaku ZnTe moryTt 3 GeKTHBHO UCTIOJIB30BATHCS B KAYECTBE MAaTEPHAJIOB
OKOH B T€TEPOINEPEXOAHBIX COTHEUHBIX JJIEMEHTAaX. ToHKMUE IeHKN ZnTe nenoap30Banuch B
TaHJIEMHBIX CTPYKTYpaX COJIHEYHBIX 3JEMEHTOB, B KOTOPBIX B KAauyeCTBE IOIVIOTUTEIS
ucnosbdyercss CdZnTe, a Takke Ui H3TOTOBICHHS] CTPYKTYp C KBAHTOBBIMH SMaMH
CdznTe/zZnTe [2].

Hccnenoanue nerupoBanHoro ZnTe BaKHO 17151 CO3JaHUs JOTIOTHUTENbHBIX YCTPOUCTB
(p-tuma), rubkux manenei [3], ToukomieHOYHbIX Tpan3ucTopoB (TFT) [4], HaHOIPOBOAOB M
CBETOIMO0/I0B [5]. B cBs3M ¢ ero moTeHIuaNbHbIM PUMEHEHHEM B YCTPOICTBAX OMTOAJIEKT-
POHHMKHM OBUIO MPOBEICHO MHOYECTBO HCCIIEIOBAHHUM MO OMPENECICHUI0 CTPYKTYPHBIX, OII-
TUYECKHUX U JICKTPHYECKUX CBOMCTB TOHKHUX IieHOK ZnTe [6]. ZnTe nerupoBaH pa3IMuHbIMU
3JIEMEHTaMU C LIEJIbIO YAYUYIIEHUS €ro MOJIYIPOBOJIHUKOBBIX CBOMCTB, YBEIMUYEHUE KOHIICHT-
paluy HOCHUTENEH U yMEHbIIEHHE YAESTbHOTO conpoTuBieHus [7]. Tem He MeHee CBelIeHUs O
JETUPOBaHUHU IJIEHOK ZnTe Meapio MeTOA0M MMIYJIbCHOTO Ja3epHoro ocaxaenus (MMJI) B
JIuTEepaType HEMHOTOYHUCICHHbI. METOl TO3BOJISIET TOYHO KOHTPOJUPOBATH TOJILMHY CJIOS,
BIUIOTH JI0 ATOMHOTO YPOBHSI, /U1 (JOPMUPOBAHUSI HAHOCTPYKTYP MyTE€M MOCIEAO0BATEIHHOTO
OCKJCHHS JABYX MAaT€pPHAIIOB; B JaHHOM cllyyae MCMONb30Baiuch muiieHu u3 ZnTe u CuzTe.
Takum o0pa3oM, BapbUpys TOJIIMHY CJOSI KaKJIOTO KOMIIOHEHTA, MOKHO KOHTPOJHUPOBATH
KOJIMYECTBO JIETHPYIOIIUX MpUMecedl B MOJydaeMbIX IUIEHKax Oe3 ydera oOmIeil TONIIUHBI
nakera. B gaHHOW paboTe MJIEHKM Tellypujaa IUHKa ObutH JerupoBaHsl Cu METOIOM
coocaxeHus1. Kpome Toro, nccieaoBanbl CTPYKTYpPHBIE, ONTUYECKUE CBOMCTBA, U MTPUBEICHBI
pe3yNbTaThl JIEKTPUUECKUX XaPAKTEPUCTUK JIETUPOBAHHBIX U HEJIETUPOBAHHBIX IJICHOK.

JlerupoBannbie (ZnTe:Cu) u HenerupoBanHble (ZnTe) MIEHKM HAHOCUIUCH METOAOM
PLD. B kauectBe nmomnoxek ucnoibzoBanu UTO crekna. Ilepen mpomeccom ocaxaeHus
CTEKJIa OYMIIAJIM B all€TOH, U30IPONAHOJ U JACHUOHU3UPOBAHHOM BOJE ITOJ BO3JAECHCTBUEM
yIABTPa3BYKa U CYIIMIN a30THBIM nucToneToM. [l abnsiun Murenei ucnons3zoBancst KrF-
Jazep ¢ JUIMHOW BOJIHBI 248 HM U AJUTENbHOCTBbIO uMmnyibca 20 He. 11 Bcex HambUIEHUM
CKOPOCTB JIa3epPHOT0 U3TydeHus cocTasisna 0,9 Jx/cm2 uactora 6 I'iy. JlerupoBaHHbIE IIEHKH
HaHOCHUJIUCH MOCJIEA0BATEIbHBIM METOJIOM OCAXKJIEHHUS, COCTOSIIUM U3 Tpex ctaauid. [lepBbiii
9Tal HAYMHAJCS C OCAXJIEHUs TOHKOTO cios (okoio 1-2 HMm) ZnTe B kadecTBe OCHOBHOTO
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Martepuana. BTopoll sTam 3akioyalics B HAaHECEHUM cJos Jierupyromero martepuana Cu
TOJILIMHOW MeHee 1 HM; M TpeTHH 3Tall CHOBAa 3aKJIHOYAJCS B HAHECEHUH TOHKOTO CJIOS
ocHoBHOro marepuaina (ZnTe). Hakoner, BTOpoil U TpeTHii 3Tarbl MOBTOPSUIUCH 10 T€X TOP,
1oka He OblJIa JOCTUTHYTa XKesaemast ToamuHa. [ 3 heKTHBHOTO KOHTPOJIS TOJIIIMHBI 0YEHb
BAXHO 3HATh CKOPOCTh OCAXKICHUS MaTEepHajoB, a s JISTUPOBAHUS JKelaTelbHbl Ooliee
HU3KHE CKOPOCTH OCaXACHUs, YTOObI 0OecneuuTh KOHTpPOJb JerupoBaHusd. KommuecTBo
BBICTPEJIOB KOPPEKTUPOBAJIOCHh B 3aBUCHUMOCTH OT CKOPOCTH HAHECEHUS KaXKIOW MHILEHHU.
Cootnomenne st ZnTe cocraBmsuio 0,007 mm/Beictpen, a maust Cu - 0,005 HM/BBICTpEIL.
OO6pa3upl npeacrasisaau codoit HenerupoBanHblii ZnTe (0) u ZnTe, nerupoBaHublil Menbio (1,
2, 3,4), c pa3nTUYHBIM KOJIMUYECTBOM BBICTPEJIOB 32 UK KaXXJ0T0 MaTepuaia Jjisi U3MEHEHUS
koHneHtpamuu Cu. Tonmmmeaa T1UIeHOK ObLIa MoaydeHa nmopsaka 165-200 am. C nenbro aud-
¢Gy3un Menu B MOJIYINPOBOJAHMKOBBIA MaTepual MOCHE OCaXIEHUsS JIETMpOBaHHbIE 00pa3Iibl
noasepranuck oTxkury npu 300 °C B armocdepe N2 B teuenue 30 muH B meun Thermco
MiniBrute. Ilocne ocaxnenus u mocniemyromnieii o0pabOTKH KPUCTALTUYECKYIO CTPYKTYPY
00pa31oB HACHTUPUIUPOBAIIN Ha peHTreHoBckoM audpakromerpe Rigaku Ultima 1 ¢ Cu Ka-
nznyyenuem (A=0,15406 um). g Bcex oOpa31oB peHTI€HOCTPYKTYPHBIM aHaJIU3 MPOBOIUIH
B quamnas3oHe 20—70 20 u koHcTaHTa ®=1° UCIIOJIH30BAIMCH BO U30€KAHNE BIUSHUS 110 UI0KKHA
Ha peHTreHorpammax. [Ipomyckanne Y®-Bua oneHuBamu ¢ HCHOJB30BaHUEM CIEKTPOGO-
tometpa Ocean Optics u mporpaMMHoro obdecriedenus Spectra Suite. MIsmepenus, moay4eHHbIC
M0 MPOIYCKAaHUIO, UCIIOJIb30BATIUCH AJISl pacueTa SHEPTrUil 3alperieHHOW 30HbI IS KaXI0TO
oOpa3ua. YaenbHoe 31eKTPOCONPOTUBIIEHUE, TOBHKHOCTh, TUII U KOHIIEHTPAIUs HOCUTENEH
OBLITM TIOJTYYEHBI TTyTeM u3MepeHus 3pdexra Xoia.

Ha puc.l moxa3zaHbl peHTreHOTpaMMbl HEJIETMPOBAHHOTO U JIETMPOBAHHOTO TOHKHX
mwieHok ZnTe ¢ pa3Hoii koHueHtpauueil Cu. PeHTreHorpaMmbl Ha puc. la COOTBETCTBYIOT
OCaXJICHHBIM 00pasiam, a Ha puc. 10 moka3zaHbl IPO(HIN OTOXKKEHHBIX 00pa3IIOB.
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Puc.1. Pentrenorpammsl, COOTBETCTBYIOIINE OCAKIEHHBIM U OTOXKXKEHHBIM
mwienkam ZnTe. (at %: 1-0,5, 2-1,3-2,4-4).

Ha puc. la nuku, HaOmromaeMble Ha PEHTIEHOIpPaMMax IOCJe OCaXKJeHHUs oOpasIloB,
yKa3bIBaIOT HA TO, YTO MJIEHKU MPEACTABIAIOT COO0O0H MONMKPUCTAITMYECKUE OTIIOXKEHUS,
OTHOCsIIMECH K KyOnueckoi ¢aze nmunkoBoi oomanku (JCPDS Ne 15-0746, ZnTe, Tenmypua
[MHKA, MOJHUKpUCTAITNYEeCKHi, a=b =c=6,103 A, 20=25,226°) ¢ cumbHO# OpPHUEHTALIUEN B
iockoctu (111), pacnosnoxenHoit nmox yrimom 25,2° ot 26. Ha puc. 16 nosiBASIOTCS MUKK MTPH
27,56°, 38,26°, 40,44° u 49,63° yrna 20, uro yka3piBaeT Ha U30BITOK Te. Bce aTu pe3ynbTaTsl
COTJIACYIOTCSI CO BCEMHM IPEICTABICHHBIMH B CChUIKE [ 8].

W3 puc. la Bugno, uro nob6aBnenue Cu B ZnTe CyliecTBEHHO HE BJIMSET Ha COCTaB
wieHok ZnTe, cnegoBarenbHO, HE TIOSIBISIFOTCSI BTOPUYHBIE (a3bl, cBsizanHbie ¢ Cu. C npyroi
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CTOPOHBI, JIETUPOBAHHbIE O0pa3lbl MPU OTKUIE COXPAHAIOT T€ K€ IUKHU, 4YTO M Heje-
THpPOBAaHHBIE 00pa3Lbl; TEM HE MEHEee, MOXKHO HAOI0AaTh OO0JIbIINE HHTEHCHBHOCTH M y3KHE
yreuku, cBasaHHble ¢ ZnTe. Kpome Toro, nosBuinche HOBbIE IUKH, cBsi3aHHbIE ¢ Te. Takoe
MOBEJICHHNE MOXXHO OOBSICHUTH TpolieccoM Au(p(y3uH, MPOUCXOAAIINM BO BPEMs OTXKHUIa,
korzaa atrombl Cu 3aMEHSIOT aTOMBI Zn, MPUCYTCTBYIOLIUE B KPUCTAIUIMUECKOMN PELIETKE, YUeEMY
ciocoOcTByeT 2P PeKTHBHBIN HOHHBINA paguyc Cu (73 mM), KOTOpbI MeHbIe aToMoB Zn (75
mM) [9]. JlermpoBanue Meapi0 M3MEHSET KPUCTAUIMYECKYIO CTPyKTypy ZnTe. Bomnee Toro,
HaJIMYME€ HOBBIX IMHKOB, COOTBETCTBYIOIIMX METAINIMYECKOMY TEIIYpPY, MOXKHO OOBSICHHUTH
maddysueit Mmenn yepe3 cioi TeluTypuaa Meau. Temryp ocTaics OAWH; 3TO OOBsACHSETCS
npenenoM n30bITKa 1y jerupoBanus ZnTe.

[Tonnas mmpuna Ha oayBeicote (FWHM) nukoB, HaOIr0aeMbBIX Ha pEHTTEHOTpPaMMax
JUIS OTOXKEHHBIX TOHKUX IJIeHOK ZnTe:Cu, ymeHbIaeTcs ¢ yBeanueHneM KoHneHTpauuu Cu
U TIOKa3bIBAET, YTO JerupoBaHue Cu CyIIECTBEHHO BIHSET Ha CTENEHb KPUCTAIIIMYHOCTH
ZnTe. IlonymupuHa 0OpaTHO MNPONMOPLMOHATIBHA pa3Mepy KPUCTAJUIMTOB U MOXKET OBITh
CBs3aHA C TOJMKPUCTAIUIMYECKONH mpuponoi twieHok [9]. Beuto ompenencHo BIusHUE
KoHUeHTpauuu Cu Ha pa3Mep KpUCTaUIMTOB B IJIeHKax ZnTe, a pa3Mepbl KpUCTAIITMTOB OBbLIIN
paccuntanbsl 1o dopmyne [ebas-Illepepa, ompeaensemoit ciemyromuMm oOpa3om: e t-
IaMeTp KPUCTAJUTMYECKOM 4YacTHUIlbl, A - JJMHA BOJHBI HCIOJB3YEMOTO PEHTTEHOBCKOTO
wsinyuenns (1,54 A, Cu Kal), B — mmupuna Ha nomyBbicoTe (paguanbl), 0 — yron paccesHus.
[IpuBeneHHbIE BbIIIE pPE3YNbTAaThl MMOKA3bIBAIOT, YTO JIETUPOBAHWE MEIBI0 BIMIET Ha
KPHUCTAJUIMYECKOE KadeCTBO OCakAeHHbIX IIeHOK ZnTe. KoHueHTpamuendn MOXHO
MaHUITYJIUPOBATh MYTEM MPaBUIBHOW PETYIHPOBKHU KOJIMYECTBA JIA3€PHBIX HUMITYJIbCOB Ha
MHUILIECHH Jierupyronied npumecu n tommuuel ciosg ZnTe. Ilo mamabiM PDA, atromer Cu
3aMelaT NO3UIKK Zn B OCHOBHOM MaTepHalle, 4YTO CMEUIAeTCs B APYTYI0 TOUYKY PEUIETKH,
YTO MPHUBOJNUT K PACHIMPEHHIO KpUCTAILIUTOB. [Tomoskenune muka (111) cmentaercst B CTOpoHY
OOJBIIMX YIJIOB MO Mepe yBenuueHus cojaepxanus Cu, co3iaBas OCTaTOYHOE HAINpsKEHUE,
BBI3BAHHOE MEXY3€JIbHBIM 3aMEUICHUEM MEIU U CHCTEMATHYECKOro BHeApeHHs MoHoB Cu B
y3eJ pemeTky Zn 6e3 U3MEHEHHUs ero KyON4eCKON KpUCTaUTMIECKON CTPYKTYPHI.

Onrtuueckoe moBeneHUe ooOpasnoB ZnTe omnpenemsuiock wmetogom  Y®-BUJIL
cnekrpockonusa. Ha puc. 2 mpencraBieHbl CHEKTPbl NPOIMYCKaHUs B AUAaNa3oOHE JJIWH BOJIH
300-900 uM. PaznuuHoe moBeneHUE MPOMyCKaHUs HAOIIOAANOCh MEXAY JerHpOBaHHBIMU
oOpasuamu ¢ oTxHUrom u 6e3 Hero. Harpumep, Ha mynnae BoaHbl 900 HM oca/IeHHBIE IIICHKU
JEMOHCTPUPYIOT 3HayeHHs mporyckanus B auanasone 60-80%. OOHapyKeHO KpacHoe
CMEIIIEHNE B OTOXOKEHHBIX 00pa3iax.

B mnenkax ZnTe u ZnTe:Cu 3HaueHUs 3amnpenieHHOW 30HBI PACCUUTHIBAIM ITyTEM
10CTpoeHus rpaduKa 3aBUCUMOCTH o2 OT hv (3HEpruu (POTOHOB) U SKCTPATOIALMH JTHHEHHOIH
yactu rpaduka Ha och hv. Ha puc. 3 mokazaHo BnusHue KoHIeHTparuun Cu Ha 3HAYCHHS
3ampenieHHON 30HbI JIsl OCAKJICHHBIX U OTOXOKEHHBIX MieHOK ZnTe u ZnTe:Cu. 3HadyeHus
3alpeleHHON 30Hbl JIETUPOBaHHBIX IJIEHOK ZnTe cBs3aHbl ¢ KOHUEHTpalMel Meau Hu
M3MEHSIOTCS B jauanazone 2,16-1,96 5B s oToxokeHHBIX 00pasnoB (cMm. puc. 3).
YMeHbIlIeHHe 3HAYCHUN 3ampelieHHONW 30HBI MOXKET OBbITh CBSi3aHO C A(P(HEKTOM Cy:KeHUs
3allpelieHHON 30HBbI, KOTOPBI SBISETCS OJHUM U3 Hamboyiee BAXKHBIX (U3NYECKUX
apaMeTpoB, BCTPEUAIOLIUXCS MPH CPEHEM U BBICOKOM JIETHPOBAHUU, U OOBIYHO CBSI3bIBAETCS
C TMOSBJICHUEM NPUMECHON 30HBI, OOpa3yrolleiics MepeKPhIBAIOUIUMUICS MPUMECHBIMU
COCTOSIHUSIMHU. ITO 00YCIOBIICHO YBEIMUEHHEM KOHLIEHTPAIIMH P-HOCUTEIEH U, KaK CIIeJICTBHE,
YMEHBILIEHUEM PACCTOSIHUS MEXKAY 2JIEKTPOHAMU 30HBI IIPOBOJAUMOCTH U JABIPKaMH BaJICHTHOU
30HBI.

CornacHo pesynabTataM 3¢¢exta Xosuia, o0pas3lbl JEeMOHCTPUPYIOT —IOJYIPO-
BOJHHUKOBOE MOBeJAeHUE p-Thma. KoHUEHTpanus HOCUTENEH ISl HEINETMPOBAHHBIX IJIEHOK
ZnTe cocrapnsna nopsaaka 3x10%° ecm =, a ana nerupopanubix mienok ZnTe — ot 3,8x108 1o
1,2x10% cm 3. Taxke 3amMeueHO, YTO yIeIbHOE CONPOTHBJIEHHE IUIEHKH yMEHBIIAETCS B
3aBUCHMOCTH OT KOHIeHTpauu Cu.
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Puc.2. Criextphl ponycKaHus JErHPOBAHHBIX (a) 1 oToxOKeHHbIX (0) mieHok ZnTe: Cu.

B pesynprare Hu3kas ckopocTh ocaxkiaeHuss Cu MO3BOJISIET Jydllle KOHTPOJUPOBATH
KOHUEHTPALIMKD HOCUTEIEH, HECMOTPS Ha HM3MEHEHHWE KOJIMYECTBA HWMIYJIbCOB 3a LMK
ocaxxaenusi. Ha puc. 30 mokazaHa 3aBUCHMOCTD YI€JIBHOTO COMTPOTUBIICHHS OT KOHIIEHTPAIUU
HOCHTEJIEN TOKA B 3aBUCUMOCTH OT KOHIIEHTpallMu MeIM B TJIeHKax ZnTe.
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Puc.3. 3aBucuMoCTb 3ampenieHHON 30HBI I OCakKIeHHBIX (1) M oToXokeHHBIX (2) miieHok ZnTe u
ZnTe:Cu (a) 1 3aBUCHMOCTH yJIEIEHOTO CONpOTHBIEHUS (1) ¥ KOHIIEHTPAIIMH HOCHTENEeH TOKa
(2) ot comeprxkanus Meau B TuieHKax ZnTe (0)

I[To mepe yBenuuenus koHueHTpanuu Cu B mieHkax ZnTe pa3mep KpUCTAIIUTOB
HEMHOTO YyBEIMYMBAETCS, KaK MOKa3bIBalOT pe3yibTarhl XRD; ciienoBaTenbHO, MIIOTHOCTh
IPaHULl KPUCTAITUTOB YMEHbILIAETCS, M 3T XapaKTEPUCTHKA MOXKET IMPUBECTU K MEHbIIEMY
HAKOIUICHHOMY 3apsly Ha TpaHulaX pasjiena, YTo MPUBEAET K YMEHBIICHUIO COIPOTHBICHUS
U YAETHHOTO COMPOTHUBIICHHUS, TJIABHBIM 00pa3oM, 3a CYEeT YBEIMYEHHUS KOHIICHTPAIUH
HOCHUTENEH.
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ZnTe u ZnTe:Cu NANOKRISTALLARININ STRUKTUR VO OPTIK XASSOLORI
MOMMODOVA S.A.

ZnTe vo ZnTe:Cu nazik toboagalori impulslu lazer ¢okintisi ilo alinmigdir. Mis (Cu)
asqarmin konsentrasiyasinin ZnTe nazik tabagsalorinin struktur, optik va elektrik xassalorino
tasirini miayyan etmak Vo desiklorin konsentrasiyasini artirmaq tigiin ZnTe tobagalori Cu ilo
asqarlanmis, onlarmn elektron cihazlarda potensial totbiqi imkanlar1 nazordon kegirilmisdir.
ZnTe vo ZnTe:Cu tobogalorinin  rentgen difraksiya analizi, rentgen fotoelektron
spektroskopiyasi, UB-goriinan spektroskopiyasi todgiqatlar1 aparilmis vo Holl effekti
Olctilmiisdiir.

Acar sozlar: nazik tobagslor, ZnTe, ZnTe:Cu, optik va elektrik xassalar.

STRUCTURAL AND OPTICAL PROPERTIES OF
ZnTe AND ZnTe:Cu NANOCRYSTALLITES

MAMEDOVA S.A.

ZnTe and ZnTe:Cu thin films were obtained by pulsed laser deposition. Doping ZnTe
films with Cu to increase the concentration of p-type carriers and to determine the effect of Cu
concentration on the structural, optical and electrical properties of ZnTe thin films to consider
their potential application in electronic devices. X-ray diffraction analysis, X-ray photoelectron
spectroscopy, UV-visible spectroscopy and Hall effect studies of ZnTe and ZnTe:Cu films were
carried out.

Keywords: Thin films, ZnTe, ZnTe:Cu, optical and electrical properties.
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Mogalodo Azorbaycanda borpa olunan enerjinin hazirki vaziyysti miizakiro olunur. Enerji sistemino
integrasiya zamani yaranan problemlor nozordan kegirilir vo onlarin halli yollari toklif olunur.

Acar sozlar: Alternativ Enerji Monbslori, glinas enerjisi, kilok enerjisi, hidroenerji, enerji sistemina
integrasiya problemlori.

Son onilliklords dunya birliyi iglim doayisikliyi, istixana qazlarinin emissiyasinin artmast
vo neft, kdomir vo tobii gaz kimi ononavi enerji moanbolorinin tiikonmasi problemloari ilo
Uzlogmisdir. Bu baximdan, daha davamli vo ekoloji cohotdon tomiz enerji monbalorine kegid
zorurati artr. Barpa olunan enerji manbalori (BOEM) bir cox dlkanin enerji strategiyasinin asas
faktoruna ¢evrilmisdir. Onlarm inkisafi karbo-hidrogen yanacaqlardan asililigin azalmasima vo
planetin ekoloji vaziyyatinin yaxsilasdirilmasina komok edir [1-4].

Boarpa olunan enerji monbalori — nisbaton qisa miiddat orzindo tobii yolla barpa olunan
resurslardir. Bumonbalara gilinas enerjisi, kiilok, su enerjisi, geotermal enerji va bioenerji aiddir.
Ononavi karbohidrogen yanacaqlarindan farqli olarag, bunlarin ehtiyatlari mohduddur va barpa
olunan enerji otraf miihito shomiyystli zoror vermodon mohdudiyyatsiz miqdarda mévcuddur.

Barpa olunan enerji monbalarinin getdikcoa daha vacib olmasina sobab olan bir ne¢o
amil
var.

1. ekoloji tohlukasizlik: BOEM-in osas Ustlnluklorindon biri onlarin ekoloji
cohotdon tomiz olmasidir. Barpa olunan enerji moanbalorinin istifadasi karbon qazi
emissiyasinin azalmasina, bununla da qlobal istilogsma prosesinin azalmasina komak edir;

2. onanavi resurslarin tiikonmosi: neft, kdmir va qaz ehtiyatlar1 tadricon azalir vo
uzunmuddatli perspektivds diinya bu resurslarin gatismazligi ilo Uzlogacokdir. BOEM
galocokds enerji tohllkasizliyinin asasi ola bilar;

3. iqtisadi fayda: texnologiyalarin inkisafi ilo borpa olunan enerji manbolarindan
enerji istehsali doyari azalir. Uzunmiiddotli perspektivdo bu monbalor karbohidrogen
yanacaqlarla miigayisads daha sarfali olur;

4. enerji mustogilliyi: BOEM-in inkisafina investisiya qoyan olkalor neft-gaz
idxalindan asililig1 shomiyyatli doracoads azalda bilar ki, bu da onlarin igtisadi vo siyasi
mastaqilliyini glclondirir.

Diinya enerji siyasoti getdikco BOEM-in inkisafina vo totbiqino yonalir. Beynoalxalq
Enerji Agentliyinin (BEA) prognozlarina gora, 2040-c1 ilo qodor barpa olunan enerji
monbolorinin qlobal enerji balansindaki pay1 30-40%-o godor arta bilor. Norveg, Islandiya vo
Kosta Rika kimi bazi dlkalordo BOEM iimumi elektrik enerjisi istehsalinin 90%-don ¢oxunu
toskil edir. Enerji yigimi sistemlorinin inkisafi vo fotovoltaik panellorin effektivliyinin
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artirilmasi kimi texnoloji yeniliklor bu prosesi siiratlondirir. Bununla belo, BOEM-in daha da
inkisafi UgUn siyasi dostok, investisiyalar vo beynolxalq omokdasliq tolob olunur.

Barpa olunan enerji manbolorinin enerji balansindaki payinin artirilmasi bir cox 6lks va
bolgalor iiclin vacib strategiyadir. Asagida bu prosesin bir nec¢o asas aspektino baxaq: [5]

-ekoloji tstiinliiklor: giinas, kiilok vo hidroenerji kimi BOEM-Ilar, istixana qazlariin
emissiyalarini azaltmaga vo otraf miihitin ¢irklonmasini minimuma endirmays komok edir. Bu,
iqlim doyisikliklori ilo miibarizads vo hava keyfiyyatinin yaxsilagdirilmasinda ohomiyyatlidir;

-enerji miistoqilliyi: BOEM-lorin inkisafi, karbohidrogen yanacaqlarin idxalina olan
asililig1 azalda bilor, bu da 6lkoni diinya bazarindaki qiymot dalgalanmalarina vo geopolitik
risklora daha az hassas edir;

- olave is yerlorinin yaradilmasi: BOEM-lorin paymin artmasi, enerji qurgularmin
inkisafi, tikintisi vo xidmat saholorinds yeni is yerlori yarada bilor. Bu, xiisusilo igtisadi
cotinliklor yagsayan bolgolor ti¢lin 6nomlidir;

-innovasiyalar vo texnologiyalar: BOEM sektorunun bdyiimasi yeni texnologiyalarin vo
innovasiyalarin inkisafina tokan verir ki, bu da istehsal somarsliliyinin artirilmasina vo enerji
istehsalinin xarclorinin azalmasina sobab ola bilar;

-dovlat soviyyasindo dostok: bir ¢cox 6lks, BOEM-lorin inkisafini stimullasdirmaq tiglin
vergi giizostlori, subsidiyalar vo BOEM-Iorin istifadosi {iclin hodof kvotalari kimi dostok
siyasatlori vo proqramlari totbiq edir;

-inteqrasiya  problemlori: BOEM-lorin  paymin  artirilmasi,  infrastrukturun
miiasirlogdirilmasi, elektrik tachizatinin sabitliyinin tomin edilmasi vo elektrik enerjisinin
keyfiyyetinin idars edilmosi kimi ¢agirislar da yaradir.

Beloliklo, BOEM-lorin paymin artirilmas: dayaniqli va ekoloji cohatdon tomiz enerji
sistemino ke¢idin agar elementidir, lakin yaranan problemlorin halli ii¢lin kompleks yanasma
tolob edir. Yarana bilon bir ne¢o problors nozor salaq: [6]

-istehsalin prognozlasdirila bilmomosi: BOEM-lor, masalon, giinas va kiilok enerjisi,
hava goraitindon asilidir, bu da onlarn istehsalin1 geyri-sabit vo ¢otin prognozlasdirilan edir;

-BOEM-larin istehsalinin doyiskanliyi sobabindon sabit enerji tochizatini tomin
etmok {iciin olava giico ehtiyac olur, bu da enerji sistemino yiik artirir;

-sobokonin sabitliyini tomin etmok {igiin enerji istehsali vo istehlakini balanslasdirmaq
lazimdir ki, bu da slave rezerv monbalori va ya enerji saxlama sistemlori tolob eds bilar;

-inteqrasiya problemlori: BOEM-lorin mévcud enerji sistemlorine inteqrasiyasi
infrastrukturun yenilonmasini vo sobokalorin daha ¢evik olmasini tolob eds bilor;

-idaroetmo ¢otinliklori: BOEM-lorin paymin artmasi onlarm doyiskon istehsalini
nazora alan daha miirakkab idaraetmo sistemlorini talob edir;

-enerji keyfiyyati problemlori: BOEM-lor enerji keyfiyyotinin parametrlorine, mosalon,
gorginlik vo tezlik kimi tosir gostora bilor;

Bu problemlori holl etmok ii¢ilin enerji saxlama sistemlorindon, agilli sobakalorin (smart
grids) inkisafi vo ¢evik istehsal texnologiyalarindan istifado olunmalidir.

