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Over the past several years the concept of the so-called “all electric propulsion spacecraft” has gained popularity
among both customers and developers of geostationary (GEO) spacecraft; this issue is being actively discussed. The
main advantages of the concept are the following: decreasing the mass of spacecraft and increasing its economic effi-
ciency by means of pair orbital injection. There are some illustrative cases of implementation of this concept by Ameri-
can, European and Russian companies. However, specialists interpret the content of the concept in different ways. That
causes the problems connected to the development of the conceptual design of spacecraft. It is therefore very important
to consider the concept in more detail, to compare various points of view in order to form understanding reflecting its
essence the most accurately. At the same time, on the basis of the available examples, it would be feasible to analyze the
advantages and disadvantages of this concept in comparison with other approaches to the construction of propulsion
system of spacecraft. In the article we offer to interpret the concept as “All electric propulsion spacecraft”’. This inter-
pretation allows to understand its content unambiguously by the specialists of both Russian and Western Technical
Schools. We offer to define “All electric propulsion spacecraft” as an apparatus that does not have in its composition an
apogee engine unit that is chemically fuelled. It has to execute manoeuvres on geostationary orbit raising, orbit correc-
tion and momentum wheel unloading by electrical propulsion only. We have shown that with the existing level of excel-
lence of the equipment this concept does not have any advantages over the concept of separate propulsion subsystems
for the correction and orientation by total mass as well as by the level of reliability.

Keywords: all electric propulsion spacecrafi, apogee thruster, propulsion subsystem, electric propulsion engine, or-
bit raising.

O KOHOEINIHUHA NOJHOCTBIO JIEKTPUYECKOI'O KOCMHUYECKOT O ATITITAPATA
0. M. Epmomrkun*, /1. B. Bonkos, E. H. Slkumos

AO «MHpOopMalMOHHBIC CITYTHHKOBBIC CUCTEMbD» UMeHH akanemuka M. @. Pemeruésay
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B nocneonue meckonvko nem cpeou 3aKa3zHUKO8 U pa3pabOmMuUKo8 2eo0CMAYUOHAPHBIX KOCMUYECKUX anna-
pamos (KA) nabpana nonyisapnocms u akmueHo 00CyxHcoaemcsi KOHYenyusi max Hazuleaemo2o NOJHOCMbIO dJleKmpuye-
CcK020 Kocmudeckozo annapama. [loduepkusaromes npeumyuwecmsea OaHHOU KOHYenyuu 6 wacmu cHudxcenust maccol KA
U NOBLIUUEHUSL IKOHOMUHECKOU P heKkmusHocmu 3a cuem napHo20 6vi600a Ha opoumy. Hmeiomces KonkpemHole npume-
Ppbl ee peanusayuil aMepUKaHCKUMY, e8PONECKUMU U POCCULICKUMU KOMAAHUsMU. Bmecme ¢ mem, ee codepoacanue
MPAKmyemcs, CReyuarucmamyu noO-pasHoMy, U3-3ad 4ee0 BO3HUKAIOM NpobieMbl, C8A3aHHble C QOPMUPOBAHUEM
obauxka Kocmuyeckux annapamos. Ilosmomy npedcmaensiemcs GadCHbIM pPAcCMOmpems 3my KOHYenyuro 0Ooiee
noopoOHO, CONOCMABUMb PA3IUYHbIE MOYKU 3PEHUs ¢ mem, 4moovl evlpabomams NOHUMAHUe, Oojllee MOYHO Ompa-
arcarowee ee cymb. OOHOBPEMEHHO HA OCHOBE UMEIOWUXCS NPUMEPOG U NPOEKMHBIX OYEHOK Yelecoo0pasHo nposecmu
AHAU3 NpeuMyujecms U HedoCMamKko8 OAHHOU KOHYeNnYuu No CPAGHEHUI ¢ OpyeumMu nooxooamu K QOopMuposaHuio
odgueamenvhoix cucmem KA. I[Ipednosicena mpakmoeka nousmusi NOJHOCMbIO AEKMPUYECKO20 KOCMUYECKO20 annd-
pama, No36OAANWASL  OOHOSHAYHO NOHUMAMb €20  COOeplHCaHue CReyuamucmamu Kaxk pPOCCUUCKOU, MaK
U 3aNAOHOU MeXHULeCcKoU wKoabl. IIpednodceno onpedeiums NOAHOCMbIO IAEKMPUYECKUL KOCMUYECKULL annapam Kax
annapam, He umMerOwWUll 8 CG0EM COCMABe ANO2eUHOU 08USAMENbHOU YCMAHO8KU HA Xumuyeckom monauee. On 00NCeH
BbINOIHAMb MAHEEPbL N0 00BbIBEOCHUIO HA 2e0CMAYUOHAPHYIO 0pOUMY, KOPPeKyuu opoumol U pasepyske MAaxo8uKos
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cucmembl OpUeHMAaYUl ¢ UCNOIL308AHUEM MOILKO INEKMPOPeaKmuenoll osueamenvroll cucmemsl. Iloxazarno, umo npu
Cywecmayiowem yposHe cogepuencmea obopyoo8anus OAHHAs KOHYENYusi He UMeem npeumyuecmes neped KoHyenyueu
Paz0enbHblX 08ULAMENbHBIX NOOCUCHIEM OISl KOPPEKYUU U OPUEHMAYUU KAK N0 CYMMAPHOU Macce, max u no ypogHio

