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Aunnomayusa. B Oannoii cmamve onucanvl pe3yibmamvl MOHUMOPUHEA PAOUAYUOHHOU O0OCMAHOBKU
Ha cpeoHell Kpy2o8oii opbume, NOIyUeHHbIe NO OAHHbIM IKCHEPUMEHMATLHO20 KOMNIEKCA KOHMPOS 003bl
(KK xocmuueckozo annapama (KA) paspabomxu AO «PELLIETHEBy ¢ kpyeosoii op6umoii 6v1comoii
H = 8070 kxm. B cmamve npogooumcs cpasrenue 3KCnepumMeHmanbro noayuennvix oanuvix IKKJ/[ ¢ pac-
YeMHBIMU OAHHBIMU, NOJYUEHHBIMU 68 X00e JIeMHOU IKCHLYamayuu 3a 08a 2004 UCCIe008aHUs, d MAKICe
paccmampugaemcst IUAHUE IKCMPEMATbHO20 2eOMASHUMHO20 803MyueHuss ¢ mae 2024 2. Ha ckopocmu
Habopa noznowjentol 003vi. Credyem ommemums, 4mo OAHHAA OpOUMA 01 POCCUUCKUX pa3padOmMuUKos
KA sensaemces manousyyennoll ¢ mouxu 3peHus 6030eticmaust (pakmopos KOCMUHecKko2o npoCmpaHcmed.

Memoo nposedenuss sIxcnepumMenma 3axKn04aemcs 8 CO30aHUU PA3TUYHBIX YCII08ULL MACCOBOU 3AWUNbL
018l Kax#c0020 u3 oesamu oamyuxos. Maccoeas 3awuma eapvupyemcs 01a200aps YCMAaHo8Kke CMAIbHOU
pewemKy ¢ pasiuyHbIMU MOIWUHAMy adeex. Takxum oopasom, Kaxcovlll 4yeCmeumenbHbulll d1eMeHm Haxo-
OUMCA 8 YHUKAILHBIX YCAOBUAX 00TYUeHUS — MACCO8AA 3aWuma ocaabusem nomox UOHUSYIOWUX USTYYeHUl
U U3MeHsem uUx cnekmp (no-pasHomy 0Jisl Kaxcoo2o uda UsiyieHus).

Ipu oceoeruu Hogoco muna opoumwl 01 sxcnayamayuu KA, akmyanvrotl aengemces 3a0aua obecneye-
Hus cmotkocmu bopmosoti annapamypsl u KA 6 yearom x 6030eticmsuio (paxmopos uoHU3UPYOwe20 u3y-
YEHUSL KOCMUYECKO20 NPOCMPAHCIEA, XAPAKMEPHLIX HA OAHHOU opbume. [ 3mo2o Heobxo0umo 3Kche-
PUMEHMATbHOE NOOMEEPIICOeHUEe UTU YIMOUHEHUEe HA OA3¢e NOTYUEHHBIX HAMYPHBIX OAHHbIX PACYEMHOU pa-
OUAYUOHHOU MOOEU 8030€UCBUSL.

OcHogHotl 3a0auetl, KOMOPAsi peuwaemcs 8 Cmamowe, A8IAEmcs NpogedeHe MOHUMOPUHeA YPOSHell UH-
Me2panbHOll HAKONJIeHHOU 003bl 3a PA3IUYHBIMU 3AUWUMAMU NPU 8030€UCMEUU UOHUSUPYIOWE20 UTYUeHUS
Kocmuuecko2o npocmpancmea Ha opoume 8070 km u cpasHeHue pe3ynvmamos IKCNepUMEeHMAanlbHbIX OaH-
HBIX ¢ pacuémuvimu oyenkamu, npogedentvimu no OCTI134-1044-2007.

