AHOTALIIS

Ilo2ydin A. B. ®opMyBaHHS JUHAMIYHUX XapaKTEPUCTUK €IEKTPOHArpiBHOI
pYLIiHOT yCTaHOBKH JIsl KOCMiYHOTO Oykcupa. KamidikariiiHa HaykoBa mparis Ha
paBax pyKOIUCY.

Hucepramisi Ha 3100yTTS HAyKOBOTO CTymHeHs goKTopa ¢inocodii 3a
cnemianpHicTIO 142 «EHeprernuHe MammHOOYyBaHHS», 3a Taly33l0 3HaHb
(14 Enextpuuna imkeHepisi) — HamioHalbHHH aepOKOCMIYHHME YHIBEPCHTET
M. M. €. )KykoBcbkoro «XapkiBcbkuil aBiauiiiauii iHCTUTYT» MOH VYkpainw,
Xapkis, 2020.

OCHOBHI pe3yJIbTaTH TOCHIIKEHHSA:

[IpoBeneHo anHami3 pPO3BUTKY Ta NEPCIEKTUB BUBEIACHHS TPYMH MAaJHUX
KOCMIYHHUX arapariB BIAMOBIHO JO BUKOHYBAHMX HUMH 3aBJIaHb Y KOCMIYHOMY
pocTopi. 3’sICOBAHO, IO 3aCTOCYBAHHS KOCMIYHOTO OYKCHUPY 3 €JIEKTPOHArPIBHOIO
PYILIIHOI YCTAaHOBKOIO B CYYaCHHUX JIOCHIIPKEHHAX KOCMIYHOIO MIPOCTOpPY €
NEPCIEKTUBHUM 3aBIaHHSM, K€ BKJIIOYae B ceOe NOTPUMaAHHS BUMOT 3MIHHU
opO1TanbHOI MO3HUIII1, BIAHOCHO OMOPHOT, 3 TOMYCTUMHUM HEY3TOKEHHSIM KyTOBOT'O
MOJIOKEHHST BEKTOPY TATH, 4aCOM POOOTH 1 OOMEXEHHSIM 3a BapTICTIO MaHEBPY,
BIIMOBIHO 70 IUJILOBOTO TMpu3HaueHHs. OCHOBHOIO BUMOTOI0 A0 (hOPMYBaHHS €
CTBOPEHHsI OpOITAIbHUX MO3ULINA CYMyTHUKIB B TpyIll, 10 HE MalOTh PYLIHHUX
YCTaHOBOK, 3 BIJIMOBITHUMHU KETUIEPOBUMHU €JEMEHTaMU 1 OpOITaIbHUM YacOM.
AHati3 3p00JIeHO 3a PO3TJISI0M BUKOPUCTAHHS 1 3aCTOCYBaHHS 0a30BUX KOCMIYHUX
mwiatopm, sIKi SABISAIOTH COOOI0 KIHLEBY CYKYIHICTh CIY>KOOBHX MIJCHCTEM,
HEOOXI1THUX JJIsl BAKOHAHHS TIEBHOTO 3aBJIaHHS B KOCMIYHOMY pocTopi. Haitoinbn
MacoBOIO cepell HUX € 1atdopma mifn 3araibHuM TepMiHoM «CubeSaty. YMoBu
dbopmyBaHHS Tiepen0avdaroTh OpOITAIBHUI MaHEBP KOCMIYHOTO OyKCHUpy 3a
JIOTIOMOTOI0 PYIIIHOT YCTAHOBKH J0 JOCSITHEHHS 3a/1aHO1 MO3HUIII1 1 BIIOKPEMIICHHS
OKpEeMHUX CYIyTHHKIB MpH (HOpMyBaHHI Tpynu. BcTaHOBIEHO, 110 BaXJIMBUM TPU
3aCcTOCYyBaHHI Ha OyKCHP1 €JIEKTPOHATPIBHOI PYIITIHHOT YCTAHOBKHU € Yac MiATOTOBKU

JI0 3aMyCKy, SIKMH MOB’3aHUM 3 TMHAMIKOIO TEIJIOBO1 MIATOTOBKKU 0aka 3 poOounM



TIJIOM, MaporeHepaTropa, JBUTYyHA, IIe Mae OyTH Y3TOMKEHO 3 JKUBJICHHSM Bij
OOpPTOBOi €HEPreTMYHOI YCTAaHOBKH. TakKMM YWHOM, IIOCTaBJieHA HAYKOBO-
NPaKTU4YHA 3aJa4a CKOPOYCHHS TPHUBAJIOCTI MIATOTOBKH JO  3amyCcKy
CJICKTPOHATPIBHOI PYIIIHHOT YCTAHOBKY IIPY BUKOPUCTAHHI HA KOCMIYHOMY OyKCHPI1
€ aKTyaJIbHOIO.

