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Transport operations that ensure the change of the orbit of a spacecraft or its transfer to the departure trajectory 

are an integral part of almost all space missions. Increasing requirements for the efficiency of transporting spacecraft 

form the need to search for possible ways to increase this efficiency and assess the characteristics associated with the 

proposed methods. 

Current boosters and interorbital tugs, as a rule, use a chemically powered cruise engine, although solutions with 

the use of an electric jet engine are becoming more common. Due to the high rate of the outflow of working fluid which 

is much higher than that of combustion products in a chemical engine, the efficiency of use of the substance mass by an 

electric jet engine significantly exceeds this indicator for a chemical engine. However, the low thrust provided by the 

electric jet engine leads to high duration of the transport operation and, as a result, to considerable time of exposure to 

the outer space factors, in particular, radiation. Therefore, the use of the electric jet engine only does not always meet 

the requirements for the mission. 

One of the promising ways to increase the efficiency of transport operations is the combination of the traditional 

chemical and electric jet engines in the propulsion system. Various aspects of the use of such an integrated propulsion 

system (IPS) consisting of a solar electric jet system and “Fregat” booster were considered, for example, in the frame-

work of “Dvina TM” research project. 

Unlike a chemical engine, in which energy is released from chemical bonds, the energy for accelerating the working 

fluid by an electric jet engine is supplied from outside. Solar batteries are the most widespread energy source in near-

earth orbits, where the amount of solar radiation is sufficient to meet the energy needs of a spacecraft. Solar batteries 

are sensitive to radiation, damage accumulates in their internal structure and their characteristics degrade. Therefore, 

there is a need to account for the radiation dose accumulated during the execution of the transport operation and to 

evaluate the reduction in the efficiency of solar batteries. Uneven irradiation intensity in the radiation belts formed by 

the Earth’s magnetic field (Van Allen belts) can be taken into account if the assessment of the radiation intensity at the 

trajectory points of the maneuver is made using the Earth radiation belt model. 

The paper proposes a method that allows taking into account the effect of ionizing radiation on the degradation of 

solar batteries when performing a transport operation using an integrated propulsion system based on a liquid-

propellant rocket engine and an electric jet engine, taking into account the chosen trajectory and the model of the 

Earth’s radiation belt. 
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Неотъемлемой составляющей практически всех космических миссий являются транспортные операции, 

обеспечивающие изменение орбиты космического аппарата или перевод его на отлетную траекторию. Повы-

шающиеся требования к эффективности транспортировки космических аппаратов формируют потребность 

в поиске возможных способов ее увеличения и оценке характеристик, сопутствующих предлагаемым способам. 

Применяемые в настоящее время разгонные блоки и межорбитальные буксиры, как правило, используют 

маршевый двигатель на химическом топливе, хотя все чаще встречаются решения с применением электрора-

кетного двигателя. Благодаря высокой скорости истечения рабочего тела, значительно превышающей ско-

рость истечения продуктов горения в химическом двигателе, эффективность использования массы вещества 

электроракетным двигателем значительно превышает этот показатель для химического двигателя. Однако 

малая тяга, обеспечиваемая электроракетным двигателем, приводит к высокой длительности транспортной 

операции и, как следствие, к значительному времени воздействия факторов космического пространства,  

в частности, радиационного излучения, поэтому применение только электроракетного двигателя не всегда 

удовлетворяет требованиям к миссии. 

Одним из перспективных направлений повышения эффективности транспортных операций является ком-

бинирование в составе двигательной установки традиционного химического и электроракетного двигателей. 

Различные аспекты применения подобной комбинированной двигательной установки, состоящей из сол-

нечной электроракетной установки и разгонного блока «Фрегат», рассматривались, например, в рамках НИР 

«Двина ТМ». 

В отличие от химического двигателя, в котором энергия высвобождается из химических связей, энергия 

для ускорения рабочего тела электроракетным двигателем подводится извне. Наибольшее распространение  

в качестве источника энергии на околоземных орбитах, где величина солнечного излучения достаточна  

для удовлетворения потребностей космического аппарата в энергии, получили солнечные батареи. Солнечные 

батареи чувствительны к радиации, в их внутренней структуре накапливаются повреждения и их характери-

стики деградируют, поэтому существует потребность в учете накопленной за время выполнения транспорт-

ной операции радиационной дозы и оценке снижения эффективности солнечных элементов. Неравномерная 

интенсивность облучения в сформированных магнитным полем Земли радиационных поясах (пояса Ван Аллена) 

может быть учтена, если проводить оценку интенсивности радиации в точках траектории выполнения  

маневра с использованием модели радиационных поясов Земли. 

