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Introduction: Satellites which face space debris cannot track it throughout the whole orbit due to natural limitations of their
optical sensors, sush as field of view, Earth occultation, or solar illumination. Besides, the time of continuous observations is
usually very short. Therefore, we are trying to offer the most effective configuration of optical sensors in order to provide short-arc
tracking of a target piece of debris, using a scalable Extended Information Filter. Purpose: The best scenario for short-arc tracking
of a space debris orbit using multipoint optical sensors. Results: We have found optimal configurations for groups of satellites
with optical sensors which move along a sun-synchronous orbit. Debris orbit determination using an Extended Information Filter
and measurements from multipoint sensors was simulated, and mean squared errors of the target's position were calculated.
Based on the simulation results for variouos configurations, inter-satellite distances and measurement time, the most reliable
scenario (four satellites in tetrahedral configuration) was found and recommended for practical use in short-arc debris tracking.
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Introduction

Space Situational Awareness (SSA) is the know-
ledge and characterization of space objects and
their operational environment to support safe, sta-
ble, and sustainable space activities. The problems
arising in the context of SSA have become a sig-
nificant concern for the space community, because
of expanding growth in numbers of satellite sys-
tems and operators in Earth orbits, corresponding
growth in the existing space debris population, and
interaction between space systems and space debris
populations, which necessitates collision risk as-
sessment and general measures to mitigate the de-
bris problem before it develops into what is termed
Kessler syndrome [1]. Presently, space debris are
monitored and catalogued using ground-based op-
tical telescopes and radars, which allow obtaining
comprehensive knowledge of all objects larger than
10 cm in size and their orbits. However, it is estimat-
ed that only about 4 % of the objects in low Earth
orbit (LEO) sized one centimeter and larger are con-
tained in the public space object catalog [2]. In par-
ticular, it is reported that the space debris density
is very high in sun-synchronous orbits (SSO), which
is very popular among satellite systems operators.

This study considers a number of formation-fly-
ing architectures to perform space-based optical
observations for on-request orbit determination of
smaller (1 to 10 cm in size) space debris objects in
SSO. Prior research indicates that the on-board sen-

sors can be advantageous in SSA programs, because
they are not interrupted by the daylight, and they
are not characterized by the scattering, diffractions,
aberrations and turbulences in the atmosphere [3]. In
recent years, a number of studies have been carried
out towards analyzing different aspects of space-
borne debris surveillance missions. [4] proposed
space-based optical instruments and discussed how
the existing knowledge gap in the space debris popu-
lation in the millimetre and centimetre regime may
be closed by means of a passive optical instrument.
[6] discusses how a MEO satellite can potentially
detect debris objects in GEO. [6] proposes a method
for accurate orbit determination and prediction us-
ing short-arc tracking data. Various techniques for
space debris orbit determination based on short-arc
data are also discussed in [7, 8]. A multi-spacecraft
formation approach to space-debris monitoring is
developed in [3, 9], these papers propose a network-
ing system of spacecraft that dynamically processes
distributed measurements and recovers the debris
object’s orbits. Such systems allow processing multi-
point measurements and exhibit collective behavior
are discussed in other space applications [10], and
their usage becomes indispensable for debris track-
ing or orbit acquisition tasks, because they cannot be
carried out by a single device. The idea of cooperative
object tracking using space-based optical sensors is
also developed in [11, 12]. Further studies [13] go as
far as proposing large constellations of spacecraft
for global space debris monitoring.
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Understanding the inevitable use of satellite for-
mations for accurate small debris object tracking
and their orbit determination, we carry out a com-
parative analysis of different formation architec-
tures, comprising different number of spacecraft
(two to four), and assuming different orbital con-
figurations (from the simplest train-like formation,
through moderately complex general-circular-or-
bit (GCO) formation, and ending up with the most
complex tetrahedral formation). We assume that
the formations are deployed into a circular sun-syn-
chronous orbit at 700 km altitude and each space-
craft carries an optical payload to track the debris
objects. We discuss the observation conditions and
select an orbit close to the terminator plane. We
then analyze a construction of an extended infor-
mation filter to process the multipoint measure-
ments obtained by the formation spacecraft and
analyze its orbit determination accuracy taking in-
to account the payload constraints and depending
on such systems parameters as the formation type,
number of spacecraft in a formation, and intersat-
ellite distances.

Mission design

Let us consider a circular Sun-synchronous orbit
passing near to the Earth terminator line as a refer-
ence orbit for space debris observation with the aid
of a small formation flying satellites. We use these
kinds of reference orbits because it allows observ-
ing space debris using optical cameras at any point
on orbit. For numerical simulations of the proposed
algorithms let us consider the circular SSO orbits
with 700 km altitude. Thus, the inclination i of the
reference orbit can be found from the expression for
secular rate of right ascension of ascending node

3nR3J;

Q=
2
2Rorb

cosi, 1)

where Rg =~ 6371 km is the radius of the Earth;
Jy ~0.00108263 is the second order zonal harmonic
of the Earth gravitational potential; R ., is the

T

3
orb

motion, p~3.986 x 1014 m3/s2 is the standard
gravitational parameter of the Earth. From the
expression (1) the inclination of the corresponding
SSO orbit is equal to 98.18 degrees.