[IpoBeneHo oI MOXKIUBOCTEH PAaKETHUX JBHUTYHIB MPH 3aCTOCYBAaHHI Ha
KOCMIYHOMY Oykcupi. 3’sicOBaHO, WIO0 TMEpEeNbOTH MOXKHA  3/1MCHIOBATU
OJHOCTYIIHYACTUM KOMIYHMM OYKCHUPOM 3 XIMIYHUM pPakeTHUM JIBUTYHOM,
OJIHOCTYTMIHYACTUM KOMIYHUM OYKCHUPOM 3 €JIEKTPOPAKETHUM JIBUTYHOM.

[IpoBeneHo aHasni3 BUMOT A0 €JIEKTPOPAKETHOIO IBUTYHA Ta HOro BUOOpY Ipu
3aCTOCYBaHHI KOCMIYHOIO OyKCHpa, a TaKoXX aHalli3 MOKJIMBOCTI 3aCTOCYBaHHS
CJIEKTPOPAKETHUX JIBUTYHIB SIK O€3MIOCEPEIHBO HA MAIMX KOCMIYHUX arnaparax, TaK
1 Ha OyKcHpi.

[IpoBeneHo po3paxyHOK poOOUYUX MapaMeTpiB OPOITH 3 BU3HAYEHHSIM Tpacu
KOCMIYHOro Oykcupa 3a o0epTamu, IO Ja€ MOKJIMBICTh BCTAaHOBUTH TOYKU
MaHEBPY, a TaKOXX CHEPreTHYHI XapaKTEepPUCTUKH OYKCHpY, II0 XapaKTepU3yIOTh
3aJIEKHICTh 3MIHM BHCOTH 1 HAXwWiy OpOITH BiJ MacH KOCMIYHOTO OyKcupa Ta
3HAYEHHS MOYATKOBOTO OPOITANIBHOTO TOJOXKEHHS, IO JO3BOJHIO PO3POOHUTH
KOHLIETILIIF0 BUKOPUCTAHHS €JIEKTPOHArPIBHOI PYIIIMHOI yCTAHOBKM HA KOCMIYHOMY
OyKcHpi.

Po3pobsieHo MareMaTuyHy MOJIENb €JIEKTPOHArpIBHOI PYIIIHOI YCTaHOBKHU
KOCMIYHOTO OyKCUPY, III0 MPEJICTaBIIsie€ COO0I0 cucTeMy nudepeHIliiHuX pIBHSIHB Ta
nepeaaBabHUX (DYHKINN 3 TOYATKOBUMH Ta TpaHMYHUMH yMoBamu. [IpoBeneHo
JrcelbHe MOJeMoBaHHs y cepenoBuini MathLab ta oTrpumaHo pilmieHHS, IO
MOKa3yIOTh MOKJIUBICTD MOTMEPETHBOI OI[IHKHM Yacy BBEJICHHS YCTAHOBKH B IO JIJIS
CBOEYACHOTI'O 3aIlyCKy /10 BUKOHAHHSA MAaHEBPY. PO3MIISIHYTO MOKIIMBICTh peaizailii
MoJieJl Yy OOPTOBOMY KOHTpPOJIEpi PYIIiHOI yCTaHOBKM Ha mpukiami Arduino,
IIUITXOM BBEJICHHS CTBOPEHOTO aBTOPOM QJITOPUTMY 3aITyCKY-3YITUHKH JIBUTYHA.

[IpoBeaeHO mepeBIpKYy aaeKBAaTHOCTI MOJENI €JEKTPOHArpiBHOI pyUIiHHOI

YCTAaHOBKU 3a pe3yibTaTaMu (I3MYHOTO EKCIEPUMEHTY, IO TPOBOJIUBCS Ha



EKCTIIEPUMEHTAJIbHIM ~ MOJIeJIl  €JIEKTPOHArpiBHOI  PyIIIHHOT  yCTAaHOBKH 3
BUKOpUCTaHHAM cTeHa0Boi 0asu CB-10K Mixrany3eBoro HayKoBO-TEXHIYHOIO
HEHTPY KOCMiuHOi eHepretuku 1 auryHiB kadeapu 402 HamionanbHOro
aepokocMiuHOTO yHiBepcuTeTy iM. M. €. XKykoBcbkoro «XADy.

