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Simulation of Thin-Film Solar Cells
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Abstract. By using numerical simulation, the operating temperatures of a thin-film solar cell based
on CulnSe, have been determined and the solar radiation density values, at which stabilization
of the temperature operating conditions of the thin-film solar cell is not required, have been opti-
mized. The maximum possible efficiency value of ~14.8 % is achieved under actual operating
conditions, and is maintained by the incoming thermal energy as both emitted in this cell and infrared
radiation of the sun and the environment. A model of the proposed thin-film solar cell was imple-
mented in the COMSOL Multiphysics program environment with the use of the Heat Transfer
Module. The operating temperatures of the solar cell without thermal stabilization under condi-
tions of the diurnal and seasonal variations of both the ambient temperature and the power density
of the AM1.5 solar spectrum have been determined. The maximum value of this power density
was varied from 1.0 to 500 kW/m® when using concentrators. The obtained values of opera-
ting temperatures of the thin-film solar cell were used to determine its main parameters in
the SCAPS-1D program. The graphs of the operating temperature, efficiency and fill factor of
the thin-film solar cell versus the solar radiation density are provided. It is shown that in order to
obtain the highest possible efficiency of a solar cell, it is necessary to use concentrated solar radia-
tion with a power density, the maximum value of which should be 8 kW/m? in July and 10 kW/m?
in January. In the case of lower and higher values of power density, an appropriate thermal stabili-
zation of the cell under consideration is necessary. The dependencies of efficiency, fill factor and
open-circuit voltage versus the stabilization temperature of the solar cell, temperature gradients at
the interfaces of the thermoelectric layer were also calculated. It is shown that by choosing optimal
values of the thermal stabilization, the efficiency of the proposed solar cell may be about 15 %
or more.

Keywords: CulnSe, thin-film solar cell, numerical simulation, COMSOL Multiphysics, SCAPS-1D,
thermoelectric layer, photoelectric converter, solar concentrator, solar radiation density, current-
voltage characteristic, fill factor, efficiency
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A. K. Ecman, I'. JI. 3vikos, B. A. [lomauuy, B. K. Kynewos
6  MozenupoBaHue TOHKOIUIEHOYHBIX COJHEYHBIX 3JIEMEHTOB CO CTPYKTYPOH XaJbKOMHUPUTA. . .

pexuMa JaHHOIo deMeHTa. MakcuManbHo BozMoxkHoe 3HadeHue KIIJI ~14.8 % mocturaerca npu
peanbHBIX YCIOBUAX KCILTyaTalluu U IOAJCPKUBACTCS 3@ CYET IOCTYIAOUICH TEIUIOBOM dHEPIuy,
KaK BBIACIISIONIEHCS B 9TOM DJIEMEHTE, TaK U MH(PaAKPaCHBIX M3IIy4EHHI — COJHIA U OKPYXKaro-
et cpexpl. Mozens npezaaraeMoro TOHKOIUIEHOYHOTO COJTHEYHOT'0 HJIeMeHTa Oblila pean30BaHa
B mporpammuoi cpege COMSOL Multiphysics ¢ ucronb3oBanueM moayist «Temmonepenaday.
OmnpeneneHsl padoyne TeMIepaTyphl COTHEYHOTO dIEMEeHTa 0€3 TepMOCTaOIIN3aIii B YCIOBHIX
CE30HHOI'0 U CYTOYHOI'O0 U3MEHEHMS TEMIIEpATyphl OKPYXKalOIIEH cpelbl U INIOTHOCTH MOIIHOCTH
COIHEYHOr0 H3TyIeHWd CHEKTPa AM1,5, mMakcuManbHOE 3HaUY€HUE KOTOPOH BapbUPOBAJIOCH B
npexenax ot 1 go 500 xB1/M° npu HCIONB30BaHUM KOHIIEHTPATOPOB. [loiydeHHBIE 3HAUCHUS
pabounx TemmepaTyp TOHKOIUICHOYHOTO COJIHEYHOTO 3JIEMEHTa HCIIOIb30BAINCH HPU OIpeserne-
HUM OCHOBHBIX ero mapaMerpoB B nporpamme SCAPS-1D. IlpuBeneHs! rpaguku 3aBHCHMOCTEN
pabodeii TeMneparypsl, K03 GHUIHEHTa MTOJIe3HOT0 JEHCTBUS U KOG HIMEHTA 3aMO0IHEHUS TOH-
KOIUICHOYHOTO COJIHEYHOI'O 3JIEMEHTA OT IUNIOTHOCTH MOIIHOCTH COJIHEYHOro u3nydeHus. Ilokaza-
HO, 4TO IJISI MOJy4YeHUs MakcuMaibHO Bo3MoxkHoro KIIJI conmHedHOro simemMeHTa HEOOXOIMMO
HCIIOJIb30BAaTh KOHIEHTPUPOBAHHOE COJHEYHOE H3JIyYyeHHE C MaKCHUMaJbHBIM 3Hau€HHEM IUIOT-
HOCTH MomHocTH 8 KBT/M* B mione u 10 kBt/M” B sHBape. B ciydae Goee HH3KHX M BBHICOKHX
9THX BEJINYMH HEOO0XOJMMa COOTBETCTBYIOLIAs TEPMOCTAOMIN3ALNS PACCMAaTPHUBAEMOTO JIIEMEH-
ta. Takxe paccumransl 3aBucumoctd KIIJ[, xoadduunenta 3amonHeHUss W HampsHKEHHUS XO-
JIOCTOTO XOJa OT TEeMIEpaTyphl CTAOMIM3al[MM COJNHEYHOTO BJIEMEHTA, TPAAUEHTHI TEMIIEPaTyp
Ha IpaHHIAX pasjena TePMO3JIEKTPUUECKOro cios. IlokazaHo, 4TO IpH BbIOOpE ONTUMAJIBHBIX
3Ha4YeHUH TepMocTabMIM3almK 3(PPEKTHBHOCTh IPEIaraéMoro COJHEYHOTO 3JIEMEHTa MOXKET
COCTaBJIATH Nopsiaka 15 % u Goree.

KinioueBble ¢ji0Ba: TOHKOIUIEHOUHBIN coiHeuHbIH aneMeHT CulnSe,, unciennoe MoieaupoBaHue,
COMSOL Multiphysics, SCAPS-1D, TepmonnekTpudeckuii cioi, (poTodaekTpudeckuii mpeodpa-
30Bareb, KOHLEHTPATOP COJIHEYHOI'O M3JIyYEHHUS, TUIOTHOCTh MOLIHOCTH COJIHEUHOTO M3Iy4YEeHHUS,
BOJIbT-aMIIEPHAsI XapaKTEPUCTUKA, KO3 DHUIMEHT 3an0THEHUS, KO3 DUIIMEHT MOJIE3HOTO ACHCTBHS

Jist nuTHpoBaHus: MoaenMpoBaHue TOHKOIUICHOYHBIX COJHEYHBIX 3JIEMEHTOB CO CTPYKTYPOIi

xanbkormpura CulnSe, / A. K. Ecman [u ap.] // Dnepeemuka. H3ze. evicuu. yueb. 3asedenuti u sHepe.
obveounenuti CHI'. 2020. T. 63, Ne 1. C. 5-13. https://doi.org/10.21122/1029-7448-2020-63-1-5-13

Introduction

Special attention in modern solar energy is paid to the search for new semi-
conductor compounds that could replace single-crystal silicon cells. For example,
CulnSe, ternary compounds with the chalcopyrite structure can be used as these
compounds. Such compounds are being actively investigated as materials for
thin-film solar cells. As it is known, light absorption in a solar cell with
a CulnSe, structure is accompanied by direct optical transitions. Compared to
monocrystalline silicon, direct exposure to sunlight is not a prerequisite for effi-
cient operation of a CulnSe,-based solar cell. Advantages of CulnSe,-based thin-
film solar cells are also homo- and heterojunctions, flexibility, high radiation
resistance, environmental safety and cost [1]. The efficiency of such solar cells
1s approaching 23 % yet [2-4]. However, the used vacuum processes and the
emerging technological difficulties in the production of photovoltaic modules
with the target efficiency value lead to the fact that the final product cost is in-
creased significantly.

Naturally, one of the crucial tasks is the development of methods for manu-
facturing low-cost thin-film solar cells (SCs) with acceptable values of effi-
ciency. Development and research in this direction made it possible to create
CulnGaSe,-based thin-film solar cells with an efficiency of 14-17 % [5]. These
solar cells are a finished product for commercialization.

Another crucial task is to increase the efficiency of solar cells and to expand
the range of operating temperatures at which these solar cells can be efficiently
operated under irradiation with concentrated solar radiation, even in the absence
of thermal stabilization. The study of the solar cells parameters when their
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operating temperature is changed is of a practical interest, since these cells in
terrestrial conditions are most often exposed to temperatures ranging from 15 °C
to 50 °C and more when using solar radiation concentration systems [6]. Moreo-
ver, the performance of a solar cell is affected by temperature, since its operating
parameters such as open circuit voltage (V,.), short circuit current (J,.), fill fac-
tor (FF) and efficiency are depended on the operating temperature (7,,) [7].

The purpose of this work is to simulate a CulnSe,-based cell under condi-
tions of increased operating temperature by using concentrators and to optimize
the values of the solar power density when the maximum possible efficiency
of the SCs is maintained in the absence of operating temperature stabilization.
To solve this problem, the used software is taken into account whole energy
of both released in the cell under study and visible and infrared radiation (IR):
the sun and the environment.

Construction of the thin-film solar cell
7Y

< The original thin-film solar cell with
L5 a CulnSe, chalcopyrite structure is shown in
\\\\\ the Fig. 1 [8], where the first electrode layer 2,
the thermoelectric layer 3 based on CulnSe,,

— — the second electrode layer 4, the photoelectric

Tomparen seciole O MW, converter 5 and 6 consisting of CulnSe, and CdS
Layer (CdS, nm) N

~ T mleniccomens — —TMe  layers respectively, as well as a transpa-

CLayer (CulnSe,, 1 um) \5 rent electrode 7 are electrically connected and se-
quentially arranged on the polished face surface of
the substrate 1 made of stainless steel. The trans-
parent electrode 7 is comprised of zinc oxide with
a band gap of 3.3 eV and a visible light transmit-

tance of more than 80 %.

Second electrode layer (Mo, 1 pm) Y

Thermoelectric layer (CulnSe,, 1 um)) \3

First electrode layer (Mo, 1um) Y Fig. 1. The thin-film solar cell structure: 1 — substrate;

2 2 — first electrode layer; 3 — CulnSe,-based thermoelectric
layer; 4 — second electrode layer; 5, 6 — photoelectric
converter consisting of CulnSe, and CdS layers
respectively; 7 — transparent electrode

H ~
Substrate (stainless steel) N .

Operation algorithm of the thin-film solar cell

The visible part of the input solar radiation transmitted through the elect-
rode 7 is absorbed in the photoelectric converter 5 and 6, which generates elec-
tric charges. At the same time, the infrared part of the input radiation heats the
photoelectric converter 5 and 6. Moreover, the generated charges in the CulnSe,
layer of the converter 5 and 6 are separated by the electric field of the p—n junc-
tion, which leads to the generation of a photo-electromotive-force (photo-emf)
between the transparent electrode 7 and the second electrode layer 4. In addition,
the remaining fraction of the photogenerated charges recombines and thereby
contributes to the heating of the photoelectric converter 5 and 6. Therefore,
a temperature gradient is generated between the first 2 and the second 4 electrode
layers. This gradient induces thermo-electromotive-force (thermo-emf) between the
upper and lower sides of the thermoelectric layer 3. That, in its turn, leads to the
appearance of the output voltage of the solar cell consisting of photo and ther-
mal EMF between the first electrode layer 2, electrically connected to the underside
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of thermoelectric layer 3, and the transparent electrode 7. In its turn, the latter
leads to the occurrence of the output voltage of the solar cell consisting of photo-
and thermo-emf between the first electrode layer 2, electrically connected to the
lower side of the thermoelectric layer 3, and the transparent electrode 7.

Since the part of thermal energy in the proposed solar cell is used to increase
the efficiency of solar energy conversion, there will be no need to stabilize
the solar cell temperature and its efficiency will be as high as possible at the
certain value of the power density of the AM1.5 solar spectrum.

Computer simulation

Numerical simulation is usually used for designing of solar cells and bat-
teries based on them using concentrators. Moreover, the maximum possible
number of parameters affecting the performance of thin-film solar cells is taken
into account. The used COMSOL Multiphysics program environment allows
you to take into account all of the specified and/or variable parameters when
solving most scientific and engineering problems. The simulation was performed
by using the Heat Transfer Module of this program environment [9], in which
the developed numerical model of a thin-film solar cell was calculated in the
absence of stabilization of its temperature [10, 11]. The calculations were carried
out taking into account the diurnal and seasonal variations of both the ambient
temperature and the power density of the AM1.5 solar spectrum for the geogra-
phical coordinates of Minsk. The values of the solar power density ranged from 1
to 500 kW/m® by using concentrators. The average minimum and maximum
monthly ambient temperatures data in Minsk (from the site: http://belmeteo.net)
were taken into account in the modeling.

The obtained values of the operating temperatures of the proposed solar cell
were used in the SCAPS-1D program, the description and calculation procedure of
which are given in the literature [12, 13], and the action panel is shown in Fig. 2.

- oEE

SCAPS 3.3.07 Action Panel

—Working point —Series resistance Shunt resistance— —— Action list All SCAPS settings —
Temperature (K) 300.00 yes yes
Voltage (V) 0.0000 3 = | Load Action List Load all settings *

A&
=

Rsh 0
Gsh ﬁCCE +)

Specify illumination spectrum, then calculate G(x) [ ] I Directly specify G(J)

DOEX) | Rs Ohmem™2

S/cm™2

|
fi=atenciib J000E36 | Save Action List ' ‘ Save all settings ‘

Al 4y db 4>

@

Number of points

Dark [ || Light

lllumination:

| G{x) from file F—

s

Spectrum cutoff ?

(nm) §4CEC 0

Analytical model for spectrum Spectrum from file I P z —{ Analylical model for G{x) ()
it
Spectrum file name illuminated from\eﬂ-:D\Hummaiedfmmnght hqrr\‘tc;u:‘ev(‘{]\;ﬂfﬁg
I AM1_5G 1 sunspe sun orlamp 1000.00 AX) model Constantgeneration G
spectrum file Siortwavel (nm) 22000 5 c G0 (mAjem?)
Ideal Light Current in G{x) (mA/cm2)

Transmission of attenuation filter (%)

NeurslDensiy 200000 | T (%) 3o | afterND 1000.00 Ideal Light Current in cell (mA/cm?) \
—Action——T -Pause ateach step number
of points
= VI(V) 200000 V2(V) 408000 [ SwpaferVoc 241 | 200200 increment (V)
= CV VI(Y) 208000 V2(v) 08000 281 | 20000 increment (V)
= cf 1 (Hz) 2{1.000E+2 2(Hz) 2 1.000E+5 2n |2 points per decade
= QE (IPCE) WL1 (nm) 2 300.00 WL2 (om) & 1350.00 2106 | 21000 increment (nm)

Set problem loaded definition file:

IModel16ail. def ’on

Continue ] Stop ] Results of calculations ] Save all simulations ]
8 Batch set-up LEJ ‘ﬁ] &J LVJ .ﬂj &] Ej Clear all simulations
& Record setup Recorder results I SCAPS info
Curve fit setup ) Curvefitting results ]
- Script setup Script graphs ] Script variables ] _

Fig.

2. SCAPS-1D action panel
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This program was developed for the numerical solution of the Poisson equa-
tion and the continuity equation for charge carriers. It can be used to calculate
one-dimensional thin-film solar cells [6, 14]. The physical parameters used in
the simulation of each layer of a thin-film solar cell are shown in the Tab. 1.

Table 1
Physical parameters of the proposed thin-film solar cell
—~ “Q v-g
I s 3] % 23 | s
=8 |2 22| 5_ | 8% P
Parameters s | &£83| £83 53 5 B 9]
=] o = o = 2 Qo O Q 2
[> o] - 2 - N .2 - —g = = =
€8 |S8E8| 288 | g8 S5 % B
£3 (352 352 | 85 | £EF | £EF
Layer thickness d, pm 0.05 0.05 1.00 1.00 1.00 1.00
Bandgap E,, eV 3.30 2.40 1.04 1.20 1.04 1.20
Electron affinity X,, eV 4.55 4.45 4.30 4.50 4.30 4.50
Dielectric constant, & 9.00 10.00 10.00 13.60 10.00 13.60
Density of states at con-
duction band N¢, cm 410" | 410" | 220" | 2.2:10" | 2.2-10"® | 2.2-10%
Density of states at valence
band Ny, cm™ 4.10"® | 4.10%® 1.8-10" | 1.8.10” | 1.8-10 | 1.8-10"
Thermal velocity
of electrons v,, cm/s 1-107 1-107 1-107 1-107 1-107 1-107
Thermal velocity
of holes v, cnv/s 1107 | 110 1107 110 1-10 1-10
Electron mobility p,,
em*/(V-s) 100 50 100 100 100 100
Hole mobility ,,
em?/(V-s) 25 20 25 50 25 50
Donor concentra-
tion Np, cm™ 1-10"® | 1-10%® 4.10'¢ 0 4.10' 0
Acceptor concentra-
tion N, cm 0 0 2:10'° | 2.7.10"° | 2:10'° | 2.7-10'°

Analysis of the results

From the graphs shown in Fig. 3, it follows, that with an increase in the
solar power density, the maximum value of which varies within 1 KW/m? < Py <
< 8 kW/m’ (in July) and 1 kW/m® < P, < 10 kW/m® (in January), the opera-
ting temperature 7,, increases even during thermal stabilization (Fig. 3a, curve 1).
At the same time, to achieve maximum efficiency of a thin-film solar cell, this
cell heating or lighting by concentrated solar radiation is required (Fig. 3b). At
the specified simulation conditions, the efficiency has maximum values under
the stabilization conditions at P, = 2 kW/m* and without it at Py = 8 KW/m?
(in July) and Py =10 kW/m® (in January). In this case, the fill factor would
increase to ~69.6 % (Fig.3c) and the open circuit voltage would decrease
to ~0.49 V (Fig.3d). With a further increase in the solar power density
of P, > 8 kW/m> (in July) and P, > 10 KkW/m’ (in January), in order to main-
tain the maximum efficiency, cooling of the solar cell is required. In the absence
of solar cell cooling, the open circuit voltage would decrease and the fill factor
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would change slightly. Values of solar power density of Py =8 kW/m® (in July)
and P, =10 kW/m’ (in January) are optimal when using proposed thin-film
solar cell, since in this case there is no need to stabilize its temperature to main-
tain the maximum value of efficiency.

Similarly, the parameters of the considered solar cell are temperature depend-
ent, with the only difference being that the extremes in the efficiency graphs are
more pronounced, i. e., the dependencies of the fill factor have both maxima and
minima at P,,, >2 kW/m® (Fig. 4a, b). However, at sufficiently high concentra-
tions of solar radiation, such as, for example, at P, = 500 kW/m® (Fig. 4b, curve 5),
the fill factor reaches maximum values already at lower stabilization tempera-
tures (7). In this case, the dependencies of the fill factor no longer have a mini-
mum in the considered stabilization temperature range. This efficiency behavior
(Fig. 4a) is determined by the opposite direction of the change in the fill factor
(Fig. 4b) and by the change in the open circuit voltage (Fig. 4c), which determine
the maximum output power of the solar cell together with the short circuit current.

a b
150+ N 1
?/// 1504 om—s—edp, .
1201 - / —
I e R }Nﬁm\
0T
& S S ' 1401
5 601 g 8 -
4 —e—Temp. stabilization = (35 —eo— Temp. stabilization
304 ) 3 —e—July = —eo— July
7 — e — January 13.04 —e— January
0 24 6 § 10 1214 16 0 2 4 6 & 10 12 14 16
P, KW/m’ Prax, KW/m’
c d
70- — . 0.53+
— —8=g—g—g—y
»: — e — Temp. stabilization
681 .1// 0520 \ 2, —em Mr;p
N — e — January
i 0.514 .
. 66 -/\2/ > \>\\\\‘
& o4 o § 050
— e — Temp. stabilization 0491
62 3 —e—July ' S
—e— January 0.48
60-
T T T T . . . : 047 T T T T T T . :
0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16
P, KW/m’ Prax, KW/m’

Fig. 3. The dependencies of operating temperature (a), efficiency (b), fill factor (c)
and open circuit voltage (d) of CulnSe,-based thin-film solar cell with the temperature
stabilization (curve 1) and without it in the middle of July (curve 2) and January (curve 3)
versus the different values of the solar power density

The proposed CulnSe,-based solar cell, when exposed to solar radiation
with a power density P =1 kW/m* and stabilization temperatures of more
than 50 °C, has an efficiency higher than, for example, the CulnGaSe,-based
solar cell, proposed in [6], when exposed to solar radiation with the same solar
power density (Fig. 4a, curve 1').
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According to conducted calculations, the efficiency of the proposed CulnSe,-
based thin-film solar cell with temperature stabilization at 7= 77.5 °C reaches
15.02 % when a solar power density is equal to 2 kW/m® (Fig. 4a, curve 2).
At the indicated power density and the absence of temperature stabilization,
the thin-film solar cell heats up to 48.6 °C in July and 29.3 °C in January (Fig. 3a,
curves 2, 3). At the same time, its efficiency reaches 14.61 % and 13.43 %,
respectively, in July and January (Fig. 3b, curves 2, 3).

15]
121
= 2
g 91 —— 1 Sun 5
2 ol /- 1Suis]
& ——2Sun
53]
34 ——8Sun
50 Sun
! —508S;m :
0 100 200 300 400
I°C
C
067 ~.
1
04 s 3
>% ——~ 1Sw[6]
o~ 02 —— 2 Sun
21— 8Sun
50 Sun
—— 500 Sun
100 200 300 400

Fig. 4. The dependencies of efficiency (a),
fill factor (b) and open circuit voltage (c)
of CulnSe,-based thin-film solar cell
with the temperature stabilization versus
the stabilization temperature
at the P, = 1 (curves 1, 1), 2 (curve 2),

8 (curve 3), 50 (curve 4)
and 500 (curve 5) kW/m?

Fig. 5 shows the daily changes of the temperature gradients at the upper and
lower boundaries of the thermoelectric layer, i. e. between the electrode layers
that cause the generation of thermo-emf at P, = 8 and 10 kW/n?, respectively,
in July and January. As it can be seen from the dependencies plotted in Fig. 5,
the temperature gradient has a maximum value between 13 and 14 hours of the
day at the lower boundary of the thermoelectric layer based on CulnSe,, and this
value in the morning and in the evening is much smaller.
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Temperature gradient, kK/m

0

a

2

—— Lower boundary
—— Upper boundary

8§ 10 12 14 16 18
Time of day, h

1.8+
1.54
1.24
0.94
0.6

Temperature gradient, kK/m
=)
el

2

—— Lower boundary
—— Upper boundary

§ 10 12 14 16 18
Time of day, h

Fig. 5. The temperature gradients of CulnSe,-based solar cell at the lower (curve 1)
and upper (curve 2) boundaries of the thermoelectric layer without the temperature stabilization
in July at Ppa = 8 kW/m? (a) and in January at P,,,, = 10 kW/m’ (b) during the day
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The current-voltage characteristics of the CulnSe,-based thin-film solar cell
were obtained at average temperatures in July at P, = 8 kW/m’ (Fig. 6a) and
in January at P, = 10 kW/m® (Fig. 6b), when stabilization temperature (7))
is the operating temperature (7,,).

a b

300
P=8kW/n'

7=102°C

P=10 kW/m’
300 7=106.6°C

£ 2001 J .= 348.136 mA/ent E T, =435.441 mA/en?
< V=049V T 200) v 0488V
% 0]  FF=69.59% H FF=69.54%
= Eff = 14.84 % 100{  Eff=1478%
0 : : : : , 0+ : : : : ,
01 02 03 04 05 01 02 03 04 05
Voc, V Voc, V

Fig. 6. The current-voltage characteristics
of the CulnSe,-based thin-film solar cell
at Py = 8 kW/m® and T=T,, = 102 °C

in July (a), at Py = 10 kW/m?
and T'=T,,=106.6 °C in January (b)
and at P, = 1 kW/m? and 7= 10 °C (curve 1),
T'=30°C (curve 2), T=T,,=70 °C (curve 3),

0 02 04 0.6 T=170°C (curve 4) and T =220 °C (curve 5)

Voc, V during thermal stabilization (c)

From the obtained characteristics plotted in Fig. 6¢ it follows that the cell
under consideration at P, = 1 kW/m’ generates the maximum output
power when its temperature is 70 °C, which is the operating temperature in this
case (Fig. 3a). A significant increase in the short circuit current up to Jsc =
=435 mA/em’ at Py, = 10 kW/m® (Fig. 6b) compared to Jyc = (41-44) mA/cm®
at Poax = 1 kW/m?® (Fig. 6¢) leads to a corresponding increase in the output elect-
ric power when using a concentrator.

CONCLUSION

The performed simulation demonstrates that the proposed thin-film solar
cell, when using a concentrator, does not require temperature stabilization at
solar power densities, the maximum values of which in July and January are 8
and 10 kW/m’ respectively. Moreover, its maximum efficiency value is ~14.8 %
and its operating temperature during the year varies from ~102 °C to ~106.6 °C.
Such an operating temperature is maintained by whole energy, absorbed in this
cell, viz. both the infrared radiation of the environment and the visible (sun)
radiation, which is not used for photogeneration (which is lost during recombi-
nation). Consequently, by choosing a solar concentrator and operating conditions
at any time of the year, it is possible to maintain the optimal operating tempera-
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ture of the CulnSe,-based solar cell and to implement a mode with increased
output power at a fixed area of this cell. Extreme points on the characteristics
of the fill factor, efficiency and other characteristics are caused by the solar cell
structure consisting of sequentially connected photo and thermal layers.
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Abstract. The economies of the world are influenced by the rapidly changing global energy policy
agenda. Understanding energy trends implications in the long-term perspective is crucial for
responsible and informed sustainability-policy making, with respect to transformations required to
enhance the security of energy supply, resource efficiency and affordability, as well to as trans-
formations required to minimize energy poverty and mitigate ecological footprint. Nowadays the
price (value) competitiveness of technologies and products as their ability to respond to sustaina-
bility demands is becoming the appreciable criterion in choosing the pathways of technological
growth or economic strategies designing. The transition to energy sustainability is the so-called
quiet energy [r]evolution, or the transition towards 100 % renewable energy supply. Using
the sociotechnical transition, vulnerability and sustainable development theories for the assessment
of the energy safety level, this article aims to contribute to the understanding of cultural, institu-
tional and innovation prerequisites of sustainable energy transitions. Basing on historical exam-
ples, it argues that, despite the cultural dimensions, energy resources and energy mix disparity,
geographic location and income per capita, the value instead of cost philosophy in choosing energy
pathways maintains the sustainable energy transitions. The key findings are the defined prerequi-
sites of energy transitions sustainability; among them there are cultural dimensions, innovations
and the speeds of movement along learning curves when adopting new energy technologies as well
as energy policy patterns, applied in a country: value versus cost-driven. The Value vs Cost Energy
Policy matrix has been developed in order to determine if a country is sufficiently value-driven
in its energy policy.
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ObecneyeHne yCTOMYNBOIO Pa3BUTHS IHEPTETHUYECKUX CHUCTEM:
nepexojq 0T CTOMMOCTH K LIEHHOCTH

V. E. Iucbmennas” ?, I'. C. Tpunoabckas"

1)I/IHCTI/ITyT 9KOHOMHUKH ¥ nporHosupoBanust HAH Ykpaunsr (Kues, Ykpanna),
YHaupoHATEHEIHA TEXHIUECKHIT yHHUBepcuTeT YKpauHbl «KueBckuil MOIUTEXHUYECKUIA HHCTUTYT
nmenu Urops Cukopckoro» (Kues, Ykpanna)

Pedepar. DxoHOMHKM Mupa HaxXoAsATCA MOJ BIUSHUEM OBICTPOMEHSIOIIEHCS MOBECTKH MIHS
rI00aNbHOM SHEpPreTHueckoi MoauTHKU. [loHMMaHue MOCNIeNCTBUI SHEPreTUIECKUX TeHICHINI
B JOATOCPOYHOM MEPCIEKTUBE HMMECT pEIIAIoNIee 3HAYCHUE I NPHUHATHS OTBETCTBEHHBIX
1 000CHOBAHHBIX PEIICHHH 110 BOIPOCAM yCTOHIMBOCTH B OTHOIICHUH ITPpeoOpa3oBaHuUii, HE0OX0-
JMMBIX JUISl TIOBBIIICHHS HAaJ@KHOCTH SHEProcHabXeHus, 3QEKTHBHOCTH UCIIOIb30BaHUs Pecyp-
COB M MX JIOCTYITHOCTH, @ TaKXe I HUBEIMPOBAHUS SHEPIeTHUECKON OEIHOCTH M yMEHBILICHUS
HETaTUBHOT'O BO3JEHCTBUS HA OKPYKaloUIyIo cpeny. B Hacrosiee BpeMs mieHOBast (CTOMMOCTHAs)
KOHKYPEHTOCIIOCOOHOCTH TEXHOJIOTHII M IMIPOJYKTOB B Ka4€CTBE UX CIIOCOOHOCTH OTBEYATh TpeOo-
BaHMSIM YCTOHYMBOCTH CTAHOBHUTCSI BECOMBIM KPHTEPHEM IHpPH BHIOOPE MyTeil TeXHOIIOTHIECKOTO
pocTa i pa3paboTKH IKOHOMHUYECKHUX cTpaTerui. [lepexon k sHepreTHueckoil ycTOWYMBOCTH —
9TO TaK Ha3bIBaeMas «THXas» dSHepreTuueckas [pleBomronus win nepexon k 100%-My Bo300HOB-
JIsieMOMYy 3HeprocHaOkeHHIo. lMcmone3ys TeopuH CONMAIbHO-TEXHHYECKUX TpaHC(HOPMALUid,
YSI3BEMOCTH TIPH OLIEHKE YPOBHS SHEPreTHUeCKOl Oe30IacHOCTH, a TaKKe TEOPHIO yCTOHIMBOTO
pa3BUTHsA, JaHHAs CTaThs IIPU3BaHA COJACHCTBOBAaTb MOHUMAHUIO KYJBTYpPHBIX, MHCTUTYLHO-
HQJIBHBIX U MHHOBALIMOHHBIX MPEIIOCBUIOK Iepexoja K ycToH4MBOM sHepruu. OCHOBBIBAsACh HA
HCTOPHYECKUX MPHMepax, Mbl yTBEP)KAAeM, U4TO, HECMOTPsSI Ha KyJIbTypHbIE acCMEKTHI, HEPaBEH-
CTBO B 9HEPIreTUYECKHX PECYPCaX U CTPYKTYpE SHEpromnoTpedieHHs, reorpaduyeckoM IMOJIoxKe-
HUM ¥ pa3Mepe JI0XOAa Ha JyIly HaceJeHMs, LICHHOCTHAs, a He CTOMMOCTHas ¢unocopus mnpu
BBIOOpE IIyTeHl SHEpPreTHUecKOW MONUTHKH OOECIeuMBaeT YCTOWYMBHIE YHEPreTHYECKHE TpaHC-
¢dopmanmu. KiroueBbIMH pe3yibraTaMy SIBISICTCSl ONPEACNICHHE HPEIIIOCHUIOK yCTOHYMBOCTH
9HEPreTHYECKUX TpaHc(hopManuii, Cpeu KOTOPBIX: KyJIbTYPHbIE aCIIEKThI, HHHOBAI[MH M CKOPOCTh
JBIKEHHS TI0 KPUBBIM OOYUCHUS IPH BHEAPEHUM HOBBIX 3HEPTETHYECKHX TEXHOJOTHI, a Takxke
m1abI0Hbl SHEPTeTUUECKOH IMOJIUTHKH, NMPUMEHSEMBIE B CTPAHE, LIEHHOCTHBIE MPOTHB CTOMMO-
CTHBIX. MaTpuIia 3HepreTHIECcKOil MONUTUKH «IIEHHOCTh NPOTHB CTOMMOCTH» pa3paboTaHa c Iie-
JIBIO OIPEJICTICHNUs CTEIICHU IICHHOCTHOM OpUEHTAllUU 3HEPreTUYeCKON IONUTHKY TOW WM UHOH
CTpaHBbL.

KiioueBble c10Ba: SHEpreTHyecKas CUCTEMa; SHEpreTHueckas TpaHcopMauus; SHepreTuyecKas
YCTOHYNUBOCTD; LEHHOCTHAS KOHKYPEHTOCIIOCOOHOCTD; IICHHOCTHO-OPHEHTHPOBAHHAS IIOJIHUTHKA;
KOHKYPEHTOCHOCOOHOCTh, OCHOBaHHAs HA CTOMMOCTH; IIOJIMTHKA, OCHOBaHHAsI Ha CTOMMOCTH

s uurupoBanus: Ilucemennas, Y. E. ObecniedeHue yCTOHYMBOIO pa3sBUTHS SHEPreTHUECKUX
cucTeM: mepexox oT croumoctu k neHHoctd / Y. E. Ilucemennas, I'. C. Tpunonsckas // Ouepee-
muka. M3e. evicu. yued. 3asedenuii u suepe. ooveounenuit CHI. 2020. T. 63, Ne 1. C. 14-29.
https://doi.org/10.21122/1029-7448-2020-63-1-14-29

Introduction

Over the last two decades, the sustainable energy trend, being an important
prerequisite of sustainable economy, has been embracing more and more coun-
tries and regions of the world. Wind and solar photovoltaic sources globally
became the fastest growing sources of electricity. The energy access slowly
expands. The growing energy needs in fast growing countries are accompanied
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by green investments enhancement in these countries. Ecologic and climate con-
cerns are forcing a plenty of global players of energy markets to redesign their
energy systems and energy balances by means of sustainable energy transfor-
mations. However, the sustainable energy trend faces challenges all over the
world, but its density differs in a great way.

The primacy factor of energy transitions is often considered to be energy policy
that, in turn, is considered as a compromise of interests of global players (countries,
supranational formations or regional energy systems). Thus, the energy policy
as the “direction of actions, accepted and restrained by governments” [1], can be
entirely determined by geopolitics, i. e. by conformities of distribution and redis-
tribution of spheres of the different states and interstate associations. The gro-
wing influence on energy politics of “transnational governance networks invol-
ving non-state actors” should also be considered. This influence would increase
in the future and could take many forms [2].

IEA defined the following directions of world energy system development:
a) meeting of growing world demand on energy after growing profits and popu-
lation of developing countries; b) providing of access to energy for low-income
part of the planet’s population; c¢) reaching the aims of climate change mitiga-
tion, particularly the enhancement of renewables deployment [3]. However, with
the strengthening of integration processes, the efficiency of energy systems
as the ability to provide goods and services in environmentally sound way at
reasonable price is more and more based not on the efficiency within the limits
of the country economy, but on the compromise of interests of totality of energy
systems and energy markets of some countries, non-state intergovernmental
or supranational institutes.