B cmamve ompadicenvl pesynivmamsl npo8eOeHHbIX 6Nepevle 8 OMeueCnm8eHHOU NpaKkmuke 001208pe-
MEHHBIX UBMEPEHUL NO2TOWEHHOU 003bl UOHU3UPYIOWe20 usnyueHus o1 KA ¢ makoii opoumoil. B pe3yno-
mame usmepenuti OblI0 YCMAHOBIEHO, YMO HOCe IKCMPEMAbHOU MASHUMHOL OYpU NPOUCXOOUm 3HAYU-
MmenrbHoe YeenudeHue CcKopocmu Habopa 003vl. Dmo npueeno K mMomy, UYmo 3apecucmpuposaHHas
3a 722 OHA 003a npesvliiaem pacuemuoe 3HaueHue.

Kniouesvle crosa: xocmuueckuil annapam, paouayuonmvie dQ@exmvi, MOHUMOPUHS PAOUAYUOHHOU
00CMano6KU, UOHUUPYIOWee USYHUEeHUE KOCMUYeCKO20 NPOCMPAHCIEA, MASHUMHAS OYPsl, ROJYNPOBOOHU-
KOBbIU 4y8CMBUMENbHBIU dTIeMEHM.
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Abstract. This article describes the results of monitoring the radiation situation in a medium circular
orbit, obtained from the data of the experimental dose control complex (EDCC) of the spacecraft, devel-
oped by JSC “Reshetnev”, with a circular orbit at an altitude of H=8070 km. The article compares the ex-
perimentally obtained EDCC data with the calculated data, obtained during flight operation over two years
of research. It should be noted that this orbit is poorly studied by Russian spacecraft developers in terms of
the impact of space factors. Also considers the effect of the extreme geomagnetic disturbance in May 2024
on the rate of accumulation of the absorbed dose.

The method of conducting the experiment consists of creating different conditions of mass protection for
each of the nine sensors. The mass protection is varied by installing a steel grid with different cell thick-
nesses. Thus, each sensitive element is in unique irradiation conditions — mass protection weakens the flux
of ionizing radiation and changes its spectrum (differently for each type of radiation).

When developing a new type of orbit for spacecraft operation, the task of ensuring the resistance of on-
board equipment and the spacecraft as a whole to the effects of ionizing radiation factors of outer space,
typical for this orbit, is relevant. For this, experimental confirmation or refinement of the calculated radia-
tion model of impact based on the obtained in-kind data is necessary.

The main task solved in the article is to monitor the levels of the integral accumulated dose behind vari-
ous protections when exposed to ionizing radiation of outer space at an orbit of 8070 km and to compare
the results of experimental data with the calculated estimates carried out according to OST134-1044-2007.

The article reflects the results of long-term measurements of the absorbed dose of ionizing radiation for
a spacecraft with such an orbit. As a result of the measurements, it was established that after an extreme
magnetic storm, there is a significant increase in the rate of dose accumulation. This led to the dose re-
corded for 722 days exceeding the calculated value

Keywords: spacecraft, radiation effects, radiation monitoring, ionizing radiation of outer space, mag-
netic storm, semi-conductor-sensing element.

Introduction

The Experimental Dose Control Complex (EDCC) is designed to monitor the effects of radiation
exposure on a spacecraft (SC) [1, 2]. The EDCC enables measurements of the absorbed dose levels of
ionizing radiation present in outer space.

The EDCC is implemented as a monoblock unit that includes a matrix of modules for recording the
integral accumulated dose (MIRAD matrix). Ionizing radiation is detected using identical sensitive
elements within the MIRAD, arranged in a 3x3 grid. Under radiation exposure, the sensitive element
experiences degradation of channel conductivity in the embedded field-effect transistor. By measuring
the voltage drop across the sensitive element when a constant current is passed through it, the magni-
tude of the accumulated radiation dose can be determined.

The experimental concept is based on creating different conditions of mass shielding for each of
the nine MIRAD elements. This is achieved through the use of a steel grid with cells of varying thick-
nesses. As a result, each sensitive element is exposed to unique irradiation conditions — mass shielding
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attenuates the flux of ionizing radiation and alters its energy spectrum (differently for each type of ra-
diation).