HAOEHCHOCTNU.

Knroueswvie cnosa: nonHocmuio 3ﬂ€KmpM’{€CKuﬁ Kocmudeckuil annapam, anozetitulil ()GMZClmEJlb, osucamenvHas noo-

cucmema, 3ﬂ€Kmp0p€aKmu6Hbld ()GMZClmEJlb, dosbleedeHue.

Introduction. The appearance of the new concept
of “All electric spacecraft” has caused considerable
controversy among specialists about the benefits and
drawbacks of this concept of constructing spacecraft
propulsion subsystem. The substantive content of these
discussions is often hampered by discrepancies in under-
standing of the term in contrast to the clear-cut concept
of “Propulsion subsystem”. Therefore there is a need to
raise two interdependent issues and respond to them.
The issues are the following: a) clarifying the content
of the concept of “All electric propulsion spacecraft”;
b) assessing the advantages and disadvantages arising
from the use of this concept while designing and operat-
ing GEO spacecraft. The article is devoted the consid-
eration of these issues.

Clarifying the content of the concept of “All elec-
tric propulsion spacecraft”. We can translate the Eng-
lish term “All electric propulsion spacecraft” into Rus-
sian, but the most accurate translation according to the
meaning would be “spacecraft with electro jet propulsion
subsystem solving any tasks”. A simplified version close
to word-for-word translation and the most widespread
is “All electric propulsion spacecraft”. Let’s consider
the meaning of this term that comprises a certain ap-
proach to the construction of propulsion subsystem of
GEO spacecraft.

In considering the issue, it should be noted that his-
torically, there are two different technical schools dealing
with the concept of launching spacecraft into geostation-
ary orbit. The Western School (that some American and
European companies adhered to from the very beginning)
involves initial launching of a satellite into elliptical geo-
transfer orbit with the further raising into geostationary
orbit with the help of the own apogee engine unit of a
satellite. The engine unit of a satellite is called “apogee”
because it produces master impulse at orbit apogee. Spe-
cialists used only two-component systems with rather
high thrust (hundreds of pound feet in order of magni-
tude) that allowed to perform apogee maneuvers at an
optimal point of orbit and to obtain quite acceptable char-
acteristics of engines in terms of economic efficiency
(specific impulse). The main advantage of this approach
was the speed of the execution of manoeuvres. Rather
high engine thrust allowed to perform a manoeuvre during
the limited period of time — not more than several days.
That reduced to the minimum the dose obtained by a sat-
ellite while passing through radiation belts and allowed to
put a satellite into operation as quickly as possible. One
more important competitive advantage of the approach
was the possibility to use launch vehicles of different
types. It helped select the most convenient options with
regard to the price and other points. Thrusters used re-
maining fuel after the completion of manoeuvres for the
orbit correction during operational lifetime of the space-
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craft and for the creation of control moments while main-
taining satellite orientation in space.

