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SOME PROBLEMS OF ASTRODYNAMICS AND
CELESTIAL MECHANICS

by

G. N. DUBOSHIN and D. E. OKHOTSIMSKII
Moscow University, U.S.8.R. Academy of Sciences, Moscow (USSR)

While preparing the structure and contents of a review paper for the
Astrodynamics and Celestial Mechanics Section, the authors arrived at
the conclusion that it would be much more useful and interesting for thg
delegates to the Congress to listen fo some general considerations on the
nmin probiems of the field of contemporary science to which the section
is devoted than to hear a monotonous enlistment of numerous names of
different scientists and titles of individua! contributions,

Really, the number of papers dealing with various probiems of motmn
of artificial celestial bodies which have appeared in recent years in the world
periodicals is so great and it grows so rapidly that any review of these

papers cSinpiled now and delivered in several months will not satnsfacton!y
characterize the present state of the art,

On the other hand, the number of principal problems around w}zlch.
all separate studies in this field are grouped is not very great, and, a proper
description of these problems will make it possibie to get a correct under-
standing both of the problems of the branch of science dealing with space
investigations which is of interst to us and i#ts modern status and develop»
ment,

Besides, the authors deem it necessary to express in the present repon

" their views on the interdependence of different fields of science used-in
investigations of motions of artificial celestial bodies, and also to consider
the question on existing differences of opinion of the names of these fiekds
which sometimes leads to undersirable confusion and misunderstandings.

A

1. Classical Celestial Mechanics

Lo

The term “celestial mechanics® appeared at the very end of the eighteenth
century and was coined by one of the main founders of this science;” LA~
PLACE, who also defined its subject. Ea full agreement with I.API.ACE,Q::
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following definition can be given: “Celestial mechanics is part of astronomy
which deals with the investigation of translational, rotational, and deforma-
tional motions of any celestial objects, both natural and artificial, whicl
are under the action of attractive, repulsive, and resistance forces produced
by the existence of dust, gaseous or liquid media, electromagnetic forces,
forees of radiant pressure, and so on.”

Objects whose motion celestial mechanics investigates 'or should in-
vestigate are various matcrial formations moving in interplanciary space
from the minute particles of cosmic dust to colossal stars and cven star
systems. Thus, celestial mechanics deals with the same objects which are
studied by astronomy, and difference between celestial mechanics and other
parts of astronomy lies mainly in investigation methods.

We have defined celestial mechanics as a science that studies motions
of celestial bodies both natural and artificial. However, up to the most
recent time (October 4, 1957), the obijcets of investigations in celestind
mechanics were only natural celestial bodies— planets of the sofar system,
their satellites, asteroids, comels, meteors and meteor strears, sfar systems,
ete,

~ The characteristic feature of all of these objects is that their cxistence
and motion absolutely do not depend on man’s will. Man can onty observe
celestial bodies from distance, study their nature and properties, and, in
particular, watch their motion in the sky. Thus, astronomy of the prespace
era and ifs inseparable part, celestial mechanics, was of observational, one
can say, contemplative character, and there was no experimental part up
to the most recent time,
. 1ot us briefly describe the main subject of classical celestial mechanics,
its aims, methods, and principal tasks which have been formed historically
for centuries under the impact of urgent requirements of practical activities
of human society.

The most ancient problems of astronomy which belong to celestial
mechanics consisted, as is known, in studied of motion of some of the
largest~or most conspicuous to human eye celestial bodies—the Sun, the
Moon, and some of the brightest major planets of the solar system, The
development of astronomical instrumentation enabled man fo study the
motion of satellites of major planets, comets, etc.

The investigation of motion of a celestial body consists in the establish-
ment of gencral properties of motion, and also in the finding of methods
that enable us to determine the position and speed of this body at some
@omefnt of time respect to other bodies of the universe. The result of such
mvestigation is, for instance, a compilation of a motion table (ephemerides,
astronomical yearbooks, etc.) which make it possible to determine numerical
values of coordinates of a heavenly body, and to use the information
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obtained for the solution of different practical problems. Methods should,
also be given for determination of characteristic of motion for sufficiently
distant {from the present moment) future and past.

In studies of motions of celestial bodies, their characteristics are used,
such as masses of planets and the Sun, mean distances of plancts from
the Sun, periods of rotation of planets, dimensions and mass of the Earth,
ete, These values are known oniv approximately, and all inaccuracies in
their magnitudes necessarily cause corresponding errors in values which
determine the positions and velocities of celestial bodies for different
momentis of tine, Comparing the results of calculation with observational
resuits, we get the opportunity of improving the quality of the forementioned
characteristics. In such a way, in particular, one can obiain some data
on the shape and inner structure of our Earth.

