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At present to transfer a spacecraft from a low earth to geostationary orbits propulsion systems of two types are most
widely used: chemical and electric. Each type has its advantages and disadvantages. The application of any one of them
does not always satisfy conflicting requirements. A possible solution may be the use of a combined propulsion system
consisting of a chemical and electric propulsion system. This combination allows the spacecraft to be launched faster
than using only electric motors, and it is more efficient in terms of the payload mass than using only a chemical propul-
sion system. Electric propulsion engines (plasma or ionic) need energy sources. Usually, solar batteries are used
for these purposes. The idea of using such a combined propulsion system, consisting of a solar electric propulsion sys-
tem and the Fregat upper stage, was considered within the “Dvina TM” research project. The use of such a propulsion
system requires, even at the design stage, to determine the parameters of the various types of engines that make up its
structure. For a reasonable choice it is necessary to have information about the influence of the various propulsion
system parameters on the final characteristics of the maneuver.

When putting a spacecraft into orbit, it is necessary for the spacecraft to overcome Van Allen belts while the ele-
ments of its design are subjected to intensive action of charged particles, which can significantly limit the period of ac-
tive existence. Using a combined propulsion system, it is possible to shorten the time of being in a field of high radiation
level significantly.

The aim of the study was to synthesize a method for estimating the effect of the combined propulsion system parame-
ters on the integral dose of radiation accumulated during the maneuver, when putting a spacecraft into a geostationary
orbit. Different variations of the combined propulsion system application (thrust variations) allow to optimize the
maneuver of the spacecraft and to reduce the integral dose of radiation.

As a result of the work, a method was proposed to evaluate the influence of the parameters of the combined propul-
sion system taking into account the passage of the Earth radiation belts, the program was implemented, calculations
were made and the results were analyzed.

Keywords: combined propulsion system, electric propulsion system, the Earth’s radiation belt.
Cubnpckuii xxypHan Hayku u TexHomorumid. 2018. T. 19, Ne 1. C. 50-58

BJIMSIHUE SHEPTETUYECKHUX XAPAKTEPUCTHK KOMBUHUPOBAHHOM
JABUT'ATEJIBHOU YCTAHOBKHN HA HHTET'PAJIBHYIO J103Y PAJIMALINN
ITPU BBIBOJE KOCMHNYECKOI'O AITITIAPATA HA TEOCTAIIMOHAPHYIO OPBUTY

B. 1. Buprokos', B. I1. Hazapos®’, A. B. Kyprysos'

"MockoBckuii ABUAIIMOHHBIN WHCTHUTYT (HAMOHAIBHBIA UCCIIETOBATEIHCKI YHUBEPCUTET)
Poccutickas @enepamms, 125993, r. Mocksa, A-80, I'CII-3, BomokoiaMmckoe mocce, 4
*Cubupckuit rOCyAapCTBEHHBI YHUBEPCUTET HAYKU U TEXHOJIOTUH UMEHM akaneMuka M. @. PelerHeBa
Poccutickas @enepamus, 660037, r. KpacHosipek, mpoctr. uM. ra3. «KpacHosipckwuii paboumnii», 3 1
"E-mail: nazarov@sibsau.ru

