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PosrisipatoTscs HU3BKI Maibke KpyroBi opOiTH CyIyTHHUKIB AucTaHIiiHOrO 30HAyBaHHA 3emii ([[33). Cra-
BUTHCSI 3a71a4a BHOOPY OpOIT, 110 HAWOLIBII i JXOAATh Al KOHKPETHOI Micii CymyTHHKA. 30KpeMa, po3riisiIaeTh-
csl 3ajadya MPUOIM3HOTO BH3HAYEHHS NapaMeTpiB OpOiT, IO MO3BOJSIOTH 3iMCHIOBATH 3aJ0BUIBHUII OTIIAN
CYIlyTHHKOM ILiJIbOBOI MOBepXHi 3emiti. PO3rIssHYTO OCHOBHI MOOaXaHHS PO3POOHHKIB CHCTEM CIIOCTEPEIKEHHS
BiZTHOCHO YMOB 3HOMKHU HOBEpXHi 3eMili. Y3ro[KeHHIO IIUX M00aXaHb i3 3aKOHOMIPHOCTSIMU OPOITaIbHOTO PYXY
CYIYTHHKIB HAa HM3bKMX HaBKOJIO3EMHHX OpOiTax JONOMArae, siK MpEACTABIAEThCS, BUKOPHCTAHHS MIPOCTHX MO-
Jlenel, 10 OMUCYIOTH Ii 3akoHOMipHOCTI. IIpm mpomy OakaHa Bisyamizamis cMyr ormminy Ha 3emm. Kowm-
MPOMICHHM DILICHHSAM MK MOGaKaHHIMU PO3POOHHKIB CHCTEMH CIIOCTEPEKEHHS Ta 3aKOHOMIPHOCTSAMH PYXY
CYITyTHHKIB € Bin0ip opOiT, sKi HalOiNbIIe BiNOBINAIOTh XapaKTEePUCTHKAM CYIyTHHKA Ta HOro CHCTEMI crocTe-
pexeHHs. Merta CTaTTi mosirae y BUKJIaACHHI MPOCTOI MOJENI Ta aIrOPUTMY, IO JO3BOJIIOTH 3AIHCHUTH MOIIe-
pensiii BuOip opOiT cynmytHukiB JI33. [IpornoHOBaHa MOENb CIUPAETHCS HA BiJIOMi CIIBBiJHOLICHHS i HOBU3HA
Marepiany Mmoysira€ y KOMIAKTHOMY Ta y3arallbHEHOMY BHKJIAICHHI MOJENI I MOMepeHboro BUOOpy opbitu
cynytHuka [33. Y craTTi HaBeIeHO MOJENI, IO JO3BOJISIOTH 3MIMCHUTH: OLIHKY IIUPUHHA CMYTU OTJISAY CYITyT-
HHKa; BUOIp KyTa Haxuiy opOiti; Bubip criiikoi dopmu opbitu; Bubip BucoTH opdiTh; Bubip mepiomy opOitaib-
HOTo pyXy. Po3ristHyTO NepeBary Ta HEJOMIKH COHTYHO-CHHXPOHHHX opOiT. [ToOynoBaHO aHANITHYHI BUpa3H, IO
JIO3BOJISIIOTH ZIOCUTH MPOCTO OLIHHUTH BiIXUICHHS CYIyTHHKA Bif poOovoi opOiTH mix Ai€l0 aepoguHaMiuHOrO
rajbMyBaHHS, OLIHUTH MIBUJKICTH BiJHOBIICHHS IIapaMeTpiB OpOITH IiJ Ai€I0 NOCTIHHOTO YIPaBIIIOYOr0 TPAHC-
BEpPCAIBbHOTO NPHCKOPEHHS 1 BUSHAYUTH JOIMYCTHMI IHTEPBAIIK Yacy MiXK BKJIFOUCHHSMH IBHTYHIB 1 iHTEpBaIH iX
pobotu. IToka3aHo nepeBaru opOiT HA3EMHOI'O MapIIPYTY, IO IOBTOPIOETHCS. [100yn0BaHO HAHIIPOCTIITY MO
JUIsL pO3paxyHKy Ta Bi3yasi3alii CMyT OISy CyIyTHHKOM HOBepxHi 3emiti. TakuM 4HHOM, y CTaTTi 3alpOIOHO-
BaHO NPOCTHII aJITOPHTM IIOIEPEIHEOr0 BUOOPY opOiT cymyTHHKIB /[33 Ha HU3bKUX HAaBKOJIO3EMHUX OpOiTax, sKi
3a0e3MeuyIoTh 3310BUTbHUI OV LiIHOBOT HOBEPXHI 3eMiTi.