Borpa olunan enerji monbslorinin (BOEM) isini prognozlasdirma problemi onlarin
dayiskonliyi vo prognozlasdirila bilmomosi ilo baghdir. Giines vo kiilok enerjisi cari hava
soraitindon asilidir vo bu sorait qofil doyiso bilor. Masalon, buludlug va ya kiiloyin istiqgamatinin
doyismosi istehsali oshomiyyatli doracodo azalda bilor. BOEM-lorin mévsimi doyismolori
vardir. Masalon, giinos panellori yayda qisdan daha ¢ox enerji istehsal edir, kiilok enerjisi iso
ilin dovriindon asili olaraq doyise bilir. Qisa miiddatli hava doyisikliklori do enerji istehsalinda
koskin dalgalanmalara sobab ola bilor. Bu problemlorinin halli prognozlagdirmanin miixtolif
amillorinin (mosalon, hava va istehsal hagqinda tarixi malumatlari nozors alan miirokkob riyazi
va statistik modellorin) istifads olunmasini talob edir. Lakin, bazi bolgalords iqlim vo BOEM-
lorin istehsali ilo bagh kifayot qodor molumat olmaya bilor, bu da doqiq prognozlarin
yaradilmasini ¢otinlosdirir.
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Bu problemlorin halli ti¢lin miiasir texnologiyalar vo monitoring sistemlarindaen istifade
olunur. Bu texnologiyalar prognozlarin deqiqliyini artirmaga va enerji idaroetma sistemlorini
uygunlagsdirmaga komok edo bilor [7].

Borpa olunan enerji monbolorinin (BOEM) istehsalindaki doyiskonlik, masalon, giinos
va kiilok elektrik stansiyalari, sabit enerji tachizatini tomin etmok i¢lin slava tadbirlar talob edir.
BOEM-Ior elektrik enerjisini hava soraitindon vo giindiiz vaxtindan asili olaraq istehsal edir.
Mosolon, giinas panellori aydin giinlordo vo giindiiz vaxtinda daha ¢ox enerji istehsal edir,
halbuki kiilok doyiskon ola bilor. Bu, enerji istehsalinin istehlakdan shomiyyatli doracods asagi
oldugu dovrlors sobab ola bilir.

Asagi istehsal dovrlorindo enerji c¢atigmazligini kompensasiya etmok ii¢lin rezerv
monbolors ehtiyac var. Bu, tolobat oldugda tez bir zamanda igo salina bilon ononavi elektrik
stansiyalar1 ola bilor. Lakin bu, istismar xorclorinin artmasma vo karbon tullantilarinin
coxalmasina sobab ola bilor.

Enerji istehsalindaki dalgalanmalar1 diizoltmok ii¢lin akumulyator batareyalar1 vo ya
hidroakkumulyator elektrik stansiyalar kimi enerji saxlama sistemlori totbiq olunur. Bu
sistemlor yiiksok istehsal dovrlorindo istehsal olunan artiq enerjini saxlamaga vo istehsal
azaldiqda istifado etmoys imkan verir. Lakin bels sistemlor baha basa goldiyindon shomiyyatli
sormaya tolob olunur.

Enerji sistemlori tolobin vo toklifin doyismosine uygunlasa bilmolidir, yoni istehsal vo
istehlak  proseslori arasinda daimi balans saxlanilmalidir. Bu, infrastrukturun
miiasirlogdirilmosini vo enerji axinlarini daha somoroli idaro etmoyo imkan veron
texnologiyalarin totbiqini tolob edir. Agilli sobokolorin (Smart Grids) istifadosi enerji
istehlakini vo istehsalin1 daha yaxsi prognozlasdirmaga imkan verir, bu da resurslarin daha
somoarali idars olunmasina va sistemin yiikiiniin azaldilmasima komok edo bilor.

Boarpa olunan enerji monbolorinin (BOEM) mdvcud enerji sistemlorino inteqrasiyast,
haqigoton, infrastrukturun yenilonmosini vo sobokalorin ¢evikliyinin artirilmasmi tolob edir.
Asagida nozoro alinmali olan bir nego aspektloro baxaq:

-prognozlasdirma gabiliyyotinin artirilmasi: BOEM-lorin effektiv inteqrasiyasi {i¢lin
sobokoalorin prognozlasdirma qabiliyyatinin ~ artirilmas:  lazimdir  Ki, bu da enerji
istehsalindaki dalgalanmalara va pik rejimlords yarana bilon problemlarinin holli {i¢iin cavab
vera bilsin. Bu, yeni transformatorlarin, elektrik xottlorinin vo diger komponentlorin
qurasdirilmasini tolob edacak;

-agill sobokalor (Smart Grids): Agilli soboko texnologiyalarinin totbiqi enerji axinlarini
daha somoroli idaro etmoyo imkan verir, istehsalgilar vo istehlak¢ilar arasinda olagoni
yaxsilagdirir. Agilli sobokolor real vaxtda molumatlardan istifado edorok sistemin isini
optimallasdirir vo onun doyisikliklora qars1 dayaniqligmni artirir.

-enerji saxlama sistemlori: Enerji istehsalindaki dalgalanmalar1 diizaltmak v sabokonin
stabilliyini tomin etmok {cilin akkumulyator batareyalar vo hidroakkumulyator elektrik
stansiyalar kimi enerji saxlama sistemlorino ehtiyaci var. Bu sistemlor, yiliksok istehsal
dovrlorindo istehsal olunan artiq enerjini saxlamaga vo istehsal azaldigda istifado etmoyo
imkan vers bilor.

-idaroetmo  ¢evikliyi: Enerji sistemlori tolobdo vo toklifdoki doyisikliklore
uygunlasdirmaq iiclin daha ¢evik olmalidir. Bu, siiratli sokilds iso salinabilon vo dayandirila
bilon ¢evik enerji monbolorinin istifadasini, homginin tolobin idars edilmasini tomin edon
texnologiyalarim totbiqini ohato edir.

-digor sistemlorlo inteqrasiya: BOEM-lorin yalniz elektrik sobokolorinoe deyil, hom da
istilik vo soyutma sistemlorino integrasiya oluna bilmasi vacibdir, bu da daha somarali vo
dayaniqli enerji sistemlori yaratmaga imkan vera bilor.

Infrastrukturun yenilonmosi vo sobokolorin gevikliyinin artirilmas1 ohomiyyatli
sormayalor va enerji sirkotlori vo istehlakgilar arasinda birgs soylor tolob edir, bu da, BOEM-
lorin ugurlu inteqrasiyasi ti¢iin zoruridir [7,8].
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Barpa olunan enerji monbalori (BOEM) elektrik enerjisinin keyfiyyst parametrlorins,
masalon, gorginlik vo tezliya tosir gostors bilor. Asagida nozors alinmali olan bir nega asas
moaqamlara baxagq:

1. Gorginlik: BOEM-larin istehsalindaki doyiskonlik, xususan do kulok vo gunos
qurgulari, sobokods gorginlik dalgalanmalarma sobab ola bilor. Enerji istehsali istehlaki
asdiqda, bu, gorginliyin artmasina, istehsalin az oldugu zaman iso gorginliyin
diismasino sobab ola bilar. Bu, elektrik cihazlarinin vo avadanliglarin islomosine monfi tasir
gostora bilor.

2. Tezlik: Elektrik sabokasinds tezlik sabit galmalidir (adatan 50 va ya 60 Hz bolgadan
asili olaraq). BOEM-lor istehsal vs istehlak arasindaki tarazliga qeyri- muoyyanlik gatiro bilor
ki, bu da tezlikdo doyisikliklora sobab ola bilor. ©gor BOEM- lordon goalon enerji istehsali
kaskin sokildo azalirsa vo ya artirsa, bu, tezliyin sabitliyini pozur.

3. Harmonikalarin omolo galmosi: BOEM-lor elektrik  sobokasindo  olavo
harmoniklorini yarada bilor. Bu, mitomadi coroyanin doyisdirilmoasi {igiin konvertorlarin
istifadasi naticasindoa bas verir. Harmoniklor, kabel vo avadanliqlarda slavs itkilora sabab olur.

4. Signal keyfiyyati: BOEM-lorin istehsalindaki miivaqqsti doyisikliklor sobokadoki
signal keyfiyyatina do tasir gostara bilor. Bu, isigin yanib-sonmasina va elektron cihazlarin
samaraliliyinin azalmasina sabab ola bilor.

5. Keyfiyyatin artirilmasi todbirlori: BOEM-lorin elektrik enerjisinin keyfiyyatino
monfi tasirini minimuma endirmok tclin mixtalif texnologiyalar tatbiq olunur, masalan, giic
idaraetmo sistemlari, reaktiv giicii kompensasiya edon kondensatorlar va harmoniklorin aradan
qaldirilmasi iigiin xtisusi filtrlor.

Muasir elektrik sistemlorinda, xtsuson do barpa olunan enerji manbolarinin (BOEM)
pay1 artdiqca, sobokonin inersiyasi azalir va naticads tezlik sabitliyi daha hassas hala gslir. Bu
sababdan gofil giic itkisi zamani tezliyin doyismo suratini sado metodla hesablamag vo onun
qarsisini almagq tigtin tolob olunan siratli ehtiyat gliciini misyyanlasdirmok vacibdir.

Iri giic blokunun qafil itirilmosi zamani tezliyin saniyado nego Hertz doyisdiyini tayin
etmok ti¢iin asagidaki diisturdan istifads olunur:

Af fo- AP

At 2- Encrsi}'a - P, imumi

Burada:

- fo = 50 Hz — nominal tezlik

- AP =300 MVt — gofil guc itKisi

- T_inersiya = 3 s — sistemin inersiya sabiti (saniys ilo)

- P_Umumi =8320,8 MVt — sistemin mumi giicu (baza gici)

Af  50-300
At~ 2-3-8320,8

~ 0,37 Hz/s

Bu o demakdir ki, 200 MVt gofil itki zaman tezlik saniyade toxminon 0,37 Hz azalir.
Bu doyar beynolxalq tocriibado qobul olunan tohliikasizlik hodlsrindon (=0,25 Hz/s) yuxaridir.

Tezliyin enms siirotini normativ hadde endirmok iiciin olave siiratli ehtiyat giicii tolob
olunur. icazo verilon effektiv itki belo hesablanir:

(Af/At)hadaf
(Af/At)taxtiki

A}:’icaza = AP X

va tolob olunan ehtiyat giic:

Pchtiyat = AP — Algicaza
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Noticada:

0.25
AP,... = 300 x =2 ~ 202.7 MVt
0,37

Puniyar = 300 — 202,7 = 97,3 MVt

Hesablama gdstarir ki, tezliyin tohliikesizlik haddindon artiq enmasinin qarsisini almaq
ticlin toxminon 97,3 MVt MVt ehtiyat giic lazimdir.

Bu iki hesablamani maqsadi — BOEM-in yiiksok payi soraitindo sobokonin
inersiyasinin azalmasmin tezlik sabitliyina tosirini komiyystlo gostormokdir. Noticolor aydin
sokilda siibut edir ki, barpa olunan monbalorin inteqrasiyasi artdiqca sistem operatoru siirotli
ehtiyat giiclori tomin etmoli, siini inersiya vo ¢evik texnologiyalardan istifade etmolidir.
Belslikls, bu sada qiymatlondirma ham problemin miqyasini, ham ds onun halli {i¢iin tolab
olunan texniki tadbirlorin shomiyyatini ortaya qoyur.

Tezlik Berpasi: BOEM Effektinin Simulyasiyasi

Simulyasiya Naticalarinin Toahlili: Tezlik Dayanighgina BOEM 9sash Nazaratin Tasiri
Togdim olunan grafik, t=1 saniys aninda sistemdo 300 MW-1liq qafil aktiv giic itkisi APsy;
basg verdikds enerji sisteminin dinamiki tezlik cavabinin miiqayisali tahlilini gostarir. Tohlil
iki forqli ssenari osasinda aparilmisdir:
e Mavi Xatt (Ssenari 1: BOEM Olmadan): Yalniz ananavi sinxron generatorlarin
nazaratindon (Droop va Pi tonzimlayicilor) ibarot klassik sistem.
e Qirmuz1 Xott (Ssenari 2: BOEM 1Ils): Ononovi nozarsto olave olarag, invertor
asasli BOEM-lorin (glinag/kiilok) "Siini Otalat™ (Virtual Inertia) vo "Siratli Giic
Ehtiyat1" (Virtual Droop) funksiyalarin1 tomin etdiyi tokmillogdirilmis sistem.

NOTICO

Borpa olunan enerji monbelorinin artan rolu iglim doyisikliyi vo tobii ehtiyatlarin
tilkonmosi ilo bagli qlobal problemlarin hallinds asas amildir. BOEM tokca ekoloji davamliligi
tomin etmir, ham do iqtisadi inkisaf vo enerji miistoqilliyi ii¢iin yeni imkanlar yaradir. Borpa
olunan enerji monbalarinin totbiqi v inkisafi tokco zorurat deyil, hom do basoriyystin daha
tohliikkasiz vo firavan golocoys dogru bir addimdir. Beloliklo, BOEM-lorin inteqrasiyast
elektrik enerjisinin keyfiyyotinin tomin edilmasi vo enerji tochizatinin sabitliyi ti¢iin kompleks
yanasma tolob edir.
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IMPOBJIEMbI BOSHUKAIOINHUE ITPH UHTEI'PAIIUHA BO3OBHOBJISIEMbBIX
NCTOYHHUKOB DHEPT'MH B DQHEPTETUYECKYIO CUCTEMY
N IIYTHU UX PEHHEHUA

MWP3AEBA C.M.,TACAHOB A.W., TEHJIAPOB A.O.

B crathe 0OcyxmaeTcsi COBpEMEHHOE COCTOSIHHUE BO300HOBISIEMOW JHEPreTUKH B
Azepbaiimxane. PaccmarpuBaroTcss  mpoOieMbl,  BO3HHUKAIOIIME TPU  UHTErpaluu
BO300HOBIISIEMBIX HCTOYHUKOB SHEPTUU B SHEPTETHUECKYIO CUCTEMY, U MIPEATIAraloTcs MyTH UX
pelIeHHUS.

KnioueBsbie c10Ba: anbTepHATHBHBIE HICTOYHUKH YHEPTUH, COJTHEYHAs! SHEPIHsl, BETPOBAst SHEPTH,
THAPOSHEPTH s, TPOOJIEMBI HHTEIPALIU B YJHEPTETHUECKYIO CHCTEMY.

PROBLEMS ARISING DURING THE INTEGRATION OF RENEWABLE ENERGY
SOURCES INTO THE ENERGY SYSTEM AND THEIR SOLUTIONS

MIRZAYEVA S.M., HASANOV A.l.,, HEYDAROV A.O.

The article discusses the current state of renewable energy in Azerbaijan. It examines
the problems that arise during the integration of renewable energy sources into the energy
system and proposes possible solutions.

Keywords: alternative energy sources, solar energy, wind energy, hydro energy, problems of integration
into the energy system.
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SUNI INTELLEKT TEXNOLOGIYALARININ ENERJI SISTEMLORINO
INTEQRASIYASI VO TOSIRLORI
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Suni intellekt enerji sistemlorini osashi sokildo doyisdirorok davamliliga, somoroaliliya vo gevikliys
ohomiyyatli doracads téhfo verir. Stini intellekt enerji tochizati vo tolobi balansin1 optimallagdirir, barpa olunan
enerji monbaloarini integrasiya etmokls va saxlama idaraetmasini tokmillosdirmoklo soboka sabitliyini yaxsilagdirir.
O, homg¢inin karbon ayaq izini azaltmaqla ekoloji davamliliga tohfo verir. Rogomsal enerji infrastrukturlari ilo
bagli artan kibertohllkasizlik risklari stini intellektls isloyan tohliikasizlik hallari ilo azaldilir vo avtonom enerji
idaroetmosi omaliyyat Xorclorini azaldir.

Acar sozlar: enerji sistemlori, siini intellekt, smart sobokalar, barpa olunan enerji.

1. Siini intellekt Enerji Sistemlori-Bu sistem potensiali vo golocok enerji resurslarinin
idars edilmoasinda rolu ilo diggsti calb edir. Enerji istehsali, 6tiiriilmasi va paylanmasi ti¢iin siini
intellekt hallori, xtisusan do avtonom elektrik nagliyyat vasitalori, agilli sobokalor va ragomsal
okiz texnologiyalar kontekstinds arasdirilir. Enerji talobinin prognozlasdirilmasi va tachizatinin
idara edilmoasini optimallasdiran siini intellekt hom do avtonom sistemlardoan istifads etmoaklo
elektrik enerjisinin kasilmosini vaxtinda askar etmoys Vo holl etmoays imkan verir. Bu
kontekstdoa agilli sabakalorin va barpa olunan enerji monbolorinin artan inteqrasiyasi enerji
tohlikasizliyino, davamliliga vo fasilosiz enerji tochizata nail olmaq moagsadi dasiyir.

Ogyalarm Interneti (IoT) vo Power Transmission Communication (PLC) texnologiyalar1
sayoasinda enerji sistemlorinin rogomsallasmasi siiratlonir. Bu sistemlor enerji paylanmasi
zamani molumatlarm daha stiratli 6tUrlilmasino imkan verir vo soboko rabitosi vo noazaratini
optimallagdirir. Bundan olavs, Vehicle-to-Grid (V2G) texnologiyasi elektrik noaqliyyat
vasitalorina soboko ilo iki istigamotli olage yaratmaga imkan verir ki, bu da enerji talobi
balanssizliginin azaldilmasinda vo sobokonin dayanigligmin artirilmasinda ohamiyyatli
iraliloyisdir. Oziinii sagaldan enerji dtiirma sistemlori kimi avtonom hoallor xotalar1 tez holl
etmoklo enerji tohlikasizliyini yaxsilasdirir, rogomsal okiz texnologiya iso virtual
modellosdirmos vasitasilo real vaxt performans tokmillasdirmolarini tomin edir.

Bu mogalo Si-nin enerji sistemlorino inteqrasiyasmin karbon izlorini neco azalda
bilacayini va ekoloji davamliligi neco tamin eds bilocayini arasdirir. Agilli soharlor va evlor
0T osash sistemlordon istifado edorok enerji istehlakin1 optimallagdirir.  Enerji
planlagdirmasmm somoraliliyini artrmaqla siini intellekt hom xarclori azaltmag, ham do
basariyyatin enerji ehtiyaclarmi 6demok Uglin mihim vasitaya ¢evrilir. Bu tadgigat golocok
enerji sistemlorindo stini intellektin strateji ohomiyyatini vurgulayir.

Girig. Stirotlo artan global enerji tolobati vo dayaniqli enerji monbolarino kegid stni
intellekto osaslanan enerji idaroetmo hollorini tolob edir. Arasdirmalar gostorir Ki, enerji
tolobatinin 2040-c1 ilo gadar 30% artacagi gozlonilir. Bu, enerji infrastrukturunda somaraliliyin
va ¢evikliyin artirilmasini tolob edocok. Bu taloblors cavab olaraq, siini intellekt agilli soboko
idaroetmoasi, mikro vo makromiqyasl enerji resurslarinin inteqrasiyasi vo nasazligin qarsisinin
alinmas1 kimi kritik sahalords asas rol oynayir. ©sas monitorinq vo optimallasdirma sistemlori
bu gun istifads olunsa da, stini intellekt tam avtonom enerji idaroetmosini, qabaqcil nasazligin
qarsisinin almmasi vo barpa tsullarmi vo ylksok samarali enerji saxlama hallorini tamin
edacayi proqnozlasdirilir.
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Artan enerji tolobat1 bu texnologiyalarin ohamiyyatini daha da artirir. Qlobal enerji
tolobatinin 2020-2050-ci illor arasinda 50% artacagi progqnozlasdirilir. Bu artimin boyiik hissasi
Asiyada suratli igtisadi artim vo ohalinin artimi ilo baghdir. Xiisusilo inkisaf etmokds olan
igtisadiyyatlarda enerji tolobati OECD olkalorindon daha siratlo artir. Qlobal elektrik
tolobatinin 2030-cu ilo gador 75% artacagi gozlonilir ki, bunun da boyuk hissasi elektrikli
nogliyyat vasitalori vo soyuducu sistemlor kimi yeni texnologiyalara olan ehtiyacdan irali galir.
Elektrik enerjisina talobat 2050-ci ilo gadar 150% artacagi, qlobal enerji istehsalinda barpa
olunan enerjinin paynin iso 80%-o ¢atacagi gozlonilir. Bu molumatin isiginda, enerji idaragiliyi
getdikca siini intellekt texnologiyalarina va barpa olunan enerji manbalarinin inteqrasiyasina
etibar edacok. Stini intellekt ham ds enerji istehsali va istehlaki arasinda balansin alds edilmasi,
tolobatin prognozlagdirilmasi vo enerji tochizati tohlukasizliyinin tomin edilmoasi t¢un osas
texnologiyaya cevrilir.

Ononovi elektrik oturict sistemlorinin morkazlosdirilmis strukturu borpa olunan enerji
monbalarinin va 6turici va paylayici sistemlarin dayison istehsal guicl ilo bir araya sigmur. Siini
intellekt enerji istehsali vo istehlaki arasindaki balanssizligi 80%-o Qodor azalda bilor.
Almaniyada stini intellekt sayssindo glinos enerjisi istehsali dalgalanmalar1 50%-don 10%-o
endirilib. Bundan olave, rogomsal prognozlasdirici texniki xidmot texnologiyalar1 enerji
infrastrukturunun davamli monitoringini tomin etmoklo nasazliglarin 90%-nin garsisini almaga
Vo elektrik enerjisinin kasilmasinin saymi azaltmaga komok edir. V2G texnologiyasi elektrik
nogliyyat vasitalorinin elektrik enerjisini yenidon sobokays qaytarmagqla soboko ¢evikliyini 50%
artirir vo suni intellektlo isloyan 10T sistemlori enerjiys 30%-o gadar gonast edir. Bu yeniliklor
soboka tolobindoki dalgalanmalari kompensasiya etmoys Vo enerji resurslarmin idara
edilmasinin samaraliliyini vo etibarliligini artrmaga komok edir.

Sani intellekt nainki enerji somaraliliyini tamin edir, ham dos straf miihitin davamliligina
muhim téhfo verir. 10T vo PLC osashi sistemlor kimi texnologiyalar enerji idaroetms
proseslorini stratlondirir vo karbon izlorini azaldir. Bu kontekstda avtonom enerji sistemlori
basariyyatin enerji ehtiyaclarmi maneasiz sokildo 6dayacok vo ekoloji magsadlora nail olmag
Uctin mhim téhfo veracak.

Power Plant
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Smart Grid
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Sok.1. Suni intelekt asash sabokonin ekosistem (izorinds tosiri

2. Avtonom sistemlar vo agilli sabakalar-Sini intellektlo isloyan avtonom sistemlor,
siibhosiz ki, agilli gsobokalorin inkisafinda hslledici rol oynayir. ©nonavi enerji sistemlori
morkazlosdirilmis istehsal vo sabit paylama modellarina osaslansa da, miasir enerji idaraetmoa
sistemlarinda siini intellektdon istifads edon smart sobokalor daha dinamik vo gevikdir. Bu yeni
nasil sabakalor boylk verilonlorin analitikas1 vo stini intellekt algoritmlarindan istifads etmoklo
butlin proseslori — enerji istehsalindan istehlaka qodor optimallasdirir. Bu, real vaxt rejimindo
enerji tochizati v toklifinin balanslagdirilmasina imkan verir, enerji sistemlorini daha avtonom
edir. Avtonom enerji idaroetmo sistemlori morkozlosdirilmis idarsetmodon daha ¢ox muxtar
struktur toklif edir. Suni intellekt algoritmlori bu enerji monbalorinin inteqrasiyasini
asanlasdirir, har bir soboko komponentindsn optimal performansi tomin edir. Barpa olunan
enerji manbalarinin, xtsusan da glines va kiloklorin geyri-sabit ¢ixis1 sobokonin idars edilmasi
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ucln problemlor yaradir. Bununla belo, siini intellekt hava prognozlari asasinda bu monbalarin
cixigini proqnozlagdira vo enerji saxlama strategiyalarini optimallagdira bilar. Stni intellekt
tolob cavabi vo yiik balansi kimi miihiim funksiyalar1 da yerina yetirir. Agilli alqoritmlar enerji
tochizatini optimallagdirmaq tiglin talob prognozlarini yaradir, eyni zamanda enerji qiymatlorini
va istehlake¢1 davranigini tohlil edir. Bu malumatdan istifads enerjiys gonast etmays imkan verir
Vo soboka yikinin doayismasini minimuma endirir. Bu, tokca enerji tachizati va talobinin
tarazlasdirilmasina kémok etmir, ham do enerji sistemlorinin davamliligini vo gonastcilliyini
tomin edir.

Ragomsal texnologiyalar enerji sistemlarinda stini intellektin toklif etdiyi oan innovativ
hallordan biridir. Bu texnologiyalar real vaxt molumatlarina asaslanan sistem performansini
simulyasiya edon enerji infrastrukturunun virtual modellaridir. Bu virtual modellor elektrik
stansiyalar1 vo soboka komponentlorindon tutmus elektrik avtomobillarinin enerji doldurma
stansiyalarina qodor genis ¢esiddo sistemlords istifado olunur. Ragomsal texnologiyalar enerji
sistemlarinds nasazliglarin prognozlasdirilmasina imkan verir vo texniki xidmot proseslorini
optimallasdirir. Siini intellekts asaslanan prognozlasdirici texniki xidmot sensor molumatlarini
tohlil edarok, omoliyyat xorclorini azaltmagla vo enerji tochizatinin etibarliligini artirmaqla
potensial nasazliglarin erkon agkarlanmasima imkan verir.

Suni intellektlo isloyan bu sistemlor avtomatik idarsetmo mexanizmlori vasitasilo
sobokani sabitlosdirir vo enerji talobatindaki qofil doyisikliklora dorhal reaksiya vers bilir. Bu
cur sistemlor enerji sistemlorinds hoddindon artiq yiikklonmolari va enerji itkilorini minimuma
endirmoklo enerji tochizatmm etibarliligini artirir. Bu, milasir enerji idaroetmasindo suni
intellektin mihim rolunu va galocok potensialin1 vurgulayir. Koqnitiv enerji idaroetms
sistemlorinin tezliklo sistemlarimizdos Gstunlik toskil edacayi gozlonilir.

3. Elektrikli nagliyyat vasitalari vo smart saygaclar. Elektrikli avtomobillor (EV)

enerji sektorunda ingilabi irsliloyisi tomsil edir, qaliq yanacaqlardan asililigi azaltmaq vo
karbon emissiyalarini shomiyyatli doracads azaltmaq i¢iin nozards tutulmusdur. Bu nagliyyat
vasitalorinin say1 artdiqca enerji talobat1 shomiyyatli doracads artir va bu talobat1 6domoak Gigtin
movcud elektrik sobakalarinin yenidon qurulmasi talob olunur. Bu kontekstds agilli sobokalor
Vo siini intellekt texnologiyalar1 enerji tolobatini daha somoarali idaro etmoys Vo
optimallagdirmaga komok eds bilor.
Elektrikli nogliyyat vasitalorinin enerji infrastrukturuna inteqrasiyasi, xiisusilo plandankanar
enerji doldurma ssbabindon sobokads balanssizliga vo tixaclara sabab olur. Sini intellektlo
isloyon smart sobokalor sarj vaxtlarini optimallasdirmaq vo elektrik enerjisino talobatdaki
dalgalanmalari minimuma endirmoklo bu problemin hollini toklif edir. Sini intellekt
algoritmlori sarj stansiyalarimi on uygun yerlords yerlosdirmoklo va an olverisli doldurma
vaxtlarini prognozlasdirmaqla soboko yiikiinii tarazlasdirir. Bu sistemlor elektrik enerjisi
xarclarini optimallasdirir, soboks tixaclarmin garsismi alir vo gunas va Kilok enerjisindoan
somarali istifadoni maksimum doracods artirmaq {igiin barpa olunan enerji moanbalori ilo
integrasiya edir. Belaliklo, agilli sarj stansiyalar1 xarclori azaldir vo davamli enerji istifadosini
tosviq edarak, elektrikli nagliyyat vasitalorinin karbon izini azaldir.

Suni intellekt bu prosesin idaro edilmasinda asas rol oynayir: enerji tochizati va talobi
molumatlarini tohlil edarak, o, elektrik nagliyyat vasitalorinin no vaxt doldurulmali oldugunu
Vo enerjinin no vaxt sobokays gaytarilacagini miioyyonlosdirir. Bu iki istiqgamatli enerji axini
enerji somaraliliyini artirir vo elektrikli avtomobil sahiblorins alavas golir imkanlar1 toqdim edir.
Agilli saygaclar enerji istehlakinin real vaxt rejimindo monitoringino imkan verir vo
istehlak¢ilarin enerjiyo gonast vordislorini optimallasdirir. Siini intellektlo birlikdo smart
saygaclar elektrik enerjisinin kosilmosina va ya elektrik enerjisinin kasilmosina tez reaksiya
vera bilir.

Bu saygaclar istifadogilorin istehlaklar1 haqqinda ani malumat vermoklo enerjiys gonast
etmoyi asanlasdirir. Agilli saygaclarin genis totbiqi sayssindo BOylk Britaniyada enerji
istehlak1 3% azalib vo istehlak¢ilar qiymatlorin asagi oldugu dovrlordo enerji istehlakini
artiraraq gonast olds ediblor. NI algoritmlarinin inkisafi sayasinds bu saygaclarin daha effektiv
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gonast vo daha real 6lgmo tomin edacayi g6zlonilir. Tam muxtar elektrik sobokalori stni
intellekt vo avtonom sistemlorin enerji istehsalindan tutmus istehlaka qodor butln proseslori
idaro etdiyi struktur toklif edir. Bu sistemlords enerji istehsali, paylanmasi vo istehlaki tam
avtomatlagdirilib. Siini intellekt davamli olaraq enerji tachizati va talobini tohlil edir va har bir
soboka komponentinin optimal iglomasini tamin edir. Masalon, talobatin az oldugu dévrlorda
enerji istehsali azalir vo enerji saxlama sistemlarina yonaldilir vo ya elektriklo isloyan nogliyyat
vasitolorino verilir. Bu tam avtonom strukturlar enerji idaragiliyini morkozlosdirmir, sshv
riskini azaldir vo proseslori suratlondirir. Onlar hamginin enerji istehsali vo istehlakinda qofil
doyisikliklar Ugiin slratli va samarali hallor toklif edirlor. Bu sistemlor sobokanin elastikliyini
Vo et1bar1111g1n1 artlrarken enerji xarclorini azaldir.
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Sok.1. Agilli sabakalar va enerji idaraetma sistemlori.

