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Abstract. In the article the solution of spacecraft navigatjgroblem with a help of nonlinear parametric
models for the initial conditions of movement a# gurveillance object is considered. The technigle
construction of nonlinear models with a use of thethod of equal dimension in non-Taylor's shifted
differential transformations is proposed. An exaenpf the application of developed technique pratees
efficiency for rapid and accurate determinatiortlag initial conditions of spacecraft motion.
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I ntroduction This presentation of nonlinearity of experimental
rocess is achieved by using polynomial smoothing,
onlinear parametric models with  further
|Qearization or numerical solution of nonlinear
&quations. However, polynomial smoothing does not
include a priori information about the view of a
onlinear model of experimental process. The
%@ditional approach for building the nonlinear

It is difficult to identify areas of applied sciemc P
engineering or economics wherever the result
obtained in the space industry, are used. This
communication and navigation, remote sensing
the Earth and meteorology, television etc [1; 2].

Quality of target-oriented solution of problems o

space systems largely depends on the efficiency

navigation spacecraft: observation of the motioﬂ1OOIeIS hafsthsomg_d||sgo:cvantatges éhat r?dlrji;e the
trajectory, determination of its location (the iait accuracy of the onginal Information. 50, not erioug

conditions of motion, and the formation of controfiltention was paid to the reduction the impact of
commands. That is why, we put stringenfandom errors and linearized dynamic models on

performance requirements of spacecraft navigati nhneta:_ palrametrlT TOdefl' thT here is d a Ia;ge
and according to the efficiency and accuracy of th Mputational -compliexity o € procedures for
initial conditions of their movement. Hence, these parameters of nonlinear models using numerical
a problem of rapid and highly-precise determinatioﬁomt.Ions and. the dependence .pf accuracy of
of the initial conditions of spacecraft motion. obtained solutions on the capabilities of applied
numerical methods. This lack of finite analytical

Analysis of existing approaches smoothing algorithm does not allow to form unified
sform of the construction of nonlinear mathematical

Definition of the initial conditions of spacecra dels. M L h h
motion is carried by statistical processing of thgodels. Moreover, existing approaches to the
nstruction of nonlinear parametric models are

sample experimental data, that's is discrete obje&_ icul v for th dels with sianif
measurements of selected observations. The use 'C,Ut tq_appy or the mo els wit signi 'Ca*?t
nlinearities, which are defined by differential

adequate mathematical model of the process is tHg""

base for the effective implementation of statistic£94ations. L

algorithms of data processing. According to the Thus, the purpose of the 'art|cle IS to dev_elop
nonlinear nature of spacecraft motion, especiatly dapproaches to the construction of the r_10n|mear
the areas of apogee, perigee, with adequaqgrametnc models of spacecraft motion by
corrective maneuvers his motion model that will bEXPerimental data.

used for statistical data processing algorithmg wil Themain material

have complex, nonlinear form. The problem of
building mathematical models of processes, studie
by the experimental data, was solved in the work ﬁfl
many authors [2—6].

d In general there are two basic approaches to the
search of simulation process, namely: purely
eoretical and purely empirical approaches [7].
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The first approach uses analytical methods and pifferential image Z(k) is called a differential
applies when the laws that describe the changeeof pectrum (DS), or P-spectrum, and the meaning of

investigation process were put. It provides hig , _ ,
accuracy of general conclusions, caused by the Js8ction Z(k) with the particular values of the

of detailed mathematical models. argumentk — is DS-discretes, or P-discretes. In the

However,_ the a_bsence of the connection with re mplest case, restoring functioﬁ(t,c) looks like
processes, including the complexity of analytica

models of the form, does not ensure their effectiv& Polynomial, and the recovery of the original is
application. At the same time a purely empiricaleduced to the summation of discrete P-spectrum in
approach connect the results to a particular peocd§€ form of Taylor segment series. In this case
and has worse prognostic features. Thus, theoretigifferential transformations are called the primtip
and experimental approach that takes into accoufit Taylor's differential transformations [8; 9]. _
the information about the analytical description of Their disadvantage is the small interval of precise
the process and experimental data for the modé&covery process through a limited radius of
parameters determination, is the most appropriate fonvergence of Taylor series. In order to enhance
developing mathematical models. So, the use of tH capacity of the solutions which were obtaingd b
method of differential transformations (DT) for theDT [10], the restoration of the originals in therfo
study of complex nonlinear processes enables tRkarbitrary approximating functions was introduced
realization of that problem. In this case, DT is called non-Taylor's differehtia
Differential transformations — is the operationalransformations (NDT). Free coefficients, of

method, which was established by G.E. Pukhovestoring function f(t,c) for non-Taylor's

member of National Academy of Sciences Ofjgarential transformations can be determined by

