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B nanmii yac croctepiraeTbCsi CyTTEBE 3pOCTaHHS BapTocTi KocMmiunux amapaTiB (KA). V 3B's3ky 3 1um
3pOCTalOTh BUMOTH [0 30UIBIIEHHS] TPHBAJIOCTI CTPOKIB 1X aKTHBHOTO iCHYBaHHS, HaTIHHOCT] (yHKIIOHYBaHHS i
3HIDKCHHIO EKCIUTyaTaliiHUX BUTpAaT. baratooOiLsfiounM IUISXOM 3aJ0BOJICHHS LMX BHMOTI € BIIPOBADKEHHS
TexHoJorii opbitampHOro cepsicHoro oocayrosyBanus (OCO). OCO no3Boisie BUPINIYBAaTH TEXHIUHI Ta €KOHOMI-
4Hi pobJieMH 32 paxyHOK BUKOHAHHS CEpBICHUX omepauiil y kocMoci. Bripoamxkenns OCO crpusie 301IbIICHHIO
CTPOKIB aKTHBHOTO icHyBaHHS KA, miJBHINEHHIO HaJIHHOCTI X (YHKI[IOHYyBaHHS, 3HIKEHHIO BUTPAT HA MiATPH-
MKY B €KCILUTyaTaLii opOiTalbHUX CYIYyTHHKOBUX CHCTeM pi3Horo npusHadenHs. [Iporpamu OCO 3 ycynenus KA,
110 3aBEPIIIIIN aKTHBHE iCHyBaHH:], a00 ymKko[keHHX KA 3 po6ounx opOiT JomoMaraoTs 3M'SKIINTH IpoOieMy
HarpomapKeHHs1 kocmiunoro cmitts. Ckiaan cuctemu OCO 3anexuTh Bifl INIAHYEMHX 10 BUKOHAHHS CEPBICHHX
3aBJaHb 1 OATICTHYHUX MOJIMBOCTEll 0HOpa3oBHX abo GaraTopa3oBHX cepBicHHX KocMiuHHX amapariB (CKA).
Peanizyemicts i xapaktep Gamictuunnx maneBpiB CKA Garato B 4oMy BU3HAYAIOTHCS THIIOM i XapaKTepPUCTHKA-
MH IX MapIIOBUX ABUTYHIB. METOIO CTaTTi € OIiHKa OaJiCTHYHOrO MOTEHIialy CyJacHUX 1 IIepCIeKTUBHUX 0pOi-
TaJbHUX CEPBICHUX arapariB i po3poOKka METOAMKH IUTaHyBaHHS parioHanbHux Mapuipytie OCO. PosrisHyro it
npoaHanizoBano pizHi cucremu OCO Ha3eMHOro Ta KOCMiuHOro 6asyBaHHs. IIpoBeneHO OLIHKY IOLITBHOCTI 1X
BUKOPHCTaHHS B 3aJICKHOCTI BiJl IUIAHYEMUX ULl BUKOHAHHS CEPBICHMX 3aBJaHb. BUsBICHO HAHOINbLI epCreK-
tuBHI cxemu OCO. 3ampornoHOBaHO METOAMKY IUIAaHYBaHHS palliOHAJIBHOTO MapUIPYTy IOCHIZOBHOTO 00XOIy
op6it KA, 110 06¢cnyroByroThesi, i HaBeJCHO TECTOBHI MPUKIA PO3paxyHKy. Meroanka 6a3yeTbcs Ha pO3B's3aH-
Hi OaraToKpuTepialbHOI 3a1a4i KOMiBosDKepa. baratokpurepiaibHa 3a7a4a KOMiBOsDKepa C(OpMyJIbOBaHa B Tep-
MiHaX [ETOYHCENTbHOr0 JIIHIHHOrO MPOrpaMyBaHHs it MPUBEAEHA 10 OAHOKPUTEPIiaIbHOI 3aa4i METOJOM aHTHB-
HoOi 3ropTkd. HoBH3HA 3aIpOIIOHOBaHOI METOMKH MOJISTae y IPHUBEEHH] BUXIHOI 3a/1a4i 10 By OaraToKpHTe-
pianpHOI 3aqa4i KoMiBosbKepa. OTpHMaHi pe3yabTaTH MOXKYTh 3HAWTH 3aCTOCYBAaHHS MPH OOIPYHTYBaHHI, IUTaHY-
BaHHI 1 3/1iCHEHHI CEPBICHMUX KOCMIYHUX OIEpallii.