В работе предлагается метод, позволяющий учесть воздействие ионизирующего излучения на деградацию 

солнечных батарей при выполнении транспортной операции с использованием комбинированной двигательной 

установки на основе ЖРД и ЭРДУ с учетом выбранной траектории и модели радиационного пояса Земли. 

 

Ключевые слова: комбинированная двигательная установка, электроракетный двигатель, радиационный 

пояс Земли, солнечная батарея, деградация. 

 

Introduction. Transport operations that ensure the 

change of the orbit of a spacecraft or its transfer to the 

departure trajectory are an integral part of almost all space 

missions. Increasing requirements for the efficiency of 

transporting spacecraft form the need to search for possi-

ble ways to increase this efficiency and assess the charac-

teristics associated with the proposed methods. Current 

boosters and interorbital tugs, as a rule, use a chemically 

powered cruise engine, although solutions with the use of 

an electric jet engine are becoming more common [1]. 

Due to the high rate of the outflow of working fluid which 

is much higher than that of combustion products in a 

chemical engine, the efficiency of use of the substance 

mass by an electric jet engine significantly exceeds this 

indicator for a chemical engine [2]. However, the low 

thrust provided by the electric jet engine leads to high 

duration of the transport operation and, as a result, to con-

siderable time of exposure to the outer space factors, in 

particular, radiation [3–5]. Therefore, the use of the elec-

tric jet engine only does not always meet the requirements 

for the mission. 

One of the promising ways to increase the efficiency 

of transport operations aimed at changing the orbit of a 

spacecraft or transferring it to departure trajectories is the 

use of an electric jet engine as a part of a booster with a 

traditional chemical propulsion system [6]. It is assumed 

that this combination of engines of different types allows 

using a particular engine in different phases of the trans-

port operation, increasing its overall efficiency. Various 

aspects of the use of such an integrated propulsion system 

consisting of a solar electric jet system and “Fregat” 

booster was considered in the framework of “Dvina TM” 

research project [7]. 

Unlike a chemical engine, in which energy is released 

from chemical bonds, the energy for accelerating the 

working fluid by an electric jet engine is supplied from 

outside. Solar batteries (SBs) based on semiconductor 

photocells are the most widespread energy source in near-

earth orbits, where the amount of solar radiation is suffi-

cient to meet the energy needs of a spacecraft. SBs are 

subject to degradation under the influence of high-energy 

charged particles [8–10]. Uneven irradiation intensity in 

radiation belts formed by the Earth’s magnetic field (Van 

Allen belts) [11; 12] suggests that accounting for the in-

tensity of radiation exposure should be carried out along 

the trajectory of the maneuver and taking into account  

the model of the Earth’s radiation belts. 

To assess the impact of heavy ions (HIs) on the degree 

of degradation of the SBs, design programs have been 

established in Russia and abroad. For example, in Russia, 

the Research Institute of Applied Mechanics and Electro-

dynamics (RIAME) of Moscow Aviation Institute (MAI) 

created BUKSIR program [13], which allows estimating 

by calculation the degree of degradation of any of the  
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30 types of solar batteries depending on the spacecraft 

flight altitude, orbit inclination and time spent in this  

orbit. 

European Space Agency (ESA) has developed 

SPENVIS (Space Environment Information System) pro-

gram [14], which allows estimating radiation doses accu-

mulated by spacecraft and their elements during the flight, 

depending on the specified orbits and time spent on them. 

The program also made it possible to predict a decrease in 

the efficiency of SBs during their active existence de-

pending on the types of SB cells, types and thickness of 

protective coatings, and to take into account the obtained 

data when designing both the spacecraft themselves and 

their electric power supply (EPS) systems and developing 

ballistic maneuvers extending the active lifetime (ALT)  

of spacecraft (SC). 

Existing software for evaluating the effects of radia-

tion on spacecraft, such as SHIELDOS, SPENVIS, STK 

SEET, allows calculating the integral dose accumulated 

by the SB, assessing the degradation of photocells de-

pending on their type and thickness of the protective coat-

ing. However, this software does not satisfy the needs of 

studying the characteristics of degradation of solar cells 

when performing active maneuvers using high and low 

thrust engines according to a specific cyclogram, which 

occurs when performing a transport operation using an 

integrated propulsion system. Therefore, basic methods 

and algorithms published in the public domain were used 

to conduct the study and a method that allows solving the 

problem in the desired formulation was proposed on their 

basis. 