Ukraine, and which is based on the transfer of theinimizin the deficiencye(t) between the original
original image in the region of images through the' 9 ¥ 9

operation of differentiation. Differential changes @nd approximating functions for the selected deiter
the general case is a functional transformatioién Which in the agreed notation has the form [10]:

form of (8; 9 ([P}, = ZB]-[ & (1= K k3=
2(Q=A{ g}, Y gy {Rl) =] @

k' dtf .
where E(k)=Z(K~- F(k 9 characterizes the

- deficiency of DS.
Z(t) - (t’ C)’ For general DT the definition of P-spectrum by

o . . . the expression (1) is for zero values of argurh%nt
where t~ — a meaning of argument in which the N
L : ) On the one hand, it simplifies the subsequent
conversion is carried out; . )
) ] ) conversion, on the other hand - reduces prognostic
Z(k) — discrete function of integer properties of obtained models. In order to enhance
argumenk =0,1,2, ..; the properties of the models which were obtained by
rPT’ in [11] shifted DT are proposed, that provide a

H - the argument section, on which functio : ) )
precise solution for every argument functions.

2(1) is considered; Shifted differential transformation are transformed
f (t,c) - restoring or approximating function; Pasic DT (1) and (2) have the following form
C — aset of free coefficients. Z(kt,)= P{ A+ r)} =

Expression (1) determines the direct conversion,

which allows you with a help of original image _ H" d“z(t,+1) @
z(t) to find the image Z(k). Inverse k! dt* a

transformation that restores the origirm(lt) inthe _ (—H)k dkz((,—T)
form of approximating functions is defined by thez(k't/) = F{ 4 \t,—T)}T = Kl ot 1
expression (2). ' T
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z(t +1)= f(t +1,C models on a limited range. To simplify the openatio
(t’ ) (tV ) of integration we transfer the criterion (5) inteet
7(1;/ —T) = f(tV -1, C) range of images by using the basic DT (1):

where Z(k,t‘v) — direct and inversed P-spectra of K= ( b jkﬂ ( ajkﬂ Z(k) B
HY || -|=| |—/—==
= \H k+1

the initial function; H
T — local argument the value of which is chosen

w2 sl et (oY E(ko)
Z(tv + T)’ 7(1}/—1’) — direct and inversed H (ﬁj _(ﬁj W’

K=0
model.

Simultaneous usage of direct and inverse Rvhere Z( k), F( k,c) are DS originalsz(t) and
models in the NDT-scheme provides thef
compensation of disadvantages of simplified
approximating functions. In order to determine the paramete:rs{ G } of

Thus, while determining the parameters of o
nonlinear models with experimental data to redud@nlinear model of the systemf (t,c), it is
the impact of measurement errors on the simulatioiecessary to make the system with (the number
results, it is expedient to use dislocated DT am tlof unknown parameters of theoretical model is
basis of non-Taylor’s differential transformations. known) equations, following the criterion (5).

The essence of the problem of mathematical In order to receive the system of equations, the
change of the coordinates for the modegolution of which are unknown parameters of
determination of the initial conditions of motiof o nonlinear model, the interval of integrati(fla, b]
his movement has such view. Let an experimentgl
polynomial modelz(t) with the measured data of.

interval [O, H] is considered, the subintervals are
selected coordinate of the spacecraft accorditigeto
algorithm of the classical method of the least sggia [O’ bl] ' [bu bz] [bm—l’ bm = H] :
is built. Nonlinear (theoretical) model of the pess The division of the limit construction of nonlinear
is considered to be a priori known in the form ofmodels to the subintervals allows to apply techmolo

f (t,C). It is necessary to define the parameters 81d advantages of shifted DT. According to thiscase
receive the system of equation in the form of

(t, C) respectively.

broken into m subinterval. So, if common

the modelf (t,C) with a help of well-known

K=co k+l k+1

experimental functiorz( t) . HZHEJ _(ﬂj :l@ =

In order to solve the problem we use the criterion *® H H k+1
of the method of equal planes (MEP) in the NDT (3 =l g\ b kel F(k C)
[10]. This choice is justified when the construntio =H (_j —(_j iy
of a nonlinear model of the process is in a cldss ¢ k:0|: H H k+1
smooth functions. - i 1