B Hacrosimiee BpeMst HaOJIFOJAaeTCsl CYIECTBEHHBIH POCT CTOMMOCTH KocMuueckux ammapaTos (KA). B cBs-
31 C 9TUM BO3PACTalOT TPEOOBAHUS K YBEIHUECHHIO JIUTEIbHOCTH CPOKOB UX AKTUBHOTO CYILECTBOBAHMUS, HAMIEK-
HOCTH (D)YHKIIOHUPOBAHWS M CHIDKEHHIO KCILTyaTallHOHHBIX PacXofoB. MHOr000EaonuM ITyTEM YIOBIETBO-
peHusl 3THX TpeOOBaHHM SBISETCS BHEAPEHHWE TEXHOJOTMH OpOUTanbHOro cepBrcHoro odcmyxuanus (OCO).
OCO no3BossieT pemarh TEXHHYECKHE H YKOHOMIYECKHE MPOOIEMBI 3a CUeT BHIIOJHEHUS CEPBUCHBIX OIeparnit
B kocmoce. Buenpenne OCO cnocoOCTBYeT YBEIMYEHHIO CPOKOB aKTUBHOTO CyllecTBOBaHHA KA, MOBBIIICHHIO
HAJI©KHOCTH UX (QYHKIMOHUPOBAHYS, CHIDKEHHUIO 3aTpaT Ha MOAJEp)KaHHWe B OKCILTyaTallUH OpOUTAIBHBIX CITyT-
HHUKOBBIX CHCTEM pa3nuyHoro HasHaueHus. IIporpammel OCO mo ycTpaHEHHUIO 3aBEpUIMBIINX aKTHBHOE CyIIe-
CTBOBaHHE WM HMOBPeXIEHHEIX KA ¢ paboynx OpOHUT MOMOTal0T CMSTYUTE NPOOJIeMy HaKOIUICHUSI KOCMHYECKOI0
mycopa. CoctaB cuctembl OCO 3aBHCHUT OT IIIAHUPYEMBIX JUISl BHITTOJHEHHS CEPBUCHBIX 3a/1a4 M OaITHCTHY €CKUX
BO3MOXKHOCTEH OHOPA30BBIX HIIM MHOTOPA30BBIX CEPBUCHBIX KocMHudeckux ammapartoB (CKA). Peammsyemocts 1
xapaktep Oammuctiuyeckux ManeBpoB CKA BO MHOTOM ONpEAENsOTCS THIIOM M XapaKTepHCTHKAMHU MX Mapiie-
BEIX nBurareneil. Llembro cTaThy sBIIsIETCS OIeHKa 0aJIMCTUYECKOTO MOTEHIHAIA COBPEMEHHBIX U ITePCIICKTHB-
HBIX OpPOMUTANBHBIX CEPBHCHBIX alllapaToB U pa3paboTKa METOAMKH IJIAHUPOBAHUS PAL[MOHAIBHBIX MapIIPyTOB
OCO. PaccMOTpeHBI B POaHATH3UPOBAHEI pasinyHble crcteMbl OCO Ha3eMHOTO U KOCMHYECKOT0 0a3HpOBaHHSI.
IIpoBenena oreHka ILeaecoOOPa3sHOCTH UX UCIONB30BAHUS B 3aBUCHMOCTH OT IUIAHHUPYEMBIX AT BBINONHEHUS
CEepPBHCHBIX 3aj1ad. BrraBneHsl Hambonee nepcrexTuBHble cxembl OCO. IlpennokeHa MeTOAMKa IIAHUPOBAHUS
palroHaAIBLHOTO MapUIpyTa MOCIEA0BATEILHOrO 00Xo1a opOuT obciyxkuaeMbix KA ¥ pUBEEH TECTOBBIN NpHU-
Mep pacuera. MeToauka 6a3upyercsl Ha PElIeHMH MHOTOKPHUTEPHAIBHON 3a1aui KOMMHUBOsDKepa. MHOTOKpHTe-
pHanbHas 3a7a4a KOMMHBOSDKepa c(hOpMyIHpoBaHa B TEPMHHAX IETOYHCICHHOIO IMHEHHOrO MPOrpaMMHUPOBa-
HUS 1 TIPHBEJIeHa K OJHOKPUTEPHAIBHON 3aa4e METOJIOM aJIMTUBHON cBepTKH. HOBH3HA NpeIIoKeHHOH MeTo-
JUKU COCTOHT B IPHUBEJCHHU HCXOMHOI 3a7a4u K BHIY MHOTOKPUTEPHAIBHON 3a1aul KoMMuBospKepa. [lomyden-
HBIE Pe3yNbTaThl MOTYT HAWTH NpPHMEHEHHE IPU O0OOCHOBAHHH, IUIAHHMPOBAHHH U OCYLIECTBICHHUH CEPBHCHBIX
KOCMHUYECKUX OTepanuii.