Golocokds enerji istehsali boyiik, markazlosdirilmis elektrik stansiyalarindan daha gox
paylanmis enerji monbalorino osaslanacaqdir. Giinas, kiilok vo biokitlo kimi barpa olunan
enerji manbolori Kicik istehsal nogtalorindon sabakays enerji veracokdir. Xususils, glinas paneli
texnologiyasinin inkisafi ilo insanlarin asas elektrik ehtiyaclarini glinos enerjisindon qarsilaya
bilocoklori g06zlonilir. Bu paylanmis struktur onsnovi enerji idaroetmo modellorindan
ohomiyyatli daracads farglonacok. Avtonom enerji sistemlori davamli olaraq bu monbalarin
performansini va soboka ehtiyaclarmi tohlil edarak enerji axmini optimallasdirir. Bu ssenarida
stni intellekt barpa olunan manbalordon enerjini an somorali sokilds idars etmok Gctin istehsal
prognozlarindan istifads edir. Hoddindan artiq istehsal oldugda, bu enerji saxlama sistemlarinog
oturdlir vo ya elektrik nagliyyat vasitalori kimi mivagqoti saxlama hollarine yonsldilir. Bu,
enerji itkisini minimuma endirir v resurslardan somarali istifadoni tomin edir.

Suni intellekt tokca yerli sobokoalords deyil, ham do global enerji idaraetmasinds mihiim
rol oynayacaq. Galocokda Glkolor arasinda enerji axinlarini optimallagdiran avtonom sistemlor
beynalxalg enerji ticarotini daha somorali edocok. Suni intellekt muxtalif 6lkalordo enerji
tochizat1 va toklifini tohlil edarok hansi regionlarin enerji alacagini vo hansmin alinmayacagini
mioyyan edacok. Bu global enerji optimallagdirilmasi barpa olunan enerji monbalarindan daha
somorali istifado etmoklo karbon emissiyalarini azaltmaga komok edacok. Enerji tochizatinda
qlobal tarazligin oldo edilmasi dayanigli inkisaf magsadlorine nail olunmasini siiratlondiracak.
Bundan slava, enerji tachizati tohliikasizliyi yaxsilasacaq v enerjiys ¢ixis biitiin diinyada daha
odalatli olacaqdir. Bu proses noinki enerji xarclorini azaldacag, ham do enerji tochizatinin
davamliligini tomin edacok. Goalacakda bu hallar enerjiys ¢ixis1 daha tohllikasiz edacok vo enerji
itkisini minimuma endiracak.

Agillt soboko asagi itkilora vo yuksok olgcatanliga malik, qonastcil vo dayaniqli enerji
tochizat1 sistemi yaratmagi hodofloyir. Elektrik enerjisinin paylanmasmin, istehsalnin vo
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ticarotinin  0zollosdirilmosi, liberallagdirilmas1 vo qgeyri-markazlosdirilmasi, shamiyyatli
istehsal boslugunu aradan qaldirmagq ti¢iin yeni investisiyalar vo hom ananavi, ham do borpa
olunan enerji manbalarinin tatbiqi soboka strukturunda shomiyyatli doyisikliklar tolob edir.
Indiys godor enerji axmmin idars edilmasi vo nozarstinds yuxaridan asagiya yanasma iistiinlik
toskil edirdi. Morkazlosdirilmomis enerji bazarinda bu yanagsmaya yenidon baxilmali, onu
informasiya vo kommunikasiyaya asagidan yuxari yanasma ilo ovoz etmok lazimdir.
Molumatlarin qorunmasi vo maxfilik: rogomsallagdirilmis enerji sistemlarinin tohlukasizliyinin
tomin edilmosi. Enerji sistemlorinin rogomsallagdirilmasi, smart sobokalorin yayilmasi vo enerji
resurslarmin idars edilmoasinds stini intellektin istifadosi molumatlarin qorunmast vo moxfilik
mosalalorini daha da vacib edib. Agilli sobakalar vo avtonom enerji sistemlori boyik hocmda
molumat toplayir vo bu molumatlardan enerji resurslarinin idara edilmosini optimallasdirmaq
Ucln istifads edir. Bununla bels, rogomsallagsma hom da sabakalari rogomsal hiicumlara garsi
daha hossas edir. Buna goOro do, siini intellekto osaslanan tohllkasizlik hollori enerji
sistemlorinin tohllikasizliyinin tomin edilmasinds miihiim rol oynayr.

Sini intellekt enerji sistemlorinda rogomsal tohliikasizlik hallorini tokmillogdirmok Ggtin
istifado edilo bilor. Masm vo dorin dyronms algoritmlori soboka sistemlorinds anormal
davraniglar1 askar etmok va digor seylor arasinda potensial tahliikalor barads erkan xabordarliq
etmok tc¢un istifads edils bilor. Bu algoritmlor davamli olaraq saboko molumatlarini tohlil edir
Vo geyri-adi foaliyyat askar edildikdo avtomatik olaraq askar edib miivafiq ehtiyat todbirlori
goro bilir.

Agill sobokalar tokca sistemin tohlikasizliyi ilo deyil, hom do topladigi malumatlarin
moxfiliyi ilo maraglanir. Istehlakgilardan toplanan enerji istehlaki molumatlar1 soxsi vardislor
Vo hayat torzlori haqqinda vacib molumatlar1 ehtiva edir. Bu molumatlara zororli giris
istehlak¢ilarm moxfiliyini tohdid edir. Buna goéro do, enerji sistemlorinde molumatlarin
moxfiliyinin qorunmasi rogomsal tohllikasizlikdon az shomiyyat kasbh etmir. Sini intellekt
homginin malumatlarin maxfiliyina dair tahdidlorlo mibarizs Ggtin hallor taklif eds bilor. Siini
intellektlo isloyon anomaliyalarin askarlanmasi alqoritmlori molumatlara icazesiz girisi
askarlaya va garsisini ala bilor. Bundan salave, molumat sifraloms texnologiyalar1 malumatlarin
tohliikasiz otlrilmasini tamin eds bilar. Sifralomo proseslorini optimallagsdirmagla siini intellekt
molumatlarin tohllikasizliyini yaxsilasdirir vo girisi stiratlondirir.

Galocokds siini intellektls islayan tohliikasizlik hallari enerji sistemlarinds standart halina
galocok. Enerji infrastrukturlar1 tokca enerji tochizat1 vo tolobini idaro etmoyacok, ham do
rogomsal hiicumlara qarsi daha davamli olacaq. Siini intellekt tokco qabaqcil tohlikasizlik
strategiyalar1 vasitasilo enerji sistemlorinin tohllkasizliyini tomin etmoyacok, hom do
hiicumlara qars1 dinamik vo proaktiv midafio mexanizmlorini inkisaf etdirocok. Tohlikasizlik
saviyyalari yaxsilasdiqca, enerji sistemlari zaifliklori mistaqil olaraq askar etmok va aradan
galdirmaq qabiliyyatine malik olacaq. Bu, istehlak¢1 molumatlarinin maxfiliyini qoruyarkan
enerji tochizatinin tohlilkasizliyini artiracaq.

Ragomsal infrastrukturlar getdikca bir-birino baglandiqca, enerji sistemlarinin rogomsal
tohllikasizliyi kritik hala galir. Stni intellekt anormal malumat axmnimi v icazasiz girisi askar
etmok ti¢iin sobaka amoliyyatlarina nazarst eds bilar.

Golacak enerji hallori: davamliliq va iglime uygunlug
Siini intellekt davamli enerji istehsali vo paylanmasini optimallagdirmaqla iqlim doyisikliyi ilo
mubarizodo vo karbon emissiyalarinin azaldilmasinda miithiim rol oynayir. Qlobal enerji
siyasatinin osasini tagkil edon bu mogsadloar stini intellekt vo barpa olunan enerji manbalarindan
daha somorali istifado etmoys imkan verir. Enerji istehlaki molumatlarini tohlil edarok, stini
intellekt karbonun azaldilmasi strategiyalarmm hazirlanmasmna komok edir vo enerji
somoraliliyi texnologiyalarinm tatbigino rohborlik edir. Bu prosesds enerji resurslarinin
davamli istifadosi smart sobokalor torafindon tomin edilir vo siyasotcilora iglim doyisikliyi ilo
mubarizodo daha effektiv gorarlar gobul etmoys kdmok edir. Naticodo, stini intellekt enerji
siyasatinin islonib hazirlanmasinda, enerji istehsali vo istehlaki proseslorinin inkisafinda
muhum alsta cevrilir.
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NOTICO

Sini intellekt enerji sistemlorini asasli sokilds doyisdirarok davamliliga, somaraliliys vo
cevikliya ohomiyyatli doracads tohfo verir. Siini intellekt enerji tochizati vo talobi balansini
optimallagdirir, barpa olunan enerji manbalorinin inteqrasiyasini yaxsilasdirir vo sobokanin
dayaniqligini artiraraq saxlama idaraetmasini tokmillogdirir. O, hamginin karbon emissiyalarini
azaltmaqla ekoloji davamliligi dostokloyir. Rogomsal enerji infrastrukturlart ilo bagli artan
kibertohlukasizlik risklori stini intellektls isloyan tohliikasizlik hallori ilo azaldilir, avtonom
enerji idaroetmasi iso amoliyyat Xorclorini azaldir. Elektrikli avtomobillar va stini intellektlo
optimallagdirilmis V2G texnologiyalar1 sobokonin ¢evikliyini artirir vo eyni zamanda enerji
somoraliliyini artirir. Golocokdo suni intellektlo isloyon avtonom enerji sistemlori enerji
proseslorini insanin miidaxilosi olmadan idaro edocok, karbon emissiyalarini azaldacaq vo
enerji idaroetmo siyasotinin osasini toskil edocok. Suni intellekt golocoyin tomiz, etibarli vo
davamli enerjisi ti¢iin avazsiz texnologiya olaraq galacag.
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UHTEI'PAIIUA U BJIUSAHUE TEXHOJIOTMA UICKYCCTBEHHOT'O
UHTEJUVIEKTA HA DHEPTETUYECKHUE CUCTEMbI

NCMAWJIOBA 1II.LU., MYCTA®AEBA ®.M.,
UckycctBennsiit unTeuiekt (M) paaukanbHO TpaHCchOpMHUpPYET SHEPreTHUYECKue
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COBEpUICHCTBYET YIIPaBJICHHE HAKOIUIEHHEM »3Hepruu. Kpome TOoro, oH cmnocoOCTByeT
JKOJIOTMYECKON YCTOMYMBOCTHU IIyTEM CHUDKEHHS YIIEpOAHOro ciena. Bospacraromue pucku
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INTEGRATION AND IMPACT OF ARTIFICIAL INTELLIGENCE
TECHNOLOGIES ON ENERGY SYSTEMS

ISMAYILOVA SH.I1., MUSTAFAYEVA F.M.

Artificial intelligence (Al) is fundamentally transforming energy systems by making
significant contributions to sustainability, efficiency, and flexibility. Al optimizes the balance
between energy supply and demand, enhances grid stability through the integration of
renewable energy sources, and improves storage management. Moreover, it contributes to
environmental sustainability by reducing the carbon footprint. The growing cybersecurity risks
associated with digital energy infrastructures are mitigated by Al-powered security solutions,
while autonomous energy management reduces operational costs.

Keywords: energy systems, artificial intelligence, smart grids, renewable energy.
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Muasir telekommunikasiya sistemlorinds tolob olunan vacib gdstoricilordon biri do geyri-bircinsli idaroetma
proseslarinin tadqigat tsullaridir. Telekommunikasiya sistemlorinin, eloca do digor mirakkab texniki sistemlorin
todgigatinin osasinda sistem yanasmasi dayanir. Bu yanasmanin son moaqsadi verilmis keyfiyyoto malik sistemin
texniki layihalondirilmasidir. Sistem-texniki layihalondirma mosalolorinin halli Uglin miixtalif struktur vo
funksional togkilat tisullarinin telekommunikasiya sisteminin is xiisusiyystlorino necs tasir etdiyini bilmolidir,
asasan sistemds analiz masalslarinin hall edilmasi talob olunur.

Acar sozlar: geyri-bircinsli idaroetmo, telekommunikasiya, marsrutlagdirma alqoritmlari.

GIRiS

Iqtisadiyyatimn intensiv inkisafi texnologiya va istehsalin toskili sahasindo tokmillosdirmo
ilo, xsusilo do hesablama texnikasi vo telekommunikasiya vasitalorinin genis totbiqi asasinda
hoyata kegirilir. Istehsalmm somoraliliyinin artirilmasmm formalarindan biri goxprofilli
strukturlarin, mirakkab energetik sistemlorin, elastik istehsal sistemlarinin, alage sobakalorinda
teleckommunikasiya avadanliglarinin, 06lgcmo proseslorinin  avtomatlasdirilmasinin idars
olunmasinda kompiiter sabakalarinin istifadasidir. Bu giin bir ¢ox toskilat va sirkatlorin ugurlu
foaliyyati telekommunikasiya vasitolorindon birbasa asilidir. Internet vo multimediyanin is
hoyatinda rolu xeyli artmisdir.

Hazirda istifadacilorin vo mixtalif totbiglorin sayinin siiratlo artmasi sabobindon
telekommunikasiya sistemlorinds (TKS) onlarla muxtslif trafik névi moévcuddur. Bu amil
soboka resurslarinin daha somoarali istifadesi G¢lin mitlog nozors alinmalidir. Saboka
resurslarinin  boliisdiiriilmosinin  yollarindan biri — onlarm mdvcud prioritetlora asasan
paylanmasidir. Telekommunikasiya sistemlorindon (TKS) somorali istifads tgun 6lgcmoa
naticaloring asaslanaraq TKS-in faaliyyat keyfiyyatini giymstlondirmays, texniki va program
tominatlari, trafik idaroetmo {isullar1 doyisdikdo iso sistemin i  gdstaricilorini
prognozlasdirmaga imkan veran modellor vo mihandis metodlarina malik olmaq vacibdir.
TKS-in faaliyyatinin tahlili xtsusi shamiyyat dastyir, ¢iinki bu marhalads alds edilon noticalor
sintez masalalarinin halli ti¢lin asas rol oynayir. Lakin prioritetli sistemlora dair riyazi islordo
tohlil marhalasine ya az digget yetirilir, ya da bu marhalo tamamils buraxilir. Bununla bels,
kitlovi xidmat sistemlarinds bas veran proseslorin ohatali tohliline hasr olunmus bir sira islor
movcuddur. Bu islords forqli prioritetli sorgu siniflori Uzra gdzloms (galma) vaxtinin sistemin
umumi yiklonmosi ilo asililigi, forgli xidmat intizamlarinda sistemin yiiklonmoys qarsi
davamlilig1 tohlil edilmis vo sintez zamami istifado oluna bilacok tovsiyalor soklinds
formalasdirilmigdir. Tohlil va sintez masalalarinin halli tictin analitik, statistik vo eksperimental
todqgigat metodlarindan istifads olunur.

Analitik metodlar, sistem parametrlori vo xarakteristikalar1 arasinda mixtalif dayarlor
sahasinds birbasa olagslorin qurulmasina imkan verir, statistik metodlar iss bu slagslori yalniz
ayri-ayr1 ndqtalorde miayyan edir.

Bu baximdan, tohlil vo sintez mosalolorindo analitik metodlardan istifado olunmasi
moagsadouygun sayilir. TKS sahasinds movcud voziyystin tohlili vo aparilmis todqiqatlarm
icmali gostorir Ki, TKS-do geyri-bircins trafiklo idarsetmo proseslorinin 0yronilmasi Ggtin
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analitik vo statistik metodlarin birlagdirildiyi coxsaviyyali iyerarxik modellosdirmays asaslanan
kompleks yanasma talob olunur.

NOTICOLOR VO MUZAKIROLOR

Telekommunikasiya sistemlori — protokollar ssasinda kompiiterlor arasinda moalumat
mubadilasini tomin edon spesifik sistemlordir. TKS-lorin bu spesifikliyi asagidaki amillorlo
muoayyan edilir:

a) soboka texnologiyalar1 va arxitekturalar miixtalifliyi;

b) mixtalif tip molumatlarm 6tiiriilmo keyfiyyatino olan fargli taloblor (masalon, matn
fayllar1 liglin asas gostarici molumatin itkisiz va tohrif olunmadan ¢atdirilmasimi tomin edan
etibarliligdirsa, audio vo video malumatlar tglin asas gostarici paketlorin talob olunan gabul
vaxtina nisbotdo gecikmolarinin (jitter) olmamasidir);

¢) trafik axmlarmin qeyri-bircinsliyi — bu cur trafiklorin idars olunmasi {igiin miixtalif
mexanizmlor (mosalon, TAN-da giris metodlari, marsrutlasdirma alqoritmlori, alagalorin
qurulma Gsullar1 va s.) tatbiq edils bilor.

Bu mexanizmlor sobokalords ylklonmoanin va bloklanmanin qarsisinin alinmasina
yOnolmisdir vo malumatlarm 6tiiriilmasinds talob olunan keyfiyystin tomin edilmasina xidmot
edir [1, 2].

Miasir telekommunikasiya sistemlori asagidaki xiisusiyyatlorlo xarakterizo olunur:

- istifadagilors tagdim olunan xidmatlorin muxtalifliyi;

- istifadagilorin saymm vo 6turtilon malumat hocminin artmast,

- istifadagi xidmaotlarino olan keyfiyyat taloblarinin yiksalmasi.

Telekommunikasiya sistemlarina goyulan bu taloblorin yerina yetirilmasi asagidakilardan
asilidir:

- konkret malumat 6tlirmos vo emal texnologiyasinin se¢ilmasi;

- kommunikasiya sobokasinin optimal topologiyasinin miiayyan olunmast;

- soboks avadanlhiglarinin va trafik idarsetmo mexanizmlorinin secilmasi va s.

Bu faktorlar birlikdo TKS-in strukturlu-funksional toskilinin formalagdirilmasini tomin
edir. Hazirda istifadagi saymin vo muxtalif tatbiglorin intensiv sokilds artmasi naticasinds ¢ox
xidmotli sobokalor genis yayilmaga baslamisdir. Bu ciir sobokalordo onlarla muxtslif trafik
névi movcuddur. Muasir telekommunikasiya sistemlarinin xarakterik xtsusiyyastlorindan biri
do trafiklorin geyri-bircinsliyidir [3, 4].

Trafiklorin geyri-bircinsliyi dedikds, telekommunikasiya sobokasi vasitosilo muxtalif
tipli paketlorin 6tlrtlmasi nozards tutulur. Bu paketlors video va audio paketlor, sas paketlori,
motn paketlori vo s. aiddir. Bu paketlorin ¢atdirilmasi zamani forgli keyfiyyat toloblori irali
striilir. Sokil 1-do mixtolif sinif paketlorin ¢atdirilma vaxtina qarsi hossashigi tasvir
olunmugdur. Bu xiisusiyyatlori soboka administratoru nozars almalidir ki, telekommunikasiya
sistemlorinin resurslarindan daha somoroali istifado edo bilsin. Soboko resurslarmin idara
edilmasinin bir Gsulu — bu resurslarm movcud prioritetlors asason boliisdiiriilmasidir.
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Sok.1. Muxtalif sinif paketlorin ¢atdirilma vaxtina hossashig.
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Qeyri-bircinsli tpadukin idarsetmo mexanizmlarina qoyulan taloblor, forgli név
paketlorin ¢atdirilma vaxtina qoyulan mohdudiyyatlor soklinds formalasdirilir. Bu
mohdudiyyatlor iki ndvds ola bilar:

1. Ehtimali soklindo — toyin olunmus T* ¢atdirilma vaxti mahdudiyyatini agsma ehtimali p*
olaraq muoyyon edilir: P(Ti> Ti) <pi=1,..., H

2. Orta doyar soklindo — catdirilma vaxtinin ortalama dayari T* mohdudiyystindon Kigik
olmalidir: Ti < Ti* (i= 1, H), burada H — sobokadoki paket névlorinin say.

Qeyd olunan mohdudiyyatlar, xisusi statik vo dinamik kombina edilmis trafik idaroetma
mexanizmlarinin tatbigi ilo tamin edils bilor, hansilar ki, telekommunikasiya sisteminin (TKS)
resurslarini, xiisusilo forgli nov paketlor arasinda rabito kanalinin 6tiirmo qabiliyyatini,
optimallagdirilmis vo maliyya coahotdon sorfali prioritet toyinetmosi vasitasilo effektiv
boliisdiirmaya imkan verir.

Prioritetlogdirmonin monasi, marsrutlasdiricilarin miixtalif trafik névlorini ayird eds
bilmasi halinda ortaya ¢ixir. Paket prioritetini gostarmak tigiin xiisusi “Xidmat novii” (Type of
Service - ToS) bayt1 istifads edilo bilor. IPv4-da ToS sahasinin ilk 3 biti (0-2) sakkiz prioritet
saviyyasini tayin etmoya imkan verir [5]: 111 — soboks idaraetmasi (Network Control); 110
— gobokolorarasi idarosetma (Internetwork Control); 101 — SST1C/ECP; 100 — fovgoslada
tocili (Flash Overrider); 011 — tocili (Flash); 010 — dorhal (Immediate); 001 — prioritetli
(Priority); 000 — adi (Routine).

Daha sonra galon 3 bit paket tolob olunan xidmat keyfiyyatini gostarmok Uclin istifada
olunur:
bit 3 — gecikmo: 0 — normal, 1 — az gecikmo; bit 4 — 6tiirmo gabiliyyati: 0 — normal, 1 —
yuksak; bit 5 — etibarliliq: 0 — adi, 1 — yuksak.

ToS sahasinin 6 vo 7-ci bitlori avvallor istifado olunmurdu. Lakin 1349 sonadinin
gabulundan sonra, avval ayrilmis bitlar 3, 4, 5 va 6 birlikds ToS sahasi kimi gobul edildi. Onlar
asagidaki1 xidmot ndvlarini géstarmak Ugciin istifads olunur: 1000 — asag1 gecikmo; 0100 —
yuksok 6tirmos gabiliyyati; 0010 — yuksak etibarliliq; 0001 — asag1 qiymot; 0000 — standart
(normal).

ToS sahasinds gdstarilon iki parametr — prioritet saviyyasi vo xidmat sinfi arasindaki
forq asagidakilardir: prioritet Soviyyasi konkret paket lgln prioriteti gostormoklo nazards
tutulub vo soboko avadanliginda névbalorin xidmatinds nazors alinir; xidmat sinfi iso homin
trafik novl Ggln 6tlrmo gabiliyyati, gecikmo, etibarliliq vo maliyyst arasinda optimal nisbati
muayyan etmays imkan verir vo miivafiq olaraq marsrutu segmok Ugln istifads olunur.

Coxlu marsrutlasdiricilar ToS sahasinda gostarilon prioritet saviyyasini vo Xidmat sinfini
mUayyan etmoayi bacarir, lakin sobokods biitiin marsrutlasdiricilarin konkret trafik novii tigiin
eyni soviyyado xidmoat gostoracayi zomanoti verilmir. Bozilori trafik tosnifatinda prioritet
saviyyasindan, digarlori xidmat sinfindoan, tglincular iso basqa malumatlardan istifads edirlor.
Mixtalif cihazlarda névbalorin xidmoat mexanizmlari do forgli ola bilor. Xidmot keyfiyyatinin
tomin edilmoasi tigiin bagqa bir yanagma — diferensial xidmatlor (Differentiated Services - Diff-
Serv) modeli Gizarinda qurulub. Bu model mixtalif trafik ndvlorinin uygunlasdirilmis sokilda
islonmosini tomin edir. IETF Diff-Serv is¢i grupu torofindon hazirlanmis bu modelo uygun
olarag, ToS sahasi DS (Differentiated Services) adini alib va onun 6 biti Diff-Serv kodu tgiin
ayrilib. Bu kodun har bir dayari 6ziinomoxsus Per Hop Behavior Forwarding Class (PHB) -
yani 6tirmo sinfi ilo alagalidir vo bu sinif xidmat saviyyasini miiayyan edir. Hor sinfo aid
paketlor mioyyon edilmis xidmot keyfiyyati toloblorine uygun islonmolidir. Xidmatlorin
diferensiyasiyasi tigiin trafik mohdud sayda sinifloro boliintr. Diff-Serv modeli Uzro soboko
arxitekturasi sobakonin niivasi vo kanar (sarhod) seqmentlorindan ibarat sistem kimi togdim
olunur. Sobokoys daxil olan trafik serhad marsrutlasdiricilar: tarofindon tasnif edilir va
normallasdirilir. Trafikin normallagdirilmas: xiisusilo onun parametrlorinin 6lgilmosi vo
xidmot toqdimat qaydalarina uygunlugunun yoxlanilmasimi nazards tutur. Sobokonin niivasinda
osas marsrutlasdiricilar DS sahasinds gdstarilon PHB (Per Hop Behavior) sinfino uygun olaraq
trafiki oturarlor. Diff-Serv modelinin dsttnliklori ondan ibarstdir ki, birincisi, bu model
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mUayyan edilmis trafik ndviiniin neca islonmoali oldugunu vahid sokilds basa diismayi tomin
edir; ikincisi, biitlin trafiki ayri-ayriligda hor axini tohlil etmak ovozino nisbston az sayda
siniflora bdlmoys imkan verir. Hazirda Diff-Serv ¢ar¢ivasinds iki trafik sinfi miiayyan olunub:
tocili (Expedited Forwarding PHB Group, RFC 2598) vo tomin edilmis ¢atdirilma (Assured
Forwarding PHB Group, RFC 2597). Diff-Serv modelinin ciddi ustiinliiyli ondadir ki,
avvalcadan slags yaradilmasi va resurslarin miiayyan edilmasi talob olunmur, hamginin saboka
avadanhigmin yiiksok performansina ehtiyac yoxdur. Klassik vo Diff-Serv yanasmalarmnin
tohlili gostorir ki, agar ToS sahasi geriys uygunluq tomin edilmodon doyisdirilorss, lokal soboka
administratorlar1 zaror goracoklor, ¢iinki istifads etdiklori prioritetlosdirmoa mexanizmlarinin
tosir zonasi lokal soboko ilo mohdudlasacaq. Klassik prioritetlosdirmo mexanizmlarinin
qorunmasi ti¢iin asas yol 0zal, arazi tizra paylanmis hesablama sobokasinin yaradilmasi olacaq.
Trafik idaroetmo mexanizmlorinin effektivliyini giymotlondirmok Gglin kutlovi xidmot
nozariyyasinin riyazi aparatindan istifado olunan prioritet idaroetma modellori hazirlanib.
Telekommunikasiya sistemlarinin effektivliyi sobakonin funksional va struktur toskili, habelo
sobokadoki  yuklonma  (trafik) parametrlorinin  Kkitlovi  xidmat  modellori  vasitasilo
giymatlondirilo bilor. Sabakadoki yik hesablama yolu ilo miayyan edilo bilar vo ya protokol
analizatorlar1 vo saboko monitorlar1 vasitasilo dl¢tilmalidir [5]. Protokol analizatorlarinin asas
funksiyalar1 molumat axmindan tahlil Ggtin paketlorin se¢ilmosi (molumat axininin filtrasiyast),
sohvli paketlorin askarlanmasi, cavab vaxtinin Olgiilmasi vo s.-don ibaratdir. Protokol
analizatorlar1 a¢1q sistemlorin arxitekturasimnm biitlin saviyyslarinds igloys bilor.

Telekommunikasiya sistemlorinin asas effektivlik gostoricilori kimi 6tirma gabiliyyati,
operativlik vo etibarliliq istifado olunur.

- Telekommunikasiya sisteminin 6tirmo qabiliyysti, vahid vaxt orzindo 6tlrllon
mesajlarin (paketlorin, ¢argivalorin, hiiceyralorin, bitlorin) sayma gora qiymatlondirilir.

- Telekommunikasiya sisteminin operativliyi iso paketlorin ¢atdirilmasi zamani
gecikmasi ilo muoayyan edilir. Bu gecikmays rabito kanalinin bosalmasmin gozloms vaxti,
paketlorin rabito kanalinda 6tiiriilmo vaxti, fiziki miihitdo yayilma vaxti va rabito duytnlorinds
paketlorin islonmo vaxti daxildir.

Telekommunikasiya sistemlarinin (TKS) layihalondirilmasinds sistem yanasmasi miiasir
todgigat metodlarmin genis istifadasini nozards tutur. TKS-do idarosetms proseslorinin tadgiqi
zamani ierarxik yanasma istifado etmok mogsodouygundur. Bu yanasma miixtalif detalliliq
saviyyasindo TKS-in funksionalligi, strukturu vo yuklonmasinin mixtalif aspektlorini oks
etdiran goxsayli baza, lokal va global modellorin hazirlanmasini nazardos tutur. “Baza model”
(©OM) termini o demakdir ki, onun asasinda biitiin digar, daha mirokkob TKS modellari qurulur
Vo hesablanir. Lokal modellors (LM) iss ayri-ayri qurgularin (masalon, rabito kanallari,
kommutatorlar, marsrutlasdiricilar), alt sistemlarin, diylnlorin, TKS fragmentlorinin modellori
aiddir. Qlobal modellor (QM) iso TKS-in bitév kimi nazordon kecirildiyi modellordir.
Modellarin tosnifati sokil 2 - do gdstorilmisdir.

TKS-in parametrlorino asagidaki qruplar aid edilo bilor: a) struktur parametrlor —
sistemin torkibi va strukturu haqqinda malumat veran kamiyyatlor (masalon, dilytinlorin sayi,
diyunlorin torkibi — komputerlor, rabito cihazlari, terminallarin say1 va ndvlari, diytnlarin
novlori, rabito duylnlarinin mohsuldarligi, soboks topologiyasi, avadanligin torkibi vo novlori,
cihazlarmn texniki gostaricilori — prosessorlarin siirati, omoli vo konar yaddasin hacmi, rabito
kanallarinin 6ttirmo gabiliyyati vo s.). b) ylk parametrlori — TKS-in xarici muhitlo garsiligl
tasirini, yoni soboka trafiki torafindon yaradilan yiiklori tosvir edon kamiyyatlor (trafik ndvlori,
trafik intensivliyi, mesajlarin uzunlugu, paketlorin uzunlugu vo s.). ) funksional parametrlor
— TKS-in funksional toskili hagqinda molumat veron kamiyyatlor (moesalon, abunagilor
arasinda rabito kanallarinin togkili tisullari, molumatlarin kanallar vasitasilo 6tlrtilmasi tisullari,
Molumatlarin 6tiiriilmo marsrutlarinin  se¢ilmasi algoritmlori, sobokodo trafik idarsetma
tisullar1).