Bnockonaneno wmetogu 1 po3poOJeHO 3aco0M  eKCIEepPUMEHTAThHUX
JOCTIPKEHb E€JEKTPOHArpiBHUX JBUTYHIB KOCMIYHHX amapariB, a came METOAY
BUMIPIOBAHHS TATH, METOJy BHUMIPDIOBaHHS BHUTpPATH pOOOYOro TiNa, METOAY
BUMIPIOBAHHS TIOTYKHOCTI, 1110 MMOJAETHCSI Ha HArpiBadi ABUTYHA, TAPOTEHEpATOPa
1 6aKy Ta METOJly BUMIPIOBaHHS BAKyyMy B KaMepi MPOBEJCHHS EKCIIEPUMEHTY.

[IpoBeaeHo aHai3z 0OMEXYHOUHUX (PaKTOPIB MIPU KEPYBAHHI €JEKTPOPAKETHUM
IBUTYHOM. P03po0jeHO anropuT™M KepyBaHHS E€JICKTPOPAKETHHM JBUTYHOM, Ha
OCHOBI1 MOJIEITFOBaHHS MEPIIOT0 3aIlyCKy YCTAaHOBKH 3 MIHIMI3AII110 Yacy MiATOTOBKH
1 3MEHILIEHHAM BUTPAT poOOYOro Tijia Ta €Heprii.

Po3pobiieno pekoMeHanii, mo 10 NOAAIbIIOr0 PO3BUTKY Ta BUKOPUCTAHHS
CJICKTPOHArPIBHOT PYIIIHHOT YCTaHOBKH.

HaykoBa HoBM3HA po0oTH:

a)  B0OCKOHANIeHO ~ MaTeMaTHYHy  MOJIeNIb  MPOIECYy  MiATOTOBKH
€JIEKTPOHArpiBHOI PYINIMHOI YCTAHOBKM JI0 3alyCcKy, fika OTpuMaHa Ha 0as3i
MaTEeMaTUYHUX PIBHSIHB, IO OMUCYIOTh JUHAMIYHI XapaKTEPUCTUKU YCTAHOBKH, 3
ypaxyBaHHAM  TEIJIOOOMIHY Ta  JWHAMIYHHUX  XapaKTEPUCTUK  CHUCTEMH
eJIeKTp03a0e3MeUeHHs; 3a3HaueHa MOJENb BIEpIIe J03BOJIMJIA BUKOHATH aHAi3
BIUTMBY JiF0YMX (HaKTOPIB HA TPUBAIICTH IMIATOTOBKU €JIEKTPOHATPIBHOI PYIIIHHOT
YCTaHOBKH 10 3aITyCKY;

0) Habyru nodarvuioeo po3sumky METOAM BH3HAYCHHSI BHUTPATHO-TATOBUX
XapaKTEPUCTHK €ICKTPOHATPIBHOT PYIINMHOI yCTAHOBKH, SIK1 JO3BOJIMIIA BUSHAYUTH
Ta KEpyBaTH TATOIO Ta BHUTPATOI0 pPOOOYOro Tija €JEKTPOHArpIBHOI PYIIIHHOI
YCTAHOBKHM 3a PaxyHOK 3aCTOCYBaHHS TEH30METPUYHOIO TSITOMipa Ha IiJBICI 3
MIBUIIEHOI JUCKPETU3AIIEI0 1 MIHIMAIbHOIO anepTyporo, BUKOPUCTAHHS

€CHUBE BEJIMKOr0 00’e€My, IO IMIABUINYE TOYHICTHL BHUMIPIOBAHHS BHUTpAT
b



pO60‘IOI‘O TiJ'Ia, a TaKOXX BHUKOPHUCTAHHA YOTHUPHU30HAOBOIO METOAY BI/IMipIOBaHHH

B)KMBAHO1 MOTY>KHOCT1 HarpiBaviB PyIIiitHOT yCTAHOBKH 3 BUCOKOIO IIBUJIKOIIETO.