This paper presents the results of dose load measurements from ionizing radiation behind various
mass shielding configurations in orbit at an altitude of H = 8070 km during the period from October
23, 2022, to October 14, 2024 (722 days). This time frame corresponds to the first half of Solar Cycle
25 [3], which is characterized by increased heliophysical and geomagnetic activity. Notably, in May
2024, the strongest geomagnetic storm in the past 20 years was recorded [4]. The paper examines the
effect of this storm on the radiation environment in the spacecraft's orbit. The analysis utilized geo-
magnetic indices Dst and Kp, along with data from satellites in circular orbits at H = 20,000 km and H
= 36,000 km.

Results of measurement

Fig. 1 presents the EDCC data collected over 722 days and their comparison with theoretical esti-
mates (the calculation methodology for the theoretical values is described in [5]). The 0.3 mm sensor
was excluded due to reaching the upper limit of the measurable dose; the 1 mm sensor was also ex-
cluded. The reading from the 7.5 mm sensor is 1.38 times lower than the theoretical value. For the re-
maining sensors, the measured absorbed dose exceeds the theoretical estimate by approximately 1.5
times.
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Fig. 1. EDCC data collected over 722 days
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Fig. 2 shows dose accumulation curves over time for different shielding configurations of the
EDCC. The graphs indicate a sharp increase in dose accumulation rate following the extreme geomag-
netic storm on May 10, with elevated levels sustained between May 12, 2024, and June 30, 2024. This
anomalously rapid dose accumulation during the specified period is the primary reason for the ob-
served exceedance of theoretical values.

To investigate the mechanisms by which geomagnetic disturbances influence the radiation envi-

ronment, we analyzed particle flux data of ionizing radiation from spacecraft in circular orbits at vari-
ous altitudes.
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Fig. 3 presents the proton flux levels of solar cosmic rays (SCR) based on data from the GOES
spacecraft [6] (geostationary orbit), the values of the Dst geomagnetic activity index, and the flux lev-
els of high-energy (E > 2 MeV) electrons at geostationary orbit and at an altitude of 20,000 km.
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Fig. 3. Levels of proton fluxes of the SCR according to the GOES spacecraft data,

Dst index of geomagnetic activity, levels of high-energy electron fluxes
in the geostationary orbit and the 20000 km orbit
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As shown in Fig. 3, on May 11, 2024, a significant increase in solar cosmic ray (SCR) proton flux
was recorded (45 times above the background level for protons with E > 100 MeV), followed by an
intense geomagnetic storm (Dst reached —412 nT). As a consequence of this geomagnetic storm, the
flux of high-energy electrons in the Earth's outer radiation belt (ORB) increased. However, it can be
seen that the electron flux at geostationary orbit decreases rapidly, whereas at an altitude of 20,000
km, it remains above 1500 cm™2-s7!-sr! up to May 30, 2024. This behavior may be explained by a shift
of the ORB region with the highest electron concentration (the ORB maximum) closer to Earth. A
similar scenario is described in [7-10]. In such a case, the geostationary orbit would no longer inter-
sect the ORB. With a sufficiently strong inward shift, even the 8070 km orbit could enter the ORB,
which may account for the anomalously high dose rate observed at that altitude.

Dynamics of radiation belts
According to the empirical relationship linking the position of the outer radiation belt maximum in
L-coordinates (Mcllwain L-parameter) with the Dst index of geomagnetic disturbance [7],

IDStmax| = 2,75 * 10%/L7 s (1)

For example, at Dst = —412, the maximum of the outer radiation belt is expected to shift downward
to Luax = 2.85, whereas under quiet geomagnetic conditions, its typical position is L., = 4. The orbit
at 8070 km near the equator corresponds to L = 2.25, which lies below the estimated position of the
outer radiation belt maximum following the storm. The dynamics of the radiation belts during geo-
magnetic storms of similar intensity are described in [11], where the formation of a new outer belt
peak in the L range of 2.3 to 3 is noted. For instance, during the geomagnetic storm of March 24, 1991
(Dst =-300 nT), a peak in the electron belt was observed at L = 2.3 for E > 8 MeV, and at L = 3.1 for
E=2MeV [12].