The changes in world energy regional structure are accompanied by the
increase of the clean energy ratio as well as the increase of number of countries,
whose domestic supply ratio by an energy resource is less than 20 % and/or
decreasing promptly. The influence of regional energy disproportions on large
regions and developing countries creates the growing dependence on import
of energy resources and enhance resource competition. The tendencies of
providing the increase of demand and sustainable import of energy resources
in the world, the instability of energy prices form the considerable challenge
for the most world economies. As a result, the introduction of new resource
bases and transit facilities changes a geographic structure and world energy
markets rules, viz. the regions of production and consumption, strategic supply
pathways of energy resources, demand and supply disparity, legal and organiza-
tional principles of markets functioning. Such increasing tension makes a chal-
lenge to the performance of energy transitions towards sustainable energy sys-
tems [4]. And there is a need to understand the prerequisites of sustainable
energy transitions.

The aim of this paper is to consider energy transitions in terms of the values
they serve, which is a more comprehensive way of viewing them than only
a cost-benefit analysis.
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The main part

Acknowledging to sociotechnical transition theory [5] we can consider energy
policies and strategies (action plans of their implementation) as energy transi-
tions management. This includes: establishing prerequisites for their appearance;
their speeding up/slowing down, protecting existing ones; minimizing negative
externalities and social vulnerabilities of sociotechnical regimes changes; main-
taining optimal energy mix. Under such consideration, the success or failure
of policy implementation greatly depends on the differences in energy transi-
tions performance (the first key factor). Cherp et al. [6] stated that the diffe-
rences in performance of energy transitions (which are divided by three types,
viz. techno-economic, socio-technical and political) in different countries could
be explained by the performance of five mechanisms: a) states working with
incumbents for secure supply/demand balance; b) regimes gaining/losing
strengths from energy resources and infrastructure dynamics; c) regimes self-
reproduction through vested political interests; d) states nurturing niches as
a parallel strategy; e) cross-border technology diffusion and niche innovation.

Some researchers, e. g. Coenen, Benneworth & Truffer [7], make explicit
transition geographies, stressing the importance of regional factor of transitions
development. Thus, they also speak about the need of understanding the interna-
tional, translocal nature of transition dynamics. Moreover, in the comparative
analysis of energy transitions of key countries fulfilled by Hauff, Bode,
Neumann & Haslauer [8] the “global energy transitions” vs “country pattern
transitions” are discussed. They emphasize that despite the fact that the reasons,
management, development pathways, threats and perspectives of transitions
greatly differ from country to country, the main characteristics and processes
being “amazingly similar” in many countries.

Along with the performance, the second key factor of energy transitions
management is the vulnerability of energy systems under the influence of exter-
nalities, caused by energy transitions. Externalities are not necessarily negative,
being the part of the economic transaction concerned and emerging outside
the transaction. The vulnerability is “the exposure of vital energy systems to
risks” [2]. Even sustainable transitions are often being postponed, slowed down
or rejected to avoid negative externalities that could threaten the energy system
stability. The special policy measures to avoid negative externalities of energy
transitions are needed. For example, the 2016 increased shutdown of French
nuclear power units, accompanied by the coal- and oil-fueled power plants
closure has decreased base load capacity. In order to maintain the security of
supply in the energy transition, the state has to launch its capacity market [9].

Basing on sociotechnical transition theory, an energy transition is claimed
to be the energy-related sociotechnical regime shift. The question is how
the sociotechnical regime shift could be measured. Obviously, energy systems
can be estimated by the number of indexes: capacity, reserves, ecological
impact, by the structure of “fuel mix” etc. [10]. The energy policy of a country
on a number of energy resources or technologies can be defined by the dynamics



V. E. llucomennas, I'. C. Tpunonvckasn
18 OO0ecrie4eHUE YCTOWYMBOTO PA3BUTHUS SHEPTETHUECKUX CUCTEM. ..

of the set of indexes, such as: the structure of energy generation by technologies,
volumes of investments, volumes of subsidies, income by the types of activity,
rent volumes, barriers etc. However it complicates for the estimation or mode-
ling of energy transitions.

The third key factor of the managing of energy transitions is how much
the energy transition management leads to the change of energy sustainability
level, or the sustainability of energy transitions. The sustainability transitions
generally are described as the transitions that adapt societies and economies
to sustainable modes of production and consumption [7, 11, 12] (Coenen & Diaz
Lopez, 2009; Coenen, Benneworth & Truffer, 2012; Turnheim, Berkhout, Geels,
Hof, McMeekin, Nykvist, & van Vuuren, 2015). Also given are the common
examples of a sustainability transition: the decarbonization of energy and trans-
port systems, biodiversity and food security transitions, waste or water manage-
ment and urban development.

The question is could every transition towards the sustainable modes of energy
production, transformation and consumption (aka energy balance) be marked as
an energy sustainability transition. The energy sustainability Trilemma (energy
security; energy affordability; ecological sustainability), annually published by
World Energy Council (WEC), ranged countries by Energy Sustainability Index
(ESI) [13]. If an energy transition performance maintains the rise along all three
axes of Trilemma and the negative externalities are overcome by positive ones
in a way that the overall score grows, that is an energy sustainability transition.
Therefore, the transition to energy stability is a primary change in at least one
parameter of the energy balance, which is sufficient to cause a shift in the socio-
technical regime, leading to the overall effect of the rise within the Trilemma
of energy stability Trilemma.

WEC points out the similarities and the differences between first 10 ESI top-
ranked countries. Among the similarities are: high GDP income per capita,
OECD membership, postindustrial, service-based economies, more than 25 %
share of low- and zero-carbon power generation technologies [13]. The dif-
ferences are sufficient: energy mix, energy import dependence and reserves
levels, nuclear power share, geographic location. Is the economic welfare of
a country is necessary and enough to form the sustainable energy system? Or is
the energy sustainability the “engine” of economic welfare and overall sustain-
ability? By answering these questions, we aim to find out the prerequisites of
energy sustainability.

Cultural dimensions. Maintaining the sustainability is known to be the bal-
ancing between social welfare, economic growth and ecological imprint. When
speaking about the energy sustainability, we often mention sustainable energy
consumption and sustainable energy life style or behavior that has cultural roots.
Seeking for the cultural prerequisites for energy sustainability we compared
ESI top, middle and low-ranked countries’ cultural dimensions (Fig. 1a), using
G. Hofstede cultural dimensions theory [14] and the energy sustainability di-
mensions [13].
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Fig. 1. Selected Hofstede cultural dimensions (power distance; individualism;
long term orientation): a — 10 ESI top-, 4 middle- and 4 low-ranked countries;
b — OPEC countries (based on 2018 ESI and 2018 Hofstede publications) [13, 14]

The comparative analysis points out that high ESI rank of a country is accom-
panied by the achievement of high level of individualism and at least one of two
other dimensions: low power distance or high long-term orientation.

Why does high individualism have relation to the energy sustainability?
As G. Hofstede stated, “in societies with collectivism, common aims and welfare
are placed higher than personal ones” [14]. However, any of ESI top-ranked
countries has not high collectivism cultural dimension. The individualism level
above the middle helped them to form the societies with huge middle class
and low corruption. In terms of an energy system, this gave the prerequisites
for the development of highly effective energy systems with sufficient demand
side management, Smart Grid and high ratio of individual and middle-capacity
power units.

Low power distance is described as the following: “people strive to equalize
the distribution of power and demand justification for inequalities of power” [14].
This helps to establish the effective institutional structure and operation of govern-
mental and non-governmental institutions, which maintain the sustainable
energy goals achievement. Among the ESI top-ranked countries only France
has the power distance index higher than the mid-level (68 out of max
120 points).

High long-term orientation means achieving long-term goals and values re-
sults highly. Such time horizon view helps to meet the needs of a generation
without harming the next generations’ ability to meet their needs. This charac-
teristic ensures the vision of energy technology perspectives with the consi-
deration of the fossil fuels limited nature and the need of ecological sustain-
ability. Despite that, from the general point of view, this cultural parameter
seems to be primarily important for maintaining the sustainable energy; its high
level does not in itself guarantee high energy sustainability. For example, China
and Russia both have high level of long-term orientation (87 and 81 points
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respectively), but also have high power distance (80 and 93) and, the most
important, their individualism is rather low (20 and 39). Other cultural characte-
ristics (masculinity/femininity, uncertainty avoidance index; indulgence/restraint)
seem not to have the significant influence on ESI ranking.

From multi-level perspective (MLP) point of view on transitions [5], high
level of individualism prepares a ground for niche-innovations. Low level of
power distance helps to generate effective institutions. This prevents the
blocking and postponing of socio-technical landscape development by different
political lobbies, and then such development pressures the existing socio-
technical regime and creates opportunity windows for novelties. Long-term
perspective view via expectations and networks enhances the external influences
on niches resulting in the socio-technical regime shift.

Fig. 1b shows that OPEC countries, with their Hofstede dimensions similar to
low-ranked countries, are placed mostly in the middle of ESI rank, due to their high
energy security level. Rich resource base and high GDP favor the possibilities
to maintain the constituents of energy sustainability, but do not guarantee it. After
Michael Porter, more important is not the current stock of factors of a nation, but
the “rate end efficiency” or the intensity of their creation (or reimbursement),
upgrade and deployment [15]. And nowadays in some ESI middle-ranked countries,
e. g. in Saudi Arabia and Indonesia, such intensity is rising towards the sustainable
goals. The increasing energy demand and low oil prices forced Saudi Arabia to
declare plans to develop almost 10 GW of renewable energy by 2023 with up
to USD 50 bln investments to substitute 80,000 barrels of oil in domestic consump-
tion [16]. Indonesia, forced with demographic MLP growth, shows the progress
being the first among 20 fast-moving countries in energy access enhancement
with 4.3 % annual rate [17]. So, despite the cultural prerequisites and material
resources disparity of different countries of the world, their energy policies could
enhance Porter’s “rate end efficiency of factors”, that leads to more efficient, secure
and ecologically sustainable energy systems.

Innovations and movement along learning curves. Energy transitions are
not always innovation transitions. Do the energy sustainability transitions always
deal with innovations or could we solve the Trilemma and considerably enhance
energy security, energy affordability and ecological sustainability without no-
velties? Or such enhancement could be maintained only by extensive change
of energy mix and deployed energy technologies parity? The analysis of the effi-
ciency of energy policies proves that the considerable enhancement of Trilemma
is not possible without the innovation transitions [18-21].

Renewable energy technologies are among the best examples of energy
innovations. Renewables in general provide prospects of lower GHG emissions,
jobs creation, technological improvements, but some negative externalities as
well (such as structural unemployment, difficulties in maintaining of the load-
generation balance, the increase of a power system electricity prices due to the
feed-in tariffs and some other). Environmentally friendly technologies at their
early stages of deployment have higher prices than conventional energy techno-
logies, thus subsidies and other forms of support are needed to make environ-
mentally friendly technologies viable.
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Numerous studies [22—24] indicate that that early technology adoption brings
larger cost reduction in the long run. Over time technologies become more
mature, producers and users gain experience, economy of scale takes place, and
the level of direct and indirect support diminishes. Understanding of importance
of new technologies, measured by the level of direct financial and indirect
support by means of well-tailored regulatory energy policies, make countries not
only cost-driven, but also value-driven.

Let us consider some aspects of technology adoption. Such a consideration
makes us to apply to the learning curves. The concept of the learning curve,
in its turn, is a measure of cost decline for every doubling of capacity or of
energy output. The “learning curve” is a concept that describes the relationship
between cost and experience over a defined period [24]. The learning curve is
used to measure production efficiency and to forecast costs. The Learning Curve
Model states that for each doubling of the total quantity of items produced/
installed, costs decrease by a fixed proportion, the corresponding change in price
is a Progress ratio (Investopedia, 2019). In other words, learning curves show the
degree of technological developments spread. Understanding learning effects is
important to design sufficient support schemes [25], i. e. different learning rates
may result in refining support rates based on technology type. This, in its turn,
might affect the very structure of energy system of the country. For many
renewable energy sources, the learning factor varies between 0.11 and 0.95 (for
more mature technologies). A learning factor 0.9 means that costs will 10 % decline
when cumulative installed capacity increases twofold [26]. The learning rate
equals 100 minus a Progress ratio [27].

The largest number of learning rates studies so far has focused on photovol-
taics and onshore wind power plants. In case of renewables, one should bear
in mind that there is difference in industry producing equipment for renewables
and renewable electricity/heat. The first one could be easily traded in open
economics, while export/import of renewable electricity/heat is more difficult to
trace. Learning effects can be easier traced in case of new technologies, than for
existing technologies, because in order to reach the significant price reductions
the latter need to increase installed capacities in order of terawatts. That is why
the mean learning rate for coal technologies is 8.3 %, 15 % for natural gas
turbines, negative to 6 % for nuclear power plants [28].

In accordance with IEA, learning effect lead to decreasing of wind turbines
cost globally by a factor of 4 since 1980s, whereas since 2004 until 2007 they
have increased by 20-80 % in different countries because of high commodity
prices and insufficient turbines output. After 2007, the learning rate has
acelerated, and most of the progress in wind turbines is attributed to increase
in turbine size [29].

Modern renewable energy technologies show great possibilities for cost
reduction, especially in case of photovoltaics, by improving the materials for
modules output, transiting from crystalline silicon to dye sensitive solar cells
and thin films.
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In 2015, International Technology Roadmap for Photovoltaic (ITRPV) stated
that global PV module capacity at the end of 2015 was 60 GW, and the PV
learning rate was 21 % globally, which indicated high rate of technical learning.
The average crystalline-silicon PV module price declined from USD 0.62/W
in 2014 to USD 0.58/W in 2015, which corresponds to manufacturing capaci-
ties of 39.3 GW in 2014 and 50 GW in 2015 [9]. This learning factor for so-
lar PV remained relatively stable within the last 30 years in the majority of coun-
tries where solar PV is employed, whereas for wind power plants it varied
between 0.75 in the UK and 0.95 in Germany. Rubin et al. [30] defines the ave-
rage learning rate of 23 % for the PV in 1959-2011.

The installed capacity of wind farms globally was 539.2 GW (Global Cumu-
lative Installed Wind Power Capacity from 2001 to 2017) [31]. Growing demand
for wind farms led not to the market expansion, but to supply constraints
and slowing the market growth by 2014. Rapid market growth started in 2015,
growing up to 10 GW annually worldwide [26]. The average learning rate for
both onshore and offshore wind farms was 12 % [28].

For biomass-based electricity generation the learning rates was 11 %, in parti-
cular in case of fluidized bed combustion for combined heat and power and for
biogas output it was also 11 %. For specific bioenergy crop (sugarcane, corn,
and rapeseed) production the average learning rate was 32 %. For hydroelectric
technology the learning rate was 1.4 % [28]. However, Rubin et al. [30] states
that the developed countries such as USA have already used their sites for
hydroelectric, thus this technology has a good potential of deployment in deve-
loping countries. For geothermal technology, there is no single learning rate,
as this technology is largely dependent on-site characteristics (temperature,
chemical content of geothermal fluid etc.)

Ocean energy is an important, highly potential and predictable source of energy
without GNG emissions. There are several types of technologies allo-
wing obtaining energy from waves, tides and currents. Now the cost of energy
varies between 11-80 eurocents/(kW-h). The learning factor was projected to
be 10-15 % for offshore wave and 5-10 % for tidal stream [26].

Energy storage nowadays exists in a form of large pumped hydropower
and small industrial and commercial installations of battery storage. Large
pumped hydropower had a capacity of 149 GW globally in 2014, whereas
small installations had a cumulative capacity of 5 GW in 2014. In 2015-2016
and onwards, both significant technological improvements, installation of new
capacities as well as regulatory policy developments took place. Since 2010,
global learning rate for lithium-ion based technology in e-vehicles and elect-
ronics reached 22 %. Developed countries with liberalized energy markets
are encouraging the emergence of new storage technologies as a means of
decentralizing energy supply and developing additional service markets, such
as capacity or frequency markets.

In order to make RES technologies viable, significant investments are needed.
According to IEA, there are so called “learning investments”, i. e. “additional
costs for the technology compared with the cost of the same service from
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technologies which the market presently considers cost-efficient” [27]. Government-
funded RD&D usually make the part of these learning investments, which
directly affects the level of the countries innovation profiles. Environmentally
friendly technologies such as RES obtain financial support even for initially
expensive technologies which otherwise would not be deployed without consi-
derations for climate change mitigation (by means of feed-in tariffs, carbon
taxes, obligations and quotas etc.).

There are studies showing that technology development and diffusion are
global, thus no national boundaries are needed to define learning effects [32, 33].
However, the rate of increase of learning factor varies even between neighboring
countries, as well as the cost of technologies. Above mentioned learning factor
for wind power plants varies between 0.75 in the UK and 0.95 in Germany [26].
The first wind power units in UK were deployed in 1951, but only in 2007 along
with 20 % renewables EU policy they began to raise significantly. In Germany
this technology was introduced much later, but with Energiewende it has deve-
loped amazingly from 55 MW in 1990 to 27 GW in 2010 and 50 GW in 2016.
The cost of renewable energy technologies in France has been coming down
over the past few years, but not as fast as in other EU countries due to, inter alia,
the stable nuclear socio-technical regime [9].

The earlier an energy technology has been introduced in a country and the
more intensively its capacity has been installed, the faster is the movement
along learning curve. And it is the matter of an energy policy and value cons-
ciousness.

Value-driven vs cost-driven policies. In the XXI century, in the context of
the competition between energy resources, energy technologies, between the
producers of energy products within an energy technology and, at last, between
energy policies, the impact of non-cost and non-price criteria becomes more and
more determinative. It is rather a value competition. When a country’s energy
policy envisages more cost-intensive but also more widely applicable energy
access strategy, based on domestic and renewable resources, which would
enhance the energy security, this strategy is more value-driven. When someone
chooses the most energy-efficient, low-emission and socially responsible air-
cooling technology instead of the cheapest one, this is also the case.

Value competition is a form of non-price competition that envisages a gaining
not as the quantitative gaining (e. g. cost and income), but as the integrity
of quantitative, qualitative and cost parameters of a technology or a product,
which format its impact on the sustainability. The competition based on values
differs from Michael Porter’s competition based on innovations, because it is not
always innovation-based but always sustainability-based. The Indonesian Kero-
sene to Liquid Propane Gas Conversion Program, Bolivian exploration of new
natural gas resources and the natural gas to solid and biomass fueled boilers
replacement in a number of gas-dependent countries are far not novelties intro-
duction but all of them are energy sustainability improvements.

The competing technologies or products are compared not by their unique
value, but by their sustainable value, i. e. their ability to impact on the sus-
tainability.
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Based on this, we can understand that value-oriented energy policies, value
competitive energy technologies and energy products are those that can meet the
requirements of sustainable development.

Let us look at how countries choose their energy transition paths depending
on their geopolitical role. The belonging of a country to a group of countries
with common geopolitical interests determines its energy policy and strategy.
For considering of such belonging it is sufficient to use the matrix division
of countries after primary methods of providing the collective energy security,
that are concentrated on three basic groups of countries and regions after the
dominant type of activity: producers (net exporters), consumers (net importers)
and countries — transmitters of energy resources and on three basic groups of
countries after geopolitical belonging (Tab. 1).

Table 1

Matrix of balance of interests and energy policy of world energy market participants

The group OECD OPEC - Countries, which are not
of countries countries countries OECD and OPEC members

Net Development of standby hydrocarbon production capacities.
exporters |Preservation of national sovereignty and control of the strategic resources.
Consolidation on strategic export markets, providing of guarantees of sustainable
demand on exported energy resources.
Provision of investments in the development of resources production and infra-
structure.
Diversification of energy resources export markets.
Obtaining of shares of distributing and transport companies abroad.
Provision of reliable and uninterrupted transport and transit of exported energy
resources at reasonable prices.
Provision of security of energy infrastructure.
Search of an adequate level of energy investments impact on economy
and optimal volumes of energy resources export.
Decrease of energy intensity and providing of large-scale modernization
of productive funds with mass introduction of energy saving technologies
both from production and demand side

Achievement of balanced and economically Maximization of exported
reasonable price policy concerning energy products,|hydrocarbons cost

that provides the return of investments and
moderate norm of income, however such that does
not conduce to substantial reduction of demand

Transmitters |Selection of reservoirs (deposits) for storage of reserves of hydrocarbons with
the special legal state and special mechanism of bringing in to exploitation.
Provision of capital and financing of investments in a transit infrastructure.
Provision of safety of transit infrastructure

Maximization of transit rent
— - and cost of hydrocarbons
storage services
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End Tab. 1

The group OECD OPEC countri Countries, which are not
of countries countries countries OECD and OPEC members

Net Development of standby hydrocarbon production capacities.
importers |Meeting the demand on imported energy, the guarantees of sufficient supply of
energy resources in a prospect.
Provision of energy infrastructure security, reliability and uninterruptness of energy
supplies.
Obtaining of production and supply control over energy resources from other
countries.
Diversification of energy products supply, diversification of their transportation
routes and variety of their suppliers.
Diversification of fuel and energy balances due to the development of production
of domestic (first of all renewable) energy resources.
Flexibility of production, reduction of energy intensity due to the introduction
of new technologies to decrease the dependence on the import of energy resources,
the development of market mechanisms of energy efficiency stimulation.
Provision of financing, mobilization of investment and new technologies
in the development and functioning of infrastructure.

Gradual liberalization and development of competition on energy markets
and markets of constrained services

Political stability|Provision of people’s basic needs in energy resources, forming of
of suppliers active demand on the energy sector services

Stabilization of |Balancing of price politics Provision with cheap energy
energy resources|in relation to energy resources resources for attaining

prices at accep- |at acceptable level for support maximum economy growth
table level for  |of competitiveness of the

support of economy

economy com-

petitiveness

The source: [4].

As it was mentioned above, rich resource base, favorable geographic location
and high income favor the possibilities to maintain the energy sustainability, but
do not guarantee it. Being in a one of the cells of the balance of interests matrix
forms the energy policy pattern of a country, but with the value extent. The extent
to which a country’s energy policy depends on cost retains its position in the
following matrix, the Cost and vs Value Matrix of energy policy (Tab. 2).

The value-driven energy policies maintain the equable movement towards
multiple sustainable goals, with simultaneous measures to overcome negative
externalities of transitions. Germany, facing the need to compensate backup
capacities during a period of energy transition to more than 50 % share of decen-
tralized power generators by 2033, decided to redesign the electricity market
structure and maintain the financing of larger-scale generation capacity to keep
the optimal level of system security. Also, Germany shared some reserve capaci-
ties between transmission system operators in order to reduce system reserve
requirements. The clear visibility of the need of fast development of renewables
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in France comes from their possible contribution to reduce the share of nuclear
energy from 78 % to 50 % by 2025. But it also needs the substantial redesigning
of power market and the investments into energy storage capacities.

Table 2

Cost vs Value Energy Policy Matrix (energy policy patterns)

Cost

Value

High ESI-ranked countries

Short-term economic profitability of energy
transitions is a mandatory condition (e. g.
France).

Higher-cost energy imports is replaced by
domestic carbon-intensive technologies

(e. g. UK)

Equable movement towards multiple
sustainable goals, with simultaneous
measures to overcome negative
externalities of transitions.

Dynamic and flexible energy investment
policies.

Carbon prices and commitments are
meaningful signals.

Energy market is able to provide secure
supply and demand to utilize high-priced
but low-carbon and renewable energy
resources and comparatively high-LCOE
energy technologies.

Fast moving along energy technologies
learning curves.

Regional and supranational interests

on energy markets rather than domestic:
solidarity principle

Middle ESI-ranked countries

and OPEC

Stabilization of energy prices at acceptable
level to support the economy.

Energy subsidies slow down energy efficien-
Cy progress.

Renewables are weakly penetrating TPES.
High entry costs prevent new energy markets
entrants.

Energy markets liberalization and deregula-
tion are slowed down or postponed because
of instable energy prices externality concerns.
Maximization of exported energy resources
prices instead of market coupling and integra-
tion (OPEC)

Understanding the need of strong support
of renewables to reduce of the nuclear
and fossil fuels share.

Attaining the progress in the rate towards
the achievement of sustainable energy
goals and commitments, while the potential
is still huge.

The progress in moving along energy
technologies learning curves differs
between countries and depends on

the transfer of technologies

Low ESI-ranked countries

Provision of cheap energy resources for
attaining maximum economic growth.
Maximization of exported energy resources
prices instead of market coupling and
integration.

Cost savings vs energy efficiency.

High costs of doing business for distributed
generation, which influences energy access.
No/small progress in moving along energy
technologies learning curves because of late
start and slow rates of deployment.
Postponing the achievement of the declared
sustainable energy goals and commitments

Domestic interests on energy markets
rather than regional and supranational.
Expanding the energy access

in the demographic growth concerns

The source: developed by the authors.
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Main results and discussion

The value-driven energy policy should envisage dynamic and flexible
investment policies for renewables, as well as for highly demand and frequency
responsible conventional power plants, and storages (for example, support poli-
cies for renewables in China, Germany etc.) Energy storages development is
highly investment-intensive and needs energy policies able to reduce investment
risks. The special energy storages funding programs are bundled with decentra-
lized and renewable power generation development programs (e. g. in Germany),
tax credits for the battery, kinetic, compressed air and hydro pumped storages
operators (e. g. in the USA).

Understanding the importance of early adoption of sustainable energy tech-
nologies encourages countries to support the ease of implementation and deve-
lopment of such technologies. The value-driven energy policy in many countries
provided faster movement along learning curves and guaranteed the decrease of
LCOE comparatively to common technologies in a short and medium term.

The innovation-based energy policies form the considerable transition from
cost to value competitiveness, becoming the ground for domestic novelties.
Some innovation growth programs are itself the action plans for achieving sus-
tainable development in 3 dimensions: economical, ecological and social by
means of: establishing knowledge resources (universities), complementing
a biased industrial structure towards diversification, business-to-business and
universities-to-business cooperation, etc. (good example is the Swedish innova-
tion doctrine). The development of knowledge in industrial and commercial
sectors (problem-oriented university research) is a so-called “third assignment”
for universities after education and research. The demand on energy-related
novelties mainly comes from the large energy utilities, but the demands placed by
global competition are also increasing the need for small and medium-sized energy-
related companies to cooperate with universities and research institutions.

CONCLUSIONS

1. To contribute to the understanding of cultural, institutional and innovation
prerequisites of sustainable energy transitions we addressed to F. Geels’ socio-
technical transition theory and considered energy policies as energy transitions
management. It envisages: establishing prerequisites for their appearance; their
speeding up/ slowing down, protecting existing ones; minimizing negative
externalities and social vulnerabilities of sociotechnical regimes changes; main-
taining optimal energy mix. We defined three key factors of the efficient energy
policy as an energy transitions management: energy transitions performance,
vulnerability of energy systems under their externalities and their influence on
the energy sustainability.

2. Acknowledging to G. Hofstede cultural dimensions theory and data, we
found that high Energy Sustainability Index rank of a country is accompanied
by the achievement of high level of individualism and at least one of two other
cultural dimensions: low power distance or high long-term orientation.
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3. We defined value-driven energy policies as those which are able to
respond to the sustainability demands. It also has been shown, that, despite
the different cultural prerequisites and material resources disparity of different
countries of the world, their value-driven energy policies could enhance Porter’s
“rate and efficiency of factors” and lead to more efficient, secure and ecologi-
cally sustainable energy systems. The extent of how much a country’s energy
policy is value-driven maintains a country’s position in the Cost vs Value
Energy Policy Matrix.

Abbreviations:

WEC — World Energy Council; ESI — Energy Sustainability Index; MLP — multi-
level perspective; GHG — greenhouse gas; ITRPV — International Technology Roadmap
for Photovoltaic; IEA — International Energy Agency; PV — photovoltaic; RD&D —
research, development and demonstration; RES — renewable energy sources; COE —
levelized cost of electricity.
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Pedepat. BoeTHaMm — cTpaHa ¢ OrpOMHBIM COJHEYHBIM MTOTEHLIUAIOM, B KOTOPOH MOTYT OBICTPO
pa3BUBATBLCS COMHEUHBIE TEXHONOTHUH. VIHBECTOPHI 3aMHTEPECOBAHBI B CTPOUTEIBCTBE COTHEUHBIX
JJIEKTPOCTAHLUI Ha KPBIIIAX, YCTAHOBKA KOTOPBIX IIOMOXKET BIAJENIbLaM CHU3UTh €KEMECIUHbIC
pacxo/pl Ha JIEKTPOIHEPTHIO U JaKe ITOIYIUTh IKOHOMUYECKYIO BEITOAY, IPO/IaBasi H30BITOUHYIO
3NEKTPO3HEPTUIO, OCTYMAIOIIYIO OT HUX B 3JIEKTPUUECKYIO CETh. B Mcce0BaHNU NPeaCTaBIeHbI
pe3yabTaThl MOJEIMPOBAHUS C HCIONIB30BaHUEM NPOrpaMMbl PVsyst conHeuHoOil a1aeKkTpocTaHnum
MOIIHOCTBIO 26 KBTI Ha Kpblille KOMMEPYECKOro 34aHus B XaHOe, YTO JacT BO3MOXKHOCTb OLEHUTh
ee paboTOCIIOCOOHOCTH B YCIIOBUSIX COJHEUHOH pajUalliy B CEBEPO-BOCTOYHOM pernoHe BrerHa-
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TBIBAEMOH DJIEKTPOSHEPTHH U 3P(PEKTHBHOCTH CONHEYHOW SNIEKTPOCTAHIUH, MOAKIIOUEHHOH K
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Evaluation of Work Efficiency
of the Solar Power Plant Installed
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Abstract. Vietnam is a country of a great solar potential; solar technology is growing rapidly in
Vietnam and investors are very interested in building solar power plants. Construction of the roof-
top solar power stations can help owners reduce monthly electricity costs and even get economic
benefits by selling excess electricity coming from a solar power plant (PV) to the utility grid.
In this study, the design results of a rooftop grid-tied solar power station with the capacity
of 26 kWp for a commercial building were introduced to have a basis to assess the operation abi-
lity of solar power station under solar radiation conditions in Hanoi city, Vietnam. The simulation
results using the PVsyst program have made it possible to calculate the solar energy potential in
Hanoi city, the power generation and efficiency of the grid-tied solar power station. Solar power
has been applied in Vietnam since the 1990s but is mainly used for areas that were far from
national power grid such as mountainous areas, islands. Small scale grid-tied solar power has been
developed since 2010 and mainly is used for residential applications or small and medium scale
consumers. The total capacity of electricity produced by solar power plants in Vietnam by 2017 was
only about 8 MW; this value is very low as compared to the potential of solar power in Viet-
nam. This is due to the absence of the government support for the policy of developing solar power.
In accordance with the current roadmap of raising electricity prices in Vietnam, construction
investment of rooftop solar power stations is economically feasible while contributing to environ-
mental protection and counteracting climate change phenomenon by reducing the amount of CO,
emitted into the environment.

Keywords: solar panels, inverter, connection of solar power station to the grid, losses
For citation: Nguyen T. N., Sizov V. D., Vu M. P, Cu T. T. H. (2020) Evaluation of Work Effi-
ciency of the Solar Power Plant Installed on the Roof of a House in Hanoi City. Energetika. Proc.

CIS Higher Educ. Inst. and Power Eng. Assoc. 63 (1), 30-41. https://doi.org/10.21122/1029-7448-
2020-63-1-30-41 (in Russian)

BBenenue

B Hacrosiiee Bpems B MUpe OBICTPO Pa3BHBAETCSI TEXHOJIOTHUS HCIIONb30Ba-
HUA coimHedHoi sHepruu: B 2017 1. o0mIee KOIUIECTBO IIEKTPOIHEPTHH, TIPOU3-
BEJICHHONH COJIHEYHBIMH JHEPreTUYECKUMH YCTAaHOBKAMH, TOIKIIOYCHHBIMH
K 3JIEKTPUYECKUM ceTsM, Bo3pocio 1o 99,1 I'Bt [1, 2]. Kuraii, CILIA, Anonus
u 'epmannst — cTpaHbl, BelpabaThIBalOmIMEe HAHOOJbIIEE KOJIUYECTBO 3JIEKTPO-
SHEPTUU Ha COTHEYHBIX JIEKTPOCTAHIIX (pHC. 1).

ConneuHas 3Heprus ucnoib3yercs Bo BretHame ¢ 1990-x rT., HO B OCHOB-
HOM B paiiOHaX, yAaJCHHBIX OT rOCYyIapCTBEHHOH 3JIEKTPOCETH, TAKUX KaK rop-
HBIE MECTHOCTH, ocTpoBa. Takxke ¢ 2010 r. pa3BuBaeTCsl MCHOIB30BAaHHUE COJI-
HEYHOU SHEPTUU B OTJICNLHBIX JKWIIBIX KBapTauax JJisl YAOBIETBOPEHHS OTPeO-
HOCTH B 3JICKTPOSHEPIUU MENKUX U CpEeAHUX NoTpeduTeneil. OOmas MOIIHOCTb
MIPOM3BEICHHON COJIHEUYHBIMHU 3JICKTPOCTAHLUSMH SJIEKTPHYECKOH SHEPIHH BO
Brername k 2017 1. cocraBuna okoino 8 MBT [3], 4To OYeHb HE3HAYUTEIHHO.
3TO CBS3aHO C OTCYTCTBUEM JI0 HEJABHETO BPEMEHH IOJIUTHKH MOAICPKKH pa3-
BUTHSI COJTHEYHOH SHEPIeTUKHU CO CTOPOHBI IPABUTENIBCTBRA.
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Puc. 1. CymmapHast MOITHOCTB JICKTPO3HEPTUH, BEIpadaThIBaeMOit
COJIHEYHBIMHU 3JIEKTPOCTAHIMSIMU B Mupe [1]

Fig. 1. The total power generated by solar power plants in the world [1]

B ampene 2017 r. mpaBurenbcTBO BbheTHama OOBSIBHIO O MOJUTHKE IOA-
JEP>KKA Pa3BUTHS COTHEYHOW SHEPTETHUKHU B IIEJIOM M COJTHEYHBIX JJIEKTPOCTaH-
Ui, YCTaHaBITMBAEMBIX Ha KpbImaxX, B 4acTHOCTH [4]. M30bITOYHAs 3IEeKTpo-
9HEPTHusi, MPOU3BEIECHHAs COMTHEUHON AJIEKTPOCTaHIMEH, MOXKeT OBITh MpoaaHa
HaIMOHAIBHOU ceTH 1o 1eHe 9,35 nenra CIIA 3a 1 kBt-4. [ToaToOMy HHBECTOPHI
3aMHTEPECOBAHBl B CO3[aHUH COJHEYHBIX 3JIEKTPOCTAHLIMK HA KPBIIIaX JIOMOB
BO BreTHame.

BretHaMm — cTpaHa ¢ OOJBIINM MOTEHIIUAIOM COJIHEYHOH sHepruu [5-9], co
cpezHeil conHedHOi paguanmeii oT 4 10 5 KBT-u/M B ICHb U CPEIHUM KOIIHUE-
cTBOM cojiHeuHoro ceera oT 1600 mo 2700 4 B roa. Ilo oueHkaMm 3KkcHepToB,
IIEHTPABHBINA M FOKHBIA pEerHOHBI BbeTHaMa WMEIOT HaWOOJBITHH TOTEHIIHAT
JUIS peanu3aly MPOEKTOB COJIHEUHBIX DIEKTPOCTAHIUH, a CEeBEpO-BOCTOUYHBIN
peruoH obiagaeT HU3KUM MOTEHITAIOM COTHEYHOM pajinalliy.