B nacmoswee epems ons nepeeoda KOCMUHECKUX annapamos ¢ HU3KOU OKONO3eMHOU OpOumvl Ha 2e0CMAYUOHAD-
HYI0 Hauboee WUPOKO UCHONLIVIOMCS O8ULAENbHbIE YCMAHOBKU 08YX MUNOE — XUMUYECKUE U DNeKMpopaKemHule.
Kadcovrii mun umeem ceou npeumywecmea u neoocmamku. [lpumenenue kaxo2o-mo 00H020 U3 HUX He 6ce20a y0oeJe-
meopsem NnpomueopeUUBbIM MpedoBaHUaAM K dQ@PekmusHocmu manespa 6vl6o0d. Bozmooicuvim pewenuem mooicem
ObIMb  UCTIONBL30BAHUE KOMOUHUPOBAHHOU OBULAMENbHOU YCMAHOBKY, COCMOoAWel U3 JICUOKOCHHO20 pPAKEeMHO20
u snexmpopaxkemnozo ogucamenei. Takas KOMOUHayus NO36071siem 6bl8OOUMb KOCMUYeCKUll annapam oOvicmpee
u sghpexmusnee ¢ mouxu 3peHus 60abUIEl MACCHL NONE3HOU HASPY3KU U 3ampam no CPABHEeHUI0 C HAlIUYUueM MmoJbKo
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00HO20 MuUnNaA: 31eKMpPOPaAKemHo20 AUbO0 HCUOKOCMHO20 PAKeMHO20 0gueamers. DNeKmpopakemHule osuzament (nias-
MeHHble UNU UOHHBIE) HYICOAIOMCA 8 UCIOYHUKAX dHepauu. QObIYHO 0N IMUX Yellell NPUMEHAIOMCS COTHeYHble bama-
peu. Hoes npumenenuss no00OHOU KOMOUHUPOBAHHOU 08ULAMENbHOU YCMAHOBKU, COCMOsIel U3 CONHEYHOU 2IeKMpo-
PAKemHuoll YCmMaHo8Ku u paseonHozo oroxka « @pecamy, paccmampusanace ¢ pamkax HUP «/Jeuna TMy. [Ipumenenue
KOMOUHUPOBAHHOU O8ULAMENbHOU YCIMAHOBKU MAK020 6U0a CosMeujeHuss mpebyem ewje Ha dmane npoeKmupo8anus
onpeoenenus payuoHaIbHbIX IHEP2EMUUECKUX XAPAKMEPUCMUK PAZIUYHBIX MUnog ogueamenei. s 060CHOBAHHO20
svibopa HeobX00UMa UHGOPMAYUA O GIUAHUU OMOETLHBIX NAPAMEMPOS8 O08UAMETbHOU YCMAHO8KU HA UMO208ble
Xapaxmepucmuky Manespa.

Ilpu 6v18600e KOCMUHECKOMY annapamy npuxoOumcs npeooonesams paouayUorHvle noaca 3emau, npu dMom dNemen-
Myl €20 KOHCMPYKYUY NO08EP2AIOMCs UHMEHCUSHOMY 8030eliCIEUIO 3APAICEHHBIX YACTUY, YO MOXHCE 3HAUUMETLHO
02paHUuUmMs CpPOK AKMUEHO20 CYujecmeosanus. Hcnonv3ys KOMOUHUPOGAHHYIO OBUSAMENbHYIO YCMAHOBKY, MOJCHO
3HAYUMENLHO COKPAMUMb 8PEMs HAXOICOEHUA KOCMUYECKO20 annapama 6 o01acmu ¢ 8blICOKUM YPOSHEM paouayu.

Paccmompenvr paznuunvie cyenapuu 6v1600a KA ¢ HU3KOU OKONIO3EMHOU HA PACUEMHYIO 2e0CIMAYUOHAPHYIO OpOUy
U OYeHKU NOJYYEHHbIX NPU IMOM annapamypou CyMmapHsix 003 paduayuu. Paznuunvle sapuanmel npumeHeHus Komou-
HUPOBAHHOU 08USAMENLHOU YCIMAHOBKU (8apbUPOBAHUS. MALOU) NO3G0NAIOM ONMUMU3UPOamsb maneep KA u cnuzumeo
UHMe2PANbLHYI0 003y PAoUAYUU.

B pesynomame 0OvLn npeonodicern Memoo OYeHKU GIUAHUA IHEPLeMUYEcKUX XapaKxmepucmux KOMOUHUPOBAHHOU
06UcamensHOU YCMAHOBKU C YUEMOM NPOXONCOeHUs PAOUAYUOHHBIX NOACO8 3eMau, CO30anHa Npocpammd, npoeeoeHbl
pacuemsl U 6bINOIHEH AHANU3 NOTYYEHHBIX Pe3YbMamoes.

Kiouesvie cnosa: kombunuposannas 08ucamenbHas YCMAHOBKA, JJIEKMPOPAKEMHbIIU 08Ueameb, paouayuoHHbLU
nosic 3emnu.