IIpakTHYHe 3HAYEHHS] OTPUMAHUX Pe3yJbTATIB POOOTH:

a) PpO3pOOJICHO pEKOMEHMAIli II0J0 3aCTOCYBAaHHS EJIEKTPOHArpiBHOI
PYUIIMHOI YCTAaHOBKM 31 CKOPOYEHHSM TPUBAJIOCTI MONEPEAHBOI MIJTOTOBKH
OOpTOBOI PYLIIHOI YCTaHOBKH, JUIsi BUKOPUCTAHHSA HA KOCMIYHHMX OyKCHpax IJis
BUBEJICHHS IPYIl MAJIMX KOCMIYHUX amapariB MUIISXOM OpOITaJbHUX MEPEXOIiB Bijl
Harepes 3aJlaHoi OMOPHOI OpOITHM 0 HEOOXTHMX OpOITaNhbHUX MO3HUIIIH, IIi
peKoMeHAaIli MOXKYyTh OyTH 3aCTOCOBaHI /11 BUKOPUCTAHHS Ta M1JBUIICHHS SKOCTI
MPOEKTIB 31  CTBOPEHHA  CYNYTHUKOBUX  YIPyNOBaHb y  JIOpOOKax
JIT «Kb «IliBneHHe»» 3a KOCMIYHOIO TPOrpamMor0 Y KpaiHu;

0) po3pO0JEHO KOHLEMIIK BUKOPUCTAHHS EJIEKTPOHArpiBHUX PYLIIHHUX
YCTAaHOBOK HAa KOCMIYHUX OYKCHpax JUisi BUBEIEHHS TPYN MaJUuX KOCMIYHUX
amapaTiB BiJl ONOPHOI OpOITH O HEOOXITHUX OPOITATBHUX MO3UIIIH, SKa TaKOX
MOke OyTH BUKOpPHCTaHa Y 3a3HAYEHUX MPOEKTHUX pOOOTaX;

B) Ha 0a3i MiKraay3eBoro HayKoBO-TeXHIYHOTO IeHTpy «Kocwmiuna
CHepreTKa Ta JBUTYHH» pPO3POOJIEHO eKCIepUMEHTaTbHE OOJagHaHHS s
BUMIPIOBAHHS TSTU €JIEKTPOHArPIBHOTO JBUTYHA y BaKyyMHIM KaMmepl, a TaKOX
IPUCTPOi BUMIPIOBAHHS BUTpaAT poOOYOro Tijla 1 BU3HAYEHHS MOTY>KHOCTI, SIKa
MO/IA€THCS HA HArpiBaIbHI €JIEMEHTH PYIIHOI YCTaHOBKH;

r) PO3pOOJICHO AQJIrOPUTM TIATOTOBKU JO 3aMyCKy €JIEKTPOHArpiBHOL
PYIIHOI YCTaHOBKHM JUIsl CKOPOYCHHS €Taly 3allyCKy JIBUTYHA 3 ypaxXyBaHHSIM
MOTY>KHOCTI CUCTEMH €JIEKTPOTIOCTaYaHHsI KOCMIYHOTO OyKCHpa 1 3 ompoOyBaHHIM
JI0 peaizallii Ha yHIBepCcaabHOMY KOHTPOJIEP1, MOETHAHOMY 3 €KCIIEPUMEHTATBHOIO

€JICKTPOHArPIBHOI PYIIIITHOT YCTAaHOBKH.



Kuro4oBi cjioBa: kocMiuHMi OyKcHp, €IEKTpOpaKeTHA pyIliiHA yCTaHOBKA,
CJICKTpOHArpiBHAa  pyIIiiiHa yCTaHOBKa, OOpTOBa  pyIlIiiHa  YCTaHOBKA,

eJIEKTPOHATPIBHUI JIBUTYH, METOU BUMIPIOBAaHHSI.
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The main results of the study:

The analysis and development of the development of a group of small
spacecraft in accordance with their tasks in outer space was carried out. It is found
that the use of space tugboat with electric ohmic propulsion system in modern space
exploration is a promising task, which includes compliance with the requirements of
changing the orbital position, relative to the support, with the permissible mismatch
of the angular position of the thrust vector, the time of operation and the restriction
on weight according to the purpose. The basic requirement for the formation is the
creation of orbital positions of satellites in the group without propulsion systems,
with the corresponding Keplerian elements and orbital time. The analysis is based
on consideration of the use and application of basic space platforms, which represent
the finite set of service subsystems required to perform a specific task in outer space.
The most popular among them is the platform under the general term "CubeSat".
Formation conditions involve the orbital maneuvering of a space tugboat by means
of a propulsion device until reaching a predetermined position and the separation of
individual satellites when forming a group. It has been found that when preparing
for the start-up and shut-down of the electric propulsion system, it is important that
the start-up and shut-down times are related to the thermal dynamics of the
preparation of the working fluid with the power supply from the on-board power
plant. Thus, the scientific and practical task of reducing the duration of preparation
for the launch of the electric heating propulsion system when used on a space tug is
relevant.