B craTtbe ananusupyercst TexHudeckast 3G (HEKTUBHOCTD COTHEUHON DIIEKTPO-
CTaHLUK MOIIHOCTBIO 26 KBTI, yCTaHOBIIEHHOH Ha KPBIIIE KOMMEPUYECKOTO 3/a-
HUS B T. XaHOE, C EeNbI0 OIIEHKH BO3MOXKHOCTEW €€ AKCIUTyaTallud B YCIOBHUSIX
COJTHEYHOM paaualiiu B CEBEPO-BOCTOUYHOM peruoHe BreTHama. B xoxe uccie-
JoBaHMs ObLTa WCHOJb30BaHA mporpamma PVsyst (Photovoltaic system simu-
lation program) s ompeseneHus] MOTEHIMAla COJIHEYHON SHEPTruu B XaHoe,
BO3MOJKHOCTEH BBIPAOOTKM DIEKTPOIHEPTHH U IPPEKTUBHOCTH COTHEUHOU
ANEKTPOCTAHIMH, IIOAKIIOYEHHOH! K 3JIEKTPOCETH.

TexHogorus paﬁDTbI COJTHEYHOM JICKTPOCTAHIUH HA KPbIIIEC 3JaHUSA

[Ipu GnaronpUsATHBIX MOTOJHBIX YCIOBUSX COJHEUHBIC MAHEH IOTJIOMAI0T
COJTHEYHYIO DHEPTHIO M BBIPA0ATHIBAIOT dIEKTpHUecKyro. [locTostHHBIN TOK, 1TO0-
Jy4aeMbIl OT COJTHEUHBIX OaTapel, 4epe3 MHBEPTOp Npeodpa3yercs B IepeMeH-
HBI ¢ HEOOXOJUMBIMHU HANpPSHKCHHEM W 4acTOTOW i MOJKIIOYCHHS K TIPO-
MBIIIJICHHON JJIEKTPUYECKOW CeTH (Yepe3 CUETYMK ISl y4eTa MOIHOCTH, OT-
JaHHOW B ceTh). [lomb3oBaTeNn MOMYyYalOT JIIEKTPOSHEPTHI0O M3 CETH 4epes3
BTOPOM CUETYMK, YCTAHOBJICHHBIN JUIS y4eTa €€ JOMAIIHETr0 HCIOIh30BaHMS.
Kaxapiit MecsI] MecTHas 2IIEKTpOIHEpreTHdecKasi KOMITaHUS CBEPSIET TTOKa3aHMs
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CYETYHKOB, CPaBHHBAsI KOJMYECTBO MCIOIB30BAHHOMN AIIEKTPOIHEPTHH C KOJIH-
YECTBOM IE€peJJaHHON B ceTh. ECIM KOJIMYECTBO 3JEKTPOIHEPIUH, MEepelaHHON
B CETh, MPEBBIIIAET KOJWYECTBO HCIOIB30BAaHHOM, JOMOBIAJENEL] MOTy4yaeT
OIIaTy OT HJIEKTPOKOMIIaHUH.

B T0 BpeMs kak coiHedHBIE OaTaper BBHIPAOATHIBAIOT AJIEKTPOIHEPTHIO, 00-
masi JIEeKTpUYecKasl CeTh CTPAaHBl MIPAaeT POJIb HAKOIHUTENS AIIEKTPOIHEPTHH
¥ TIpu HEoOXOJUMOCTH BO3BpallaeT ee morpedutensM. J[Ba cyeTdmka MOXKHO
3aMEHUTh Ha OAWH KOMOWHHPOBAaHHBIM, WMEIOIINH JBYCTOPOHHEE BpalleHHE
JIUCKA, KOTOPBIH M3MepseT pa3HOCTh KOJMYECTBA OTHAHHOM B CETh JJIEKTPO-
SHEPTUH U UCIIOJIb30BaHHON NOTPEOHUTENEM.

OCHOBHbBIE KOMIIOHEHTHI MOJKIIOYEHHOM K CETH COJIHEYHOW 3HEproCHCTe-
MBI (puc. 2):

e TIAHETTM COJTHEYHBIX OaTapei, B TOM YHCIIe MOIYJH TaHENEH CONHEYHBIX
Oatapeii. B 3aBucMMOCTH OT TpeOOBaHMIA, MPEABIBISICMBIX K MOIIHOCTH, Ha-
MPSHKEHUIO U CHJIC TOKA, COSIMHEHHE TIaHeNel COTHEYHBIX OaTapeil MOXKeT ObITh
MOCIIeZI0BATENbHBIM, TApAJJIEIbHBIM WM KOMOWHUpPOBaHHBIM. Kakaplii neHb,
KOTJa coyiHeuHasi OaTapest Moy4yaeT HEPrHI0 COJIHIA, OHA TeHEpUpYyeT MOCTO-
SIHHBIM TOK B cHCTeMe. BBIXO/Hass MOIIHOCTH COJNHEYHBIX Oarapeil mpsMmo mpo-
MOPLMOHATFHA UHTCHCUBHOCTH COJTHEUHOTO U3TYUYCHUS;

e BBIKJIFOUATEIh TIOCTOSTHHOTO TOKa (MCIIONIB3YETCS IS OTKIIFOUCHUSI TTOJauH
MTOCTOSTHHOT'O TOKA OT COJIHEYHBIX OaTapei Mpu MPOBEPKE U PEMOHTE);

e BBICOKOO((PEKTUBHBIH MHBEPTOp (TpeoOpa3yeT MOCTOSIHHBIA TOK B Iepe-
MEHHBIN CTaHAapTHOTO CHHYCOHMIATLHOTO BHA CO CTAOMIILHOMN 9acTOTOM);

e BBIKJIIOUATENh TIEPEMEHHOTO TOKa (MCTONB3yeTcs I OTKIIOYEHUS OT
MPOMBIIIJICHHON 3JEKTPHYECKON CETH COJHEYHOM Oarapeu isi ee NPOBEPKH
U PEMOHTA);

e JIBYCTOPOHHUE CUCTYHMKH (MCIOJB3YIOTCS M M3MEPCHUS KOJINYECTBA
AIIEKTPOIHEPTHH, TIEpeJaBaeMOM B CETh M MOTydaeMoOn U3 Hee).

JIByHanpaBIeHHbIH
3JIEKTPOCYETUHK

n

) 3 E 3 3 E 5 KommyHnanbhast

m‘ — JNEKTPOCETh
Brikmouarens ’ Brikmouarens

ConHe4Hble TMOCTOSHHOTO TOKA - MIEPEMEHHOTO TOKa
TaHenm Museprop

——> | [NoTpeburenbckas
Harpyska

Inna TIEPEMEHHOI'0 TOKa
Puc. 2. TlpyuHuMnanbHas cXeMa COTHEYHON (OTOIIEKTPUIECKOH CHCTEMbI
Ha Kpbllle 37aHus Bo BreTHaMe

Fig. 2. Schematic diagram of the solar PV system
on the rooftop in Vietnam
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PaccMoTpuM npenMyIiecTBa TakOi CUCTEMBI.

o ExxeMecsiuHOE CHUKEHHE OIUIATHI 332 HCMIOIB3YEMYIO AJEKTPOIHEPTUIO —
riaBHOe M3 HUX. [10CKONBKY cHUCTeMa He TpeOyeT €KEeMECSYHBIX PacXoJl0B U
SIBJIIETCS MAJIO0OCITY)KHBaeMOH, TIOJTYUYCHHE JICKTPOIHEPTUU BCETa CTAOUIIEHO
1 OKOHOMUYHO. COJIHEUHBIE JHEPreTHYECKHE CHCTEMBI OOJBIIOW MOITHOCTH
TaK)K€ MOTYT NMPHHOCHTDH JOTIOJHHUTEIHHBIN JOXOJ TOMOXO3IACTBAM WM KOM-
MAHUSIM OT TPOJIAXKH IEKTPOIHEPTUU MECTHBIM PHEPTETUIECKUM KOMITAHHUSIM.

o CoHEUHbIE PHEPIeTUUECKUE YCTAHOBKU SIBIISIIOTCS KOJIOTMUECKH YUCTHIM
HMCTOYHUKOM 3Hepruu. Vcrnonbp3oBaHNE COTHEYHOM PHEPTUU MO3BOJSET CHU3UTH
3aBUCHMOCTH OT HCKOIIAEMbIX HCTOUHUKOB 3HEPruu (He(Th, Yroib U Ap.).

* Bo BreTHame mpaBUTENBCTBO IPOBOIUT MOMUTHKY MOAAEPIKKH U MOOIIpE-
HUS WCTIOJIb30BAaHUS JTOMAITHUMH XO3SIICTBAMHA M aIMHHHCTPATHBHBIMH yUpe-
KIACHUSAMH CHCTEM TpeoOpa3oBaHHsA CONHEYHOW HSHEPTHH B JIEKTPHUYECKYIO,
MOAKIIOYEHHBIX K TOCYIapCTBEHHOM CETH.

Cnocob nooxniouenusi. Bece comHeuHble TaHENU COCAMHSIOTCS TOCIIEAO0Ba-
TENBHO JJIS TOBBIIICHHUS HAMPSHYKCHUS B COOTBETCTBUM C JIMANa30HOM paboumx
HaIpsDKEHUI MHBEPTOpa, MOAKIIOUYEHHOro K cetu. Ilocne ycroitunBoro coenu-
HEHUS C COTHEYHOI MaHeIbI0 HHBEPTOP MOAKII0OYaeTCs K Tpex(pa3sHoH dIeKTpH-
YECKOW CEeTH BHYTPH 3JaHUSL.

Monumopune cucmemwvr. ComHeuHas 3JIEKTPOCTAHLINSA, MOAKIIOUYEHHAs K ce-
TH C UCIIOJIh30BAaHUEM WHBEPTOPA, 00J1a/1aeT CIIOCOOHOCTHIO paboTaTh CTAOMIIb-
HO, TOYHO, JOJII'0 U UMECT q)yHKHI/IIO 6eCHpOB0[LHOFO JAUCTAHIIMOHHOI'O MOHUTO-
punra. Takum o0pa3oM, Bce TEXHUIECKHE XapaKTePUCTUKHA CTAHIIUH MOTYT y/ia-
JIEHHO KOHTPOIUPOBATHCS TOPTATUBHBIMH AJIEKTPOHHBIMH YCTPOWCTBAMH, YTO
MO3BOJISIET KIIMEHTaM TOYHO, THOKO M YAOOHO yIpaBisTh pabOTOH BCEH CONHEU-
HOM 3JIEKTPOCTAHLIMH.

HpoeKT COJTHEUHOM IJCKTPOCTAaHIUH, MOJAKJIIYEHHOH K ceTH

B nanHOM wmcciieIOBaHMY TIPOSKT COTHEYHOM AIEKTPOCTAHIIUM MOIIIHOCTHIO
26 xBtm, ycTaHOBIIEHHOW Ha KpBILIEe KOMMEPYECKOIO 3/1aHUs B XaHOE W MOJ-
KITFOYEHHOH K CeTH, TPOaHATM3HPOBAH C IOMOIIBIO CHEIHATH3UPOBAHHOTO
mporpamMmmHoro odecniedenust PVsyst [10—12].

XaHOU fABIIAETCA PErMOHOM BbheTHaMa ¢ OTHOCUTENIBHO CPEITHUM COTHEUHBIM
OTEHIMAIOM TIPU CPEAHErOMO0BOH COTHEYHOM pagualuy okoio 3,85 kBT-4/m’
B cyTkHu (puc. 3). B mepuoasl ¢ sHBaps Mo MapT U ¢ OKTAOps 1Mo mexadpb
CpEeTHECYTOYHBIE 3HAUCHHS COJIHEYHOW pajuamiu caMble HU3KHe — oT 2,49
710 3,66 KBT-u/M%, a ¢ anpens 1m0 ceHTAOPb BKIIOYUTETBHO HOCTHTAIOT HAMBBIC
IIUX 3HadYeHni — oT 3,79 10 4,67 kBr-u/M* (tabn. 1, puc. 4).

Tabruya 1
CpenHecyTOYHas COTHEYHAs] paiMalusl M0 MecAIaM U 3a roJ B XaHoe

Daily total average solar radiation by month and per year in Hanoi

3HAYCHHE 110 MEeCALIaM

TIOKASATCTO\ 1 i i | 3uit | Aeth | 5ot | 6-0 | 7 | it | O-ii | 10-if | 1.4k | 12-i8| CPAHEE
3a 10/

Cpenne-

CyTouHast

conmeunan | 2,49 2,86 | 3,66 | 4,07 4,50 [4,67| 4,6 |4,56 [4,39(3,79(3,39|3,02| 3,85

paxuanysi,

KBT-u/M’
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SOLAR RADIATION MAP OF VIETNAM
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Fig. 3. The potential of solar energy in Vietnam [6]
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Fig. 4. The distribution of average daily radiation by months in Hanoi

Kommepueckoe 371aH1e, Ha KpBIIIe KOTOPOTO YCTAHOBJICHA TOKIFOYCHHAS K
CETH COJTHEUHAs DJICKTPOCTAHINS, UMeeT Teorpadudeckne koopauHatel 21,3° c. 1.
n 105,5° B. 0. B 37aHMM WCHONB3YIOTCS pa3lUYHbBIE BHUIBI 3JEKTPUUECKOTO
000opyOBaHus, Takue KakK JUQTHI, KOHIUIMOHEPHI, XOJOIWIBHUKH, OCBEIIC-
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HUE U JIPYTOe, MOITOMY €KEMECSIHO TOTPEOISeTCsl OONBIIOE KOIUYECTBO DIICK-
TposHeprun. [IoBepXHOCTh KPBIIIH MPEJCTABIACT COOOM MOTOJIOYHYIO CHCTEMY
OOJIBIIION TUTOMIAN, MOMXOAANIYIO JJIsSi YCTAHOBKH COJIHEYHOW DJIEKTPOCTaH-
nuu (puc. 5).

\"vj,‘mm“i‘@‘ (LA

\ | im‘!“‘i::‘ .

Puc. 5. Kommepueckoe 31aH€e ¢ YCTAaHOBJICHHON Ha HEM COJIHEUHOH DJIEKTPOCTaHLUEH

Fig. 5. A commercial building with solar power station on its rooftop

Jis mocTKeHHsT BBICOKOW 3((EKTUBHOCTH MPeoOpa3oBaHMs COJHEYHOU
SHEPTHH, a TAKKE Ul 00eCTIeUeHH s TPOCTOTHI OOCITYKHBAHHUS M CTCTUKH 371a-
HUSI COJIHCYHbIC MAHEJIM YCTAaHABJIMBAIOTCS Ha KpBIIIE HAa KPOHIITEHHAX IMOJ
yraoM 5° B HalpaBJIeHWH Ha 0T (puc. 6).
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Fig. 6. The layout of solar panels on the rooftop
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O61ast IIOMALb KPBIIIA COCTABISET OKOIO 255 M”, IPU STOM OHA [OYTH
BCS MPHUTOJHA JIJIS Pa3MEIICHHUS COJHEYHOM 3eKTpocTaHimu. Ha Heil MOxHO
CMOHTHPOBATh YETHIPE MOJYJIS, KAKIBIA M3 KOTOPBIX COCTOUT W3 JBAJIATH T10-
CJIeIOBATENILHO COSAMHEHHBIX COJHECUHBIX MaHENeH W3 MOJMKPUCTATHYECKOTO
KpeMHUS MOITHOCTBIO 325 Brn. TakuM 00pa3omM, MakCUMallbHasl YCTaHOBICHHAS
MOIITHOCTE cocTaBisaeT 26 kBt (80 comneunsix maneneit mo 325 Brm). B man-
HOM cllydae BbIOpaHa CHCTEMa M3 YEThIPEX MOIYJICH COJHEYHBIX 3JICMCHTOB,
MOJKIIIOYCHHBIX K IBYM HHBEpTOpaM Tpex(a3Horo Toka MoIIHOCThIO 12 kBT, Ha
Ka)KIIBIH M3 KOTOPBIX IIPUXOIUTCS I10 IBA MOTYJIS.

O6opynoBaHUE COTHEYHOW DIIEKTPOCTAHIINH, TTOJKIFOYEHHON K CEeTH, TIpe/-
CTaBIICHO B Ta0II. 2.

Tabauya 2
O0opynoBaHMe COJTHEYHOI 3JIEKTPOCTAHIMH, MIOAKJIIOYEHHOH K ceTH
Solar power station equipment connected to the grid
Enqunauna
ObopynoBanue KonnuectBo
H3MEpeHHs

Conneunas nanens JA Solar 325 Bt MaHeNb 80
Nuseptop Growatt 12 kBt LIT. 2
VYcranoBouHast apMaTypa Juis naHenei KOMIUIEKT 1
OnexTprdeckuii mkad IIT. 1
BcnomorarensHoe 060pynoBanue (COeIMHUTENbHBIE

KOpOOKH, 3/eKTpoKaleny, cucTeMa 3a3eMIICHHS U 1p.) KOMILJIEKT 1

B menom wu3-3a OrpaHMYCHHOH IUIOMIANM KPBIIIA MOIIHOCTH COJHEYHOM
YCTaHOBKH CMOJXKET TOJIbKO YaCTUYHO yJOBJICTBOPUTH MOTPEOHOCTH BCETO 37a-
HUS B 3JICKTPOIHEPTUH.

[lotepu, paccuntaHHbIe MpOrpaMMHBIM obOecrieueHneM PVsyst, BkitouaroT
nBa tuma: motepu PV array loss n System loss [12].

Pe3yabTarsl Hccie10BaAHU I

[Iporpammuoe obecrieueHre PVsyst ncmonp3yeTcs Ui pacdeTa BBIXOIHOM
MOIITHOCTH, MPOU3BOJUTEIHLHOCTH, & TAaKXKe MOJTHBIX TOTEPh CTAHIIHH, TTOJIKIIIO-
YEHHOU K CETH.

W3 auarpamMmebl, peacTaBIeHHOW Ha pHC. 7, BUIHO, YTO MOTEPHU SJICKTPO-
SHEPrUM COJHEYHBIX OaTapei, CBsI3aHHBIE C TEMIIEPATYPHBIM PEKUMOM, MaKCH-
MaJbHBI U COCTaBIAIOT okoyio 10,1 %. DTo 00ycroBIIeHO OOMNBIION pa3HUIICH
CE30HHBIX TEMIIEpaTyp OKPYKaroIero Bo3ayxa B Xanoe. [Ipu crangaptHoi pa-
Ooueii TemmepaType colHeuyHbIX manenei (25 °C) pa3HuIa ¢ CE30HHBIMU TEMIIE-
parypamu B 3TOH MECTHOCTH JIOBOJILHO BBICOKA: JIETOM TEMIIEpaTypa BO3ayXa
MozkeT pocturats 40 °C, a 3uMoii monmxkatecs 10 8 °C.

Hanmvenpmme motepu, coorBeTcTByomue 3HadeHuo 0,1 %, mabmromaroTcs
B 3JIEKTPUUYECKUX COCTUHUTEIHHBIX KaOeNsIX, MOCKOIbKY MX JIJTMHA HE IMPEBHI-
IaeT 5 M.
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O]_[eHKa 3(1)(1)6KTI/IBHOCTI/I pa60TbI COJIHEUHOU DJICKTPOCTAaHIIMHN Ha KPBIIIC 3JaHUs B Xanoe

Loss diagram over the whole year
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Puc. 7. HOTepI/I QJICKTPOSHEPTrUr B CUCTEME COJIHEUHOU DJIEKTPOCTaHIUH, TTOKITIOYCHHOM K CETH

Fig. 7. Electricity losses in the grid-connected solar power system

[ToTepu CHMXKAIOT KOJIMYESCTBO SHEPIHM, MEpPeIaBaeMOi B ceTh, U 3(deK-

TUBHOCTb Pa0OTHl 3JEKTPOCTAHIUH, IMOAKIOYEHHOH K cetH. Kak mokaszano
Ha puC. &, MOTEPU MOLIHOCTH, CBA3aHHBIE C COJIHEYHBIMM IMAHENIIMH, COCTaB-
msitoT ~0,7 kBT-w/kBTn B cyTKH, B TO BpeMsl Kak MOTEPH B CHCTEME — OKO-
10 0,2 kBt -u/kBTm.
Normalized productions (per installed kWp): Nominal power 26.00 kWp

6

T T T T T
Lc : Collection Loss (PV-array 10sses)
Ls - System Loss (inverter, ...}

sl

Normalized Energy, kW-h/kWp/day

Jan  Feb  Mar  Apr  May  Jun

Yf: Produced useful energy (inverter output) 3.03 kW-h/kWo/dav

0.7 KW-h/kWplday
0.2 KW-h/kWplday

Jul Aug  Sep Oct Nov  Dec

Puc. 8. Pactipenienenue noreps MOUTHOCTH 10 MecCsiiaM

Fig. 8. Power loss distribution by months
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[pu 5TOM MoOJIe3HAs BHIXOHAS MOIITHOCTh MHBEPTOpa — 0K0JI10 3,03 kBT u/kBTn
B cyTkd. Ha puc. 9 moka3aHa mpou3BOAUTENHLHOCTh COTHEYHOH AJIEKTPOCTaH-
umu, KI1J[ xoTopoii B cpeanem cocrasisietr ~77,1 %.

Performance Ratio PR

Il PR Pefformance Ratio [Yf/¥n) | 0771

0.8

06

04

Performance Ratio PR

02

00

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Puc. 9. IIpon3BOIUTENBEHOCTD UCCIETYEMON COTHEYHOM 3IEKTPOCTaHIIUU

Fig. 9. Productivity of the investigated solar power station

O4eBUAHO, YTO MOIIHOCTb, MEpeJaBacMas B CETh COMHEYHOM DIEKTPOCTaH-
Iuel, COOTBETCTBYET KOJMYECTBY COJHEYHOUM paawanuu (tadm. 3). C Mas mo
CeHTSIOph BRIpaOATHIBACTCS HAUOOJIBIIIEE KOTUYECTBO ICKTPOIHEPTHUH, B THBAPE
u ¢eBpane — HauMeHbInee. [I0CKOIBKY CONHEYHbIE TaHEeNN YCTaHOBJICHBI O]
yrioMm 5°, 3HaueHne conHeunoro usnydernsi Globlne nmpumepro Ha 2 % Bbiine,
YeM y TOPU30HTAILHO PACIIOIOKEHHBIX COMHEUHBIX maHenei GlobHor. OOmmii
CPEIHETO/I0BOM 00BbEM 3JICKTPOIHEPTHU, KOTOPBIA COJHEYHAS AJIEKTPOCTAHIIHS
nepesiacT B ceTh, cocTaBisieT 28713 kBr-u/ron.

Tabruya 3

KosmuecTBo 3/1€KTPOIHEPIriy, NOTY4YEeHHOI 0T NOAK/IIYEHHOI K ceTH
COTHEYHOI 3/1eKTPOCTAHIIMH

The amount of electricity received from a solar power plant connected to the grid

GlobHor, T Amb, Globlnc, GlobEff, EArray, E_Grid, EffArrR, EffSysR,
kW-h/m? °C kW-h/m? KW-h/m? kW-h kW-h % %
January 77.2 11.70 81.4 76.8 1851 1737 14.66 13.75
February 80.1 13.50 83.2 787 1855 1745 14.38 13.54
March 113.5 17.20 116.3 110.4 2530 2284 14.03 12.67
April 1221 21.50 123.1 116.8 2637 2499 13.81 13.09
May 1423 24.20 141.6 134.7 2953 2803 13.45 1277
June 140.1 26.10 138.6 131.7 2892 2747 13.45 12.78
July 142.6 26.30 141.3 134.3 2922 2771 13.33 12.65
August 141.4 26.00 141.7 134.7 2949 2715 13.42 12.36
September 131.7 24.30 134.3 127.8 2792 2650 13.41 12.72
Qctober 117.5 21.10 1222 116.1 2600 2466 13.72 13.01
November 101.7 17.30 108.2 102.4 2377 2253 14.16 13.42
December 93.6 13.29 100.7 94.9 2259 2043 14.47 13.09
Year 1403.8 20.24 1432.5 1359.3 30614 28713 13.78 12,93
Legends: GlobHor Horizontal global irradiation EArray Effective energy at the output of the array
T Amb Ambient Temperature E_Grid Energy injected into grid
Globinc Global incident in coll. plane EffArrR Effic. Eout array / rough area
GlobEff Effective Global, corr. for IAM and shadings EffSysR Effic. Eout system / rough area
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B COOTBETCTBUU C TEKYIIUM Tpa)UKOM MOBBIIICHHUS IIEH HA 3JICKTPOIHEP-
rHi0 Bo BheTHaMe WHBECTUIIMH B CTPOUTEIBCTBO HA KPBIIIAX 3[aHUN COJHEY-
HBIX 3JICKTPOCTAHIIUH, TMOAKIIOYCHHBIX K CETH, MOTYT OBITh SKOHOMHUECKH Iie-
7IeCO00pa3HBIMHU, BHOCS MPH 3TOM TOJOKHUTEIBHBINA BKJIAJ B 3alIUTy OKPYKAk0-
1iel cpeapl ¥ 00pbOY ¢ M3MEHEHHEM KIIMMaTa 3a CUeT CokpaiieHus Bbiopocor CO,.
CpennerooBoe cHibkeHue BEIOpocoB CO, paccunThiBacTCs Mo GopMyIie

tco,e = E_Grid - EFiq = 28713 - 0,66 / 1000 = 18,9 1/ron,

rae E_Grid — cpenHeronoBoe KOIMUECTBO 3MEKTPOIHEPTHH, BEIPaOaTHIBACMON COJI-
HeuHoH snekTpoctanuueil, MBr-4; EFyiq — koadduuuent Beiopoco CO, npu mpo-
M3BOJICTBE AMEKTPodHeprur, Bo BeerHame EF g = 0,66 T CO»/(MBTu) [13].

BbIBO/IbI

1. CeBepo-BOCTOUHBIN pernoH BbreTHama B LIEOM M CTONHMIA CTpaHbl XaHOM
B YAaCTHOCTH OLICHUBAIOTCS KaK PailoHbl, UMEIOLINE OTHOCUTEIBHO CPEIHUI OTEH-
LIMA COJHEYHOH PAIHALAM CO CPEIHErOIOBBIM 3HAYCHHEM OKOJO 3,85 KBT-u/M’
B cyTkH. [lepronsl ¢ sHBaps MO0 MapT M C OKTAOPS MO JeKaOph UMEIOT caMble
HU3KHE CPEAHECYTOYHBIE 3HAUCHHS COJTHEUHON pagualiy, B TO BpeMs Kak c arl-
peis o OKTSIOpb OHU HauBBICLINE.

2. BeIxonHasi MOIIHOCTb, KOJIMYECTBO NEPEJABAEMON B CEThb IEKTPO3HEPIUU
1 3()(EeKTUBHOCTD PaOOTHI COMHEYHBIX MEKTPOCTAHIMN 3aBHUCST TAKKE OT Pa3Iny-
HBIX THUIOB TOTepb. [loTepn B coiHEUHBIX OaTapesix MaKCHMaJIbHO COCTaBIISI-
10T ~10,1 %, 4To 00yCIOBIEHO OOMNBIION pa3HHUIEH CE30HHBIX TeMIepaTyp B Xa-
Hoe. Takum o00pa3oM, 3(PGHEKTUBHOCTb COJHEYHOM AJICKTPOCTAHIIMK JJIOCTHI-
HeT ~77,1 %. CTpOUTENbCTBO COMHEYHBIX NIEKTPOCTAHIMN OMOXKET YMEHBIINTh
KonmmuecTBO BbiOpackiBaeMoro CO,, BHECET IMOJIOKUTENBHBIM BKJIAX B 3aIUTY
OKpY KaroITel cpenbl 1 00prOy ¢ M3MEHEHNEM KJIMMaTa.
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CHUKeHUe BJUAHUA U3MEHEHUH YaCTOThI
Ha GopMHUPOBaHNE OPTOTOHAJIBLHBIX COCTABJISIOLIUX
BXOJHbIX CUTHAJIOB PeJICHHON 32U ThI

D, A POMaHlOKl), B. 10. PyMSll-[].leBl), 10. B. PnymueBl), E. A. ,Z[eplomnal)

DBenopycckuit HAMOHATBHBI TexHIUeCKHi yHIBepcuTeT (MuHCK, Pecry6muka Benapycs)

© benopycckuil HalMOHANBHBIN TEXHUYECKUH yHUBepcureT, 2020
Belarusian National Technical University, 2020

Pedepat. Lludposie GuibTpsl, BEITOIHEHHBIE C HCHIOJIBE30BaHUEM JUCKPETHOTO IIPeoOpa3oBaHUs
Oypre, TPUMEHSIOTCS B OOJBIIMHCTBE MUKPOIIPOLIECCOPHBIX 3aIUT KaK OTEYECTBEHHOTO, TaK U
3apy0exxHOro mpou3BoAcTBa. [Ipy OTKIOHEHMH YaCTOTHI BXOJHOTO CHTHAja OT 3HAYEHHMS, Ha KO-
TOpOE HACTPOEHHI yKa3aHHBIC (PUIIBTPHI, HA UX BBIXOJE (OPMHUPYETCS CUTHAJ C aMIUTUTYIOH KoJle-
0aHMi, TPONIOPIIMOHAIFHON OTKIOHEHMIO YaCTOTHI CHUTHANa OT 3aJaHHOH. B craThe mpemokeH
ITOPUTM KOMITCHCAlUH KOJIEOaHUH OPTOTOHATBHBIX COCTaBILIONIMX BBIXOMHBIX CHTHAJIOB IH(-
POBBIX (GHUIBTPOB, PEATN30BAaHHBIX HAa OCHOBE JMCKPETHOTO NpeoOpa3oBanus Dypbe, MpH OTKIIO-
HEHUH YacTOTHl BXOAHOTO CHTHajla OT HOMHHAJIBHOW. B cpene nuHaMHdeckoro MOAENMpOBaHHUS
MatLab-Simulink peann3oBana MaTemMaTHdeckass MOJEIb NpeaaraeMoro mudposoro ¢uieTpa ¢
ITOPUTMOM KOMITEHCAIMH KOJe0aHWii ero OpTOrOHANBHBIX COCTAaBIIIONIMX, a TAKKe MOJEIH
CHTHAJIOB /I BOCTIPOM3BEICHHSI BXOJHBIX Bo3AeHCcTBUH. B Moxenn nudposoro ¢umsrpa npeny-
CMOTpEHBI Ba KaHajla — KaHaJ TOKa ¥ KaHAJl HANPSDKEHHS, YTO TO3BOJISICT MOJEIHPOBATh UX pa-
00Ty MPUMEHHTENIBHO K 3alIUTaM, HCHONB3YIOIUM OJHY HIIH JBE BXOAHBIC BEINYMHEI, HAIIPUMEp
JUIL TOKOBOM M JUCTAHIMOHHOH 3ammthl. IIpoBepka (YHKIMOHHPOBAHUS MOJCIH LIU(PPOBOTO
¢unpTpa ¢ KOMIeHcanueld KojaeOaHMH ero BBIXOJHOTO CHTHala HMPOBOIIACH C HMPHUMEHEHHEM
IIBYX BHUJIOB TECTOBBIX BO3JEHCTBUI — CHHYCOMAAJIBHOTO CHTHANA ¢ yactotoit 48—51 'y (upeanm-
3UPOBAHHOE BO3AEHCTBHE), a TAK)Ke BO3JCHCTBUI, MPUOMKEHHBIX K PEabHBIM BTOPUYHBIM CHT-
HaJlaM M3MEPUTENBHBIX TPaHC()OPMATOPOB TOKA M HANPSHKEHHS MPU KOPOTKHX 3aMBIKaHUSX, CO-
TIPOBOXKAAIOIINXCS MOHIDKEHHEM YacTOTHI. [IpoBeJieHHbIe BEIYHCIUTENbHBIE SKCIIEPUMEHTHI MpU
OTKJIOHEHHH YacTOTHl OT HOMHUHAJIBHOW BBISIBIJIM HAJIMYHME HE3aTyXalONMX KOIeOaHHil Ha BBIXOJE
CTaHJIApPTHBIX IHUQPPOBEIX GUILTPoB Dyphe M NPAKTHYECKH TOJHOE MX OTCYTCTBHE Y Npeasarae-
MBIX HU(POBBIX (QUIBTPOB, YTO IO3BOJISIET PEKOMEHIOBATh K HCIOJB30BAaHHIO B MHUKPOIPOILEC-
COPHBIX 3aluTax HU(POBbIe GUILTPHI HA OCHOBE IHUCKPETHOTO NpeobpazoBanus Dypbe, 1omosn-
HEHHbIE aJITOPUTMOM KOMIIEHCAIIMHU KOJIEOaHMH aMIUTUTY/] BEIXOIHBIX CUTHAJIOB.

KniodeBble c10Ba: MUKPOIPOLIECCOPHAs 3alHTa, OPTOTOHAIBHBIC COCTABILIONINE, LM(pPOBEHIE
(GUIBTPEL, TecToBOE BO3zeicTBHE, (DAa30BBIH CABUT, MOAENb, TPAaHCHOPMATOP TOKA, AUCKPETHOE
npeobpaszoBanue Oypse, MatLab, Simulink

Jist uutupoBanus: CHIKCHUE BIWSHHS W3MCHEHHH 4acTOTHI Ha (HOPMHUPOBAHHE OPTOrOHAJb-
HBIX COCTaBIIIOIINX BXOJHBIX CHTHAJIOB peieiinoii 3amutel / @. A. Pomanrok [u ap.] // Duep-
eemuxa. M3e. gvicui. yueb. 3agedenuii u snepe. ooveounenuu CHI. 2020. T. 63, Ne 1. C. 42-54.
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Reducing the Impact of the Frequency Change
on the Formation of Orthogonal Components
of the Relay Protection Input Signals

F. A. Romaniukl), V.Yu. Rumiantsevl), Yu. V. Rumiantsevl), A. A. Dziaruhina"
UBelarusian National Technical University (Minsk, Republic of Belarus)

Abstract. Digital filters made with the use of discrete Fourier Transform are applied in most mi-
croprocessor protections produced both in the home country and abroad. When the input signal
frequency deviates from the value to which these filters are configured, a signal is generated
at their output with oscillation amplitude that is proportional to the deviation of the signal frequ-
ency from the specified one. The article proposes an algorithm for compensating the oscillations of
orthogonal components of the output signals of digital filters implemented on the basis of a dis-
crete Fourier transform, when the input signal frequency deviates from the nominal one. A math-
ematical model of the proposed digital filter with an algorithm for compensating the oscillations
of its orthogonal components, as well as a signal model for reproducing input effects, is imple-
mented in the MatLab-Simulink dynamic modeling environment. The digital filter model is pro-
vided with two channels, viz. a current channel and a voltage channel, which makes it possible
to simulate their operation in relation to protections that use one or two input values, for example,
for current and remote protection. Verification of the functioning of the digital filter model with
compensation for fluctuations in its output signal was carried out with the use of two types of test
effects, viz. a sinusoidal signal with a frequency of 48—51 Hz (idealized effect), and the effects that
are close to the real secondary signals of measuring current transformers and voltage transformers
in case of short circuits accompanied by a decrease in frequency. The conducted computational
experiments with deviation of frequency from the nominal one, revealed the presence of un-
damped oscillations at the output of standard digital Fourier filters and their almost complete
absence in the proposed digital filters. This makes us possible to recommend digital filters based
on a discrete Fourier transform supplemented by an algorithm for compensation of fluctuations
in the amplitudes of the output signals for the use in microprocessor protection.

