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MeTa cTaTTi — aHani3 e)eKTUBHOCTI 3aCTOCYBaHHS [BUIYHHUX YCTAaHOBOK 3 MOCTIHUMW MarHiTamm y siKo-
CTi anbTepPHATVMBHOIO CNocoby BifiBeAeHHs 06’€KTIB KOCMIYHOIO CMITTA 3 HU3bKMX HABKOMI03EMHUX Op6IT.

Y po60Ti po3rnsiHYTO MOTOYHI 3aBAaHHS, NOB’A3aHi 3 PO3POOKOK METOZIB i CTBOPEHHSM 3ac06iB BifBefeH-
HA KOCMIYHMX anapaTiB, TepMiH aKTUBHOIO iCHYBaHHS AKUX 3aKiHUMBCS, 3 pobounx opbiT 3a AOMNOMOro0 Biac-
HUX eNeKTPOMarHiTHWX i MarHiTHWX MoniB, L0 reHepytoTbCA 3a JOMOMOro0 Pi3HUX MarHiTHUX NpucTpoiB. Mpo-
BEIEHO 0TS Cy4aCHUX CUCTEM BifiBEAEHHS KOCMIYHMX anapaTiB 3 HA3bKMX HAaBKOMO3EMHUX Op6IT, Lo 6a3ytoTb-
CA Ha reHepaLii BMacHOro eneKTPOMarHiTHOro nons, Lo Npu B3aeMogii 3 AWHaMIYHWM MOTOKOM iOHOC(EpHOT
n1a3Mu | MarHiTHAM nosnemM 3emi CTBOPHOE CUATY FaflbMyBaHHS | TaKUM YMHOM 3AiCHIOE BiBEAEHHS KOCMIYHOrO
anapaty 3 opbiTu. BusBneHo Hefloniku Ta nepeBarn efeKTpoMarHiTHUX CUCTEM BiJBefieHHS KOCMiYHMX anapaTis.
3anponoHoBaHO anbTepHATUBHWIA METOA i CUCTeMY BifjBeAeHHS 06’€KTiB KOCMIYHOrO CMITTS 3a 4OMNOMOrOK Npu-
CTPOIB 3 MOCTIMHUMMU MarHiTamu. MpeAcTaBneHo KOHCTPYKTUBHY CXeMY MPUCTPOIO 3 MOCTIHWMKM MarHiTamu i
3aMponoHOBaHO anropuT™ NpUHLUMAY ii Aii. MpoBeseHo aHai3 eKpaHiB A1 MarHiTHUX | efleKTPOMarHiTHMX nonis
i 06paHO Haii6inbLL BiAMOBIAHUIA eKpaHyrUMiA MaTepian. ObpaHwWii ekpaHytounii MaTepian siBnse coboto barato-
LLIApPOBUIA eKpaH, L0 CKMNALAETbCS 3 aMIOMIHIEBUNX, MIHUX | MarHITHVX Wwapis. Po3pobneHo MaTeMaTUuHy MOAeNb
op6iTanbHOro pyxy KOCMIYHOr0 anapaTy 3 NPUCTPOEM Ha MOCTiiHWX MarHiTax. 3a 40NOMOro0 nakeTy npuknag-
HMX nporpam Scilab po3paxoBaHo yac BifiBeAeHHs AN Pi3HWX KOCMIYHMX anapaTis i BUCOT opbiT. Buxogsaum 3
OTPUMaHUX pesynbTaTiB PO3paxyHKy 3p06/eHO BUCHOBOK, L0 edheKTVMBHICTb BMAMBY CUAWN FanbMyBaHHA 3ase-
XWTb Bifi CMIiBBIAHOLEHHA MK iHEPLiiHMMM XapakTepucTUKaMy KOCMIYHMX anapaTiB Ta 06’emMamu MOCTiHUX
MarHiTiB, L0 BCTAHOB/IOIOTLCA Ha faHi anapaTu. Byno BU3Ha4eHo, Lo ANS BENMKUX KOCMIYHKX anapartis, Macoto
noHaz 2 T, BUKOPUCTaHHS ABUIYHHUX NPUCTPOIB 3 NOCTIMHUMK MarHiTaMmmn B SKOCTI CUCTEM BifBeAeHHs € Heede-
KTUBHUM. Lle 06yMOBNIOETLCA HENPOMOPLIAHICTIO MiX 3pOCTaHHAM CU/M FalbMyBaHHS B 3a/1€XHOCTI Bif 06’eMy
MOCTIHOTO MarHiTy Ta 3pOCTaHHSAM iHEPLIMHUX XapaKTepUCTUK KOCMIYHOrO anaparta npwy 36ifbLlUeHHi ioro Ma-
cv. Crnvpatounch Ha fjaHi pesynbTaTi BU3HAYeHO MeXi ePeKTUBHOrO 3aCTOCYBaHHS [BUIYHHUX MPUCTPOIB 3 Noc-
TiliHUMU MarHiTamm.