A glance was made over the capacities of rocket engines during stagnation on
a tug boat. It’s explained that shifting is possible with a single-stage commercially
available tug with a chemical missile thruster, a one-stage commercially available
tug with an electric rocket thruster.

An analysis was made of the electric rocket engine and the same vibration
during a stowed tug boat, as well as an analysis of the possibility of electric rocket

propulsion systems were always on a small spacecraft, so on a tug boat.



The working parameters of the orbit were calculated with the determination
of the space of the tugboat by rotation, which made it possible to set the maneuver
points, as well as the energy characteristics of the tugboat, which characterize the
dependence of the change of altitude and inclination of the orbit on the mass of the
space boat and the value of the initial orbital position, which allowed to develop the
concept electric ohmic propulsion system in space tugboat.

A mathematical model of the electronic heating installation of a space tug has
been scattered, which is a system of differentiation and transmission functions with
cob and boundary minds. A numerical model was carried out at the middle of
MathLab and a clear decision was made to show the possibility of a forward estimate
of the hour the unit was put into operation for an immediate launch before the
weekend maneuver. We can see the possibility of realizing the model for the on-
board controller of the thrusterinstallation on the Arduino application, using the
method introduced by the author of the engine-start-up engine shut-off algorithm.

The adequacy of the model of the electric propulsion plant according to the
results of the physical experiment was conducted, which was carried out on the
experimental model of concept electric ohmic propulsion system using the bench
base SV-10K of the Inter-branch Scientific and Technical Center of Space Energy
and Engines of the Department 402 of the National Aerospace University.
Zhukovsky M. E. "KhAI".

The methods and experimental means of experimental research of spacecraft
electric motors have been improved, namely the method of measuring thrust, the
method of measuring the flow of the working fluid, the method of measuring the
power supplied to the engine of the engine, the steam generator and the tank, and the
method of measuring the vacuum in the chamber.

The analysis of limiting factors in the control of a rocket engine is carried out.
An algorithm for controlling a rocket motor is developed based on the simulation of
the first start-up of the plant with minimization of preparation time and reduction of

the working fluid and energy costs.



Recommendations for the further development and use of the electric

propulsion system have been developed.

Scientific novelty of the work:

a) the mathematical model of the process of preparation of the electric heating
propulsion system for start-up is improved, which is obtained on the basis of
mathematical equations describing the dynamic characteristics of the installation,
taking into account heat exchange and dynamic characteristics of the power supply
system; this model for the first time allowed to perform an analysis of the influence
of current factors on the duration of preparation of the electric heating propulsion
system for start-up;

b) methods for determining the cost-traction characteristics of the electric
heating propulsion system were further developed, which allowed to determine and
control the thrust and flow of the working body of the electric heating propulsion
system through the use of a strain gauge on a suspension with high sampling and
minimum aperture. measurement of working fluid costs, as well as the use of a four-
probe method of measuring the used power of the heaters of the propulsion system
with high speed.

The practical significance of the results obtained:

a) developed recommendations for the use of electric heating propulsion
system, launched in a minimum time, for use on space tugs used to bring groups of
small spacecraft by orbital transitions from a predetermined reference orbit to the
required orbital positions, these recommendations can be applied to use and increase
the quality of projects for the creation of satellite groups in the works of SE "CB"
South " under the space program of Ukraine;

b) the concept of using electric heating propulsion systems on space tugs to
bring groups of small spacecraft from the reference orbit to the required orbital
positions, which can also be used in these design works;

¢) on the basis of the Interdisciplinary Scientific and Technical Center "Space

Energy and Engines" developed experimental equipment for measuring the thrust of



the electric motor in a vacuum chamber, as well as devices for measuring the flow
of the working fluid and determining the power supplied to the heating elements of
the propulsion system;

d) developed an algorithm to prepare for the start of the electric heating
propulsion system for the minimum time to reduce the stage of starting the engine
taking into account the power supply system of the space tug and testing for
implementation on a universal controller combined with experimental electric
heating propulsion system.

Keywords: space tugboat, electro rocket propulsion system, electric ohmic
propulsion system, onboard propulsion system, electric heating engine,

measurement methods.