At present, a significant increase in the cost of spacecraft is observed. Due to this fact the requirements for
their active life duration, operational reliability, and operational cost reduction become more and more stringent.
A promising way to meet these requirements is the introduction of on-orbit service (OOS). OOS allows one to
solve technical and economic problems by performing service operations in space. The introduction of OOS con-
tributes to extending the active life of spacecraft, increasing their operational reliability, and reducing the service
maintenance cost of orbital satellite systems of various purposes. OOS programs on the deorbit of used or dam-
aged spacecraft help in the mitigation of space debris problem. The composition of an OOS system depends on
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the service tasks to be performed and the ballistic capabilities of disposable or reusable service spacecraft. The
realizability and character of the ballistic maneuvers of service spacecraft are largely determined by the type and
characteristics of their sustainer engines. The aim of this paper is to assess the ballistic potential of modern and
prospective OOS spacecraft and to develop a methodology for planning rational OOS routes. Various ground- and
space-based OOS systems are considered and analyzed. The expediency of their use is estimated depending on the
service tasks to be performed. The most promising OOS schemes are identified. A technique for planning a ra-
tional sequence of orbit transfers between the orbits of the spacecraft to be serviced is proposed and illustrated by
the example of a test calculation. The technique is based on the solution of a multi-criteria traveling salesman
problem, which is formulated in terms of integer linear programming and reduced to a single-criterion problem by
the additive convolution method. The novelty of the proposed technique lies in reducing the original problem to a
multi-criteria traveling salesman problem. The results obtained may be used in the justification, planning, and
implementation of service space operations.

Keywords: traveling salesman problem, spacecraft, multi-criteria optimiza-
tion, on-orbit service, route planning.

Introduction. Due to the constant increase in the cost of spacecraft operating
in orbit, the need for their servicing increases. Orbital servicing support (OSS) is
an important direction for the increment of the efficiency of space activities. It
provides the solution of technical and economic problems through the implementa-
tion of orbital service operations. The introduction of OSS increases the duration
of the spacecraft lifetime, improves the reliability of their operations and reduces
the cost for maintenance work of the orbital satellite systems for various purposes.
The OSS also contributes to the solution of the space debris problem. Programs to
eliminate damaged satellites from work orbits help mitigate this problem.

Orbital Service Schemes. The composition and design of the OSS system are
determined by the planned servicing tasks [1 3]. The OSS system may consist of
the following elements:

- disposable or reusable launch vehicle and overclocking unit;

- disposable or reusable service spacecrafts (SSC);

- serviced spacecrafts (SC);

- orbital technical centers - base stations;

- technical means of flight control and service operations.

The same SSC can be used in a disposable or reusable mode during the per-
formance of various tasks. The location of the SSC is essential for the usage of its
reusable mode.

When ground-based, after servicing the SSC on Earth, it is launched from the
spaceport to the orbit of the serviced spacecraft

After the completion of service operations on the serviced SC, the SSC can re-
locate to the basic trajectory to refill the operating supply and wait for the next
service request or terminate its existence.

Ground-based SSC can be used in the maintenance mode of orbital objects by
the pattern of a shuttle or a sequential traversal.

For a space-based stage, the SSC is delivered in its unfilled state, entirely or in a
disassembled form, to a low near-earth orbit, where it is finally assembled and filled
with fuel. All subsequent refueling and repair works are also carried out in orbit.

There are great prospects for the creation of infrastructures in space, which
include reusable SSC and orbital base stations designed for servicing the space-
craft when complex repairs are necessary.

Reusable SSC can serve a spacecraft by a shuttle or sequential traversal pat-
tern. Shuttle pattern option assumes that, after each service operation, the SSC is
returned to the base orbit or orbital station. In the case of a sequential bypass
scheme of several serviced spacecraft, a return to the base orbit or the orbital base
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station is carried out after the completion of the bypass. Spacecraft service opera-
tions can be performed by direct SSC operation with the serviced spacecraft, if not,
by using it for transportation of the spacecraft from its operational orbit to the or-
bital servicing base, after that the spacecraft is serviced it returns back to the orbit
by the delivery platform. The implementation of these methods can be carried out
by one, two or multiple SSC.

The following options are possible for two SSC:

- one of the SSC is used as an observer, and the second - for the direct perfor-
mance of the task;

- one of the SSC is used as a base, and the second - for the direct performance
of the task.