Additionally, during intense geomagnetic storms, proton injection into the inner radiation belt may
occur, resulting in the formation of an additional proton maximum in the region 2 <L < 2.5 with ener-
gies ranging from 20 to 70 MeV [13, 14]. According to data from the CRRES spacecraft [15], follow-
ing the March 1991 storm, a new proton belt was formed at L = 2.8 with energies in the tens of MeV,
comparable in intensity to the stable inner radiation belt, whose maximum typically lies at L = 1.5.
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Fig. 4. Dose accumulation depending on time for different orbits
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Since the EDCC lacks instrumentation for measuring fluxes of ionizing radiation particles, in order
to determine the dynamics of the radiation belt position shift, it is appropriate to compare the dose ac-
cumulation rates on spacecraft in orbits at 20.000 km and 8.070 km during the period from December
20, 2023, to August 26, 2024 (Fig. 4). For this comparison, the graphs were normalized so that the
magnitude of the variation between May 12, 2024, and July 13, 2024, coincided.

As evident from the graphs, at 20.000 km the dose accumulation rate sharply increases immediately
after the storm, whereas at 8.070 km the increase in rate begins approximately 11 days later. This be-
havior can be explained by a gradual displacement of the radiation belt followed by stabilization of the
Earth's magnetic field intensity and restoration of the radiation belt position to its pre-storm level.

Conclusion

The radiation environment in a medium circular orbit at an altitude of 8.070 km remains poorly
studied, making its investigation of considerable interest to developers of space technology operating
in this orbit. This paper presents the results of the first long-term measurements of the absorbed dose
of ionizing radiation for spacecraft in such an orbit conducted within domestic practice.

The measurements revealed that following an extreme geomagnetic storm, there is a significant in-
crease in the dose accumulation rate. As a result, the dose recorded over 722 days exceeds the calcu-
lated value with an error margin of no more than 10 %: for 2 mm and 3 mm shielding, the excess is by
factors of 1.18 and 1.24, respectively; for 2.5 mm and 4.8 mm shielding, approximately 1.54 times; for
4 mm shielding, 1.62 times; and for 6.3 mm shielding, 1.75 times. According to the authors, these ef-
fects may be attributed to changes in the intensity of the Earth’s magnetic field accompanied by a sub-
sequent displacement of the radiation belt boundaries.

Bbubauorpaduyeckue cChLIKU

1. banamos C. B., MBanoB B. B., MakcumoB 1. A. MOHUTOPUHT yCIIOBUM IKCIUTyaTallud KOCMH-
YECKHUX alllapaToB MOCPEICTBOM OOPTOBOI ammaparypbl KOHTPOJIS HeraTUBHBIX (pakTopoB // Bonpocs!
aToMHOUN Hayku U TexHHKH. Cep.: Pu3nKka paJualiOHHOTO BO3JICHCTBHS HA PAJIMOAIEKTPOHHYIO arl-
nmapatypy. 2003. C. 41-42.

2. TecroenoB H. A., Kouypa C. I'., MakcumoB M. A. Cuctema MOHUTOPHHTA YPOBHEH BO3IICHCT-
BUSI KOCMUYECKOM cpeJibl Ha KoCMUYecKue ammapatsl pa3pabotku AO «HpopManoHHbIe CITyTHUKO-
BBIE cucTeMBD» // Bectank Cuol’AY. 2015. T. 16, Ne 4. C. 849-856.

3. SpaceWeatherLive [Onextponnsiit pecypc]. URL: www.spaceweatherlive.com/ru/solnechnaya-
aktivnost/solnechnyy-cikl.html (gara oOpamenus: 18.02.2025).

4. MarautHas Oyps 10-12 Mas 2024 roma, UKMP JIBO PAH [Onextponnsiii pecypc]. URL:
www.ikir.ru/ru/News/news 0353.html (xara obpamienns: 18.02.2025).