Keywords: microprocessor protection, orthogonal components, digital filters, test exposure, phase
shift, model, current transformer, discrete Fourier transform, MatLab, Simulink
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BBeaenue

s ompenenenus WHOOPMAITMOHHBIX MapaMeTPOB KOHTPOIHPYEMBIX BEIH-
YUH B YCTPONCTBAX PEJICHHON 3allUThI IMIMPOKO HCIIOJIB3YIOTCS OPTOTOHAIBHEIC
cocraistomue (OC) BXOIHBIX TOKOB W HampspkeHui. @opmuposanmne OC yka-
3aHHBIX CHT'HAJOB OCHOBBIBAETCS TNIABHBIM 00pa3oM Ha MPUMEHEHWH AUCKPET-
Horo mpeobOpazoBanusi @ypee (JAI1D) m ero momudukanuii [1]. Peanuzarms
JIID ocymiecTBisieTcsl MyTeM MapallielbHOW (PUIBTpaliuil BXOAHOTO CHUTHAA
KOCHUHYCHBIM M CHHYCHBIM YaCTOTHBIMH (DHIIbTPAMHU, B Pe3yJIbTaTe uero (hopMu-
PYIOTCS [IBa CHTHaja C OMUHAKOBBIMU aMIUTUTYAaMHU U ()a30BBIM CABHI'OM MEX-
Iy HAUMH, PaBHBIM TU/2 A1 OCHOBHOW 4acToThl. st dopmupoBanust OC Bxon-
HBIX CHUTHAJOB pENIeHON 3alUTHl TAaKK€ HAXOASAT NMPUMEHEHHE alrOpPUTMEL,
OCHOBaHHBIE Ha BbAeNeHUU OfAHOM m3 OC C TOMOIIBIO COOTBETCTBYIOIIETO
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mudpoBoro ¢unbTpa U BerancieHnn propoid OC 1o orcyeraM MrHOBEHHBIX 3Ha-
YeHUIl TepBOi cocTaBistomied. [aBHBI HEJOCTaTOK O00O3HAYCHHBIX BBHIIIE
noxo70B hopmupoBanus OC COCTOUT B TOM, YTO KOI(PPHUIIMEHTHI UCIIONB3ye-
MBIX TTU(POBBIX (PHIIETPOB BEIOPAHEI TSI OCHOBHOM YaCTOTHI, a TIPH €€ M3MeHe-
oM B popmupoBanne OC BHOCHUTCS IOMOJNHUTEIbHAS MOTPELUIHOCTD, KOTOPAas
OKa3bIBaeT BIMSHUE HA JOCTOBEPHOCTH OMpeAeNeHHs MHPOPMAIMOHHBIX Tapa-
METPOB KOHTPOJIHMPYEMBIX BelM4rH. HermocpeacTBeHHOE MPOsBICHUE YKa3aHHOM
MOTPEIIHOCTH MPH OTKIIOHEHHH YaCTOTHI OT OCHOBHOT'O 3HAYEHHUS — BOZHHKHO-
BeHue konebanuii ammuty OC U (a30BBIX CABUTOB MEXITY HUMH. JTO MOXKET
noTpeOoBaTh BBEJCHHS OIPAaHUYCHUN MpH BBIOOPE KO3(QUIMEHTa BO3BpaTa
U3MEPUTENBHBIX OPraHoB, YTO B KOHEYHOM UTOTE SIBUTCS CACPKUBAIOIINM (ak-
TOPOM B JOCTHUKEHUU BBICOKOH UyBCTBUTEIBHOCTH YCTPOMCTB peleiiHON 3aiu-
Tel. CHIKCHUE BIIHMSIHUSI M3MEHEHUH YacToThl Ha BhiAenaeHne OC BXOIHBIX CHT-
HAJIOB MOKET OBITh JOCTHUTHYTO 32 CUET HWCIOJNB30BaHHSA (OpMHpOBaTEINCi
C COOTBETCTBYIOIIEH alaiTHBHOCTHIO. B OCHOBY MX MOCTPOEHUS TpeiaraeTcs
noJiokuTh 1D wim ero MoauduKauu, JONOJHEHHbIC aITOPUTMOM KOMIICH-
calMy KojeOaHui aMIUTUTY/I C TIOCJEAYIONINM YTOUHEHHEM OTCYETOB MTHOBEH-
HbIX 3HaueHnit OC. JlaHHas 3aaya B MUKPOIIPOLIECCOPHBIX 3alIUTaX PeIIaeTCs
OTHOCHUTENFHO HECIIOKHO Ha IPOTPAaMMHOM YPOBHE.

OcHoBHasl YacTh

B OoJBIIMHCTBE MUKPOMPOIECCOPHBIX 3aIUT HCHOIB3YHOTCS HU(POBBIC
duneTpel (LIP) Ha ocHoBe JIIID B crimy MPOCTOTHI MX peaM3allyl U YCTOWUIH-
BOCTH (PYHKIIMOHUPOBaHUS [2].

[Tpu Bo3HHKHOBEHMHU KOPOTKOTO 3ambikanus (K3) curnan, KOHTpOIUPYEMBIi
MUKPOIIPOLIECCOPHON 3alUTON, XapaKTEpU3YETCS HaJIUYUEM OJHOBPEMEHHO
OJTHOW I HECKOJIBKUX 0COOEHHOCTEH: COAEPKUT anepuoJUUECcKyl0 COCTaBIIS-
IOIYIO, UMEET YacTOTy, OTIIMYHYI0 OT HOMMHAJIBHOM, a TaKkXKe HCKAKCHHYIO
(hopMy BcnefcTBHE HACHIMIEHUS M3MEPUTENBHBIX TPAaHCPOPMATOPOB, YTO MPH-
BOJIUT K morpemHocTsM ¢pyHkunonuposanus L{® [3]. B wactHocTH, mpu oTKII0-
HEHHHU YacTOTHl BXOJHOTO CHTHAJa OT HOMHUHaIBHOHU Ha Beixoae LD gopmupy-
€TCsl CHTHAJl B BUJIE HE3aTYyXarolIero Koie0aTenpHOro mporecca. IT0 00BICHS-
eTCS TeM, YTO 4YacTOTa JUCKPETH3AallMM aHaJOroBOTO CHUTHAIA BBIOMpACTCS
UCXOZs M3 YCJOBHS TOJYYCHHsI IEJIOT0 YUCIIa BBIOOPOK Ha MEPHOJ] OCHOBHOM
YacTOTHI, a IPU €€ OTKJIOHEHUH JAHHOE yCIIOBUE Hapyuiaercs. Jid ycTpaHeHus
3TOTO HEJOCTaTKa WCIIOJB3YIOTCS CIECIHATM3UPOBAHHBIC aTOPUTMBI, KOTOPHIE
oOecnieunBaoT (yHKIMOHUpOBaHUE [[M B yCIOBUAX OTKIOHEHHUS YacCTOTBHI OT
HOMHHAIbHOH [4]. Peanmzanus momgoOHBIX alTOPUTMOB YCIOXKHSETCS TEM, YTO
HEOOXOUMO JOTIOJTHHUTEIEHO KOHTPOJUPOBATh YacTOTY CHTHaja ISl KOPPEK-
MM KOJIMYECTBA BHIOOPOK. YMEHBIIUTh aMIUTHTY/y KOJIe0aTeIBHOTO Mpoliecca Ha
Bbixoge L@ Takxke mo3BoisieT UCIoOb3oBaHUE ycpenustommx LD, uro, ogHako,
BHOCHT JIOTIOJTHUTEIEHYTO 33/IEPKKY B YCTAHOBIICHHE BBIXOAHOTO CUTHAJIA.

[Ipennaraembiii B cTaThe aNrOpUTM KOMIICHCAIIMU KOJICOAHWW Ha BBIXOJIE
II® npu OTKIOHEHUH YacTOThl BXOJHOTO CHUrHajla OT HOMHUHAJIBHON B 3HAYM-
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TEJIbHON CTETIICHH CBOOOEH OT MEPEUNCIICHHBIX HEIOCTaTKOB. [1Jis ero peaiu3a-
1Y HEOOXOIUMO BBITIOJHUTh TaKYO MOCIIEI0BATEILHOCTh ICHCTBHIMA.
1. C ucrionn3oBaareM J{I1D BHIAETSIOTCS CHHYCHAS Ug,0 1 KOCHHYCHAS U0 OC:

28& . 2m
usnO = un sm 5 (1)
n=0
28 N
om0 — 2 u,Cos—-,
n=0

Te U, — BXOIHOH curHai;, N — 9UCJIO BEIOOPOK HA ITEPHOT OCHOBHON YaCTOTHI.
AMITIUTY/Ia CUTHAIa OCHOBHOM FapMOHMKH JIsI IPOU3BOJIBHON BBIOOPKU 1

_ ]2 2
UmnO_ usn0+ucn0‘

[Ipu OTKIOHEHHWN YaCTOTHI CHTHAJIA U, OT HOMUHAIILHOI HAOIIOIAal0TCs He3a-
TyXarolme Kojeoanus aMmutyabl U,,,0, KOTOPBIE YCTPAHSIOTCS Ha CICIYIOIIUX
niarax InpeiaraeMoro aJiropuTMa.

2. Onpenenstorcs aMIUIUTY bl CUHYCHOTO U0 B KOCHHYCHOTO U, CHT-
HAJIOB MO TEKYIIUM Uy, Ueyo U TIPEABITYIIUM Ug(y 1), Ue(n-1)0 BBIOOPKAM, 3aHUK-
CHPOBAaHHBIM Yepe3 Mepruoa quckperusanun 1 [S]:

2n

2 2

\/usnO - 2us‘n0us(n71)0 COSF + us(n—l)O

UmsnO = " o ; (2)
SIn—

2 2n 2
Upno = 2U ot 1y 0 COS N FUen-1y0
UmcnO = °

. 2W
sin ——
N

roe T =

— mepuo auckperm3anyy; fo = 50 I'm.
0

K mocTomHCTBaM HCIIOIB30BAaHUS BBEIPAKCHHUH (2) ClemIyeT OTHECTH MHUHH-
MaJbHYIO 33JICpXKKy B OJUH TMEPHOJ TUCKpPETHU3anuu 1 MpH ONPEACIICHUH aM-
TUTATYJIBI CUTHAJIA, YTO OCOOCHHO BaXKHO JUISI TOCTPOCHUS OBICTPOICHCTBYIOIINX
M3MEPUTEITFHBIX OPTaHOB MHKPOIIPOIIECCOPHBIX 3aIlUT [6], a TakKe MPUHIIN-
MUATBHYI0 HEBO3MOXHOCTh OOpAIICHUs 3HAMEHATENS B HYJIb.

Jlanee BBIYUCIISIECTCS] CpEJIHEE 3HAUCHUE aMIUTUTY I CUTHAIIOB

_ UmsnO + U

U mcn(Q . (3)

mn0 —
2

C wucmonp30BaHWEM MOJETH, PACCMOTPEHHON HHWKE, MOIYYeHbI pe3ysIbTa-
ThI (puc. 1) o BeipaskeHusM (2) u (3) A BXOJHOTO CUHYCOUIAIBLHOTO CHI'HAJIa
¢ yacToToii 48 I'1.
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Puc. 1. AMIIuTY bl CHHYCHOM U KOCHHYCHOM OPTOTOHAJIBHBIX COCTABIIIOIIUX
U CPEJIHEr0 3HAUEHMs BBIXOJHOIO CUrHana: 1 — BXOJAHOW CHHYCOUAIbHBINA CUTHAI;

2, 3 — cunycHas u kocunycHast OC; 4 — cpeiHee 3HaueHHe BBIXOIHOTO CHI'HaJIa HU(POBOro GuiIbTpa

Fig. 1. Amplitudes of sine and cosine orthogonal components magnitudes and their mean value:

1 — input sinusoidal signal; 2, 3 — sine and cosine orthogonal components;

4 — digital filter output signal mean value

HpI/IBCZ[CHHBIe Ha puc. 1 3aBHCUMOCTH MMOKa3bIBAIOT, YTO aMIUIMTYAbl CUHYC-

HOTO M KOCHHYCHOTO CHUTHAJIOB (KpHBBIC 2 W 3), pacCUMTaHHBIE 1O (2), HOCST
KoJIeOaTeNLHBINA XapaKTep, NpUYeM KoJIcOaHHs YKa3aHHBIX CHTHAIIOB HAXOISTCS
B npotuBodaze. CpenHee 3HAYCHUE, MOMydeHHOEe 10 (3), KOMIIEHCUPYET KOoJie-
Oanus, u BerxogHou curaan 1® (mpsmas 4) octaeTcss HEW3MEHHBIM IPU OTKJIIO-
HeHUH 4acToTsl oT 50 ['m.

I[J'ISI 3alUT, B KOTOPBIX KOHTPOJIUPYCTCA OAUH MapaMeTp (Haan/IMep, TOKO-

BBIC 3aIMTHI), JATBHEHININE MIarW aJTOPUTMa KOMITCHCAITUN W3IUIITHUE, B TIPO-
TUBHOM CJIy4ae BBINOJHAIOTCA MOCIENYIONIME NEHCTBUS.

3. Onpenensercs epBoe YTOUYHEHHOE 3HaueHne kocuHnycHoi OC

U
— mnQ
ucnl - ucnO U— (4)
men0
4. OnpenensieTcst IepBoe YTOUYHEHHOE 3HaUeHue cunycHoi OC
mn0 ucnl . (5)
usn0|
5. Ompezensgercsa BTOpoe yTOUHEHHOE 3HaueHue cunycHo OC
U
_ mn(Q
Uy = Ugo U . (6)
msn0
6. Omnpenensiercst BTOpOE YTOUHEHHOE 3HaueHue KocuHycHoit OC
U
_ Zen0 2 2
uan - ‘UmnO _usnl . (7)
cn0
7. Onpenensrores cpeHue yTouHeHHble 3HaueHus OC:
u, +u
— Zenl cn2 ; (8)

uCI‘I 2
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u. = Usni + Uspy
sn 2

8. OHPCHCHHIOTCH aMIIIUTya U TCKyIias (1)333 YTOUHCHHOT'O CUI'HaJIa:
— [,2 2.
Umn - usn + ucn ’ (9)

u u
= arccos —=-. 10
?, U (10)

Mopaeas nudposoro puiabTpa

Ornenka 3¢ (GEeKTHBHOCTH TPEIaraeMoro ajiropuT™Ma KOMIICHCAITMH KOJe-
0aHM{ aMIUTUTYJBl BBIXOAHOTO CHTHANA IPH TapMOHHYECKOM BXOJHOM BO3-
JIEUCTBUM TPOBOJWIACH C HCTMONb30BaHueM mojenu LD [7], peanuzoBaHHON
B Cpelle IMHaMu4eckoro MojenupoBanus MatLab-Simulink (puc. 2).

NN
(N
DFT Umo » Um0 Um o] Scopet
n : 1-cycle
> e »Us0 U
_MI " 4st harmonic s s
Sine Wave 24 samples Uc0 »Uco Ue

ane Anroputm koMneHcauun  V13Mepehie pasHocTi thas . ﬂ

W3mepeHne pasHocTu ¢has

Puc. 2. CTpykTypa MOJIe/IH HCTIBITAHU# TpeaiaraeMoro uudpoBoro GuiabTpa
Fig. 2. Test model structure of the proposed digital filter

Paccmotpum G110KH, KOTOPBIE BXOIAT B COCTaB MOEITH.

H® na ocnose AP (650K «AIID») npeacrapisercsa AByMs CTaHAAPTHHI-
Mu Onokamu mogeneit Digital Filter, napameTpaMu KOTOPBIX SBJISIIOTCS MpeJBa-
PUTEIHHO paccunTaHHBIE KOAD(HUIMEHTH I KOCHHYCHOM 1 cuHycHOi OC co-
rimacuHo (1) [8]. Ha Beixome 6710Ka (hOpMUPYETCS aMILTUTYTHOE 3HAUYCHNE CUTHA-
na Uy, @ TAKKE €r0 OPTOTOHATBHBIE COCTABIISIOMINE Ugyo M Uepp-

AJropuT™M KOMIeHcanuu. B ofHOMMEHHOM COCTaBHOM OJIOKE C HCIIOJIB30-
BaHHMEM CTaHJAPTHBIX MaTeMaTH4decKux 0iokoB Simulink peann3oBaH anropuT™M
B cooTBeTcTBUU ¢ BhIpakeHusmu (2)—(10). Ha Beixome Omokxa dopMupyroTcs
yTOUHEHHBIE 3HauYeHUsI aMITUTYAbl 1 OC KOHTPOJIUPYEMOTO CUrHaa.

Bbaok «A3mepenue pasHocTH (a3» UCIONB3YETCS A KOHTPOJS (a3oBbIX
casuroB Mexry OC curnanoB. OH CTPOUTCSI HA OCHOBE JIBYX CTaHAAPTHBIX OJI0-
KoB Discrete Furier, KaXapIii 13 KOTOPBIX U3MepseT a3y MOJBEICHHOTO CUTHA-
J7a, a 3aTeM ONpeAessIeTCs] HX Pa3HOCTb.

Jns ¢dbopmupoBaHUsl CHHYCOWIANBHOTO CHUTHAla C 3aJaHHBIMH YacTOTOM,
aMIUTATYI0H, (pa3ol W CMEIIeHHeM HCIONb3yeTcs UCTOUYHUK Sine Wave, a mis
KOHTPOJIA Pe3yIbTaTOB MOJEINPOBaHuUs — ocumiutorpad Scope.
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MoaeaupoBaHue padoTbl Hu(ppoBoro GpujabTpa

IIpoBepky paborocnocobrocTn Momenmu I[P menmecoobpa3sHO TPOBOAUTH
C HCIOJIb30BAHMEM JIBYX BHJOB TECTOBBIX BO3AEHCTBUI — CHHYCOMAAIBHOTO
curHana ¢ yacroroit 48-51 I'u (npeann3upoBaHHOE BO3JEHCTBUE), a TAKKE CHT-
HaJla, IPUOJIMIKEHHOI'0 K peajbHbIM BTOPUYHBIM TOKAM M3MEPUTEIbHBIX TPAaHC-
dhopmaropos Toka (TT) u HampsbkeHusM TpaHchopmaTopoB Hanpspkenus (TH)
npu K3, conpoBoskaaromemMcs: HOHNKEHUEM YaCTOTHI.

I'apmonuyeckoe Bo3aeiicTBue. VccnenoBaHusi MPOBOAWINCH MPU CUHYCO-
WJIaTbHOM BXOJITHOM BO3JICICTBUM C €IMHUYHOW aMIUIMTYJIOM CHUTHaja W 4acTo-
Toii 48 I'i. Pe3ynbratel pyHkumonuposanus apyx LI® — ctangapTHOro Ha OCHO-
Be [I1® (B manpueitmem — JII[1D) u npearaemoro Ha ocHoBe 11D ¢ komrieH-
canyell KoJieOaHWi aMIUTMTYABl BBRIXOMHOTO CUTHana (B manpHeimem — 1D
¢ KOoMIIeHcauen) — npuseneHs! Ha puc. 3. LD JIID (kpuBas 1) B ycTaHOBUB-
nieMcsi pexxume (GpopMUpyeT Ha CBOEM BBIXOZE He3aTyXaloMWi KoJjeOaTeIbHbIH
curHai (puc. 3a), a y H® AIID ¢ kommencanueii (kpubast 2) KoJieOaHUs BBIXOI-
HOT'O CHTHAJIa TMOJIHOCThIO OTCYTCTBYIOT. B TO ke BpeMst (a30BbIi CIBUT MEXK-
oy OC y oboux LI® mpakThdeckn OAMHAKOB M H3MEHSAETCS C HEOOJBIINMHU
KoJie0aHUSAME OTHOCUTENHHO ypoBHs 90° (puc. 3b).

a

Unax, B
1,2 -

1,0

1~ AN
0,8+ 2 =
0,61 -
0,41 =
0,2~ -
| 1 1 1 1
0 0,01 0,02 0,03 0,04 0,05 t,c 0,06
b

P, rpan
120+ -
1001 -
= —
301 . . i
60+ ; -
40 -
20 ; -

0 ! i i
0,01 0,02 0,03 0,04 0,05 [ 0,06

Puc. 3. KonedaHns BEIXOMHBIX CUTHAJIOB IM(poBoro GmibTpa (a) 1 yria casura a3
MEXIY OpPTOTOHAIBHBIMU COCTABILIOMUMY (b) IpU yacToTe BXOAHOTO curnana 48 I'i:
1 — nuckpertHoe npeodpazosanue Pypre; 2 — TO xKe ¢ KOMIEHcaIei

Fig. 3. Oscillation of the digital filter output signal (a) and of the phase angle between orthogonal
components (b) at the input signal frequency of 48 Hz: 1 — DFT-based digital filter;
2 — DFT-based digital filter with compensation
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3aBUCHMOCTH pa3Maxa OTKIIOHEHHH aMIUIATY[BI BEIXOJHOTO CHTHAala, orpa-
HUYEHHBbIE MYHKTUPHBIMH JIMHUAMH 2, 3, OT cpenHero 3HaueHus (Kkpusas 1) mpu
YXO/I€ 4acTOTHl OT HOMHHAIBHOM mMpuBeneHsl Ha puc. 4. Kak BugHO U3 mpen-
cTaBieHHBIX 3aBucuMocTel, y LD 1D mabmromarorcs KoineOaHUs aMITIUTY/IbI
BBIXOJIHOTO CHTHaJla, pa3Max KOTOPBIX MPOMOPLHOHATIEH OTKIOHEHHIO YaCTOTHI
or HomuHanbHOU. (s LI® 1P ¢ kommneHcanuell XapakTEpHO MPaKTUYECKH
MOJTHOE OTCYTCTBHE KOJEOAHWN aMIUTUTYIbI BHIXOJHOTO CHTHANA MPH H3MEHe-
HUH YacTOTHI B quana3one 48—51 I

a b
1,020 1,010
Upiix S oy 2 Use
1,010 == —
S~ - 1,000
1,005 . L
oo L —se” 0995
0,995 | 3 - S 0,990
0,090 | e RE
. 0,985
0,985 | .-
0980 | ==~ 0,980
0,975 0,975
480 485 490 495 500 fTu 51O 480 485 490 495 500 f£Tm 510

Puc. 4. Pa3Max OTKJIOHEHHH aMIDTHTYABI BBIXOJJHOTO CHTHAJIA IIM(POBOTO GHIBETpa
JcKpeTHOro npeobpa3oBanust Oypse (a) U mudpoBoro GUILTPa IUCKPETHOTO MPeoOpa3oBaHUs
Oypre ¢ komneHcarueii (b) mpu yxoze 4acTOTHI BXOJJHOTO CHTHAJIa OT HOMHHAIBHOH

Fig. 4. The scale of the deviation of the DFT-based digital filter (a) and DFT-based digital filter
with compensation (b) output signal at input signal frequency deviation from the nominal value

Cpenuue otkimoHeHus (a3oBbix casuroB mexay OC ot yposas 90° mpu
M3MEHCHUM YaCcTOTHI BXOJHOTO curHana B mpexaenax 48—51 I'm mist oboux LD
OJMHAKOBBI M HE TIPEBBIMIAIOT OJHOTO Tpaxyca (puc. 5).

90,8
o, rpan Puc. 5. Cpennue 3HaueHUs
OTKJIOHEHHUH yrna cisura da3 Mexy
90,4 OPTOrOHANBHBIMH COCTABIISIOLINMHI
mudposoro GUIBTpa Mpu yxone
902 4acTOThI BXOJAHOTO CUTHAA
90,0 OT HOMUHAJIBHOU
Fig. 5. The mean values of the deviation
89.8 of the phase angle between orthogonal
89.6 | | | components at an input signal frequency
480 485 490 495 500 £ Tm 51,0 deviation from the nominal value

CnoxHoe BXoJHOe Bo3jleiicTBHe. 151 TONMyYeHHsS CIOKHOTO BXOIHOTO
Bo3nelicTBus Monens LD, mpuBeaeHHas Ha puc. 2, ObUTa IOMOJHEHA OJI0KaMHU
Mozenel sneprocuctemsl, Harpysku, TT, TH u 61oxom K3 (puc. 6), peanuso-
BaHHBIX B Simulink-SimPowerSystems (SPS) [9, 10]. B Moxenu ucmons3yroT-
csl IBa KaHajla — KaHaJl TOKa M KaHaJl HAIIPsDKEHUS, YTO MO3BOJISIET UCCIIE0BATh
paborocmocobHocTh anroputma LD 1D ¢ xommeHcauel Koie0aHnui BBIXOI-
HOTO CHWTHAJNA JUIS 3alllUT, MCIIOJB3YIONIUX J[BA BXOJHBIX CHTHAJIA, HAIPUMEP
IJId opraHa COIPOTUBJICHUS. BXOZIHBIMI/I BOSHeﬁCTBHHMH 1A JaHHBIX KaHaJIOB
SIBJISIIOTCSL Pa3HOCTh (Pa3HBIX TOKOB I, — [, 1 Mexaydasznoe HanpsokeHue Uy,
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Fig. 6. Test model structure of the proposed impedance measuring element

JHeprocucremMa IpeaCTaBIseTCS OJOKOM MOJENIH Tpex(a3HOro UCTOUYHHKA
HanpspkeHus 3-Phase Source n3 6nbimotexkn SPS ¢ IOCTOSHHON BpeMEHH 3aTy-
XaHus anepuoanyeckoit cocrapistomeii Tokos K3 7, = (10-20) c, koTopas oka-
3bIBaeT OIpeersiomiee BIusHue Ha (opMy BTopudHOro toka TT.

Tpexdaznas rpynna TT c coennHerreM BTOPUYHBIX OOMOTOK M Harpy3oK
MO CXeMe «3Be3fia ¢ HyleBbIM mpoBojgom» (010k TT). Mcnons3yercst moaens,
BCE T'C€OMETPHUYECKHE MapaMeTphl KOTOPOW PacCUMTHIBAIOTCS MO MAaCIOPTHHIM
maaaemM TT [11, 12].

Tpauncpopmatop nHampsikenus (6nox TH). Hcmonmesyercss maeanusupo-
BaHHAs MOJIENb, pealn3yeMas CTaHIapTHBIM OJokoM (Gain, mapaMeTpoM KOTo-
poii siBnsieTcst koddduiueHT Tpanchopmaruu m3meputensaoro TH.

Harpy3ka (6mox Harpyska) mpencrasnsiercsi 6iiokoM monenu 3-Phase Se-
ries RLC Load w3 6ubnamnotexku SPS.

Kopotkoe 3ambikanue (610k K3) npencrasmsiercss 6mokom moxenu 3-Phase
Fault w3 6ubmmnorexu SPS.

Opran conporuBieHusi. Peammsyercs mnsa oboux LD — AND u AID
¢ KOMIIeHcanuel. B coctaBHBIX 0JI0Kax ¢ MCHOIB30BAaHUEM CTaHIAPTHBIX Mare-
MaTH4YecKnx ONoKoB Simulink paccUMTHIBalOTCS TOJHOE CONPOTUBICHUE Z,,
a TAKXKE €ro aKTUBHAs R, U PEaKTUBHAS X, COCTABISIOLINE U YTOJI MEXKIY HUMH (,;:

Z,=+R* + X2; (11)

Rn — VC)‘II:ZH + ‘;snisn ; (12)
lC” + lsn
Vi, —V_ 1
Xn — SH -C;’l -zcn SH ; (13)
lcn + lsn
X
¢, = arctg R” , (14)

n

rae iy, i, — OC kaHana Toka; v,, v., — OC kaHana HanpsoKeHUS.
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Pe3ynbTaThl pacueToB BBIXOJHBIX CUTHAJIOB paccMmaTpuBaeMbix [P, moiy-
YCHHBIC C KCIIOJIb30BAHHWEM TOJILKO KaHalla TOKA, MPH TOCTOSIHHON BpEMEHH
3aTyXaHus anepuoandeckor cocTasisroule B 3Heprocucreme 7, = 10 c, npu-
BenieHbI Ha puc. 7. B moment Bpemenu ¢ = 0,03 ¢ mpoucxoaut Tpexdaznoe K3
(puc. 7a), npu kotopom popma Toka [ = [, — I, CyIIECTBEHHO OTINYAETCS OT CH-
HYCOMIIATLHOM, a 9acToTa B dHEprocucreMe cHrkaercs no 48 ['m. Bpewms cy-
mectBoBaHus K3 HamMepeHHO BHIOpAHO 3aBBIINICHHBIM, YTOOBI MPOAEMOHCTPHU-
poBath, kak 1@ pearupyroT Ha ykazaHHOe BozzeiicTBue. Ilocie 3aTyxaHus
anepUOINICCKON COCTABIISIONIECH, HAaYMHAs ¢ MOMeHTa BpeMenu ¢ = 0,25 ¢ u 1o
otkimoueHust K3 mpu ¢ = 0,30 ¢, Tok / craHoBUTCS 1O POpMe OIM3KUM K CHHYCO-
uaansHoMy U BbixonHoM curHan L{d JIID ¢ xomneHcanuel ycTaHaBIMBAEeTCs
Ha HEM3MEHHOM ypoBHE (kpuBas 2) B orinuuue ot L{D JI1D, BeIXoAHON cUrHAT
KOTOPOTO IPOJ0KAaeT HOCUTh KoJicbaTenbHbIi xapaktep (kpuBas 1). da3oBkie
casuru mexy OC B paccmarpuBaeMbix LD Tak ke, Kak ¥ IpU TApMOHHYECKOM
BO3/ICHICTBHH, OKAa3bIBAIOTCS MPAKTHYECKH COBMANAIOUIMMH KakK IO BEJIHYWHE,
Tak u 1o ¢popme (puc. 7b).

400 ‘
LA b3
200
100

3

[ASERN,

—-100

-200

=300

0= [IIA WW

0 | | | | | |
0,05 0,10 0,15 0,20 0,25 0,30 035 t,c 040

Puc. 7. Berxonnsie curHansl ¢ posoro GuiabTpa (a) ¥ (pa3oBble CABUTH MEXIY OPTOTOHAIBHBIMU
cocrapistomumi (b): 1 — nuckperHoe npeodpazoBanue Dypre; 2 — TO ke ¢ KOMIEHCaueH

Fig. 7. Digital filters output signals (a) and phase shifts between orthogonal components (b):
1 — DFT-based digital filter; 2 — DFT-based digital filter with compensation

Jna mpoBepkn (pyHKIMOHHPOBAHWS OpraHa COIMPOTHBICHHS HCIOIB30Ba-
JUCh KaHaJ TOKAa W KaHaJl HAMpsDKEHUS MOJIENH, TPEJCTaBICHHOW Ha puc. 6.
PesynpTaThl MOAENMpPOBAaHMSI YKA3aHHOI'O OpraHa Ha OCHOBE IIpeajiaraeéMo-
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ro H® AP ¢ xomneHcaleil CpaBHUBAIUCH C AHAJTIOTUYHBIMHU PE3yJIbTaTaMu
npu 1@ IO (puc. 8). B ciaydae BosHukHOBeHus TpexdaszHoro K3 (1 = 0,02 ¢),
COTPOBOKAAIOIIETOCS CHIKEHHEM YacTOThI ceTH a0 49 [, conpoTusnenus, 3ame-
psieMble OpraHaMy COTPOTHBIEHH ¢ oboumu L[D, yMeHBIIAIOTCS OT HOMUHAIB-
Horo 3HadeHus Z = 3,1 Om 1o compotusienus npu K3 Ziz = 0,2 Om (puc. 8a).
HesHnauutenbHble OTIWYMA CONPOTUBIIEHUH, omnpeaenseMmbix 1D B mepexon-
HBIX PeKUMaX, OOBSICHSIOTCS, B MIEPBYIO OYEPE/Ib, PA3TUYHON peakiuell yka3aH-
HBIX (WUIBTPOB HA HECUHYCOMJANBHBIN XapakTep BTopuuHOro toka TT. Kpome
TOT0, HCTIOJIb30BaHUE ABYX OJUHAKOBBIX KAaHAJIOB B 3HAUYMTEIHFHOW CTETICHH B3a-
MMHO KOMIICHCHPYET KOoJie0aHusi KOHTPOJIIMPYEMOTO conpoTuBieHus. CHUKEeHUE
9acTOTHI CYHIECTBEHHO CKa3bIBAE€TCSA HA BEIMYMHE BBIYHMCIISIEMOrO CONPOTHBIIE-
Hus mocne oTkimodeHuss K3, a taxke Ha ($a3oBOM CIBHUTE MEXKIYy aKTUBHOW
U PEaKTUBHOW COCTABJISIONIMMH TIOJHOTO compoTuBiicHus (puc. 8b). Ha Beixose
osioka «OpraH CONPOTUBJICHHS», peaTn3oBaHHOro Ha ocHoBe JIIID, mpucyr-
CTBYIOT KoJieOaHUS CONpOTHBIEHUS, a B cirydae npumeHerns L[D 1D ¢ kom-
HeHcaHHeﬁ COIMPOTHUBJICHUEC YCTAHABJIUMBACTCA U IMOAACPKHMBACTCA Ha HECHU3MCH-
HOM ypOBHE.

Z, Om[-
2,5
2,0
1.5+
1,0
0,5
0 1 I I
0,05 0,10 0,15 0,20 025
b
@, rpaj

80

60

I | |
0,25 0,30 035 t,c 040

>

Puc. 8. 3HadueHus MOIHOTO CONPOTUBICHHS Ha BHIXOJaX HHU(POBHIX GUIBTPOB (a)
1 (Ga30BbIe CABUIY MEXTy aKTHBHOM U PEaKTUBHOMN COCTABIIIOIIMMHU HOJIHOTO conpoTHBieHus (b):
1 — nuckperHoe npeodpazosanue Pypee; 2 — TO xKe ¢ KOMIEHcaIei

Fig. 8. Calculated impedance value at the outputs of the digital philters (a)
and phase shifts between active and inductive components of the impedance (b):
1 — DFT-based digital filter; 2 — DFT-based digital filter with compensation
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BBIBO/JbI

1. IIpeanoxen 1udpoBoit GUIBTP, OCHOBAHHBIN Ha AUCKPETHOM MPeodpa3o-
BaHnu Dypse, HOPMUPYIOMHI OPTOTOHAIBHBIE COCTABIIAIOIINE BXOIHBIX CHUT-
HAaJIOB PEJICHHOM 3alUThI, TONOJIHEHHBIN aJITOPUTMOM KOMIICHCAIIUHU KOJIeOaHUI
UX aMIUTUTY]] TIPH OTKJIOHEHWH YacTOTHI CUTHAJIA OT HOMUHAJIBHOM.