Group application of SSC is also possible in two versions: accomplishment of
the task with the use of “swarm” tactics with prompt decision-making on the
choice of a servicing SC; in the form of a functionally complete object with a rigid
distribution of functional responsibilities between the SSC

Group application of SSC is also possible in two options:

execution of a task by using the "hive" tactics with immediate decision of ser-
vicing SSC;

in the form of a functionally complete object with a rigid distribution of func-
tional responsibilities between the SSC.

The group application of the SSC seems to be more effective for the solution
of target objectives of the OSS and increment of the stability of the functioning of
orbital complexes and systems, from the efficiency point of view.

Thrust engine of a servicing spacecraft. The feasibility and the pattern of the
SSC ballistic maneuvers are largely determined by the characteristics of their thrust
engines, which are the essential system of any SSC. SSC marching engines are di-
vided into: thermochemical, nuclear and electric, due to the type of energy used. [4].

Currently, thermo-chemical liquid rocket engines (LRE) and solid rocket en-
gines (SRE) are mainly used in SSC, the electro rocket engines (ERE) are less
commonly used. The nuclear engine for rocket vehicle applications (NERVA) are
marked for further intend to use. Fig. 1 shows the classification of the SSC propul-
sion engines.

‘ SSC engines ‘

,‘:‘f"-; X o —

I @ % . [ the electne o
‘ therme-chemical lidia suclear engine
7 ‘ -
LRE SRI | solidphase ’ \ gasphase ‘

Figure 1 — Classification propulsion engines SSC

One of the most important characteristics of SSC engines is the specific thrust
impulse. Table 1 shows the ranges of changes of the specific thrust impulse for
various types of SSC engines.
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Table 1 — Ranges of changes of specific thrust impulses

Engine type SRE LRE | NERVA | ERE
Specific thrust
impulse, km/s 2-3 3-5 7-25 5-100

Upper stages of missiles, overclocking units or space tugs are currently mainly
used to perform the service operation of transporting a spacecraft from a “base
near-earth orbit” to a “high-energy orbit of destination”. Engines with high-boiling
components are used for long flights and engines with cryogenic components are
used for short-time flights. Table 2 shows the characteristics of LRE of overclock-
ing units [5].

Table 2 — Characteristics of the LRE of overclocking units

Brizm, | BrzK,
Name D, DM ’ KS, Agena D Centaur D
KM
Fregat
Engine 11D58M | 14D30 S5.92 Bell 8096 | RL10A31
Thrust, kN 85 19,62 19,91 71,6 131
Specific im- | 4 gag 3255 | 3,270 2,855 4,356
pulse, km/s
Nu_mbt_er of 6 10 20
switchings
gombustlon 720 3000
time, s
Operational Unlim- Unlim-
endurance, h < ited ited <
Mass, kg 310 95 76,5

Existing overclocking units are characterized by a high unit cost of transport-
ing payloads (PL) to high orbits, as well as a low mass of PL.

In this regard, reusable SSC with ERE are actively developed. The potential
benefits of SSC with ERE overused resources are shown in [6 8]. Reusable SSC
with low-power, but economically efficient ERE is ten times more economical
than traditional overclocking units.

Distinctive features of SSC with ERE are:

—significantly greater impulse and extremely low level of flight and, as a re-
sult, a very long flight time, as compared with the LRE, SRE and NERVA,;

— high level of energy consumption.

Two main types of power plants are currently being considered: solar and nu-
clear power plants and, accordingly, the solar electric propulsion engine (SEPE)
and the nuclear electric propulsion engine (NEPE).

In electro-thermal ERE, electric power is used only for heating of the working
mass the combustion chamber; its acceleration is performed due to the effect of
gas-dynamic forces in the same way as in an LRE and NERVA. It is considered to
distinguish electric heating, electric arc and induction motors, due to the principles
used for heating of the working mass.

The wide use of electro-thermal ERE is constrained by a low specific thrust
impulse (compared to other types of electric propulsion), which is not much higher
than that of chemical engines (up to 9000 m/s in promising electric propulsion pro-
jects with hydrogen as a working mass).

28



In an electrostatic engine, thrust is created by the acceleration of the like-
charged particles of the working mass in an electric field. lonic and colloidal en-
gines are distinguished by type of accelerated particles.

In an ion engine - the working mass is first ionized, by the ion engine [9], after
those positive ions are accelerated in an electrostatic field (using an electrode sys-
tem) and, create a thrust, by flowing out of the nozzle (the electrons are injected
into it to neutralize the charge of the jet stream).

In a colloidal engine, the working mass executed in the form of positively
charged microscopic particles, which are accelerated by an electrostatic field.