5. OCT 123-1044 — u3menenue 1. Annaparypa, IpuOOpbI, yCTPOHCTBA U 000pyIOBaHHE KOCMHYE-
CKHUX amnmapaToB. MeTo/sl pacuéra paJualiioHHBIX YCIOBHH Ha OOPTY KOCMUYECKUX aIllapaToB U yc-
TaHOBJICHUSI TPEOOBaHHN MO CTOWKOCTH PaJUOAICKTPOHHOW ammapaTypbl KOCMHYECKHX aIapaToB
K BO3JICHCTBHIO 3apsHKCHHBIX YaCTUI] KOCMHYECKOTO MPOCTPAHCTBA €CTECTBEHHOTO MPOUCXOXKIICHHS.
2017.

6. llearp anamm3a kocmuueckor moromasl HUMAD MIY [Dnextponnsiii pecypc]. URL:
https://swx.sinp.msu.ru (nara oopamenus: 18.02.2025).

7. Teepckas JI. B. O rpanuiie MHXEKIIUU 3JIEKTPOHOB B MarHutocdepy 3emin // ['eoMarHeTusm u
asponomus. 1986. T. 26, Ne 5. C. 864-865.

8. Bo3pacranue CONHEUHBIX IPOTOHOB U JMHAMHKA BHEITHETO PAJUAIIMOHHOTO TI0sICa DIICKTPOHOB
BO BpPEMsI COJIHEUHBIX IKCTPEMaIbHBIX COObITUH B nekadbpe 2006 r. / JI. B. Teepckas, C. B. banaios,
H. H. Benenbkun u np. // I'eomarnetusm u asponomust. 2008. T. 48, Ne 6. C. 751-758.

9. KoHTpone paauanMoHHOW OOCTAaHOBKM Ha BBICOKOAMOTCHHBIX KOCMHYECKHX armaparax /
H. A. Bnacosa, U. B. I'enenes, T. A. MBanosa u np. / KocmonaBtuka u pakeroctpoenue. 2003.
Bem. 1(30). 6 c.

297



Siberian Aerospace Journal. Vol. 26, No. 2

10. MOHHUTOPUHT paJHalMOHHOW OOCTAHOBKHM Ha IeOCTAIl[MOHAPHON OpOMTEe B MakcUMyMme 23-ro
nukia conHeynoit aktusHoctu / T. A. Msanosa, H. H. ITasnos, U. A. Pyounmreitn u ap. / ®usude-
CKue Tpo0IeMbl 3KojI0orun (3Komoruueckas Gusuka). 2001. Ne 6. C. 12-20.

11. Moaens KocMoca : Hayd.-uHpopM. u3a-¢ ; B 2 T. / moxa pea. M. U. ITanacioka, JI. C. HoBukoga.
T. 1: ®usmudgeckue yciaoBus B KocMuIeckoM npoctpanctse. M. : KIIY, 2007. C. 526-547.

12. Multisatellite characterization of the large energetic electron fluxes increase at L=4-7, in the
five-day period following the March 24, 1991 solar energetic particle event / J. C. Ingraham,
T. E. Cayton, R. D. Belian et al. / Workshop on the Earth’s Trapped Particle Environment. AIP Conf.
Proc. 1996. P. 103—108.

13. TBepckas JI. B. /lunamuka panguaiimoHHbx mosicoB 3emun // BMY. Cep. 3: ®usuka. AcTpoHo-
mus. 2010. Ne 4. C. 12-17.

14. Observation and simulation of the rapid formation of a new electron radiation belt during
March 24, 1991 SSC / X. Li, M. K. Hudson, J. B. Blake et al. // Workshop on the Earth’s Trapped
Particle Environment. AIP Conf. Proc. 1996. P. 109-118,

15. Identification of an unexpected space radiation hazard / J. B. Blake, M. S. Gussenhoven,
E. G. Mullen, R. W. Fillius // IEEE Trans. Nucl. Sci. 1992. Vol. 39. P. 1761-1765.