Llenb cTaTbn — aHa/mM3 adhheKTUBHOCTW NPUMEHEHNS [ABUTATENbHBIX YCTAHOBOK C MOCTOSHHBIMW MarHuTa-
MV B KaQ4eCTBe anbTePHATUBHOIO Cnocoba yBoJa 06beKTOB KOCMUYECKOTO MyCOpa C HA3KMX OKO03EMHbIX OPGUT.

B paboTe paccMOTpeHbI TeKyLLe 3afa4ui, CBA3aHHbIe C Pa3paboTKON METOA0B U CO3AaHNeM CPeACTB yBOAa
KOCMMWYECKMX annapaTtoB, CPOK aKTUBHOFO CYLLECTBOBAHUS KOTOPbIX 3aKOHUMCS, C paGoumx Op6UT C MOMOLLBH
COGCTBEHHBIX 3M1EKTPOMArHUTHBIX W MarHUTHbIX MOMei, FreHepupyeMbIX C MOMOLLbIO PasAMYHbIX MarHUTHbIX
YCTpOIAcTB. MpoBesfeH 0630p COBPEMEHHbIX CUCTEM YBOZA KOCMUYECKMX annapaToB, GasupytoLLMXcs Ha reHepa-
LM COBCTBEHHOTO 3/1EKTPOMArHUTHOTO MOAS, KOTOPOe MpuU B3auMOAENCTBUN C AVHAMUYECKUM MOTOKOM WOHO-
CthepHolt Nnasmbl U MarHUTHBLIM NOMeM 3eM/IN CO3JAET TOPMO3ALLYIO CUY M TaKUM 06pasoM YBOAUT KOCMMYe-
CKMI1 anmapart ¢ op6uThl. OnpedeneHbl MPeVMyLLECTBA U HEJOCTATKY 3NEKTPOMArHUTHbIX ABUraTeNbHbIX CUCTEM
KOCMMYecKMX annapatoB. MpesioxeHbl anbTepHATUBHBI MeTOZ, U CUCcTeMa YBOAA C OPOUTLI 0GBEKTOB KOCMUYE-
CKOro Mycopa C MOMOLLbIO iBUFaTeNbHbIX YCTPOWCTB Ha MOCTOAHHBIX MarHuTax. MpeAcTaBneHa KOHCTPYKTUBHASA
CXema YCTPOICTBa C NOCTOSHHBIMWA MarHUTaMu, 1 NPELIOXeH anropuT™ NPUHLMNA ee AeicTBus. MpoBefeH aHa-
NN3 3KPAHOB /19 MarHWTHbIX W 31EKTPOMarHUTHbIX NOMeR, 1 BblIbpaH Hambonee NMOAXOAALLMIA IKPAHWPYHOLLMIA
maTepua. BblbpaHHbI 3KpaHUpYOLLMIA MaTepuan NpescTaBisieT cob0ii MHOTOC/IONMHBINA 3KpaH, COCTOALWMIA 13
TIOMUHNEBBIX, MEAHbIX M MarHUTHbIX CoeB. PaspaboTaHa MaTemMaTu4eckas Modeb OP6UTalbHOMO ABWXKEHUS
KOCMWYECKOro annapata ¢ yCTPOMCTBOM Ha MOCTOSIHHbIX MarHUTax. C NOMOLLbIO NakKeTa NPUKNaSHbLIX NPorpamm
SciLab paccunTaHo Bpems yBOA@ 15 pasHbIX KOCMWUYECKWX annapaToB W BbICOT Op6UT. VICXOAA 13 MONYYeHHbIX
pe3ynbTaToB pacyeTa cfienaH BbIBOZ, YTO 3PYEKTUBHOCTL BO3AENCTBUSA TOPMO3sLLeld CUMbl 3aBUCUT OT COOTHO-
LLUEHWS MEXAY UHEPLMOHHBIMU XapaKTepuUCTNKamMy1 KOCMUYECKMX annapaToB 1 06beMOB MOCTOSHHbBIX MarHWTOB,
KOTOpble YCTaHaBMMBAKOTCA Ha faHHble annapaTbl. OnpesencHo, YTo ANs GONMbLUMX KOCMUYECKMX annapaTtos,
Maccoii CBblLLe 2 T, UCMO/b30BaHNE ABUIATENbHBIX YCTPOWCTB C MOCTOSHHBIMU MarHUTaMu B KayecTBe CUCTEM
yBOZa ABNSETCS HEAN(EKTUBHBIM. ITO 06YCABNMBAETCA HEMPOMOPLMOHALHOCTLIO MEX/Y POCTOM TOPMO3SILLE
CW/bl B 3aBMCUMOCTW OT 06bemMa MOCTOSAHHOTO MarH1Ta M POCTOM MHEPLMaIbHbIX XapaKTePUCTUK KOCMUYECKOr0
annapata npy yBenu4eHun ero mMaccbl. Onupasch Ha JaHHble Pe3y/bTaTbl ONpeaeneHbl rpaHuLbl 3(heKTUBHOMO
NPYMeHeHNs ABUraTe/bHbIX YCTPOWCTB C MOCTOSAHHBIMU MarHuTamm.