In an electromagnetic ERE the acceleration of the working mass is performed
by the electromagnetic force. The thrust is created by the interaction of charged
particles with a magnetic field. Depending on the method of the power supply,
electromagnetic engines are divided into stationery (non-stop action) and pulsed.

The aggregated indicators of ERE of various types are shown in Table 3.

Table 3 — The aggregated indicators of ERE

Engines
Characteristics Electro-thermal | Electro-magnetic | Electro-static
Thrust, N 0,01...1 0,001...2,5 0,001...0,1
Specific impulse,
Km/s 1...25 10...70 30...100
Tens - Tens-
Power, W thousands Ones-thousands hundreds

Currently, much attention is paid to stationary plasma (SPT) and ion engines
[8, 9]. Table 4 and Table 5 present the technical characteristics of SPT and ion
engines.
Table 4 — SPT characteristics

Characteristics SPT-50 SPT-100 SPT-140
Thrust, MmN 20 83 80-280
Specific impulse, 125 o5 15 - 26
km/s
Power, W 0,350 1,221 1,2-6,0
Operating life, h 2250 7500 10000
Mass, kg 0,8 3,5 7
Table 5 — Characteristics of ion engines
Characteristics XIPS-13 XIPS-25 RIT-10
Thrust, mN 18 165 15
Specific impulse, 235 35 34
km/s
Power, kW 0,45 4,2 0,59
Country USA USA EU

It should be noted that the ERE is the most promising for reusable SSC, used
for multiple flights between the base and high-energy orbits. The efficiency of the
use of ERE will increase with increasing frequency of use of the SSC. The analysis
of the field of application of SSC with ERE shows their advantage versus SSC on
thermochemical engines in problems where flight time is not a critical parameter.
SSC based on ERE is preferably used for flights that require relatively high energy
costs and are unlimited in time. For example, for transportation from a low near-
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earth orbit to geostationary heavy oversized structures with a limited level of per-
missible overloads.

Mathematical models of interorbital flights. Due to fuel consumption, dur-
ing the planning of SSC interorbital flights with engines of high and low thrust, in
the first approximation it will be possible to use [10] a system of differential equa-
tions for the controlled undisturbed motion of the SSC in the central field of one
attracting center with the equation of mass change:

When planning SSC interorbital flights with high and low thrust engines, in
the first approximation, you can use [10] a system of differential equations for the
controlled undisturbed motion of the SSC in the central field of one attracting cen-
ter along with the mass change equation due to fuel consumption:

2
d P @
m
—=—(é=——09,
a0
where I — - is the current radius vector: p — the gravitational constant of the Earth;

P —rocket engine thrust; m —the current mass of SSC; q and w — fuel con-
sumption and outflow rate of the working mass; S(t) —relay on-off function of the

engine; é(t) — single thrust vectoring function.

The duration of the operation, the direction of the thrust vector and the num-
ber of motor starts depend on the parameters of the initial and final orbits. During
the maneuver calculation, such conditions are determined for it that minimizes fuel
consumption or other criteria of optimality, such as, the time of flight from one
orbit to another. The system of equations (1) is supplemented by the initial condi-
tions of the maneuver and the change of the thrust vector time law. Models of per-
fectly regulated and unregulated engines are considered. Ideally adjustable engines
are subject only to the most important limitations for the type of engines that are
under consideration, such as the limits on their thrust or rate of flow. Unregulated
engines can either be turned on, and then the thrust and flow rates are constant, or
off, and then the thrust and flow rates are zero. There are no restrictions on chang-
ing the direction of thrust.

The equations of the system (1) contain variables that oscillate rapidly due to
the periodicity of motion along the trajectory. This complicates the numerical
analysis of the SSC multi-turn trajectories with low-thrust engines. To eliminate
this deficiency, the equations in equinoctial elements [11] are used. They have no
peculiarities with zero eccentricity and inclination.

Along with direct numerical integration of systems of differential equations,
the approaches based on simplifying assumptions are used to simulate SSC inter-
orbital flights. Depending on the magnitude and duration of the action of the thrust
force, pulsed maneuvers and low-pressure maneuvers are considered.

These types of maneuvers, as a rule, determined by the energy capabilities and
the operating principle of the used SSC main engines, which are divided into large
or intermediate and low thrust engines. SSC with high or intermediate propulsion
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engines have the initial thrust-to-weight ratio, n, €[0,03,1], and those ones with

low-thrust engines have the initial thrust-to-weight ratio n, < 0,03.