Finally, we should find such a right ascension
of ascending node (RAAN) Q that will orient the
orbit close to the terminator line. Let us define
the RAAN Q in way that will align projection of
the orbit’s unit angular momentum vector e, onto
the xy-plane along the projection of the Sun posi-
tion vector Rg,, onto the xy-plane. Let us consid-
er the simulation start epoch 1st January, 2022.
The corresponding Sun position vector, given in
Earth-Centered Inertial coordinates, is equal to
Rg,, =[26127801, —132825709.3, —57579560.5]" m.
This yields RAAN Q = 11.13°. Fig. 1 depicts the ref-
erence orbit, built by Systems Toolkit software.

Reference orbit parameters at epoch Jan 1, 2022,
00:00:00 UTC:

— SMA, km — 7071;

— Eccentricity — 0;

— Inclination, deg — 98.18;

— RAAN, deg — 11.13;

— Argument of perigee (AOP), deg — 0;

— True anomaly (TA), deg — 0.

To demonstrate the proposed algorithms per-
formance, we consider 3 common satellite forma-
tion configuration types such as train, GCO, and

reference orbit radius, n= is the orbit mean

FOR_UNFUNDED_EDUCATIONAL_USE_ONLY

Earth Inertial Axes
1 Jan 2022 @8:94:59.800 _ Time Step: 10.80 sec

B Fig. 1. Systems Toolkit simulation of the target orbit
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tetrahedron formation. For trade-off analysis we
will also test each orbital configuration with dif-
ferent triangulation bases. In order to design the
formations’ orbital configurations, we employ the
Hill — Clohessy — Wiltshire (HCW) equations that
describe linearized relative motion dynamics for
a couple of satellites at near-circular orbits. The
HCW equations can be written as follows:

X+ nz=uy;
y+n y=uy;

Z-2nx-3n z=u,, 2)
where u is unit force vector acting on a satellite; x,
Y, z are satellite position vector components given
in the orbital reference frame (along track, normal
and radial respectively).

The HCW equations (2) admit periodic analyti-
cal solutions in case of free motion that can be writ-
ten in the following form [14, 15]:

x(t) =cy cos(nt+a)+c3;
y(t) = cysin(nt +B);

2(t)= %sin(nt +a), ®)
where constants ¢y, ¢y, c3, o, B are used to define the
initial conditions of the relative motion.

The orbital configurations used in the study are
defined in Table 1. Parameter p defines a triangula-
tion base. In the numerical simulation we use three
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different values for p =1, 5, 10 km [10]. Fig. 2, a—c
depict resulting orbital configurations from (3).

Optical system dynamics

Let’s consider the Earth-Centered Inertial refer-
ence frame and express the orbital dynamics of the
target debris with radius-vector r and velocity v in
this frame [16]:

v
. A )
a.+ay Na
v
where
2
x| 5551
r
2 2
r 3 Rg i z
a,=—l—; a; =—do| — | | = 5—-11|,
c ”’r3 Jz 2 2[ r j (r3j y r2
2
2| 5553
r

in which r = (x y 2)T; r =|r |; a, is the central body
acceleration; is the acceleration from <, non-
spherical perturbation, and process Gaussian

noises my ~ N(O, G%I3X3) and m, ~ N(O, G§I3X3)

B Table 1. Initial conditions

Satellite Ne ¢ cy cg | o | B
Train formation
0
0 p 0
0 ) 0
GCO formation
1 0 0 0 0 0
2 P 3p/2 0 0 0
3 p \/§p /2 0 T n
Tetrahedron
1 0 0 0 0 0
2 2p/5 0 2p4/5/3 0 0
3 2p px/g py/5/38 —arctan(l/\/E) arctan(\/E)—n
4 2p px/g py/5/3 arctan(l / x/§) —arctan(ﬁ)
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B Fig. 2. Train (a), GCO (b) and tetrahedron (c) formations: left — p = 1 km; centered — p = 5 km; on the right —

p =10 km

of the velocity and acceleration with zero mean
and corresponding standard deviations o, and o,
respectively, I5 s is the identity matrix of size 3.
The position of the target is measures with two
angles — elevation 6 and azimuth ¢, which then con-
verted into primary parameters of the debris orbit,
according to the data about background stars on the
image. The model of observations is following:

Y-
(p:arctan[x_xl_]+n(p;
1

2—2

0 =arctan 5 5
Jee-x)2 +(y—y)

+Mg> (6))

where (x; y; zi)T is the position of the i-th sensor
. . 2

in Earth-Centered Inertial; n,,mng~N (0, Gmeas)
are measurement Gaussian noises with standard

deviation o, and zero mean [17].