While implementing the concept, it is necessary to
place in spacecraft the propulsion subsystem with massive
tanks of oxidizing agent and fuel, with inflation system
and other necessary attributes; in this, the mass of the
fuelled propulsion subsystem unit is 40-50 % of the
launch mass of spacecratft.

In contrast to the Western Technical School, the So-
viet (Russian) school comprised the launch into geosta-
tionary orbit on the so-called “direct” scheme: using a
separate Booster that has some properties of spacecraft
but it is actually a part of a launching vehicle. To some
extent, a Booster may be considered as an upper stage of a
launch vehicle. In such a conception there is no apogee
engine unit as a component of spacecraft. Orbit correction
and the creation of control moments are carried out during
the spacecraft lifetime by on-board subsystems on the
basis of low thrust, both two-component and single-
component electric propulsion thrusters [1]. In this, in the
latter case, developers can significantly reduce the mass
of a fuel due to the high economical efficiency of electric
propulsion that are generally used for correcting the orbit
of spacecraft.

The evolution of the western approach was that spe-
cialists began to apply electric propulsion, in particular,
ion propulsion, for correcting orbits of geostationary
spacecraft in north-south direction (the correction of in-
clination of the orbit or north-south station keeping).

In this, the apogee engine unit in spacecraft was main-
tained, the correction of the longitude (West—East)
and the performance of control moments continued to be
carried out by the two-component liquid-fuelled low
thrusters on the rest of the fuel of the apogee engine
unit. In particular, the spacecraft on 601 HP platform base
with the use of the XIPS-13 thrusters were developed
by Boeing [2]. The development of the concept comprised
the application of more powerful ion thrusters XIPS-25 in
spacecraft on Boeing 702 base platform not only for the
correction of orbital inclination but for the partial per-
formance of the maneuver of orbit raising as well [2; 3].
Four ion thrusters were installed on the revolving plat-
forms that provided thrust in the direction of orbital speed
in the mode of raising, and in the mode of orbital correc-
tion — in the directions “North—South” and “West—East”
(fig. 1). In this, in the mode of orbital raising the engines
operated at maximum power 4.2 kW, and in the mode of
orbital correction — on half-power 2.1 kW. As the engines
were installed on the moving platforms (drives), during
the operation it was possible to generate control moments
in order to unload momentum wheels of orientation sys-
tems. It allowed to considerably save the fuel for the atti-
tude control thrusters that were on board the spacecraft
together with the apogee engine unit.
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Orbit Control
Ion Thrusters

Fig. 1. The location of orbit control thrusters on board spacecraft built
on Boeing 702SP platform base

Puc. 1. Pa3menienue npurareneii koppekiuu Ha KA, noctpoeHHOM
Ha 0aze mratdopmsl Boeing 702SP

The next considerable evolutionary step in the con-
struction of propulsion system of GEO spacecraft was a
complete rejection of the apogee propulsion. In this ver-
sion being implemented in the spacecraft created on Boe-
ing 702SP platform base, the electrical propulsion subsys-
tem took up the challenge of orbital raising [4]. It allowed
to significantly decrease the mass of the fuelled propul-
sion subsystem and the satellite in whole. This, in turn,
gave the possibility to perform pair launches using
one launch vehicle that allowed to considerably reduce
the cost of the injection of spacecraft into orbit. But
it caused the increase of the period of raising operation
to 7-9 months owing to fundamentally low thrust
of an electrical propulsion. However, in the opinion
of western specialists, the advantages of the concept
outweigh the disadvantages. With its help, only for
the European operator EUTELSAT three spacecraft
were manufactured EUTELSAT 115 West B”
EUTELSAT 117 West B (both on Boeing 702SP platform
base), EUTELSAT 172B (on EUROSTAR-3000 base)
[5]. These satellites were put into operation. The duration
of orbital raising was from 4 to 6 months. On the satellite
called EUTELSAT 172B the Russian-made thrusters
called SPD-140D with a power of 4.5 kW were first used.
The interest in the satellites of this type is increasing in
the world.