Considerable flight duration on low thrust engines re-

quires substantial computational powers to perform nu-

merical integration of differential equations used for the 

mathematical description of various phases of the general 

maneuver. The need for practical implementation of the 

numerical experiment required the simplification of the 

models in use, the optimization of the algorithms and 

computational methods in use, as well as the application 

of computers with high computational capabilities. 

Motion Model. The transport operation of the copla-

nar transition between circular orbits (from low to high) 

was investigated. In general, the problem of estimating 

the effect of the composition of an integrated propulsion 

system on the integral dose of radiation when orbiting a 

spacecraft was considered by the authors earlier in [15]. 

In addition to the methodological interest in terms of de-

veloping a method for assessing the degradation of solar 

panels and the effect of the composition of the integrated 

propulsion system on it, such an operation may be of 

practical interest, since there are promising projects for 

placing into geosynchronous orbits for which the trans-

port operation has a high similarity with the idealized one 

[16]. 

The flight maneuver between coplanar circular orbits 

(from a smaller to a bigger one) consists of 2 phases  

(fig. 1): 

1. Gomanovsky flight using high-thrust engines; 

2. Retrieval of the spacecraft to the target high-

elliptical orbit along a spiral trajectory by low-thrust en-

gines. 

The optimality of a two-pulse flight along a semi-

elliptical trajectory in the chemical phase is shown in 

[17]. The flight between circular coplanar orbits with the 

help of a low-thrust engine is considered in [18]. 

 

 
 

Fig. 1. Flight trajectory of artificial earth satellite 

(AES) from low earth orbit (LEO) to geostationary 

earth orbit (GSO) using integrated propulsion 

system (IPS) 

 

Рис. 1. Траектория перелета искусственного 

спутника Земли (ИСЗ) с низкой околоземной 

орбиты (НОО) на геостационарную около- 

земную орбиту (ГСО) с использованием 

комбинированной двигательной  

установки (КДУ) 

 
Knowing the initial mass of the SC, the parameters of 

the used propulsion engines (PE) that are parts of the IPS 

(thrust, specific impulse), the parameters of the initial and 

final orbits, one can enter a parameter ( )0 1k ∈ ÷  that 

determines the position of the intermediate circular orbit 

to which the SC is placed using the high-thrust engine 

along Gomanovsky transition orbit. 

( )2 1 3 1R R k R R= + − ,    (1) 

where 1R  is the radius of the LEO, 3R  is the radius  

of the GSO. 

The parameter k  uniquely specifies the radius of the 

intermediate orbit 2R . A cyclogram of engine operation 

can be constructed on the basis of analytical 

dependencies. 

The first phase of the maneuver is performed 

according to Gomanovsky two-pulse flight. On the basis 

of ballistic calculations, for a given ratio of orbits 2

1

r
r

r
=  

the necessary increments for the first and second pulses 

are the following: 

1 1

2
1

1

r
V V

r

 
∆ = −  + 

,   (2) 

2 1

1 2
1

1
V V

rr

 
∆ = −  + 

,      (3) 

where 1V  is the velocity of the SC in the initial circular 

orbit: 
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1

1

EV
r

µ
= ,    (4) 

where Eµ  is the gravitational parameter of the Earth. 

The required expenses of the working fluid will be: 

1 exp
SP

V
m M

I

  ∆
∆ = − −     

,    (5) 

where M is the mass of the apparatus before issuing the 

corresponding impulse; SPI  is the specific impulse real-

ized by the CE (chemical engine). 

Pulse durations will be: 

SP

m
t I

R

∆
∆ = ,      (6) 

where R is the thrust of CE. 

Moments of impulses: 

0 0t = ,      (7) 

3

1

E

a
t = π

µ
,      (8) 

where a is the semi-major axis of the transition ellipse. 

As a result of the first phase, the SC is transferred to a 

circular orbit with the radius 2r . The second phase of the 

transport operation begins with the firing of an electric jet 

engine and a long transition along a spiral trajectory. En-

gine thrust during the entire time the maneuver is exe-

cuted coincides with the velocity vector. The calculations 

are done according to the formulas proposed in [5] 

3 2

1 1
1 exp ,

E

SP

M
t

m I r r

   µ
  ∆ = − − 

      
ɺ

   (9) 

gives an approximation sufficient for the problems to be 

solved. 