Introduction. The use of an electric propulsion sys- entire trajectory into sections with the inclusion of various
tem (EPS) for the transfer of a spacecraft (SC) from low  propulsion systems (PS) included in CPS was made.
earth orbit (LEO) to a geostationary orbit (GSO) makes

it possible to increase the payload mass (P) delivered to 108 T T T T

the final transfer orbit in comparison with traditional i ]
chemical propulsion systems (CPS), due to more effective E 107 F 200 days GSO placement
use of the workl.ng .objeict mass [1.; 2]. The reverse side < t / 1 year in a GSO
of the EPS application is a long time of performing the _z 10°} 1
orbital lift maneuver (the typical time of transition from = 5
LEO to GSO is 200 days), which leads to a general - 1051 ]
increase in the time required for putting into orbit, in par- -% F 1
ticular, to an increase in time the SC spends in zones with = W i
an elevated level of radiation, the so-called Van Allen & 10 f E
belts [3-5]. 10° L . . —

Fig. 1 shows the dependence of the radiation build-up 0 ) 4 6 8 10
on the thickness of the aluminum shield for a 200-day Coating thickness, mm (alum.)
flight using EPS and the annual location of the SC
on GSO. It can be seen that with a protection thickness of Fig. 1. Dependence of radiation build-up
4 mm, the SC radiation build-up of when putting into the on the protective coating thickness
GSO reaches 100 KRad, which is a critical level for electro-
nic products manufactured by the most common technolo- Puc. 1. 3aBuCHMMOCTb HAKOIUICHHON 03B paanaLK
gy for the production of KMOP electronic circuits [6-9]. OT TOJIIMHBI 3AIMUTHOTO MOKPBITAS
For comparison, for a year of the SC location on a GSO
with a similar protection, the radiation build-up is only Existing software for assessing the effects of radiation
10 KRad. on a satellite such as SHIELDOS, SPENVIS, STK SEET,

Despite the advantages of using EPS from the point of allows to determine the final dose, accumulated by
view of P mass, EPS has initial drawbacks and it is neces- @ spacecraft in a certain orbit, but some software is not
sary to find solutions that allow to overcome them. One of entirely suitable for evaluating active maneuvers performed
the possible solutions is the use of a combined propulsion using engines of large and small thrust on a certain cyclo-
system (CPS), which involves a combination of LPRE  gram, and the other is inaccessible [10]. Therefore, to
and EPS in an integrated system and the application of a  carry out the research, it was required, based on existing
particular engine to perform a certain phase of maneuver  ionizing radiation (IR) models, to write software adapted
optimally. to perform the specific research tasks. A significant dura-

For this purpose, it is necessary to determine the tion of the low-thrust engine flight requires for the per-
rational power characteristics of propulsion systems even ~ formance of differential equations numerical integration
at the design stage. To provide rationale for the choice used for various mathematical description phases of the
of CPS design parameters, in this work, a study of the  general maneuver, substantial computing powers [11].
influence of various trajectory division variants of the  This solution required simplification of the existing
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models, optimization of the algorithms and computational
methods, as well as the use of computers with high com-
putational capabilities.

In the process of the research, a technique was devel-
oped to assess the spacecraft radiation build-up integral
dose, a computer model was created and modeling was
performed for a coplanar transition from LEO to GSO.

Formulation of the problem. The spacecraft equip-
ped with EPS is located on LEO (200 km above the
Earth). The spacecraft performs a coplanar maneuver of
the transition to GSO in two phases. For creating thrust
impulses in the first phase, the Fregat upper stage is used
to carry out the transfer of the spacecraft from the initial
orbit to the intermediate satellite orbit. Another block
of several stationary plasma engines (type SPE 140) is used
to transfer spacecraft from an intermediate orbit to an
inclined geosynchronous orbit of the satellite and to carry
out corrections, and then for subsequent transfer to
a highly elliptical satellite orbit. Simultaneously, the elec-
tric propulsion system (EPS) creates moments of forces
around the three axes to control the position of the appara-
tus relative to the center of mass and to unload the reac-
tion wheel.

It is required to estimate the contribution of each
phase to the total dose of SC devices radiation build-up.