We can note that the evolutionary development of the
concept of the apogee engine unit with higher significance
of electric propulsion in solving the problem of orbital
raising led to the qualitative leap — total rejection of the
chemically fuelled apogee propulsion; it generated the
concept of “all electric propulsion spacecraft”. In western
specialists' understanding, the lack of the chemically fu-
elled apogee propulsion is an essential feature of this con-
cept.

There is, however, an additional issue concerning atti-
tude control thrusters. If correction thrusters are installed
on the drives that allow to decline a thrust vector from the

491

line passing through the centre of spacecraft masses, there
is every reason to impose the task of creating control
moments to the correction engines as well and to com-
pletely refuse to use attitude control thrusters. In this case
the concept of all electric propulsion spacecraft will be
carried to its logical conclusion, i. e. in this case space-
craft will not have any other thrusters apart from electric
propulsion thrusters, and they will solve two different
functional tasks: moving the center of spacecraft’s mass
of and control its angular position.

However, the following circumstance hinders such ul-
timate realization of the “all electric propulsion space-
craft” conception: there are so called initial attitude modes
of spacecraft and modes of ensuring survivability when
the use of attitude control system with momentum wheels
is difficult or impossible. Attitude control thrusters are
necessary in this case. However, since impeded power
balance is possible for the current modes, the use of elec-
tric propulsion is difficult due to their high energy con-
sumption. Therefore, an additional independent engine
subsystem providing the creation of control moments ar-
ranged along the three axes of spacecraft is necessary for
such cases. The choice of the thruster type for such a sub-
system depends on the preferences of designers and can
be quite broad — from simple nozzles on a cold gas or
heated nozzles to mono-fuel or two-component low-
thrusters.

Generally when speaking about the advantages of the
concept of “all electric propulsion spacecraft” this issue is
neglected and it is considered to be of secondary impor-
tance and not worthy of special attention. It is interesting
to note that if this concept is interpreted in this way, all
spacecraft developed by JSC “ISS” starting from 1982
and equipped with electrically orbit correction propulsion
subsystems and mono-fuel attitude control subsystems
can be considered as “all electric propulsion spacecraft”.
A. Vnukov and his co-authors repeatedly pointed to it in
publications [6].
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The question is, how to interpret the concept
of “all electric propulsion spacecraft” correctly and
unequivocally so that the specialists of both Russian
and Western Technical Schools understand it equally?
The following approach is possible: if we take into
account the fact that the term “all electric propulsion
spacecraft” was invented in the Western Technical
School, the use of the interpretation of the term in the
form in which it was formed in the Western specialists'
view will be logical, i. e. it is logical to mean by this term
a kind of spacecraft with an electrically propulsion
subsystem without chemically fuelled apogee propulsion.
The issue concerning the auxiliary attitude control propul-
sion is not considered. This approach implies the rejection
of the ultimate interpretation of the term “all electric
propulsion spacecraft”, which excludes the presence of
any other engine subsystems on board, except the electri-
cal propulsion subsystem.