Target position estimation with Extended
Information Filter

The state-space vector is X = (r v)T, its covari-
ance matrix is P, measurement vector is z = (¢ 0)T.
The prediction for estimating the value of state-
space vector in the next time-step is given by the
equation (4): X, = f(X,_;) + (n, n,)* with noise co-
variance matrix Q (identical for all k).
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Taking Jacobian of the function f gives evolution matrix:

0 0 0 1 00
0 0 0 010
0 0 0 0 01
P R B 0+ F2(x) B (x, )+ " Ff(x, 2)+F2(x) 0 0 0] ©)
@y, 0)+F?  F+FE@yp+E@) K@ 2)+Fy) 0 0 0
F5 (2, x)+Fi]2 (x) Fj (2, y)*'Fi]2 ) K +FG 2)+F2J2 000
where
Ff = —%; F3 (coordy,coordy) = S coordfl, ‘coordy ;
r r
J 3J2R€29p 5 2 9 35-coord? - 22
F1 2 (coord) == —2(coord +z )—1——4 ;
2r r r
pe _3JaREu[3022 o 352 L 1553REuxy( 72 )
2 2r® r2 rt 8 2r’ r?
1 2. ) 2
F;] 2 (coord) = STpRon 7coord 2(3—712 .
2r L r
Transition matrix ®, , , is acquired from F,_; (matrix F from (6) in k£ — 1 time-step) as
@, ;1 =exp(F_1-T), (7

where T is the period of movement.

Similarly, measurement vector in the current time-stop for i-th sensor is acquired from (5): z,; =
=h(X,,) + (, ne)" with noise covariance matrix ¥ (identical for all £ and i).

Observation matrix is the Jacobian of the function A:

i i i

H=| . . :
Hy, H, Hj, 000

i ®
where
Ho,x = yzi_y 2’ xz_Xi 2’
(xi_x) +(yi_y) xi_x) +(yi_y)
=) + (i -9)°

(x; —x)2 +(y; —y)2 +(z —2)2 ,

(x; —x)(z—2;) .
V=2 (v -9) (-2 + (v -9)° + (2 -2))
H, = Wi —y)z-2)

\/(xi —x)2 +(y; —y)2 ((xl —x)2 +(yi _y)2 (2 _2)2)'

i
Y
(

H(’P’z =0; Hé’zz

i
He,x =

Using Extended Information Filter [18—21], state-space vector, transition (7), covariance matrix, informa-
tion state y and information matrix Y are calculated for the predicted state:
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X1 =1 (Xp1)s
Pypa= D1 Pr 1O +Q
Yik-1= P};\;_lxk\h—l;
Y1 = Pk_|lt—1' )

Information step contribution i; and information
matrix contributions I, for each sensor from the
measurements (8) update is following:

. T o1
ip; =Hp,;x (zk,i - h(Xk\k—l ) +Hp Xy );

T o1
Ip; =Hp;2 "Hy;. (10)

Update of the information state and matrix from
contributions (10):

N,

sens

Ye=Yrp-1+ 2 i
i=1
Nsens

Y, =Yyp1+ 2 Lies 1
i1

where N, .

sensors.
The procedure (9)—(11) is repeated over the time-

frame of the simulation for the given target and

sensors orbits.

is the number of CubeSats with optical

Constraints on the optical sensors

It’s clear that sensors will not be able to track
the target debris in the majority of time due to
various constraints, especially the limited field of
view. Let’s consider them and apply to the scena-
rio.

1. The target should be bright enough to be ob-
served:

-26.74— 2.5lg[izA§(Sin ¢; —¢; cos (Pi)] +
3n

+51gR; <My, 12)

3. Sensors and target should be in the direct
sight line above the Earth’s atmosphere:

Jr2—~(Ro+h)? +r? ~(Rg +h) >R, (14)

where r; and r are the absolute values of the radius-
vectors of i-th sensor and target respectively;
h ~ 100 km is the Earth’s atmosphere thickness.

4. Limit of the optical sensor is represented
by the sight cone with Full Width Half Maximum
(FWHM) of the sensor. Thus, the target should be
inside this cone:

arccos(% . econej <FWHM, (15)
14
where R, is the vector from sensor to target; e . is
the normalized vector, defining cone’s axis.
Applying constraints (12)—(15) drastically de-
creases the amount of time when target debris is
detectable from satellites optical sensors configu-
ration.

Simulations

‘We now consider the simulations for all config-
urations of the satellites with optical sensors with
following parameters: measurement period T =1 s,
cone angle FWHM =10°, measurement error
G =5 arcsec, maximal detectable magnitude

m
mn:z = 18. Orbit parameters are represented in the
section “Mission design”.

An average detectable target debris is given fol-
lowing parameters: albedo & =0.3, cross-section
A =0.01 m?, velocity error o, =10"* m/s, acceler-
ation error o, = 1076 m/s2. The orbit is chosen as
the common debris-polluted LEO with parameters:
SMA ay,,, = 7177 km, eccentricity e, ., = 1076, in-
clination i, , =85.4° RAAN Q  =136.6°, AOP

Otarg = 0> TA Uy = 300°.