The determination of motions of celestial bodies 15 reduced to a4 mathe-

matical problem which consists in integration of some set of ordipary

differential equations at given initial conditions and numerical values of
paramieters. The type and structure of these differential equations depend
on the formulation of the problem and on the character of acting forces.
1t depends on the skill of an investigator in bringing this problem close
caougls fo the actual problem of nature. Various methods have been worked
out in classical celestial mechanics for the solution and studies of differential
equations.

Fhe aim of analytical methods is to obtain the solution of differential
equations of motion in the form of letter formulas which represent sought-
for values as explicit functions of time, parameters of the problem, and
arbitrary integration constants. If we know numerical values of coordinates
from observations, then the same formulas give the possibility of deter-
mining parameters of the problem or initial values.

Unfortunately, a strict sofution of equations is almost always imposible,
and one should be satisfied with an approximate solution which, as a rule,
is expressed by means of long and chumsy formulas which represent finite
parts of infinite series or are the result of several successive approximations.
In addition, such approximate formulas give the necessary solution only
for some finite and generally not very large time intervals,

These circumstances have compelled astronomers and mathematicians
to find other methods of solution to differential equations of celestial
meclanics, and chiefly for this reason numerical methods were introduced
which permit one step by step, to obtain separate numerical values of func.
tions satisfying these differential equations, and thus to compile tables
that represent the sofution of the problem in a purely numerical form. -~

Beginning from the end of the Iast contury, on the initiative of LYAPU.
NOV and POINCARE, qualitative methods have been developed, the aim
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of which was a profound investigation of the properties of functions which
satisfy differential equations without carrying out integration in an analytical
or numerical form,

In some problems of cefestial mechanics, examples may be encountered
of the use of methods belonging to one of these three groups. For instance,
10 compile the tables of motion of the Moon, major planets, and sonie
sateliites, analytical mcthods are usuatly wsed. In the study of motion
of a number of comets and asteroids, mostly numerical methods are used,
and for the establishing of general properties of metion, for instance, for
the study of periodic solutions and investigation of the motion stabikity,
qualitative methods should be resorted to,

At the end of this section, let us mention that, besides the term “celestial
mechanics” adopted by the overwhelming majority -of specialists, some
other terminology is used. For instance, sometimes science on the motion
of celestial bodies is cailed “theoretical astronomy™ or “dynanica! nstrono-
my” or otherwise, leaving the term “cclestial mechanics™ for that part of
astronomy which investigates motions only within the limits of the solar
system. In our opinion, there are no grounds 1o change the magnificent
term introduced by LAPLACE.

2, Astrodynamics

We have defined celestjal mechanics as that part of astronomy dealing
with investigation of motion of different celestial bodies, both natural and
artificial. The branch of science which long since deals with investigations
of natural celestial bodies we have conditionally called “classical celestial
mechanics.” Now let us turn to consideration of motions of artificial
celestial bodies, the first of which, as is well known, appeared on October
4, 1957, and the number of which has grown constantly and progressively,

The investigation and use of motions of these artificial cefestinl bodies
turned, out to be the task of the new branch of celestial mechanics which
naturally should be given its own name.

This new name may be introduced by analogy with the names of some
sections of classical celestial mechanics, for instance, the theory of the
Moon’s motion, the theory of motion of major planets, the theory of motion
of comets, etc., due to which this new modern part of celestial mechanics
may be called the theory of motion of artificial celestial bodies.

Flights of artificial satellites, spaceships, and other artificial objects
caused the necessity of considering not only classical but also quite new
problems which classical celestial mechanics, due to its “contemplative™
character and absojute impossibility of the realization of any experiments.
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could not even imagine. This branch of science encompassing the totality
of dynamic problems of spaceflights should get i.ts OWn name,

At present, the name “‘astrodynamics™ is .wzdeij‘r used. Lef us try tf’
describe new problems originating during consideration of'motaon of arti-
ficiai celestial bodies, We shall also discuss the problems which are not new

~outinne to be important,
bliiht;ﬂ:ll: point out t?na probliems that the new disci‘pﬁfle borro?ved frc!m
classical celestial mechanics. Since the motion of art:ﬁcafxi celestial bodies
is soversed by the same laws as the motion of naiura% bo%iies, all met.hods of
L-Iz;ssical cefestial mechanics regarding the determmano‘n of orbfts, the
calculation of ephemerides, the creation of analytical theories of motion, the
determination of the parameters of the Earth and soi:fr system 'frozn b«
served motions, qualitative investigation of the properties of fnot:ons, and
caiculations of disturbances of different kinds are at the same tirne the prob-
»ms of astrodynanics. ' )
Ztm;t:t iuls :wte); hat in the malority of cases natural celestial bod:es belonging
to the solar system (major planets, their satellites, and many minor planets)
move in almost circular orbits lying almost in one plane, hrfethods of clas~
sical celestial mechanics have been developed in a conszticrable d‘egr:ac
relative to this situation. Therefore, in the analysis of: the nzotzox? of artificiai
celestial bodies, the widely used methods of ceie:stiai mechanics are often
insuflicient and require development and extension by new metiu.)ds of
investications—Because of causes of such kind, the fhcory of fnotxo.a of
ar%iﬁci;! celestial bodies, considered as part of ccie'stza{ mechanics, differs
from classical science not only by objects of investigation but, to a great

. extent, by methods of investigation.