The aim of this paper is to analyze the effectiveness of propulsion devices with permanent magnets as an al-
ternative space debris deorbit system for low earth orbits.
The paper considers current problems in the development of methods and means for deorbiting used space-
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craft with the help of electromagnetic and magnetic fields produced by different onboard magnetic devices and
overviews state-of-the art spacecraft deorbit systems that use an onboard-produced electromagnetic field whose
interaction with the incident flow of the ionospheric plasma and the Earth’s magnetic field produces an additional
drag force, thus deorbiting the spacecraft. The advantages and disadvantages of electromagnetic spacecraft pro-
pulsion systems are identified. An alternative method and system are proposed for deorbiting space debris objects
using permanent-magnet propulsion devices. A construction diagram of a permanent-magnet device is presented,
and an algorithm of its operation is proposed. Magnetic and electromagnetic field shields were analyzed, and the
most appropriate shielding material was chosen: a multilayer shield that consists of aluminum, copper, and mag-
netic layers. A mathematical model of the orbital motion of a spacecraft with the permanent-magnet device was
developed. Using SciLab, the deorbit time was calculated for different spacecraft and different altitudes. From the
calculated results it was concluded that the effectiveness of the magnet-produced drag force depends on the rela-
tion between the spacecraft’s inertial characteristics and the permanent magnet volume. It was found that perma-
nent-magnet propulsion devices as deorbit systems are ineffective for large spacecraft heavier than 2 t. This is due
to the fact that the increase in the magnet-produced drag force with the permanent magnet volume is not in pro-
portion to the increase in the spacecraft’s inertial characteristics with the spacecraft mass. Using these results, the
range of effective use of permanent-magnet propulsion device was determined.

Key words: permanent magnets, spacecraft, de-orbit system, magnetic field,
electromagnetic field, electrical field, dynamic flux of ionospheric plasma.