During inter-orbital maneuvering usage of high thrust engines, the duration of
active flight segments is negligible, as compared with the duration of passive flight
segments. Therefore, when calculating interorbital flights using high-thrust en-
gines, you can use a pulsed approximation of the thrust action, which reduces to an
abrupt change in flight speed without changing the coordinates of the SSC during
engine operation. The calculation of such a maneuver involves the determination
of the number of orientation, and points of application of velocity pulses.

The usage of SSC with a low-thrust engine for a flight between near-circular
orbits, near the Earth, leads to multiple spiral paths. The time of active flight of
such SSC is very long and in many cases may coincide with the time of flight

A characteristic feature of low thrust engines consists of the fact that their
control acceleration is quite small in comparison with local gravitational accelera-
tion. This eliminates the possibility of using the pulse approach.

Equations in osculating elements are often used as equations of motion [10],
for occasions of interorbital maneuvering using low thrust engines.

The model in osculating elements is the most convenient one for simplifying
the methods of asymptotic separation of variables[12], [13]. Firstly, this caused, by
the presence of a small parameter in an explicit form — the reactive acceleration
from thrust, which is less than the gravitational one, by several orders of magni-
tude. Secondly, the presence of a cyclic variable — the angular coordinate charac-
terizing the position of the spacecraft in orbit relative to the line of nodes or the
pericenter. The used approach allows obtaining a substantially simpler averaged
system of equations for simulation of interorbital flights of SSC with low thrust
engines.

The route optimization of the sequential bypass of the orbits of the servic-
ing spacecraft. The selection of a rational route of the SSC involves the solution
of the corresponding route-trace optimization problem. The problem of optimizing
the bypass of a sequence of serviced spacecraft belongs to the type of multicriteria
route-trace discrete-continuous problems.

The general direction for the solution of the route-trace discrete-continuous
problems is their splitting by decomposing discrete and continuous parts and inde-
pendent solution of those parts. Initially, optimization of all possible individual
flights between orbits performed, and then the optimal sequence of flights selected.
Decomposition reduces the task to the sequence of the solution of two simpler
problems and allows choosing the most efficient route for the sequential service of
spacecraft group. For cases when the decomposition of the problem of independent
continuous and discrete subtasks is impossible, we should pick the method of dy-
namic programming.

In the particular case when the sequence of serviced spacecraft is predeter-
mined, the solution of the discrete part is eliminated. After that, it remains to solve
the sequence of continuous optimization problems for interorbital flights by meth-
ods of optimal control on each of the trajectory segments.

The trace part consists of the construction of the trajectory that satisfies a set
of constraints and minimizes the functionality for the chosen sequence of visits to
the serviced spacecraft. It is an optimal control problem. The complexity of such
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problems lies in the evaluation of the functional for a large number of considered
combinations in solving the discrete part of the problem.

Optimization of the flight trajectories of spacecraft for a long time has been
the subject of intensive research [14 - 18]. There are two main types of path opti-
mization methods: indirect and direct, or combinations thereof. Indirect methods
are reduced to the solution of a two-point boundary value problem based on the
maximum principle of L. S. Pontryagin. In such a boundary value problem, the
unknown variables are conjugate variables that have high sensitivity, which com-
plicates the search for the initial approximation. Direct methods transform the
original problem to a parametric optimization problem, which is usually solved
with help of non-linear programming methods.

The possibility of application of pulse approximation for simulating the con-
trolled motion of SSC with high thrust engines allows using numerical methods of
nonlinear programming for the optimization of the trajectories of interorbital
flights, along with the methods of the theory of optimal control.

The route part of the problem is discrete in nature and enables mathematical
formalization in the form of a generalized traveling salesman problem, in which
the SSC must go around the n orbits, starting with the reference orbit, on which it
is located, and finish its route, returning to the original orbit without having been
anywhere twice. The n destination orbits and the flight cost matrix C between
any pair of them are considered as given. Expenses for the flight between any pair
of orbits can be used in form of energy (characteristic speed or motor flight time
for an SSC with a low thrust engine), time or cost. In this problem, the total cost of
the full path starting and ending in the reference orbit presented as the evaluation
function, the presence or absence of a flight between the individual orbits of the
list in question, as well as the need to visit all of these orbits, are the limitations.

The matrix C is generally accepted as asymmetric. The size of this matrix
Nnxn, and its diagonal elements can be arbitrary, since they are not used any-
where in the solution. The remaining elements of the matrix C in the sense of the
problem are non-negative.

We can formulate the considered traveling salesman problem formulated in

terms of integer linear programming [19-20]. We denote €, as integer variables

associated with arcs. There are as many variables as there are arcs. —
m=n(n —1). Each of them can take only one of two possible values: 1 or 0, de-
pending on whether or not the arc is in the desired cycle

€ =0v1 @)
Lk=1Ln,i=k.