B Table 2. RMSE of the target debris position for sensor
configurations with p = 1 km

Number RMSE, m
where A is the target’s cross-section in motion E?:tfizgr; sa‘i L
direction; & is the target’s albedo; ¢, is the angle liteg | 17008 | 151005122005 ¢=300s
of the i-th sensor, adjacent to the solar phase angle 5 1200 1050 280 200
(sun-target-sensor); R, is the distance from the i-th Train
sensor to the target; m . is the maximal detectable 3 1070 730 220 190
magnitude . . o 2 1150 | 1000 | 380 200
the.?s.u(r)lp.)tlcal sensors should be oriented along with 3 1100 700 220 160
Tetra-

cosr < a3 hoda | 4 820 660 210 200
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B Table 3. RMSE of the target debris position for sensor

configurations with p = 5 km
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B Table 4. RMSE of the target debris position for sensor
configurations with p = 10 km

Number RMSE, m Number RMSE, m
Configu- of Configu- of
ration | satel- | ;_505 [+=100s|t=200s|t=300s ration | satel- | ;_505 |¢+=100s|t=200s|t=300s
lites lites
2 1300 970 300 180 2 1250 1050 360 200
Train Train
3 1080 900 300 170 3 1110 820 300 190
2 1200 920 230 210 2 1310 1100 260 180
GCO GCO
3 900 550 220 170 3 980 680 260 170
Tetra- |4 800 | 790 | 230 170 Tetra- 4 990 | 720 | 340 | 220
hedron hedron
a n [
) 1200 1200
1000 1000
= 600 g 600
400 400
200 200
0o | 0
0 4000 8000 12000 16000 0 4000 8000 12000 16000
s S
%) 1200 ¢ . 1200 11
1000 1000
800 800
£ 600 g 600
400 400
200 200
0 |
0 4000 8000 12000 16000 0 4000 8000 12000 16000
S S
©) 1200 § g 1200 &
1000 1000
800 800
£ 600 g 600
400 400
200 200
0 |
0 4000 8000 12000 16000 0 4000 8000 12000 16000
S S
D 1200 g y 1200 4 ,
1000 1000
800 800
£ 600 & 600
400 400
0 e e <> >
0 4000 8000 12000 16000 0 4000 8000 12000 16000
S S
—X —Y —Z7

B Fig.3. RMSE of the target debris position determination vs time on orbit from 2 (left) and 3 (on right) optical sensors
within satellites in GCO configuration with p = 1 km and measurement time of ¢ = 50 s (a); ¢ = 100 s (b); t = 200 s (c);
t = 300s(d)
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Simulations are held for N =18 000 timesteps,
with initial state covariance matrix for Extended
Information Filter

s 2 2 2 2 2 2
Py —dlag(csr0 L AL AL ),

where o, =10 km and o, =10 m/s. Initial state
of the state-space vector X, coincides with the true
value of this vector (that’s why the initial error
on the graphs will be 0). Simulations are repeated
M = 200 times to calculate the round mean-squared
error (RMSE) of the estimated position of the target
debris.

The result of all simulations can be seen in ta-
bles 2—4. RMSEs are taken for each projection of
the radius-vector of the target. It’s clear, that’s the
biggest error is located in the Z-coordinate of the
target position in all cases. Thus, we are putting it
in the tables as the most appropriate one to show the
effectiveness of the filter.

The example of RMSE simulations is given on
Fig. 3, a—d.

Conclusions from these simulations are follow-
ing:

1. The time of measurement dramatically de-
crease the error of the position determination for
any sensors configuration in any size. For instance,
the error for ¢ = 50 s can reach up to 1.3 km, while
at ¢t =300 s the error decreases to 160 m.

2. An amount of satellites also decreases the
error of position estimation. So, for 2 satellites in
small times of measurement RMSEs are actual-
ly worst. The situation flattens out as the time of
observation increases — for times of 300 s errors
for all different number of satellites are basically
same, near 180 m.

3. The type configuration seems to have rather
low impact on the RMSE of the target position de-
termination, but the results of simulations imply
that GCO type of formation gives better results
than the train type. Tetrahedral sensor composi-
tion is actually incomparable with that of GCO and
train because of the different amount of satellites in
those groups, but since this configuration is direct
extension of GCO on the 4-point measurement sys-

tem, we can claim that the tetrahedral formation is
the best fit for our purposes. Thus, we recommend
to use tetrahedral configuration in the problem of
short-arc tracking of target debris.

Conclusions

The problem of space debris detection is highly
relevant and focused by the modern community of
researchers and engineers. One of the high prior-
ity problems in this area is to determine the orbit
of the passing by piece of space debris with short-
track measurements from the multipoint forma-
tion of the optical sensors, located in the group
of satellites mainly on the sun-synchronous orbit.
We managed to construct viable configurations
for these sensors and compare the effectiveness in
scenarios with different number of points of view
(satellites) and measurement times. We implement-
ed the extended information filter to make the sim-
ulations of the measurement of the target position
by several optical sensors and calculated respective
round mean-squared errors. The error diminish-
es when the number of sensors increases and also
when the time of continuous measurement grows.
The most important part is actually that the GCO
configuration outstrips the train one in cases of 2
and 3 observation points, which means that the tet-
rahedral configuration, which is natural extension
of GCO onto the case of 4 satellites, is the best use-
case for determining the target debris orbit using
short-arc optical measurements. The next step of
this research is to collect enough statistics on the
performance of this filter and configuration on the
different orbits, different from sun-synchronous,
and test whether it will be good enough without con-
stant position near the terminator. The undeniable
advantage of such research would be full coverage
of LEO debris.

Financial support

The reported study was funded by RFBR, pro-
ject 19-38-90278.