The result of the second phase of the transport opera-

tion is the transition to the target circular orbit. 

Radiation field model. Depending on the SC parame-

ters, the initial and final orbits and the parameter k , the 

SC will move along different trajectories passing through 

areas of space with different levels of ionizing radiation 

from outer space (IROS). 

Ionizing radiation includes the following types of ra-

diation [9; 19–23]: 

– radiation from the natural radiation belts of the 

Earth (NRBE) (protons, electrons, α-particles, nuclei); 

– solar cosmic rays (SCR) (protons, electrons,  

α-particles); 

– solar wind (protons, electrons, α-particles); 

– galactic cosmic rays (GCR) (protons, electrons,  

α-particles, nuclei); 

– particles in the external magnetosphere (protons, 

electrons, α particles), albedo particles (protons, neu-

trons), UDS-radiation from unclosed drift shells (protons, 

electrons), particles precipitating during magnetic distur-

bances (protons, electrons) and others. 

Galactic cosmic radiation is characterized by small 

fluxes (up to 5 particles × cm
–2

 × s
–1

) and high particle 

energies (up to 10
20

 eV). 

The primary cosmic rays of galactic origin can be at-

tributed to sources of NRBE particles (high-energy pro-

tons resulting from the decay of albedo neutrons formed 

by GCR particles interacting with atmospheric nuclei). 

SCRs are formed during chromospheric solar flares. 

Large fluxes of high-energy SCR particles can pose a 

radiation hazard to semiconductor radio-electronic prod-

ucts (REP), which are a part of the SC instrument cluster. 

The total dose of radiation received by a spacecraft 

throughout the maneuver can be obtained by integration 

of individual doses obtained while the spacecraft is at a 

particular point in space, the level of IR (ionizing radia-

tion) in which is known. 

A dipole is adopted as a model of the Earth’s magnetic 

field, whose axis is shifted relative to the geographic axis 

by 11.4 degrees [20; 24–26]. It is known that the intensity 

of charged particles fluxes has a high spatial gradient.  

A change in distance by 3 % creates a change in the flux 

intensity by 10 times at small heights in the inner zone. 

Therefore, it is not possible to use the dipole model in 

Cartesian or polar coordinates to determine the intensity 

of charged particles fluxes. One must use a coordinate 

system suitable for this task. 

The most commonly used coordinate system is that of 

McIlwain [27–29], in which the fluxes of charged parti-

cles with equal intensity are placed on surfaces that can be 

described in L-B coordinates. A spatial distribution of 

intensities which formed the basis of the AP8 and AE8 

models for protons and electrons, respectively [30] was 

obtained on the basis of experimental data collected dur-

ing launches of the satellite for studying the Earth’s mag-

netosphere. 

Since solar cells cannot be protected by a layer of con-

siderable thickness, it is necessary to use the values of 

both protons and electrons of the entire energy spectrum 

for the purpose of studying the effect of HIs on their deg-

radation. Fluence is conveniently accumulated in the  

energy zones described in documents AP8 and AE8.  

Integral fluence accumulated during the entire transport 

operation can be obtained by integrating with preservation 

of the division of the influencing flows into energy zones 

(separately for protons and electrons): 

( ) ( , )

T

D E P r E dt= ∫
�

,  (10) 

where D is the accumulated fluence for HIs with energy 

in the range of E zone; ( , )P r E
�

is the intensity of radiation 

at the point of space [ ]Tr x y z=
�

 for HI with energy  

in E zone. 

The model of solar cells degradation. Solar cells are 

the most common source of energy for SC. Solar cells 

based on monocrystalline silicon are the most common 

ones, their production technology is well developed, and 

the efficiency of modern elements is high. Elements based 

on gallium arsenide are less common; they have a number 

of advantages and greater efficiency, but their production 

is relatively poorly developed, and the cost is noticeably 

higher than that of silicon ones.  
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Fig. 2. Degradation of solar cells power depending 

on the integral fluence of 1 MeV monoenergetic electrons 

 

Рис. 2. Деградация мощности солнечных фотоэлементов в зависимости 

от интегрального флюенса моноэнергетических электронов 1 МэВ 

 

 

Solar cells operating in space conditions undergo the 

effect of gradual degradation of their characteristics under 

the influence of defects accumulation due to the influence 

of HIs [31]. Several mechanisms of the influence of HIs 

on the solar cells structure are known and theoretically 

described [9]. 