Model. In works [1; 2] it was shown that the optimal
maneuver of coplanar flight from the LEO to GSO using a
pair of large and small thrust engines consists of 2 phases
(fig. 2):

1. Gomanov flight with the use of high thrust engines.

2. Orbit raising of a spacecraft to the target highly
elliptical orbit along the spiral trajectory by low-thrust
engines.

Fig. 2. The trajectory of the flight from LEO
to GSO of the satellite using CPS

Puc. 2. Tpaexropus nepenera ¢ HOO
Ha ['CO UC3 ¢ ucnonp3oannem KV

Knowing the initial mass of the spacecraft, the pa-
rameters of the propulsion system used in the CPS (thrust,
specific impulse), the parameters of the initial and final
orbits, one can enter a parameter k € (0—1), determining
the position of the intermediate circular orbit to which the
spacecraft is driven using the high-thrust engine in the
Gomanov transition.

R, =R +k(R3 —Rl),
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where R, is the radius of LEO; R; is the radius of GSO.
R, can be found analytically with high accuracy. By

varying k parameter, one can determine the position of the
intermediate orbit for each £ value and construct a flight
cyclogram using analytical dependencies to perform
a Gomanov flight in the first phase of the maneuver and
analytical dependencies for performing a long flight along
a spiral trajectory using a low thruster in the second phase
of the maneuver.

Depending on the parameters of the spacecraft, the ini-
tial and final orbits and k parameter, the spacecraft will
move along different trajectories, passing through regions
of space with different levels of ionizing radiation from
outer space (IROS). Ionizing radiation includes the fol-
lowing types of radiation:

— Radiation from the Earth’s natural radiation belts
(ENRB) (protons, electrons, a-particles, nuclei);

— Solar cosmic rays (SCR) (protons, electrons,
a-particles);

— Solar wind (protons, electrons, a-particles);

— Galactic cosmic rays (GCR) (protons, electrons,
a-particles, nuclei);

— Particles in the outer magnetosphere (protons, elec-
trons, o-particles), albedo particles (protons, neutrons),
NDO radiation from unclosed drift shells (protons, elec-
trons), precipitating particles during magnetic distur-
bances (protons, electrons), etc.

The main danger in the spacecraft flight is the emis-
sion of ENRB, consisting of charged particles of different
penetrating power, with energy from tens of kiV to hun-
dreds of MeV for protons and tens of MeV for electrons
which fluxes can reach a large value [12—15].

Galactic cosmic radiation is characterized by small
fluxes (up to 5 particles x cm* x ¢ ') and high particle
energies (up to 1020 eV).

Primary cosmic rays of galactic origin can be attrib-
uted to the sources of ENRB particles (high-energy
protons arising from the decay of albedo neutrons formed
by GCR particles upon interaction with atmospheric nuclei).

SCRs are formed during chromospheric flares on the
Sun. Large fluxes of high-energy SCR particles can repre-
sent a radiation hazard for semiconductor ERI that are
a part of spacecraft instrument units. The total dose of
radiation obtained by the spacecraft throughout the ma-
neuver can be received by integrating the individual doses
obtained when the space vehicle is located at a specific
point in space, the level of ionization radiation (IR) in
which is known. To determine the level of IR, the model
of IR distribution AR-8 was used [10].

To investigate the effect of phase distribution for the
CPS engines on the integral dose received by the space-
craft during the maneuver, a mathematical model was
constructed to solve the following main tasks: flight plan-
ning, iterative modeling, radiation assessment.

The numerical calculation algorithm for the model
is shown in fig. 3 and consists of a series of sequential
operations:

1. The parameters of the spacecraft and the parameters
of the CPS engines are set.

2. The initial and final orbits are assigned, the distri-
bution of the trajectory maneuver between phases 1 and 2.



ABMGMMOHHQ}Z U paKkemHo-KoCmMu4ecKkas mexnuka

3. The initial state vector (position, speed, accelera-
tion) is set.

4. The scheduler performs calculations for the given
parameters and builds a cyclogram of switching on the
engines.

5. The solver performs the cyclogram step by step,
determining the coordinates of the spacecraft at the next
step, calculates and summarizes the value of the particle
flux at a given point in space.