In analysis of motions of artificial ceiest.ial bodies, new pz:ablems t;ften
arise which have absolutely no analogies with the corresponiimg prob, emf
of classical celestial mechanics. Really, at present we not only caniem?latc
artificial objects in outer space, but we ourselves, by annds of our engme;::s
and technicians, send sateilites, rockets, ‘and spaceships beyond the Ea;lr:n ds
atmosphere. To conduct such investigations, we shou‘id kn('}w i?eforc
how an artificial body will move in outer space, what its orbit_wxii be, now
inevitabie disturbances will influence its motion, and what regions t;f ?uter
space i can visit, Such requirements have maffle us carry out prf: z:nn:;rz
projection of orbits, and such projection requires the use of entirely
me?:iiimd be mentioned that projection of motions with _clcsarable pr?p;
erties set beforchand can be carried out.with purely celestial mwh::;c:t
purposes, for instance, for the determim}tion of a paramet:ef;‘ 0:: a c? .
important for general celestial mechanics or for the‘ven ;:atfon 0 ey
anaivtical theory experimentally. Thus, old and new sections of science o

sl

¢
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tion of celestial bodies are interrelated and mutually help each other. It can
be also said that, at present, celestial mechanics has an experimental basis
that influences considerably the development and use of this spleadid science,

At projection of space flights many problems of different character
arise, purely technological and mathematical or celestial mechanical, The
main direction in this field is preliminary calculation or projection of mo-
tions from the point of view of the best satisfaction of the {otadity of re-
quirements on the flight with a program worked out beforchand. Such
calculation should give the initial values of coordinates and componenis
of the velocity of the object launched which correspond to the moment of
the beginning of free flight (the moment of discontinuation of the work of
rocket engines) and at whose realization the space vehicle will continue
to move as is required in order to achieve the objective,

DPuring free flight, the vehicle is influenced by diflerent forces whicly are
known insufliciently cxactly and also pessibly by a number of forces which
are not yet known to us. As a result of this, the vehicie will actually move
in an orbit which somewhat differs from the calculated one. Therefore,
during free flight of the vehicle it will be necessary at some moments o
modify its motion, introducing corresponding corrections into the value and
direction of its velocity.

Such circumstances, which involve the consideration of the active
influence on a moving celestial body and the control of its flight, sharpiy
distinguish science on the motion of artificial celestial bodies from classical
celestial mechanics. '

iet us define the subjcot of astrodynamics. Let us consider that astro-
dynamics deals with the investigation of motion of uncontrolled and con-
trolled space vehicles, the development and use of methods of orbit projec-
tion, and other dynamic problems associated with the accomplishment of
space flights. .

Astrodynamics is being constantly and intensively developed, using in.
its development achievements of other sciences—celestial mechanics,
analytical mechanics, mathematics, aero- and hydrodynamics, physics,
statistics, computer engineering, the theory of control, etc,

3. Celestial Mechanics at the Service of Astrodynamics

After clarification of the term of astrodynamics, as the authors of the
present survey understand it, we can paturally turn to discussion of some
fundamental problems of this field of science.

The most urgent problems of astrodynamics are the problems of motion
of artificial Earth satellites, of the Moon. Venus, and Mars, of interplanctary
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(ravels to the Moon, Venus, Mars and maybe to the regions far away
from the plane of ecliptic, near which almost all natural celestial bodies
of the solar system move. .

Since the main forces that govern, the motions of artificial celestial
bodies during free flight beyond the Earth’s atmosphere are attractive
forces caused bv natural celestial bodies, then before one starts calouia-
tions of spaceflights and travels, it is necessary to know the character of
motion of the planets and sateliites most important for us. These data
are obfained from astronomers, from classical celestial mechanics, which
permits us to caloulate very accurately the motions of planets and their
satellites either by means of tables published in astronomical yearbooks
or by means of methods of numerical integration of different equations
of motion or. at last, analytically by means of lettered formulas, These
calculations of celestial mechanics are based on numerical values of para«
meters which arc included in equations of motion either directly (for
instance. masses of planets) or indirectly, for instance, through gravita-
tional constant, whose numerical value depends on selected units of length,
mass, and tme.