References

1. Kessler D. dJ., Cour-Palais B. G. Collision frequency of
artificial satellites: the creation of a debris belt. oJ.
Geophys. Res., 1978, vol. 83, A6, pp. 2637-2646.
d0i:10.1029/JA083iA06p02637

2. Oltrogge D. L., Alfano S. The technical challenges of
better Space Situational Awareness and Space Traffic
Management. Journal of Space Safety Engineering,

2019, vol. 6, iss. 2, pp. 72-79. do0i:10.1016/j.jsse.
2019.05.004

3. Felicetti L., Emami M. R. A multi-spacecraft forma-
tion approach to space debris surveillance. Acta As-
tronautica, 2016, vol. 127, pp. 491-504. doi:10.1016/j.
actaastro.2016.05.040

4. Flohrer T., Krag H., Klinkrad H., Schildknecht T.
Feasibility of performing space surveillance tasks
with a proposed space-based optical architecture, Ad-

44 7/ VH®OPMAUVIOHHO-YMPABASIOLLVIE CUCTEMB

7/ Nea, 2021



\ NHDOPMALIIOHHO-YNPABASIIOLLUVE CUCTEMBbI N\

vances in Space Research, 2011, vol. 47, iss. 6, ics, 2000, vol. 23, no. 1, pp. 153-158. doi:10.
pp- 1029-1042. doi:10.1016/j.asr.2010.11.021 2514/2.4503

5. Jianli Du, Xiangxu Lei, Jizhang Sang. A space sur- 13.Du J., Chen J., Li B., and Sang J. Tentative design of
veillance satellite for cataloging high-altitude small SBSS constellations for LEO debris catalog mainte-
debris. Acta Astronautica, 2019, vol. 157, pp. 268— nance. Acta Astronautica, 2019, vol. 155, pp. 379—
275. do0i:10.1016/j.actaastro.2019.01.003 388. d0i:10.1016/j.actaastro.2018.06.054

6. Bin Li, Jizhang Sang, Junyu Chen. Achievable orbit 14. Biktimirov S., Ivanov D., Sadretdinov T., Omran B.,
determination and prediction accuracy using short- Pritykin D. A multi-satellite mission to illuminate
arc space-based observations of space debris. Advanc- the earth: Formation control based on impulsive
es in Space Research, 2018, vol. 62, iss. 11, pp. 3065— maneuvers. Advances in the Astronautical Sciences,
3077. doi:10.1016/j.asr.2018.08.038 2020, vol. 173, pp. 463—474.

7. Ansalone L., Curti F. A genetic algorithm for ini- 15.Ivanov D., Biktimirov S., et al. Writing with sun-
tial orbit determination from a too short arc optical light: cubesat formation control using aerodynamic
observation. Advances in Space Research, 2013, forces. Proceedings of the International Astronauti-
vol. 52, no. 3, pp. 477-489. do0i:10.1016/j.asr. cal Congress, IAC 2019, October, 2019.

2013.04.004 16. Battin R. H. An Introduction to the Mathematics and

8. Sciré G., Santoni F., and Piergentili F. Analysis of or- Methods of Astrodynamics. AIAA, 1999.
bit determination for space based optical space sur- 17. Stokes G. H., Braun C. V., Sridharan R., and Sharma J.
veillance systems. Advances in Space Research, 2015, The space-based visible program. Lincoln Laboratory
vol. 56, no. 3, pp. 421-428. doi:10.1016/j. Journal, 1998, vol. 11, no. 2, pp. 205-238. doi:10.
asr.2015.02.031 2514/6.2000-5334

9. Felicetti L., Emami M. R. Attitude coordination of 18. Jia B., Ming X., and Cheng Y. Multiple sensor estima-
multiple spacecraft for space debris surveillance. Ad- tion using the sparse Gauss — Hermite quadrature
vances in Space Research, 2017, vol. 59, no. 5, information filter. 2012 American Control Conference
pp. 1270-1288. doi:10.1016/j.asr.2016.12.012 (ACC), Montreal, QC, Canada, June 2012, pp. 5544—

10. Afanasev A., Shavin M., Ivanov A., Pritykin D. Tet- 5549, doi:10.1109/ACC.2012.6315385
rahedral satellite formation: Geomagnetic measure- 19. Chang L., Qin F., Li A., and Hu B. Unscented type
ments exchange and interpolation. Advances in Space Kalman filter: limitation and combination. IET Sig-
Research, 2021, vol. 67, iss. 10, pp. 3294-3307. nal Processing, 2013, vol. 7, no. 3, pp. 167-176.
do0i:10.1016/j.asr.2021.02.012 d0i:10.1049/iet-spr.2012.0330

11. Jia B., Pham K. D., Blasch E., Shen D., Wang Z., and 20.Wang Y., Zheng W., Sun S., and Li L. Robust infor-
Chen G. Cooperative space object tracking using mation filter based on maximum correntropy criteri-
space-based optical sensors via consensus-based fil- on. Journal of Guidance, Control, and Dynamics,
ters. IEEE Transactions on Aerospace and Electronic 2016, vol. 39, no. 5, pp. 1126— 1131. doi:10.2514/1.
Systems, 1936, vol. 52, no. 4, pp. 1908-2016. G001576
do0i:10.1109/TAES.2016.140506 21.Simon D. Optimal State Estimation: Kalman, H In-

12.Sharma J. Space-based visible space surveillance per- finity, and Nonlinear Approaches. John Wiley and
formance. Journal of Guidance, Control, and Dynam- Sons, 2006. 552 p.