The objective function in this problem is the total weight of the arcs included
in the cycle:

n
z=Y ¢ &, —>min. 3)
i k=1
i#k
In addition, to the variables e, (2) the following restrictions are imposed.
From each vertex there should be exactly one arc:
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= (4)
i=1n.
Each vertex must also include one arc:
n
Z €= 1,
ik ®)
k=1n.

Finally, it is necessary that the cycle was complete, that is, consisting of n
vertices and n arcs. After all, constraints (4), (5) are satisfied, for example, by a
system of several smaller cycles, which together cover all of the n vertices. To
eliminate such subcycles, unbounded real variables v, , associated with vertices
are introduced. The system of constraints that eliminates subcycles has the follow-
ing form:

v, -v, +(n-1)e, <n-2,
2<izk<n.

Equations (2) - (6) define the mixed problem of integer linear programming

corresponding to the original traveling salesman problem. The problem is mixed
because the parts of variables are an integer, and parts are unlimited real. In total,

the problem uses n(n —l) integer variables with €, constraints (4), (5) and n

(6)

unbounded real variablesv, . They are subject to restrictions (6). Target function
(3) is minimized.

The considered traveling salesman problem lies in the NP class of complete
tasks that cannot be solved with polynomial algorithms. Its computational com-
plexity grows exponentially with the size of the problem.

To solve it, exact and heuristic algorithms are used, and exact algorithms are
applicable only for small-sized tasks. The complexity of the problem under con-
sideration leads to a wide use of heuristic algorithms that give approximate solu-
tions in less time than exact methods.

Optimization of the route part of the problem simultaneously by several crite-
ria (for example, the Delta-v and time of the orbital flight) leads to the necessary
solution of the two-criteria salesman problem. Assignment n orbits and two ma-

trices C* and C" with the Delta-v and flight times between any pair of them are
considered as given. Conditions (2) and restrictions (4) - (6) are satisfied. The fol-
lowing objective task functions are minimized:

n
z = cVe, —> min,
=
i
) (7
z" =Y cle, > min
ik=1
izk

33



The solution of the two-criterion minimization problem can be performed by
the methods of additive convolution, successive concessions or the minimum devi-
ation from the ideal point. Let’s consider in more detail the method of additive
convolution.

The method of additive convolution allows to bring up the two-criteria opti-
mization problem (7) to a single-criterion one. If we set some values of weight co-

efficients o,and o, objective functions that satisfy the conditions
o, ,0, €[0,1] and o, +a, =1, then the additive convolution of two criteria

into one is performed according to the formula:
z=0,2" +a,z". (8)

Different in a physical sense, the elements of matrices C*V and C" can vary
greatly in absolute values. It is necessary to standardize them, to eliminate this dis-
tinction and perform the convolution of equivalent criteria by formula (8). Stand-

ardization allows to bring elements of matrices C*V and C' to the same area of
their change. Elements ¢’ and C, of linearly standardized matrices C*'and

C" are calculated by the formulas (9)
s Gy -mn(eY) ol -min(c])
o max(gy )-min{e )" ™ max(c], ) min (¢l )

(9)

Thus, the initial minimization problem (7) is reduced to the one-dimensional min-
imization problem of the objective function (10)

n
z= Z(Ohaiv + ocz'é,’Tk)qk — min . (10)
An example of optimizing the route of a sequential bypass of orbits ser-
viced by spacecraft. Let’s present an example of optimizing the route of a sequen-
tial bypass of five orbits of spacecraft serviced, to demonstrate the proposed meth-
odology for choosing a rational orbital service route. The orbit parameters are
shown in table 6.

Table 6 — Parameters of the orbits of the servicing spacecraft

Number_of Major semi-axis, Ellipticity Inclin_ation of
the orbit km orbit, deg
1 7303,80 0,010 67,84
2 7725,86 0,052 68,75
3 8566,31 0,106 67,66
4 7885,64 0,084 68,97
5 7061,74 0,056 67,80

Let us consider the orbital flight between a pair of non-coplanar elliptical or-
bits in the form of a sequence of five single-pulse flights. The first impulse is nec-
essary for an orbital flight between the initial elliptical orbit and the circular with a
radius equal to the radius of the apogee of the initial orbit in cases when the radius
of the apogee of the initial orbit is greater than the radius of the apogee of the final
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orbit. The magnitude of the accelerating pulse applied at the apogee AV, is calcu-

lated by the formula
2r, .
AV, = |2 {_ i ] (11)
(g ro +ry

al

where p - is the gravitational constant of the Earth, r ,; and r, ; - the radii of the

apogee and perigee of the initial orbit.
The second velocity impulse implements the rotation of the plane of the initial
orbit by the angle of non-coplanarity x until it coincides with the plane of the fi-

nal orbit. The formula for the impulse calculation of the characteristic velocity,
that is necessary to rotate the plane of the orbit by the noncoplanar angle 7y, has

the form of
AV, =2 {L cos O sin % (12)
Fa

where O - is the angle between the velocity vectors and the plane of the local hori-
zon at the time of the pulse