2. B pe3ynbraTte MPOBEICHHBIX BBIYMCIUTEIBHBIX YKCIIEPUMEHTOB YCTaHOB-
JICHO, YTO MPE/IOKEHHBINH U(PPOBOW PUIBTP ¢ aNrOPUTMOM KOMIICHCAIIUH KO-
nebaHnui, B OTIMYME OT CTAaHAAPTHOTO IdpoBoro pumstpa Pyphe, yCTpaHIET
KOJ'IC63HI/I$1 KOHTPOJIMPYEMBIX BCJIMYWH IPU UCIIOJIB30BAHUU B U3MEPUTCIILHBIX
OopraHax 3aluT Kak ¢ OAHUM, TaK U C IBYMs BXOOAHBIMU CUTHAJIAMU.
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Mexann4yeckuii pacueT riOKNX TOKONPOBOJA0B MPOJIETOB
€ Pa3HBIMM HATSKHBIMHU T'MPJISAHAAMM U30JIATOPOB

0. B. Baaabiko?
DBenopycckuii HanmoHaNbHbI TexHUIeCKHiT yanBepenTeT (MuHck, Pecrybuka Benapycs)

© benopycckuil HallMOHANBHBIN TEXHUYECKUH yHUBepcureT, 2020
Belarusian National Technical University, 2020

Pedepar. B npoekTHOH NpaKkTUKe BCTPEUAIOTCS PEIICHH, KOT/1a B OJHOM IIPOJICTE UCIIOIb3YIOTCS
Pa3IMYHBIC HATSDKHBIE THPILHIBI H30JTOPOB. B paboTe mpuBeneH pacdeT cTpell mpoBeca U KO-
3G UIMEHTOB HATPY3KH JUIS IpoJIeTa ¢ IBYMs Pa3sHBIMH HATSDKHBIMHU THPJISTHAAMH H30JSITOPOB
IIpU OAMHAKOBOM BbICOTE mozaBeca. CucreMa «lepBas HaTsKHAs TUPJSHIA H30ATOPOB — TOKO-
MIPOBOJI — BTOpast HATsDKHAS THPJITHAA U30JIATOPOBY» ONHCaHA YPaBHCHUSIMU MapaOoJIbl. Y CTaHOB-
JIeHa CBS3b MEXIy KOd(GHIMEHTOM YBEIUYEHHUS! CTPENbl IpoBeca U KOG PHUIMEHTaMH, YIUThI-
BAIONIVMH HAJIMYHE HATSDKHBIX TUPISTHA U30i1TOpoB. Ilomydennas xommakTHas ¢opmyna Kod¢-
¢uIUeHTa yBEIMYEHHsI CTpENbl IIPoBeca IIOJXOAUT B OOIIEM cilydae AJs JIFOOOTO COYeTaHUs
rupisHA B npoiere. IlokazaHo coBnageHue pacuera Il KOHKPETHBIX CIIydacB, M3BECTHBIX W3
JIMTEPATypHBIX UCTOYHHMKOB. BhiBeseHa (opmyia pacuera ko3 GUIMEHTa HArPY3KH Ul ypaBHe-
HHSI COCTOSIHMSI, YUMTBIBAOIIAsT HAIMYUE Pa3HBIX THPIISHI B mpojere. JocToBepHOCTh (HOPMYIIBI
JI0Ka3aHa COBIAJEHHEM DPE3YNIbTaTOB IS YACTHBIX CIIy4aeB PacHoONOXeHHs TupisHi. IlomydeH-
HbI€ BBIPAKEHHS MOTYT IMPUMEHATHCS KaK JJIs1 BEpTUKAIBHBIX (BECOBBIX M I'OJIONEAHBIX) HArPY30K,
TaK YU A1 TOPU30HTAIBHBIX (BETPOBBIX). B ciyuae melicTBHS Harpy3ok B ABYX IJIOCKOCTSIX YpaB-
HEHUE COCTOSHMSA JIOJDKHO YUUTHIBATh BCE COCTABIIAIOIINE IPU pacdeTe pe3ysIbTUPYIOIIei mpuBe-
JICHHOM Harpy3ku Ha IPOBOJ B HAKJIOHHOH MJIOCKOCTH. BBINOMHEHBI pacdyeTsl Ui PasHBIX JUIMH
IPOJICTOB PACIpPECIUTENbHBIX YCTPOUCTB € PAa3HBIMU IPOBOAAMHM U THPJSHIAMH H30JSTOPOB.
PaccmoTpeH nposieT ¢ OfHON M ABYMs HATSKHBIMHU THPJSHIAMU U30JATOPOB, C OJUMHAKOBBIMHU
BBICOTaMH IIOZBECA, IIPY OTCYTCTBUM BETpa U roiojena. IIoctpoensl KpUBbIE IPOBUCAHUS IIPOBO-
Ja Juid pasHbeIX rupissi. ITokazaHo, 4To Ipu pacyere CTpes IMPOBECa M TSHKCHUM HENb3sl IpeHe-
6perarh pa3IuIueM TUpIISHA.

KnroueBble ciioBa: cTpena mposeca, TSDKCHUE, THOKast HUTh, THPISTHABI H30JIITOPOB, YPAaBHEHHE
COCTOSIHUSI, TIPOJICT, SKBUBAIICHTHBIH IIPOBOJI, KOA(Q(UINEHT HArpy3KH
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Mechanical Calculation of Flexible Wires

of Spans with Different Tensioning Insulator Strings

Y. V. Bladyko"

YBelarusian National Technical University (Minsk, Republic of Belarus)

Abstract. In design activities, technical solutions are practiced, which provide for the use of dif-

ferent tension strings of insulators in a single span. The present paper considers the calculation
of the sag and load factors for a span with two different tensioning insulator strings that are
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of identical suspension heights. The system of “the first tension insulators string — the wire —
the second tension insulators string” was described by the equations of a parabola. A relationship
has been established between the sag increase factor and the coefficients that take into account
the presence of tensioning insulators strings. The resulting compact formula for sag increase is
generally suitable for any combination of strings in a span. The coincidence of the calculation
is shown for particular cases known from the literature. The formula for calculating the load fac-
tor for the equation of state was derived, taking into account the presence of different strings in the
span. The reliability of the formula has been proved by the coincidence of results for particular
cases of the arrangement of strings. The obtained expressions can be used both for vertical (weight
and ice) loads and for horizontal (wind) ones. In the case of loads in two planes, the equation
of state must take into account all the components when calculating the resulting reduced load
on the wire along the inclined plane. Calculations were performed for different lengths of spans
of switchgear with different wires and strings of insulators. A span with one and two tensioning
strings of insulators, with the same suspension heights, in the absence of wind and ice is consi-
dered. The curves of the sagging wires to different strings have been plotted. It is demonstrated
that when calculating sags and tensions, the difference between strings must not be neglected.

Keywords: sag, tension, flexible string, insulator strings, equation of state, span, equivalent wire,
load factor
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BBenenne

MexaHu4ecKuid pacyeT THOKHX TOKOMPOBOJOB paclpeneIUuTeIbHBIX
ycrpoiictB (PY) u Bo3mymubix nuawmii (BJI) cBomuTcs k pacdery cTpern mposeca
U TSDKCHUH IPOBOAOB B Pa3lIMYHbIX KIMMaTHYECKUX pexkuMmax. IIposec mposo-
JIOB JIOJDKEH YIIOBJICTBOPATh HEOOXOOUMBIM rabapuraM, a TSXKEHUE HE IPEBbI-
IaTh JOMYCTUMBIX 3HAUCHHMH IJI1 MPOBOAA U Omop. TsHKEHHS ONMpenessoTCs
NpU pELICHUH YPaBHEHHUS! COCTOSIHMS, YUUTHIBAIOIIEI0 U3MEHEHHE HAarpy3Ku Ha
MIPOBOJ BCJIEJACTBHE KIMMATUYECKUX BO3ACUCTBUI M MEXaHHMYECKHUX Harpy3oK.
Jns storo BhIBeneHBI KOI(D(UIMEHTHI HATrPy3KH, YYHTHIBAEMBbIC B PEIICHUH
YpaBHEHUH COCTOSIHHUS, IPU HAJTUYMHU OJHOW WM JBYX OJWHAKOBBIX HATSDKHBIX
TUPJSHA U30JIATOPOB, a TAKKe NMpH UX OTCYTCTBHH [1]. OgHako B MpOEKTHOHN
MIPAaKTHUKE BCTPEYAIOTCS PEIICHHs, KOT/Ia B OJJHOM IIPOJIeTe UCIOIb3YIOTCS Pa3iny-
Hble TUPJIsHBL. [lenb craThu — onpeneneHue Ko3(pPUIMEHTOB I pacueTa CTpen
NpoBeca U THKEHUH PU HATMYUH B [IPOJIETE PA3HBIX TUPIISTHI U30JISITOPOB.

B meronuke [1] nis nmepexoaa oT HEOJHOPOAHOM HUTH, MOIyYArOUICICs IPU
MIPEJICTaBIEHUHU CUCTEMBI «TepBas HATsKHAS THUPJSHIA M30JSTOPOB — TOKOIPO-
BOJI — BTOpasi HaTsHKHAS TUPIISHAA U30JISTOPOBY», K SKBUBAJIEHTHON OJTHOPOIHOM
IIpu 1000 cXeMe 3arpy>KeHHsl IpoJsieTa ONpeAessieTcs] IepexoHbli Ko duuu-
eHT Harpy3kd K. Iyl IposIeTOB BBICOKOTO HANpPSDKEHHS MPUMEHSIIOT paciueruie-
HUE TOKONPOBOJA, B 3TOM ClIydyae YYHUTHIBAIOTCS MapaMeTphl SKBUBAJIEHTHO-
ro npoBoaa ¢aspl C pacnpeneNeHUeM Harpy3okK OT BHYTpH(a3HBIX PacHopoK.
[IpuBenenHas Harpy3ka BCced CHCTEMbl BBIUHCIAETCS KaK IPOU3BEICHHUE BENH-
YMHBI PAaBHOMEPHO paclpeelIeHHOW HAarpy3KH JUIsi MPOBOIOB (a3bl Ha K0dhdu-
IUEHT HAarpy3KH, YUUTHIBAIOIINN HATUYUE THPJISIHI U30JIATOPOB, COCPEIOTOUEH-
HBIX Harpy3oK OT Nuiei¢oB, OTIaeK, paciopoK, 3arpauTellbHBIX MapoB [2—06].

[Ipu anunax nponeta g0 500-700 M ypaBHEHHE LEMHON JTUHUM 3aMEHSIOT
mapaboIoif, 4To He JaeT OONBIIYIO IMOTPEITHOCTh. B [4] mpoBeneHs! pacueTsl Mo
CYLIECTBYIOLIMM METOAHMKaM, KOTOpbIE Aall CXOXKHE pPe3yNbTaTbl, Haubolee
Onu3KKe — B cyvae MpeACTaBICHHs MPOBOIA UETHOW JTMHUEH U HCIIOJIb30BaHUS
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IBYX CIIaraeMBIX PA3JIOKEHUS B PAJ IpU pacdere cTpen nposeca. [Ipencrasie-
HHE IMPOBOJA Napaboioil JaeT aOCONIOTHYIO MOTPEIIHOCTh B pacdeTax BCEro
HECKOJIBKO CAaHTUMETPOB. TspkeHHe MpoBoJa MPH HAJTWYMH COCPEIOTOYEHHOM
Harpy3KH PacCUUTaHO 10 YPaBHEHHWIO COCTOSHUS M COBHAJAET C Pe3yJbTaTaMu
pacdeta mo mporpamme MR2.20 [7—11]. B [7] caenan BBIBOM, YTO TIPH H3BECT-
HBIX 3HAYEHUSAX COCTABJISIIONIMX COCPEAOTOUYECHHBIX CHJI MOKHO TMOJb30BATHCS
NPUHATON B IPOEKTHOM MPaKTHKE MOJIEIBIO TPOBO/IA B BUJIE TTAPAOOITHI.

Crpena mpoBeca (puc. 1) B m000M MecTe mpoJieTa MOXKET OBITh OTpeaesieHa
o gopmyie

y= > (1)

rae M(x) — Oano4HbIM M3rHOaroNINii MOMEHT B TOUYKe X; H — TOpU3OHTalbHAS
MPOEKIHS TSDKEHUS B TIPOBOJIC.

[
L L la
B
H
B
On
4 qr1 b . q2 fB
A t YYYY VP yyvyvyyy 5

Puc. 1. PacueTHas cxema npoJera:
a — IPOJIET C Harpy3KaMH OT HPOBOJA ¢, TUPJISH] U30JITOPOB ¢ U ¢10;
b — To e B Buzie MpocToi OaKy ¢ MapHUPHBIMH ONOPAMH, 3aTPY’KEHHOH TaK xke

Fig. 1. The estimated span scheme:
a — span with loads of the wire g, of insulator strings ¢, and g,;
b — span in a form of a simple beam with hinged supports, loaded in the same way

Pacuer cTpes nmpoBeca

Crpelibl MpoBECa ONPEACIIAIOTCA Ha OCHOBaHUH o01iel Gopmyisl (1). Omop-
HbIC 0AJIOYHBIC PEAKIIMH PACCUUTHIBAIOTCS COTJIACHO puc. 1 1o dopmMynam:
gc—d.

ql
A=—+ -q), +—;
2 (qu q) rl 21
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ql gc—d
B="—+ -q) ., ——
) (92—l 2]

b

rne c=1"~1%; d=q,l}—q,l5; q — noronusIii Bec MPoBoIOB Bassl (ecu da-
3a HE MMEEeT pacUICIIeHHs], TO BeC 1 M MpoBOAa); g1, ¢r» — IOTOHHBIA Bec Tep-
BOW W BTOPOW THPIISHA H30JATOPOB (C Yy4ETOM BO3MOXKHOTO MHOTOIEITHOTO
UCTIOJIHEHHS, a TaKXKe apMaTyphl, 3a)KHMMOB, KOPOMBICEI, YIIEK, CKOO, ceper,
MIPOMEKYTOUHBIX 3BEHBEB W Y3JIOB KpeIUieHus); [ — auuHa mpoiiera (TOopH-
30HTAJILHOE PACCTOSHUE MEXIy TOUYKAMH KpeIUieHus); /[.;, o — IIMHBI IIepBOH

u BTOpOﬁ HATSKHBIX TUPJIAHA U30JIATOPOB.

BeozuM obosnaserns: K, =2; K =92 _ xparhoctn Beca nepsoii
q q
¥ BTOPOH HATSKHBIX THPISHI H30JATOPOB OTHOCHTENHHO BECa IPOBOJA;

— lrl . _ lr2 o o
Krl —7, Krz —T — KpPaTHOCTHU JIMH II€PBOU W BTOPOH HATSAXKHBIX T'MPJIAHI

U30JISITOPOB OTHOCHUTENBHO JUTUHBI ITPOJIETA.
[Mocne mpeoOpazoBaHMs OIYYUM OTIOPHYIO OAIOUHYIO PEaKITHIO

Azq—l 1439, 2—l—l +3, |,
2

rl

rae O;, 0, — KO3 (PUIUEHTHI, yYUTHIBAIOIUE HATMUKIE NEPBOI U BTOPOI HATSIXK-

2 2
HBIX THPJISHA n30sTopoB, &, = (K, —1)K; 8, =(K,, —~DK.
PaccMoTpuM ciyuaid pacrnoyiOEHUsT MaKCUMaJIbHOM CTpesibl IMpoBeca Ha
npoBoze (puc. 1). Ha aTom yuacTke mpoBoaa 10 TOYKH X UMeeM OajlOYHbIA U3-

ru0aroii MOMEHT

1 1
M,(x)=A4x—q.l, (x_Elrlj_Eq(x_lrl )2,

oTkyna 1o gopmyie (1) paccunraeM cTpeny mpoBeca

1 1 1 2
yz(x)zﬁ Ax—q,l, x—Elrl —Eq(x—lrl) npu L <x<I-1Ily (2)

MakcruManbHas CTpesa MpoBeca HaXOIUTCS pelIeHneM YPaBHEHHUS

dyZ(x) =O
dx

b
KOTOPOE JIaeT PaCCTOSIHUE X,, OT Hayaja MpoJieTa 10 ITOH TOYKU

[ 1 d -
Xg=—+—| c—— | nmu xozl l+£—i =l l+u

; 3)
2 2] q 2 [ ql) 2 ql
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W paBHa
2
1 qgc—d
Jo=r(x)=—+ ql’ + 2(q,, — q)lrzl +2(q,y — Q)Zrzz "‘#
8H q!
150 051 fo= q—lzK 4)
CsH

rac I(j - K03(1)(1)I/II_II/ICHT YBCJIMUYCHUA CTPCIIbI ITPOBCCA, O6yc.]'[0BJ'IeHHI:Iﬁ HaJIn4u-
€M HaTAXKHBIX TUPJIAHI U30JIATOPOB,

2
K, =142(K, ~DK} +2(K,, ~DKS +[ (KL = K2) = (KK - Ko KD) |
Nin

K, =1+28, +28, +9,, %)

2
rae 9, =[(KF21 -K2)— (K, K} —KBzKrzz)] =(8,-8,)> — xo>ddument, yun-

THIBAIOIIMIA Pa3HUILY B TApaMeTpax THPJISIH] U30JISTOPOB.
JlJis MOCTpOCHUS 3aBUCUMOCTH CTPEIIBI TIPOBECa OT KOOPIMHATHI X OIpe/ie-
UM y(X) Ha APYTUX ydacTKaxX:

1 2
(@) :E{A"‘ o } mpi 0 <x < Iy; ©)
1 1 l (x—1+1,)
»(x)= E{Ax =gl (x _Elrlj —ql, (X =1y _Elj —Yqr %}
npu [ — [, <x <, (7)

rae [, =1—-1, —1I,— nnuna nposoja 6e3 ydeTa nposeca.

Jns ciaydaeB pacroNoXEHUs MaKCHMMaJbHOM CTpeNibl IPOBECa Ha ydacT-
KaxX HATSHKHBIX TMPJIAHJ M30JATOPOB PAaCCTOSHHME 10 HEEC PACCUUTHIBAETCS II0
dbopmymnam:

Xo :Zr1+i(i_lr1j+ ge—d <ly; (8)
qu 2 2qul

X, :1—1r2+i(1r2 —9+ ‘12‘:_7 >1-1,. ©9)
QFZ qu

[Ipy BBITIONHEHUH OJHOTO W3 JTHX HEPAaBEHCTB JJISI HAXOMXJICHHUS MaKCH-
MaJILHOM CTpENBI TpoBeca HY>KHO TOJIB30BaThCs hopmynamu (6) uimu (7).

[o BeIpaxkenusMm (2), (6) u (7) MOCTPOCHBI 3aBUCUMOCTH TPOBEca MPOBOJA
OT KOOPAWHATHI X BAOJH MpOJeTa IUIS Pa3HBIX THPISHI HU30JISATOPOB (pHC. 2).
[pakTHveckyn AJist BCEX CllydaeB MaKCHMallbHAsI cTpesia MpoBeca MPUXOIUTCS Ha
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MIPOBOJT U pacCUUTHIBaeTCs 10 (4), a paccrostHue 10 Hee — 110 (3). [t TsKembrx
JUTMHHBIX TUPISHA (puc. 2d) MaKCUMyM CTpelibl IPOBECa MPUIICIICS Ha TUPIISH-
Iy ¥ MOXeT OBITh paccuutad 1o (7), a paccTostHEE 10 HETO — 110 (9).

a

} } 3 X
0.2 10 20 30/‘%0
0>

—_—

y
b
i I I 1 1 X
0.5 10 20 30 40
1,0 ——
1,5
y
C
i } } 3 ;X
0.5 10 20 30 JM
170 m—
1,5
y
d
I 1 Il I ] X
10 20 30 40
1 TTm—
—.__|_|_|_‘_‘_-
_|_‘_‘_|_\_\—\—
2
y
€
1 : : : _,--""'_: X
10 20 0 40
0, e
0,8
y

Puc. 2. Kpussle npoBucanus mposoja ¢ = 2 naH/m B nposere 40 M npy oAnHAaKOBOH
nepBoi rupisHae U30aaTopoB (=4 M, ¢, = 60 naH/M) 1 pa3HbIX BTOPBIX:
a—1l,=4M, q,=060 naH/m; b — 6 M, 60 naH/m; ¢ — 4 m, 120 naH/m;
d-—6m, 120 naH/™M; e — 1, =0, ¢»,=0

Fig. 2. The curves of sagging of wires g = 2 daN/m in a span of 40 m with the same
first string of insulators (/,; =4 m, g,; = 60 daN/m) and the various second ones:
a—[l,=4m,q,=daN/m; b—6 m, 60 daN/m; ¢ —4 m, 120 daN/m;
d—6m, 120daN/m;e—/,=0,¢,=0

[Tonydennas kommaktHas Gopmyia (5) mist pacuera KodhHUIIMEHTA YBEIIN-
YEeHHUsl CTPeIbl POBeca, OOYCIOBICHHOTO HAIMYHEM TUPIISIH] H30JIATOPOB, MO-
JKeT OBITh IPOBEPEHA U MCIIOJIb30BaHa JIJISl YACTHBIX CITy4acB:
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1) B mposieTe TOJNBKO OfHA JIeBast TUPIITHIA U30JSTOPOB (O, = 0):
K, =1+28+ 87 =(1+8,)” Ha paccTosHUH X, = é(l -8,);
2) B IpoJIeTe TOJBKO OJHA TIpaBasi THUPJITHIA U30JIATOPOB (0, = 0):
K,,=(1+38,)" na pacctosHum X, = é(l +3,);
3) B mposieTe 0IMHAKOBBIC THPIISTHIBI U30JIATOPOB (&1 = 0, = J):
K, =1+48 napaccrosuuu x, = é,

9TO cOBMagacT ¢ HhopMysoi, mpuBeaeHHOH B [1].

[Tomygennsie BeIpaxkeHUs (2)—~(9) MOTYT IPUMEHSTHCS U 1T TOPU30HTATb-
HBIX BETPOBBIX HArpy30K, a Pe3yNbTHPYIONIasi CTpesa MpoBeca B HAKIOHHOW
TUIOCKOCTH PACCUUTHIBATHCS MOCIIE HAXOXKIACHHUS COCTaBIISIOMINX B 00€UX IIIoC-
KocTax [3].

Pacuer ko3(ppuumeHTa Harpy3Ku

JllnHa SKBUBAJIEHTHOTO MPOBOJAA (CHCTEMBI «IIepBas HATSHKHAS THPIISHIA
M30JIITOPOB — TOKOIIPOBOJ — BTOpasi HATSKHASI TUPJITHAA M30JIATOPOBY) OIpe-
nensiercs [1]

2727 12
qI"lLK s D

L=1+ — = >
24H 2H

rne K — xod(GUIMEHT HArpy3KH, YYHUTHIBAIONIMNA KOHCTPYKTHBHBIC 3JIEMEH-

12D
555 D — wunrerpar,
q 1"l

2
Thl IJId PA3JIAYHBIX KIIMMATHYCCKUX HArpy30K, K=

1
D= IQz (x)dx; QO(x)— GanmouyHas momepeyHas Cuia.
0
Hns puc. 1 uarerpan D onpenensercs: Kak

Iy -1, /
D=[0(dr+ [ Qi()dx+ [ Qi(x)dr,
0 Iy 1=l

rae Q1(x), Ox(x), Os(x) — 6ajgoUHbIe MONEpPEYHbIE CUIIBI COOTBETCTBEHHO HA Iep-
BOW TUPJISH/IC, IPOBOJIC M BTOPOU TUPIISHIE,

O(x)=A4-q,x O, (x)=A4-q,l,—q(x—1,);

Q3 (x) =A- qulrl —C](l _lrl _11"2) — 4 (x -+ 11"2)'
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OKOHYATENBHO ToJTydaeM Kod(DPHUITUEHT HArpy3KH IIPH PA3HBIX THPIITHIAX

oL BB 60 +1E) 3¢
A I? l &

o cd
+qﬂz[%ﬁia_2“)+qﬂ p(l=205)+ = } (10)

1

1
+—5- 4qr1131 + 4quI
q*l’l

1

3d

KoahdunmeHt Harpy3ku Opu OAWHAKOBBIX TUPISHAAX (¢r1 = ¢r2 = ¢r; L1 =
= [, = 1) coBnamaet ¢ GhopmyJioii [1]

L+ 4L) 12 2
K = (o w27 ).
2 ﬁz(q 3%J

Koadpunuent Harpysku, paccuutanubiii mo (10) nmpu omgHO# rupisHIe
B mipotiete (¢r1 = qr; L1 = I g2 = 0; [ = 0), Takxke coBmamaet ¢ [1]

2

K2
r Zﬁ 2 30,

roel,=1-1.

[Ipu otcyrctBum rupnsua B npoiuere (I =/, = 0) koapduuuent narpys-
kuK=1.

[ony4yennsie kK03(p(PUIUEHTH MO3BONAIOT OMPENCIUTH U BCEX PEKUMOB
SKBHUBAJCHTHBIC MOTOHHBIE W YAENbHBIE HATrPY3KH, MOCIE YETr0 COCTaBISETCS
YpaBHEHHUE COCTOSHUS, TTO3BOJIIONIEE OMPEACTUTh HANpSIKEHHE B MPOBOIE B
M000M pekrMe Harpy3ok, B TOM YHCIe KIMMaThdeckux. [Ipy 3TOM yduThIBa-
I0TCSI YIIPYTHE W TeMIEpaTypHbICe YIUIMHCHHs TIpoBoda Ha muuHe /i [2]. [Tomy-
yeHHOe BeIpakeHue (10) MOXKET MPUMEHSITCS U JIJISl TOPU30HTATLHBIX BETPOBBIX
Harpy3oK, TOTJa ypaBHEHUE COCTOSHHS JOJKHO YYUTHIBATH TY COCTABIISIOIILYIO
NpU pacyueTe pe3yIbTUPYIOIEeH TPUBEICHHON HArpy3Ky Ha POBOJ B HAKJIOHHOM
miockoctH [3].

PacyeTnl BBINOJHEHBI ISl pa3HbIX JUIMH TpoJieToB PY ¢ pasHbIMU mpoBOjia-
MU U rupiasHaaMu (tadi. 1). PaccMOTpeH MpojieT ¢ OJHON U IBYMS HaTSDKHBIMH
TUPJSTHAAMHU H30JSTOPOB, C OJIMHAKOBBIMH BBICOTAMHM TI0JBEca, Oe3 BeTpa U To-
nonena. llepBble MATH CTPOK TaONHIBI COOTBETCTBYIOT KPHBBIM IPOBUCAHHS
MIPOBOJIa Ha puC. 2.

W3 tabn. 1 BUAHO BIUSHHE Pa3HBIX THPJISH] B TPOJIETE Ha KOADDUITUCHTHI
YBEJIMYEHHS CTPETBI TIPOBEca W HArpy3KH, KOTOpOe 0COOEHHO 3aMETHO I Ma-
nbIX nponetoB PY ¢ nerkumu npoBonamu. C yTshKeIEHUEM MPOBOAOB H MEPEXO0-
JoM K mponetam BJI BiusiHME pa3HBIX THPISAHA 1O KOHIAM MPOJIeTa CTAHOBUTCS
MeHee 3HaunTeabHbIM. OHaKO MpeHe0peraTh pa3iuareM THPJISH/ IPU pacyeTe
CTpeJI IPOBECa U TSHKEHHUM HEITb341.
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Tabauya 1
Pacuyer ko3¢ puneHTOB yBeIUYeHUS CTPeJl IpoBeca U KOIPGUUHEHTOB HATPY3KH

Calculation of sag increase factors and load factors

§ R - - 2
= T E| 2|3 1 5
2| = m A 2 s =2 = e Z| e 2 o 3| & 3l e
S8 |22 8 s eS| 25|82 | EElafgisg o
218 |5%|2%|5a|%5z| SE|S5E|55<|828558 8%
B3 EE| =585 25| EF |EE| ESEx|ESE|ESE| EE
o Z| o E | e || &S |8 85 S8F 5| &0
S |BS|SE|SE|IE2E|EE 5] 5] s % |E = R 5 B B
Z S 88| 8= = 2| &8 || EE|co0 0T Eo| T
S gT|Ze|Ee|gelge| Z5 |28 |2 |sEd88 58
R & RE|RE|mE|mE| 228 |2EB|(=ZX5EE352 55|22
4 4 60 60 0,290 | 0,290 0 20,00 | 2,160 |13,720
4 6 | 60 | 60 | 0290 |0652| 0,131 [27.25] 3,016 [27,294
40 ) 4 4 60 120 | 0,290 | 0,590 | 0,090 26,00 | 2,850 |28,683
4 6 | 60 | 120 | 0290 | 1,327 1,076 [34,11%| 5,199* [75,894
4 0 60 0 0,290 0 0,084 14,20 | 1,664 | 6,373
0 4 0 | 60 0 |0290 ] 0,084 [2580 | 1,664 | 6373
4 0 60 0 0,035 0 0,001 38,60 | 1,071 | 1,366
0 4 0 | 60 0 |0035 0,001 [41,40] 1,071 | 1,366
4 4 60 60 0,035 | 0,035 0 40,00 | 1,140 | 1,780
4 6 | 60 | 60 | 0,035 |0079| 0002 |41,75| 1,229 | 2371
w0 | 4 LS 6 | 60 | 60 | 0,079 0,079 0 40,00 | 1,315 | 3,011
4 8 60 60 0,035 | 0,140 | 0,011 4420 | 1,361 | 3,336
4 4 | 60 | 120 | 0,035 [0,073] 0001 [41,50 1,216 | 2,375
4 6 60 120 | 0,035 | 0,163 | 0,016 45,13 | 1,413 | 4,115
6 6 | 60 | 120 | 0,079 |0,163 | 0,007 |4338| 1,491 | 4,832
4 8 60 120 | 0,035 | 0,290 | 0,065 50,20 | 1,715 | 7,169
" Pacuer 1o (7) 1 (9), Tak Kak xo > (I — [y).

BbIBO/IbI

1. B mpoekTHO# NpaKkTHKe BCTPEUAIOTCs PELeHHUs], KOIla B OJHOM IpOJIeTe
WCTIONB3YIOTCS Pa3lIMUHbIe HATSHKHBIE THPISHABI H30JIATOPOB. Y CTaHOBIIEHA
CBA3b MEXKy K09(QdUIIMEHTOM yBeJIMUEeHHs CTpebl nposeca Ky u koddduieH-
TaMH O, YUUTHIBAIOIIMMHI HaJHM4YUE HATSDKHBIX THUPISIHI H30J1ATOpoB. [lomydeH-
Has KoMmmakTHas ¢opmyna (5) pacdera KodhHUIIMEHTa YBEIWYCHHUS CTPEIBI
nposeca Ky MOAXOJHUT B 00LIEM Cilydae Ajs JF00Oro CoueTaHus THPIISHI B IIPO-
nere. [loka3zaHo coBmageHne pacuera Al YacTHBIX CIy4aeB, U3BECTHBIX U3 JIU-
TepaTypPHBIX HICTOUHHKOB.

2. BeiBenena ¢opmyna (10) pacyera koaduumeHTa Harpy3Ku ISl ciaydas
pasHbIX THPISHA B mposete. JlocToBepHOCTh (hOPMYIIBI JOKa3aHa COBMIAACHUEM
Pe3yABTAaTOB AJISl YACTHBIX CIIy4aeB PACIIONIOKEHHS THPIISHI.

3. [lonyuennsie BoipaxkeHus: (2)—(10) MOryT mpUMEHSTbCS Kak AJsl BEpPTHU-
KaJIbHBIX (BECOBBIX U T'OJIOJIEAHBIX) HATPY30K, TaK U JJIsl TOPU3OHTAIBHBIX (BET-
poBbIX). B cimydae neicTBHUs HAarpy3o0K B IBYX IIOCKOCTSAX YPaBHEHHE COCTOS-
HUSl JOJDKHO YYWMTBHIBATh BCE COCTABISIOIIME TP PacdeTe Pe3ybTUPYIOIIEei
[IPUBEACHHON HAarpy3KH HA MPOBOJ B HAKJIIOHHON TJIOCKOCTH.
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Pedepart. B TpaguuMoHHBIX pacyeTax yCTaHOBUBILETOCS PEKUMA IIEKTPUUECKON CETH HE YUUThI-
BAIOTCSl 3aBHCUMOCTH aKTHUBHBIX CONPOTHMBIECHHMH MPOBOJA BO3IYIIHOH JIMHUM OT TEMIEPATypEl
OKpY’KalOIEeH cpe/ibl U TOKOB B BeTBsIX. OJJHAKO TeMnepaTypa sBiseTcst QyHKIHEH NoTeph aKTHB-
HOM MOIIHOCTH, TTOTepU — (yHKLUEH COMPOTHBIECHHS U TOKA, a CONMPOTHBIEHHE 3aBUCHUT OT TEM-
nepatypbl. [109TOMy 3TH COOTHOIIEHHUS AOJKHBI OBITh CBA3aHBI C TPAAUIIMOHHBIMY yPaBHEHUSIMU
JUISL CTAIlMOHAPHBIX PEKUMOB. [l MOBBIMIEHUS] TOUHOCTH PAacyeTOB YCTAHOBUBILETOCS PEXUMA
TpeOyeTcs TemIepaTypHas KOPPEKLHs COINpPOTHBIEHHUs BeTBedl. B pabore mperncraBieH MeTOA,
OCHOBAHHBII HA COBMECTHOM PEIICHUH HETMHEHHBIX YPABHEHUH yCTAHOBUBIIEIOCS PEXKUMA dIIEK-
TPUYECKOH CETH W TEIUIOBOTO OanaHca MPOBOJOB BO3AYIIHBIX JMHHHA. Pa3paboTaHbl anroputm
1 IporpaMMa pacyeTa yCTaHOBHBIIETOCS PEXHMMa IEKTPUUCCKOH CETH C Y4eTOM 3aBHCHMOCTHU
aKTUBHBIX CONPOTHUBICHUH MPOBOJA BO3AYIIHOH JIMHHH OT TEMIEPATYPhl OKPY>KaromeH cpembl
1 TOKOB B BeTBAX. [Ipon3BesieHa OIleHKa KOJIMYECTBEHHOTO BIMSHUS TOKA HATPYy3KH, TEMIIEPATyphl
MIPOBOJIA, CKOPOCTH BETPa, COIHEYHOI paguanyy Ha aKTHBHOE CONIPOTUBIICHUE MPOBOJIOB, a TAKXKe
OTIpEAENIeHbl MOTPEIIHOCTH pacdyeTa TOJOBBIX IEPEMEHHBIX MOTeph »JIeKTpodHepruu. IIpoBoam-
JIUCh YHCJICHHBIE JKCIIEPUMEHTH JUI INECTHY3JI0BOH MOAMGHUINPOBAHHOH BEPCHH TECTOBOH
cuctembl [EEE u sxBuBanentHo# cxembl 110 xB. Pe3ynbpraTsl MpoOBENEeHHBIX PacdeTOB YCTaHO-
BUBILETOCSI PeXKMMa Ha Pa3IMYHBIX TECTOBBIX CXEMaxX IOKAa3alH, YTO HeydeT TeMIlepaTypHOU
3aBUCHMOCTH aKTHBHBIX COMPOTHBIICHHH MOXET NPHBECTH K ONMIMOKAaM B IOTEPE MOIIHOCTH JUIS
OTZIENBHBIX HarpyXeHHbIX JuHNH 10 10 % u U1t cymMMapHBIX moTepb cucteMsl 10 30 %, 9To sB-
JISIeTCSI HEAOITYyCTUMBIM B MOJIEITHPOBAHUY PEKMMOB IEKTpHIecKoit ceTH. [IpuBenens! pesyabTa-
Thl MOJICJIUPOBAHUS YCTAHOBHUBIIUXCS PEKUMOB € y4ETOM TEMIIEPATypHOH 3aBUCHUMOCTH COIIPO-
TUBJICHUH IIPOBOJIOB HA NIPUMEPaX IIECTU- U CEMUY3JIOBBIX CXEM.