TKS-in xarakteristikalar1 sistemin foaliyyatinin keyfiyyatini tosvir edon kamiyyatlordir:
mohsuldarlg, paketlorin ¢atdirilmasinda gecikmo vaxti, rabito kanallarinin bosalma vaxtlari,
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qurgu yiiklonmasi, ndvbalorin uzunlugu va s. Adoton TKS arasdirmalar: stasionar rejimin
movcudlugu forziyyssi osasinda aparilir, yoni sistemin ehtimal xarakteristikalari zamanla
doyismir.

TKS modeli

[ |
BM—)lLM—)QM

Sok.2. Telekommunikasiya sistemlarinin modellorinin tosnifat.

Baza modeli Uglin TKS xidmot xususiyyatlori ham har bir miracist sinfi Gzra, hom do
buttin siniflor Uzro Gmumi miracist axin tigiin misyyan edilir. Sads halda TKS todqiqgi asason
gOstarilon gostaricilarin orta dayarloarinin mioayyan edilmasindan ibaratdir. Daha otrafli tadqiq
iSo gostorilon gostaricilorin paylanma qanunlarmnin tapilmasindan ibaratdir, bu iso homiso
miimkiin olmur. Lakin ¢ox vaxt asagidakilar1 tapmaq miimkiindiir: a) vaxt xarakteristikalarmin
(qalma vaxti, gdzloma va s.) paylanma sixliglarmin Laplas ¢evrilmasi; b) 6lgustz (kamiyyat)
xarakteristikalarin  (névbonin uzunlugu, sistemds miracistlorin say1) generasiyaedici
funksiyalar1.

Bu funksiyalara ssaslanaraq gostorilon xarakteristikalarin istanilon doracads ilkin vo
morkozi anlar1 hesablana bilor. TKS-nin vaxt xarakteristikalarin1 miioyyoan etmak {igiin agiq
(RSeMO) xidmot sobokalorindon, mohsuldarliq qiymotlondirmasi Ggtin iss bagl (ZSeMO)
xidmat sobokolorindon istifado etmok mogsadouygundur, yerli xarakteristikalarin miioyyan
edilmasinds iso baza modelindan istifado olunur. TKS avadanlhiginin etibarligmin sistem
faaliyyatinin keyfiyyatins tasirini qiymotlondirmok iciin baza models paket axinina miitanasib
Poisson axini olavs edilir.

Secilmis modelin miirakkabliyindon vo todgig moagsadindon asili olaraq asagidaki
metodlar istifads oluna bilar:

- Analitik;

- Riyazi hesablamalar (rogomsal);
- Imitasiya (simulyasiya);

- Eksperimental.

Analitik metodlar — aciq riyazi ifadalorlo hollorin alinmasidir. Lakin boazan tonliklori
analitik sokilda hall etmok mimkin olmur (masalon, inteqral funksiyalar tigiin ilkin funksiyanin
olmamasi sababindan). Buna gors do yalniz modelin miiayyan xiisusiyyatlorina malik oldugda
ac1q analitik holl tapilir. Analitik metodlarin tstiinltiklori:

- Naticalarin Gmumiliyi: naticalor todgiq olunan sistemlor sinfino genis parametrlor
araliginda totbiq oluna bilar;

- Sadolik vo aydmliq: naticolor osas xususiyystlori vo ganunauygunluglar: asanliqla
mioyyan etmays imkan verir;

- Totbiq imkani: naticolor funksional keyfiyysti mioyyan olunmus sistemlorin
layihalondirilmasinds istifads edilo bilar.
Ag¢1q holl alinmadiqda, riyazi hesablamalar (rogomsal metodlar) tatbiq edilir, masalon:

- Tonliklarin halli Gglin kord va tangens tisullart;

- Muiayyen inteqralarin hesablanmasi ligiin trapesiya vo Simpson iisullar1 va s.
Bu metodlar analitik metodlarin hall dairssini genislondirir. ©gor rogomsal metodlar da
murokkablik, hesablamalarm sohvlora hossasligi vo digar sabablardan naticasiz qalirsa, totbiq
olunur:
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- Imitasiya modellosdirmo - statistik testloro osaslanan simulyasiya iisulu. Imitasiya
modellagdirmoanin Gstlnliyl - universal olmasidir, yani istanilon mirokkablikds vo detalliliqda
sistemlarin analizino imkan verir. Catismazligi — yiksok hesablamalidir (¢oxlu sayda adadi
omoaliyyat talob edir) vo naticalor konkret nogtslords alinir, yoni tmumi slageni deyil, yalniz
mUayyan avvalcadon segilmis voziyyatlori gostoarir.

Telekommunikasiya sistemlarinin (TKS) foaliyyatino dair on etibarli malumat monbayi,
real sistemlordo bas veron proseslorin xarakteristikalarmin olgiilmasine osaslanan va bu
Olgmoaloarin naticalorinin oan maraqli asililiglar izo ¢ixarmaq moagsadilo iglonmasini nazords
tutan eksperimental metodlardir. Hazirda bu metodlar TKS-nin foaliyystinin boazi aspektlori
hagqinda molumatlarin yegano monbayidir.

Eksperiment noticasindo oldo edilon moalumatlar yeni sistemlorin layihalondirilmasi
zamani istifado olunur. Lakin bu metodlarin imkanlari, hazirda movcud olan TKS-lorla
mohdudlasir vo onlarin noticalori yalniz konkret hallar {igiin kegorlidir. Hotta mohdud
mosalalorin tadqiginds belo bir masalonin halli Gglin bir nego metodun istifadasine ehtiyac
yaranir. Analitik metodlarla mosoalalorin halli zamani, bu metodlar hor zaman konseptual
modelin qurulmasi vo ya riyazi modelin qurulmast morholasinds gabul olunan sadslosdirici
forziyyalorin istifadosini nozords tutur. Bu zaman oldo edilon asililiglar yalniz qobul edilmis
forziyyalorin gatirdiyi metodiki sohvlorin giymatlondirilmasindon sonra praktik masaloalorin
holli Gcgun istifade oluna bilor. Metodiki sshvlorin giymatlondirilmasi ii¢iin genis sokildo
imitasiya modellagsdirmasi metodundan istifads edilir, bu iss istanilon dagigliklo ragamsal hall
alds etmoya imkan verir.

NOTICO

Telekommunikasiya sistemlorinin effektivliyinin giymotlondirilmasi tigtin kiitlovi xidmat
modellori istifado oluna bilor, hansilar ki, telekommunikasiya sistemindo molumatlarin
Oturilmosi zamani yaranan vaxt gecikmolorini gostorir. Telekommunikasiya sistemlarinin,
eloca do digar mirokkab texniki sistemlarin tadqiqatinin asasinda sistem yanasmasi dayanir. Bu
yanasmanin son magsadi verilmis keyfiyyata malik sistemin texniki layihalondirilmasidir. TKS
-nin texniki layihalondirilmasi zamani har bir parametrin boyik tasiri vardir. Burada ylklonmoa
artdiqca orta gézlomo vaxti da siiratlo artir. Eyni zamanda daha yiiksok asimmetriya amsali
(yani geyri-simmetrik axin) variasiya omsali sabit qalsa belo orta gozloms vaxtini daha da
artirir. Bu, o demokdir ki, trafikin ti¢iincii momenti (asimmetriyasi) nazoro alinmadan tortib
olunan modellar real sistemin isini doqiq aks etdirmoya bilor.
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METOABI HCCJIIEJOBAHUA HEOJHOPO/HBIX ITPOIECCOB YIIPABJIEHUSA
B TEJIEKOMMYHUKAIIMOHHBIX CUCTEMAX

NCMAWJIBAJE UK., TOYYEBA A.®.
OnHuM U3 BaXHBIX IOKa3zaTesel, HeOOXOAUMBIX B COBPEMEHHBIX T€JIeKOMMYHHUKALIMOH-

HBIX CHUCTCMaAX, SABJIIFOTCA MCETOJAbI UCCIICAOBAHUA HCOAHOPOIHBIX HPOUECCOB YIIPABJICHUS.
HccnegoBanue TCIICKOMMYHUKAIUOHHBIX CHCTCM, KaK H APYTUX CIOKHBIX TCXHUYCCKUX
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cucreM, 0a3upyeTcs Ha CUCTEMHOM mojaxoje. KOHEYHOH Ienbio 3TOro Mmojaxoia SBIseTCS
TEXHUYECKOE IPOEKTHPOBAHUE CHUCTEMBI C 3aJaHHBIM KauecTBOM. J[is pemeHus 3agad
CUCTEMHO-TEXHUYECKOTO IPOEKTUPOBAHUS HEOOXOAMMO 3HATh, KAaK pa3jIMYHbIE METO/bI
CTPYKTYpHOM ¥  (PYHKIMOHQJIBHOW OpraHM3alMi BIMSAIOT HA  OKCIUTyaTallMOHHBIC
XapaKTEPUCTUKHU TEIEKOMMYHUKALMOHHOW CUCTEMBI, B OCHOBHOM TpeOyeTcsl pelieHne 3a1a4
aHaJlu3a B CUCTEME.

KuarwueBble ciioBa: TE€TCPOrcHHOC YIIPAaBJICHUEC, TCICKOMMYHUKAIIUU, aJITOPUTMbI MapHIpyTU3allun.

RESEARCH METHODS OF HETEROGENEOUS CONTROL PROCESSES
IN TELECOMMUNICATION SYSTEMS

ISMAYILZADEH 1.Q., GOCHUYEVA A.F.

One of the important indicators required in modern telecommunications systems is the
research methods of heterogeneous control processes. The research of telecommunications
systems, as well as other complex technical systems, is based on the systems approach. The
ultimate goal of this approach is the technical design of a system with a given quality. To solve
system-technical design problems, one must know how various structural and functional
organization methods affect the operating characteristics of a telecommunications system,
mainly solving analysis problems in the system is required.

Keywords: heterogeneous control, telecommunications, routing algorithms.
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DAVAMLI ENERJI TOCHIZATINDA OTRAF MUHITIN QORUNMASI
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Mogqals davamli va etibarli enerji tachizati ¢orgivasinds otraf miihitin qorunmasi tadbirlarinin totbiqgi vo
effektivliyinin giymotlondirilmasini miizakirs etmok mogsadi dasiyir. Ovvolco davamli tochizat idaragiliyinin
planlagdirilmasi altinda otraf miihitin qorunmasi todbirlori vo onlarin shomiyyoti toqdim edilir, sonra tochizat
gargivasinds bu todbirlarinin rolu izah edilir.

Acar sozlar: davamli enerji tochizati idarogiliyi, osas ekoloji miihafizo todbirlori, tosir todbirlarinin
giymatlondirmasi, otraf mihitin muihafizo.

1. Davamh enerji tachizati idaragiliyinin shamiyyati.

Qlobal igtisadiyyatin davamli inkisafi vo ekoloji problemlarin getdikco daha ¢ox 6n plana
¢ixmasi ilo davamli inkisaf hoyatin biitiin sahalorinds diggoat morkazina ¢evrilmisdir. Bu
kontekstdo muhim bir masalo kimi davamli tochizat idaracgiliyino daha ¢ox diggot yetirilir.
Ekoloji, sosial va igtisadi amillori inteqrasiya edarok, davamli tochizat idaragiliyi miassisalorin
monfi ekoloji va sosial tasirlorini minimuma endirmokls yanasi, onlarin faaliyystlorinds igtisadi
fayda olds etmolorino kdmok edir.

Qlobal olaraq, tachizat zanciri foaliyyatlorinin ekoloji va sosial tasirlori getdikco daha
ohomiyyatli olur. Xammal todariikiindon, xammalin nagl edilmasindan, istehsalatdan, logistika
paylanmasindan tutmus mohsul satisia va satis sonrasi xidmatlora gadar biitln tachizat zonciri
boyu har bir halga ekoloji va sosial tasir géstars bilor. Masalon, haddindan artiq mesa qirilmasi
ckoloji dagmntilara, yiiksok karbonlu istehsal tisullar1 iglim doyisikliyino, geyri-ganuni
tullantilarin atilmasi torpaq va suyun ¢irklonmasina sabab olur. Buna gors ds, davamli tachizat
zonciri idaragiliyi sisteminin qurulmasi miiassisalorin davamli inkisafina nail olmaqda asas rol
oynayir [1].

2. Tadqigatin maqsadi.

Davamli tochizat zoncirinin planlagdirilmas: miiasir iqtisadiyyatin osas prioritetlorindon
biridir vo otraf miihitin miihafizasi bu prosesin ayrilmaz hissasidir. Azorbaycan kimi resurslara
zongin Olkalords tobii ehtiyatlarin somorali istifadasi vo ekoloji tarazligin qorunmasi iqtisadi
inkisafin davamliligini tomin etmok {iglin vacibdir. Bu moqalado otraf miihitin totbiqi vo
effektivliyinin qiymatlondirilmosi, xiisusilo do davamli tachizat zonciri kontekstindo miidafia
tadbirlorinin rolu vo Azarbaycanin bu sahada tocriibasi tohlil edilir [2].

3. Davamh Tachizat Zoncirinin Planlasdirilmasi vo 9traf Miihit
Davamli tochizat zonciri (DTZ) iqtisadi, sosial vo ekoloji amillori tarazlasdiraraq
resurslarin somorali istifadesini vo uzunmiiddatli ekoloji sabitliyi hodofloyir. DTZ-nin osas
prinsiplori arasinda asagidakilar yer alir:
e Resurs samaraliliyi: Enerji, su vo xammalin minimum sarfiyyati ilo maksimum natico
oldo etmok.
o Tullantilarin azaldilmas: Istehsal vo logistika proseslorinda tullantilarin minimuma
endirilmasi.
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e Ekoloji tasirlorin monitoringi: Otraf miihito tosirlorin  sistemli gokilds
qiymatlondirilmasi vo idara edilmosi.

Azaorbaycanda Davamli tochizat zonciri (DTZ)-nin inkisafi neft vo qaz sektoruna bagh
olan iqtisadiyyatin diversifikasiyas1 va yasil iqtisadiyyata kecid strategiyalar1 ilo six baghdir.
Mosolon, Azarbaycan Respublikasinin Prezidenti torafindon 2016-c1 ilds tosdiq edilmis “Kond
Tosarriifat1 Mohsullarmin Istehsalma vo Emalma Dair Strateji Yol Xaritasi” ekoloji cohatdan
tomiz texnologiyalarin totbiqini vo tobii resurslarin somorsli istifadesini prioritet kimi
miloyyonlosdirir [5].

4. Itraf Miihitin Tatbiqi vo Miidafio Tadbirlori

Otraf miihitin totbiqi, tochizat zoncirindo ekoloji tosirlori minimuma endirmok ii¢iin
konkret todbirlorin hoyata kegirilmasini nazards tutur. Bu todbirlors asagidakilar daxildir:

1. Tomiz texnologiyalarin tatbiqi: Borpa olunan enerji monbalorindon (giinas, kiilok,
hidroenerji) istifads, enerji somarsliliyinin artirilmas.

2. Tullantilarin idars edilmasi: Tokrar emal, utilizasiya vo zorarsizlogdirmas sistemlorinin
qurulmast.

3. Ekoloji monitoring: Otraf miihitin voziyystini qiymotlondirmok iigiin sistemli
miisahida vo analiz.

4. Yasl logistika: Karbon emissiyalarini azaltmagq ti¢lin ekoloji cohotdon tomiz noqliyyat
vasitolorindaon istifads.

Bir istehsal sirkotinin davamli tachizat zanciri planlagdirmasinda davamli inkisafi togviq
etmok tigiin bir sira ekoloji tadbirlor gobul edilmisdir. Sirkst tachizatgilarla uzunmiiddatli vo
sabit omokdasliq miinasibatlori qurmus, tachizatgilardan ekoloji qanunvericiliys riayat etmoyi,
ekoloji sertifikatli xammal tomin etmoyi, xammalin izlonilmasini vo ekoloji qorunmasini tomin
etmoyi vo ekoloji risklori vo uygunluq risklorini azaltmagi talob edir. Eyni zamanda, sirkot
istehsal prosesini optimallasdirmaq vo tokmillogdirmok, tullant1 sular1 vo tullanti qazi
emissiyalarin1 azaltmaq va resurslardan istifads somorsliliyini artirmaq ti¢tin tomiz istehsal
texnologiyasini totbiq etmisdir. Homginin, tokrar emal vo utilizasiya konsepsiyasini tosviq edir,
tullant1 materiallarmi tokrar emal edir, tobii ehtiyatlara olan asilihigi azaldir vo otraf mihits
tullant1 ¢irklonmasini azaldir. Bundan olavs, miiassisa enerji gonast Vo emissiya azaldilmasi
todbirlorini hoyata kegirmis, logistika noqliyyat rejimini optimallasdirmis vo noqliyyat
xarclarini vo karbon emissiyalarini azaltmigdir. Respublikamizda bu todbirloro misal
olarag ARDNS-in “Ekoloji Siyasot” sonodini gostormok olar. Bu sonod “sifir tullantr”
prinsipino osaslanaraq otraf miihito neqativ tosirlorin minimuma endirilmosini hadofloyir.
Mosolon, “Bibiheybotneft” vo “Neft Daslar’” kimi neft-qaz yataqlarinda lay sularmin
tomizlonmasi vo utilizasiyasi tiglin xiisusi qurgular tikilir [6].

5. Effektivliyin Qiymatlondirilmasi

Otraf miihit todbirlorinin effektivliyini qiymstlondirmok ii¢lin bir sira metodologiyalar
totbiq olunur:

e Itraf miihits tasirin qiymoatlondirilmasi (OMTQ): Layihslorin otraf miihits tosirini
ilkin morholodo Oyronmok vo zororli tosirlori azaltmaq {iglin todbirlor gormok.
Azorbaycanda 1996-c1 ildon etibaron karbohidrogen vo tikinti layiholori ©MTQ-dan
kecir.

o Karbon izinin 6l¢iilmasi: Tochizat zoncirinds emissiyalarin hacmini qiymstlondirmok
vo azaltmag.

e Resurs samaraliliyinin analizi: Enerji vo xammal sorfiyyatinin effektivliyini 6l¢mak.

o Ekoloji monitorinq sistemlori: Real vaxt rejimindo otraf miihitin voziyystini izlomok
va prognozlagdirmaq. Azorbaycanda Ekoloji Monitoring tizro Dovlet Sistemi tobii
miihitin vo texnogen obyektlorin voziyyatini sistemli sokilds izloyir.

Beynolxalq tocriibaya asasan, otraf miihite tesirin qiymatlondirilmasi layihalorin doyarini
5-7 il arzinds borpa edir vo tomizloyici avadanliqlarin qurasdirilmasindan 3-4 dofs ucuz basa
galir. Azarbaycanda bu ciir giymatlondirmslor “Azarbaycan Respublikasinda ekoloji vaziyyetin

123



yaxsilagdirilmasma dair 2006-2010-cu illor iiclin Kompleks Tadbirlor Plan1” ¢orgivasindo
ugurla hoyata kegirilib.

6. Azarbaycanda Barpa Olunan Enerji vo Davamh Tachizat Zanciri

Azorbaycanin borpa olunan enerji potensiali (26,940 MVt) tochizat zoncirinin
davamliligini artirmagq {igiin boyiik imkanlar yaradir. Giinas (23,040 MVt), kiilok (3,000 MVt),
hidroenerji (520 MVt) va bioenerji (380 MVt) monbalari ekoloji cohatdon tomiz alternativlor
toklif edir. Bu monbalorin tochizat zoncirinda totbiqi asagidaki iistiinliiklori verir:

e Enerji asihh@imin azalmasi: Neft vo gaza alternativ olaraq borpa olunan enerji
istifadosi karbon emissiyalarini azaldir.

o lqtisadi samorslilik: Giinos vo kiilok enerjisi layihalori uzunmiiddatli investisiyalar
ti¢iin sorfalidir.

o Ekoloji tarazhq: Hidroenerji vo bioenerji kimi monbalor yerli ekosistemlors tosiri
nazara alinmagqla totbiq olunduqda straf miihitin miithafizesine tohfs verir.

Masolon, Qaradagda 230 MVt giiclindo gilinos stansiyasi vo Xizida 5.5 MVt giiclindo
kiilok stansiyasi kimi layihalor Azarbaycanin yasil enerjiys keg¢idini siiratlondirir. 2030-cu ilo
godar barpa olunan enerjinin paymin 30%-o c¢atdirilmasi: hodofi do bu istigamotdo miithiim
addimdir [5].

7. Catinliklor va Tovsiyalor

Azorbaycanda davamli tochizat zoncirinin planlasdiriimasi vo otraf miihit todbirlorinin
totbiqinds bazi ¢otinliklor mévcuddur:

o Infrastruktur mohdudiyyatlori: Borpa olunan enerji vo tokrar emal sistemlori {igiin
infrastrukturun inkisafi zoruridir.

e Maliyya taloblari: ilkin investisiyalar yiiksok ola bilor, bu da xarici investisiyalara
ehtiyaci artirir.

e Fordi maariflondirma: Ohalinin vo bizneslorin ekoloji mosuliyyato colb olunmasi

zoifdir.

o Dovlat dastayi: Borpa olunan enerji layiholori iigiin subsidiyalar vo vergi giizostlori
totbiq edilmolidir.

o Beynolxalq amokdashq: Xarici tocriibonin (masalon, BP vo Masdar layihoslori) totbiqi
geniglondirilmolidir.

o Tahsil va tabligat: Ekoloji maariflondirmo kampaniyalar1 vo tohsil programlar1 ilo
ohalinin molumatlhilig1 artirilmalidir.

e Monitoringin giiclondirilmasi: Real vaxt rejimindo ekoloji monitoring sistemlorinin
totbiqi vo avtomatlasdirilmasi hoyata kegirilmolidir.

NOTICO

Istehsal miiossisalorinin davamli tachizat zenciri planlasdirmasinda ekoloji tadbirlarin
totbiqi yalniz miiassisalarin ragabst gabiliyyatini vo davamliligini artirmaq tgiin deyil, hom do
otraf mdihit, iqtisadiyyat vo comiyyato misbot tosir gostormok (g¢lin ¢ox vacibdir.
Tochizatgilarla torofdasliq qurmaq vo ekoloji sertifikath xammal tolob etmoklo sirkatlor
mohsullarmimn ekoloji cohotdon tomiz olmasimi tamin eds bilor va ekoloji vo uygunluq risklorini
azalda bilor. Tomiz istehsal texnologiyalarmnin totbiqgi, tokrar emal vo barpa olunan istifads
konsepsiyalarinin tosviqi, eloca do enerji gonast vo emissiya azaldilmasi todbirlorinin hoyata
kecirilmasi va logistika va nogliyyat rejimlorinin optimallasdirilmasi miiassisalorin atraf mihits
manfi tesirini azaltmaga, resurslardan istifado somoraliliyini artirmaga, xorclori azaltmaga vo
igtisadi fayda va ekoloji faydalarin qazan-gqazan voziyyatina nail olmaga komok eds bilor.
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NEPCIEKTUBBI HCITOJIb30OBAHUSA SIAEPHOM SHEPT U
JJIs1 CHUKEHUA BBIBPOCOB OKCHUAOB YIJIEPOZIA

PATUMOB ®.A., PATUMOBA T.A.

Lenbto crtatbu sBASETCS OOCYXKJAEHHWE BHEIPEHHMs] M OLEHKHM Mep Mo 3alluTe
OKPYXaIOIel Cpeibl B paMKaxX YCTOMYHBOTO dHEprocHaokeHus. CHadaga BBOAATCS MEPHI 110
3alUTe OKpYXKamlled cpeabl M WX 3HAUCHHE B paMKaxX IUIAHUPOBAHUSA YIPABIICHUS
YCTOMYMBBIM CHAOKEHUEM, a 3aTeM OOBSICHSIETCS POJIb ATUX MEP B paMKax CHaOKECHHSI.

KniodeBble cjioBa: ycToiuMBO€E ynpaBlieHHE YHEPrOCHA0KEHHEM, OCHOBHBIE MEPBI 10 SKOJIOIHMYECKOH
OXpaHe, OLICHKa MEp BO3JIEHCTBUS, OXPaHa OKPYKAIOLIEH CPEb.

PROSPECTS OF USING NUCLEAR ENERGY
TO REDUCE CARBON OXIDES

RAHIMOV F.A., RAHIMOVA T.A.

The article aims to discuss the implementation and evaluation of environmental protection
measures within the framework of sustainable energy supply. First, environmental protection
measures and their importance under sustainable supply management planning are introduced,
and then the role of these measures within the framework of supply is explained.

Keywords: sustainable energy supply management, basic environmental protection measures, assessment
of impact measures, environmental protection.
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Moqalads istismarda olan gomilorin méveud yiik nasoslarinin elektrik intigallarmin igo buraxilmasmdan
bohs edilir. Gomilordo adoton elektrik intiqalmin igoburaxilmasi asinxron miiharrikin stator dolaglarini ulduz
sxemindan Ugbucaq sxemina kegirmokls yerino yetirilir. Bu isaburaxma Gsulu Kifayat qodor etibarli sayilmir. UT2
avtomatlagdirma doracosi olan maye-yiikk dasiyan gomilords yiik nasoslarinin elektrik intigallarinin méveud
idaroetmo sistemlori muasir dovriin toloblorine cavab vermadiyine goro idarsetmo sistemlarinin etibarligini
yiksaltmok va elektrik enerjisinin sorfinin azaldilmasi masalosi qarsiya mogsad qoyulmusdur. Magalods asinxron
muharriklorin todricen igeburaxma qurgusunun elektrik sxemi vo todricon igoburaxma zamani momentin siirstdon
asililiq xarakteristikasi gostorilmisdir. Magalods todricon isoburaxicilarla igasalinan méoveiid yitk nasosunun
elektrik intigalinin prinsipial sxemi aragdirilmig, qurgunun is rejimlorina baxilmis, asinxron miitharriklorin stator
dolaginin ulduzdan tigbucaga kegmokls iso buraxma tsulunun manfi cohstlori nozars alinaraq, yeni hazirlanan
AUT2 avtomatlagdirma dorocasi olan maye-yiikk dasiyan gomilorindo yiik nasoslart iigiin elektrik intigalini
secildikds Gstinluk idareetma ilo slagedar slave gic itgisi olmayan todricon isoburxma qurgusu ilo igo salinan
rotoru qisagapanmis asinxron mitharrikina verilmasi toklif olunmusdur.

Acar sozlar: gomi, yiikk nasosu, elektrik intigali, asinxron miiharrik, tadricon igoburaxma

Giris. Nasoslar xidmot saholorino g6ro asagidaki qruplara bolindrlor:  gomi
muharriklorina vo buxar giic qurgularina xidmat edon kdmokg¢i nasoslar; tmumgomi toyinath
nasoslar; xususi toyinatli nasoslar.

Gomi daxili yanma maharriklorini soyudan nasoslar, yarim giic qurgularmnin igmali su,
dovretdirici vo kondensat nasoslari, yag vo yanacaq nasoslar1 1-ci qrupa aiddir.

Gaminin tahliikasiz Gzmasini, gomi heyatinin vo Sarnisinlorin sanitar-moisot soraitini
tomin edon nasoslar iss 2-ci grupa aiddir. Yangm, qurutma, ballast, sanitar vo icmali su
nasoslar1 bu grupa daxildirlor.

3-cu grupa gomi U¢lin nozards tutulmus xiisusi toyinath nasoslar aiddir. Tankerlords
istifado edilon yuk vo tomizloma nasoslari, buzqiran gamilords istifado olunan kren nasoslart,
xilasedici gomilords giicli suvuran nasoslar bu grupa daxildir.

Hazirda gomilorin yiik nasoslarinin elektrik intigallarmin igo buraxilmasi miiharrikin
stator dolaglarini ulduzvaridon tichucaga kegirmaklos alds edilir. Sakil 1-ds asinxron muharrikin
stator dolaqlarmin ulduz vo Ugbucaq barlosmasi sxemi, sokil 2-do isa bu birlosmani yerins
yetiron idaro aparatlari gostorilmisdir.

Ulduzdan tigbucaga kegdikdo elektrik miihorrikinin stator dolagma V3 dofo az gorginlik
verilir. Buna goros do igosalma momenti ds 3 dofo az olur. Clinki gorginliyin azalmasindan basqa
Coroyan da yalniz sxemin doyisdiyino goro V3 dofo azalir. Oslinds iso corayan 3.5-4 dofo asagi
diigiir. Buna sabab goarginliyin azalmasi naticasinds induktiv mugavimatlorin artmasidir [6].

Usulun ¢atismayan cohoti ondan ibaratdir Ki, ulduzvariden iigbucaga kegdikds elektrik
muharrikinin carayan dovrasinds qisa miiddatdo qirilma bas verir vo kommutasiya garginliyi
yaranir.
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Sok.1. Asinxron muharrikin stator dolaqlarmin ulduz va Ggbucaq barlosmoasi sxemi.
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Sak.2. Asinxron muharrikin stator dolagini ulduzdan tigbucaga kegiron idaro aparatlari.

Miharrikin kecid prossesindo bas veranlorlo slagodar, isosalma zamani dolaglarin
caroyant nominaldan 4-6 dofs ¢ox olur. Elektrik miharrikinin valinin firlanma momenti isa
nominal gqiymotin 150-200%-ns gatir. Bas veranlor elektrik miharrikinin mexaniki hissalorinin
zodalonmasing, gidalandirict sobokads ise gorginlik itkisinin yaranmasina sobob olur [13].

Qeyd etmok lazimdir ki, bu igesalma Usulu o godor do etibarli deyil. Asinxron
muharriklorin stator dolagmmin ulduzvariden tigbucaga kegmokls isosalma tsulunun asagidaki
monfi cahatlori do vardir [6,10].