Introduction. According to the tendency of increasing numbers of space
debris objects, the issue of Near-Earth Space protection is becoming more and
more actual. So, on April, 2018, about 14156 space debris objects were cataloged
by the National Aeronautics and Space Administration (NASA) in USA [1]. As a
result, there is a task of the development of most effective de-orbit systems and
technologies. For today, there are two methods of the space debris objects removal
from Low Earth’s Orbits (LEO): active debris removal and passive debris removal.
The active debris removal (ADR) involves the use of the Space Servicing Vehicles
(SSV) or propulsion systems which are integrated into the spacecraft for removing
it from LEO after the expiration of its lifetime [2]. The ADR includes SSV
systems such as LEOSweep, robotic captured manipulators, etc. and integrated
propulsion systems such as micro reactive propulsion thrusters (chemical thrusters,
electrical reactive thrusters ets.) [3]. The advantages of ADR systems are the
opportunity to control the removal process and the possibility to determine the
accurate place of falling of large space debris objects. However, significant fuel
consumption, control problems, and additional costs for launching of SSV make
ADR not so attractive for today. That’s why, another concept with using passive
debris removal (PDR) is more popular in practice due to its simplicity. The PDR
systems include aerodynamic de-orbit systems, electromagnetic passive systems,
solar sails, magnetic and electrical sails [4]. The aerodynamic de-orbit systems
have such good efficiency, described in [5], but due to their large size, there is a
probability of impingement with space debris fragments and damages of the shell.
The same can be determined for the solar sails systems. That’s why, a new
approach using contactless interaction with the Near-Earth Environment and using
magnetic and electromagnetic fields has been proposed by many Space Agencies.
This approach is based on the using self-generated magnetic or electromagnetic
field of spacecraft with the use of additional devices. This magnetic or
electromagnetic field interacts with Earth’s magnetic field and dynamic flux of
ionospheric plasma and braking force is generated due to this interaction. The most
popular proposed such systems are: electromagnetic deorbit devices and
electromagnetic sails.

Electromagnetic deor bit devices. Electromagnetic deorbit devices are based
on generating magnetic field of spacecraft with the use of special electrical
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devices, such as conductive coils, electromagnetic tethers, difficult lattice
conductive constructions, etc. According to Bio Savar's Law, electrical current
which is flowed to these devices generates electromagnetic field around
conductive wires and on the whole spacecraft [6]. This electromagnetic field
which is generated by special electrical devices interacts with dynamic flux of
ionospheric plasma and Earth’s magnetic field. As a result of this interaction and
according to the theory of physics of plasma, braking force is generated [7]. One of
the well-known examples of such systems is electromagnetic tether. The best
example of electromagnetic tethers, which has full scientific description, is
Terminator Tether (TT) concept (fig.1) [8 — 10].
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Figure 1 — Terminator Tether deorbit system

TT concept is based on the Electromagnetic Induction Law (EIL) and mag-
netic field — ionospheric plasma interaction. After deploying of the long conduc-
tive TT and stabilizing it with extra controller, the electrical current is induced in
this tether. Then TT begins interaction with ionospheric plasma flux and Earth’s
magnetic field. The result of its interaction is electrical current which is induced in
TT. According to the EIL, self-electromagnetic field is generated around this
tether. The drag (braking) force is the effect of the interaction between flux of
ionospheric plasma and self-electromagnetic field.

The estimations of the deorbit time with the use of TT have perfect results,
which are presented in table 1 [8].

Table 1
_ _ Inclination Deorbit Time Initial Orbit I_I)eorb?t
Constellation | Altitude (km) (degrees) no T'I_' (Dere- Decay Rate Time with
lict) (km/day) TT
Orbocomm 1 775 45 100 years 44 11 days
Orbocomm 2 775 70 100 years 11.6 41 days
LEL?Sine 950 50 600 years 32 18 days
GlobalStar 1390 52 9000 years 22.3 37 days
Skybridge 1475 55 11000 years 18.5 46 days
FaiSat 1000 66 800 years 135 45 days
Iridium 780 86.4 100 years 2.1 7.5 months
M-Star 1350 47 7000 years 27 28 days
Celestri 1400 48 9000 years 26 32 days
Teledesic 1350 ~85 7000 years 1.7 17 months
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While analyzing these results, it can be concluded that exploiting TT as a
deorbit system is very effective, because it can be used for great diapason of alti-
tudes and has very short deorbit time compared with analogical systems. However,
exploitation of TT has some difficulties, connected with stabilization of the rela-
tive position of the tether. The declared length of TT about 5 — 10 km makes stabi-
lization of stretching very difficult realized in practice. Therefore, TT regardless of
their effective key indicators has not found high popularity.