KnioueBble c10Ba: yCTAaHOBUBIIHMHCS PEXHM, YPaBHEHHs TEIUIOBOTO OajlaHca, dIEKTpUYecKas
CETb, MOTOJHBIE YCIOBHUS, TOK JINHUH, aKTUBHOE CONPOTUBIICHUE, TEMIIEpaTypa MpOBOJA, pelle-
HUE HETMHENHBIX YpaBHEHUN
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Abstract. In the traditional calculations of the steady-state mode of the electrical network,
the dependences of the active resistances of the overhead line wire on the ambient temperature and
currents in the branches are not taken into account. However, the temperature is a function of the
active power losses, the power losses are a function of the resistance and current, and the re-
sistance is temperature dependent. Therefore, these relations should be related to the traditional
equations for stationary regimes. In order to increase the accuracy of steady-state calculations,
a temperature correction of the resistance of the branches is required. In this paper, we present
a method based on the joint solution of nonlinear equations of the steady-state electric network
regime and the thermal balance of the wires of overhead lines. The algorithm and the program of
calculation of the steady-state mode of an electric network taking into account dependence of ac-
tive resistances of a wire of an overhead line on ambient temperature and currents in branches
have been developed. The quantitative influence of the load current, wire temperature, wind speed,
solar radiation on the active resistance of the wires has been estimated, and the errors in calcu-
lating annual variable energy losses have been determined. Numerical experiments were carried
out for a 6-node modified version of the IEEE test system and equivalent circuit of 110 kV.
The results of the calculations of the steady-state regime on various test circuits showed that the
non-account of the temperature dependence of the active resistances might cause errors in po-
wer loss for individual loaded lines up to 10 %, and for total losses of the system — up to 30 %.
This is unacceptable in simulating the modes of the electric network. The results of simulation
of steady-state regimes taking into account the temperature dependence of the resistance of the
wires are presented on the example of 6-node and 7-node circuits.

Keywords: steady state, heat balance equations, electric network, weather conditions, line current,
active resistance, wire temperature, solution of nonlinear equations
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BBenenue

[IpomomxkutenbHbIl pocT Harpy3ku B anekTpudeckux cersix (DC) Tpedyer
HaJIM4Ms TOCTOBEPHON MH(OPMALMKM O COCTOSIHUM JIMHHH, a TakkKe (PaKTHYECKHX
JAHHBIX O TEMIIEpaType MPOBOJIOB U INIOTHOCTH IPOTEKAIOLIEr0 TOKA JUIl MAKCH-
MAJIBHOTO MCTIOJIE30BAHMS TIPOITY CKHOM CITOCOOHOCTH BO3MyIIHBIX JrHIH (BJI).

VYder TemmnepaTypbl mpoBojxa HeoOXoauM Juisi MoHuTOpuHTa BJI C 1enbio
ydeTa TEIUIOBBIX OrpaHHYEHHUI U JOMYyCTUMOCTH MPOBUCAHUSA, OLIEHKHU MTOTEPH B
paMKax OLIEHKM COCTOSIHMS JUIsl paclpesieNIeHus 3aTpaTr, ONTUMHU3ALUN peXxNUMa
anekTposHepreTuueckoil cuctemsl (D3C), U3yUeHHs BIUSHHUS TEMIIEPATypHOU
3aBUCUMOCTH KoJbLeBbIX DC Ha HeogHOpoAHOCTh DC.

[loBpImIeHHE TOYHOCTM pacyeTa IEPEeMEHHBIX MOTEPh 3JIEKTPOIHEPTUU
B BO3AYUIHBIX JMHHUAX 3JEKTPONEpEeNaydl BOZMOXKHO C yUETOM IPOTEKAroIIero
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[0 JIMHUAM pabodero Toka, TEMIepaTyphl OKPYIKAIOIIETO BO3AyXa, CKOPOCTH
BETpa M TEIUIOTHl COJHEYHOTO HM3JIyYeHUs IMPH OlEHKE aKTUBHBIX CONPOTHBIIE-
HUH IPOBOJIOB B 3aBHCHUMOCTH OT UX TEMIEpPaTyp.

TemmepaTypa poBo/a, B CBOIO 04€pe/Ib, 3aBIUCHT OT PEKUMHBIX U METEOPO-
JOTHYECKUX (DAKTOPOB: TUIOTHOCTH TOKa, TEMIIEPATyPhl OKPY)KAIOIIETO BO3AYXa 7y,
CHJIBI M HAIIPaBJICHUS BETpPa, MHTEHCUBHOCTU COJHEYHOHM pamuaru u np. [1-12].
OpmHaKo TpH WCIOJB30BAaHWH W3BECTHBIX TPAJUIMOHHBIX aJITOPUTMOB pacdeTa
yCTaHOBHUBIIIETOCS pexuma drekrpudeckux cereil (PYPOC) u orenke cocTostHUS
MIpeHeOperarnT TeMIIePaTyPHBIMH 3aBUCUMOCTSIMH, KOTOPBIE B COOTBETCTBYIO-
LIMX IporpaMMax CONPOTHBIECHHS TpaHC(HOPMATOPOB, BO3AYIIHBIX JIHHUHN U Ka-
Oeneil MPUHUMAIOTCA TTOCTOSHHBIMU. B CBSI3M C 3THM pe3yNbTaThl PEXHUMHBIX
pacyeToB cojAepXaT MOrPEHIHOCTH. B BbIIeyKka3aHHBIX HCCIIEAOBAaHUSAX YCTa-
HOBJICHO, YTO MPEHEOPEKEHNE KOPPEKITUEH COMPOTHUBICHNS BETBU B 3aBHCHMO-
CTH OT TEeMIEepaTyphl MOXKET MPUBECTH K CYIIECTBEHHBIM OITUOKaM B MOTEPSX
IIpH CHJIBHO 3arpy’keHHBIX pexkumax 10 10 %. [l oTnenbHBIX BeTBEH 3TOT Mo-
Ka3artenb paBeH ~30 %.

MogennpoBaHue BO3IYIIHBIX JIMHHUHM MpeIoiaraeT MOCTOSHHOE COMpO-
TUBJICHHE MPOBOJA MPHU UCXOAHO 3a7aHHOi Temmeparype 20 °C. OagHako dak-
TH4ecKas Temmnepartypa npooga BJI o6brano mocturaer 90-120 °C u Gonee.
Takum 00pa3oM, Ba)XKHO aHAIM3UPOBATH BIHMSHUE IOBBIIICHUS TEMIIEPATyphI
IIPH 3KCIUTyaTalliyl JJHHAW JJIEKTPOTepeadll Ha TaKue BEIMYWHBI, KaK MOTEpH
Y IOTOKU MOIIIHOCTH.

B [7] npennokena momens BJI, ocHOBaHHAs HA YIPOIICHUHN ypaBHCHHS TeTl-
noBoro Oananca (YTB) IEEE Std. 738 [3]. B naHHO! Mozenu TEIIOBBIE TOTEPU
Ha M3JIy4YeHHEe U KOHBEKIIMIO alllpPOKCUMUPOBAHBI B BUJE IMHEHHON (GYHKIIMU OT
TEeMIEepaTyphl BO3AyXa.

B [8] paccmaTpuBaercs TemiepaTypHash 3aBHCHUMOCTH IIOTOKOpAacIpee-
JICHHUS.

B TpaaunnoHHOM MOTOKOpaclpeneneHu COMPOTHUBICHHS MPOBOJOB JTUHUM
MIPHHUMAIOTCS TIOCTOSTHHBIMHE, TIOTOMY YTO OHU OKa3bIBAIOT HEOOJIBIIIOE BIUSHHUE
Ha u3MeHeHus HanpsbkeHus OC. Ho, ¢ npyroit cTopoHsl, TemnepaTypa IpoBoJa,
COTIPOTHBJICHHE U TTOTEPH SBIISIFOTCS B3aMMO3aBUCHMBIMHU M U3MEHSIOTCS 3HAUH-
TENBHO MPU HOPMaJIbHOM (YHKIHMOHHUpOBaHMH. OTKAa3 OT y4ueTa U3MEHEHHS CO-
MIPOTUBJICHUSI OTHOCUTEIHFHO TEMIIEPATyphl MOXKET MPHBECTH K CYLIECTBEHHBIM
omuOKaM B pe3ylbTaTax pacyera.

B [5, 8, 10—12] nccnenoBansl pa3ianyHble alTOPUTMBI TOTOKOpACTIpeAeTICHHIS
C YUETOM TeMITepaTyphl:

— moniHbId MeTo Hetotona — Padeona;

— YaCTHYHO pa3AeNeHHBIN alTOpUTM, B KOTOPOM TemIiepaTypa OOHOBIIIETCS
OTJEJIBHO OT TPAAULIMOHHBIX IEPEMEHHBIX;

— OBICTpBIH pa3lieNIeHHBI METO;

— TIOCJIEeIOBATENHHO Pa3/IeJICHHBII METO/I.

B wactHocTH, B [10] pa3zpaboTaHsl anropuT™M U IMporpaMma pacdeTa yIeib-
HOTO aKTUBHOTO COIPOTHUBIICHHUS MPOoBOoAOB BJI 1 nx xapakTepucTHku ¢ y4eTom
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TEMIIEPaTyphl BO3IyXa, pabo4Yero Toka, CKOPOCTH BETpa M COJIHCYHON paualiiu
Y TIONMYYCHBI 3aBHCHMOCTH TEMIIEPaTypbl MPOBOJIOB OT TEMIepaTyphbl BO3IyXa,
pabodero Toka, CKOPOCTH BETpA.

Takum oOpa3oM, B HacTOsIIIEe BPeMsT BOSHHUKIA HEOOXOIUMOCTE pa3paboTKu
CIICUAJIbHBIX KOMIIBIOTCPHBIX IIPOrpaMM [JId pacu€Ta W aHajin3a yCTaHOBHUB-
MHUXCA PECKMUMOB, OCHOBAHHBIX Ha COBMCCTHBIX YPAaBHCHUAX IOTOKOpaACIIpEaec-
JICHHsSI ¥ TETUTOBOTO OajyaHca, MO3BOJISIONIUX OCYIIECTBIISATh HEMOCPEICTBEHHYIO
OIICHKY 3HAYCHUI TeMIepaTypsl 3eMeHToB OC.

Ienb cTaThu — pa3paboTKa ANrOPUTMA M OIEHKA KOJHMYECTBEHHOTO BIHMSHUS
TOKa HArpy3KH, TeMIepaTypsl MPOBOAA, CKOPOCTU BETPA, CONHEYHOW paHaIliu
Ha aKTHBHOE COMPOTHBIICHHUE MPOBOJIOB, a TAKXKE OIpEelICHHE MOTPEIIHOCTEH
pacyera roJIOBbIX MEPEMEHHBIX MOTEPh IEKTPO3HEpruu. [Ipu 3TOM TeMmepary-
pa sBnsercss QyHKUMEH MoTeph, MoTepu — (YHKIMEHW CONPOTUBICHUS M TOKA,
a COIPOTHBIICHHWE 3aBUCHT OT TEMIlEpaTypbl. B maHHOM ciydae 3TH COOTHO-
IICHUS CBS3BIBAIOTCS C TPAJAMIIMOHHBIM IMOTOKOPACIPEIEICHUEM C OMOIIBIO
COBMECTHBIX YPaBHCHUU JIJISi CTAIlMOHAPHBIX PEKUMOB CONPOTUBIICHHHA, TIOTEPh
U TeMIeparyp.

YpaBHeHHe TEMI0BOro 0ajanca Ajis BO3XYUIHBIX JIUHUA

VYienbHOE aKTUBHOE COMPOTHBIICHWE » TPoBOAOB BJI paccuuThiBaeTCs Mo
bopmymne
r=ry| 1+a(t,, —20) |,

Tne 7 — YIETbHOE aKTHBHOE COMPOTUBICHHE IMPH TEMIIEpaType MPOBO-
na 20 °C, Om/km; o = 0,00403 — TemnepaTypHbIH KOIQQPHUIIMESHT IEKTPUIECKO-
ro CONpPOTHUBIICHHUs CTalleallOMMHHMEBBIX MpoBojoB, 1/°C; t,, — Temmeparypa
nposofa, °C.

TemnepaTypa mpoBoJa B BBINICyKa3aHHOW (opMyJie, KaK MPAaBHIIO, HEH3-
BectHa. OHa 3aBUCHT OT Pa3lIUYHBIX (DAKTOPOB W, B MEPBYIO OYepeib, OT MPO-
TEKAOIIETO IO IMPOBOAY DJIEKTPUYECKOTO TOKa, TEMIEPaTypPhl OKPYIKAIOLIETO
BO3/[yXa M CKOPOCTH BeTpa. B TpaIWIIMOHHBIX pacderax MEepPeMEHHBIX MOTEPh
AIEKTPOIHEPTHUH AKTUBHBIE CONPOTHBIICHHUS, NPUBEICHHBIE B CIIPAaBOYHHUKAX,
cooTBeTcTBYIOT Temreparype 20 °C u nmepecYuThIBAIOTCS ¢ YYETOM TeMIIepary-
pbl BO3ayXxa f;.

YpaBHEHHE TEIJIOBOrO OajaHca i yCTAaHOBMBILIETOCS TEIJIOBOTO DPEXKH-
Ma BJI BeIrnsauT ciieayronmm oopasom [6, 9, 10]:

I’R,, [1+ (1 —20)] + P =ndy, (k +k, ) (6 —1,): (1)

rae [ — Tok auHMH, A; R,y — compotuBieHue nposoma mpu 20 °C, Om/m; £, —
Temreparypa Bo3ayxa, °C; k, k;, — k03pQUIHEHTH! TEII00TAaYH MIPOBOJA MPH
KOHBEKTHBHOM H JIy4HCTOM Temnooomene, Br/(m*-°C); P, — Temnora CoTHEUHO-
ro M3Iy4eHus, roriomaemMas 1 M npoBoja B eIWHMIYY BpeMeHH, BT; dy,, — nna-
METp MPOBOJIA, M.
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Koaddummentsr ypasuenus (1) 1 pa3IHIHBIX CITy94aeB BIIEPBbIC OBLIH IT0-
ny4yensl byprcmopdom [2]. JleBas wacTe B JaHHOM ypaBHEHHH IPEICTABISIET
co00H TEemIoTy, MOJly4yaeMyto MPOBOJOM OT MPOTEKAIOIIETO TOKA H COJHEYHOTO
M3ITy4deHUs], a paBas YacTh COCTOUT U3 CYMMBI KOHBEKTHBHEIX ITOTEPh U TIOTEPh
Ha paJfaIu.

KoadduiueHt termnoornaun aydercnyCckaHHeM ONpPEeIeIeTcss o GopMmyJie
Credana — bonprmana [4, 6]

L 5678 | (27341, Y273+, o
ot 100 100 ’

p Ly

IJIe € — IOCTOSIHHAS JIYYeHUCITyCKaHUs (CTETIeHb YePHOTHI TPOBOJIA).

KoaddummenT Terroorauy KOHBEKIIMEH B OOIIEM BUIE OMPENCISICTCS HC-
X0/l U3 KPUTCPUANBHBIX ypaBHEHUI KOHBEKTHBHOI'O TeruiooOMeHa. OHaKo
B peallbHBIX YCJIOBHUSIX BCEra €CTh HEKOTOpOe JBMKeHHe Bo3myxa. CorimacHo
pe3yabTaTaM HCCIIEOBAHUMN, MPY aHTHIUKIOHIMYECKOM XapaKTepe MOTOoIbl MHU-
HUMAJIBHYI0 CKOPOCTh BETpa MOXKHO MPUHSATH paBHOU 0,6 M/C, IpU IUKIIOHWYE-
CKOM Xapaktepe noroasl — 2 m/c [7].

ABTOpHI [2, 6] YCTAaHOBHIIH, 9TO IIPH MAJIBIX CKOPOCTSX BeTpa (v < 5 m/c) Ko-
3¢ HUIUEHT TEIUTIO0TAaYM KOHBEKIIUEH MPHOIMKEHHO PACCUYUTHIBACTCS IO BbI-

paXEHUIO
o, = 3,5\41\/%, 3)

rae Y — Kod(QQUUUEHT 3aBUCUMOCTH TEIUIOOTAA4YX NPH KOHBEKTUBHOM TEILIO-
oOMeHe OT yrIja aTakH BeTpa.

ConpoTuBiieHHE NMPOBOAOB MPOMOPIMOHAIBHO TEMIIEPAType B COOTBETCT-
BuH ¢ [7]

Ry = Ry 20, @)
20+,

rae Rpyp — CONPOTHBIECHUE NPOBOAA IPU TEMIEPATYPE fyp; Iy — TEMIEpaTypa
[IPOBOJIA; ¢F — TEMIIEpATypHAs KOHCTaHTA.

TemneparypHasi KOHCTaHTa ¢ 3aBUCUT OT MeTaiia npoBoaa: 234,5 °C — nus
menu; 228,1 °C — qyst amoomuHMs [7].

B Mopnenu TemioBoro cornpoTHBIEHHS TPEBBHILICHUE TEMIIEPaTyphl yCTPONHCTBA
MPUHUMAETCS JIMHEHHO MPONOPLUOHAIBHBIM TEIUIOBOW MOILHOCTH YCTPOMCT-
Ba, TO €CTh MTOTEPSIM YCTpPOIiCTBA:

tH B
® B _R,. (5)

TemmepaTypa NpoBoaa He MOXKET OBITh HM)KE TEMIEpaTypbl OKpY>Karoleil
cpenpl. Temneparypa mpoBoaa f,, paBHa CyMME TEMIIEPATYPhl OKPY KaroILEH
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Cpebl ¢, U TIPEBBIIICHHS TEMIIEpaTyphl MPoBoia Af HaJl TEMIIEPATypOl OKpYKa-
IOILEH cpentbl fy, = £, + At. Takum o06pazom, u3 (5) noryyaem

f =1, + RyAP,. (6)

Bripaxas AP; B Buzie pyHKINU OT HANPSHKEHHUS SHEPTOCHCTEMBI H TeMIIepa-
TYPbl COCTOSIHUS fy,, BhIpakeHHE (6) MOKET OBITH HEMOCPEACTBEHHO BKIIIOUEHO
B QIITOPUTM pacueTa ypaBHEHHUS ycTaHOBHBILIErocs pexuma (YYP).

CormacHo [8], mpyu HOPMAJBHBIX YCIOBHUAX JKCIDTyaTanud KodhummeHTs!
JYYHCTOrO ¥ KOHBEKTHBHOTO TerioobMeHa O, U Qi MOTYT OBITh alllPOKCHMU-
pOBaHBI Kak JTMHEHHbBIE (QYHKIUK MPEBHIILICHUS TEMIIEpaTyphl IPOBOIA HAJ| TEM-
MepaTypoi OKPyKaroIero Bo3ayxa:

anKn(tnp_tB); QKzKK([ﬂp_tB)' (7)

O, u Ok TOCTOSIHHBI AJIS1 3a[JaHHBIX YCJIOBHUH: TEMIIEpaTypbl OKpY’KaroleH
cpeabl, 6apoOMETPUIECKOro JaBlieHHsl U ckopocTu BeTpa [8]. Ucnons3ys K, u K,
(1) MOXHO TIpeACTaBUTH B BUIE

PRy[1+a(t, =20) [+ B =(K, +K,)Ar (8)

DTO0 MO3BOJIAET 3aMKMCATh BRIPAKCHUE VISl IPOBOIOB BO3IYIITHON JIMHUH

1

_— 9
K +K, ©)

ty =ty +(AP+Q,)

s mro6oro 3aganHoro nposoaa O, O« U Op MOTYT ObITb OIpENENIEHBI 110

33JJaHHBIM TIOTOJIHBIM YCJIOBHSIM, MPUHUMAEMBIM MOCTOSHHBIMU JJISI PELICHHS

ypaBHEHUH ycTaHOBHBIIHXCS pexxuMoB (Y YP) OC ¢ yueroM u3MeHEHHUI TeMIie-
paTypbl IPOBOJIOB.

YpaBHeHHs] YCTAHOBMBIIMXCSI PE:KUMOB
€ YYeTOM TeMIIepaTypPHOil 3aBMCHMOCTH CONIPOTHBJICHH I

Kak ObLI0 OTMEUEHO BBIIIE, YPABHCHHS YCTAHOBHMBIIUXCS PEKHMOB C yue-
TOM TEMIIEPATYPHOU 3aBUCHMOCTH COMPOTHUBIICHUH HCIIONB3YIOT TPH OCHOBHBIC
Moaupukanuu oosraHOTO Y YP Meronom Herotona — Padcona:

P804V 37,6, (o )eox(5, 5, )
j=1

+ By (1, )sin(8,-8,)) =B, — P

(10)
0,(8.U.1, )=V 37, (G, (11 )sin (8, -5, ) -
Jj=1

- B, (tnp)cos(Si —8/.)):}11, ¥
2,1

(11)
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Hy(8.U.,,)=1t; - (TB +Ry g, (1, ) (U2 +U? )) _

(12)
-2g; (tnp)Ul.Uj cos(Si -9, )
VYpasuenus (10)—(11) oTmuuarorcs OT TPATUIIMOHHBIX TEM, YTO B IIPOBOIH-
MocTAX G U Bj; y4UTBIBalOTCSA TEMIIEPATYPHBIE 3aBUCHMOCTH.
HebanaHChl BEIYUCIIAIOTCS TI0 YPABHEHUSM:

AP =(P,-PB,)-P(8.U.1,); (13)
AQ, =(0,,—0.:)-0:(8.U.1,,); (14)
AH,; =0-H,(3,U.1,,). (15)

Heb6anancel, nomyuyensasie mo (13)—(15), mo3BoAIOT yTOYHUTH BEKTOpP CO-
crostHUS pernerneMm ypaBHermid (10)—(12) meromom Hertotoma — Padcona.
B cBs3u ¢ nobaBieHnEM TeMIIEpaTypbl K BEKTOPY COCTOSHHUS Marpuua Sxobu
MPEICTABISAETCS CIEAYIOUIMM 00pa3oM:

oP 0P oP |

a5 oU o,
0Q 0Q oQ
J(8.U.t, ) =| =t
25 oU o,
oH oH OH

28 oU o,

(16)

CocraBisroniye YacTHBIX MPOU3BOAHBIX H oTHOCHTENBHO & 1 U MOTYT OBITH
paccunTans! u3 (12).

AKTHBHas g; U peaKTuBHas b;; IPOBOAUMOCTH BETBH Ij SBISIOTCS (YHKIMEH
napauleNIbHOr0 aKTUBHOI'O 7 U PEAKTUBHOTO X;; CONPOTHBIICHHIA:

. oP
YacTtHble IIPONU3BOAHBIC HEABHOU q)yHK]_[I/II/I — 10 TeMIIEpaType IMpoBOJa
kn

OTIpEIIEIISIOTCS TI0 hopMyITe
oP _ apl aglcn aRkn + a})z ablm aRkn
azLkn 8gkn 8Rkn 8l‘kn abkn aRkn aTkn ‘

(17)

[Tocne onpenenenus marpuubl SIkoOM yTOUHSIOTCSA 3aBUCUMbIE IIEPEMEHHBIE
ypaBHEHUI
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50+ s APY)

vt | =|u® |+ J(6<v> U 4 <v>)‘l A"
’ > “mip

t (v+1) t ) AH(V)

p np

VYpaBHEeHHUs Y3TIOBBIX HANPSKEHUH U TETI0-
BOro OajlaHca pelaroTcsi Kak eAuHas CHCTeMa
MeroaoM Hrrotona — Padcona. Ha puc. 1 mpu-
BeZeHa OJIOK-CXeMa COOTBETCTBYIOILETO IpO-
rpaMMHOTO O0OecleueHHs, pealu3ylomas IaH-
HBIN aJITOPUTM, KOTOPBIM COCTOUT U3 MOJIYJIEH:

a) YTOUHEHHE CONPOTUBJICHUI BETBEH B CO-
OTBETCTBUU C YTOYHEHHUEM TEMIIEpATyphl IIPO-
BOJIOB;

b) yrouneHue MaTpuIbl Y3IOBBIX MPOBOAU-
MOCTEH;

C) BBIYUCIICHHIE MATPHUITHI SK00wH;

d) pacuer HebanaHCOB;

€) OOHOBJIEHHE 3aBUCHMBIX IEPEMEHHBIX CO-
CTOSTHUSL.

U3-3a pasnnunii MexXIy ypaBHEHUSIMH Tell-
JoBOro 0OanaHca © ypaBHEHUSIMH  Y3JIOBBIX
HANPSHKEHUH YXYAMAETCS CXOJUMOCTh BBIUHMC-
JIMTENBHOTO TpoLIecca.

B vacTH4HO pa3ieneHHOM MeToJe TeMIlepa-
TypHO-3aBUCUMOro peuieHuss YYP ypaBHeHus
BEKTOpa HaNpsDKEHUS] COCTOSIHUSI OTAENEHBI OT
YpPaBHEHUI TEMIIEPATYPHOTO COCTOSIHUSA:

50+ RON
= +
y) u®
T (v) (19)
g (00 T(v))*l AP
PQ B > (v) >
L AQ

[tlg;ﬂ)]:[tg)] N JH( S(V),U(V),tfl;))_l [ AH(V)J‘ 20)

3areM NpPOUM3BOJIUTCS YTOYHEHHE BEKTOpa
COCTOSIHHSL B COOTBETCTBUU C YPABHEHUSAMU:

[5(””] - [5(V>]+J;,l [AP(V)] . @)

[U(V“)] = [U(V)J +J, [AQ(V)] . (2

(18)

Mertoxn monusix YYP
C YYeTOM
TEMIIEePaTypsl

k4

VYcranosnenue
HUCXOQHOI0
npubmmxenus 8, U, T

I —

OO6HoBIICHUE
MIPOBOIUMOCTEH
me

k J

Brerurcnenune
MaTpHLIbI
Slkobu J

PacueTHbIe
HeOallaHChl
AP, AQ, AH

L 4

OO6HOBIEHNE
HEePEMEHHBIX O, U, T

AP, AO, AH < ¢

Brixon

dependent calculation
of steady-state equations

Her

Puc. 1. Anroputm TemmneparypHo-
3aBUCUMOro pacyera YYP

Fig. 1. Algorithm of temperature-
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[0 =[ ]+ 73 [AH“)]. (23)

Pa3znenenHbie anropuTMBl MOTYT OBITH BKIIFOUEHBI B CYIIECTBYIOIIUE TPO-
rpamMbl YYP, Tak Kak pacdeTsl TEMIIEpAaTypbl MOKHO paccMaTpuBaTh Kak OT-
JIETIbHBINA MOJYJIb.

AHFOpHTMBI mocCjaea0BaTC/IbHOI0O YTOYHCHHUSA TEMIIEPATYPbI BeTBeil

B anropurMax mocienoBaTenbHOTO YTOYHEHHUS TEMIIEpaTypbl CHadana pe-
LIal0T TpaAuLUoHHbIE YYP Ha OoCHOBE OIEHOK (PMKCHPOBAHHOW TeMIEpaTypBhIL.
Jlanee BBIUMCISAIOTCS TEMIIEpaTyphl BETBEH Ha OCHOBE pe3ynbratoB PYPOC
Y HMCIOJIB3YIOTCS Il OOHOBJIEHHs CONPOTHUBIECHUH U Yy,,. HebGamancel MolHoO-
CTH M TEMIIEPaTyphl 3aT€M MEPECUUTHIBAIOTCS 110 YTOYHEHHBIM ITPOBOAUMOCTSIM.
IIpouecc npogoikaercs ¢ TpaAUIIMOHHBIMU Y YP ¢ UCnonb30BaHUEM yTOUYHEH-
HOTO Yy,;. OCHOBHBIE IPEUMYIIECTBA IOCIEN0BATEIBHOIO OAX01a — IIPOCTOTA,
a TaKXe BO3MOYKHOCTb JIETKO HCIIONB30BAaTh WM3BECTHHIE ANTOPUTMBI IMOTOKA
MoiHocTu. HemoctaTkoM siBisieTcs peuieHue YYP mpu kaxaoM H3MEHEHUU
TEMIEpPaTypBhlI.

[pakTrueckas peanmzauust YYP-T3 TpeOyeT nomydeHus 3HaUCHUI TeMIepaTy-
PBl OKpYXarolled cpepl 0 BCEW CHCTEME IO JATYMKAM, YCTAHOBIEHHBIM B BJIL.
OTH W3MepeHHusT MOTYT OBITh TONy4YeHBI W3 cucTeMbl cOopa maHHBIX (SCADA).
JpyruM BapuaHTOM ABJsS€TCA NMOMYYEHHE NAHHBIX O TEMIIEpaType OT BHELIHHX
IIOJICUCTEM, TAKMX KaK MOJYJIb IIPOrHO3a ITOT'0JIbl B COYETAHUU C HArPy3KOi.

MoaeanpoBaHue peskumMa

Anroputmer PYPOC ¢ yueToMm TeMmiepaTypHOM 3aBHCHMOCTH aKTHBHOTO CO-
MPOTHUBJICHUS TPUMEHSUIUCH JUIS ABYX TECTOBBIX CHCTEM:

1) cemuy3noBoii skBHBaneHTHOH cxembl 110 kB yuactka AsepOaiimkaHcKoit
SHEPTOCUCTEMEI (pHC. 2);

2) MoauuIIMPOBaHHON BepchH TecTOBOM miecTry310Boi crcteMsl IEEE (puc. 3).

{
{4 3

Puc. 2. Cemuy3noBas s3xBuBajeHTHas cxema cetu 110 kB

Fig. 2. Seven-node equivalent 110 kV network circuit
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1

v

Puc. 3. lllectuysnosas tectoBas cxema IEEE
Fig. 3. IEEE six-node test scheme

MopaenupoBaHue il CeMHUY3J0BOH IKBUBAJICHTHOM CXeMbI
110 kB yuacTka A3epdaiizkaHCKOIl Y3HeprocucreMsbl ¢ 14 BeTBAMH

B Tabn. 1, 2 mpencrasiena ucxoaHas WHGOPMAIUS 110 BETBSIM U y3JaM IS

CXEMBI pHC. 2.
Tabnuya 1
Hcxoanas nndgopmanus PYP no Berssam
Background information of the steady-state calculations by branches
Ne NNV NKV R X B
1 1 2 1,716 5,72 38,61
2 1 2 1,716 5,72 38,61
3 1 3 1,514 10,44 70,47
4 1 3 1,514 10,44 70,47
5 1 6 0,268 6,88 46,44
6 2 6 5,307 6,96 46,98
7 2 5 2,820 4,68 31,59
8 2 5 2,820 4,68 31,59
9 2 4 0,195 5,00 33,75
10 5 4 0,220 5,64 38,07
11 5 4 1,212 4,04 27,27
12 5 4 1,212 4,04 27,27
13 5 7 2,892 4,80 32,40
14 7 3 0,140 3,60 24,30
Tabnuya 2
Hcxonnasa uapopmanus PYP no yznam
Background information of the steady-state calculations by nodes
Howmep y3na | Harpyska, MBt | Harpyska, MBap | I'enepauus, MBr | Harpyska, MBap
1 0 0 354,88 125,43
2 40 20 0 0
3 100 30 0 0
4 80 20 0 0
5 50 20 0 0
6 40 10 0 0
7 40 10 0 0

B Tabn. 3 npuBeneHbl pe3yJbTaThl pacyeTa YCTAHOBUBIIETOCS PEKHUMA IS
CEMUY3JI0BOM SKBUBAJIEHTHOM CXEMBI NIPU: o3 = 25 °C, typepym = 0.
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Tabnuya 3

Pe3ybTaThl pacyeTa yCTAHOBHBILETOCSl PesKUMA /LISl CeMHUY3J10BOM IKBUBAJTEHTHOM CXeMbl
Hp“ TBO3 = 25 OC’ tllpeBlrll.l.l = 0

Results of calculation of the steady-state mode for a seven-node equivalent circuit
at Tamb =25 oCs trise = 0

il T oC Sij, |Loading,| Pij, 0oy, Sji, Pji, 0ji, AP,
’ MB-A % MBt MaBap | MB-A | MBT Msap MBrT
1|2 25 88,6 85,2 84,9 25,5 86,7 -83,8 | —22,2 | 1,0100
1{2 25 88,6 85,2 84,9 25,5 86,7 -83,8 | 22,2 | 1,0100
1|3 25 69,9 43,7 64,4 26,9 68,0 -63,9 | -23,1 | 0,5537
1|3 25 69,9 43,7 64,4 26,9 68,0 -63,9 | -23,1 | 0,5537
1|6 25 59,1 64,2 55,8 19,3 58,4 -55,7 | -17,5 | 0,0701
216 25 17,5 29,2 15,6 -8,0 17,7 15,7 8,2 0,1276
215 25 46,1 66,8 459 33 455 45,5 -2,5 | 0,4682
215 25 46,1 66,8 45,9 33 45,5 45,5 -2,5 | 0,4682
2| 4 25 58,1 63,2 51,4 27,1 57,5 -51,3 | -25,8 | 0,0516
514 25 10,8 10,4 10,3 -3,1 10,8 -10,3 3,1 0,0113
51 4 25 10,8 10,4 10,3 -3,1 10,8 -10,3 3,1 0,0113
51 4 25 8,1 7,7 8,0 -0,3 8,1 -8,0 0,3 0,0011
517 25 14,3 20,7 12,3 -7,3 14,3 -12,2 7,3 0,0471
713 25 32,6 35,4 -27,8 -17 32,7 27,8 17,3 | 0,0119
4,3959

CyMMapHBI€ ITOTEPH aKTUBHOM MOITHOCTH ITO cXeMe 0e3 ydeTa TeMIIepaTypsl
coctaBuin 4,3959 MBT.
B Tabn. 4 mpencraBneHpl pe3yJbTaThl pacdeTa yCTAaHOBHBILIETOCS PeKUMa
JUISL CEMHY3JI0BOM SKBUBAJIEHTHOM CXEMBI IIPU 105 = 25 °C, frpeppun = 25.

Tabruya 4
Pe3yabTaThl pacyera yCTAHOBHBILIETOCSI PesKHUMA
JJISl CEMHY3J10BO0ii IKBUBAJIEHTHOH cXeMbl PH Ty, = 25 °C, typeppm = 25
Results of calculation of the steady-state mode
for a seven-node equivalent circuit at 7, = 25 °C, 5. = 25
il |rec Sij, |Loading,| Pij, oy, Sji, Pji, oji, AP, |APypepms
’ MB-A % MBT | MBap | MB-A | MBT | MBap | MBr %
1| 2 | 409 | 88,5 85,1 84,9 25,1 86,6 | —83,8 |-21,7 |1,0703 | 6,40
1| 2 |409 | 88,5 85,1 84,9 25,1 86,6 | —83,8 |-21,7 |1,0703 | 6,40
113 1290 | 70,0 43,8 64,5 27,2 68,1 | —64,0 | -23,410,5653 | 1,62
1] 3 (290 70,0 43,8 64,5 27,2 68,1 | —64,0 | -23,410,5653 | 1,62
1] 6 |339 ] 59,2 64,4 55,9 19,7 58,6 | -55,8 |-17,9 10,0730 | 3,57
21 6 269 | 17,7 29,6 -15,6 | -84 17,9 15,8 8,5 [0,1318| 0,77
21 5 (349 ] 459 66,6 45,8 2,9 454 | 454 | -2,1 [0,4843 | 4,00
215 1349 | 459 66,6 45,8 2,9 454 | 454 | -2,1 |0,4843 | 4,00
21 4 | 340 | 584 63,5 51,5 27,5 57,7 | 51,5 | -26,2 10,0540 | 3,63
501 4 |252 ] 10,8 10,3 10,3 -3,2 10,8 | -10,3 | 3,3 |0,0113| 0,10
501 4 |252 ] 10,8 10,3 10,3 -3,2 10,8 | -10,3 | 3,3 |0,0113| 0,10
51 4 | 251 8,0 7,7 8,0 -0,4 8,0 -8,0 0,4 10,0011 | 0,05
517 | 260 | 144 20,9 12,2 -7,8 144 | 12,1 | 7,9 |0,0485| 0,39
713 1279 | 329 35,8 =279 | -17,5 | 33,1 279 | 17,8 [0,0123 | 1,15
4,5831
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CyMMapHbIe IOTEPH aKTUBHOM MOIIIHOCTH IO CXeMe 0e3 yueTa TeMIepaTyphl
cocraswin 4,5831 MBT.