Kniouosi cnosa. cynymuuk OucmaHyitino2o 30HOV8aHHs 3emii, poboua opbima, wupura cmyeu 021soy,
Kym Haxuny opoimu, ¢popma opoimu.

Low near-circular orbits of Earth remote sensing (ERS) satellites are considered. The objective is to select
the orbits most suitable for a particular satellite mission. In particular, the problem of an approximate determina-
tion of the orbit parameters that allow a satisfactory satellite survey of the target surface of the Earth is considered.
The main desires of observation system developers regarding the conditions of the Earth's surface survey are
considered. To reconcile these desires with the regularities of satellite motion in low Earth orbits, use may be
made of simple models that describe these regularities. In doing so, it is desirable to visualize viewing swaths on
the Earth's surface. A compromise between the desires of observation system developers and the satellite motion
regularities is the selection of orbits that best meet the characteristics of a particular satellite and its observation
system. This article presents a simple model and algorithm that make it possible to preselect ERS satellite orbits.
The proposed model is based on familiar relationships, and the novelty of the article lies in a compact and gener-
alized presentation of the model for ERS satellite orbit preselection. The article presents models that make it pos-
sible to estimate the satellite swath width and choose the orbit inclination angle, a stable orbit shape, the orbit
altitude, and the orbital period. The advantages and disadvantages of solar synchronous orbits are considered.
Analytical expressions are constructed to fairly simply estimate the excursion of a satellite from its operational
orbit under the action of the aerodynamic drag, estimate the rate of recovery of the orbit parameters under the
action of a constant transversal control acceleration, and determine allowable time intervals between engine starts
and engine operation intervals. The advantages of repeat ground track orbits are shown. The simplest model for
calculating and visualizing satellite viewing swathes of the Earth's surface is constructed. Thus, the article propos-
es a simple algorithm for the preselection of low Earth orbits for ERS satellites with a satisfactory observation of
the target surface of the Earth.

Keywords: Earth remote sensing satellite, reference orbit, viewing swath width, inclination angle, orbit
shape.

Introduction. The choice of the reference orbit for the Earth remote sensing
satellite is a necessary and important mission planning task, the solution of which
largely determines the effectiveness of the entire mission. The choice of orbits is a
multifaceted and iterative process associated with understanding the goals and capa-
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bilities of the mission, and which has no absolute rules [1]. The task of preliminary
orbit selection for remote sensing satellites is much simpler and is associated with an
approximate determination of the orbit parameters that allow a satisfactory (better is
always wanted) survey by the satellite of the Earth’s target surface.

In the Western scientific literature, the problems of choosing the orbits for
remote sensing satellites were intensively discussed in the first decade of our cen-
tury [2 — 5]. And at present, interest in this topic remains (see, for example, [6, 7]).
In Ukraine, certain issues of choosing the orbit parameters for remote sensing sat-
ellites and conducting surveys of the Earth’s surface have been considered (see, for
example, [8 — 10]), however, a number of important tasks of choosing the orbits
for remote sensing satellites remained without discussion. This article aims at fill-
ing this gap and proposes a simple algorithm for preliminary orbit selection for
remote sensing satellites that are most suitable for the mission under consideration.

Formulation of the problem. Low near-Earth almost circular orbits for satel-
lites have been considered. For definiteness, we consider orbits with an altitude of
500 km to 600 km. It is necessary to choose the orbits for the satellite that best cor-
respond to the technical characteristics of the satellite, including its system for ob-
serving the Earth's surface.

We will use the following definitions:

Swath width is the width of the Earth’s surface area that falls into the instanta-
neous frame of the scanner.

Viewing swath width is the width of the area of the Earth’s surface that can
fall into the instantaneous frame of the scanner, taking into account changes in the
angular position of the satellite (rotation in the roll angle).