6. The output unit generates a flight path and an out-
put data set corresponding to a given input data set.

The model of the radiation field. Mass distribution
around SC blocks. Calculations of local radiation condi-
tions inside the instrument unit take into account the
weakening of the charged particles fluxes by different
screening elements. The process of passing particles
through matter can be represented by a random sequence
of elementary events — their scattering, relaxation, genera-
tion, etc., in the intervals between which the particles
move freely. The theory is not able to consider the fluc-
tuations in particles energy losses correctly, their angular
and energy distribution, and also the theoretical reliable
description of the repeated radiation transfer. As a result,
a number of approximate calculation methods have been
created that are in satisfactory agreement with the ex-
periment [12; 13; 15]. The main characteristics of charged
particles deceleration in a substance are the specific losses

S(F) :Z:—E and particle range R(E) in a substance. The
X

value of R(E) characterizes the braking capacity of the
material, it is defined as the average energy lost by the
particle per unit of path length. The total range is the path
length of a particle with the initial energy E,, which is
braked to a full stop. The relationship of the ranges with
energy losses in the material of the structure during brak-

Planning
the trajectory

Spacecraft Next elem.
parameters of the trajectory

l

Position
calculation

&

E

ing is described by the expression R(E) = jd—E When
o S(E)

the particles are decelerated, various loss mechanisms in

the material are known. Thus, at low energies, the main

role is played by elastic scattering of the particles. For

particles with energies E >1 Mb»dB, the mechanisms

of braking radiation are activated. Some contribution
is made by Cherenkov radiation, transition radiation at
medium boundaries, etc. The contribution of each mecha-
nism to the total loss value depends on the particle
energy, on the particle type and on the properties of the
medium. According to the nature of the charged particles
interaction with matter, they are usually divided into
heavy (with mass M >> M,) and light (M ~ M,). Several
computational models have been developed for determin-
ing local radiation conditions behind protective shells
of various geometries (for example, hemispheres or half-
planes), depending on the material properties and the
thickness of the shielding shells. The models are based
on the definition of the “range-energy” ratio. Protons and
heavier particles lose energy when passing through the
protective shell due to the mechanism of ionization of
atoms (ionization losses). In this case, the charged particle
interacts with the valence electrons of the atom of the
shell material. In this case, the energy of the proton E,
passing through a screen of thickness x in the direction of
the particle motion with the initial energy £ can be deter-
mined as:
R(E,)=R(E)—x. @)
This implies the condition for the boundary particles
energy completely absorbed by the shielding screen. For
particles with energy E > E, ., there is an equality of

charged particles flows before and after protection
R(E,,.) = x. 2)

Translation
in Mcllwaincoord.
system

Results
accumulation

/\ Ar8

Is trajectory over

Results
output

Fig. 3. Block diagram of the simulation algorithm

Puc. 3. biok-cxema anropurMa MoJIeIUpPOBaHUS
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Taking into account the specific losses, the spectrum
can be expressed by the dependence

S(E)

ST
¢, () =0 )S(EX)E=f(Ex)

(€)

Here @(E) — is the differential spectrum of the parti-
cles (protons) before the protection, calculated at the

value of the energy E, and ¢, (E,)— is after protection

at the point corresponding to the argument E,. In the
arguments of the functions F(F) and S(E) energy values
are expressed in terms of E,.

Often, an empirical relationship is used between range
and energy of the form [12; 13]

R(E) = oxE" (4)
for initial integral spectra of exponential types:
E
>E)=0|—2]|, 5
9o(>E)=9, ( z ) ®)
o(>E)=0, exp(—ij, (6)
EH
dE
S(E)=—,
(E) IR

further, taking into account the connection between the
energy losses and the particle ranges.
For the value of the differential spectra after protec-
tion, one can obtain:
o
X r
] , (7

E)=n0 E"E"' 1+

2

1
0, x ) _E x )
o, (E) —E—(1+—R(E)j exp £, (1+ R(E)J . (8)

n

In both formulas, the subscript x, indicating that this
energy value refers to particles that have passed through
the defense, is omitted.

To obtain the absorbed dose rate from a stream
of charged particles that have passed through a shell
of thickness — x, the integral is calculated

2]
P, = [ 0 (E)S(E)dE, ©)

E

where E| and E, are the boundary energy values for which
these energy absorption mechanisms are dominant.