B Tabn. 5 mpuBeeHbI pe3yabTaThl CPABHUTEIBHOTO aHAIM3a pacyueTa ycTa-
HOBHBIIIETOCS PEKUMA JUISI CEMUY3JIOBOM SKBUBAJICHTHOMN CXEMBI.

Tabauya 5
Pe3yabTaThl CPABHUTEIBHOI0 AHAJIM32 PacyeTa YCTAHOBUBIIET0CS pexKuMa
JJIsl CeMUY3JI0BOI IKBMBAJIEHTHOM CXeMbI

Results of comparative analysis of steady-state mode calculation
for a seven node equivalent circuit

OTHOCUTETBHOE Pesynprarel noreps Momuoctu PYP
Temnepa-
No|Bersn MomHocTs, Typa 1po- IIOBBILICHHUE Tpamamson- C yuerom | OTHOCHUTENB-
MB-A soxa, °C COINPOTHUBJICHHUS, b, MBr | TEMUEPa- | HOE IIOBEI-
’ % ’ Typsl, MBT| 1enue, %
1| 12 86,6 40,9 6,40 1,0100 1,0703 5,97
2| 12 86,6 40,9 6,40 1,0100 1,0703 5,97
3113 45,4 34,9 1,62 0,5537 0,5653 2,09
41 13 45,4 34,9 1,62 0,5537 0,5653 2,09
51 1-6 58,6 33,9 3,57 0,0701 0,0730 4,14
6| 24 57,7 34,0 0,77 0,1276 0,1318 3,29
71 2-5 68,1 29,0 4,00 0,4682 0,4843 3,44
8| 2-5 68,1 29,0 4,00 0,4682 0,4843 3,44
91| 2-6 33,1 27,9 3,63 0,0516 0,0540 4,65
10| 54 17,9 26,9 0,10 0,0113 0,0113 0
11| 54 14,4 26,0 0,10 0,0113 0,0113 0
12| 54 10,8 25,2 0,05 0,0011 0,0011 0
13| 5-7 10,8 25,2 0,39 0,0471 0,0485 2,97
14| 7-3 8,0 25,1 1,15 0,0119 0,0123 3,36
CyMMapHbIe I0TEpU 4,3959 4,5831 4,26

VY4eT TeMiepaTypHOUl 3aBUCUMOCTH B Y YP yBenu4MBaeT MOTEPU B HArpy-
>)KeHHBIX NTuHUAX. CymmapHbele motepu mo TpaaunuonHomy PYPOC cocrtaBu-
m ~4,4 MBT, a ¢ yuetoM Temnepartypsl 4,55 u 4,67 MBt1. OTHOCUTENBHOE H3-
MEHEHUE MOTEePh AJIA HArpy>KeHHBIX JTUHUN — 0KoJo 8,8 %. CyMMapHbIe TOTEpU
CcXeMBI MI3MEHUIINCE Ha 6,3 %.

ITpoBoaunuck pacyersl Takke A Tyos = 40 °C, tupesum = 25. i1 3TOTO CiIy-
4Jas CyMMapHBIe TTOTepr cocTaBuiu 4,721 MBT. I3MeHeHHne oTeps I Harpy-
JKEHHBIX JIMHUHM — okxoo 11,2 %.

MogaespoBaHue Ajsl TECTOBOMH mecTry3J10B0ii cuctemsl IEEE
¢ 11 BerBsimu (puc. 3)

I'enepanus u motpebieHne B y3max mectuysnoBoii cxemsl IEEE B o. e. mpu-
BelIeHBI B Ta0II. 6.

B Tabn. 7 npeacraBiieHsl pe3yJIbTaThl pacdyeTa MOTEPh MOLIHOCTU C yUETOM
M3MEHEHUs TeMIIEPaTyphl TPOBO/A OT MOTOKA MOLTHOCTH JUISI CXEMBI puC. 3.

Paznnuust B pacueTax moTeph SBISAIOTCS HanOosee BEIPaKEHHBIMH ISl CHITb-
HO Harpy>KeHHBIX JHHUH. MakcHMallbHOE YyBEJIMYEHHE MOTEPh MOLIHOCTH VIS
BeTBel TecToBOi cxembl IEEE cocraBuno 0,94-8,78 %. CyMmMapHble HOTEpH
yBeMMUYMINCH Ha 6,5 %.
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Tabnuya 6
Harpy3sku y3;10B mecTny3/10B0ii TecToBoii cxembl IEEE

Loads of the IEEE six-node test circuit nodes

Ne y3510B / MOIIHOCTH, 0. €. 1 2 3 4 5 6
I'enepanus Py 1,0569 0,50 0,6000 0 0 0
Oren 0,1715 0,74 0,8812 0 0 0
[Morpebnenune P 0 0 0 0,75 0,68 0,65
Ouar 0 0 0 0,70 0,70 0,70
Tabnuya 7

Pe3yabTaThl pacyeTa yCTAHOBHBILIErOCsl PesKUMA /IJISl CXeMbl puc. 3

The results of the steady-state mode calculation for the scheme of Fig. 3

Pesynbratel noteps MomHoctu PYP
Homepa | Temmneparypa
BeTBeil npoBoa, °C Tpaaunyonssle, C yuerom OTHOCUTENBHOE
MBt Temneparypsl, MBT MOBBIIIEHHE, Yo
1-2 37,75 0,9049 0,9773 7,99
1-4 40,10 1,0876 1,1574 6,42
1-5 44,20 1,0735 1,1678 8,78
2-3 26,01 0,0403 0,0407 1,00
24 47,02 1,5051 1,6289 8,23
2-5 37,82 0,4979 0,5274 5,91
2-6 27,06 0,5833 0,5888 0,94
3-5 29,33 1,0936 1,1275 3,10
3-6 43,30 1,0034 1,0806 7,69
4-5 25,57 0,0362 0,0385 6,18
5-6 25,69 0,0496 0,0528 6,49

[IpakTnyeckoe pemieHne ypaBHEHUH ycTaHOBUBIIErocs pexuma OC c yde-
TOM TEIJIOBOTO OajlaHCa MOYKHO NMPOBOAMTD, UCIIONIB3YS 3HAYEHNUS TEMIIEPATyPHhI
OKpY’KaloIel Cpesbl, MOJy4YeHHbIE 110 JaTYNKaM, YCTAaHOBJIEHHBIM M JKCIUTya-
TUPYEMBIM B pEAJIbHBIX YCIOBHSX, U Mo JaHHBIM SCADA-cuctemsl. pyrum
BApHAHTOM SIBISI€TCS MOJyYEHHE AAHHBIX O TEMIEpaType OT BHEIIHUX MOJICH-
CTeM, TAaKUX KaK MOJYJIb IPOTHO3a MOTOABI B COYETAHUH C HArPy3KOH.

BbIBO/IbI

1. B Hacrosiee BpeMsi CyIIeCTBYeT HEOOXOIMMOCTh B pa3pabOTKe CIIeIu-
ANBHBIX KOMIBIOTEPHBIX MPOTrpamMM, BKIIOYAIOIINX MOIYJIH MOTOKOpacIpeaeie-
HUS M ypaBHEHUsI TETUIOBOTO OanaHca JJisl aHajIn3a yCTAHOBUBIIUXCS PEKHUMOB,
MTO3BOIISIONIUX OCYIIECTBIIATH HEMTOCPEACTBEHHYIO OIIEHKY 3HAueHUWil Temrepa-
TypbI 251eMeHToB JC.

2. UccnenoBaHbl alrOPUTMbl PEIICHUS YPAaBHEHHUM 3JIEKTPUYECKOr0 W Tel-
JIOBOTO PEXHMMOB 3JIeKTpudeckor ceTu. PaspaboTan M peann3oBaH alropuTM
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OMpPEACICHUA U YyUCTa TCMICPATypbl NPOBOAOB BO3AYIIHBIX JIMHUAMN npu pacyde-
TaX NOTOKOPACHPCACTICHUSA B SJICKTPUUICCKUX CCTAX.

3. yCTaHOBJ’IGHO, 4TO Y4YCT TEMIICPATYPhI MOBBIIIACT TOYHOCTD OMPEACICHUA

MMOTOKOB M TIOTEPh MOIIHOCTH 110 CPABHEHHIO C TPAAUIIMOHHBIM ITOTOKOpACIIPE-
JIEJIEHUEM.
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Abstract. Currently, the world is characterized by quite a large number of military conflicts, man-
made disasters and natural disasters. Every year, about 50 thousand people die from various natural
disasters in the world. The report of the UNISDR notes that natural disasters that occurred in the
world between 1998 and 2017 led to the death of 1.3 million people (more than half of them — due
to earthquakes). The analysis shows that human losses could be significantly less with rapid first
aid. This requires the presence of a field hospital located as close as possible to the lesion. Currently,
field hospitals for various purposes are produced. The heating system of the field hospital modules
plays an important role in the operation. A heating system is proposed, which includes a vortex
heat generator and heating devices made of polyvinyl chloride. The system is characterized by low
weight and quick access to the operating mode. However, in the literature there is no method for
calculating the heat exchange coefficient in a closed space, which is formed by flexible heater
surface and an enclosing wall. Based on the analysis of criterion dependences and experimental
data, new criterion equations for calculating the heat exchange coefficient for an arbitrary location
of heaters in space are obtained. The following dependence is built 1gNu = f{1g(Gr-Pr)), which
allows to determine value of heat exchange coefficient for given range of temperature.
A method of intensification of the heat exchange process by creating an artificial roughness is
proposed. Graph is done to determine growth rate of heat exchange Cy, which is included in crite-
rion equation. The use of artificial roughness allowed increasing the heat transfer coefficient
by 28 % and the thermal power of the heating device by about 26 %.

Keywords: field hospital, heat supply system, heat transfer coefficient, criterion equation, intensi-
fication

For citation: Iokova I. L., Kalinichenko A. S. (2020) Calculation of Heat Exchange on the Surface
of a Flexible Heat Exchanger for Use in Mobile Hospitals. Energetika. Proc. CIS Higher Educ.
Inst. and Power Eng. Assoc. 63 (1), 81-88. https://doi.org/10.21122/1029-7448-2020-63-1-81-88

Pacuer Tensiooomena
HA MOBEPXHOCTH I'MOKOr0 TeNMJI000MEHHUKA
JJIs1 IPMMEHEHUS B MOOWJIbHBIX TOCTIMTAJIAX

H. JI. Uokosa", A. C. Kaaunnuenko?”

VBenopycekuii HaMOHAIbHBI TexHHUecKHit yHuBepcuTeT (Munck, Pecry6iuka Benapycs),
Benopycckuii rocyapcTBEHHBIN TEXHONIOrHYecKHil yHuBepcuteT (MuHck, Pecrryoiika benapycs)

Pedepar. Cerosns MHUp XapakTepu3yeTcss AOCTaTOYHO OOJBIIUM KOJIMYECTBOM BOCHHBIX KOH-
(hIIMKTOB, TEXHOTEHHBIX KaTacTpod, CTUXUHHBIX OeacTBuil. ExeromHo ot pasHoro poja MpHPOA-
HBIX KaTaKIM3MOB Ha IUTaHeTe morubaer okoino 50 Teic. yenoek. B noxmane Ynpasnenus OOH no
YMEHBIICHUIO onacHocTH cTuxuiiHbIX OexctBuii (FOHVIC/IP) ormeuaercs, 4To CTUXUIHBIE OSICTBUS,

Anpec 1Sl HepenucKu Address for correspondence

Hokosa Upuna JleornnoBHa Iokova Irina L.

benopycckuii HauMoHaNbHbINA TeXHHYecKuii yHIBepeuteT —Belarusian National Technical University
npocn. HezaBucumocty, 65/2, 65/2 Nezavisimosty Ave.,

220013, r. MuHnck, Pecrry6nuka benapych 220013, Minsk, Republic of Belarus
Ten.: +375 17 293-92-61 Tel.: +375 17 293-92-61

pte@bntu.by pte@bntu.by



https://doi.org/10.21122/1029-7448-2020-63-1-583-591
https://doi.org/10.21122/1029-7448-2020-63-1-81-88
mailto:pte@bntu.by
mailto:pte@bntu.by

U JI. Hokosa, A. C. Kanunuuenko
82 Pacdet TemnmooOMeHa Ha TOBEPXHOCTH THOKOTO TETIOOOMEHHHKA JJISl IPUMEHEHHUS. ..

KOTOpble TPOM30LUIM B MHpe 3a nepuox ¢ 1998 mo 2017 r., mpuBenn kx rubenu 1,3 Munimona
YeJIOBEK (CBBIILIEC MOJIOBUHBI M3 HHUX — M3-3a 3eMIICTpsICEHMI). AHAIN3 MOKa3bIBAET, YTO JIOACKUE
MOTEPU MOIIIH OBl ObITh 3HAYMTENILHO MEHBILE NPU OBICTPOM OKa3aHWHU INEPBOH MEIUIIMHCKOH IO-
MoIy. OT0 TpeOyeT HaIMYHs TOCIIUTAILSI, PACHIOIOKEHHOTO KaK MOYKHO OJIMIKE K odary IOpaXeHUs.
B Hacrosiee BpeMsi CO31ar0OTCs MOJIEBBIE TOCHHUTANN PA3JIMYHOr0 Ha3HaueHUs. BakHylo ponb B UX
(YHKLIMOHMPOBAaHUY UrpaeT cHcTeMa oborpeBa Moxmyiei. [Ipeioxena cuctemMa OTOILICHUS, KOTO-
pasi BKIIFoYaeT B ce0sl BUXPEBOW TEIIOTEHEePaTop U HarpeBaTeNbHbIC MPUOOPHI M3 MOJIMBUHUIXJIOPHU-
na. CrucreMa OTJIMYAeTCs MaIBIM BECOM M OBICTPBIM BBIXOJIOM B pabounii pexxuM. OJHaKo B JIUTEpa-
Type OTCYTCTBYEeT METOJMKa pacdera KOd(pQUIMEHTa TEIIOOTAa4d B 3aMKHYTOM IPOCTPAHCTBE,
00pa30BaHHOM ITOBEPXHOCTBIO THOKOr0 HarpeBatels M orpakaaromiei creHoi. Ha ocHoBe anammza
3aBUCHUMOCTEIl M SKCIIEPUMEHTANIBHBIX JAHHBIX MOJNYYCHbI HOBBIC KPHTEPHAIbHBIC YPAaBHEHHUS UIs
pacyera Ko3(pdHIMEHTa TEIUIOOTAAYM IS TPOU3BOJIBHOTO PACIIOJIOKEHHUS HarpeBartesieil B Mpo-
ctpanctse. [Toctpoena 3aBucumocts 1gNu = f{1g(Gr-Pr)), koTopast mo3BoJseT ONpeaCTUTh BETUINHY
K03(GHULIHEHTa TEIUIOOTAAYN I 33JaHHON o0JacTH TemnepaTypsl. [IpeanoxkeH cnocod MHTEHCH-
¢ukanuu npouecca TEINIOOOMEHAa 3a CYET CO3JAHHs MCKYyCCTBEHHOW IIepoxoBaTocTH. ITocTpoeH
rpaduk Ui onpeneneHus 10au pocta TemnooTnaun Ck, BXOIICH B KPUTEPHATIBLHOE YpaBHEHHE.
ITprMeHeHHe MCKYCCTBEHHOH IIEPOXOBATOCTH IMO3BOJIMIIO YBEIUYHMTH KO3(DOULHMEHT TeIUIO0TAAuH
Ha 28 %, a TETIOBYIO MOLIIHOCTb HarpeBaTEIbHOr 0 Mpubopa — MpuMepHo Ha 26 %.

KnroueBble ciioBa: 10JICBOIT FOCIUTANb, CUCTEMA TEIUIOCHAOKEHUS, KOI(P(PHUIIMEHT TeIUIO0T A,
KpHUTEpHAIbHOE ypaBHEHUE, HHTEHCU(HKALIHS

Jas uurupoBanusi: Mokosa, U. JI. Pacyer TemooOMeHa Ha MOBEPXHOCTH THOKOTO TETIIO0OMEH-
HUKA A7 IPIMEHEeHns1 B MOOMIBHBIX rociutaisix / . JI. Mokosa, A. C. Kanmuandenko // Duepee-
muka. H3ze. evicut. yueb. 3asedenuil u smnepe. oowveounenuti CHI'. 2020. T. 63, Ne 1. C. 81-88
https://doi.org/10.21122/1029-7448-2020-63-1-81-88

Introduction

Currently, the world is characterized by quite a large number of military
conflicts, man-made disasters, natural disasters. In the XXI century, hundreds
of thousands of people died as a result of these disasters, and millions of people
were affected. Every year, about 50 thousand people die from various natural
disasters in the world. Billions of dollars are spent on disaster relief. In Russia,
losses annually reach 60 billion rubles, so only competent actions in emergency
situations can save lives and reduce losses [1].

The report of the UN Office for disaster reduction (UNISDR) notes that
natural disasters that occurred in the world between 1998 and 2017, led to the
death of 1.3 million people (more than half of them — because of earthquakes).
According to the Office data, during the same period, the financial losses of
world markets due to natural disasters increased by 251 % and amounted to
more than 2.9 trillion dollars. Moreover, 77 % of financial losses are attributable
to weather-related events [2]. The analysis shows that human losses could be
significantly less with rapid first aid. This requires a field hospital located
as close to the lesion as possible. Historically, the first field hospitals were
designed to provide medical care in combat.

The technology development makes it possible today to produce such mobile
hospital, which will have sufficient mobility for delivering to the victims, as well
as to function in the immediate vicinity of the epicenter of a natural (man-made)
disaster or a war zone [3, 4]. Such hospital, in addition to mobility and good
security, should have full autonomy, that is, have an independent source of energy.
The heat supply of the new type of field hospital should take into account
the likelihood of working in cold conditions (at air temperatures below 15 °C),
as well as the possibility of urgent medical care to non-transportable victims
in the open air without the construction of temporary structures. Therefore, the
creation of an efficient, reliable and simple heating system is an important task.
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The heating system can be used for heating not only mobile medical field
hospitals, but also for heating any mobile facility. Heat supply of existing field
(mobile) hospitals is most often made by means of hot air. Water as a coolant for
these purposes is rarely used [5]. Installations for air heating have a sufficiently
large mass and take up a lot of space during transportation. Oil-filled radiators
are often used for heating and are the most popular household heaters. All oil
radiators are equipped with a thermostat that automatically maintains the set
temperature. They are used for heating small rooms up to 30 m® [6]. Despite
a number of advantages, oil radiators consume a lot of electricity and are very
slow to enter the mode. Infrared heaters are more effective, but they are more
expensive and cannot be used in high humidity [7]. For field hospitals, heating
elements should be low cost, easy to transport and install. Based on these
requirements, they should be light, flexible enough and provide the necessary
thermal performance.

Main part

Currently, when we talk about flexible heating elements, we mean electric
heaters [8]. Despite a number of their advantages, electric heaters are difficult
and unsafe to use in field hospitals. Of interest are the proposed flexible heating
elements made of polyvinyl chloride, which meet Toxicological standards and
can be used in medical institutions [9]. The general view of the heating device
is shown in Fig. 1a. Due to the novelty of such heating elements, it is necessary
to assess the heat exchange coefficient from their surface and to study
the possibilities of heat exchange intensification. The coefficient of heat
exchange is the most important characteristic of the heat supply system of a mo-
bile hospital, reflecting its efficiency, since the value of this coefficient directly
affects the rate of heating of the heated room (tent or pneumatic module). If the
surface is heated the air heats up and moves upwards, being replaced from below
by cooler air. In the flow a boundary layer is formed near the surface, the thick-
ness of which increases in the direction of the liquid movement. In the initial
zone of motion, the boundary layer is laminar and when the thickness of the
boundary layer reaches a certain value, the flow regime changes which entail
a change in the value of heat exchange coefficient.

When calculating the heat exchange coefficient, it was assumed that the
heating of the liquid (hot carrier) to (95-100) °C is implemented by a vortex heat
generator, which has a number of advantages over other sources of hot carrier
heating [10, 11].

It is known that the relative amounts of heat and motion transferred to the
same element of the surface of a solid body are equal to each other. The amount
of heat transferred to a unit of surface per unit of time (specific heat flux),
according to Newton’s law will be recorded:

qr = akAt: (1)

where oy — heat transfer coefficient by convection from liquid to sur-
face, W/(m”-K); At — temperature difference, °C.

In turn, the resistance force referred to this surface unit, i. e. the tangential
stress t at the wall, measures the amount of motion referred to the surface unit.
Full stock of heat Q (W) and amount of motion 7 (kg-m/s”) [12]:
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O =c,pwFAt 2)
and
1= (pr ) w, 3)

where w — absolute velocity of the fluid, m/s.
One can write down the condition of equality of relative quantities of heat
and motion (according to Reynolds)

9 T

o I

After the transformations (they are omitted), we get the equation taking into
account the laminar sublayer

o
. @)
P M (prop)®

w
where w — fluid velocity at the interface of turbulent flow and laminar sublayer.

The equation (4) we have written establishes the relationship between
the intensity of convective heat transfer o and the coefficient of hydrodynamic
friction resistance (.

When calculating flexible heat exchangers, it is necessary to take into
account that they can be located not only horizontally or vertically, but also at an
arbitrary angle ¢ between the plane of the device and the normal to the hori-
zontal line. The proposed heating device for the heating system of a mobile hos-
pital has two heating surfaces: outer one — facing the space of the room and inner
one — facing the enclosing structures. The inner surface forms channels with the
enclosing planes and the heat exchange in which is significantly different from
the heat exchange on the outer surface of the device (Fig. 1b). In the first
approximation, the cross section of the heating device consists of five parallel
pipes, so it is necessary to consider the heat transfer features on these surfaces
separately.

The study of heat transfer under the condition of natural convection in
a closed space and its contribution to the total thermal performance of the device
is of the greatest practical and scientific interest.

In the study of heat transfer in a horizontal gage, we take the size of the slit /
as the determining size, and the temperature of the air in the slit #, as the deter-
mining temperature (Fig. 1b). It is necessary to analyze the heat exchange in
a confined space to obtain a final formula that takes into account any position
of the heating device, as well as determining the most likely position of the
heating device. The analysis showed that for this problem (arbitrary location
of the heater surface) there are no methods for estimating heat transfer in a
confined space.

To increase the heat transfer from the heating device surface and reduce
costs on the energy source, it is necessary to consider the method of intensifica-
tion of surface heat exchange. Taking into account that the proposed heating
device for the field hospital heating system is made of polyvinyl chloride,
the method of applying artificial roughness to its surface is of the greatest
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interest. Studies in the air flow performed in [13] show that the optimal rough-
ness provides the increase in heat transfer up to 60-80 %, and the friction
resistance increases only by 10 %.

IL _l-l

Outlet

t, )\i:' .

Fig. 1. General view of the heating device (a) and the calculation scheme (b):
[ — characteristic size; t;, #, —the temperature of the heat-emitting and heat-receiving surfaces,

respectively; ¢, — temperature of the free surface; #, — temperature in the gage

For free convection the heat exchange coefficient is determined from the
criterion equation of the form Nu = f{Gr" Pr"™), and it is an exponential function.
For convenience of processing with application of methods of mathematical
statistics it is more convenient to have linear dependence like y = a + bx.
To proceed to the dependence of the linear form, we take logarithm of both parts
of this criterion equation. After processing the experimental data on the heat
exchange, it is possible to plot the dependence 1gNu = f(1g(Gr"-Pr™)).

To determine the coefficient of heat exchange from the free surface of
a horizontally located heating device under natural convection, we use the
criterion equation for Gr-Pr > 8- 10°. Since the heated free surface of the heating
device is facing up, we have
0.33

m .

Nu,, =0.195(Gr- Pr)

To find the 1gNu function for a downwardly oriented hot surface in a cold
environment we apply the formula

Nu =0.24(Gr-Pr)">,
where 4-10° < Gr-Pr < 3-10°.

The results of experimental data processing are shown in Fig. 2 and establish
a relationship between the similarity criteria Nu, Gr, Pr. The points resulting
from the processing of the experience data are practically laid on one straight
line (Fig. 2). We write a mathematical equation for the line corresponding
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077 W | to the interval of the product 1g(Gr-Pr)
o3 =3.15 %'1112 K) from 5.216 to 5.516, which was ob-

served in our experiments:
IgNu =g, +a,lg(Gr-Pr).  (5)

0.76 P

075 .
The coefficients for unknowns were

determined by the least squares method.

074 In the final form the calculated criterion
equation will be written as
o7 Nu=0.236(Gr-Pr)"™". (6

Expression (6) makes it possible to

zontal slit). Calculations have shown
‘ that the heat exchange coefficient of
W, the heating device in a confined space
u=28 Am?K) (horizontal slit) is significantly less than
' the heat exchange coefficient on the
free surface. However, during the de-
ployment of the field hospital, any posi-
tion of the heating device is possible,
not only horizontal, since there are
1g(Gr-Pr) no locking devices. Accidental location
Fig. 2. Graph of dependence according of heating devices in the heated volume
to experimental data for horizontal slit when the mobile hospital is put into ope-
ration is possible due to the lack of fixing
devices. When calculating the heat exchange coefficient from an inclined surface,
we can use a formula that is valid for 10° < Cr < 10° and 0 < ¢ < 90° [12]:

Nu= 0.48[“005‘9]&,02. (7

o7 calculate the intensity of heat exchange
W coefficient under conditions of natural
0.71 0‘2—2-9‘/{111:-1{' convection in a confined space (hori-

0.7

0.59

52 53 5.4 55 5.6

2

Taking into account that for Pr = 0.7 the equation Nu, = 0.68 + 0.513 x

)0.25

x (Ra -COSQ [14] is valid, we receive after transformations of the equation (7)

the following formula considering different positions of the heating device:
Nu = O'S(H(:%j(c’r pr)"”. (8)

The results of experimental data processing are presented in Fig. 3. Since
the arbitrary position of the heating device can be estimated using the probability
theory, the formula (8), taking into account the different positions of the heating
device, will take the final form

Nu = 0.5[%}(& -pr)"”, )

where pg, (¢) — probability density.
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C,~1.28
1.2 %
C.~1.17
Cx=f(Rey)
1.0 l
10° 10° 10’ Re,
Refmiu - 103 Refmax - 5104

Fig. 3. Graph of evaluation of heat transfer intensification
in the presence of artificial roughness

As noted earlier, to improve the thermal performance of the proposed heating
device, it is advisable to create an artificial roughness on its surface. Experi-
ments were carried out to determine the effect of roughness on the change
in the value of the heat exchange coefficient on the outer surface. Using
the results of the full-scale experiments and the data of [15] for the values
of wy ~ (0.1-1.0) m/s; ¢ ~ (30-70) °C and Re; = (3000-37000), a graphical
dependence of Ci = f(Re) is constructed (Fig. 3).

Taking into account the coefficient Cy, the previously obtained equation (9)
for the soft surface of the heating device made of polyvinyl chloride could be
written in the final form:

1
Nu, =05C, [”’%(@)J(Gr )", (10)

where Cy — share increase of heat exchange.

The resulting final criterion equation (10) allows to make the necessary
calculations to assess the heat transfer from the surface of the heating device
of the heat supply system, taking into account the peculiarities of the position
of this device in space. In addition, this equation takes into account the presence
of measures to intensify heat transfer in the system ‘“heating device-
environment”.

The formation of artificial roughness on the surface of the heating device
in order to intensify heat transfer increased heat exchange -coefficient
by 28 %. The heat output of the heater increased to 125.7 W. Calculations
have shown that 8 heating devices are enough to heat the module with a volume
of 84 m’ at an indoor temperature of 18 °C and an outdoor temperature equal
to (—24) °C.

CONCLUSION

Criterion dependences allowing calculating the heat exchange coefficient
from the surface of the heater made of PVC at any of its spatial position are pro-
posed. In order to intensify the heat exchange process, it is proposed to create
an artificial roughness on the surface, which allowed increasing the heat
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exchange coefficient by 28 %, and the power of the heating device — by 25 %.
The obtained dependences are of scientific and practical interest for the calcu-
lation of heat transfer processes in a closed space.
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Pedepat. B cratee paccMoTpens! olmmee noHsTue koppo3uu B coorBerctBuu ¢ ['OCT 527268
«Koppo3ust MeTamoB», KIacCH(pHKaIws KOPPO3HOHHOTO MPOIIECcCa, CTaANK KOPPO3UH B BUZE (yHKIHH
SHEPrUH OT MyTH NPOTEKAHMs] KOPPO3HOHHOTO Ipolecca, OCHOBHBIE NOKa3aTeln Ipolecca KOPPO3nHL.
B cootBercTBHHM ¢ porHo3amMu MexxayHapoHoro BastotHoro ¢onna u Focus Economics npoussenena
OLIEHKa KOJIMYECTBA CPEJICTB, KOTOphIE OyIyT 3aTpaueHbl Ha OOpBOY ¢ KOppo3uel 1 ee MOoCIeACTBUAMU
B OTAENBHBIX IPOMBIIIICHHO Pa3BUTHIX CTpaHaxX. JIMHAMHKa pOCTa CPEeNCTB, BIOKCHHBIX B OOpBOY ¢
TOCJIE/ICTBUSIMU KOPpO3uK MeTauioB B Poccuiickoit ®eneparuu 3a 2016-2019 1r., nokazana B Bue
JquarpamMmbl. OOOCHOBAHO HCIIONB30BaHKME IIMPKOHUS B Ka4eCTBE KOHCTPYKLHMOHHOTO MaTepuania
Jutst 0007109KH TBIOB. IIpecTaBieHs! 3HAUCHHUS CEUYSHUH MOTTIOMECHHUS TETIIOBBIX HEHTPOHOB [UIS
Pa3IHYHBIX 3JEMEHTOB, CIY)Kal[MX B Ka4eCTBE KOHCTPYKIIMOHHBIX JJISI aKTUBHOU 30HBI SIIEPHOTO
peakropa. [IpuBeneHs! (GakTopsl, BAMSIOIME Ha BBIOOP JIETHPYIOLIUX JJIEMEHTOB U UX IPOLECHT-
HOE COJep)KaHHe B PassIMUHBIX ciutaBax (Zr-2, Zr-4, ZIRLO™, M5®), koTopble SBIASIOTCA CHEeUU-
anpHOU Pa3paboTKOH, crOCOOCTBYIOMIEH CHIKEHHIO CKOPOCTH KOppo3uu. PaccMoTpeH cocTaB U
MexaHuyeckue cpoiicrBa criaBoB J110 u D635, ucrnonb30BaHHBIX B Ka4eCTBE MAaTEpPHAJIOB ISt
000JIOYKH TBIJIOB B aKTUBHOU 30He peakTopoB BBOP-1200 na benADC. IIpoananusnpoBaHo mo-
BeZICHUE IIMPKOHUEBHIX cruiaBoB D110 u D635 B akTHBHOU 30HE. BhIeneHsl OCHOBHBIE (PAKTOPHI,
KOTOpBIE CYIIECTBEHHO BJIMSIOT Ha KOPPO3HOHHBIH MPOLECC B PEAIBHBIX YCIOBUIX SKCIUIyaTallnu
LUPKOHMEBBIX CIIABOB B Ka4eCTBE 000JI04eK TBIIOB. [IprBeeHb!I CyIecTBYIONME METOABI MIPeJ-
BapUTENIbHON crieruanbHOW 00pabOTKH 000JI0OYEK TBIJIOB, XPAHSIIUXCS HAa BO3AyXE B TEUCHHE
MPOJOJKATENBHOTO MPOMEXYTKAa BPEMEHH JI0 MOCTYIUICHUs UX Ha cOopky. IlokasaHa cTpykTypa
oKcHIa Ha 000s104Kax U3 crutaBoB D110 u D635, OKHCIIEHHBIX B aBTOKJIaBE.
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Effect of Corrosion of the Fuel Rod
Construction Materials on the Radiation Safety
of Nuclear Power Plants with PWR

V. V. Kravchenko", S. D. Tsygankoval)

YBelarusian National Technical University (Minsk, Republic of Belarus)

Abstract. The article considers the general concept of corrosion in accordance with GOST 527268
“Metal Corrosion”, the classification of the corrosion process, the stages of corrosion as energy
function of the flow path of the corrosion process, the main indicators of the corrosion process.
According to the forecasts of the International Monetary Fund and Focus Economics, the amount
of funds that will be spent on counteracting corrosion and its consequences in selected industrial-
ized countries has been estimated. The growth of funds invested in the counteracting the effects of
metal corrosion in the Russian Federation for 20162019 is presented in the form of
a diagram. The substantiation of the use of zirconium as a structural material for the shell of fuel
rods has been fulfilled. The values of the thermal neutron absorption cross sections for various
elements serving as structural elements for the core of a nuclear reactor are presented. Factors
influencing the choice of alloying elements and their percentage in various alloys (Zr-2, Zr-4,
ZIRLO™_ M5®), which are the special development that reduce the corrosion rate, are also con-
sidered. The composition and mechanical properties of E110 and E635 alloys, which were used as
materials for the fuel rods shell in the core of WWER-1200 reactors at the Belarusian NPP,
are considered as well. The behavior of zirconium alloys E110 and E635 in the core is analyzed.
The main factors that make a significant contribution to the corrosion process in actual operating
conditions of zirconium alloys as fuel rods shell have been identified. The existing methods
of preliminary special processing of fuel rods shells stored in the air for a long time before their
receipt for assembly are presented. The structure of the oxide on the shells of alloys E110
and E635 oxidized in an autoclave is demonstrated.

Keywords: corrosion process, fuel rod shell, zirconium alloying, corrosion of zirconium alloys,

penetrating corrosion, spot corrosion, pitting corrosion, fretting corrosion, “solar corona”
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BBeaenune

B coBpeMEHHOM MHpE B Pa3InYHBIX 00JACTAX MPOU3BOJCTBA BCE YAllle KC-
MOJIB3YIOT TMOJIMMEPHBIE MaTepHalibl B Ka4eCTBE KOHCTPYKIMOHHBIX (TUIACTH-
YEeCKHE MAacChl, PE3UHBI M JIp.), HO JOMHHHUPYIOIIYIO MO3UIHIO MO-TIPEKHEMY
3aHUMAIOT METAJUTBI M UX KOMIIO3UTHI [ 1].