If we agree with the proposed definition, the meaning
of the term or the concept of “all electric propulsion
spacecraft” will be unambiguous for everyone. In addi-
tion, there will be freedom in choosing the type of auxil-
iary attitude control propulsion subsystem, which in any
case is necessary on board spacecraft and the fact of its
existence excludes the possibility of applying the ultimate
interpretation of the “all electric propulsion spacecraft”
conception

Evaluating the advantages and disadvantages of
the versions of the concept of “all electric propulsion
spacecraft”. Let us suppose that the proposed interpreta-
tion of the concept “all electric propulsion spacecraft” is
adopted. It is possible to modify it, in this case we give
the auxiliary attitude control subsystem a little more ad-
vanced functions, i. e. we assign to it the tasks of creating
control moments not only in some separate operating
modes of a satellite, but during its entire service life as
well. This approach, in particular, has been applied to all
spacecraft developed by JSC “ISS” [6; 7]. We have
evaluated the advantages and disadvantages of “all elec-
tric propulsion spacecraft” concept in comparison with
the extended version applied on the products of JSC
“ISS”, which have been taken as a base. We have taken
the following baseline data for the assessment:

— the need for the total impulse for various tasks with
respect to the general stock are: orbit raising and orbit
correction — 98 %, orientation during the service life in-
cluding the period of the initial modes and the period of
the modes of ensuring survivability — 2 %;

— the base scheme includes the propulsion subsystem
of orbit raising and correction of the orbit and the attitude
control propulsion subsystem;

— the orbit control and orbit raising propulsion subsys-
tem consists of 6 perspective plasma engines of KM-75
type [8], a modified version of power processing unit
(PPU) suitable for powering two thrusters simultaneously,
a xenon feed unit and a xenon storage unit developed by
JSC “ISS” [9];

— the attitude control propulsion consists of 8 thruster
units with mono-fuel K50-10 thrusters [10], storage and
feed unit.
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In all the versions in which we do not use mono-fuel
thrusters, cold xenon nozzles powered from the common
xenon tank create control moments in the initial modes
and modes of ensuring survivability.

In the version of hard-mounted correction thrusters,
we have increased their number to ten to create control
moments along three axes, taking into account the thrust-
ers of orbit raising. In the version of the correction thrust-
ers installed on rotary devices (drivers), the thrusters are
used both in the mode of orbit raising and in the orbit
correction mode with simultaneous creation of control
moments. We have reduced the number of engines to the
lowest possible — four. We have taken into account the
mass of the rods, drives and its control units.

The main criterion for evaluating the versions is the
total mass of fueled propulsion subsystems. Additional
criteria are operational reliability and easy control. The
mass estimate for different design versions of the propul-
sion subsystems is presented in table.

The results presented in the table show that the base
design version of the satellite propulsion system (consist-
ing of two independent subsystems: orbit control and or-
bit raising subsystems based on plasma thrusters and atti-
tude control subsystem based on a monopropellant thrust-
ers) has a significant advantage over other versions. We
obtained similar results when carrying out project evalua-
tions for other types of plasma engines and other types of
PPU. This result suggests that at the present stage generat-
ing of control moments for the orientation of spacecraft
by plasma orbit control thrusters is possible but it is irra-
tional, since it requires a significant increase in mass in
comparison with the version of two independent propul-
sion subsystems. The results of design estimates are un-
expected as, at first sight, a system based on single, uni-
versal, very economical and reduced to a minimum num-
ber of thrusters must have the lowest mass. However,
many calculations that we have carried out taking into
account the attendant factors, the available data on the
masses of the blocks of propulsion subsystems and proto-
types of new equipment suggest otherwise. The reason is
that in order to implement the versions using the electrical
propulsion in creating control moments, it is necessary to
increase the number of thrusters or install them on drives
and rods, which together with their control units have a
sufficiently large mass. In addition, it is necessary to take
into account the mass of the auxiliary cold gas-reactive
subsystem with the reserve of the fuel mass. We note that
papers [11; 12] demonstrate that the version with fixed
orbit control thrusters on the levers relative to the center
of mass proved to be lighter than the base version, but this
result was received without taking into account the xenon
mass consumption for orbit raising and disturbing torques
compensation at this stage.