For protons with energies Ep > 10° MeV, the contribu-
tion to the dose due to ionization is small, therefore we
take £, = 10> MeV. The practice of calculating the multi-
ple passage of charged particles through successive
shields provides for calculating the function ¢ () of the
differential spectrum, after each successive shell. Taking
into account the approximate character of the calculations,
in our case a one-time calculation was performed, but
with the corresponding summation of the screen thick-
nesses. There are programs like GEAR 4 [16; 17] and
others, which determine local radiation conditions, taking
into account the geometry of the absorbing elements. We
use assembly of shielding elements from simple sphere
objects, cylinders, cones, etc. In our case we use a simpli-
fied statement of the problem — a screen in the form of
a hemisphere made of aluminum. Fig. 4 shows the
dependence of the proton range on its energy when using
an aluminum screen. The thicknesses of the cases of the
electronic equipment were not taken into account, as the
absorption in the cases is carried into the reserve because
of the approximate nature of the calculations. The ioniza-
tion losses were calculated from the formulas (4)—(9)
given above with the coefficients according to the data
[12; 13]: for the protons a =1.73; r = 3.47 1073 for
oa-particles o= 1.73, »=13.1-10".

The radiation build-up received by the SC during the
maneuvering time can be determined as the sum of the
doses received from the location of the spacecraft in the
field with some intensity during the interval

D= J'P(f)dt, (10)
T

where D — is the accumulated dose; P(¥) — the intensity

of radiation at the space point 7 =[x yz]T .

Calculation of the local absorbed doses (LAD) inside
the SC units under consideration is carried out on the ba-
sis of mass distributions along the axes of the instrument
blocks coordinates, protective devices and their thick-
nesses.

g 1.00E+03 -
o

&, 1.00E+02 -
§

7 1.00E+01 -
1.00E+00
1.00E-01

1.00E-02 -

1.00E-03

1 10

100 1000
Proton energy, MeV

Fig. 4. Dependence of the proton range on its energy (material — aluminum)

Puc. 4. 3aBucumocTh podera NpoToHA OT €ro SHEPTUH (MaTepuall — aTlOMHHUI)
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Local absorbed doses are calculated by the formula:

6

ﬂHﬂ:l-ZDi, (11)
6 I

where D; — is the value of the absorbed dose with a thick-

ness of protection in 7 direction (there are only 6 of them

along the coordinate axes).

The model of the Earth’s magnetic field. The Earth’s
magnetic field is a dipole field whose axis is offset
by about 11.4 degrees from the geographical axis. It is
known that the intensities of the charged particles fluxes
have a high spatial gradient. At low altitudes in the inner
zone, a 3 % change in distance creates a 10-fold change
in the intensity of the flow. Therefore, it is not possible to
use the dipole model to determine the intensity of charged
particles flows. It is necessary to use a coordinate system
suitable for this task.

The most commonly used is the Mcllwain coordinate
system in which flows of charged particles having equal
intensity are placed on surfaces that can be described in
the coordinates L—B. Based on the experimental data col-
lected during the launch of satellites studying the Earth’s
magnetosphere, a spatial distribution of the intensities was
obtained, which formed the basis of the AP 8 and AE 8
models for protons and electrons respectively [16].

The outer radiation belt consists mainly of electrons.
A non-large-thickness protective shield protects the space-
craft from their effects effectively. Therefore, in the model
only the inner radiation belt, consisting mainly of protons,
is considered.

The flight dynamics of the spacecraft is modeled in
a geocentric inertial coordinate system. To reduce the
computational complexity, it is considered that the start-
ing point of the maneuver coincides with the axis of the
inertial GCS. The axis of the magnetic dipole rotates
together with the rotation of the Earth. To calculate the IR
level at the current point of space, the coordinates of the
inertial GCS are transformed into dipole coordinates, after
which the IR values are computed in accordance with the
AR 8 model [17; 18].

The results of modeling. During modeling, the effect
of the parameter & determining the ratio of the total ma-
neuver share per phase realized by the Fregat US to the
integral dose of radiation received by the spacecraft dur-

ing the maneuvering time was studied. The parameter k
varied in the range 0—1 in increments of 0.1.