CornacHo [2], u3 Bcero MHOT0o0o0pasust MetayioB [lepuonnueckoil cucTemsl
MemnieneeBa TONBKO MATH SBISIOTCS TEPMOJAUHAMUYECCKH YCTOWYMBBIMU: 30J10-
To (Au), cepedpo (Ag), mnatuna (Pt), upunuii (Ir) u mammaguii (Pd). Onu nipen-
CTaBJICHBI B MPHUPOJIC B HEOKUCIICHHOM COCTOSIHUH, @ BCE OCTAJbHBIC METAJLIbI
U WX CIUIABBI MPH B3aMMOJCHCTBUUH CO CPeAoil (KHIKOCTh, Ta3) MOJBEPraroT-
Csl paspylICHHI0, KOTOPOE BH3YAIBHO MPOSBISIETCS HA MOBEPXHOCTH METallia
B BHJIC PKABUMHBI M B JaJbHEHIIEM MPUBOJHUT K TPEKICBPEMCHHOMY BBIBOLY
000pYZI0BaHUS U3 IKCILTyaTaIlUH.
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Koppo3us meramia sBnseTcs 0AHON 13 BaXXHEUIINX POOJIEM MPOU3BO/ICTRA,
TaKk KaKk HAHOCHUT KOIIOCCAJbHBIA yIIepOd 3KOHOMHKE JHO0H MPOMBIIUICHHO
pa3BUTOM CTpaHbl. B COOTBETCTBHU C MOCIEIHUMH JaHHBIMH MeEXTyHapO HOU
accouuanuyu uHxeHepo-koppo3noHucToB (NACE), cpennue 3aTpaTsl Ha perie-
HUE TPOOJIEMBI KOPPO3UU €KETOAHO cocTaBistoT 4—6 % BBIIL. [1o mporuo3ueiM
IaHHBEIM MexayHapoaHoro BaoTHoro Gouma u Focus Economics [3], B 2019 .
Ha OOpBOYy C Koppo3ued W ee mocieAcTBUsMH OyneT 3arpaueHo: B CHIA —
npumepro 860,249 mupa nosn., Bo ®panmmu — 117,363 mupa non., B SAnoHun —
209,249 mnpn noi., a B Poccuiickoit @enepauuu — 70,171 mapa nom.

Ha puc. 1 npencraBnena quHaMHKa pocTa CPENCTB, BIOKEHHBIX B 60pr0y ¢ To-
CIIEIICTBUSIMU KOppo3un MeTaiuioB B Poccuiickoii @eneparmu 3a 20162019 rr.

80 -
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60 ®2017
40 - 2018
2019
20
0

MJIPA AOIL.

Puc. 1. Jlunamuka pocta CpeiCTB, BIOXKEHHBIX B 00pEOY
€ NOCJIEICTBUAMM KOppo3uM MeTaiioB B Poccuiickoit denepanuu

Fig. 1. Dynamics of growth of funds invested in the counteracting the effects
of corrosion of metals in the Russian Federation

OOmue moTepu OT KOPPO3WUU TMPHUHITO Pa3JCNATh Ha MpPSIMbIE U KOCBCH-
Hble. [IpsMble — moTepu MeTallia, CBI3aHHbBIE C €ro MPEBPAIICHUEM B P>KaBUMHY.
KocBeHHbBIE CBA3BIBAIOT ¢ OTKA30M B pa00OTe METaUIMYECKOro 00OpymIOBaHMS,
€ro MPOCTOeM, PEMOHTOM | T. H. IIpsMble moTepn cocTaBistoT ~1 %, KOCBEH-
HBIe — 25 % 0T Bcero o0beMa eXXeroJHO MTPOU3BOANMOTO MeTama [4].

ExxeromHo marepuanbHbIi yiepd oT KOPpPO3UK MeTaiia 000pyIOBaHHS BO3-
pacraet. YKe CeroJiHsi MHOTHE CTPaHbI CTOJIKHYJIUCH C MMPOOJIEMO# MPEBBIICHUS
TEMIIOB POCTA MOTEPh OT KOPPO3UH HAJ TEMIIAMH POCTa METAJUIO(OH A,

[IpobGyiema 3amUThl KOHCTPYKIIMOHHBIX MAaTEpPHUajOB OT KOPPO3WH SIBISCT-
csl akTyainbHOW M ans PecyOnuku bemapych B cBsi3u ¢ BBOJOM B JKCILTyaTa-
rto TrepBoro 3Heprodioka bemopycckoit ADC B 2020 1. [5]. CTOUT OTMETHTB,
YTO WHTEPEC K JaHHOMY BOMpPOCY OyAeT eXeroJHO BO3pacTaTh C YBEIHMUCHHEM
BpEMEHH HapaOOTKU M HEOOXOAMMOCTHhIO 00OCHOBaHUS MPOJICHUS pecypca pa-
0OTHI YK€ JCUCTBYIOIIUX SHEproOsokoB. OT pelleHHus AaHHON MPOoOJIeMbI B
3HAYUTEILHOU CTEIEeHU OYIET 3aBHCETh 0E€30MaCHOCTh M HAJCKHOCTh DKCILTya-
taumu benrADC.

OcHoOBHAfl YacTh

PazBuTHe smepHON PHEPTETHKH MOCTAaBUIIO 3a7ady pa3paOO0TKH CICIHANTb-
HBIX KOHCTPYKIIMOHHBIX MaTepuanoB. Crieruduka TpeOOBaHUH, IPEIbIBISICMBIX
K HHUM, 3aKJIOYAeTCS B TOM, YTO OHM JOJKHBI MOTJIOLIATh KaK MOKHO MEHBIIE



B. B. Kpasuenxo, C. /{. L{viecanxosa
92 BausiHre KOPpO3UH KOHCTPYKIIMOHHBIX MATEPUAIOB TBIJIOB HA PaJHAILIMOHHYIO. . .

HeWTpoHOB. B Tabn. 1 mpemcraBieHBl 3HAYEHUS CECUYCHHM IMOTIIONMICHUS TEILIO-
BBIX HeﬁTpOHOB IJId pa3/IMYHBIX 3JIEMCHTOB, CIIYy)XXalllUX B Ka4C€CTBE KOHCTPYK-
LIMOHHBIX JIs1 aKTUBHOW 30HBI SZEPHOTO PEaKTOpa.

Tabruya 1
CeueHus NMOTJIOIEHNS TENJIOBBIX HEIliTPOHOB
JJIS PEaKTOPHBIX KOHCTPYKLIMOHHBIX MATEPHAJIOB [6]

Thermal neutron absorption cross sections for reactor structural materials [6]

DneMeHT Ceuenue noriomenus, 6apu Temneparypa mnasienus, °C
Be 0,010 1280
Mg 0,063 651
Zr 0,180 1845
Al 0,230 660
Ni 1,100 2415
Fe 2,530 1539
Mo 2,500 2625
Cu 3,690 1083
Ni 4,600 1455
Tl 5,800 1725

W3 Tabn. 1 BugHO, uTO HanboOJIeE MOJHO 3TOMY TPEOOBAHHUIO OTBEYAIOT Clie-
IYIOIIUE AJIEMEHTHI: OepHIUIHiA, MarHWi, amoMUHUN W nupkoHumid. HambGonee
yAa4yHBIM COYETAaHWEM SICPHBIX U (DM3MUYECKUX CBOWCTB M3 ITHUX YETHIpEX Me-
TaJJIOB 00JIaaeT UPKOHUH, SIBIIIONIUICS CETOMHS OCHOBHBIM KOHCTPYKITHOH-
HBIM MaTEPUAIOM /15l 0O0JIOYKH TBIJIOB.

CrTpemiicHHE K TIOBBIIICHUI0 MEXaHHMYECKUX CBOMCTB IIMPKOHUS MPHBEIO K
HEOOXOIUMOCTH Pa3paboTKH ero KOMIOo3uToB. [Ipu 3TOM BBIOOpP JIETHPYIOIINX
3JIEMEHTOB M WX IMPOLIEHTHOE COJIEP)KAaHUE OIpenesieTcs psAaoM (HakTopos Ta-
KHX KakK:

1) He3aMeTHOE yBeNWYCHHWE 3HAYCHUS CEYCHHUs IIOTJIONMEHHS TETUIOBBIX
HEUTPOHOB;

2) OTCYyTCTBHE B CIUIaBE DJIIEMEHTOB, KOTOPBIE TOCTE OOJydeHHUs Aal0T JOJ-
TOXUBYIIUE TOYEPHUE HYKIUIBI;

3) crabunuzanusi KOPPO3UOHHOW CTOMKOCTH CIUIaBa U MOHWKEHUE CKIIOHHO-
CTH KOMIIO3UTA K TIOTJIOMIEHUIO BOJOPO/IA;

4) MOBBIIIICHHE MEXaHUYECKUX CBOWCTB KOMITO3UTA;

5) coxpaHeHHE TEXHOJIOTUISCKUX CBOMCTB YHCTOTO IIUPKOHHMS.

B kadecTBe nerupyromiero 3IeMeHTa Ui OOOJOYKH TBAJIOB JICTKOBOJHBIX
peakTopoB UCTONB3YI0T HHOOWH. C TOYKH 3peHUs] PKOHOMHUH TETIOBBIX HEUTpPO-
HOB, HUOOMH sBIseTCS HamOoJiee MEPCIEKTUBHBIM JICTHPYIOIIUM 3JIEMEHTOM,
KOTOPBIY TOBBIMIAET HE TOJIBKO MPOYHOCTHBIE XapaKTEPUCTHKH KOMIIO3UTOB, HO
1 UX KOPPO3HOHHYIO CTOWKOCTH B TEIJIOHOCHTENE. Y CTAHOBJIIEHO, YTO TPOIIEHT-
HOE COJICp)KaHUEe HUOOUsS, KOTOPOE HYXHO BBOJUTH B CILIAB JIJISl TTOBBIIICHHSI
KOPPO3UOHHOM CTOMKOCTH, 3aBUCUT OT TEMIIEpaTyphI [6].
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3a py0OekoM B KauecTBe JIETUPYIOIIETo JIEMEHTa Il 000JI0YKH TBIJIOB HC-
MTOJIB3YIOT 0JI0BO. CEeromHs 3TH CIUIaBBl M3BECTHHI KakK ITUpKaion: Zr-2, Zr-4.
CrieniaibHOM pa3pabOTKOH, CIOCOOCTBYIOIIEH CHHKEHUIO CKOPOCTH KOPPO3UH,
Takoke aBisaTces ZIRLO™ u M5®.

st benADC B KauecTBE KOHCTPYKITMOHHBIX MaTEPHAIIOB TBIJIOB HCITOJIH30-
BaHBI IUPKOHKEBEIE craBbl D110 (oToxokeH npu temnepatype 580 °C) u 3635.
B Tabxn. 2, 3 mpeacraBieH cOCTaB BBIICYKa3aHHBIX CIUTaBOB [7], a B Tabm. 4 —
WX MEXaHHYECKUE CBOMCTBA.

Tabnuya 2
Cocras cniiaBa 9635 (% ot Beca) [10]
The composition of the alloy E635 (% by weight) [10]
DaeMeHT Nb Sn Fe o Si Zr
min, % 0,90 1,10 0,30 0,05 0,0050 -
max, % 1,10 1,40 0,47 0,12 0,0200 OcransHOe
Tabnuya 3
Cocras cniaBa 3110 (% ot Beca) [10]
The composition of the alloy E110 (% by weight) [10
DnemMeHT Nb Zr
min, % 0,90 -
max, % 1,10 OcTtanpHOE
Tabruya 4

MexaHn4yeckue CBOHCTBA ciiiaBoB [10]

Mechanical properties of alloys [10]

CriaB [N Go2 3, %
2110 370 340 32
2635 650 580 21

Koppo3uoHHBIe porieccs B aKTUBHON 30HE SAEPHOTO PeakTopa HEM3OEKHBI
CO CTOPOHBI KaK TOIUIMBA, TaK U TEIUIOHOCHUTENs. KitoueBbIMHI BOIIpocaMu JaH-
HOTO TIpoIlecca SBISIOTCS CKOPOCTh €ro NMPOTEKaHWS U TIIyOMHA MOPaKEHHS.
[Ipu MOBBIIIEHHBIX TEMIIEPATypax B YCIOBUSX MHTEHCHBHOTO BHEUIHETO O0ITy-
YeHUs] JIIOO0O0H TEIUIOHOCHTENb BHE 3aBHCUMOCTH OT THIA SACPHOTO peakTopa
(Boma, ®UAKHUHA METayll U Ap.) IPH KOHTAKTe C TBAJIAMH, KaHAJaMH JUISI LIUPKY-
JSAIUHA TETUIOHOCUTENS, CHCTEMaMH TPyOOTPOBOJOB M KOPIyCaMHU PEaKTOPOB
SIBJISIETCSI B TOM WJIM MHOM CTETIEHU arpecCHUBHBIM. B peanbHBIX yCIOBHUSAX DKC-
TUTyaTaliy [IUPKOHUEBBIX CIUIABOB B KauyecTBE O0OJIOYECK TBAJIOB IMOSIBISIOTCS
JIOTIOJTHUTENbHBIE ()aKTOPBI, KOTOPbIE BHOCST CYIIECTBEHHBIH BKIIa/J B KOPPO3H-
oHHBIN Tpouecc. K HUM oTHOCATCS: criennUYecknii XUMHYECKHA COCTaB U ar-
peraTHoe COCTOSIHHME TEIUIOHOCHTENS B pPEaKTopax, TEIJIOBbIE HAarpy3KH TBAJIOB,
HEHUTpOHHOE 00JIyUYeHHe, OTIIOKEHUS MTPOJYKTOB KOPPO3HUH KOHTYpa Ha MOBEPX-
HOCTH 000JI0YKH, BHOpanusi TBIOB. Ha KOPpO3MIO LUPKOHUS TaKKe BIUSIOT
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KOMITOHEHTHI TEIUIOHOCUTEINS, BBOAWMBIE JJISI PETYTUPOBAHUS BOIHO-XMMHUE-
CKOTO PEeXHMa, U XMMHUYECKUE IEMEHTBI i COSIMHEHNUs, 00pa3yroIuecs B Tel-
JIOHOCHUTEIIE B Pe3yJIbTaTe NPOTEKAHHUS XHMUYECKUX MPOIIECCOB M PaIUOIIH3A.

Bonpmoe BiusiHIE HAa KOPPO3WIO IMPKOHNUEBHIX CINIABOB OKAa3bIBAET HATMIHE
ypaHa B TeruioHocutene. [Ipm 3ToM Hamboiee MOIBEP:KEHBI KOPPOSHOHHOMY
mpoleccy B NMPHUCYTCTBUH ypaHa TpaBlieHble MOBEPXHOCTH. BopHas kuciora,
KOTOpast TO3UPYETCs B TEIDIOHOCUTENH peakTopa BBOP-1200, He cHIIbHO BIHSIET
Ha KOPPO3WI0 LUPKOHMEBBIX CIIaBOB. Ha CKOpPOCTH KOPPO3HMOHHOTO MpoLec-
ca (B YaCTHOCTH, Ha aCHMMETPHYHBIA MPOQIIL OKCHUIAHON IJICHKH) 3aMeT-
HOE BIIMSHHE OKa3bIBaeT paclpefesieHHe HEHTPOHHOTO MOTOKa B aKTHBHOM
30HE peaKTopa, YTO CKa3bIBACTCS YyXKe MpPH IUIOTHOCTH HEHTPOHHOTO IOTOKA
oxoro 10" meitrp./(cM® - ¢) (E > 1 MaB). IIpucyTcTBHE KHCIOPOaA PH 06Iyde-
HUU BBI3bIBACT YCHJIEHHNE KOPPO3WUHU LIMPKOHUEBBIX CIIABOB, KOTOPOE CTAHOBUT-
CSl 3AMETHBIM IPH COJEPKAHUM KHCIOpoaa B Boje ~| MiH ' i dmoeHce HeifT-
poHOB 2- 10% HeﬁTp./CMz. JloGaBneHue BoAopoa K BOJE O] JaBJIICHUEM T10/IaB-
JsieT oO0pa3oBaHUE PAIHOIUTHYECKOTO KHCIOPOAa, B Pe3ylbTaTe Yero CKOpoCTh
KOPpPO3UH CILIABOB MPH OOJyYCHUHN HE YBEIWYMBACTCS WIH yBEINYHBACTCS He-
3HAYUTENHHO. Ba)kHBIM (haKTOpOM, OKA3BIBAIOMIMM OOJIBIIIOE BIHSHUE Ha KOPPO-
3UI0 ITUPKOHMEBBIX crutaBoB D110 m D635, smisercs Hammume (Ga3zoBoro mpe-
BpareHus B upkoHun (rmpu Temmeparype 862 °C). [TosToMy mis 3THX MUPKO-
HUEBBIX CIUIaBOB XapaKTEPHO BEChbMa CYMIECTBEHHOE BIMSHHUE CTPYKTYPHOTO
COCTOSTHHSI METajla Ha KOPPO3WOHHBIE M MEXaHHYECKHE CBOWCTBA W3ZCIIHM.
CTOUT OTMETHUTh, YTO HAa KOPPO3MOHHOE IOBEJICHHE HUPKOHHEBBHIX CILIABOB
TaKkKe BIMACT JUIMTEIHOE XpaHEHHe Ha BO3AyXe 000JI0YeK TBIJNOB (MK TOTO-
BBIX TB3JIOB) 0€3 MpenBapUTEIbHON crienuanbHoi 00paboTku. [loaromy o060-
JIOUKH TIepe]] MOCTYINICHHEM MX Ha COOpPKY TBAIJIOB MOABEPTalOT XUMHUYECKOMY
TPaBIIEHUIO B CMECH a30THOW W IUIABUKOBOW KHCJIOT W MPOMBIBKE, & TOTOBBIC
TBAJIBI — aBTOKJIABHPOBAHHWIO B JUCTWILIUPOBAHHOW BOJE MpPH TeMIIepary-
pe 300 °C B Teuenue 72 .

Hrorom B3amMoAecTBUS ITUPKOHHUEBOTO CIUIABA W TETNIOHOCHTENS (BOJBI)
IIPH BBICOKHUX TEMIIEpaTypax SBISETCS OKUCIEHHEe W HaBojgopokuBanue. [Ipo-
LecC OKHUCIICHUs] ITUPKOHUEBBIX CIUIABOB B BOJAE W Tape JOCTATOYHO CIIOXKEH.
Kunernka peakiuy OKHCIIEHHUS ONHCHIBaeTCS HAJTMYHWEM IBYX Nepuoios. llep-
BBII XapakTepu3yeTcsi 00pa3oBaHUEM IUIOTHO IPUJIETAONIeH 3aIllUTHOW HecTe-
XUOMETPUYECKON OKUCHOM IUIEHKH JIBYOKHCH LIUPKOHUS, OKPAlI€HHON B LIBETA
mo0exanocT, MePexXoIAIINMH B YEPHBIHA IIBET. B 3TOM cirydae mpomecc Koppo-
3WH HOCHT DIIEKTPOXUMHUYECKUH XapakTep. C pOCTOM TONIIUHBI TUIEHKH TTPOIECC
3aMeIISeTCS U CO BpeMeHeM crabmmm3upyercsa. O0pa3oBaHNe OKCUIHON TUICHKH
HE 3aBUCHUT OT TOJIOKEHUSA TerutoBbInesonux coopok (TBC) B akTuBHOII 30HE,
BBITOPaHUs WM To/a dKcIuTyaTanu [8]. OqHOBpEeMEHHO ¢ 00pa3oBaHUEM OKHC-
HOW TIICHKH MPOUCXOJUT €€ PACTBOPEHHE M HACHIIEHUE METallIa KUCIOPOAOM.
ATOMBI KHCIIOPOJ/Ia Pa3MEMAIOTCS B OKTadIpHUecKux mycrotax K, r = 0,66 A.
Ha xaxaprii aToM IUPKOHHUS B T€KCATOHAIBHOH TUIOTHOYIIAKOBAHHOW KpHUCTAII-
JIUYECKON peleTKe MPUXOAUTCA OJHAa OKTajJapuueckas mycroTa. Cremyromiue
MOPIMH KUCIIOPO/a Pa3MeIIaroTcs B TeTpadpiudeckux mycrorax 71 = 0,36 A [9].
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UYepes HEKOTOpOE BpeMsi HACTYIAeT BTOPOW MEPHOJ, XapaKTepU3yIOIIUics
PE3KUM TIOBBIIIEHHEM CKOpocTH Kopposud. [Ipm 3ToM 060109Ka MOKpHIBaeTCS
OeINbIM, CBETIIO-CEPBIM, PBIXJIBIM, JIETKO OCBIMAIOMIMMCS OKuciioM. Ha crmaBax
IUPKOHMSI 00pa3oBaHue Oenol OChIMAroleiics ABYOKHCH LMPKOHHs Halmona-
eTcs mpu gocTkeHnu mpuseca 30—50 mr/am” [10]. B coorserctBuu ¢ [11], ok-
CUHAsA IJICHKa TpuoOperaeT OeNblii IBET MOBEPXHOCTH HAYMHAS C TOJIIH-
HBI ~(7—8) MKM. CTOUT OTMETHUTH, UTO OeJast TUIeHKa 00pa3yeTcsl MOBEpX YEPHOU
Y TI0 TIPUYUHE TOTO, YTO OHA CJIa00 CBS3aHA C MOMJIOKKOH, IEPEXOANT B TETLIO-
HOCHTEJb.

Mertannorpadudeckue ucciae0BaHus MOKa3ali, YT0 MaKCHMalbHas TOJIIH-
Ha 00pa3oBaBIIErocs OKCHJA IO JUIMHE TB3JIa HE M3MEHAETCS, HO C YBEIHUCHH-
€M BBICOTHOW KOOPAHMHATHI HAPACTAET MPOIECC PACCIOCHUS OKCHIIHOW ITICHKH.
[Tpu 3TOM CTeTeHb OTCIOCHHS OKCHJIA C TOBEPXHOCTH Pa3HBIX TBAJIOB Pa3iMyHA.
OpnHOM U3 BO3MOXHBIX MPUYNH PA3HOTO OTCIIOCHHUS OKCHIAa MOXKET OBITH OTIIH-
Yrie B BUOpAIMH TB3JIOB B IIOTOKE TETJIOHOCHUTEISI BCICJCTBHE PA3THIHOM JKECT-
KOCTH X 3aKPEIUICHUS B STUCHKaX AUCTAHIIMOHUPYIOIINX PEIIETOK.

YcTaHOBUBIIHIACA MPOLIECC KOPPO3WH HA TIEPBOM M BTOPOM dTamax OIHCHI-
BaeTCA CIACAYIOIUM ypaBHeHHEM [12]:

Am = k", (1)
B JIOTapUPMUICCKAX KoopArHATaxX [12]
lgAm = knlgt, (2)

rae Am — IpuBeC 3a c4eT 00pa30BaHMsl OKMCHOM MJICHKH 3a BpeMsl ¢ CO CKOPO-
CTBIO OKHCIICHHUS 71.

3navyenue koddduimenta k£ COOTBETCTBYET TONIIMHE OKCHUIHOW IJICHKH.
Jns cimaBa Zr ¢ 1 % Nb npu ucneitanun B Boge TemiepaTtypoit 350 °C koa¢-
¢unment k£ cocrapnser 0,2. CTOUT OTMETHTH, YTO C TIOBBIIICHUEM TEMIIEPATY-
pHI 3HaUCHHE kK TONBKO yBenuumBaeTcs. [lociie oOpa3oBaHUsI MUHHUMAJIBHO He-
00X0AMMOM TOJILIMHBI IUIEHKH MIPOLECC CTA0MIN3UPYETCSL.

g numpkonueBbix crtaBoB 9110 u D635 xapakTtepHa Kak MeCTHas, Tak U
obmmast (paBHOMEpHas) KOPPO3Us, BIUSHUE KOTOPOU 10 CPAaBHEHHIO C JIOKATHLHOM
He3HauuTeIbHO. bonee BBICOKMH ypOBEHb paBHOMEPHONH KOPPO3UH XapaKTepeH
IUTst 000JI04eK U3 ciiaBa D635 Mo NpUYMHE MHOTOKOMITOHEHTHOCTH COCTaBa.

ITupxoHueBble 000JIOUKN TBAJIOB IOABEP)KEHBI CIEAYIOUIMM BUAaM MECTHOM
KOPPO3UHU: CKBO3HAsl KOPPO3Msl, KOPPO3usl MATHAMM, IMUTTHHIOBAs KOPPO3Us,
¢perTHHT-KOppO3Usl. LlupKOHUEBBIE CIUIaBbl HE CKIOHHBI K LIETIEBOH MEKKPH-
CTAJUINTHOHM KOPPO3UHU U KOPPO3UH 0] HALIPSIKEHUEM.

OO6pa3oBaHue PBHIXJIOW OKHUCHOM IICHKH Ha BTOPOM 3Tale OKUCJIEHHs 000-
JIOYKH TPUBOJHT K OBICTPOI CKBO3HOM KOPPO3UH W, KaK CIEACTBHE, K pa3pylie-
HHUIO O0OJIOYKM TBIA M 3arpsiI3HEHUIO TEIUIOHOCUTENS PEaKkTopa MPOLyKTaMH
OKHCIIEHUS C MOCIEAYIONIEH UX aKTUBaLUEH.

Hapsiny ¢ BOo3HMKHOBEHHEM CKBO3HOW KOPpPO3MH Ha 00OJIOYKE TBIJIOB BO3-
HHUKAaeT TalkKe KOPPO3Usl MATHAMH, YTO CBSA3aHO C MECTHBIMM HAIPSKEHUSIMU
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TIPU MEXaHUIECKOM B3anMMOIeHCTBAN ¢ TOTUTHBOM. J{mamerp msateH 0,2—0,5 MKM,
tonmmuHa 10-100 MM u Gonee. Koppo3ust msiTHAMH TPUBOANUT K HAPYIICHHIO
LENOCTHOCTH OKUCHOH TIICHKH, OCIAONEeHHIO €€ 3alllUTHBIX CBOMCTB, Pa3IHMYHOTO
polla TEXHOJIOTHYECKUM nedeKTaM, MPEBBIIIEHHIO JOIMyCTUMOTO TEIJIOBOTO II0-
TOKa Yepe3 MOBEPXHOCTh 0OOJIOUKH.

B pesynbrare 00beMHOTO YBEIMYEHHUS OKCHIA IUPKOHUS, PAIHoIN3a TEIIOHO-
CHUTEIIS U PaJIallIOHHOTO MMOBPEKACHHUS MaTeprana 000J0YKH BO3HUKACT MTUTTHH-
roBas (ToueuHas) kopposus. LleHTpamu 0Opa3oBaHUsI MUTTUHIOB CIIYXKAT TPHUCYT-
CTBYIOIIIME B METAJUIe MHTEPMETAILTABL. To4YedHas KOppo3usl YCHUIIMBAETCS B Me-
CTaX KOHTAKTa TBAJIOB C AUCTAHIIMOHUPYIOIIMMH PEIIETKAMH.

[Ipu sKcIuUTyaTanny TOTTUBHBIX COOPOK MOTYT IMPOMCXOANTH HEKOTOPHIE Jie-
(hopMaIMOHHBIE TPOIIECCHl B MECTaX KPEIJICHHs, TP/ BCEr0 B TUCTAHIINO-
HUPYIOIUX pemerkax. [loa Bo3neiicTBUEM TIOTOKA TEIUIOHOCHUTEISI TIPOUCXOTUT
BUOpanus TBIJIOB, B Pe3yJbTaTe Yero peaausyercs QpeTTuHr-koppo3us. Yacro-
Ta KOJIeOaHWH TOJDKHA OBITh TAKOW, YTOOBI 32 TIEPUO]T BUOPALIMU OKUCHAS TIJICH-
Ka HE MOrja JOCTHYh CKOJHKO-HUOYIh 3aMETHOM TOJIIMHBL: Pa3pyIIUTh a-
COpPOIIMOHHBIN CIIOM WM MOHOCJIOH OKHCIIa Jerde, 4eM (ha30BYH0 OKHCHYIO
IIEHKy. 3a TaKylo TONIMHY npuEEMAaioT 1077 cM (TOMIMHY JIBYX MOHOCIOEB
okucia). B coorBercTBUU ¢ [12] Hambosee OomacHBIME, C TOYKH 3PEHUS KOPPO-
3UH, TIPH TPEHUH ABITIOTCS yacToThl 10 I'r 1 Goree.

OnbIT 3KCIUTyaTallMd BOJO-BOJSHBIX SHEPTETHUECKHX PEaKTOPOB IOKa3all,
YTO BOJIOPOJ, KOTOPHIH HAaKaIJIMBAaETCS B IIMPKOHUEBBIX DJIEMEHTaX KOHCTPYK-
LMW TP KCILTyaTaluu YHEPro0JioKa, MO JTOCTHKCHHH NPEACTbHON (KpUTHUe-
CKOW) KOHIIEHTPALMH SIBIAETCSI OJHHUM W3 OCHOBHBIX KPHUTEPHEB MPENEIHLHOTO
COCTOSIHHS TB3JIOB peakTopa. OmacHOCTh yCyTryOIseTcss U TeM, YTO MIPUCYTCTBHE
BOZIOPOJIa MOXKET MaryOHO OTPa3UTHCS HAa COCTOSHUM ITUPKOHUEBHIX KOMILIEK-
tyfomux TBC mnpu [MTeThHOM XpaHEHHWH OTPaOOTaHHOTO SIEPHOTO TOILIH-
Ba (OST) u oOpamieHnn ¢ HAM.

CreneHb HETaTUBHOTO BIMSHUS BOJIOPOJa Ha CBOMCTBA IMPKOHHUEBBIX CILIA-
BOB OIpeJeNIsieTCS €ro KOJIWYECTBOM M paclpeieiieHneM, PaBHOMEPHOCTHIO
Y OpUCHTAIMEN BBIJCIUBITNXCS TUPUIOB, COCTOSIHHEM OKCHIHOM ITJICHKH.

K OCHOBHBIM JierpagupyIONNM SBICHUSM C Y4aCTHEM BOAOPOAA OTHOCSTCS:
BOZIOPOJHOE OXpYMYMBaHKE (PE3KOe YMEHbBIIEHHE TUTACTUIHOCTH TIPU THAPUPO-
BaHWH), 00pa3oBaHUE KPYIHBIX MAaCCHUBHBIX THIPHIOB (Ie(eKT THIa «COITHEY-
Hasg KOpPOHA»), THAPUIHOE pacTpecKWBaHHE (OOYCIOBIICHO OJHOBPEMEHHBIM
BO3JICHCTBHEM HAIPSDKEHUS U BOJOPOa Ha 000J109Ky TBAIa — “Split effect”).

CTOUT OTMETHUTH, YTO TOYHBIH MEXaHU3M BOJOPOIHOTO OXPYITUUBAHUS CEro-
nHs Hem3BecTeH. OHUM U3 OOBSICHEHHH CIYXKHT PeKOMOWHAIUs aTOMapHOTO
BOZIOPOJIa B MOJICKYJISIPHBIN Ha JUCIOKAIMSIX U HAHONIOPaX C COMPOBOXKIAIOIITIM
3TOT MPOILECC PE3KUM BO3pACTaHUEM JAaBICHHS M MOCIEAYIOUINM 3apOKACHUEM
TpeuuH B Metaie. Tak Ha TB3ne Ne 79 (TBCAPLUS Ne XK/102585), uzsneuen-
HOM H3 peaktopa BBOP-1000, Habmogancs pa3pblB Ha y4acTKe, PacIOIOKEH-
HOM B mpoiiere Mexay JIP12 u JIP13. Obomouka Ha y9acTke, HMpHUIIETAOIIEM
K MECTY pa3pyIIeHus, Obljla CHIIbHO HAaBOJIOPOKEHA M OXPYITUCHA.
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BbIBO/IbI

1. Koppo3noHHbIe Tporiecchl B aKTUBHOHW 30HE SIIEPHOTO peakTopa Hew3-
OEXHBI CO CTOPOHBI KaK TOIIINBA, TaK ¥ TETDIOHOCHTEISL.

2. JlernpoBaHue MUPKOHUS C IENBIO MOBBIIICHUS €M0 MEXAHUYECKUX CBOWCTB
MPOU3BOANTCS C y4eToM psifa (haKTOpOB, TAKUX KaK: HE3aMETHOE YBEIMUYCHHE
3HAYeHHS CEYEHUS TOTIIOMIEHHS TETUIOBBIX HEHTPOHOB; OTCYTCTBHE B KOMITO3H-
T€ 3JIEMEHTOB, KOTOPBIE TIOCJIE O0JTyUeHHS JAI0T JOJITOXKHUBYIINE JOUYESPHUE HYK-
JUJIBI; CTA0WIIM3alKs KOPPO3UOHHOM CTOMKOCTH CIUTaBa U MOHMWKEHUE CKIIOHHO-
CTH KOMIIO3HTA K TOTJIONIEHHIO BOAOPO/a; MOBHIIICHNE MEXaHHUECKUX CBOWMCTB
CIUTaBa; COXPAHECHUE TEXHOIOTMYECKUX CBOMCTB YUCTOTO IIUPKOHUSL.

3. C ToYKH 3peHHs 3KOHOMHH TEIJIOBBIX HEUTPOHOB, HAN0O0JIeE MEPCICKTUBHBIM
JIETHPYIOIINM 3JIEMEHTOM SIBIISICTCS HUOOWH, KOTOPBIH TIOBBIIIAET HE TOJIBKO MPOY-
HOCTHBIE XapaKTePHUCTUKN KOMITO3UTOB, HO ¥ MX KOPPO3HOHHYIO CTOHKOCTB.

4. Itorom B3avMOJCUCTBUS LIMPKOHUEBOTO CIUIABA M TEIJIOHOCUTENS (BOJA)
MIPH BBICOKHUX TEMITEPATypaXx SBISETCS OKUCICHUE U HABOJOPOKUBAHHE.

5. Jlns muprormeBsIx cruiaBoB D110 n D635 xapakTepHa Kak MECTHAs, TaK U
obmas (paBHOMepHas) Kopposus. Ilpu 3TOM BIUsSHUE MOCHEIHEW MEHEe 3Ha-
YUTEIHHO.

6. Bonee BpICOKHIT ypOBEHb pABHOMEPHOU KOPPO3UHU XapakTepeH A 000I10-
4yeK U3 criaBa 3635.

7. JIns TUPKOHUEBBIX O0OOJIOUEK TB3JOB XapaKTEPHBI CIEIYIOIINE BUIBI
MECTHOH KOPPO3UH: CKBO3HAS KOPPO3US, KOPPO3US MATHAMHU, TUTTUHTOBAasI KOP-
po3ust, GPETTHHT-KOPPO3HSL.

8. lns obecriedeHus: paguialliOHHON 0e30MaCHOCTH YHEPTrOOJIOKOB U CHIDKE-
HUSl HETATUBHBIX IOCIEACTBHI Pa3repMETHU3alUN TBIJIOB HEOOXOIUMO MPOBO-
JTIUTH KOHTPOJIb TEPMETHYIHOCTH 000JIOUEK TBAJIOB BO BpEMs paObOTHI PeaKkTopa.

9. Ha ceropssiiHuii 1eHb pa3paboTaHo OOJBIIOE KOJIWYECTBO CIUIABOB LIS
o06oouek TBII0B: D110, 3635, Zr-2, Zr-4, ZIRLO™, M5®. OnHako KaXIbli U3
HUX B TOW WM MHOH Mepe MOABEPKEH KOPPO3HH, UTO TPeOyeT NaIbHEHIINX UC-
CJIEIOBAaHUN B 3TOM HAIIPABJIICHWU U pa3pabOTKH HOBBIX aTbTEPHATHBHBIX CIIIa-
BOB C IIETIbI0 CHHJKEHHSI CKOPOCTH KOPPO3WHU M, KaK CIEJICTBHE, 0OecreueHHs
HAJIe)KHOCTU M 0€30MaCHOCTH AKCIUTyaTallMd 10 BBHICOKUX BBITOPAHHUU TOILIVBA,
YBEMYEHHS UX KOMITAHUH B PEaKTOpe.
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