There are a number of techniques [8; 32; 33] for esti-

mation of the degradation of solar cells characteristics 

under the influence of radiation exposure. JPL method 

was used for the purpose of the conducted research. Ac-

cording to this method the effect of mono-energetic elec-

tron flux with energy of 1 MeV on solar cells without 

protective coating is experimentally evaluated. Measure-

ments are carried out on installations with an appropriate 

energy source and a measurement system that records 

changes in the characteristics of solar cells. The depend-

ence of the characteristics (short circuit current, no-load 

voltage, maximum power) on the total effect of the radia-

tion flux is constructed on the basis of the experimental 

data obtained. On the basis of theoretical models of deg-

radation and their subsequent verification by experiments, 

it is generally accepted that the effects of other HIs can  

be reduced to the effects of electrons with the energy  

of 1 MeV. Thus, it becomes possible to determine the net 

effect from different types of HIs (electrons and protons) 

of a wide energy spectrum taking into account various 

protective coatings. 

The formula proposed in [13] which describes the de-

crease in power from the integral fluence 

1.8

12 12
0

1 0.0241 log 0.0466 log
10 10

D DN

N

Σ Σ    
= + ⋅ − ⋅     

    
, (11) 

agrees well with the experimental data on solar cells pro-

vided by manufacturers [34–36] (fig. 2). 

Integral fluences accumulated during the transport op-

eration in various energy spectra can be converted into an 

equivalent monoenergetic fluence of electrons with  

energy of 1 MeV for a given type of protective coating 

according to the formula (12) published in [8]: 

( ) ( )1 · ,
E E

MeVelectron E E

E

d E
RDC E t dE

dE

Φ
Φ = +∫  

( ) ( )· , ,
P P

PE P P

P

d E
C RDC E t dE

dE

Φ
+ ∫  (12) 

where 
( )E E

E

d E

dE

Φ
, 

( )P P

P

d E

dE

Φ
is fluence density of 

electrons and protons on the energy spectrum, 

( ),ERDC E t , ( ),PRDC E t  is the function of equiva-

lent damage from the action of HIs with energy E with  

a protective coating of thickness t, PEC  is the experimen-

tal coefficient of conversion of proton fluence into elec-

tron fluence. 

Algorithm and simulation. The data obtained during 

the ballistic planning of a transport operation form a se-

quence diagram of a transport operation. This approach 

allows solving the following tasks: 

– to check the correctness of the ballistic planning; 

– to get the fluence values at the point of space where 

the SC is currently located and to determine the integral 

dose of exposure. 

The dynamics of SC flight is simulated in the geocen-

tric inertial coordinate system. To reduce computational 

complexity, it is considered that the starting point of the 

maneuver coincides with the axis of the inertial GCS 

(geocentric coordinate system). The axis of the magnetic 

dipole rotates with the rotation of the Earth. To calculate 

the level of IR (ionizing radiation) at the current point in 

space, the coordinates of the inertial GCS are converted 

into dipole coordinates, after which the IR values are cal-

culated in accordance with AP8 model. 
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A mathematical model was constructed to study the 

effect of phase distribution for IPS engines on the integral 

dose obtained by the SC during the time of the maneuver. 

The model solves the following main tasks: 

– flight planning; 

– iterative modeling; 

– estimation of the radiation intensity of electrons and 

protons of different energy spectrum. 

The algorithm of numerical calculations correspond-

ing to the proposed model is shown in fig. 3 and consists 

of a series of sequential operations: 

1. The SC parameters and the IPS engines parameters 

are set. 

2. The initial and final orbits, the distribution of the 

trajectory maneuver between phases 1 and 2 are set. 

3. The initial state vector (position, speed, accelera-

tion) is set. 

4. The scheduler performs calculations according to 

the specified parameters and draws a sequence diagram 

for starting the engines. 

5. The solver performs the sequence diagram step by 

step, determining the coordinates of the SC at the next 

step, calculates and sums up the value of the particle flux 

at a given point in space. 

6. The output unit forms a flight trajectory and an out-

put data set corresponding to a given input data set. 

Simulation results. Final characteristics and flight 

trajectories were obtained for different phase relations. An 

example of the resulting trajectory is shown in fig. 4. 