A study of the dependence of the results on the inte-
gration step showed that step lc is sufficient for the con-
vergence of modeling results both in the period of high
thrust provided by the Fregat US and during the long spi-
ral transition to the EPS. At the chosen step, the simula-
tion of the longest transition case (full transition to EPS)
takes about 20 million steps. Computational complexity,
illustrated in the graph (fig. 5), is significant even with the
current level of computing facilities and required special
measures to obtain results in finite time.

The graphs are given for a spacecraft having the
following characteristics:

— initial weight of 3000 kg (CPS consists of LRE and
EPS, usually LRE is accepted with low thrust);

— thrust 20 kH;

— specific impulse 3300 m/s.

The EPS has the following characteristics:

— thrust 0,7 H;

— specific impulse of 20,000 m/s.

The initial position of the spacecraft is a circular low
Earth orbit with a height of 200 km with zero inclination.
The final orbit is GSO.

For the various phase relations, the final characteris-
tics and the transfer trajectory were obtained. An example
of the obtained trajectory is shown in fig. 6.

Fig. 7 shows the calculated total radiation doses ob-
tained in the delivery of a spacecraft with a different value
of the parameter k. The analysis of the obtained data
shows that the use of LRE at the initial stage of position-
ing phase allows to reduce the total level of the accumu-
lated dose of radiation significantly. However, the use of
LRE after passing the Van Allen radiation belts does not
have a significant effect on the level of the accumulated
radiation dose and its use does not give significant advan-
tages to the dose effects in this sector. With a fully
electrical transition, the accumulated dose for 200 days is
100 KRad. If the part of the trajectory with the working
LRE is greater than 0.4 from the entire trajectory, the in-
tegral value of the accumulated dose varies insignifi-
cantly, so, in order to reduce the total dose of accumulated
radiation, the use of LRE to perform more than 0.4 of the
total transition is not rational.

i

o

S

o

[S)
|

100.0 -

10.0 -

Computation time, s

Computation time

1.0 (S

00 01 02 03 04 05 06 07 08 09 10

Phase fraction of WPS

Fig. 5. Required computation time depending on the parameter k
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On the other hand, the influence of the working time
of LRE as a fraction of the trajectory maneuver phase on
the duration of the transition is shown in fig. 8. When
using fully electric motors, the duration of the transition is
18 million sec or about 208 days. A balanced ratio be-
tween the duration of the transition and the radiation dose

received can be selected at the expert level, depending on
the mission being implemented and a number of non-
formalized factors. The duration of the transition should
be considered taking into account the dose effects in the
spacecraft design and the choice of the energy characteris-
tics of the engines included in the CPS.
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Fig. 6. The example of a trajectory
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Fig. 7. Diagram of integral accumulated radiation dose depending

on the relative duration of the inclusion of CPS LRE
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Fig. 8. Duration of trajectory transition depending
on the work phase fraction of the LRE
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Conclusion. The use of the CPS, consisting of large
and small thrust engines, makes it possible to increase the
efficiency of the raising the orbit maneuver from the LEO
to the GSO. Efficiency should be understood as a com-
plex indicator, some elements of which can be expressed
in numerical form and used in making reasonable deci-
sions at the design stage of CPS for a spacecraft. The cal-
culation performed allows to estimate the influence of the
chosen ratio proportion of the maneuver part between
different types of engines on the integral dose of radiation
received by the spacecraft during the whole maneuver.
The rationale for the combination of various propulsion
systems in the CPS at the design stage requires an assess-
ment of selection consequences of the CPS parameters
for the final characteristics of putting the spacecraft to the
target orbit. During the research, a technique was pro-
posed to evaluate the influence of such a choice on the
integral dose of radiation received by the spacecraft dur-
ing the time of transition. The results of the study provide
an opportunity for a reasonable decision on the relation-
ship of energy characteristics between the LRE and EPS
in the CPS in terms of accumulated radiation dose and the
total time of the task. Simulation was carried out for the
transition maneuver from LEO on GSO, which is the
most widespread and most interesting for optimization.
To determine the influence of other factors and different
scenarios on the effectiveness of CPS application, further
work on modeling and computational research is necessary.
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