However. for astrodynamics, numerical values of the main astronowmicat
units and the most important parameters of the Earth and other planetls
of the solar system in a number of cases turn to be insufficiently exact,
and so astrodynamics requires for celestial mechanics more precise deter-
mipation of some fundamental astronomical constants (the length of the
astrononyical unit, the Sun’s mass, the leagth of solar day, etc.) which play
an essential role in the consideration of the motion of artificial celestial
bodies and the calculation of their orbits. -

Such problems are, at present, the most important astmnmmc_al prob-
lems, and astronomers treat them thoroughly, using for this also the informa-
tion given by astrodynamics about the motion of its objects.

On the other hand, in celestial mechanics itself new problems appear, t;hc
results of whose solution aim at increasing the accuracy of the caicth:mon
of the motion of planets and satellites by consideration of additional
factors, which, up until now, were not taken info account. . ;

The effcct of the planet’s shape and structure on its translational motion
is one such problent. In classical celestial mechanics, the Sun, major planets,
and the Moon are considered material points governed by the law of
universal gravitation. However, in reality these celestial bodies represent

bodies rather complex in shape and physical structure. The attractive forces

of bodies are different from those of material points, and so differential
equations of motion in celestial mechanics ar¢ not exact, whic-k leads to
the corresponding inaccuracy in the coordinates and velocities of thc
nianets determined by these differential equations. Sl -

-
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The important problem in celestiai mechanics is a detailed study of the
Earth’s gravitational field from the motion of artificial satellites. At present,
a detailed analysis of this problem is made only to a first approximation,
Additional more precise determination of the parameters of the Eartl's
gravitational field is of paramount importance,

The study of the structure of the Earth’s atmosphere is beyond the scope
of celestial mechanics and belongs (o geophysics, but investigation of a
satellite’s motion within the Earth’s atmosphere, assuming that the law of
drag is known, also is a problem of celestial mechanics for which the cor-
responding analytical theory may be ereated. Analysis of safellites” motion
permits one to obtain information on the structure of the u pper atmosphere,

The study of the Earth’s magnetic field which undoubtedly affects the
motion of a satellite in the subject of geophysics or phystcs, but if the laws
of this effect are known, then the consideration of the effect of this factor
on the satellite’s motion is already within the realm of celestial mechanics,
and the problem can be set on the creation of the adequate analytical
theory and elaboration of methods of investigations of the Earth’s magnetic
field from the motion of the satellite about the center of mass.

Remarks of this kind can be made regarding some other factors which
affect or can affect the motions of satcilites, space probes, und spaceships,
for instance, solar radiation pressure, the Earth’s radiation pressure, etc,

Let us assume that all factors influencing the motion of the given artificial
celestial body are revealed and taken into account in adequate terms of
differential equations of motion determining some coordinates of the object
of interest to us. Thereby some mathematical problem is formulated.
We should consider the solution of this problem with utter mathematical
rigorousness, .

To solve this problem, let us turn primarily to well-known methods
of celestial mechanics which pernit us to solve simifar problems referring
to natural celestial bodies.

We have already mentioned that such methods are divided into numerical,
qualitative, and analytical oncs. Numerical methods, methoeds of numerical
integration of differential equations of motion, have been developed chiefly
in classical celestial mechanics (methods by ADAMS, RUNGE, STORMER,
COWELL, NUMEROYV, and others) where numerous examples of their
use are known, It should be pointed out that, because of the existence of
‘high-speed computers, numerical methods are widely used in astrodynamics,
since they permit us to carry out necessary calculations very rapidly, reliably,
confidently, and with the suflicient degree of accuracy. However, numerical
methods only are insufficient for investigation of motions of artificial
celestial bodies, and astrodynamics should turn to celestial mechanics also
for creation of analvtical theories of motion.
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Such theories, which permit us to obtain lettered formulas representing
some coordinates of the object of interest to us, depending on time, initial
conditions, and parameters, also designated by letters, do not depend on
the degree of accuracy of our knowledge of the parameters or a unit of
measurement and, therefore, are sufficiently universal,

Having such analytical theory. we can investigate general properties of
the object’s motion. for instance, the shape and disposition of its orbit,
geometrical properties of the orbit itself, and the law of motion in it
Besides, the analvtics] theory is very graphic and permits us to reveal the
action of individual factors on the motion of the object, orders of individual
disturbances, to establish their correlation and interaction, etc, At last, the
analytical theory permits us to work out the most simple and economical
calculation algorithms by means of which the use of computers permits us
to obtain necessary results much more accurately and rapidly than by
means of methods of numerical integration of equations of motion. ‘.