According to the MEP, criterion of minimizing |, (R (b ﬂ:
the deficiency between the experimental and & | H H +1

theoretical models is formed as follows:

Te()dt=0= i(z(t)— f(t.c))dt = . H“{(%j_(%” Fé‘:f)

a

b

= [(t)dt= i f(t,c)dt. (5) Hki{(_ljkﬂ_(qn - ijﬂ} i( J

a

1
The essence of MEP criteria for the construction
of nonlinear parametric models of the experimentd| —Hkm ( 1)'“1 b= ijﬂ:l F(kc)
S — - .

processes is the requirement of equality plane
limited by the curves of experimental and theogdtic k=0
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In the system (6) DS functionz( t), f (t,C) are - ™ 15 +H
presented in assumption of the basic DT (1). l¢bse H (gj _(Hj M =
the increase of imaging accuracy of obtained dnalyt i \H H k+1
solutions is provided by using NDT basis as noaline

model f (t,C). In order to satisfy opportunities for ZHKi{( 0 jkﬂ_(ﬂjkﬂ}F(k,l;, + H,C)
k=0

shifted DT a number of successive actions is ysuall H H k+1

applied. Let the observation interval of experiraént _
. . . = (0" (B)"Z(kt,-H)
process is equal t{)—H , H] , we define the direct and H (_j _(_j B S A
inversed model of functionsz(t) and f (t,C). e \H H k+1 9)

According to the shifted DT (4) P-spectrum of medel | Hk—i{(qj«l (szm} ﬁ(k,l;) - H,C)
k=0

Z(t), f (t,C) in the initial pointt, = 0 is equal to H H K+1

Z(kt)=2,(X), el (he |2k eH)
F(k,i,c):Fv(k,c). ! H;{(%j (anHj }Z KktilH‘

k=00 k+l —
We can write direct and inversed analogues |— HZ (%j _(Qn— Hj
respectively in pointd, =+H while using the DT kool \ H H

" F(kt, £ H,9
| k+

of model functions (7) for the initial point, =0 Solving the system (9) relatively t€, we

including transformation (4). determine the unknown parameters of nonlinear
Z(kt,+H)=2/(K), model f(t,c). In this case we formulate the
Z(k"'v - H) :(—1)" 4 ( k), techniques of the construction nonlinear models of
experimental process by using MEP in the shifted
F(kt +H,c)=F(k9, (8) NDT.
_ ‘ 1. Determination of direct and inversed P-model
F (k,i;} - H'C) = (_1) K ( k’C)' of the form (8), experimentaz(t) and non-linear

Here the notion of direct and inversed models i - :
used to explain the direction of arguments charige l@odel f (t’c_) according to expresspns (1_)’ (4).
functions which are considered: direct model - with 2. Formation of a system of equations in the form
the change of argument from left to right, inversed(9) by equating the values of integrals for funesio

with the change of argument in the ODPOSitez(t), f(t,c) on M (with the number of unknown

direction to a direct model of order. parameters of nonlinear mode&l) of observation
So, obtained direct modeIsZ(k), F(k’c) subintervals of experimental process. While forming
characterize experimental process for identifyimg t the system (9), the use of direct and inversed teode
range of its observations. Properties of shifted Diy; s binterval sequentially alternates.
allow to form analytical functions of the 3 The golution of formed techniques of the
gggg:b’ggg:}al process Eey]?nd e;n hlr_lte_rval Oéquation system in paragraph 2 relatively to
) process in the form of t ?'r INVersefnknown parameters of nonlinear models.
analoguesZ (k), F(k,c). Usage of direct and Example of the application of the developed
inversed models in the calculations, allows ttechniques concerns the solution of the problem of
expand the overall recovery interval parameters determining the initial conditions of spacecraft
these experimental processes and compensate rifigtion and demonstrates the practical side of the
errors of complete solutions. The usage of inversgtained results. In practice, the navigations of
models is similar to the usage of additionaépacecraft is carried on the ground points of the
information channel. In order to combine thesignal from the board of the spacecraft — the

properties of shifted and NDT, including Obtai”e%ommand-measuring systems using the results of

the P-spectra of the models (8), the system (6) Measured arrays, for example the Doppler's
transformed to the form ’