1. Mihorrikin dolaglarini ulduzvari sxemdan lghucaq sxemins kegirdikdo, corayan sigrayigla
boyuk giymat alir.
2. Muharrikin isosalma momenti Kigik olur.
3. Ulduzvaridan tigbucaga kegid zamani elektrik mitharrikinds mexaniki zarboslor yaranir.
9sas hissa. Moasalanin hall mogsadilo praktikada yik coroyanmn todricon artimi iigiin
muhorrikin yumsaq igosalma avadanligindan istifads edilir. Todricon igosalma avadanliglari ilo
asagidakilara nail olmaq miimkiindiir:
e miharrikin stator dolaglarinin qizmasinin azaldilmas;
159 diismo zamani gorginlik itkisinin azaldilmasi;
nasosda, borularda hidro zorbolorin azaldilmasi;
elektomaqgnit kilylorin azaldilmast;
muharrikin kompleks muhafizasinin (gorginlik itkisi vo artimi, mexaniki zorbalor va s.)
tomin edilmasi;
e sistemin iginin etibarli sokilds tomin olunmasi.

Rotoru qisaqapali asinxron miiharrikin idaro olunmasi {igiin stator dovrasina tadricon
isosalma qurgusunun (soft-starter) qosulmasmi nozordan Kegirok. Isosalma qurgusunun
funksional elektrik sxemi sokil 3-da gOstorilmisdir [1,4].
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Sok.3. Tadricon isaburaxma qurgusunun funksional elektrik sxemi.

Tiristorun agilma bucaginin doyigsmasi ilo olagodar, todricon igosalma qurgusunun ¢ixis
gorginliyinin tonzimlonmasi hoyata kegirilir (sokil 4). Tiristorun agilma bucagi na godor boyik
olarsa, muharriki qidalandiran ¢ixis garginliyinin giymati do 0 godor boytk olar [2,3,5].
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Sok.4. Tadricen isaburaxma zamam momentin siiratdon asililiq xarakteristikasi.

Tadricon igaburaxicilar vasitasilo iso salinan yiik nasosunun elektrik mihorrikinin prinsipial
sxemi sokil 4-do gOstorilmisdir [8,11].

Sxemdoki elementlor: AM — asinxron miuharrik; Q0 — yiik ayirici; TR —gorginlik
transformatoru; KM1, KM2 — kontaktorlar; Ul — yumsaq isoburaxici; F(1-4) —avtomat acarlar; S1,
S4 — gevirgaclor; S2, S3, S5, S6, S7 — idarsetmo (start, stop) diymolari; H(1-5) — signal lampalar;
MQ — motorgoruma relesi; K(1-5) - idaroetmo (araliq) relelori; A — ampermetr.

Sxemdoki F(1-4) avtomat acarlar1 idaroetmo dOvrosinin artiq yiiklonmadan vo
qisagapanmadan miihafizasi t¢uin goyulub. Muharrikin artiq yiiklonmadan mihafizasini yumsaq
isasalicy, artiq qizmadan miihafizesini MQ — muharriki goruma (fazqoruma) relesi yerina yetirir.
Fazqoruma relesi mihorrikin termistor ¢ixigina qosulur. Yiik nasosunu 380 V garginliklo isloyan
asinxron muharriki harokata gatirir. Boyulk giicli asinxron miharriki yumsaq isaburaxicinin kdmayi
ilo isasalinir [3,4].

Sxem guc dovrasindan va idareetma ddvrasindan ibarstdir. Miharriki iso salmaq tgin QO
yiik ayirict agar1 qgapanmalidir. QO agar1 qapandigdan sonra idarsetmo diiymalarinin iglomasi Gglin
F1 vo F2 avtomatlari igo salinir. F1 avtomati gapandiqdan sonra gorginlik transformatorundan 220
V idars gorginliyi alinir. F2 avtomati qapandiqda iso “Soft Starter”s idarsetma goarginliyi verilir. Bu
zaman idaroetmo sistemi igo hazir voziyyoto golir. Baxilan sxemin “yerli” va “mosafodon”
idarsedilmosi mimkundur.

Yerli idaroetmo panel Uzoarindon idaroetmo dilymolori, mosafodon idaroetmo iso konardan
idaroetms pultu vasitasilo aparilir. Yerli idaroetmo tigiin S1 gevirgaci “yerli” vaziyyatina gatirilir.
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F1 avtomat agar1 gqapandigdan sonra “Soft Starter”’in R1A vo R1C kontaktlarindan K2 idaraetma
relesinin sargisina gorginlik verilir. K2 relesinin kontakti qapanir va sistemin islomasine icazo verir.
Miharrikin igo diismasi U¢lin S3 start dilymasi sixilir, K1 idarsetms relesinin sargisia gorginlik
gedir. K1 relesinin kontakt1 gapanaraq KM1 kontaktorunun sargisina idara gorginliyi verir, KM1-
in giic kontaktlar1 qapanir vo miharrik yumsaq isaburaxicinin vasitasilo igo diistir.
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Sok.5. Tadricon isoburaxicilarla isesalinan movciid yiik nasosunun elektrik intigalinin
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S3 idaraetmo dilymasindan olimizi ¢okdikdan sonra diymanin kontakti agilir vo sargiya
garginlik K1 idarosetms relesinin 6ziinii bloklayan kontakti vasitasilo gedir. Muharrik iso diisiib
normal rejimds islodikdon sonra tadricon isoburaxicinin R2A vo R2C kontaktlarindan K3
idaroetmos relesinin sargisina idara gorginliyi verilir. K3 idaroetms relesinin kontakti qapanir vo
KM2 kontaktorunun sargisma idara gorginliyi verilir. KM2 kontaktorunun giic dovrasindaki
kontaktlar1 qapanir vo asinxron miharrike gorginlik KM3 kontaktorunun kontaktlar vasitasilo
gedir, mihorrik normal is rejiminda islayir.

Muiharrikin normal is rejimindo islodiyini panelin Gstiinds olan H4 sigqnal lampasi vasitasila
gormok olar. Miiharriki artiq yiiklonmoadan mihafizo etmok igiin R3A va R3C kontaktlarindan
istifads olunub. Artiq yiikklonmo bas verarsa, yumsaq isoburaxicinin R1A vo R1C kontaktalarinda
gorginlik kasilir. R3A vo R3C kontaklar1 vasitasilo vo K2 idaroetmos relesinin normal gapali
kontakt1 vasitosilo K4 idaraetmo relesinin sargisina gorginlik verilir. Elektrik miihorriki dayanir
Vo artiq yiiklonmoni xobor veron lampa isigqlanir. K4 relesinin kontaktlar1 vasitosilo artiq
yuklonma barads signallar 6turalir. Asinxron mihorrikin qizmadan miihafizasi ¢in MQ
relesinin normal bagli kontaktindan istifado edilib. Mduharrikdo misyyan sobobdon qizma
hadisosi bas verarss, MQ relesinin normal bagli kontakti (qoza kontakti) agilir vo muharrik
dayanir. Bu relenin normal agiq kontakti vasitosilo miihorrikin normadan artiq qizdigini gostaron
signal c¢ixir. K5 relesinin sargisinada gorginlik signal 6tiiriildiiyli tiglin relenin kontaktlar
vasitasilo miharrikin artiq qizmasi barados signallar étaralir [4,8,9,12].

Qs aylarinda miihorrik islomoyon vaxtlarda onun qizdirilmasma ehtiyac yaranir. Bunu
etmok Uglin F3 vo F4 avtomatlarmi qapamaq vo S4 gevirgacini qapali voziyyato goatirmok
lazimdir. Isloyan miihorriki dayandirmagq ii¢iin S2 stop dilymesini basmaq lazimdir.

S4 cevirgacini “Masafodon” vaziyyatina gatirmoklo miharriki mosafadan idars edilir. Bu
vaziyyatdo muharrik idars pultu vasitasilo harokats gatirilir vo yuxarida geyd olunan ardicilligla
“start” diilymasi vasitasilo onu iso salmaq vo “stop” diiymasi vasitasilo dovradon ayirmaq olur. A
ampermetri vasitasilo giic dévrasindan axan carayanin qiymatina nozarat olunur.

Tadricon igsoburaxma qurgularin asas parametrlori asagidakilardir [1,2,3].

1. Tadricon isoburaxma qurgusunun islama rejiminin tayini.
2. Isodiismo muddati.
3. Isadiismo corayanmin maksimal yuxar1 haddi.

Qeyd olunanlar1 nazars alaraq, yumsaq isoburaxma qurgusunun asagidaki rejimlori ortaya

GIXIT.

e normal i rejimi: igodiismo middati 10-20 saniys, isadiisma Carayani 3,51nom kegmir.

e agris rejimi. isadiismo muddati 30 saniys, isodiisma corayani 4,5Ihom asmamalidir.

e daha agiris rejimi: isadiismo middatine mahdudiyyat yoxdur, isodiisma Carayani 5,5...8Inom
ola bilar.

Natica. Aparilmis todqiqatlar zamani gomi yiuk nasosunun elektrik intigallarinda kegid
prosesi zamani miharrikin igaburaxma caroyani nominal coroyandan 4-6 dofo c¢ox, onun
valindaki firlanma momenti iso nominal giymotin 150-200 %-ni toskil etdiyi malum olmusdur.
Bu hadisalor elektrik muharrikinin mexaniki hissalorinin tez siradan ¢ixmasima vo gidalandirici
sobokada gorginlik diiskiisiine sobab olur.

BOyuk glico malik yiik nasosunun elektrik intigallarmin todricon isoburaxicilar vasitasilo
iso salinmast ilo alagodar olarag, yik nasosunun elektrik miharrikinin stator dolaqlarinin qizmasi
vo muharrikin iso diismosi zamani gorginlik itkisi azalir. Enerji itkisinin azalmasi ilo yanasi,
tezliyin vo amplitudun eyni vaxtda idars olunmasi hesabina miiharrikin yiiksok faydali is amsali
ilo islomosi do tomin edilir. Bu igosalma Usulu ilo elektrik muharrikindo bas veron mexaniki
zorbalorin qarsist alinir vo yiik nasosunun istismari asanlagir.

Yiik nasoslarmnin idarsetms sistemlorinin etibarligini yiiksaltmok, elektrik enerjisi sarfinin
azaldilmas1 moqsadilo istismarda olan vo yeni hazirlanan AUT2 avtomatlagdirma daracasine
malik maye-yiik dasiyan gomilorin boyilik giiclii elektrik intigallarinin iso buraxilmasi zamani
todricon igoburaxicilarin totbiq olunmasi toklif olunur.
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HCCJIEJOBAHUE 3JEKTPOIIPUBOJA HAI'PY304YHOI'O HACOCA BOJIBIIIOM
MOIIHOCTHA 3AITYCKAEMOI'O YCTPOUCTBAMM IIVTABHOI'O ITY CKA

CYJITAHOB 2.9., ’TACAHOB 3J.A.

B crarne paccMaTpuBarOTCsA BOIIPOCHI BBOJA B IJKCIUIyaTallUIO SJICKTPOIPHUBOJI0OB
ﬂeﬁCTBYIOHIHX I'Py30BbIX HACOCOB CYIOB, HaXOIAIIUXCA B OSKCILTyaTallUuU. Beog B
OKCILUTYaTallUI0 3JICKTPOIIPUBOJOB Ha CyAaX, KaK IIPAaBUJIO, OCYIICCTBIIACTCS IMCPCKIIFOUYCHUCM
00MOTOK CTaTopa aCHHXPOHHOI'O ABUTATECIIA CO 3BC3/Ibl HAa TPCYI'OJIbHUK. Takoii crioco6 BBOJ4 B
OKCIUTyaTallUK0 CHUTACTCA HEAOCTATOYHO HAACKHBIM. HOCKOHLKy CYIIECTBYIOIUC CUCTCMBI
YIIPABJICHUA SJICKTPOIIPUBOAAMU I'PY30BbIX HACOCOB Ha CyJaX, MEPEBO3AMIUX KUAKHUEC I'PY3LI, C
YPOBHEM aBTOMAaTHU3allUU AUT?2 ne oTBEUaroT COBPEMCHHBIM Tpe6OBaHI/I$[M, ObLlIa IOCTaBJICHA
3aiava NOBBINICHUA HAACKHOCTHU CUCTEM YIIPABJICHUS U CHUIKCHUSA PACX0/da SJICKTPOSHCPIUH. B
CTAaTbC MPCACTABJICHA OJSJICKTPUUYCCKAA CXEMa YCTpOﬁCTBa IUIaBHOI'O ITIYyCKa ACHUHXPOHHBIX
JIBUraTelieil u XapaKTCpUCTUKa 3aBUCUMOCTU MOMCHTA OT CKOPOCTH IPU INNIABHOM ITYCKC. B
CTAaTbC paCCMATPUBACTC ITPUHIUIIHAIIbHAA CXCMa 3JICKTPOIIPHUBO/Ja CYIICCTBYIOLICTO I'PY30BOT'0
Hacoca, 3aIryCKacMoro ¢ noOMOIIbIO YCTpOﬁCTB TIaBHOTO IMTyCKa, UCCIICAYIOTCS PEIKUMBIL pa6OTBI
yCTpOﬁCTBa H, YYUTBIBAsA HCAOCTATKH crocoba 3aITyCKa 00OMOTKH CTaTOpa ACHUHXPOHHBIX
JIBUraTesei MNEPCKIOYCHHUEM CO 3BE31bl Ha TPCYIOJIbHHUK, MNOPCJIaractcsa IIpu BBI60pC
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AIIEKTPONPUBOAA JJIsl TPY30BBIX HACOCOB HAa BHOBH Pa3padaThIBAEMBIX Cylax sl MEPEBO3KH
HaJIMBHBIX TIpy30B ypoBHS AUT2 otrnate NpeanouyTeHUE AaCHUHXPOHHOMY JABUIATEII0 C
KOPOTKO3aMKHYTBIM POTOPOM, 3aIlyCKaeéMOMY C IIOMOIIBIO YCTPOMCTBa IUIABHOTO IyCKa, HE
HUMEIOLIEMY JOOJHUTEIbHBIX IOTEPHh MOIIHOCTH Ha YIIPABJICHUE.

KnroueBble cinoBa: CynHO, Tpy30BOM HAcOC, 3JIEKTPONPHBOJ, ACHHXPOHHBIA [BHIaTellb, YCTPOWCTBO
IUTABHOTO ITyCKa.

STUDY OF THE ELECTRICAL DRIiVE OF A LARGE-POWER LOAD PUMP
STARTED BY SOFT STARTERS

SULTANOV E.F., HASANOV E.A.

The article deals with the commissioning of electric drives of existing cargo pumps of ships
in operation. Usually, electrical drives are commissioned on ships by switching the stator
windings of an asynchronous motor from a star circuit to a delta circuit. This commissioning
method is not considered reliable enough. Since the existing control systems of electric drives of
cargo pumps on liquid cargo ships with an AUT2 automation level do not meet the requirements
of the modern era, the aim was to increase the reliability of control systems and reduce electrical
energy consumption. The article shows the electrical circuit of the soft-starting device of
asynchronous motors and the characteristic of the torque-speed dependence during soft-starting.
The article examines the principle circuit of the electrical transmission of the existing cargo pump
started with soft-starters, examines the operating modes of the device, and, taking into account
the disadvantages of the method of starting the stator winding of asynchronous motors by
switching from star to delta, proposes to give preference to a short-circuited rotor asynchronous
motor started with a soft-starting device, which does not have additional power losses due to
control, when choosing an electrical transmission for cargo pumps on newly developed AUT2-
level liquid cargo ships.

Keywords: ship, load pump, electrical drive, asynchronous motor, soft starter.
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DEVELOPING OF OBSTACLE BYPASSING MODES OF ECO-AGRO-ROBOT
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In this article, a wheeled agrorobot designed for agricultural tasks is proposed. The straight-line motion and
maneuverability of the agrorobot are achieved via regulating the angular speeds of both leading wheels and by
reversing. The other two wheels are passive (“royal”) type and do not generate traction. The maneuver and obstacle-
avoidance modes of the eco-agrorobot are implemented via the ESP32 processor. Through this software, the eco-
agrorobot responds rapidly to obstacles during straight-line motion and determines its movement trajectory based
on its localization. The program performs operations in this direction, and ultrasonic sensors are used to monitor
obstacles with high accuracy, enabling the obstacle-avoidance maneuver. Subsequently, the robot continues its
motion along the specified trajectory.

Key words: frequency regulation, controlled electric drive, wheel driven robot, ultrasonic distance sensor,
obstacle avoidance, ESP 32 prosessor.

In a number of scientific studies [1], [13] various works have been presented on determi-
ning the movement trajectories of mechanisms operating in agriculture. The presented works
primarily consist of research focused on the control of tractor and trailer systems. During tractor
steering, maneuvering is mainly achieved through the turning of the front wheels. During the
repositioning, the tractor moves with a large turning radius to reach its new position. The Agro-
robot presented in this article is also referred to as Eco-Agrorobot due to its use of eco-friendly
energy. Traction of Eco Agrorobot (EAR) is performed via the front wheels and, during ma-
neuvering, displacement motion is achieved by the wheels rotating at different speeds. At this
time, the right and left wheels move at different speeds depending on the maneuver command,
or one wheel remains stationary while the other performs full-speed rotation, or one wheel rotates
forward while the other rotates backward to execute the displacement process [2-5].

A small physical model of the Eco Agrorobot has been prepared in laboratory conditions
to investigate its maneuvering capabilities. The laboratory model of the Eco AgroRobot is
constructed with dimensions of 1.0 x 0.6 m (Fig. 1). The model is driven by front electric drive,
and the drivers consist of two DC motors with a power rating of 35 W. Each motor is
independently controlled in a reversible manner, and the speeds on both directions are adjustable
between “0” to 1000 rpm at the wheel input (at the gearbox input). The front axle is fitted with
conventional rubber tires, whereas the rear axle employs freely rotating “royal” wheels. The front
wheels are driven by the motor connected to the gearbox.

The Cabin for

control devices
and for battery

Back “idle” | == e
wheel T - s Front ]

wheels

pSre— ==

Fig.1. Physical laboratory model of Agrorobot.

Agrorobot’s drive motors are controlled via an ESP32 processor. The model operates both
manually and automatically. The movement algorithm of the model is programmed and executed
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through the processor. In the previous physical model of the Agrorobot, maneuverability in remote
control mode was implemented [8], [12] using Wi-Fi. The aim is to verify that the Agrorobot can
turn when encountering obstacles and can evade obstacles. In this approach, the model is not
autonomous; it is manually controlled.
The current model operates completely autonomously, maneuvering to avoid obstacles that appear in
its path and following a given trajectory. Unlike the previous model, the current model is not managed
by an Arduino processor but by an ESP32 processor. The ESP32 processor, in contrast to the Arduino,
processes input signals faster, enabling the robot to respond to any maneuver more rapidly, and to
avoid obstacles more smoothly and without problems [6,7].

Ultrasound sensors capable of detecting obstacles are installed at the four corners of the
Agrorobot to ensure it does not collide with obstacles and to enable obstacle avoidance during its
individual motion (see Fig. 2). The motion trajectory is executed according to the following rules:

—
2= ~ Ultrasound
sensors

L

When the Agrorobot moves forward, if an obstacle is detected on the left side, the ultrasonic
sensor located at the left corner gives a stop command to the robot. The prepared physical model
stops; to execute a left turn, the left wheel moves forward while the right wheel moves backward,
performing the turning motion [9].

The robot proceeds until the obstacle ends; after the obstacle is over, it stops and begins turning
to the left. In this case, the left wheel moves backward and the right wheel moves forward to execute
the left-turn maneuver. After the turn is completed, the robot moves straight ahead to the end of the
obstacle and, once the obstacle ends, again performs a left turn following the same rule, approaching
the starting trajectory; as it nears the trajectory, it turns to the right and resumes straight-ahead motion
(see Fig. 3).

In this case, the obstacle-avoidance operation is monitored by an ultrasonic sensor installed at
the rear-left side.

When the Agrorobot moves forward, if an obstacle is detected on the right side, all maneuvers
perform analogously (Fig. 4).

The control of the DC electric motors installed to the drive system is performed by a microcontroller.
The ESP32 microcontroller generates a motor control command that is transmitted to the BTS7960-
H bridge-type motor driver to actuate the motor, which is connected to the motor

Fig.3. The agrorobot comes across an obstacle located to its left.
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power supply and based on the received command, drives the motors at the required speed and in the
desired direction to initiate motion [11-14].

e
AgroRobot

Fig.4. The agrorobot comes across an obstacle located to its right.

The schematic of the motor drive circuit is shown in Figure 5.
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Fig.5. Wiring diagram of control system of agrorobot.

Figure 6b provides a conceptual schematic of the BTS7960 H-bridge motor driver, for
reference. This device is the circuit that enables a reversible operation of a high-current H-bridge
motor driver rated for 43 A nominal current (Figure 6a).

Figure 7 depicts the assembled motor control circuit integrated with the ESP32 processor.
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processor
Control
system Cooling
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Fig.6 a. BTS7960 motor driver.
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Fig.6b. Internal diagarm of BTS7960 H-bridge type motor driver.
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Conclusion

=

1 A physical laboratory model of the Eco Agrorobot has been proposed.

2. It has been demonstrated that the maneuvering of the EAR is achieved by changing the
speeds of the two wheels and reversing.

3. The use of “ultrasound” sensors to enable the EAR to detect obstacles and bypass them
has been provided.

4. The implementation of the ESP-32 processor to ensure the EAR’s agility has been
presented.

5. An algorithm for the EAR to bypass obstacles has been developed.

1.  Shelemetyev A.M., Shelemetyeva Y.V., Smirnov A.V. Razrabotka sistemy upravleniya
kolesnym transportnym sredstvom, osnovannoy na raznosti skorostey vrasheniya
upravlyayushich koles. Vestnik Chuvashskogo Universiteta. 2016.
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EKO-AQRO-ROBOT UCUN MANEOLORDON YAN KECMO
REJIMLORININ HAZIRLANMASI

HO9SONOYV Z.9., QASIMOYV S.K., MOMMJIDOYV C.N.

Bu mogalads kand tosarriifati iglorini hoyata kegiron tokarli ekoagrorobot toklif edilmisdir.

Ekoagrorobotun diizxatli haroksti vo manevr etmasi aparici iki tokarin surastinin tonzim edilmasi
Vva reversi vasitasilo hoyata kegirilir. Digor iki arxa toker “royal” (passiv) tipli olub dart1 qiivvasi
yaratmirlar. Ekoaqrorobotun manevr etmo vo maneadoan yan ke¢mo rejimlorinin algoritmi ESP-
32 prosessoru vasitasilo yerina yetirilir. Bu program vasitasilo ekoaqrorobot dizxatli horokiti
zamani maneayo rast goldiyinds cald reaksiya verir vo menanin yerlosma yerino goro harokot
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trayektoriyasini toyin edir. Programda bu yonds islomlor aparilmis vo ultrases sensorlari
vasitasilo manealor dagigliklo nazarstds saxlanir vo yan kegmo amoayiyyati hoyata kecirilir. Daha
sonra robot 0z harakatini verilmis trayektoriya tizro davam edir.

Acar sozlar: tezlikls idars, tanzimlonon elektrik intigali, takarli robot, ultrasas sensoru, maneslordan yan
kegmo, ESP 32 prosessoru.

PA3PABOTKA PEXKUMOB OBXOJIA IIPENSATCTBUIA DKO-AT'PO-POBOTOM

I'ACAHOB 3.A.,,TACBIMOB C.K., MAME/IOB 4.H.

B nanHoO#i cTaThe mpeangaraercs KOJIECHbIN arpopoOoT, NpeaHa3HAuE€HHBIN Il pelieHus
CEJIbCKOXO3SUCTBEHHBIX paloT. IlpsMonuHelHOoe ABM)KEHHWE W MAaHEBPEHHOCTh arpopoborta
JOCTUTAIOTCS 32 CUET PEryJIMpPOBaHUs CKOPOCTEH BpaleHUs JBYX BEIYLIUX KOJIEC U peBepca.
JIBa ipyrux 3aJHue Kojeca MacCUBHOTO («KOPOMBICIIOBOT0») THIIA HE CO3/IAI0T TATU. AJITOPUTM
MaHEBPUPOBaHUS M 00X0Ja MPEISITCTBUI dKoarpopodoTa peanmzoBan Ha nporeccope ESP-32.
brnarogaps 3TOl mporpamMMme 3K0arpopo0OT OBICTpPO pearupyer Ha MpensiTCTBHE IpH
MPSIMOJIMHEHOM JIBIKEHUH M OINpEAessieT TPAaeKTOPUIO JBIDKEHUS, HCXOAS U3 €ro
MectonosoxeHus. [Iporpamma pazpaboraHa ¢ y4€ToM 3TOro, a Takxke 00ecredrBaeT TOYHbIN
KOHTpPOJIb MPENSATCTBUI ¢ MOMOIIbIO YIbTPAa3BYKOBBIX JaTUMKOB U uX 00be3n. [locie storo
poOOT MpOoI0IKAET IBHKEHHE 110 33JJaHHON TPAEKTOPHHU.

KiloueBble C€JIOBA: YAacTOTHOE YIpPABJIEHUE, DETYIUPYEMbIH 3IEKTPONPHBOL, KOJECHBIH po0oT,
yABTPA3BYKOBOM AaT4MK, 00BbE3]1 MpensTcTBUid, nporeccop ESP 32.
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This article aims to enhance the energy efficiency of the metro power supply system by developing and
optimizing methods for reactive power compensation and mitigating nonlinear distortions. Static capacitor banks
and passive filters used for reactive power compensation suffer from critical limitations, including the risk of
electromagnetic resonance and an inability to adapt to dynamic loads. Moreover, thyristor compensators are
incapable of performing real-time harmonic correction. Recent research has focused on active power filters and
hybrid systems as solutions for reactive power compensation. The study examines the characteristics of a traction
substation equipped with an active rectifier and a power active filter, highlighting their impact on improving power
quality. The integration of active filters and rectifiers into the metro’s contact network power supply system leads
to a reduction in electricity losses by 1-3%, contributing to lower operational costs and improved overall system
reliability. Additionally, the article explores the potential benefits of these technologies in minimizing harmonic
distortions, stabilizing voltage levels, and enhancing the efficiency of energy distribution within the metro
infrastructure.

Keywords: active power filter, traction substation, electrical power system, subway, active rectifier.

Introduction

Today, the metro is one of the main consumers of electricity in modern cities. The metro
provides a large number of urban transport services with relatively little time and high traffic
safety [1]. Currently passenger transportations in the underground are basically carried out by
cars with collector DC motors of series excitation, which are powered from the contact network
with a nominal voltage of 825 V. In turn, the contact networks are supplied from surface or
underground traction substations, which are connected to the 12 (10) kV network via a three-
phase step-down transformer and a six-pulse diode bridge rectifier.

The cost of electricity to power trains in such systems is up to 80-95% of the total cost of
electricity [1, 2]. A significant part of the electricity costs are losses at traction substations, in the
contact network and traction electric drives.

Relevance of the Problem and Related Research. Static capacitor banks and passive
filters used for reactive power compensation can cause electromagnetic resonance in the network
due to system inertia [3]. It should be noted that thyristor static compensators cannot perform
real-time reactive power compensation. Active power filters can reduce total harmonic distortion
(THD) by up to 2% in metro substations, outperforming traditional diode rectifiers [4].

For this reason, the development of devices capable of neutralizing the effects of higher
harmonics as well as controlling the reactive power in the urban network has recently become
relevant.

The main purpose of this paper is to develop a hybrid system for compensation and control
of reactive power in the metro power supply system.

In order to achieve the objective, the following issues are discussed in the paper:
- Description of the working principle of hybrid reactive power compensation system;
- Addressing the issue of developing a hybrid filter control system for compensation system

The relevance of the work lies in the development of a set of solutions to increase the power
factor of metro substations, which will significantly increase the energy efficiency of the entire
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metro power supply system [7]. A technical solution for compensation of reactive power and
high-frequency nonlinear distortions by means of a hybrid power filter is proposed. First, the
consequences of the influence of the nature of the load current on the network are considered in
detail. Then there is an overview of methods to improve the quality of electricity;

increasing the pulse rate of the rectification circuits, the use of controlled zone-phase
rectifiers, reactive power compensation, correction of high-frequency nonlinear distortions using
active power filters, the use of hybrid compensation devices

A comparative analysis of compensating devices has been conducted, which allows to
identify the advantages and justify the need to use certain compensation methods for different
consumers. It is also noted that the choice of a compensating device should be based on an
analysis of the energy indicators of the consumer.

Methods

Reducing electricity losses and increasing the capacity of power transmission lines are the
most important parts of the overall complex of energy-saving measures. The quality of electricity
in the grid is influenced not only by the power plants that generate it, but also by consumers [3]
. The influence of electricity consumers in the network is characterized by:

1. the presence of reactive elements, electric motors and other equipment that causes a phase
shift of current relative to voltage;

2. non-sinusoidal current consumption, which introduces higher harmonics into the network

3. asymmetric phase loading in 0.4 kV lines;

The reactive energy circulating between the generator and the consumer through the
network is the cause of the following negative effects on the network:
the transfer of reactive energy leads to additional loading of network elements, which leads to a
decrease in their throughput;

- deterioration of electricity quality indicators for third-party consumers of this network.

With non-sinusoidal current consumption, the negative effect on the network is
characterized by the appearance of higher harmonics, which are the cause of:
distortion of the shape of the supply voltage, increased losses in transformers due to increased
hysteresis losses and the appearance of eddy currents, additional losses in bus bars, interference
in nearby communication networks, faster aging of cable line insulation [12].

With asymmetric power consumption by a load in three-phase four-wire 0.4 KV systems,
there is:

an increase in the current in the zero wire, occurrence of harmonics in the primary network
of multiples of three, distortion of the shape of the supply voltage.

All of the above negative consequences of the impact of load on the network are the reason
for increased attention to the quality of electricity from energy companies and require decisions
to correct the power factor of consumers.

The appearance of the listed processes of consumer influence on the quality of electricity
in the network is the basis for increasing the power factor, the coefficient of nonlinear distortion
[15]. According to the results of the analysis of the metro's electricity quality [9], it was
revealed that the main consumers of reactive energy in the subway are asynchronous motors for
driving escalators and ventilation, as well as pumping and lighting installations. To increase the
coso of the listed loads, the following organizational measures can be carried out:

* lowering the supply voltage of electric motors that systematically operate with low load;

» disconnection of a part of the power transformers during low loads.