Another system is the electromagnetic sail which was presented by Japanese
scientists Ikkoh Funaki and Hiroshi Yamakawa from Japanese Aerospace Research
Agency [7]. The best description of this concept is given in PhD dissertation of the
Japanese junior scientist Yasumasa Ashida [11]. This concept is based on interac-
tion between flux of solar wind and generated dipole electromagnetic field. As a
result of this interaction, thrust force is generated (fig. 2). The electromagnetic
field around spacecraft is generated using large super conductive coils. The radius
of these coils is proposed about 20 km. The magnetic sails are offered to use in
interplanetary space for long missions of researching solar system. However, such
difficult design of coils can be not realized in practice today because of their large
size. Another side of difficulties connected with practical realization is the short-
age of onboard power. According to the calculations of Japanese scientists, the
levels of current and voltage which are needed for circuit power supply are very
high.
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Figure 2 — The principle of work of magnetic sails

So, the required current for coil is 2 kA and the required voltage is about 20
kV. It means that super power source of onboard electrical energy is needed for
these requirements. That’s why this concept has only theoretical side of rationale.
It can be concluded, that implementation of electromagnetic solar sails as a deorbit
systems are not expedient. Considering all difficulties connected with the use of
electromagnetic solar sails, the new approach based on using permanent magnets
(PM) was developed [12 — 17]. Professor V. Shuvalov has proved the existence of
forces arising from the interaction of a permanent magnet with a stream of iono-
spheric plasma, which can be used to control the orbital motion of a spacecraft,
including removing space debris from orbits. He carried out an experimental veri-
fication of this effect and developed the corresponding mathematical model [12 —
15]. On this basis, studies [16, 17] were carried out to obtain an estimate of the
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duration of the deorbiting of spacecraft from orbits of various dislocations. Apply-
ing PM as the thrust devices requires additional protective screens, which will pro-
tect electrical equipment from magnetic interference.

aluminum tube
magnetic layer

copper layer
magnetic layer
copper layer

Figure 3 — Protective multi-layer screen

There are many ways of screening magnetic field described in research works
of different scientific centers, the studies of which are connected with exploration
of materials [18 — 22]. One of the most popular approaches of screening permanent
magnetic field is using multilayered screens which consist of different materials
[18]. This approach has a good description in the research of scientists from Na-
tional research Nuclear University “MEPhI” [22]. The multi-layer screen consists
of five layers from different screening materials such as cuprum, magnetic layer
and aluminum tube (fig. 3). This screen is proposed to use in devices with PM.
The principle scheme of devices with PM is shown in fig. 4.

Figure 4 — Principle scheme of devices with permanent magnets, where 1 — permanent
magnet, 2 — special protective screen, 3 — generated magnetic field.

The principle of work of these devices is described by the following algorithm
which consists of three steps:

1. Activation of the device after the expiration of spacecraft lifetime;

2. Detachment of the special protective screen;
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3. Generation of the self-magnetosphere and braking force, starting deorbit
process.
Calculations of effectiveness of the devices with PM were carried out with
the use of equations of the spacecraft orbital motion in osculating elements:
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where p - gravitational constant; a— semi-major axis of the orbit; e — eccentricity;

i — inclination; Q- argument of perigee; o— right-ascension of the ascending
node; 9 - true anomaly; ¢ — time of the orbital motion of spacecraft; ry, — radius-
vector of the spacecraft; p — focal parameter of the orbit; S,W , T — projections of
the perturbing acceleration on the axis of the orbital coordinate system.

The projections of the perturbing acceleration consist of aerodynamic per-
turbing acceleration, gravitational perturbing acceleration and perturbing accelera-
tion of braking force which is generated by interaction of self-magnetosphere of
spacecraft and dynamic flux of ionospheric plasma. This can be written in the next
form:

S=5;+S,
W :WG +WA

where Sg W, Tg— projections of the gravitational perturbing acceleration;
S, W 4, T, — projections of the aerodynamic perturbing acceleration; Tgg — pro-

jection of the perturbing acceleration of braking force.