Moreover, having a lettered analytical theory, we can much more
precisely and confidently construct or project orbits having the necessary,
predetermined properties, e.g,, orbits of travel to neighboring planets.

The construction of any analytical theory, i.e.. approximate analytical
integration of diflerentiai cquations of motion, consists usuaily of several
successive stages, the first of which is the selection of an undisturbed orbit;
the following stages consist of the detection of disturbances of different
orders. )

An undisturbed orbit or an undisturbed motion are selected in such a way
as to take into account to a first approximation the most influential factors,
so that the character of motion will be determined in the main and that,
in future, only small corrections need be introduced, i.e., the deviations
of actual motion from selected undisturbed motion (disturbances) will be
small and easily determined.

In investigations of translational motion of an artificial celestial body,
foliowing traditions and customs of astronomers for such an undisturbed
motion. undisturbed Kepierian motion is usually taken with an elliptic {or
hyperbolic) orb#, all formulas of which are simple for calculation and

-

i

graphic in use. _
The analytical theory consists in the construction of the following ap-

proximations, Le., in the determination of disturbances of the Kepieriax_z
motion caused by the cffect of different disturbing forces or factors (for
instance, the influence of the Earth’s shape, drag of the atmosphere, radiant
pressure, attraction of other celestial bodies, etc.).

Because of this, the creation of an analytical theory depends on the
consideration of different disturbances and on the selection of the main
constants that characterize undisturbed motion. Such variables may be
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rectangular or spherical polar coordinates of the object or arbitrary con-
stants of undisturbed motion: some orbital elements (Keplerian or some
other elements) or some other variables which may be selected certainly
by a variety of methods,

Then the methods of the perturbation theory give us formufas that
represent deviations of sefected variables from their values in Keplerian
motion in the form of a sum of an usually farge number of terms, cach of
which is some simple function of time, and some parameters, Each of these
terms, called inequalities in celestial mechanics, represends a deviation in
some coordinate from the value that it has in undisturbed motion in an
elliptic {or hyperbolic) orbit caused by the effect of one of the periurbation
causes, if perturbations of the first order are considered.

Really, in celestial mechanics i is demonstrated that, toa first approxima-
tion which determines disturbances of the first order (i.e., the most large
and essential), different inequalitics correspond to different disturbing causes,
but the same disturbing cause produces many inequalities of the first
order,

However, in next approximations, i.e., at consideration of disturbances
of the second and higher orders, the same imequality can by produced by
simultancous action of several disturbing forces, which leads to the efiect
called reimposition of disturbances and which can cause very essential
changes in the undisturbed magnitude of the value under coasideration.

We should mention also the essential circumstance, namely, that dif-
ferent inequalities of the same order have very different numerical values,
depending on different characteristic peculiarities of the disturbing effect
and, of course, on initial conditions.

Thus, the so-calied sccular inequalitics are the most essendial, each of
which contains time (or, in general, an independent variable) as a multipie
(in the first or higher degree) and also resonance inequalities which, because
of ratios of commensurability, contain very smail guantities in the denomi-
nator of the coefficient of the trigonometric term.

The forementioned refers to such probiems of astrodynamics in which,
as in the majority of the problems of colestial mechanics, disturbances
imposed on Keplerian motion are, in general, sufficiently small or remain
small during some not very large time interval.

As pointed out previously, in some probiems of classical celestial
mechanics there are cases when the described procedure of the perturba-
tion method turns out to be poorly applicable, In astrodynamics, such
cases are more frequent.

In such cases, it is practically inconvenient and inefficient {o take a
Kepierian (elliptic or hyperbolic) orbit for the basis of calculations, and
some other methods should be searched for. The search for an intermediate
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orbit with the subsequent determination of disturbances of this intermediate
motioa ¢lemenis may serve as an example of such methods.

By an intermediate orbit in celestial mechanics an orbit is meant whichk
differs from a Keplerian one and which is closer to the actual orbit that
the’ celestial body describes. In accordance with this, by an intermediate
motion a motion is meant which differs from motion according to Kepler’s
laws and which s cleser to actual motion,

We try to select an intermediate orbit in such a way as, first, o insure
formulas of intermediaie motion sufficiently simple and easy to use and,
secondly, to take into account {(maybe partly} some of the main perturbing
forces in differential equations of intermediate motion.

In classical celestial mechanics, periodic orbits of the restricted or generat
three-body problem are known best of all among intermediate orbits.
A great deal of different methods have been suggested for finding such
orb;:s (POINCARE, LYAPUNOV, SCHWARZSCHILD, stc.). -

Periodic intermediate orbits can be used and really are already used in
different problems of astrodynamics relating to the theory of motion of
artificinl satellites which can perform a sufficiently great number of revelu-
tions about the Earth. :

Another source of the origin of intermediate orbits is a classical two-
fixed-center problem which is of great interest, since differential equatim.zs
of this problem are integrated in quadratures that permit us to obtain
sufficienty simple formulas representing this intermediate motion and to
carry out a total apalysis of the properties of motion.