* replacement of asynchronous escalator motors with synchronous motors with permanent
magnets of lower rated power;

* reactive power compensation;

» correction of high-frequency harmonic distortion.

The reliability and efficiency of traction substations are largely determined by the type of
rectifier adopted [12]. Complex multi-pulse rectification schemes provide an increase in the
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voltage level in the traction network, an improvement in the shape of the rectified voltage curve,
and a reduction in electrical energy losses.

In general, 12-pulse rectifiers make it possible to increase the power factor of a traction
substation, to improve the shape of the current consumption curve and thereby improve the
quality of electrical energy, to improve the shape of the rectified voltage curve, to increase the
voltage level in the traction network without the use of special voltage regulation devices [10].

Currently, twelve-pulse rectifier units are most often formed by three-phase two-bridge
rectifier circuits. They are two three-phase bridges connected at the output either in parallel or in
series (Fig. 1 and 2). The transformer included in the twelve—pulse rectifier has two systems of
valve windings: one connected by a star, and the other by a triangle. Each of these winding
systems feeds its own three-phase bridge.

The most important and effective technical means of increasing cose is reactive power

compensation (Figure 3).
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Fig.1. Functional diagram of 12 pulse rectifiers with parallel connection of three-phase bridges.

S,P,Q - total, active and reactive power; I, IR, 1Q - total, active, reactive current; Q, 1Q1,
@1 - reactive power reactive current and phase angle before reactive power compensation; Qa,
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Fig.2. Functional diagram of 12 pulse rectifiers with serial connection of three-phase bridges.
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Fig.3. Reactive power compensation.

By reducing reactive power, the load on main equipment is reduced and the throughput of
electrical networks is increased, and a reserve is created for connecting additional capacities [5].
The introduction of reactive power compensators makes it possible to ensure a balance of power,
and also provides a significant economic effect, which consists in reducing electricity losses in
networks due to their heating. Designing a power system with the addition of reactive power
compensation means at the development stage allows you to reduce the rated power of
transformers and converter units, reduce the cross-section of wires and cables, and also reduce
the rated power of other power transmission and distribution equipment [13-16].

The most appropriate place to connect a reactive power compensator is a network point
that is physically close to the consumer, in this case the reactive energy circulation circuit
between the compensator and the load is reduced [17].

Energy losses in active resistance R and reactive X components of the electrical resistance
of the network through active P and reactive power Q can be determined according to the
expressions (1):

Pz 2 . PZ + 2
=P R aQ- UZQ X (1)
Voltage losses in the network during reactive power transmission can be represented as (2):
PR + QX

P =2 )

The current in the line before installing compensating devices is determined by the expression
(3): L
I =1,-1Iy 3)
The load power is equal to (4):
S=P-jQ 4)
After installing compensating devices with power Qk reactive current and reactive power

in the network decrease.
In this case, current will flow in the line (5):

|2=jR_jIQ2 ()
The power will be (6):
S=P—j(Ql—Q2) (6)
Thus, after installing compensating devices, reactive power decreases, in other words, the
line is unloaded in terms of reactive power (7). Power and voltage losses are also reduced:

P12+(Q1_QK)2‘R AQ:Plz"'(Ql_QK)Z_X U:PZLR1+(Q1_QK)X1
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In modern times, with the development of power electronics technologies, it became pos-
sible not only to perform reactive power compensation, but also to correct distortions caused by
high harmonics [18]. A device that enables such issues is called an active power filter. This de-
vice realizes the demand or generation of reactive power based on the information it receives
about the parameters of the electric network in real time, such as the network network voltage
and current. Also, along with this, by receiving information about the non-sinusoidal and har-
monic components of the load current, it performs the correction of their non-linear distortions.

An active power filter is connected to the network in two basic ways, that is, both in series
and in parallel. In series connection, the total current required by the consumer and the phase
voltage to ground are calculated. In such a connection, in order to weaken the total inductive
reactance of the transmission line, it is necessary to connect capacitors with a large capacity,
which requires a high cost [19-21].

The active power filter consists of a three-phase inverter, and its main components are an
insulated bipolar transistor, an inductive coil, capacitor batteries with a reactive energy source,
and a microprocessor that generates control signals based on information received from current
and voltage transmitters [8]. (Fig.4)

The active power filter has the ability to solve several tasks in parallel. In addition to
compensating for the high harmonics created by nonlinear distortions and compensating for the
reactive power generated by the main harmonics, the active power filter is also capable of
performing load distribution between phases. The presence of such an active power filter allows
you to reduce the potential difference between the neutral wire and the ground in a four-wire

system [22-24].
Nonlinear
load
Compensation

! T current
c

Fig.4. Active filter connection diagram.

Al

Shunt active filter

A hybrid reactive power compensator can also be used to compensate for reactive power
in the subway power supply system [11, 17, 18]. Through it, it becomes possible to regulate the
phase current shift relative to the phase voltage and high-frequency distortion in a stepwise form.
As a result, the power factor is increased by reducing the shift between current and voltage, as
well as by smoothing out harmonic power distortions (Fig.5).

¢) A
Fig.5. Reducing the sliding angle between current and voltage.

Result
The article extensively studies the impact of reactive power on losses in the metro power supply
system.
A comparative analysis of existing reactive power compensation methods, including passive
filters, active filters and hybrid solutions, showed that active power filters provide the most effective
compensation. Unlike passive filters, which are tuned to specific harmonic frequencies and cannot
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adapt well to changing loads, active power filters dynamically adapt to the harmonic spectrum of the
system and provide more accurate compensation. In addition, higher-order harmonics, which cause
electromagnetic interference and equipment overheating, are reduced to below 1%, which
significantly increases the overall efficiency and reliability of the metro power supply system.
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METROPOLITENIN GUC OMSALININ ARTIRILMASI UCUN HOLLOR- XULASO
HOSONOVA G.U., ISMAYILOVA S.I.

Bu magalonin mogsadi reaktiv giicliin kompensasiyasini inkisaf etdirmok va optimallagdirmaq
Vo geyri-xatti stirismani azaltmagla metronun enerji tochizati sisteminin enerji samaraliliyini
artrrmaqdir. Reaktiv giicin kompensasiyasi tigilin istifado edilon statik kondansator batareyalar1 vo
passiv filtrlor elektromagnit rezonans riski vo dinamik ytiklors uygunlasmamaq da daxil olmagqla bir
sira ohomiyyatli mohdudiyyatloro malikdir. Ustalik, tiristor kompensatorlar1 real vaxt rejimindo
harmonik korreksiya etmaya gadir deyildir. Son tadqiqatlar reaktiv giiciin kompensasiyasi tigiin hallor
kimi aktiv guc filtrlorina vo hibrid sistemlora yonalmisdir. Toadgigat aktiv diizaldici va glic aktiv filtri
ilo tochiz edilmis dartma yarimstansiyasinin xiisusiyyatlorini nozordon kegirir vo onlarin enerji
keyfiyyatinin yaxsilagdirilmasina tesirini vurgulayir. Aktiv filtrlorin vo rektifikatorlarin metronun
yeristu alage sobokasinin enerji tachizati sistemina inteqrasiyasi enerji itkilorinin 1-3% azalmasina
sobab olur ki, bu da istismar xarclorini azaltmaga va sistemin imumi etibarliligini yaxsilagdirmaga
kémok edir. Bundan olava, mogalods harmonik tohriflori minimuma endirmok, garginlik
saviyyalarini sabitlogdirmak vo metro infrastrukturunda enerji paylanmasinin somaraliliyini artirmaq
ticiin bu texnologiyalarin potensial faydalar1 miizakira olunur.

Acar sOzlar: aktiv gic filtri, dartma yarimstansiyasi, enerji tochizati sistemi, metro, aktiv
duzlandirici.

PEINEHUA JJIA ITIOBBIINEHUSA KOO®PUIIUEHTA MOITHOCTHU
METPOIIOJIMTEHA — OB30P

I'ACAHOBAT.Y., UICMANJIOBA II.H4.

Ilenpto nmaHHOW  CTaTbU  SIBISICTCS  TOBBIIICHHWE  JHEPrOdI(PHEKTUBHOCTH  CHCTEMBI
AJIEKTPOCHA0KEHUST METPOIOJIUTEHA TyTeM pa3pabOTKU W ONTHMH3AIHMHA METOJ0B KOMITCHCAITUH
pEaKTUBHOM MOIIHOCTH W CHWXECHUA HEIMHEHHBIX WCKaXeHWW. barapem craTtmdeckux
KOHJICHCATOPOB U MACCUBHBIC (DUITBTPHI, UCIIOIB3YEMBIC JJIs1 KOMIICHCAIIMA PEAKTHBHON MOITHOCTH,
HMEIOT PSJ] CYIIECTBEHHBIX OTrPaHWYEHWW, BKIIOYAsS PUCK SJIEKTPOMArHUTHOTO PE30HAHCA H
HECNOCOOHOCTh aIalTHPOBAThC K JTUHAMHYECKUM Harpy3kaM. boiiee TOro, THPHCTOPHBIE
KOMIICHCATOPBI HE CIIOCOOHBI OCYIIECTBIISATH KOPPEKIINIO TAPMOHHK B PEKUME PeaTbHOI0 BPEMEHH.
B mocnenHux umcciieoBaHuSIX 0c000¢ BHUMAHHE YACISUIOCh aKTUBHBIM (DHIBTpaM MOITHOCTH U
THOPHIHBIM CHCTEMaM KaK PEUICHUM JIJIs KOMIICHCAIIMU PeaKTHBHON MOIITHOCTH. B nccienoBanuu
paccMaTpHUBAIOTCS XapaKTEPUCTUKH TIATOBOM MOJICTAHIINHN, OCHAIIEHHOW aKTUBHBIM BBITPSIMUTEIEM
W CHJIOBBIM aKTHBHBIM (DHIBTPOM, W IOMYCPKUBACTCS WX BJIMSHHC Ha TIOBBIINICHHWE KadecTBa
AJNIEKTpOdHEprun.  MHTerpanus  akTUBHBIX  (WIBTPOB W BBIIPSAMUTEIICH B CHCTEMY
JJICKTPOCHA0KCHUST KOHTAKTHOM CETH METPOIIOJIMTCHA TMPUBOIUT K CHIDKECHUIO TOTEPh
anekTposHeprur Ha 1-3%, 4YTO CHOCOOCTBYET CHMXKCHHMIO DKCILTyaTallMOHHBIX PAacXO/IOB H
TOBBIIIICHUIO OOIIEH HaJeKHOCTH CHCTeMbl. Kpome TOro, B CTaThbe paccMaTpPUBAIOTCS
MOTCHITUATBHBIC MPEUMYIIECTBA 3TUX TEXHOJIOTUH JUII MUHUMHU3AIUHA TAPMOHUYECKUX MCKKECHUM,
cTaOWIM3aIy YPOBHEH HAINpsDKCHUS W MOBBIMIEHUS 3()PEKTUBHOCTH pacmpeieieHus] SHEPTUH B
HHDPaACTPYKTYpe METPOMOIUTCHA.

KiroueBble c/ioBa: aKTUBHBIN (1)I/IJ'H>Tp MOIIDHOCTH, TATOBasA NOACTAaHIWA, CUCTEMA 3J'ICKTpOCHa6)KCHI/IH,
MCTPOITOJINTCH, AKTHBHBIN BBIIPAMUTCIIb
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Toqdim edilon moqalods elektrik kabellorinin etibarli iglomosini tomin etmok mogsodilo istismara
verilmazdon avval vo istismar dovriinds aparilan smagqlar vo diagnostik metodlar arasdirilmisdir. Osas digqgat kabel
izolyasiyasinin ~ voziyyatinin  giymotlondirilmasine  vo onun  kohnolmo  proseslorinin  elmi  osaslarla
modellosdirilmasine yonalmisdir. izolyasiya materiallarmin, xiisusilo polietilenin, elektrik vo termal tosirlor altinda
mohvolma mexanizmlori tohlil edilmis, gismon bosalmalar vo onlarin izolyasiyaya tosiri genis sokildo izah
olunmusdur. Moagalods homg¢inin, dagidici olmayan diagnostika tisullarina — dielektrik itki bucagmn 6l¢tilmasi,
gisman bosalma va qutblogsma proseslorinin monitoringine asaslanan miiasir yanagmalara yer verilmisdir. Toqdim
edilon riyazi model izolyasiya materialinin galiq xidmot middatini elektrik sahosinin intensivliyi, temperatur vo
kimyovi reaksiyalarin siiratine asaslanaraq hesablamaga imkan verir. Noaticado, kabel izolyasiyasinin vaziyyatinin
real vaxt rejimindo giymatlondirilmasi vo onun qaliq 6mriiniin prognozlagdirilmasi ii¢iin elmi osaslandirilimig
metodoloji yanagma formalagdirilmisdir. Magalods elektrik enerjisinin 6turtilmasinds mihium rol oynayan 6-10 kV-
lug polietilen ortiiklii izolyasiyalt kabel xatlorinin istismara verilmozdan avval vo istismar dovrinds aparilan sinaq
Vo diagnostika tisullari hortorofli sokilds tohlil edilmisdir. Kabel sistemlorinin tohliikasizliyi vo uzunmuddatli
davamliligi Gigtin kabel damarlarinin biitovliiyiiniin yoxlanilmasi, izolyasiya miiqavimatinin 6l¢iilmasi, sabit vo ya
doyison gerginlik altinda kegirilon elektrik sinaqglar1 vo torpaglama migavimatinin 6lgiilmasi kimi ananavi sinaq
metodlarma baxilmigdir.

Acar sozlar: elektrik kabellari, izolyasiya sinaqglari, gisman bosalma (QB), polietilen izolyasiya, dielektrik
xususiyyatlor, diagnostika.

Giris. Elektrik kabellorinin etibarli islomasini tomin etmok Uglin istismara verilmazdan
awval smaqdan kegirilmolidir. Kabelin corayan keciron damarlar1 (enerji monboyinin istehlak¢1
ilo alagasini tamin etmok (i¢lin) vo onlarin izolyasiyasi (qisa gapanmalarin garsisini almaq ti¢iin)
smaqdan kegirilo bilor. Polietilen 6rtiiklii izolyasiyali 6-10 kV-luq kabel xatlori istismara
verilorkon asagidaki sinaqlar aparila bilor:

1) Kabel damarlarinin biitovlityliniin va marhoalalorinin yoxlanilmasi.

2) lzolyasiya miiqavimotinin 06lgiilmesi. Mulgavimatin &lgiisii standartlasdiriimayib,
mugavimat artan garginliklo smaqdan avval va sonra 6l¢uldr.

3) Diizolis edilmis coroyanin nominal Vo ya artan gorginliyi ilo sinaq (bazi hallarda sinaq
sonaye Vo ya ultra asag tezlikli gorginlikls (0,01-0,1 Hz) aparilir).

4) Tok damarli kabellar boyunca coarayan paylanmasinin 6l¢iilmasi.

Kabellords corayanlarin paylanmasinda qeyri-borabarlik 10%-don ¢ox olmamalidir [1,3,5].

5) Oldugu halda antikorroziya Ortiiyiiniin voziyyatine nozarat etmoak.

6) Torpaglama mugavimatinin dlgtilmasi.

[zolyasiya materiallar1 xarici vo daxili amillorin tosiri altinda mohv olmaga daha
hassasdirlar, buna gora do on boyuk izolyasiya sinagina digqat yetirilmolidir. Standartlagdiriimig
sinaq artan garginlik ilo izolyasiya iigiin dagidicidir, ¢linki mévcud qiisurlar1 yandirmagqla yanasi
(istehsal prosesi zamani va ya keyfiyyotsiz qurasdirma naticasindo) izolyasiya materialinin mohv
edilmasi prosesi slratlonir, bu da izolyasiyada yeni qisurlar amala galmasine va onun xidmot
muddotinin azalmasina sobob olur. Bundan slava, polietilen ortiiklii izolyasiyasi olan kabellari
smamaq tg¢iin sabit gorginlikdon istifado edarkan, onlarda hocm yiki toplana bilor ki, onlarin
movcudlugu kabelin tez siradan ¢ixmasina sabob ola bilor. Bununla slagadar olaraq, hazirda
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izolyasiyanin dagidic1 olmayan sinaq v diaqnostika tisullarinin tatbiqi tendensiyasit mévcuddur,
bunlar: [2, 4]

1) izolyasiyada qismon atqilarin lgiilmasi;

2) Dielektrik itki bucaginin tangensinin 6l¢iilmasi;

3) Dielektrikin qutblosma/depolyarizasiya proseslorinin  gorginliyinin/carayaninin
Olctlmosi.

Izolyasiya materialinin yaslanma prosesinin fizikasi

Qismon bosalma, izolyasiyanin yalniz bir hissasini idaro edon vo elektrodlar arasinda
gorginlikda shomiyyatli bir doyisikliya Sobab olmayan asagi giiclii elektrik bosalmasidir. Bir
qayda olaraq, daxili qiisurlarin yerlosdiyi yerlords izolyasiyada gismoan bosalmalar bas verir (qaz
baloncuklari, bark girklorin muxtslif mikrohissaciklori) bu yerlordo elektrik sahasinin geyri-
borabarliyi meydana galdiyina goro, qlsurun igarisinds intensivliyi izolyasiya materialindan
xeyli yiiksok ola bilor [7-9].

Bir gayda olaraq, ¢irklorin elektrik giicli izolyasiyanin elektrik gucundan ohomiyyatli
doracads asagidir, buna gora qusur yerinds yerli elektrik gozasi bas verir. Yiiksok intensivlikli
qismi bosalmalarm (QB) moanbalori adoton dendritlordir - izolyasiyanin tobii qocalmasi
naticasinds materialin mohv edilmasi va ya depolimerlosmasi noticasinds istehsal va istismar
zamani izolyasiyada amolo goalon geyri-homogenliklordon inkisaf edon agaca boanzor natamam
parcalanma kanallari. Bundan alave, QB monbolori zoif qurasdirma yerlori ola bilor, mosalan,
kabel birlosmolori. istehsal texnologiyasindaki ¢atismazhiqlar noticasinde yaranan izolyasiya
qiisurlarmin igarisinds elektrik sahasinin tosiri altinda is zaman1 dendritlorin boylimasina sobab
olan gismon bosalmalar meydana galir. Qazlarla doldurulmus qiisurlar ti¢iin gaz daxilolmalarinda
gismon bosalmalarin bas vermasi liglin daha asagi elektrik sahasinin guci talob olunur, ¢linki
qazlarin dielektrik davamliligi mayelarin vo bork cirklorin keciriciliyindon azdir. Noticado,
qusurlarin inkisafinin ilkin morhalolorinds gismon bosalmalarin intensivliyi shamiyyatli
doracado yiilksok ola bilor. izolyasiyadaki mikromasamalor izolyasiyada mohlul kimi mévcud
olan vs ya atraf muhitdon izolyasiyaya nifuz edan su ilo doldurula bilar [3, 6].

Izolyasiya vaziyyatinin monitoringinin geyri-dagidic1 iisullarma homginin modellorin
yaradilmas1 vo kabelin osas parametrlorinin onun is soraiti nozoro alnmagqgla sonraki
hesablanmasi da daxildir. Bu tsullar, xidmat muddatindan asili olmayaraq, kabel mohsulunun
izolyasiyasmin voziyyatini real vaxt rejiminds giymatlondirmoys imkan verir. izolyasiya
asmnmasina qadar is vaxtinin prognozlasdirilmasi probleminin formalasdirilmasinda vo sonraki
hallinds asas cohat riyazi aparatlardan istifads edoarok izolyasiyada bas veran kegici proseslarin
fizikasmin tosviri va ya XUsusi hazirlanmis proqramlardan istifads edorok yaslanma prosesinin
modellosdirilmasidir [11].

Kabel nominal rejimds isloyarkan, izolyasiya xususiyyatlorinin tadricon pislosmosi bas
verir. Bu proses xarici magnit v elektrik sahasinin tasiri, temperatur forglori, dinamik dartilma
Vo sixict yiiklorin yaratdigi mexaniki tasirlor, otraf mihit amillorinin (is1q, radiasiya), riitubat,
inert qazlarin tasiri kKimi dinamik xususiyyatlorin geyri-xotti doyismasi noticasinds yaranir.
Kimyavi reaksiyalar soviyyasinda xarici tasirlorin molekulun parcalanma suratine tasiri prosesi

Arrhenius ganunundan istifads edarok tosvir edils bilar:
-W,

Kt = Kr e kT (1)
burada K: - vahid vaxtda bir molekulun pargalanmasinin orta ehtimalidir, doyigson kimyavi
reaksiyalarmn siiratino cavabdehdir; K; - reaksiyada istirak edon maddslorin materialindan asili
olan amsal; Wa - aktivlesdirma enerjisidir; k - Boltsman sabitinin istinad giymatidir.

Bu fenomeni daha yaxs1 basa diismak U¢uin yiksak intensivliys malik elektrostatik sahoda
izolyasiyanin yaslanmasimin xiisusi bir vaziyyati verilmisdir.

Izolyasiyanm ayr1 bir hissasindo elektrik sahasi foaliyyat gostorir, bunun naticasindos bu
hissada gismon bosalmalar bas verir. Qismon bosalmalarda qeyri-Xatti artim bas verir va onlar
vaxtagir1 tokrar edildikda, izolyasiyanin mohv edilmasi prosesine baslayirlar, ¢iinki igarisinds
mikro catlar goriiniir [12]. Elektrik giiciiniin buraxila bilon maksimum qiymatins ¢atdiqda, qoza
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bas verir. Izolyasiya materialinin vaziyystini miayyan etmok vo hesablamaq uciin dielektrik
materialda qiisurlarin amala golmasi vo ayrilmasi mexanizmini tasvir edon gqanun ¢ixarilmigdir.
Test nimunasi olaraq polietilen se¢ilmisdir (sokil 1).

l ,

[-CH,-CH,],

@ -H
@

Sak.1. Polietilen molekulunun strukturu.

Polietilenin kimyavi diisturunda, pargalanma bas verdikdo, bir karbon atomunun qonsu
karbon atomlar1 ilo baglar1 qurilir vo sarbast hidrogen atomlar1 meydana golir Ki, bu da hava
bosluklarin meydana galmasina sobab ola bilor. Naticods baglanmamis hidrogen miisbat yukli
ion H + kimi konara ¢ixir, bu da 6z névbasinds ionlasmaya va biitovlikds polietilenin molekulyar
strukturunun daha da mohv olmasina komok edir vo sonradan sarbast elektronu tutaraq neytral
olur, karbon isa kecirici mikrohissacik olur. Bu halda qonsu karbon atomlar1 bir-biri ilo slage
yaradir. Bundan alava, Sarbast hidrogenin biitév molekullarda qonsu karbon atomlari ils alage
yaratmasi va son gruplar meydana gotirmosi mimkinddr. Bels bir alage elektrik sahasinin tasiri
altinda pozulduqda, sarbast hidrogen va qonsu karbon atomu il bir son qrup amals galir [13].

Polietilen izolyasiyada qocalmanin sabablari hom texnoloji, ham do amaliyyat baximindan
gacilmazdir. Belo qiisurlara mikroskopik hava bosluglari, xarici daxilolmalar, ¢atlar vo s.
daxildir. Onlar izolyasiyada onun istehsali zamani vo ya kabellorin ¢okilmasi va istismari zamani,
mosalon, yiik soraitindo materialin dovri sixilmasi va genislonmasi sabobindan gérinir. Bu
mikrobosluglar izolyasiyanin (¢arpaz baglanmasi vo ekstruziyasi) istehsal proseslorinds su
buxarmin amalso galmasi va ugucu mohsullarm olmasi sabsbindan gazla doldurulur.

Istismar zamam kabel izolyasiyasina xarici va daxili amillarin tasirlarinin tahlili.

Carpaz polietilen izolyasiyali kabel otiirticii xatlorin istismar1 zamani izolyasiya materiali
onun qocalmasina sobab olan bir sira xarici vo daxili dagidic1 tasirlora moaruz gala bilor:

1. Temperaturun tasiri ¢arpaz bagl polictilenin mahv edilmasi va depolimerlosmasinin
kimyavi reaksiyalarmin siiratini miloyyan edir; 2. Otraf miihitin riitubatinin artmasi izolyasiyanin
nomlanmoasina va onun xdsusiyyatlorinin pislosmasine sabab ola bilor. Nomlik daracasini tayin
etmok U¢ln udma amsali miioyyan edilir vo izolyasiya qurudulur. Bundan olavs, izolyasiya
materialiin mikromoasamolarindaki su tarkibi, izolyasiyada qiisurlarm inkisafini siiratlondirarak,
su agacinin fenomenina Sobab olur; 3. Ultrabondvsayi siialanma izolyasiya sathine dagidici tasir
gOstarir, ¢lnki ultrabandvsayi fotonlar yiksok enerjiys malikdir va onun sathinds izolyasiyanin
molekulyar strukturunu (pargalanmig yan qruplar, oksor hallarda hidrogen) mohv edir,
izolyasiyanin sortliyinin artmasima, onun qurumasina, ¢atlamasina vo belsliklo, izolyasiyanin
xususiyyatlorinin pislogsmasino sobab olur. Bu hadisays fotokimyavi mahvetmo do deyilir; 4.
Kimyavi tasirlor izolyasiyaya tosir edon va onu mahv eds bilon mixtalif kimyoavi maddslorlo
ifado edilir, masalon, 50% mohlulda polietileni mahv eds bilon azot tursusu vo ya havadan
oksigenin olmasi,termo-oksidlosdirici mohv; 5. Atom rabitalorinin enerjisindon yuxar: mexaniki
gorginlik yarandiqda mexaniki tosirlor atomlararasi rabitalorin mohvina ssbab olur; 6.
Radiasiyanin dielektriko tosiri molekulyar soviyyado mixtalif zodolonmalara sabab ola bilar.
Maddonin strukturunda, xassalorinds va vaziyyatinds doyisikliklor bas verir. Siialananda yaranan
yiik dastyicilart madda stasionar vo geyri-stasionar coroyanlar yaradir vo dielektriklords kosmik
yiikiin yigilmasina gatirib ¢ixarir ki, bu da uzun miiddst davam edo bilor [11-13].
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Bununla bels, bitlin sadalanan amillar iiglin monitoring sisteminin iglonmasi izolyasiyaya
gOstarilon bitln sadalanan tasirlorin tabistinin darindan 6yranilmasi zarurati ilo alagadar oldugca
mirokkab bir isdir. Bundan slave, hor bir xtsusi kabelin qaliq dmriinii izlomok tgtin fordi
yanasma talob olunur, ¢linki bozi amillarin izolyasiyaya tasiri shamiyyatsiz ola bilor vo buna gors
do lageyd gala bilar.

Owellor segilmis kabelin dizaynina osasen, izolyasiya materialinin mohv edilmasinin
asagidaki amillorini nazors almamaq gorara alind1 [9]:

1. ©traf miihitin riitubati, ¢uinki kabelin torkibinds kabellorin islanmasimnin garsisini alan su
bloklayict lentlor var va polietilenin nisbaton asagi nom udma gabiliyystina malik oldugu da
malumdur;

2. Ultrabandvsoyi stialanma, ¢iinki o, xarici giinos radiasiyasindan qorunmaq ti¢iin kabelda
yerloson isci izolyasiyasina zoror vermodon yalniz kabel sathing, yoni onun gabigmma dagidici
tasir gostarir;

3. Bitiin kimyavi maddalor izolyasiya hacminds az migdarda ola bilacayi va izolyasiya
materialinin mahv edilmasi naticasinds amala goalo bildiyi Gglin Kimyavi tasirlori ayrica nozardan
kecirmomok Qorara alinib. Buna goéra do onlar kabel istismar1 zamani kegirici niivonin qizmasi
noticasinds yaranan istilik destruksiyasi (mahvetmasi) proseslori ilo miioyyon edilocak;

4. Mexanik tasirlor temperaturun doyismasi va qruntun yerdoyismasi (yerds qurasdirma
zamani) naticasinds kabellorin ayilmosi (qurasdirma zamani), sixilmasi vo dartilmasi ilo ifado
edilir;

5. Radiasiya yalniz ixtisaslasdirilmis obyektlords, masalon, atom elektrik stansiyalarinda
dielektriks tasir eds bilir. Lakin tadgigatin moagsadi sanayeds istifads olunan Gmumi tayinath
kabellorin qaliq 6mriinii tayin etmok {igiin bir sistemin inkisaf etdirilmasidir [14]:

Belaliklo, kabel konstruksiyasi vo onlarin izolyasiyasinin maruz gala bilocayi tasirlarin
tohlilino asason, yaslanma prosesindos yiksak intensivlikli elektrik sahasinin olmasi naticasinda
yaranan temperaturun va gismoan bosalmalarin tasirlorini nazars almaq kifayotdir.