We should note that the pessimistic estimates of the
increase in mass for the implementation of versions dif-
ferent from the basic one are characteristic for the current
level of perfection of the design of the equipment being
used. But, if some lighter devices of controlling thrust
vector appear, we can significantly reduce the mass of the
driven version.
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The total mass of geostationary satellite propulsion subsystems for the different design versions

Design version

Difference from the base scheme, kg

The scheme with ten fixed correction units based on KM-75 using modified PPU +32

drives using modified PPU

The scheme with four correction units based on KM-75 on four rods with uniaxial

+71

In order to comprehensively evaluate the feasibility of
applying this or that concept, we have considered other
aspects of the versions of engine subsystem constructions.
Operational reliability of the system is one of the most
important issues. It is necessary to compare the evaluation
of reliability of the system with the combination of func-
tions of orbit and attitude control with the reliability of the
original scheme with separate propulsion subsystems of
ones.

We have determined the reliability of the original sys-
tem of Ryyr, by the following expression:

Rinit= Rep * Race, (D

where Rcp — reliability of the of correction propulsion;
Racp — reliability of the attitude control propulsion.

The reliability of the system with the combination of
the functions R' is similarly defined by the expression:

R’'=Raux " Runi, (2)

where Rayx — reliability of the auxiliary propulsion for
operation in the initial modes and modes of ensuring sur-
vivability; Ryny — reliability of the universal propulsion
subsystem of orbit and attitude control

The reliability of the auxiliary propulsion subsystem
in the first approximation can be comparable (equal to or
slightly higher) with the reliability of the attitude control
propulsion subsystem in the original version. Thus, the
reliability of the system with the combination of functions
depends on the second component — the reliability of the
universal propulsion subsystem. Obviously, its reliability
is lower than the reliability of the orbit control subsystem
in the original version, since the composition of the sub-
system and the structural scheme of reliability are more
complicated. Most likely, the reliability of a system with

the combination of functions is comparable or lower than
the reliability of the original scheme with two independ-
ent engine subsystems.

To confirm this assumption, we have obtained a nu-
merical estimate of the reliability for a specific version of
the propulsion subsystem. It is possible to do it, for ex-
ample, for the scheme with the fixed correction thrusters
on the body of the spacecraft considered in [11]. This
paper considers only the problem of orbit correction with
the simultaneous creation of control moments without
orbit raising. We have chosen the diagonal placement of 4
thrusters (fig. 2) as a base scheme of the orbit control pro-
pulsion subsystem.

Fig. 3 shows the structural scheme of reliability for
this design of the propulsion subsystem.

-

ﬂ

Fig. 2. Coordinate system and nominal thrust directions
of orbit correction thrusters in the base scheme

Puc. 2. Cucrema KoOpUHAT 1 HOMHHAIIBHEIE
HaIpaBJICHUS BBIJAYH TATH ABUTATENCH KOPPEKINH
op6utsl B 0a30B0OI1 cxeme

"] Rees ] Repu Ry Ry N Ryy.y T
Inclination Longitude Longitude
correction correction correction

+Y -Y

Fig. 3. Propulsion subsystem reliability scheme for the base version:
Rgrs — reliability of xenon storage and feed system (storage unit and feed unit); Rppy — reliability of power
processing unit; Ryy.3 — equivalent reliability of a scheme fragment for the correction of orbital inclination
at triple reservation of the thruster units; Ryy.; — equivalent reliability of a scheme fragment for longitude
orbit correction in plus or minus directions at single reservation of the thruster units