VIIK 629.783

doi:10.31799/1684-8853-2021-4-37-46

Apxurexkrypa opManuii KydocaToB IJIA HAOJIIOAEHUS 32 MAJIIM KOCMUYECKHMM MYCOPOM U OIIPEIeJIEHUS €r0 OPOUTHI

A. A. Apanacwes?, acoupanT, orcid.org/0000-0001-7503-9696, anton.afanasev@skoltech.ru
III. H. BukTumupos?, acuupaur, orcid.org/0000-0003-0969-0944
ACKOJIKOBCKUM MHCTUTYT HAYKU U TeXHOJOrui, Boabimoi 6-p, 30, crp. 1, MockBa, 121205, PD

Bremenmne: CIyTHUKY C CEHCOPAMM, KOTOPBIE BCTPEUAIOT MYCOD, HEe MOTYT OTCJIE/KUBATD €r0 Ha BCeil OPOUTe 13-3a €CTECTBEHHBIX Orpa-
HUYEHWUH ONTUUECKNX JaTUNKOB: [T0JIA 3PEHNs, 3aTMeHus 3eMJu, ocBemernHocTy Conmunem. K ToMy &e BpeMs HeIpepbIBHBIX HAGIIO[eHII
O0OBIYHO OUEHb HEBEJWKO. B CBABHU € 9TUM IPEACTABISAETCS aKTYaIbHBIM Co3faHne Hanbosee 9PGeKTUBHON KOH(PUIyPALNU ONTUUYECKUX
IaTUNKOB JJIs1 00eCIIeUeHU s OTCIeKUBAHUSA KOPOTKOM! Ayry OPOUTHI I€JI€BOr0 KYCKa MyCOpa C UCIO0Jb30BAHUEM MAaCIIITabupyemMoro 0600-
IIeHHOT0 UH(MOPMAIMOHHOTrO puabrpa. Ilenb: onpeneuTh HAMIYUIIUN CIeHAPUI OTCIeKUBAHUA OPOUTHI KOCMIUYECKOT0 MyCOpa 0 KO-
pOTROﬁ Ayre ¢ ICIIOJIb30OBAHUEM MHOI'OTOUYEUHBIX OIITUYECKHUX JATUNKOB. PeSyJII:TaTLI: BBIABJIEHEI OIITUMAJIbHbBIE KOHq)I/II’ypaIII/II/I I'PYIIIIBI
CIIYTHUKOB C ONTUYECKUMU JaTYNKAMU, JBUKYIIUXCA 110 COJTHEUHO-CUHXPOHHO# opbuTe. CMOJEeJIMPOBAH IIPOIIECC OIIPeeIeHUA OPOUTHI
Mycopa ¢ ITIOMOIIBLI0 PACIINPEHHOT0 NH(GOPMAIIMOHHOTO (QUIBTPA C UCIIOIb30BAHNEM U3MEPEHN OT MHOTOTOUEUHBIX JaTUNKOB U BEIUKCIIE-
HBI CPEJHEKBAJPATHYECKUE OIIINOKY MEeCTOIIOJIOKeHuA 1ejn. Ha 0OCHOBe pe3ysIbTaTOB MOJEINPOBAHUS AJIS PA3IUUYHBIX KOHQUTYPALIUT,
MEXKCIIYTHUKOBBIX paCCTOHHI/Iﬁ 1 BpeMEHU U3MePEeHUuA Haﬁ[{eH HaI/IGOJIee HaI[e}KHBIﬁ CI_[eHapI/Iﬁ 13 YeThbIpeX CIYTHUKOB B TeTpaaapam)Hoﬁ
KOH(UTypaun, KOTOPBIA PEKOMEHYEeTCs CI0JIb30BaTh HA IPAKTUKE OTCICKUBAHUA Mycopa II0 KOPOTKOM ayTe.

KiroueBrplie ciioBa — KOCMUYECKUI MyCOD, CJIeKeHre Ha KOPOTKOM AyTre, COJTHEUHO-CUHXPOHHASA OpOUTa, OTHOCUTEJIbHOE ABUYKEHe,
00001IeHHBI THOOPMATIMOHHBIN (DUIBTD.
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dunaHCcoBas MOAIEPIKKA
HWccaemoBanme BBHITIONHEHO IpU (prHaHCOBOH mogaep:xke PODU B pamkax HayuHOTro ITpoeKTa 19-38-90278.

YBakaeMmbie aBTOPHI!

IIpu mMOAroTOBKE PYKOMNCEli cTaTell HEOOXOAIMMO PYKOBOICTBOBATHCSA CACAYIONIMMY PEeKOMEe AU IMU.

CraThu HOJKHBI COIEPIKATh UBJI0KEeHe HOBBIX HAYUYHBIX Pe3yabTaToB. HasBaHue cTaTbu JOJIKHO OBITH KPAaTKUM, HO MHGOPMATUB-
HBIM. B Ha3BaHWM HEIOIYCTUMO UCIOJIb30BAHNE COKPAIleHuil, KpoMme caMbIx o0mienpuaATsix (PAH, P®, CAIIP u . 1.).