Qaliq resursun proqgnozlasdirmasi ii¢iin riyazi modelin islonib hazirlanmasi

Qaliq resursun hesablanmasi sadologdirilmis formada izolyasiyanin kdhnalmasinin

mdvcud modelins (2) asaslandirilmisdi:

-Nn Wa
7, =A-E™" -exp T (2
Yuxaridaki naticalors asason, izolyasiyanin xidmot middsti, S.A. Arrhenius ganunu ils
muoyyon edilmis, izolyasiya materialinin istilik va istilik-oksidlosdirici mohvi zamani gisman
bosalmalarm giicti vo Kimyavi reaksiyalarin siirati ilo misyyan edilir.
[zolyasiyanin pozulmasi ehtimalin1 nozers alaraq (3) formulun taqdimatina baxaq:

In :::‘
= . ©)
n a
c-B-E"-K,-exp( k-T)
burada Nt - zamanin miioyyan aninda vahid hacmds olan maddonin molekullarinin sayi, No —
dagilma baslamazdan ovvol vahid hacmds maddonin molekullarinin sayidir, giiman edilir ki,
N¢/No = 0,645, B-konstantadir, E-elektrik sahasinin giictidir, n-materialin néviindon va struk-
turundan asili olaraq qiivve gostaricisidir, Ki(T)=Ko-e(-Wa/k'T) verilmis temperaturda kimyavi
reaksiyalarin siirot omsali, Ko—Arrenius ganununun reaksiya slroti sabiti, Wa— aktivlosmo
enerjisi, k—Boltsman sabiti, T-Kelvindoki temperatur, c-temperatur vo elektrik sahasinin
tosirlorinin sinerjisi ilo muioyyan edilon vurma omsalidir. Bu halda qaliq resursu hesablamagq tigiin
onun parcalanma daracasini miayyan etmok ticiin maddonin verilmis hacminds materialin mohv
edilmomis molekullarinin sayin1 hesablamaq lazimdir. Sabit giic vo temperaturda misyyan bir

anda mahv edilmamis molekullarin say1 (4) diisturla hesablanacaq [8]:
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" "N,
7C<B.En.Ko.exp(77a)
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W @
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Vaxt kecdikca elektrik sahasinin glicll vo temperaturunun, bir gayda olaraq, is soraitinds
xaotik olaraq doyigmasi sortini nozors alaraq, hesablamani zamana goéra (moesalon, saniyads bir
dofa) yerino yetirmok lazimdir. Giic vo temperaturun dayisdirilmosi funksiyalarmin xaotik
oldugunu nozaros alarag, (5) disturdan istifado edarok hesablama aparmagq toklif olunur [15-17]:

t
N, () =N, - jo v(t)dt (5)
burada v(t) izolyasiyani mahv edon amillarin birgs tosiri altinda materialin dagilma olma
siratinin funksiyasidir va bu asagidaki (6) diisturla miiayyan edils bilor:

dN W
ty=—— —¢c.B-E". K. - _Tay.N. .
V()= =¢ o) Ng ¢

C.B.E”.Ko.exp(_

W,
—c-B-E"-K,-exp(—&
0exp( k-T)

(6)

Bundan slavs, izolyasiyanin asinmasimni prognozlasdirmaq problemini hall etmak tigiin miayyan
bir middat orzinds toplanmis moalumatlar asasinda Ni(t) funksiyasini ekstrapolyasiya etmok
lazimdir. Elektrik enerjisi sistemindo bas veran proseslorin tsiklik xarakterini nazars alarag,
funksiyanin eksponensial xarakterini saxlayacagi giiman edilir.

NOTICO

Tadgigat naticasinds mioyyan edilmisdir ki, elektrik kabellorinin uzunmuddatli va
etibarli istismarini tomin etmok ticlin yalniz istismara verilmozdon avval deyil, eyni zamanda
istismar middsti boyunca da onlarin izolyasiya voziyyoti mitomadi sokilds
giymatlondirilmolidir. ©nonavi garginlik sinaqlari izolyasiyanin mévcud qiisurlarini agkarlasa
da, bu metodlar bir cox hallarda izolyasiya materialinin strukturuna slave zorar vuraragq onun
gocalma prosesini suratlondirir.

Bu baximdan, dagidic1 olmayan diagnostika tisullar1 — xiisusilo gisman bosalma 6lgiilori,
dielektrik itki bucaginin tayini vo qutblosmo/depolyarizasiya analizlori — izolyasiyanin real
vaziyyatini daha doagiq va tohliikasiz sakildo giymotlondirmok imkani yaradir. Togdim olunan
riyazi model, temperatur vo elektrik sahasinin tosiri altinda polietilen izolyasiyali kabellords
molekulyar parcalanma proseslorini nazors alaraq, kabelin qaliq dmriinii prognozlasdirmaga
imkan verir.
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OCHOBHBIE METO/1bl TUAI'HOCTHKH H KOHTPOJIAA COCTOSHUA
U30JIAIMU KABEJBHBIX JIMHUA C TOJUITUJIEHOBOM U3OJIALMEN

AJIMEB I'.K., LINXAJIMEBA C.A1.

B HpeﬂCTaBHeHHOﬁ CTAaTbC PpaCCMAaTpPUBAIOTCA HCHBITAHHA W MCTOAbI NUAI'HOCTUKH,
MMpOBOAMMBIC MIEPC] BBOJAOM B 3KCIUTyaTallUIO U B MPOUCCCC SKCIUTyaTalluu JJid oOecreueHust
HaJEKHOM pa6OTBI QJICKTPUICCKHUX kaOereil. OCHOBHOC BHUMAaHHE YACICHO OLCHKE COCTOSIHUA
HU30JIA0UN Kabens w MOJCIIMPOBAHUIO IIPOLECCOB €€ CTAapCHUS Ha Haquoﬁ OCHOBC.
HpOElHaJ'II/IBI/IpOBaHBI MCXAaHU3MBI PA3pPyHICHUA H3O0JIMIUOHHBIX MAaTCpHUAJIOB, 0COOCHHO
IIOJIMOTUIICHA, II0M JeiicTBHEM OJICKTPUYCCKUX W TCPMUUCCKUX BO3HCﬁCTBHﬁ, HOI(pO6HO
H3JI0KCHBI YaCTUYHBIC pa3pAAbl U UX BJIUAHHWC HA HU3O0JISALUIO. B cratbe Takxke PACCMOTPCHBI
COBPCMCHHBIC MOAXOJbl K HEpa3pymaromuM METodaM JUArHOCTUKHU — HU3MCPCHHUC YIJIa
AUBJICKTPUUCCKUX TIOTEPb, KOHTPOJIb YAaCTHYHBIX pa3spdaoB W IIPOLCCCOB MOJApU3ALAHA.
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[IpencraBieHHass mMareMaThyeckass MOJEIb IO3BOJIAET PACCUUTBIBATH OCTATOYHBINA pecypc
M30JISILIMOHHOTO MaTepuaia Ha OCHOBE HAIIPSHKEHHOCTH 3JIEKTPUUECKOTO I0JIs1, TEMIIEPATYPHI U
CKOPOCTM XUMHUYECKHX peakiuii. B pesymbrate chopmupoBaH HaydyHO 0OOCHOBAHHBIH
METOJMYECKUH TMOJIXOA JJIsi ONEepaTHMBHON OIIGHKM COCTOSIHUS M30JIIMM  Kabens u
IIPOrHO3UPOBAHMS €€ OCTATOYHOTO pecypca. B cTarbe KOMIUIEKCHO IPOaHATM3UPOBAHBI METO b
UCIBITAHUA W JMArHOCTUKH, NPOBOJMMBIE IEpel BBOJOM B 3KCILIyaTallMI0 U B Ipoliecce
SKCIUTyaTallMM KaOeJbHbIX JUHUN C NOJUATUIEHOBOM H30isIMel Hanpsbkenuem 6—10 kB,
UTPAIOIMX BAXKHYKO POJb B IepeAade 371eKTpodHepruu. [l obecnedyeHus 0€30IaCHOCTH U
JIOJITOBEYHOCTH KAaOEJIbHBIX CHCTEM PpAacCMaTPUBAIOTCS TPAAMIIMOHHBIE METOJbl HCIIBITAaHHM,
TakM€ KakK IpOBEpKa LEJOCTHOCTU XKW KaOens, WU3MEpPEHHE CONPOTHUBIICHUS H30JIALHUY,
JIEKTPUYECKHE HCHBITAHUS IPU IMOCTOSIHHOM WJIM IEPEMEHHOM HAaNpPSDKEHUH, a TaKke
U3MEPEHNE CONIPOTUBIICHUS 3a3EMIICHHUS.

KnroueBble ciaoBa: »diekTpuueckue KaOenmu, WCIBITAHMS M3OJSIIMH, 4YacTH4Hble paspsiasl  (YP),
TIOJIMATUIICHOBAS M30JISIIIMS, TUAJIEKTPUUECKHE CBOMCTBA, TMarHOCTHKA.

BASIC METHODS FOR DIAGNOSING AND MONITORING THE INSULATION
CONDITION OF POLYETHYLENE INSULATED CABLE LINES

ALIYEV Q.K., SHIKHALIYEVA S.Y.

The presented article considers tests and diagnostic methods carried out before
commissioning and during operation to ensure reliable operation of electric cables. The main
attention is paid to the assessment of the cable insulation condition and modeling of its aging
processes on a scientific basis. The mechanisms of destruction of insulating materials, especially
polyethylene, under the influence of electrical and thermal effects are analyzed, partial discharges
and their effect on insulation are described in detail. The article also considers modern
approaches to non-destructive diagnostic methods - measuring the dielectric loss angle,
monitoring partial discharges and polarization processes. The presented mathematical model
allows calculating the residual life of the insulating material based on the electric field strength,
temperature and rate of chemical reactions. As a result, a scientifically based methodological
approach has been formed for the prompt assessment of the cable insulation condition and
forecasting its residual life. The article comprehensively analyzes the testing and diagnostic
methods carried out before commissioning and during operation of 6-10 kV polyethylene-
insulated cable lines, which play an important role in power transmission. To ensure the safety
and durability of cable systems, traditional testing methods are considered, such as checking the
integrity of cable cores, measuring insulation resistance, electrical testing at direct or alternating
voltage, and measuring ground resistance.

Key words: electrical cables, insulation tests, partial discharge (PDC), polyethylene insulation, dielectric
properties, diagnostics.
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Pa3paboTana u uccienoBaHa MHKPEMEHTANbHAS M3MEPUTENbHAS CUCTEMA Ul ONPEAEICHUs JIMHEHHOro U
YIJIOBOI'O TEPEMELICHUS, NPEIHA3HAYEHHAs Ul NPUMEHEHUS B DHEPreTUYECKUX NPUBOJAX, MCIIONHHUTENIBHBIX
MeXaHU3MaxX U MOABWXKHBIX M3MEPUTEIBHBIX YCTaHOBKAaX. B OCHOBE CHCTEMBI HCIOIb30BAH ONTHYECKHUN
WHKPEMEHTAJIbHBI JaTYMK C KBaJPAaTypHBIMH BBIXOJaMH W MHKpokoHTpoiiep STM32, obecneunBaronuii
aImnapaTHbIi MOACYET UMITYJIBCOB C BBICOKOM TOUHOCTBIO. IIpeicTaBieHbl CTPYKTYpHAs CXeMa CUCTEMBbI, aJITOPUTM
1¢ppoBoii 00pabOTKK CUI'HAJIOB, METOABI MOBBIIECHUS pa3pelIaoliei CIoCOOHOCTH U YCTOHYMBOCTH K ITIOMEXaM.
[IpoBeneHa oOlleHKa MOrPENIHOCTEH, BIMSHUA BUOpauuii M HecTaOMIBHOCTH miara. [lomydeHHBIe pe3ylabTaThl
HOATBEPXKIAIOT BO3MOXKHOCTh IPUMEHEHHMS CHUCTeMbl B MPUBOJAX AaBTOMATH3AIMH, pPOOOTOTEXHUKE U
KOHTPOJIUPYEMBIX IIEPEMEILEHUAX B SJHEPTOCUCTEMAX.

KawouesBbie ciioBa: sukonep, STM32, MHKpeMEHTaNbHBIA JAaTYMK, U3MEPUTENIBHBIE CHUCTEMBI, MPHUBO/I,
SHEpreTHKa.

BBenenne. Pa3BuTue COBPEMEHHOIO HHEPreTHMYECKOTO KOMILIEKCAa COMPOBOXKAAETCS
MacmTaOHOM aBTOMAaTHU3alleld TEXHOJOTHYECKUX MPOILIECCOB, BHEPEHUEM MHTEJUIEKTYaIbHbIX
MPUBOJIOB, POOOTU3UPOBAHHBIX JUArHOCTUYECKHX YCTPONCTB U CHCTEM MOHUTOPHHTA
cocTtosiHusl 00opynoBaHus. Bece 3T HampaBieHus TpeOylOT BBICOKOW TOYHOCTH HM3MEpPEHUs
JUHENHOTO0 ¥ YIJIOBOTO MEpEMEIIEHUsl, OT KOTOPOW 3aBUCUT KOPPEKTHOCTH YIPaBJICHUS
UCIOJIHUTENBHBIMU ~ MEXaHU3MaMH, O€30IacCHOCTh  TEXHOJIOTMYECKUX  IMPOIECCOB U
CTaOMJIBHOCTH pabOTHI 000PYAOBAHUSI.

B oHepreruke MMPOKO MNPUMEHSIOTCS PErYIHPYIOIIUE 3IEKTPONPHUBOJIBI 3aMOPHON
apMaTypbl, MEXaHH3Mbl IO3WLUOHUPOBAHUS M30JATOPHBIX TENEKEK, pPOOOTHU3UPOBAHHBIE
CUCTEMbI 00CJIeIOBaHUs MMOACTAaHIIUHN, TUArHOCTHYECKUE KOMIUIEKCHI AJIsl KaOeIbHBIX JTUHUN U
pacrpeneuTeNbubIX  yerpoiicts [1-3]. Jlms BceX MEpeYMCACHHBIX NPUMEHEHHH Ba)KHO
obecrieunTh HaAEKHBIA KOHTPOJIb TIOJOXKEHUsS, CKOPOCTM ¥ HAMpaBiICHHUS JBHKECHUS
MO/IBIDKHBIX Y3JIOB.

WNukpemeHTalbHbIE ONTHYECKHUE AATYUKU 3aHUMAIOT KIIIOUEBOE MECTO CpEeAH CPEICTB
M3MepeHus epeMelieHuii 01aroaapss mpocToTe KOHCTPYKIIUHU, BBICOKON UYBCTBUTEIBHOCTH U
nocTynmHoCcTH. OJHAKO WX MPAKTUYECKOE MPUMEHEHHE B JHEPIeTUYECKOM OO0O0pYIOBaHHUH
CTAJIKUBAE€TCSd C PSJIOM OTpPaHUYEHHUH: MOBBIIIEHHBIM YPOBHEM BHOpaluii, BO3AelcTBUEM
AIIEKTPOMArHUTHBIX TOMEX, MepernagaMu TeMIepaTyp W HaJIW4YUeM JUTMHHBIX CUTHAJIbHBIX
TUHUN. DTU (PaKTOphl MOTYT MPUBOIUTH K MOTEPE HUMIIYJIbCOB, Apede3ry (pOHTOB, JTOKHBIM
cpabaTbIBaHUSAM U, KaK CIIEICTBHE, K CHIDKEHUIO 00IIell TOUHOCTH U3MEPEHHUS.

OcoOyro aKkTyanbHOCTh MPUOOpETaeT HCMOIB30BaHUE MHUKPOKOHTposuiepoB STM32,
00Opy/IOBaHHBIX ammapaTHbIM pexuMoM Encoder Mode, mMO3BONSIOMIMM CYIIECTBEHHO
MOBBICUTh TOYHOCTh M HaA&KHOCTh aHaiHM3a KBaJIpaTypHBIX CHUTHAJIOB, MHUHUMHU3UPOBATH
Harpy3Ky Ha MpoIeccop U 00eCTIeUYnuTh BRICOKYIO YacTOTY (OpPMUPOBAHUS JaHHBIX. OHAKO TS
obecriedeHUsT  BBICOKOH  TOYHOCTH  W3MEpPEHUH  HEOOXOMUMO  TakXKe  YyYUTHIBATH
AITOPUTMUYECKYI0 00palbOTKy, (DUIBTPALIMIO IIYMOB, KATUOPOBKY MEXaHWYECKHUX Y3JIOB U
KOMIICHCAIUIO TEMIIePaTypPHO-3aBUCUMBIX (PAKTOPOB.
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B oroit pabore paccmaTpuBaercs pa3paboTKa HMHKPEMEHTAIBHON W3MEpPHUTEIbHOM
CHCTEMBI, aJaNTHPOBAHHON K cHenudHuKe SHEPreTUYecKux MpHuBOJOB. Mccrnemyrores
CTPYKTypHBIC, amllapaTHble M NPOTPAMMHBIE pEUICHHs, OOECIEeYHBAIOIINE YCTOHYHUBOCTD
paboTBl B YCIOBHSX BO3ACHCTBUS BHOpanMid, IIYyMOB, TEMIIEPATYpHBIX KoJIeOaHUU U
MEXaHMYeCKOro M3Hoca. llpeacraBieHbl alropuTMbl yIydIIeHHOW HMUGPOBONW (MIBTpAUN U
METO/bl TIOBBIMIEHHUSI TOYHOCTH TPEOOpa30BaHMsS HWMIYJIBCHBIX CHUTHAJIOB B (pu3mueckue
IapaMeTpsl epeMeeHusI.

[IpennosxeHnHas cucreMa OpUEHTHPOBAaHA HA IPUMEHEHUE B AJIEKTPOMEXaHUUECKUX y3i1aX,
rze TpedyeTcst Hai&KHOEe U TOYHOE M3MEPEHNE TIepEeMEIIeHHS: NCTIOTHUTEIbHBIX MEXaHN3MaXx,
POOOTH3UPOBAHHBIX KOMILJIEKCAX, CUCTEMaX MO3MIMOHUPOBAHUS, PETYIHPYIOUINX MPUBOJAX H
MOOWIJIBHBIX TUAarHOCTUYECKUX YCTAaHOBKAX YHEPTETUIECKOTO MPOdHUIIS.

JIOTIONHUTENBHO OTMETUM, YTO B OTIMYME OT TPAAUIMOHHBIX CHUCTEM THOJCYETa
HUMITYyJIbCOB, JlaHHAas paboTa HampaBieHa Ha CO3JaHME KOMIUIEKCHOW MOJIENM W3MEpEeHMs,
oOBeMHSIONMIEH  ammapaTHble W [POTrpaMMHBIE  CPEICTBA  KOPPEKIHMH  CHUTHAJOB,
MaTeMaTHYECKYI0 KaTUOPOBKY M aaNTallIo M0/l peaJIbHbIE YCIOBUS SHEPTeTHYECKUX 00bEKTOB
[4]. D10 obecnieunBaeT HE TOJIBKO MOBBIINIEHWE TOYHOCTH, HO U PACIIUPEHHYIO YCTONYHMBOCTh
U3MEPEHUH, YTO COCTAaBJISET OCHOBY HAay4HOW HOBHU3HBI W IIPAKTUYECKOM 3HAYMMOCTH
UCCIIEIOBAHUSI.

IlocranoBka npodaembl. TouyHble U3MEpUTENbHBIE CHUCTEMBI, IMPUMEHSEMBIE B
SHEPreTUYecKOM O00OpYAOBAHMM, CTAJIKUBAIOTCS C MHOXECTBOM (DaKTOpOB, KOTOpbIE
3aTPyJHSIOT TOJIydE€HUE JIOCTOBEpHON HMH(OpPMalKUKU O TEepPEeMEIIeHUH MOIBUKHBIX Y3JI0B.
HecmoTps Ha mumpokoe pacnpocTpaHEHHE ONTHYECKHMX HMHKPEMEHTANbHBIX JaTYMKOB, HUX
HCIIOJIb30BAHNE B PEAIbHBIX YCIOBHUSIX IHEPreTHYECKON HMH(PACTPyKTyphl CONMPOBOXKIAETCA
CIIOHOCTSIMHU, CBSI3aHHBIMU KaK C KOHCTPYKTUBHBIMU OCOOEHHOCTSMHU MEXaHU3MOB, TaK U C
BO3/ICHCTBUEM OKPYKAIOIIEH CpeIbl.

Onnoit w3 (QyHAAMEHTAIBHBIX MPOOJIEM SBISETCS HECTAOWIBHOCTH (HOPMBI |
JUINTEIbHOCTU KBAJIPAaTYpHBIX HMIYJIbCOB, BO3HMKAIOIIAsl IOJ JAEHCTBHEM BUOPAIIMOHHBIX
Harpy30K, MeXaHW4eckux J0(TOB, HEPAaBHOMEPHOCTH IIara BPaLIEHUs] U MUKPOKOJeOaHU B
y3nax npuBoja. KosebaHusi aMITUTYJHO-BPEMEHHBIX XapaKTEPUCTUK CUTHAJIOB MPHUBOIAT K
OLIMOKaM B MOACYETE UMITYJIHCOB U K CHHKEHHIO TOUHOCTH OTIPEAETICHHS TEKYILEro MOJIOKEeHUs
[5-7]. B ycia0BHSX TOBBINICHHON 3JEKTPOMAarHMTHOW aKTHBHOCTH, XapaKTEPHOW JUIs
pacnpenenuTeNbHbIX  YCTPOMCTB, JONOJHUTEIBHO BO3HUKAIOT MApa3UTHbIE  HABOJKH,
BBI3BIBAIONINE JIOKHBIE cpabaThIBaHUS HA BX0JIaX MUKPOKOHTPOJLIEPA.

B sneprernueckom 000pyIOBaHHHM HEOOXOJAUMOCTb MNEPUOAMYECKON KaTuOpPOBKU
OTIpeIeNIIeTCsl He TOJIBKO (PU3NYECKHUM U3HOCOM MEXaHUYECKUX AJIEMEHTOB, HO U €CTECTBEHHBIM
npeiidoM mapamMeTpoB M3-3a CTAPEHUS MAaTEPHANIOB, U3MEHEHHS MPUJIETAIONIUX KOHCTPYKIUN U
UUKJIMYECKUX HarpeBoB. [lo3TOMy KOPpEKTUPOBKAa METPOJIOTMUECKUX XapaKTEPUCTHK
M3MEPUTENBHOTO TpaKTa JOJKHA PacCMaTpUBATHCS KaK 00s3aTENIbHOE YCIOBHE OOECIICUCHHS
TOYHOCTH B IJTUTEIBHOM KCILTyaTalllu.

TemnepatypHble KojeOaHUs BHEUIHEH cpeibl B JAMana3oHe OT CHJIBHBIX MOPO30B 0
3HAQUUTEJIbHOIO HarpeBa IOJ BO3JACHCTBUEM COJHEUHOI'O HM3JIYUYEHUS HU3MEHSIOT MapaMeTpbl
ONTUYECKOH Mapbl BHYTPH AATYMKA. DTO IPUBOJUT K BApUALUAM BEITUYHUHBI OITUYECKOTO 3a30Pa
Y U3MEHEHUIO (P)POHTOB CUTHAJIOB, YTO OCOOEHHO KPUTUYHO MPH BHICOKUX CKOPOCTSAX BPAILLICHHS
ni nepememeHus [8]. MexaHuMdeckHe JJIEMEHTBI CUCTEMBI, TAKHE KaK pPOJUKOBBIC
npeoOpa3oBaTeny Win My(pThl, TaKKe NOBEPKEHBI TEMIIEPATYPHOMY PaCIIUPEHUIO U U3HOCY, B
pe3yibTaTe 4Yero peajbHbId MIar MpeoOpa3oBaHMs MOXKET OTIMYAThCS OT HOMHUHAIBHOTO,
ONPEAEIAEMOT0 KOHCTPYKIIMEH JaTUHKA.

[IpoGnema ycnoxHseTCs TEM, YTO MaTeMaTUYeCKUN MepecyeéT UMITYJIbCOB B JIMHEHHBIE U
YTJIOBbIE BETMUMHBI PEATNOIaraeT CTpOroe COOTBETCTBUE MEXY (PU3NUECKUM IEepEeMEIIeHUEM
U KOJIMYECTBOM UMIYNIbCOB. I MI0OBIX OTKIOHEHUH HEOOXOJMMO YYHUTHIBATH MOIMPABOYHBIE
koapuuuenTsl. Hanpumep, ecnu peanbHblil paJnyc pojiuKa U3MEHseTCs Ha BennuuHy AR, To
JINHEMHBIN 11ar U3MEPEHUS
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TaKKe U3MEHSETCS, YTO MPHUBOJUT K HAKOIUICHUIO CUCTEMAaTHYECKOH OIMMOKH Mpu OOJBIINX
uiHax  xoxa. OTcyTcTBHE aNanTUBHOM KOPPEKLIMU TaKUX M3MEHEHUN NPUBOIUT K
3HAYUTENIBHBIM PACX0XKACHUAM MEX1Y U3MEPEHHBIMU U PEAJIbHBIMU I1€PEMEILIEHUSMU.

HemanoBakHbIM acrieKTOM SIBISI€TCSI U TO, YTO OOJBIIMHCTBO MUKPOKOHTPOJIEPOB IMPU
IIPOrpaMMHOM MOJCYETE HUMITYJIbCOB HCIBITHIBAIOT 3HAYUTENIbHYIO HAarpys3Ky, OCOOCHHO IpH
BBICOKOYACTOTHBIX CHTHajaX. B Takux ycloBUSX BO3MOMKHBI MIPOIYCKH HMITYJICOB, YTO
CHIDKAET HaAEKHOCTh n3Mepennid. HecmoTps Ha Hanmmuume anmaparHoro peskuma Encoder Mode
B STM32, nu1 nojtyuyeHust BBICOKOM TOUHOCTH TPeOYeTCsl TIATENbHO pa3pab0TaHHbIN allTOPUTM
00pabOTKH JaHHBIX, 00ECTCUMBAIOMINN (MIBTPAUIO IIYMOB, HHTEPIIPETALIUIO HAIIPABICHHS
BpallleHUs, a TAK)K€ KOMIIEHCALMIO JUHAMMYECKUX OIIMOOK, BO3HMKAIOIIMX B IEPEXOJHBIX
nporeccax.

Takum oOpa3om, npobiemMa cO3/1aHUsS TOYHOW WHKPEMEHTAJILHOM H3MEpUTENIbHON
CHUCTEMBbl 3aK/IIOYaeTcsi HE TOJbKO B MPABUIBHOM BBIOOpE ONTHYECKOIO JaT4yhKa WIH
MUKpPOKOHTpOJUIEpa, HO W B OOECHEYEeHHWHM YCTOWYMBOCTH BCEr0 KOMIUIEKCa K
MHOTOKOMIIOHEHTHBIM BHEIIHMM Bo3JeiicTBUsAM. HeoOxoaumo oObeAMHUTH amnmapaTHbIE U
MIPOrpaMMHbIE METOAbl (UIbTpPAH, 00ECIeYnTh KaJTUOpPOBKY MEXaHHUECKHUX MapaMeTpoOB,
pa3paboTaTh MaTeMaTUYECKyI0 MOJENIb yuéTa BapHallMii BHEIIHUX YCIOBUN U UHTETPUPOBATH
9TH peUIeHUs B €IUHYI0 KOMIIAKTHYIO U JIETKO BHEAPSEMYIO CUCTEMY JUISl YHEPreTUUYECKUX
MIPUBO/JIOB.

Pemenne mnpoOsemsbl. [lpennaraemMoe pemieHHe OCHOBBIBAETCS HAa  CO3JIAaHHH
W3MEpPUTEIIBHOM CHUCTEMBI, B KOTOPOW ONTHYECKUN HWHKPEMEHTAJbHBIA JTaTYUK COYETAETCA C
MHUKPOKOHTposuiepoM STM32, ucnonas3yromuM anmnapaTHbId peKUM MOACUETa KBaAPATYPHBIX
MMITYJIbCOB. Takasi CTpyKTypa MO3BOJISIET 3HAYMTENIBHO IOBBICUTH TOYHOCTH PETUCTPALIMHU
MEpEMENICHU W  YMEHBIIUTh YYBCTBUTEIBHOCTb K IOMEXaM, XapakTEepPHbIM I
SHEPreTHYEcKOro 000py10BaHUsI.

Ha pucynke 1 mpexacraBiena oOmas CTPYKTypHasi cXema pa3pabOTaHHOW CHCTEMBI,
BKJIIOUAIONIAsl  J1aTYMK, OJIOK COrJacoBaHUs YpOBHEW, GUIbTpAlMI0 CUTHAJIOB H
MUKPOKOHTPOJUIEPHBIN MO1yJIb. CXeMa COOTBETCTBYET KIIACCUYECKOU apXUTEKTYPE ONTHYECKUX
SHKOJIEPOB, HO YCHJIEHA 3JIEMEHTaMH, 00ECIeUrBaIOIMMU TOMEX0YCTOMUHNBOCTh MpH pabdoTe

PSAZIOM C CHIIOBBIM 000PYJOBaHUEM.
Cornacyrouwmin STM32
Kackag Encoder Mode

HaTtymk
(OnTuyeckuin) -

Puc.1. O6mas cTpykTypHas cxema HHKPEMEHTATFHOW U3MEPUTENBHON CHCTEMBI.

CurHanel JaTyvka MPOXOAST 4Y€pe3 COrJIaCyIOIIMM Kackal, B KOTOpoM BBeneHbl RC-
GUIbTPBI, CTAOWIM3UPYIOMINE AMIUIUTYLy U (OpPMY HMMITYIBCOB. DTO OCOOEHHO Ba)XHO B
YCIOBUSAX BUOpALUi M BHICOKOYACTOTHBIX AJIEKTPOMArHUTHBIX HaBOJOK. [lanee 0OpaboTaHHBIE
CUTHAJIBI TIOJIAIOTCS Ha BXOAbI MUKpoKOHTposuiepa STM32, rae anmaparssiii Moayns Encoder
Mode peructpupyet Bce GpoHThI curHanoB A u B. brnaroaaps $a3oBomy caBury Mexxay HUMH
JOCTUTAETCS YUETBIPEXKPATHOE YBEIUUEHUE PA3PEIICHMS, ONIPEACIIIEMOE BbIPAXKEHUEM:

N =4-PPR,
YTO JIa€T BO3MOYKHOCTh MOJIy4aTh BBICOKYIO TOYHOCTH YTJIOBOTO U IMHEHHOTO NEPEMEILICHHUSL.

Anroput™m mnpeoOpa3oBaHHs UMMYJIbCOB B (DM3MUECKHWE BEIUYMHBI OCHOBAaH Ha
MaTeMaTH4eCKON MOJIeNH, B KOTOPOW YIJIIOBOM IIar onpeaensercs GopMyoi
2n
N
a JIMHEITHOe MepeMelIeHre TPU UCTOIb30BaHUH POJIUKA PAINYCOM RBBIUUCISAETCS KaK
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KanuOpoBka cucTeMbl MPOBOAMTCS IO STAJOHHOW JJIMHE, YTO IO3BOJIIET KOMIICHCHPOBATh
TeMIIEpaTypHbIC U MEXaHMYCCKUE U3MEHEHUS TIapaMeTPOB POJHMKA. TakoW MOAX0/ YMEHBIIACT
HAKOIUICHUE CHCTEMATHUECKOI OIMOKY TPU OOJIBIIMX MEPEMEIICHUSX.