Puc. 3. CtpykTypHas cxema HaJIe)KHOCTH IOJICHCTEMbI KOPPEKIUH JUIsi 0a30BOTO BapHaHTA:
Pcexni— BBP cuctemsl xpaHeHus U oJjaun KceHoHa (010K XpaHeHHs 1 OJI0K mogauu KceHoHa); Pery — BBP
cuctemsl npeodpazoBanust U ynpasneHus (CI1Y); Prx.; — skBuBanentHas BBP yuacTka cxemsl mist Koppek-
LMY HaKJIOHEHUsI TIPH TPEXKPATHOM PE3epBUPOBAHUHU ABUraTenei koppekiuu; Py 1 — sxkBuBaneHTHas BBP
YYaCTKOB CXEMBI Il KOPPEKLIMH JOJITOThI B HAIPABJICHUH «IUTIOC» HUITH «MHHYC» IIPU OJJTHOKPATHOM pe3ep-

BHUpPOBaHUY (yOJIIMPOBAaHNN) IBUTATENEH KOPPEKIIUHI
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Fig. 4. The location of orbit control thrusters using hard attaching on the SC structure

Puc. 4. Pazmelienue neurareneid KOppeKUUU B CXeMe € HETIOABHKHBIM
3aKpeIIeHueM ABurareneil Ha kopnyce KA

R
SES | Rppy - Rppy Rrus | —f Rrus Ry
Inclination Longitude Longitude
correction correction correction
+Y -Y
—1 Rmux [— Rrux [ Rruwy Rruy [ Rruz Rryz

Control moments +My..—My

Fig. 5. The scheme of reliability of propulsion subsystem for the version with the combination of functions:
Rgrs — reliability of xenon storage and feed system (storage unit and feed unit); Rppy — reliability of power process-
ing unit; Rry7 — equivalent reliability of a scheme fragment for the correction of orbital inclination at sevenfold res-

ervation of the thruster units; Ryy.3 — equivalent reliability of a scheme fragment for longitude orbit correction in

plus or minus directions at triple reservation of the thruster units; Rry:x...z — equivalent reliability of scheme frag-
ments for control moment creation at series-parallel reservation of thrusters

Puc. 5. CTpykTypHast cxema HaJe)KHOCTH JABUTaTEIbHOM MOJICHCTEMbI C COBMEIICHUEM (pyHKI[HIA:

Pcxnn — BBP cucrembl xpanenus u nogaun kceHoHa; Peyry — BBP CITV; Pjk.; — sxBuBanentHas BBP ydacTka cxembl
JUISL KOPPEKIUH HAKIIOHSHUsI IPH CEMHKPATHOM PE3€PBUPOBAHUHM JBHIaTeseil KOppeKuun; Py 3 — SKBUBaJICHTHAs
BEBP yuacTkoB cxeMbl 1711 KOPPEKIHMH JOJITOTHI B HANPABICHUHU «ILTIOC» UITH «MHHYCY» IIPU TPEXKPATHOM
pe3epBUPOBAHUY JIBUTATENel KOppeKUnn; Prx:x ..z — dkBUBasieHTHbIe BBP yuacTkoB cxeMbl IpH mocienoBaTeabHoO-
napauieIbHOM pe3epBHUPOBAHHUH JIBUTATEIICH KOPPEKLIUH JUIsl CO3/IaHHs YIPABIISIONIMX MOMEHTOB

The article also represents the diagonal placement of
eight engines in pairs with small (approximately 1°) de-
viations of the thrust lines relative to the center of mass to
create control moments (fig. 4).

Engines work in pairs to create “pure” control mo-
ments of a certain sign on a certain axis, while a symmet-
rically located pair duplicates the selected one. Due to the
lack of estimations of the reliability probability of the
PPU for powering two engines, we have applied two simi-
lar PPU with the ability to power one thruster. The esti-
mates of the reliability for such a device are known. If we
take into account our assumptions, the structural scheme
of the reliability of the propulsion subsystem with the
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combination of functions will have the form shown in fig.
5. Obviously, this scheme looks more complicated than
the one shown in fig. 3.

The calculation using the above-mentioned structural
schemes taking into account the known values of the reli-
ability of the constituent elements shows Ryr =~ 0.9775
for the initial scheme, and R’ = 0.9769 for the scheme
with the function combination, i. e. the reliability
of the original version with independent propulsion
subsystems is actually slightly higher, although the differ-
ence is observed only in the third decimal place.