ISSN 1813-1166. Proceedings of NAU. 20%3. 15

frequency of a signal transferred in radial velpcit  Solving formed system relatively unknown
Let obtain polynomial model, including the resultparametera, W of nonlinear models, it was defined

of processing a sample of radial velocity, Whicl"bT =5,34224,w = 0,0242¢ Ideal values of the

characterizes the motion of spacecraft in circular_ .
orbit: nonlinear model are assumed to be known and

a =5,34322,w = 0,0242.
r,(t) =-5,0967% 0,01604+ 0,001G2 - The results of evaluation the value and dynamic

~0,010391F I+ 0,25773 1t error of reproduction .experim_ental process of the
change spacecraft radial velocity are given indabl

It is known that in the interval of observation Regjitsof evaluation thevalueand dynamic error
changes the model radial velocity can be descrihed

by nonlinear parametric theoretical model of the Parameter __Interval point of spacecraft

form initial medium final
MLS, km/c -5,09640 -0,25382 5,05769
r (t)= rct t MEP,xm/c -5,33694 -0,12969 5,33693
”( ) alarc g(w )’ Stand.xm/c -5,33393 -0,12950 5,33393
where @, are unknown parameters thetAMLS 0,23753 0,12432 0,27652
characterize the change of the experimental process\,, ., 0,00300 0,00018 0,00300
It. IS necessary to determl.ne the parameters UfO-MLS'Km/C 0.000457 | 0,000198 |  0,000502
nonlinear modelr,(t) . According to the propose Gyep, xmic | 0,000108|  0,000022 0.000114

techniques, including input signs, we have.
1. Direct and inversed P-model of polynomial These results were obtained with the absence of
r (t) and nonlinear functionsr (t) have the random measurement errors of experimental data. For
the real terms of determination of radial velocity
measurements by Doppler’s frequency the calcukation
R,(0)=-5,0967LR Ji=- 0,0160H ; were carried out with the value of standard dewmti

RD(Z) —0.00197H2 R)( B=— 0,01039 T0 ; efiof) of radial velocitg =0. 002km/c. The value of
’ ' ' random errors of the image of experimental process

values given by expressions

R,(4)=0,25778110H" ; (10 using the models obtained in accordance with the
R (0)=-5,09671R( )= 0,0160H ; proposed techniques compared with classical MLS
B ! given in the last two rows of table.
R (2 =-0,00192H R( B= 0,0108% Analysis of the results of research shows that
R( 4) ——0.2577818H" - compared with the traditional approach of using the
' ' proposed technique for modeling a nonlinear process
R,(0)=0,R ()= awH, R(2=0; changes, it allows to improve the accuracy of his
—_ 3 -0 , image including dynamic, and a random error
5"(3) - (1_/3)6“,\; "+ R(_Al) =0 (L components. Getting a win in the dynamic accuracy
R(0)=0,R()=-awH, R(9=0; of smoothing is explained by using nonlinear model
R,(3)= (W/3)aw H,R(4= 0. for approximation of the measured values that are

more adequate representation of the experimental
2. In order to find the parameters of nonlineaProcess. The increase of accuracy smoothing

model —a, W taking into account the general formaccording to a random error component is explained
the use of direct and inversed models in NDT,

of the equations system (9) and P-spectra (10) ai%lich provides partial compensation of random
we have errors.

5762,01125aw-

-0,1106daw’ = - 98,9585" _ _
Thus, proposed technique is based on the use of
~17286,03375aw+ MEP in the vicinity of experimental and theoretical

+0,166110° [aw’ = 10453,5565 functions. The distinction of this technique is to
combine construction of nonlinear parametric

Conclusions
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models of experimental processes of positive [Zdanuk, B.F. 1978. Bases of statistical
opportunities of NDT and shifted DT within a singletreatment of the trajectory measuringdoscow.
solution. Soviet radio. 384 p.] (in Russian).

The results of applying the developed technique 6. Kynyesuu, B.M. VupapiecHHe B YCIOBHIX
to solve the practical problem of determining th@conpenenennoctu: rapanTupoBaHHbIC pe3yIbTaTbL

initial conditions of spacecraft motion proved itS; 33734ax yIpaBieHus U uaeHTHGUKamn. — Kies:
effectiveness by the criterion of accuracy of finaha},KOBal nymka, 2006, — 264.

results. In its turn, the increase of the accude [Kuncevich, V.M. 2006. Control in the
initial ~ conditions of ‘motion provides quality .,hgitions of vagueness: assured results in thes tas
improvement of solution of the spacecraft navigatio management and authentication. Kyiv. Sciences

problem. Thinking. 264 p.] (in Russian).
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