Jnist oGecriedeHrs: yCTOMYMBOCTH K BUOPALIMOHHBIM BO3JICHCTBUSAM pa3paboTaH aJropuT™M
upoBoli 00pabOTKH CUTHAJIOB, BKIIOYAIONINK OOHAPY)KEHHE aHOMAJbHBIX BCIUIECKOB M WX
MOJABJICHUE MEIAMAHHBIMUA (QuibTpamMu. brarogapss 3TOMy 3Ha4MTENbHBIC KOJICOAHHS
MT'HOBEHHBIX 3HAYCHUI HE MPUBOIAT K OLIMOKAM PETUCTPALMM TPH BBICOKUX CKOPOCTSIX
nepeMeIieHusl.

Ha pucynke 2 mpejacraBieHa JIorTMYecKass cxeMa 0OpaOOTKM KBaJpaTypHBIX CHUTHAJIOB,
BKJIIOYAs OIpENeJICHUE HaNpaBiICHUs BpalleHuss 1o (a3oBoMy CABHTY. DTOT MeEXaHH3M
MO3BOJIICT TOYHO (MKCHPOBATh KaK BEJIMYHMHY, TaK M HAlpaBICHUE IEPEMEIICHHS, YTO
0Cc00EHHO BaYKHO B PEBEPCUBHBIX MTPHUBOAAX YHEPTETUIECKOTO 000PYIOBAHHS.

O [ 1 1 1 1 1 1 1
0 1 2 3 4 5 6
t

Puc.2. lnarpamMmMa KBaJpaTypHBIX CUTHaI0B A/B u joruka onpenencHus HalpaBICHUS.

DKcrepuMEHTANIbHBIE HCCIIeI0OBaHUs MOKa3alM, YTO COYETaHHE almapaTHOro Mojcuéra
HMMITYJIbCOB U QIalITUBHON ITU(POBOM (HUIBTpaIlK 00eCTIeunBacT MOTPEITHOCTh He Oosee 1.1—
1.3 %. TemnepaTypHasi KOppEKLHs YMEHbIIAeT OTKIOHEeHHe mara 10 0.4 %, 94To noATBepKIaeT
paboTOCTIOCOOHOCTh MPENIOKEHHOW MOJAETN U €€ NMPUMEHUMOCTh B YCIOBHSX pPEaTbHBIX
SHEPreTHYECKUX YCTaHOBOK. CrcTeMa 0CcTaéTcsl yCTOMUMBOI MPHU YaCTOTE BXOJHBIX UMITYJILCOB
no 2500 wmmm/c, yto nmenaer €€ MPHUTrOAHOW JUIsI OBICTPOJCHCTBYIONIUX HCIOJHHUTEIBHBIX
MEXaHHU3MOB.

Ha pucynke 3 npuBeneHa 3aBUCUMOCTb OTPELUTHOCTH U3MEPEHUS OT CKOPOCTH BpAIICHHUS,
JNEMOHCTPHUPYIOIAsl XapaKTep WU3MEHEHHs] OUTMOKHU MPU Pa3INYHBIX JUHAMHUYECKUX PEKUMaX.
I'paduk mokaspIBaeT, YTO MPU POCTE CKOPOCTH MOTPEUTHOCTh UMEET TEHACHLIUIO K YBEIHUEHUIO,
OJIHAKO TMPUMEHEHHE pPa3padOTaHHBIX METOJOB (GUIBTPAMU U KOPPEKIUH CYHIECTBEHHO
yIy4lIaeT YCTOWYMBOCTh MOKA3aHHMA.
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Puc.3. 3aBucumoctn MOrpCIHOCTH U3MEPCHUS OT CKOPOCTH BpallICHHUA.
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Takum o00pa3oM, TNPENIOKEHHOE pELICHuEe MpeAcTaBiIsieT co00H KOMIIAKTHYIO,
YCTOMUYMBYIO M BBICOKOTOYHYK) CHCTEMY OIIPEICIICHHs IEPEMEIIEHUN, aJalTUPOBAHHYIO K
YCIOBHSAM  OKCIUTyaTalldM dSHEPTeTHYECKOTO O00OpyIOBaHMA W TNPUMEHHMYIO Kak B
PEryjinpyromux nmpuBoJax, Tak U B MOOHILHBIX ANAarHOCTUYCCKUX YCTAaHOBKaAX.

JUis  WILTIOCTpallMM  OKCIUTYaTAallMOHHBIX XapaKTEPUCTHUK Pa3pabOTaHHON CHUCTEMBI
npecTaBieHa 00001mEHHas Tabaua KIF0UYEBbIX IaPAMETPOB, MOJIYyYEHHBIX B XOJI€ UCIIBITAHUMN:

Tabmuna 1. DkcruryaTtaliioHHBIE TapaMeTPhl HHKPEMEHTAIBHON CHCTEMBI

[Tapametp 3HadeHne
Jnana3oH 4acTOThl BXOJAHBIX UMITYJIbCOB 1o 2500 umm/c
CpenHss NorpenHocTh 0€3 KOPPEeKINH 1.1-1.3%
[TorpemmuocTs rnocie TeMIlepaTypHOU 1o 0.4 %
KOMIICHCAIIUU
Tun narunka ONTHUYECKUIN KBaJPaTYPHBII SHKOJEP
Tun MUKPOKOHTpOJIIIEpa STM32, pexxum Encoder Mode
Y cTONYMBOCTH MPU BUOpAIHSIX BBICOKasI
Crioco6 uibTpanuu MeIMaHHas1, alalTHUBHAs U(poBas

Takum 00pa3oMm, TPENIOKEHHOE PEIICHHE TMPEACTaBIsIET CO00M KOMITaKTHYIO,
YCTOMYMBYIO M BBICOKOTOYHYIO CHCTEMY ONPEIECICHUS IEPEMEIICHUN, aJalTUPOBAHHYIO K
YCIIOBUSIM ~ OKCIUTyaTalldd  JHEPTeTHYeCKOoro oOOpyJIOBaHWS H TNPUMEHHUMYHO Kak B
PErYIUPYIOIUX MMPUBOJAX, TaK U B MOOMIBbHBIX ANArHOCTUYCCKUX YCTAaHOBKaAX.

3akiroueHue

[IpoBen€nnbie MccIenOBaHUs TO3BOIMIIM pa3paboTaTh U OIEHUTH PabOTOCIIOCOOHOCTH
MHKPEMEHTAIbHON U3MEPUTENBbHOM CHCTEMbI, TNpeJHa3HAYeHHOW JuId TpPUMEHEHUs B
SHEPreTUUECKUX TMPUBOJAAX U HUCHOJHUTENbHBIX MeXaHu3Max. Vcmosib30BaHHE ONTHYECKOTO
JaTYMKA C KBaJIpaTypHBIMU KaHAJIaMU COBMECTHO ¢ MEKPOKOHTposuiepoM STM32, paboTaronium
B anmapaTHOM pPEXUME MOACYETa UMIYIbCOB, 00ECHEUnsIO BBICOKYI0 TOYHOCTh PErUCTpallu
MepeMeIeHU Ja)ke B YCIOBHSIX BHOpaIHii, 2IEKTPOMArHUTHBIX HABOJOK M TEMIIEPATypPHBIX
BO3JICHCTBUH, XapaKTEPHBIX JIIs SKCILTyaTallUOHHOM Cpe/ibl JHEPTeTUYECKOT0 000PYA0BAHHUS.

Pa3paborannas maremaruyeckas MOJelb MpeoOpa3oBaHUS MMITYJIbCOB B JIMHEHHbBIE U
YIJIOBBIE BEJIMYMHBI, JOMIOJIHEHHAs MPOLIEYypOil KaIHMOPOBKH MO 3TaJOHHOM AJIMHE, O3BOJIMIA
3HAYUTENIBHO COKPATUTh BIMSHUE CUCTEMATHUECKUX OIIMOOK, CBS3aHHBIX C H3MEHEHHEM
MapaMeTpoB U3MEPUTEIHHOTO POJIMKA U ApeiihoM MexaHWYeCKHX XapakTepucTuk. [Ipumenenue
nUGpOBBIX (PMIBTPOB M AITOPUTMOB aJAaNTHUBHOTO TMOJABJICHUS AHOMAIBHBIX CKAuKOB
yAYUIIWIO YCTOWYMBOCTH CHCTEMBI K CIy4ailHBIM BO3MYILEHUSAM, OOECIEYNB CTAOMILHOCTD
paboThI TP BBICOKUX CKOPOCTAX MEPEMEIICHUS U YACTOTAaX BXOJAHBIX UMITYJIHCOB.

DKCIepUMEHTANIbHBIE UCIIBITAHUS TIOKAa3aJIH, YTO CyMMapHasi HOTPEeIIHOCTh U3MEPEHHS He
npesbimaet 1.1-1.3 %, a BBea€HHas TeMiepaTypHas KOMIIEHCAlUsl CHUYKAaeT OTKJIIOHEHUE 11ara
10 0.4 %. DOtu pe3ynapTaThl MOATBEPKAAIOT MPAKTHUYECKYHO NMPUMEHUMOCTb MPEIJIOKEHHON
CUCTEMBbl B DHEpPreTHKE, € HAAEKHOCTh M TOYHOCTH OMNPENCIICHUS IOJIOKEHUS WIPaoT
KITIOYEBYIO POJIb MIPH YIPABIECHUU 000PYTOBAHUEM.

Takum oOpa3om, co3aHHas U3MEpHUTENbHAs crcTeMa 0071aaeT BHICOKHM MOTEHIIHAIOM
JUIS WCIOJIb30BaHUS B PETYIHPYIOMIHUX TMPUBOAAX, POOOTHU3MPOBAHHBIX AUATHOCTUYECKUX
yCTaHOBKAX, CHUCTEMaxX MO3WUIMOHUPOBAHMS W JAPYIHX YCTPOWUCTBAX, TPEOYIOMHMX TOYHOTO
KOHTpOJIsI mepeMelnieHus. llepcrnekTuBHBIM HampaBlIieHUEM JAbHEMIINUX UCCIEeI0BaHUI
SABISETCA pa3paboTKa aJanTHUBHBIX MOJENeld KOMIEHCAIlMM MapaMeTpuieckoro apeida,
WHTETpaIusi CpeICTB CaMOJUATHOCTUKUA COCTOSIHUS U MPUMEHEHHE OECIpPOBOJHBIX MOAyNen
nepenayd JaHHBIX JUIsT (OPMUPOBAHUS PACIPENCIEHHBIX W3MEPUTEIBHBIX CUCTEM B COCTaBe
MHTEJUIEKTYAJIbHBIX SHEPT€THUYECKUX KOMIUJIEKCOB.
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[IpakTrueckas peanusanus MpeI0KEHHON CUCTEMBI JEMOHCTPUPYET €€ MPUTOTHOCTD ISt
MPOMBIIIEHHOTO BHEIPEHHS B COCTABE COBPEMEHHBIX IHEPTETUYECKUX KOMIUJIEKCOB, BKIIOYas
ABTOMATH3UPOBAHHBIC MPHUBOJBI, JUATHOCTUYECKHE pPOOOTHU3MPOBAHHBIC IATPOPMBI U
WHTEJUIEKTYaTbHbIC CHCTEMBI MOHUTOPHHTA COCTOSTHUS 000PYyI0BaHUSI.
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STM32 OSASINDA ENERGETIKA INTIQALLARI VO MEXANIZMLORI UCUN
INKREMENTAL OLCU SISTEMININ iSLONMOSI VO TOoDQIQi

RAZAEVAS.V., MOMMaDOV N.S., ABDULLAYEVA G.S.

Enerji qurgularinda totbig olunan icraedici mexanizmlor va harokotli 61gma sistemlori Ggiin
xatti vo bucaqli yerdoyismonin muoyyon edilmosina imkan veron inkremental 6lgl sistemi
hazirlanmis vo todqiq edilmisdir. Sistemin osasini1 kvadratur ¢ixigh optik inkremental sensor vo
impulslarin  yiiksok dogigliklo aparat soviyyasindo sayilmasmi tomin edon STM32
mikrokontrolleri toskil edir. Mogalodo sistemin struktur sxemi, siqnallarin rogomsal emali
algoritmi vo elektromaqgnit tasirlora davamliligin artirilmasi metodlar1 togqdim olunur. Vibrasiya,
mexaniki geyri-sabitlik vo addimin doyiskanliyinin 6lcmo doagiqliyina tasiri giymatlondirilmisdir.
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Alinmig naticalor sistemin avtomatlagdirilmis intiqallarda, robototexnika qurgularinda vo enerji
sistemlarinda idara olunan yerdoayismalor ti¢uin tatbiq oluna bilacayini tasdiq edir.

Acar sozlar: enkoder, STM32, inkremental sensor, 6lgmo sistemlari, intigal, energetika.

DEVELOPMENT AND INVESTIGATION OF AN STM32-BASED INCREMENTAL
MEASUREMENT SYSTEM FOR ENERGY DRIVES AND MECHANISMS

RZAYEVA S.V.,, MAMMADOV N.S., ABDULAYEVA G.S.

An incremental measurement system for determining linear and angular displacement has
been developed and investigated for use in energy drives, actuator mechanisms, and mobile
measurement platforms. The system is based on an optical incremental encoder with quadrature
outputs and an STM32 microcontroller providing high-accuracy hardware pulse counting. The
structural diagram of the system, the digital signal-processing algorithm, and methods for
increasing resolution and noise immunity are presented. The influence of vibration, mechanical
instability and step non-uniformity on measurement accuracy has been evaluated. The results
confirm the applicability of the proposed system in automated drives, robotics, and controlled
movement tasks within power engineering infrastructures.

Keywords: encoder, STM32, incremental sensor, measurement systems, drive, power engineering.
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MUOLLIFLORIN NOZORINO

1. Umumi gaydalar.

“Energetikanin  problemlori” “jurnalinda  energetikanin  kompleks problemloari,
elektroenergetika, istilik energetikasi, istilik fizikasi, elektrofizika, -elektrotexnologiya,
informatika vo yeni texnika sahalorino hasr olunmus elmi-texnki mogalolor dorc edilir, eyni
zamanda cari xronika da verilir.

Jurnalin asas moqsadi yiksok elmi keyfiyyat kriteriyalarina cavab veran orijinal elmi-
texniki magalalarin darc edilmasidir.

Jurnal eyni zamanda konfranslar, sinpoziumlar, elmi moktablor, Gmumiyyatlo elmi hoyatda
carayan edan hadisalor hagqinda molumatlar1 da darc edir.

Redaksiya heyati, bu va ya digor sobablordan, jurnalin taloblorini tamin etmayan moagalalori
darc etmamok hiiququnu iziinds saxlayir.

2. Moagalslarin tagdim edilmasi.
Butlin moagalslor asagida qostarilon Ginvana, jurnalin redaksiyasma gondarilmalidir:

Azarbaycan, Az-1143, Baki, HuseynCavidprospekti, 131
Azarbaycan MEAFizikalnstitutu
Tel.: (994 12) 538 — 16 — 60; (994 12) 539 — 44 - 02; Faks : (994 12) 539 - 31 -16
E — mail: a.hashimov@physics.science.az;
Masul katib Qurbanov Kamil Baxtiyar oglu.

3. Magalalarin matninin dili.

Moqalslor azorbaycan, rus vo ingilis dillorinds qobul edilir. Respublika miislliflorinin
moqalolori yalniz azorbaycan vo ya rus dillorindo, yaxin xarici 6lkolordon olan miislliflorin
moqalolori yalniz rus dilindos, uzaq xarici 6lkolorin miislliflorinin moaqgalslori iso yalniz ingilis
dilinds gobul edilir.

4. Maqalalarin tartib edilmasi qaydalari.

4.1. Moqalslor, jurnalin redaksiyasina disket togdim etmokls, fordi kompydterds, A4 formatli ag
kagizda, sohifonin parametrlori: yuxaridan vo asagidan — 2sm, soldan vs sagdan — 2,5 sm
mosafs ilo, Times New Roman 12 sriftinds yazilarasq, 1 niisxads, Satir araligi 1 interval
olmagq sartilo ¢ap edilorak, qosulmus CD disk ilo tagdim edilir.

4.2. Mogalalorin imumi hocmi, grafiki materiallar, fotolar, codvallor, disturlar, adabiyyatin
siyahis1 vo XxUlasalor do daxil olmagla 8 sahifodon yuxari olmamalidir.

4.3. Mogqalalorinin birinci sahifasinin sol kiinctinds Universal onlug tesnifat1 (UOT) iizroa
indeksi gostarilmalidir. Sonra 1 interval asagidan, qalin va boylk hariflorlo mogalonin ad1
yazilir. Sonra 1 interval asagidan, galin vo boyik hariflorlo musllifin (muslliflorin) soyadi,
ad1 vo atasinin adinin bas horiflori yazilir. 1 interval asagidan mogaloni togdim edon
toskilatin ad1 yazilir. 1 interval agagidan, magalonin motninin dilino uygun olan, hacmi 10
sotirdon ¢ox olmamagq sortilo, 10 srifti ilo ¢ap edilon xulass, agar suzlor (5-6 s6z), megalonin
asas motninin dnunds verilir. Sonra 1 interval asagidan mogalonin asas motni 12 srifti ilo
cap edilir. Bilavasito mogalonin matninin davami olaraq, heg bir basliq vermadon, yalniz
20-25 simvolluq xatt gokarak, say sirast il istifads edilon adobiyyatin siyahis1 verilir. Sonra
ardicil olaraq rus (vo ya azorbaycan) v ingilis dillorinds olan xilasalor va agar sozlor (10
srifti ilo ¢ap edilorak) verilir. Magalonin matninin sonunda, slags telefonlari, telefakslar vo
E — mail-1 gostormakls, muslliflor mogaloni imzalayirlar.
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4.4. Mogalonin qrafiki materiallari, fotolar, codvallor, disturlar matno uygun yerlords
yerlogdirilmalidir. Qrafiki materiallarin gorhino aid olan yazilar mogalonin matninds
verilmalidir. Qrafiki materiallarda adadi vo ya horfi isaralor gostarilorak, uygun izahatlar
motnin igarisinds verilmolidir. Qrafiki materiallarmn asagi hissasinds say sirasi verilir vo
adi1 yazila bilor (misal {igiin, Sok.3. Snaq qurgusunun sxemi).

4.5. Odobiyyat say sirasi qeyd edilmakls, orijinalin dilinds verilir. Mislliflorin soyadi, ad1 v
atasinin adi kursivdon istifado etmoklo yazilir. Odobiyyatin siyahist asagida verilon
niimunalar tizrs tortib edilir.
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K CBEAEHUIO ABTOPOB

1. O6uue npaBuia.

B xypnane “IlpoGiembl DHepreTukn” MyONIHKYIOTCS HAYYHO - TEXHHUYECKHE CTaThbH B
00JTacCTH KOMIUIEKCHBIX TPOOJIEM DHEPTreTHUKH, OJIEKTPOIHEPIeTUKH, TEIUIOPHEPTEeTHKH,
TEIUI0 QU3UKH, FIMEKTPO(PU3UKH, HTEKTPOTEXHOIOTUH, HHOOPMATHKHA U HOBOW TEXHHUKH, a TAKIKE
IIPUBOJIUTCS TEKYIIasi XpOHUKA.

OCHOBHOH 11€JIbI0 KYypHaJIa SIBJSIETCS MyOIMKAUs OPUTMHAIBHBIX HAYyYHO-TEXHUYECKUX
CTaTel, OTBEUYaIOUIMX TPeOOBAHUSAM BBICOKOTO HAYYHOI'O KauecTBa.

B xypHane npuBonsTcs cBeleHUs 0 padoTe KOH(EpeHIHH, CUMIO3MYMOB, pa3IMYHbIX
HayYHBIX IIKOJI, a TAK)K€ 00 UHTEPECHBIX COOBITUAX, IPOUCXOISIINX B HAYYHOM MUDE.

Penakuust coxpanser 3a coOoil mpaBo He MyOJIMKOBaTh MaTepUalbl 10 TEM WJIM UHBIM
MpUYKHAM, HE yI0BJIETBOPSIOLUIUM TPEOOBAHUSM KypHaa.

2. IIpeacraBienne crareii.

CraThu T0JKHBI OBITH IPEJICTABIICHBI B PEAAKIUIO KYPHAJIA 0 CIEAYIOIIEMY aJIpecy:

Azep6aiinxkan, A3-1143, baky, np. I'. IzkaBuaa, 131
HNucruryr ®usuxku HAH A3epoaiixkana
Ten: (994 12) 538-16-60; (994 12) 539-44-02; dakc: (994 12) 539-31-16

E-mail: a.hashimov@physics.science.az;
OTtBeTcTBeHHBIH cekpeTraphb - ['ypoanoB Kamwib baxTusip oribl.

3. SI3bIk cTaTeii.

CraThu NpUHUMAIOTCS Ha a3epOaiiKaHCKOM, PYCCKOM U aHTJIMHCKOM SI3bIKaX, MPUYEM CTaThbU
aBTOpPOB U3 AsepOaiijykaHa JOJDKHBI ObITh MPEJCTaBICHBI HA a3epOallPKaHCKOM WIJIM PYCCKOM
s3bIKax, cTaThb aBTOPOB U3 cTpad CHI' - To/bKO Ha pyCCKOM SI3BbIKE, CTaThU aBTOPOB U3 IabHETO
3apy0exbs - TOJIBKO Ha aHTJIMHCKOM SI3BIKE.

4. MpaBuaa opopmiieHHs cTATEA.

4.1. B pemakuuio XypHalla MpEACTaBISAIOTCA CTaThb, HAOpaHHbIC U HAlEYaTaHHBIC B OJTHOM
9K3eMILISIpEe Yepe3 OAMH MHTEpPBAI Ha MEPCOHALHOM KOMIIbIOTEpe, Ha Oenoil Oymare
¢dopmara A 4, mpudrom Times New Roman, pazmep mpudra 12, a Taxxe npeacrabisercs
B anekTpoHHOM Buje Ha CD mucke. [Tonst cBepXy u cHUBY - 2 cM, ClieBa U cripaBa - 2,5 cM.

4.2. OOwbeM cTaTbHHE JOJDKEH MPEBBIIIATH 8 CTPaHWUII, BKIIOUas rpaduyecKkue mMaTepuasbl,
¢doto, Tabau1bl, GOpPMYIIBI, CIIUCOK JIUTEPATYPhl U aHHOTALIHH.

4.3. B BepxHeM JileBOM YIily NEpBOM CTpaHUIBI cTaTbU ykasbiBaeTcs uHaekc YJIK. Uepes 1
MHTEpBaJ HIKE TIOMEIAaeTCsl Ha3BaHUE CTAaThH XKUPHBIM U 3arJIaBHBIM HIpuQToM. Yepes 1
UHTepBal nomernaercs ¢pamuwius (paMUIng), 1 HTHULUAIBI aBTOpa (aBTOPOB) >KUPHBIM U
3aryiaBHbIM IpudTOoM. Uepe3 1 mHTepBan yka3blBaeTCsi HaUMEHOBaHME OpraHU3allMu.
UYepes 1 uHTEpBa)l HOMEIIAETCS aHHOTAIMS Ha sI3bIKE CTaTbu 00beMOoM He 6osee 10 cTpok
U KIto4yeBbie cnoBa (5-6 cnoB) mpudTom 10. Uepes 1 uHTEepBasl MOMENIAETCS OCHOBHOE
cojepxkaHue ctarbu mpupToM 12. B KOHIIE OCHOBHOTO TEKCTa CTaTbU IPOBOAUTCS
npodepk AnuHON 20-25 cUMBOJIOB, MOCHE Yero MOMEIIAeTCsl CIMCOK JHMTepaTyphl 0e3
KaKoro-i1mbo Ha3BaHHUsA, B TOPsJIKE HyMepallMM CCBhUIOK B TeKcTe cTatbu. [locie 3toro
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yepe3 | MHTEpBaJl MOMEMIAIOTCS aHHOTAIMM Ha JBYX JOPYTUX SI3bIKAX — PYCCKOM (WX
azepOaiipkaHCKOM ), aHTJIMICKOM U KITIOYeBBIE ciioBa (5-6 cioB) mipudrom 10.

B camoM KoHIIE CTaTby OMEIIAIOTCS KOHTAaKTHBIE Tenedonsl, ¢akcel U E —mail, a Taxoke
MOJIITUCH BCEX aBTOPOB.

4.4. T'paduueckne MaTepuansl, GoTo, TabIHUIBI, HOPMYITHI TOMEIIAIOTCSA B COOTBETCTBYIOIINX
pa3genax TeKcTa craThW. Haamucu, OTHOCSImHMEcs K TpapUuecKUM MaTepHajam,
MOMEUIAIOTCS B TEKCTE CTaThH. B rpaduueckomM Marepuane yKa3blBalOTCS OYKBEHHBIE H
1 poBeie 0003HAYCHHS, @ UX KOMMEHTApUH MMOMEUIAIOTCS B TEKCTE CTaThu. B HIDKHEH
9acTU TpaduyecKoro mMarepuaiga yKa3blBaeTCs HOMEpP M MOXET YKa3bIBaThCS Ha3BaHUE
Marepuana (Hamp., Puc.3. Cxema ycTaHOBKH. . ..)

4.5. Cnucox UMTHPOBAHHOM JINTEPATyphl IPUBOAUTCS HA SI3bIKaX OpUrHHAIOB. DaMuUIuu u
WHUIHAIIBI aBTOPOB TeYaTaloTCs KypcuBOM. CIUCOK JIMTepaTyphbl 0POPMIISETCS IO
00pas3iy, IpUBEJICHHOMY HUXKE:!
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FOR THE ATTENTION OF AUTHORS
General Rules.

The Journal of Electric Power is dedicated to publicize scientific research articles reflecting
the current problems in the electric power systems, heat transfer, technology and information
technology, and digests.

The main purpose of the Journal is publishing of the original scientific articles, meeting high
quality requirements.

The journal also informs about the results of conferences, seminars, various scientific schools,
and the events taking place in the scientific society.

The editorial board reserves the right not to publish the submitted documents, which for
various reasons do not satisfy the requirements of the Journal.

Submission of the papers.
The papers must be submitted to the editorial body at the following address:
Azerbaijan, A3-1143, Baku, pr. G.Javid, 131
Institute of Physics of the National Academy of Sciences of Azerbaijan

Tel: (994 12) 539-16-60; 539-44-02; Fax: (994 12) 539-31-16

E-mail: a.hashimov@physics.science.az;
For the Attention of K.B. Kurbanov — the Responsible Secretary

The Language

The papers can be accepted in either of Azeri, Russian or English. The papers submitted by
Azerbaijani authors must be submitted in Azeri and Russian, the papers of those from CIS
countries—in Russian, and those originated from the countries outside CIS-in English.

The papers must be submitted in the following format.

4.1. The hard copy of the paper must be submitted on the A4 format in 1-line interval, typed in

“Times New Roman”, in 12 font, with the borders from top and bottom — 20 mm, from left
and right — 25 mm. The electronic copy on a CD-disk should be submitted along with the
hard copy.

4.2. The paper must not contain more than 8 pages of text, inclusive of any graphs, photos,

formulas, reference lists and annotations.

4.3. Inthe upper left corner of the paper the index of UDC must be indicated. Below that, omitting

one line, the name of the article must be placed printed ina BOLD CAPITAL LETTERS.
Underneath the name of the paper, omitting 1 line, the name of the author(s) printed in capital
letters must be printed. Below that, omitting 1 line, the name of the organization must be
indicated, which supported the research. The abstract follows that, leaving 1 line of blank
space, which must be no more than 10 lines, and keywords (5-6 words) of font 10. The text
of the paper follows the abstract, leaving 1 line. Drawing a line with the length 20-25
symbols must indicate the end of the text. The reference list is printed below the line,
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following the same order as it was referred to in the text. Below the reference list, the
summaries and keywords (5-6 words) in Russian and English must follow.

At the end of the paper, the contact details must be placed, and also all the authors must put
their signatures.

4.4. All graphic materials, photos, tables, formulas must be placed in the corresponding place of
the text. The legends must be placed in the text. All the keys to the symbols must be given
in the text of the paper. Below the graphic material the number can be indicated followed by
the name of the material (e.g. Fig. 3. Schematic drawing of the installation...)

4.5. The cited materials must be referred to using their original language. The names of authors
must be given in italics. The reference list must follow the example below:

Books

1. Gielen M., Tiekink E.R.T. Metallotherapeutic Drugs and Metal-Based Diagnostic Agents.
N.Y.: Wiley. 2005. 598 p.

2. Venkatesh lyengar G., Subramanian K.S., Woittiez J.R.W. Element Analysis of Biological
Samples: Principles and Practices, V 1I. N.Y.: CRC Press. 1997. 272 p.

Journals

3. Timerbaev A.R. // J. Anal. At. Spectrom. 2014. V. 29. Ne 6. P. 1058-1072.
4. Guo W., Hu Sh., Zhang J., Hu Zh., Zhang H., Wang Y. // Talanta. 2012. V. 91. P. 60-64.

Patents

5. Langsam M., Savoca A.C.L. Pat. 4759776, USA, 1988.
6. Hashimov A.M., Qurbanov K.B.//Pat. 2015 0010, Baku, 2015

Deposited manuscripts

7. lvanov L.P. M., 1985, 40s. - Dep. in VINITI 10/25/85, No. 19233.
8. Vikulina T.D.; 1998, 214 s. - Dep. at INION RAN 06.10.98, No. 53913.

Dissertation

9. Petrov V.G. Dis. Cand. phys.-mat. sciences. L.: Institute of High Molecular Compounds, 1985.
10. Sidorov N.V. Dis. Dr. chem. sciences. Novosibirsk: Institute of Chemistry, 1979.
11. Anoshkina Yu.V. PhD in chem. Tomsk State University, 2012

Conferences, symposia

16. Medvedev P.T. // Abstracts. report I11 All-Union. Meeting. on energy problems. L .: Ed.
LPI, 1984, p. 30.

17. Nuriev K.Z., Gurbanov K. B., Nurubeyli Z. K.// Abstracts of documents. IV All-Russian
conference "Mass spectrometry and its applied problems” 2011 Moscow p. 92
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