References

1. Balashov S. V., Ivanov V. V., Maksimov I. A. [Monitoring the operating conditions of space-
craft using onboard equipment for monitoring negative factors]. Voprosi atomnoi nauki i tehniki. Se-
riya: fizika radiatsionnogo vozdeistviya na radioelektronnuyu apparaturu. 2003, Vol 4, P. 41-42
(In Russ.).

2. Testoedov N. A., Kochura S. G., Maksimov . A. [System for monitoring the levels of impact of
the space environment on spacecraft developed by Information Satellite Systems]. Vestnik SibGAU.
2015, Vol. 14, No. 4, P. 849-856 (In Russ.).

3. Space Weather Live. Available at: www.spaceweatherlive.com/ru/solnechnaya-aktivnost/ sol-
nechnyy-cikl.html (accessed: 18.02.2025).

4. Magnintaya burya 10-12 Maya 2024 goda [Magnetic storm May 10-12, 2024] (In Russ.).
Available at: www.ikir.ru/ru/News/news 0353.html (accessed: 18.02.2025).

5. [Industry standard 123-1044 Devices and equipment of spacecraft. Methods for calculating radia-
tion conditions on board spacecraft and establishing requirements for the resistance of spacecraft elec-
tronic equipment to the effects of charged particles of natural origin in outer space. 2017 (In Russ.).

6. Centr analiza kosmicheskoi pogody NIIYAF MGU. Available at: https://swx.sinp.msu.ru (ac-
cessed: 18.02.2025).

7. Tverskaya L. V. [About the Limit of Electron Injection into the Earth's Magnetosphere].
Geomagnetizm i aeronomiya. 1986, Vol. 26, No. 5, P. 864-865 (In Russ.).

8. Tverskaya L. V., Balashov S. V., Vedenkin N. N. et al. [Solar proton enhancement and outer
electron radiation belt dynamics during the solar extreme events of December 2006]. Geomgnetizm i
aeronomiya. 2008, Vol. 48, No. 6. P. 751-758 (In Russ.).

9. Vlasova N. A., Getselev 1. V., Ivanova T. A. et al. [Monitoring the radiation environment on
high-apogee spacecraft]. Kosmonavtika i raketostroenie. 2003, Vol. 1(30), P. 6 (In Russ.).

10. Ivanova T. A., Pavlov N. N., Rubinshtein I. A. et al. [Monitoring the radiation situation in geo-
stationary orbit at the maximum of the 23d solar activity cycle]. Fizicheskie problemi ekologii (eko-
logicheskaya fizika). 2001, No. 6, P. 12-20 (In Russ.).

11. Panasyuk M. 1., Novikov L. S. Model’ kosmosa [Model of Space]. Moscow, KDU Publ., 2007,
Vol. 2, P. 526-547.

12. Ingraham J. C., Cayton T. E., Belian R. D. et al. Multisatellite characterization of the large en-
ergetic electron fluxes increase at L=4-7, in the five-day period following the March 24, 1991 solar
energetic particle event. Workshop on the Earth’s Trapped Particle Environment. AIP Conf. Proc.
1996, P. 103-108.

298



Aviation and spacecraft engineering

13. Tverskaya L. V. [Dynamics of the Earth's radiation belts]. VMU. Seriya 3. Fizika. Astrono-
miya. 2010, No. 4, P. 12—-17 (In Russ.).

14. Li X., Hudson M. K., Blake J. B. et al. [Observation and simulation of the rapid formation of a
new electron radiation belt during March 24, 1991 SSC]. Workshop on the Earth’s Trapped Particle
Environment. Ed. by Reeves G.D. AIP Conf. Proc. 1996, P. 109—118.

15. Blake J. B., Gussenhoven M. S., Mullen E. G., Fillius R. W. Identification of an unexpected
space radiation hazard. IEEE Trans. Nucl. Sci. 1992, Vol. 39, P. 1761-1765.