A two-pulse Hohmann control program is used for the implementation of a
coplanar orbital flight between a circular orbit with a radius that is equal to the
radius of the apogee of the initial orbit, and a circular orbit with a radius equal to
the radius of the apogee of the final orbit. The transition trajectory represents a
semi-ellipse of Hohmann, the perigee of which is in the initial orbit, and the apo-
gee on the final. The cost of the Delta-v for the Hohmann maneuver is calculated
by the formulas:

1l 2|'é|'

AV, = [ |2 | (13)
Mse Far +Tae
U 2réé

AV, = [P | See g (14)
Y Fai +Tlae

where T,

afi

r,. — are the apogee radii, respectively, of the initial and final orbits.
The flight time for the Hohmann semi-ellipse is determined by the formula

T:n\/g, (15)
1)

where a = (ral, +T0 )/2 - is the length of the major semiaxis of the Hohmann

ellipse.

The fifth impulse of the characteristic speed is calculated by the formula (16)
and is intended for the flight between a circular orbit with a radius equal to the
radius of the apogee of the final orbit and the final elliptical orbit with the perigee
Ii ¢ mandapogee rye:
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AV, = i( rzr——J (16)

e +T,;

(G aé
The total characteristic flight speed is determined by the expression:
5
AV =3 |AV,|. (17)
i=1

In the case where the radius of the apogee of the initial orbit is less than the
radius of the apogee of the final orbit, the interorbital flight between them can be
performed in a similar way.

Tables 7 and 8 show the matrices formed by the initial data of table 6 using
formulas (11) — (16) of the matrix C*V and C" and the characteristic speeds and
transit times between any pair of orbits of servicing spacecraft. The units of the
matrix elements are the characteristic speeds km/s, and the matrix elements of the
minute flight.

Table 7 — Matrix of Delta-v between pairs of orbits of serviced by spacecraft

nSr;be(tar 1 2 3 4 5
1 0,00 0,68 1,24 0,99 | 0,29
2 0,68 0,00 1,18 0,68 | 0,82
3 1,27 1,18 0,00 1,14 | 140
4 0,99 0,68 1,14 0,00 1,12
5 0,29 0,82 1,40 1,12 | 0,00

Table 8 — The matrix of flight times between pairs of orbits of serviced by spacecraft
Orbit

number 1 2 3 4 5
1 0,00 56,63 64,15 58,94 52,97
2 56,63 0,00 68,48 63,15 57,04
3 64,15 68,48 0,00 70,95 64,59
4 58,94 63,15 70,95 0,00 59,36
5 52,98 57,04 64,59 59,36 0,00

As a result of C*V'and C" matrices standardization accordingly to formulas
(9), the additive convolution of two criteria into one in accordance with (10) and
solving the single-criterion traveling salesman problem obtained by using the
branch and bound method, the results are presented in table 9 for different values

of weights. o, and o, objective function.

Table 9 — Calculation results

The cost route of the ;
oy | Oy Route characteristic speed, Duration of
km/s flight, min
10 |00 124351 4,18 308,29
0010 |135241 5,15 307,87
0505 |124351 4,18 308,29

The calculation option with o, =1 u a., =0 corresponds to the minimization
of the Delta-v of the flight, the calculation option with o, =0 and o, =1 corre-
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sponds to the minimization of the flight time, and the calculation option with
o, =0,5 and a,=0,5 corresponds to the two-criteria minimization with the same

weight coefficients for the Delta-v and flight time. The cost of the Delta-v for the
flight depends significantly on the chosen route, and the duration of the flight was
insensitive to the choice of route, for the considered group of close orbits of the
servicing spacecraft and the type of maneuver of interorbital flights.

Conclusion. From the point of view of the choice of ballistic parameters, var-
iants of OSS systems and advanced main engines SSC are considered and ana-
lyzed. An assessment of the feasibility of their use depends on the planned to per-
form service tasks. The schemes of most promising serviced objects are identified.
Method for planning a rational route of a sequential bypass of the orbits of space-
craft has been proposed. The calculation by the proposed method is presented as
an example. The obtained results can be used for the justification, planning and
implementation of space service operations.
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