TexcT PyKONIUCH JOKeH OBITH OPUTMHAIBLHEIM, & IIUTUPOBAHIE U CAMOIIUTUPOBAHNE KOPPEKTHO 0(hOPMIIEHO.

O0bem craThu (TEKCT, TAOJIUIILI, MILIIOCTPAIUY U 6ubanorpadus) He JOJKEH IIPEBLIIIAaTh dKBUBajIeHTa B 20 cTpaHuIl, HameyaTaHHbIX
Ha Oymare popmara A4 Ha ogHOU cTopoHe uepes 1,5 uarepsana Word mpudrom Times New Roman pasmepom 13, moJisg He MeHee ABYX
CaHTUMETPOB.

O06s13aTeIbLHBIMU dJIeMeHTaMu 0OPMJIEHUSA CTATbU ABIAAOTCA: nHAekc YK, sarmaBue, nHUNUaNbl U (hamMuiusa aBropa (aBTOpOB),
yueHasd CTelleHb, 3BaHUe (IpU OTCYTCTBUU — JOJI’KHOCTH), IIOJIHOE HAa3BaHUE OPraHU3aliy, aHHOTAIINA U KJIIOUeBbIe CJI0BA HA PYCCKOM
u aurauiickom si3bikax, ORCID u s1eKTPOHHBIN afpec 0JHOro U3 aBTOPOB. IIpy HANMMCAHWY aHHOTAIMK He KHCI0Jb3yiiTe abbpeBuaTyp u
He JleJIaiiTe CCHLIIOK HA NCTOUHUKHY B CINCKe JuTepaTypsl. [IpegocraBiaiiTe MOAPUCYHOUHBIE TOATINCH U Ha3BaHUA Ta0JIUI] HA PYCCKOM 1
QHTJINACKOM A3BIKAX.

CraTbu aBTOPOB, He MMEIOIINX YIEHOH CTelleHN, PeKOMEHyeTcs IIy0JINKOBATh B COABTOPCTBE C HAYUHBIM PYKOBOAUTEIEM, HATUINe
MOANUCH HAYYHOTO PYKOBOAUTENA HAa PYKOIUCHU 00A3aTEJIbHO; B CIyUYae CAMOCTOATEJNBHON IMyOaUKaIUy 0053aTeJbHO IIPEJOCTABIIANTE
3aBEPEHHYIO II0 MeCTy PaboThl PeKOMEHIAIINI0 HAYYHOI0 PYKOBOLUTEJA C YKa3aHUeM ero (paMuimu, UMeHU, OTYeCTBa, MecTa PaboThl,
OJI’KHOCTHU, YIEHOTO 3BaHUSA, YUCHON CTEIIeHU.

IIpocTeie opmynsr Habupaiite B Word, cioskHBIE ¢ ToMoIbio pegaktopa Mathtype unu Equation. usa ma6opa omHOM HOpMYyJIBI
He UCIIOJIB3YHTe Ba peflaKkTopa; npu Habope Gopmysa B (OPMYJIFHOM peJaKTOpe 3HAKU IIPeIUHAHUA, OrpaHNYnBamue GpopMmyry, Ha-
oupaiiTe BMecTe ¢ (hOPMYJION; IJIs1 yCTaHOBKYU pasmepa mpudra B Mathtype nHukorga e mosnssyiitrech Briaagkoit Other, Smaller, Larger,
HCIIOJIb3YITe 3aBOJICKYE YCTAHOBKY PEJaKTOpa, He IOATOHANTE padMep CUMBOJIOB B (hopMyJiax IOJ pasMep mpudTa B TEKCTe CTaThU, HE
pacTATUBaNTE U He CXKUMAalTe MBIIIBIO (DOPMYJIbI, BCTABJIEHHBIE B TEKCT; IIPOOEIBI B (DOPMYJIe CTaBbTE TOJIBKO IIOCJIE 3alATHIX IIPYU IIepe-
uncaennu ¢ nomorIrbio Ctrl+Shift+Space (mpo6e); He oTgensiiTe mpobesamMmu 3HAKU: + = — X, a TaKIKe IPOCTPAHCTBO BHYTPU CKOOOK; 15
BBIJIeJIEHUS TPeUecKuX cuMBOJIOB B Mathtype mosy:xupHbIM HauepTanueM ucnosbdyiite Style — Other — bold.

st ma6opa dopmys B Word HUKOra He UCIIOIL3YITe BKIAAKU: «YpaBHeHUe», « KoncrpykTop», «@Popmysia» (Ha BepXHEH IaHeN:
«BcraBray — «YpaBHEHHE» ), TaK KaK 9TOT Pecypc IpefHa3HAUEH TOJIBKO AJIs BHYTPEHHEro NCII0Ib30BaHusa B Word 1 He TOAfePIKIBAET-
¢ IporpaMMaMu, IpefHasHAYeHHBIMHY /I U3TOTOBJIEHNS OPUTHHAI-MaKeTa JKypHaJia.

ITpu Habope CUMBOJIOB B TEKCTE IIOMHUTE, UTO CHUMBOJIbI, 0003HAUAEMble JATUHCKUMU OYKBaMu, HAOUPAIOTCS CBETJIBIM KYDPCHUBOM,
PYCCKUMU U TPEUECKUMHU — CBETJIBIM IIPAMBIM, BEKTOPHI ¥ MATPUI[LI — IPAMBIM IIOJTY KUPHBIM IIPU(TOM.