1;1 recent years in the Soviet Union, this technique has been nsed for
investigations of motion of the Earth’s artificial satellite in the Earth's
:zm\*i[:; tional field, since it turned out that the Earth's gravitational potential
:‘-an be vepresented with sufficient accuracy by & force function of Fwo
fixed masses which are at an imaginary distance from each other. Certainly
some other selection of intermediate motion is possible.

At last an analysis of the stability of the investigated motion of an
artificial celestial body is of great theoretical and practical importaace m
celestial mechanics. Let us discuss briefly what this problem is about. This
probiem is often referred to the fickl of theoretical mechanics, but for the.
first time it appeared in celestial mechanics in analysis of the solar system
stability probiem.

Let us discuss a problem on motion of some artificial object under thc
influence of guite definite forces whose laws of actions are know;l. In thls
case motion depends solely on the initial conditions, and, provided theu*
definite selection is made, motion and its properties will be also quite deﬁ.mfe.
But it is well known that the initial conditions cannot be realized w?th
abeohite accuraev and are complicated by errors of different origin, & *%
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Therefore, a question naturally arises as to how inaccuracy in the initial
conditions Influences subsequent motion of an object and whether small
changes in the initial conditions will lead to considerable changes of the
properties of motion and values of coordinates and velocity of the moving
body. On the other hand, it is very important to be in a position to estimate
these subsequent variations knowing the corresponding initial conditions
variations and, on the contrary, to determine increases in the initial values
corresponding to the known (for instance, from observations) fluctuations
in values of interest to us at some instant of time.

All these problems can be solved by methods of the general motion
stability theory created by the famous Russian scientist A. M. LYAPUNOV
and developed subsequently by contributions of many scientists,

it is especially important that LYAPUNOV's theory not only gives
the possibility of solving the stability problem, ie., of establishing whether
motion under investigation will be stable or unstable, but also perinis us
to establish a correlation between initial and subsequent devintions {dis-
turbances) without integration of motion either analyticaly or by numerical
methods.

The other significant problem of the motion stability theory is investiga-
tion of the influence of minor disturbing forces constanily acting during
motion, but not taken into account at the raising of the problem because
they are relatively small or not known to us beforehand.

Among such forces are, for example, forces of interactions between an
artificial object and casually flying ‘metcorites or asteroids, or some SPaCe
forces not known to us, ete.

This probiem is similar to one just described but differs from it by the
following, Here disturbances ar¢ not instantancous and act constantly
during motion, That is why, in new differential equations of motion, one
can say that random terms appear. They are small but can produce consider-
able changes in motion calculated preliminarily,

It is clear that stability of such a kind should play a very important
role in astrodynamics, and, therefore, methods of the solution of the sta-
bility problem at constantly acting disturbances should be worked out
in detail, so that by means of such methods necessary numerical estimates
can be obtained.

4. Orbit Projecting

The development of space flights has made it possible to work out
different methods of orbit projecting. By orbit projecting the choosing
of space flight orbits is meant with the aim of the most complete solution
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of the basic flight problem at the most economical use of techaical

means,
In preliminary analysis, the whole totality of orbits is essential, which

insures. at least in principle. the solution of the chief objective of flight.
For instance, at projecting of flight to the Moon it is important to imagine
all the trajectories along which such travel is feasible in order to be able
to determine the initial conditions necessary for the realization of different
frajectories and to determine kinematic and dynamic characteristics of
orbits, such as the time of flight, the velocity of encounter with the Moon,
the value of required initial energy, conditions of observation from prede-
termined points at the Earth's surface, etc.

Analyzing the totality of possible orbits, one can select those among
them which satisfy best the necessary requirements both from the point
of view of the efficiency of the solution of the main objective of flight
and from the point of view of simplicity and economical efficiency of the
reatization. These requirements are mostly contradictory, and final solution
is usually the result of a compromise and consideration of available actual

engineering means,
One of the most important requirements is economical efficiency of the

launching from the viewpoint of the power necessary for injecting the object
into orbit. Practically, twe main methods of the placing of vehicles in space
orbits are used: the continuous powered stage and the launching from
a satellite_orbit. The first method is technically more simple, However,
in some cases # is connected with difficulties,