© Shelepov M. D., Ivanov V. V., Kochura S. G., Maksimov [. A.,
Molchanov K. V., Prokopyev V. U., 2025

IMlesienos Mapk JIMuTpHeBUY — KaHIUIAT GU3MKO-MATEMATUUECKUX HAYK, HHXKEHEP-KOHCTPYKTOP 2 KaTerOpuH;
AO «PEILIETHEB». E-mail: shelepovmd@iss-reshetnev.ru. https://orcid.org/0000-0003-3940-4937.

HUBanoB Baagumup BacuiabeBHY — KaHIuJAT TEXHUYECKMX HAyK, 3aMECTUTENb HayaJbHUKA OT/ENa;
AO «PEILIETHEB». E-mail: ivanov@jiss-reshetnev.ru. https://orcid.org/0009-0009-0127-4162.

Kouypa Cepreii I'puropseBu4 — KaHIUIaT TEXHUIECKUX HAYK, JIOIEHT, 3aMECTUTENb T€HEPAIIbHOTO KOHCTPYK-
TOpa MO ANEKTPUIECKOMY MPOEKTUPOBAHUIO W CHCTEMaM yIpaBieHus kocmuuecknMu ammapatamu; AO «PEILET-
HEB». E-mail: kochura@iss-reshetnev.ru. https:/orcid.org/0009-0009-0844-8487.

Makcumor Mroph AJjiekcaHIpOBHY — JIOKTOpP TEXHHYECKMX HAyK, HauaibHuk oTaena; AO «PEIIETHEB».
E-mail: mia@iss-reshetnev.ru. https://orcid.org/0009-0005-5953-4909.

MosyanoB KoncranTnH BiaguMupoBu4 — UMHXKEHEp 2 KaTErOpUU OTHENa a3pOKOCMHYECKHX UCCIEJOBaHUI;
HoBocubupckuii rocynapcrBeHnslii yHuBepcuter. E-mail: K.molchanov@nsu.ru. https://orcid.org/0009-0002-6560-
3649.

IIpokonbes Butannii IOpreBuy — 3aBenyromuili 0TAEIOM a3pOKOCMHUYECKUX UccienoBanuil; HoBocubupckuit
rocyaapcTBeHHbI yHUBepcuTeT. E-mail: vprok@cosmos.nsu.ru. https://orcid.org/0000-0001-9314-5492.

Shelepov Mark Dmitrievich — Cand. Sc., Design engineer of the 2 category; JSC “Reshetnev”. E-mail: shele-
povmd@iss-reshetnev.ru. https://orcid.org/0000-0003-3940-4937.

Ivanov Vladimir Vasilievich — Cand. Sc., Deputy Head of Department; JSC “Reshetnev”. E-mail: ivanov(@iss-
reshetnev.ru. https://orcid.org/0009-0009-0127-4162.

Kochura Sergei Grigorievich — Cand. Sc., Deputy General Designer of electrical engineering and control systems
of spacecraft; JSC “RESHETNEV”. E-mail: kochura@iss-reshetnev.ru. https://orcid.org/0009-0009-0844-8487.

Maksimov Igor Aleksandrovich — Dr. Sc., Head of Department; JSC “Reshetnev”’. E-mail: mia@jiss-reshetnev.ru.
https://orcid.org/0009-0005-5953-4909.

Molchanov Konstantin Vladimirovich — Engineer of the 2 category; Novosibirsk State University. E-mail:
K.molchanov@nsu.ru. https://orcid.org/0009-0002-6560-3649.

Prokopyev Vitaly Yuryevich — Head of Department; Novosibirsk State University. E-mail:
vprok@cosmos.nsu.ru. https://orcid.org/0000-0001-9314-5492.

Cratbst moctymnuia B penakiuio 22.04.2025; npunsra k nyonukanuu 12.05.2025; onyonukosana 30.06.2025
The article was submitted 22.04.2025; accepted for publication 12.05.2025; published 30.06.2025

Cratbst goctynHa no nuueHsum Creative Commons Attribution 4.0
The article can be used under the Creative Commons Attribution 4.0 License