IToppo6uee cm. pdf-daitn «IIpaBuia mogroroBku pykomnuceii» (ctp. 11) Ha caiite https://guap.ru/ric

HNnnrocrpamun:

— PpUCYHKH, rpaduKM, AHATPAMMEI, OJIOK-CXeMBbI IIPeJOCTaBIIAINTe B BI/e OTAEIbHBIX NCXOLHBIX (DAiiIoB, MOAJAIOIINXCA PeLaKTH-
POBaHMIO, UCIIOJB3YsS BEKTOPHBIE IporpaMMbl: Visio (*.vsd, *.vsdx); Adobe Illustrator (*.ai); Coreldraw (*.cdr, Bepcus He Bbiie 15);
Excel (*.xls); Word (*.docx); AutoCad, Matlab (sxcmopt 8 PDF, EPS, SVG, WMF, EMF); Komnac (sxcnoprt B PDF), Be6-moprass DRAW.
IO (axcmopt B PDF);

— doTo u pacTpoBble — B (hopmare *.tif, *.png ¢ MmakcumanbHbIM paspeineHueM (He meHee 300 pixels/inch).

Hasmune nogpucyHOYHBIX IOAIUCEH U Ha3BaHUIT TaOIUI[ HA PYCCKOM U aHIVIMHCKOM A3bIKaX 0053aTeJIbHO (3KeIaTeJIbHO He IIOBTOPS-
IOIUX JOCJIOBHO KOMMEHTAaPUU K PUCYHKAM B TEKCTE CTATHH).

B penakiuio npexocTaBIsIOTC:

— cBefeHud 00 aBTOope (hamMunaud, UMA, OTIYECTBO, MECTO PAGOTHI, JOJKHOCTH, YUeHOe 3BaHUE, yueOHOe 3aBe/I[eHUe U I'OJl er0 OKOHYA-
HUfA, yIeHAas CTeIeHb U I'oJ 3aI[UTHI JUCCEPTAI[UY, 00IaCTh HAYIHBIX NHTEPECOB, KOJNUECTBO HAYUHBIX IMYOINKAIIHMI, JOMAITHUN U CJIy-
JKeOHBIN agpeca u TeaedoHbI, e-mail), doTo aBTOpPOB: aH(DAac, B TeMHOI oie:k /e Ha OesoM GoHE, JOTIKHBI ObITh BUJHBI IIJI€UN U TPYIb, BBI-
COKasf CTEeIIeHb YeTKOCTU U300parkeHus 6e3 TeHeil u oT0JIeCKOB Ha Julle, (POTO MOMKHO IIPEJCTaBUTh B 3JIEKTPOHHOM Buje B opmare *.tif,
*.png, *.jpg ¢ MaKcuMaJabHBIM padpeienuneM — He meHee 300 pixels/inch npu MmuaEManbEHOM pasmepe doro 40x55 Mm;

— 9KCIIEPTHOE 3aKJII0UYEHNE.

CHnucok JUTepaTypsl COCTABIIAETCH 10 IOPALKY CCHLIOK B TeKCTe 1 0QOPMIIAETCS CIEAYIOIINM 06pasoM:

— [JIs1 KHUT ¥ COOPHUKOB — haMUINsA U NHUIINAJIBI ABTOPOB, II0JIHOE HadBaHUe KHUTH (COOPHUKA), TOPOX, N3LaTeIbCTBO, T, ObIee
KOJINUeCTBO cTpaHuil, doi;

— IJI4 KYPHAJBHBIX cTaTell — (paMMJINA U MHUIMAJIBI aBTOPOB, IIOJTHOEe Ha3BaHUe CTaThU, Ha3BaHUE JKyPHAJa, IoJl U3JLAHUA, HOMED
JKypHasa, HoMepa crpaHut, doi;

— CCBLJIKY Ha MHOCTPAHHYIO JIUTEPATYPY CJIEAYeT JaBaTh HA 3bIKE OpUTHMHAJIA 0€3 COKpaIlleHnit;

— IpU MCIIOJIb30BAaHUU Web-MaTepraioB yKasblBaliTe afpec caiTa u AaTy o0paliesHns.

Crucok auTepaTypbl opopMisiiiTe AByMS OTAeAbHBIMU G0KaMu 1mo oopasiam lit.dot Ha caiire :xkypuasa (http://i-us.ru/paperrules):
JIuteparypa u References.

Bosee moapo6HO IpaBma MOATOTOBKY TEKCTa ¢ 00pasiiaMu U3JI0YKeHbI Ha HallleM caiiTe B pasjeie « PYKOBOACTBO JJIA aBTOPOB» .

KourakTsl

Kygma: 190000, Cauxr-IleTepoypr,
B. Mopckas ya., . 67, T'VAII, PUL]
Kowmy: Pegaxmnus sxypHana « HGOPMAIIMOHHO-YIIPABJIAIOIINE CUCTEMbI »
Teun.: (812) 494-70-02
D1, moura: ius.spb@gmail.com
CaiiT: www.i-us.ru

46 7/ VH®OPMAUVIOHHO-YMPABASIOLLVIE CUCTEMB / N4, 2021