The matter is that the selection of the place of launching is necessarily
iimited, and for acceleration of a space vehicle with the prescribed mission -
it mmy becomwe necessary to use the trajectories steeply inclined to the
jocal horizon. This leads to the increase of losses due to the necessity
of overcoming the gravitational force and reducing available finat velocity,
or, at the prescribed conditions of the placing in orbit, of reduciag the pos-
sible weight of the space vehicle. Therefore, the continuous acceleration
method limits the range of velocity directions at the begianing of motion
along the orbit, making not only orbits with maximally low initial velocity
more desirable but also orbits with maximally low inclination of the velocity
vector to the local horizon at the end of the powered fight. :

The method of the launching from a satellite orbit is free from energy
limitations imposed on the acceleration direction. Any direction of the
velocity vector is oblained by the proper choice of the two time instants:
the time of launching into a parking satellite orbit which gives the aiming
azimuth at the expense of the turn of the parking orbit, together with
the Earth in its 24-hr motion, and the time of the launching from a satel
lite orbit which gives an aiming elevation angle because the transfer from-
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a sateliite orbit occurs in the place where motion in a satellile orbit has
the necessary direction. Acceleration of a space vehicle during its injection
to a satellite orbit and during its transfer from it takes place at minimum
inclination angles to the local horizon and insures the maximum use of the
booster’s energy potentialities. The method of the launching of space
vehicles from a sateilite orbit used by Soviet scientists and engineers isa dis~
tinguished engineering achievement. The use of such a thethod of launching
restricts only the value of initial velocity of motion along the orbit, permit.
ting us to place heavy space vehicles in orbit, sharply extending the range
of possible orbits and facilitating the conditions of their expedient selection.

Another complex of problems associated with the orbit projecting
is investigation of required accuracics of the realization of the selected
nominal orbit and the selection of the correction method. In cases when
flight is carried out without correction of the trajectory in its path, the
problem consist in the search for such a region of parameter deviations
at the end of the acceleration stage that the main objective of flight can
be achieved if deviations do not go beyond the indicated region. For instance,
if the objective of flight is to reach the Moon, then such launching para-
meter deviations are searched for at which the orbits pass through the Moen,
and hence the Moon is reached. It is natural that the less rigorous are
limitations on the region of the faunching parameter spread, the simpler
is the realization of flight, the less are requirements on the accuracy of
launching devices, the lower is the weight of these devices, and the higher
is their reliability. Therefore, the choosing of space flight orbits which
permit maximum deviations of launching parameters is desirable, This
requirement can contradict and usuaily does contradict the energy opti-
malness of the orbit, and such situation is typical in orbit projecting.

It often turns out that the permissible region of initial deviations is ex-
ceedingly small and cannot be realized by existing technical means. Besides,
knowledge of celestial mechanics constants, such as the solar paraliax
or planetary orbifal elements, can turn out to be insufficient, so that even
ideal realization of launching conditions does not guarantee the accomplisli-
ment of the objective of spaceflight. In these cases, in-flight orbit correction
should be used--correction of motion parameters which can be carried
out by imparting impulses of the appropriate value and direction in some
places of the orbit. During the flight, such orbit correction can take plice
once or several times.

Orbit correction requires the onboard correcting of propulsive instal
lation and fuel store. The value of additional weight that should be taken
aboard the space vehicle in connection with orbit correction depends
on the value of the correcting impulse or the magnitude of the total impulse
in the case of correction performed several times, The value of the cor-

Some problems of astrodyhantics and celestial mechanics i5

recting impuise depends on the motian parameter spread at the end of the
acceleration stage, and will be the greater, the greater is the spread region,
Besides. the value of the impulse necessary for orbit correction depends
on the place in the orbit where this correction is carried out. For instance,
if correction is carricd out too close to the target, a very large change
of velocity of motion and too large correcting impulse, and, therefore,
considerable additional weight aboard the space vehicle can be required.

While choosing orbits, we should prefer those orbits which allow the most
simple and economical correction, At the same time, the correction opti-
nyization problem arises, i.e., such selection of the orbit and such selection
of correction poiats in it that the execution of correction will require
the minimum total impulse and minisnum additional weight 2board the space
vehicle,

The solution of the correction problem requires exact determination
of the actual motion parameters during the flight, the calculation of devige
tions of the motion parameters from the nominal ones, and the calculation
of the necessary correction parameters, The determination of the orbital
etements is a ciassical problem of celestial mechanics. -

However, its sofution in connection with space vehicle flights is as-
sociated with a number of specific requirements. For instance, it is often
necessary to determine the orbital elements with maximum speed. Therefore,
the calculation algorithm, which usually contains an iterative process,
should BE very economical and insure the small number of iterations
and small time of the performance of each iteration. The calculation
algorithm should be very relinble and faultless, guaranteeing the process.
convergence even in the case of not sufficiently adequate selection of an ini-
tial approximation.