The effect of the parameter k determining the ratio of 

the fraction of the total maneuver per part of the transport 

operation performed by the booster to the integral dose of 

radiation obtained by the SC during the execution of the 

maneuver was studied during the simulation. The 

parameter k varied in the range of 0÷1 with a step of 0.1. 

The following parameters and initial conditions were 

adopted for the research: 

– the transport operation consists in the transition 

between circular coplanar orbits. The initial orbit (LEO) 

is 200 km high in the equatorial plane, the final orbit 

(GSO) is 35786 km high; 

– the initial mass of the entire system is 3000 kg; 

– CE: thrust is 20000 N, specific impulse is 330 s; 

– EJE: thrust is 0,2N, specific impulse is 2000 s. 

The analytical formulas used for planning the 

cyclogram of a transport operation are verified by the 

method of numerical integration using a physico-

mathematical model. Deviations of the radius of the final 

orbit from the specified one obtained by numerical 

integration based on an analytically planned cyclogram 

are reflected in fig. 5 

The flow of HIs is calculated by energy zones for each 

point of the trajectory. Fig. 6 shows the calculated equiva-

lent fluence of a monoenergy flux of electrons with the 

energy of 1 MeV.  

Calculations of residual efficiency carried out by for-

mula (11) for different k (fig. 7) show that transport op-

erations with k < 0.3 have a significant effect on the deg-

radation.  

Due to the variable integration step, the number of 

calculated points of the trajectory for the most compli-

cated case did not exceed 800 thousand (fig. 8). 

 

 

 
 

Fig. 3. Simulation flowchart 

 

Рис. 3. Блок-схема алгоритма моделирования 
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Fig. 4. Trajectory example 

 

Рис. 4. Пример траектории 

 

 

 
 

Fig. 5. Deviations of the radius of the final orbit from the specified one 

 

Рис. 5. Отклонения радиуса конечной орбиты от заданного 

 

 

 
 

Fig. 6. Fluence of an equivalent flux of 1MeV monoenergetic electrons 

 

Рис. 6. Флюенс эквивалентного потока моноэнергетических электронов 1МэВ 
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In previous calculations performed with a fixed inte-

gration step the number of calculation points exceeded 10 

million, which made the calculation of the equivalent flu-

ence impracticable within a reasonable time frame. 

The specified accuracy of integration was selected tak-

ing into account the balance between the required compu-

tational power and the deviations of the calculations over 

the entire range of the coefficient k. The computational 

complexity illustrated by the time of calculation depend-

ing on the parameter k (fig. 9) is significant even at the 

current level of computational tools and required special 

measures to obtain results in a finite time. 

 

 
 

Fig. 7. Residual efficiency of SBs 

 

Рис. 7. Остаточный КПД СБ 

 

 
 

Fig. 8. The number of points of the trajectory 

 

Рис. 8. Количество точек траектории 

 

 

 
 

Fig. 9. Required calculation time depending on the parameter  k 

 

Рис. 9. Требуемое время расчета в зависимости от параметра k 
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Fig. 10. Duration of the transport operation 

 

Рис. 10. Длительность транспортной операции 

 

 

 

 
 

Fig. 11. Mass on the final orbit 

 

Рис. 11. Масса на конечной орбите 

 

 

The duration of the transport operation depending on 

the parameter k is displayed in fig. 10. 

The mass dependence in the final orbit is shown  

in fig. 11. It can be seen that the use of EJE in the booster 

allows placing a large mass into the final orbit. 
Conclusion. The influence of the choice of the ratio 

between the parts of the performed maneuver between 

different types of engines of the integrated propulsion 

system of the booster is considered. A method is proposed 

by which the influence of ionizing radiation in near-Earth 

space on the degradation of the characteristics of a SC 

solar battery has been evaluated. It is shown that the use 

of a low thrust engine throughout the transport operation 

leads to a significant amount of accumulated radiation 

dose and, as a result, to decrease in the efficiency of the 

solar battery. Reducing the efficiency requires increasing 

the area of the SB and, accordingly, increasing its mass. 

The use of IPS consisting of high and low thrust engines 

allows not only flexibly controlling the flight time, vary-

ing the ratio between the phases of the transport operation 

performed by various types of engines, but also reducing 

the degradation of SB from the effects of ionizing radia-

tion, providing a short time of SC presence in the Earth 

radiation belt zones due to the implementation of this 

phase using IPS. The developed methodology and  

the results obtained are an integral part of the work on  

a reasonable choice of the composition of the integrated 

propulsion system based on “Fregat” booster with an  

additional EJE. 
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