Projection of the perturbing acceleration of braking force Tgr is projected
only to T -projection of the orbital coordinate system in the direction of braking
force. Perturbing acceleration Tgg is calculated from the mathematical model of
interaction between ionospheric plasma and generated magnetic field [12 — 15].

In turn, the altitude of the orbit H is connected with the semimajor axis a by
the following expression:
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a1 +Re ®)
1-e
where Rg =6371km — the radius of Earth.
Using mathematical model [12 — 17] and equations (1) — (3), there have been
obtained the following estimations of the deorbit time for some near circular orbits
and spacecrafts (Table 2).

Table 2
Mass of Altitude (km) Inclination Eccentricity Average Deorbit
space- (degrees) cross-section Time with
craft/mass of area of space- | devices with
dt;v'\i/(lze( l\(/;;i)th craft m>2 PM
661.5/19.845 600 45 0.005 20 2.485 years
1753.3;/52.59 650 30 0.005 6.48 5.5 years
508/15.24 700 60 0.005 12.9 6.1 years
743/22.29 750 52 0.005 10 7.2 years
1923/57.69 800 55 0.005 15 11.3 years
300/9 850 66 0.005 4 10.25 years
1000/30 900 86.4 0.005 6 31.4 years
400/12 900 86.4 0.005 4 23.14 years

Another calculation has been carried out with fixed mass, inclination of the
orbits and average cross-section area of spacecraft (Table 3). All calculations have
been carried out according to the requirements of mass ratio (mass of the deorbit
system = 3 % of mass of the spacecraft).

Table 3
Mass of Altitude (km) Inclination Eccentricity Average Deorbit
space- (degrees) cross-section Time with
craft/mass of area of space- | devices with
di)v'\i/?e( kv;i)th craft m>2 PM
400/12 600 45 0.005 4 1.15 days
400/12 650 45 0.005 4 2.458 years
400/12 700 45 0.005 4 4.517 years
400/12 750 45 0.005 4 7.173 years
400/12 800 45 0.005 4 9.523 years
400/12 850 45 0.005 4 13.8 years
400/12 900 45 0.005 4 18.081 years

Analyzing these estimates, the next conclusions can be made:
1. At first, deorbit time depends on ratio between inertial characteristics of
spacecraft and mass of device with PM which is loaded to this spacecraft.
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Though, else if the requirements of mass ratio correspond, it can be seen
that for different masses and sizes of spacecraft we observe different val-
ues of deorbit time. It can be explained that generated braking force which
depends on the size of PM increases not as fast as inertial characteristics
of spacecraft depending on mass. It can be seen from the seventh row in
Table 2.

2. It should be emphasized that deorbit time depends on the orbit parameters
of spacecraft. Thus, with the same altitudes of orbits and the same masses
and sizes of spacecraft, but with different inclinations different values of
deorbit time have been obtained (the 7-th row of Table 2 and the 7-th row
of Table 3).

3. To obtain rational parameters of deorbit system based on device with PM
many factors should be considered that affect the deorbit time of space-
craft. The main factors which should be considered are: mass and size of
the spacecraft, mass and size of the device with PM, orbit parameters,
value of generated braking force, ratio between generated braking force
and inertial characteristics of spacecraft. After analyzing these factors, the
conclusion can be made about expedience or inexpedience of implementa-
tion of the device with PM. Thus, analyzing the estimates from Table 2
and Table 3 it can be concluded that with the increasing of the mass of
spacecraft the effectiveness of using devices with PM decreases.

Conclusions. As a result of the analysis of the deorbit technologies of space-
craft from LEO using its self-electromagnetic and magnetic fields, their advantages
and disadvantages have been determined. The new approach which is based on
using devices with PM has been explored. The obtained estimates of the results of
the study show that efficiency of implementation of the devices with PM depends
on many factors. To achieve maximum efficiency, these parameters should be ana-
lyzed first of all when designing a deorbit system for each spacecraft considering
its future use. So, within the requirements of mass ratio, with the increasing of in-
ertial parameters of spacecraft the efficiency of the use of the devices with PM
decreases. That’s why the maximum efficiency of the use of the devices with PM
is observed for small and medium spacecrafts.
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