The accuracy of the determination of the actual orbital clements depends
on the combination and accuracy of measured parameters and also on the
location and extent of the measured interval in the orbit. At the prescribed
scope and accuracy of measurements, the larger is the orbit section at which

measurenments are carried out, the more accurate, as a rule, can be the

dotermination of the actual motion parameters, and the more reliable
and acourate will be orbit correction. However, excessive delay is unrational,
since it may lead to extremely late correction and extremely large value
of the correcting impulse. Early correction may turn out to be more econo-
migal. However, not sufficient accuracy in the determination of* orbitul
eiements by the correction moment may lead to its insufficient accuracy
and to the necessity of its repetition. '

The forementioned considerations illustrate the complexity and the con-
fradictory character of the problem of the projecting of the system of meas-
urements and orhit carrection. ie. proiecting of the flicht control system




16 G. N, DusosHin and 2. E. OKHOTSIMSK I

of a space vehicle. The optimum solution of the flight control problem
consists in the creation of a system insuring the solution of the main flight
objective most simply and reliably and most economically as far as onboard
weights are concerned. Therefore, in orbit selection we should prefer
those orbits for which it is possible to carry out flight control closer to the
optimum one,

Orbit projecting consists in the detection and consideration of a munber of
contradictory requirements on the orbit, some of which are briefly mentioned
in the foregoing, in the performance of the complex analysis, and in the
selection of such an orbit which maximally salisfies all the necessary
requirements. The performance of an ali-round analysis of flight orbits
requires calculation of a great deal of variants. At the same time, the
requirements on the accuracy of calfculations at the initial stage of pro-
jection are usually not very high. Therefore, the rational solution is the
development and use of various approximate methods that permit us simply.
economically, and graphically, though with Hmited accuracy, to analyze
orbits from the point of view of the degree of satisfuction of requircements
on the orbit and to search for compromise variants giving the optimum
solution to the problem on the whole.

The next proiccling stage is associaled with the performance of the more
accurate calculations for the selected variants in which all of the necessary
factors affecting the space vehicle flight are taken into account. Such
calculations are usually carried out by numerical integration methods
with the use of the most precise constants and are aimed at obtaining
exact values of flight parameters and parameters determining the placing
in a space orbit. Since more exact calculations often are very labor-con-
suming, the development of effective caleufation methods is not loss urgent
than the development of calculation methods for the preliminary projecting
stage. The effective more accurate calculation techaigque should combine
the accuracy and speed of operations. The maximum use of our knowledge
of orbits is 2 rational path to creation of such methods. For instance,
motion of a space vehicle with respect to the Earth inside its sphere of action
is close to motion along a conic section with the focus in the Earth’s center.
Motion beyond the sphere of the Earth’s action is ciose to heliocentric
metion along an undisturbed orbit, etc. 'The consideration of these cir-
cumstances introduces a new moment inte the techaigue of more exact
calculations and opens up the path to their improvement. Certainly, other
paths are possible,

Methods of orbit investigations are essentially determined by the char-
acter of flight. Multirotational orbits and orbits with small angular distance
can be sharply differentiated. Orbits of the Earth’s, Moon’s, and planetary
satellites which perform during the period of their existence a large number
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of circuits belong to the orbits of the first type. Investigation and projecting
of such orbits is associated with the use of methods permitting us to reveal
the picture of the evolution of the osculating orbit parameters with time
under the influence of disturbing factors, such as noncentrality of the
gravitational field, the effect of the atmosphere, disturbances from other
celestial bodies. the effect of the pressure of light, etc. The evolution process
calculaiton problem can be considered as a problem of a noalinear theory
of oscillations. A wide use of different averaging methods and the technique
of the construction of asvmptomic sohstions can insure the creation of simple
and eflicient methods for preliminary and more accurate calculations.

Orbits with smali angular distance are, for instance, orbits of travels
from the Earth to the Moon and from the Earth to Mars, Venus, and other
planets. Orbits of such travels are to a first approximation arcs of conic
sections, and cvoiution problems do not arise kere. It is rational fo create
approximate methods, either completely ignoring disturbances or taking
them roughly into account. “m

The orbit of travel to Mars may be regarded as consisting of pieces
of conic-sections—undisturbed geoceatric motion in the sphere of the
Earth’s action. undisturbed heliocentric motion beyond the sphere of action
of the Earth and Mars, and undisturbed conic section with the focus in the
center of Mars when motion takes place inside the sphere of its action.

‘Such are some of considerations on orbit projecting. This new field
of investigations is at the juncture of celestial mechanics and space engi-
neering, and. because of the progress in space conquest, it is being intensively
developed. The development of astrodynamics promotes the more suc-
cessful investigation and conquest of interplanetary space and pianets -
of e solur systemt by man, and the penetration of inquisitive human
thought into the most remote corners of the universe,