For the version with the installation of orbit control
thrusters on the drives, the structural scheme of reliability
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obviously must be different and it must take into account
the reliability of the drives including mechanical compo-
nents, electronic control units and flexible units for xenon
feed. Probably the total reliability for such a scheme will
roughly correspond to the version with fixed installation
of the thrusters, that is, slightly lower than the original
scheme contains.

The above-mentioned formal conclusions about the
reduced reliability of the propulsion subsystem with the
combination of functions are illustrated by using a simple
example: if we assume that the electrical propulsion sub-
system is completely or partially out of order, the problem
of control moments creating is either not solved at all, or
it is solved extremely limitedly by the auxiliary subsys-
tem on a cold gas.

We should note that the inoperability of electrical pro-
pulsion can occur both as a result of internal and external
causes. One of the main external reasons is the limitation
of power consumption. So, in case of the failure in the
orientation of spacecraft, it is actual to create control mo-
ments for its reconstruction. But in the non-orientable
state, the orientation of solar cells is also disturbed, so the
generation of electric power is reduced. The chemical
battery capacity is limited. If in this case we use electrical
propulsion, which are fairly powerful consumers of en-
ergy, for orientation, the problem of ensuring the surviv-
ability of spacecraft becomes very critical. In the case of
the presence of two independent propulsion subsystems,
even in case of disorientation, the thrusters creating con-
trol moments remain operational, since the energy neces-
sary for their operation is enclosed in fuel itself.

Thus, to ensure the operational reliability and surviv-
ability of spacecraft, the concept of two independent pro-
pulsion subsystems (attitude control and orbit control) is
preferable. With a certain arrangement of the attitude con-
trol thrusters, they can also be used to produce an orbit
corrective impulse. In particular, certain SC of JSC “ISS”
after the end of their service life in the presence of a re-
sidual fuel were taken to the disposal orbit by the orienta-
tion thrusters.

Thus, to ensure flexibility in application, the concept
of two independent propulsion subsystems is useful as
well. In this case, the algorithms for their use are com-
pletely separated from each other. That is, the program of
ignition of orbit control thrusters is completely unrelated
to the algorithm of attitude control thruster’s ignition for
momentum wheels unloading. Each correction session
consists of one ignition of a thruster that is selected to
output an impulse in a certain direction. If correction
thrusters are used to create the control moments, the algo-
rithms influence each other, therefore, for example, if the
thrusters are fixed, the number of their ignitions in the
correction session can increase to 6—8 [13; 14]. This com-
plicates planning of corrections, as well as it puts addi-
tional demands on the resource of the thrusters according
to the number of ignitions.

Conclusion. We have examined the essence of the
concept of “all electric propulsion spacecraft”. We can
offer the following definition of this term: a spacecraft
without an apogee propulsion system on chemical fuel,
equipped with an electrical propulsion subsystem. This
definition does not include the presence of any auxiliary
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propulsion subsystem onboard the spacecraft to provide
initial orientation modes after separation from the upper
stage and modes of ensuring survivability. We have
shown that without such an auxiliary subsystem of orien-
tation, the construction of the propulsion system of “all
electric propulsion spacecraft” is impossible, therefore in
its “pure form” with only electrically reactive thrusters
this concept cannot be realized.

We have evaluated the advantages and disadvantages
of the versions of the of “all electric propulsion space-
craft” propulsion subsystems in comparison with the ver-
sion of two independent subsystems — for orbit control
and attitude control of spacecraft. We have demonstrated
that with the existing level of mass perfection of equip-
ment, the concept of two independent propulsion subsys-
tems has the advantage over other versions by total mass,
operational reliability and ensuring survivability of the
spacecraft, as well as for flexibility in application. The
estimates of the mass of competing versions should be
clarified in the development of more advanced thrust vec-
tor control devices.
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