The wishes of the developers of the sensing system to the characteristics of
the orbit are usually the following:

—as close as possible to the shooting surface;

—as often as possible to be able to shoot an arbitrary or given area of the
Earth’s surface;

—as soon as possible to ensure sufficient coverage of viewing swaths (over-
lapping viewing swaths increases the speed of creating a complete picture of a giv-
en area, the width of which is greater than the swath width);

— the constancy of the distance and speed of the satellite relative to the surface
to be photographed,;

—and etc.

To match these wishes with reality, simple arguments about the patterns of or-
bital motion and, preferably, images of viewing swaths on the Earth's surface, will
help. A compromise solution is to select the orbits that best match the characteristics
of the satellite and its observation system. The purpose of the article is to present a
simple model and reasoning that allows a preliminary choice of orbits.

Note that the proposed model is based on well-known relations (see, for ex-
ample, [1, 5]) and the novelty of the material lies in a compact and generalized
presentation of the model for the preliminary selection of the Earth remote sensing
satellite orbit.

Model for Preliminary Selection of Earth Remote Sensing Satellite Orbit.

Viewing swath width estimation.

We find the viewing swath width assuming the sphericity of the Earth's sur-
face Fig. 1.
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Fig. 1

From triangles, sin & =sin (p%, where Rg, Ry =Rg +h - the radius of the
E
Earth and the orbit, respectively, h is the altitude of the orbit, ¢ is the deviation

the observation system axis (the rotation angle of the satellite relative to the local

vertical, the roll angle). Since 8 >90°, then =7 —arcsin(sin (pE—OJ Thus,
E

a= arcsin[sin (p&J —0. @
Re

The deviation of the observation system axis from the sub-satellite point on
the Earth's surface in meters can be estimated by the formula Ay = R .

For the orbits under consideration (500<h <600) km, the viewing swath
width increases approximately linearly with increasing satellite altitude. For ex-
ample, for ¢=45° the value A, increases from ~522 km at h =500 km to
~632 km at h =600 km, i.e. approximately 20 %. The axis of the observation sys-
tem reaches the horizon for h =500 km at ¢ = 68° (A, =2445 km).

The choice of the inclination angle. The orbital inclination angle i deter-
mines the orbital plane precession rate (the rate of the longitude change of the as-
cending node Q) for low near-earth orbits (LEO). In the first approximation, the
secular motion €2 for almost circular orbits can be described by the equation [11]

Q=—-g |—cCOsI , 2
R3 )
3. RZ2 3 .
where ¢ =—§CZO? ; Cyo~—1.0826-10"" is the coefficient at the second zonal
0

harmonic of the Earth's gravitational field expansion; R, is the average equatorial
radius of the Earth; R is the average radius of the orbit; n is the gravitational

constant of the Earth.

The most popular orbits for remote sensing satellites are solar synchronous
orbits, the orbits for which the secular motion € is equal to the average motion of
the Sun along the equator. Since the Earth makes a complete revolution relative to
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the Sun in one tropical year, then the average angular velocity of the Sun along the
equator relative to the inertial equatorial coordinate system equals [5] .
deg

300089 _ ) 9564736 9°9 —1 90106385 34E-071.  (3)
365.2421897 day day ¢

Jo =

Equating (2) and (3) we obtain a relation connecting the orbit parameters for

solar synchronous orbits.
. _ H .
7\’C =—-€ R_g [o{0] I (4)

It can be seen from (4) that small changes in the average radius of the orbit
will lead to small changes in the inclination angle. So, when the average orbit alti-
tude changes from 500 km to 600 km, the inclination angle according to (4) chang-
es from =~ 97.375° up to ~97.76°. That is, low near-earth solar synchronous orbits
(SSO) are subpolar orbits.

The advantages of the SSO are obvious: constant good illumination of the
Earth's surface to be photographed for satellites with optical observation systems
(day-night orbit), and constant illumination of satellites with radar (dawn-dusk orbit).

At the same time, the proximity of the SSO to polar orbits leads to the fact that
satellites fly over territories that are usually of little interest for observation, the
circumpolar regions, for a significant part of the time. Thus, the main part of Eu-
rope lies at latitudes up to 60°, and to survey the territory of Ukraine, it is enough
to be able to view latitudes up to 52.5°.

Let us determine the orbit inclination i , which will allow the remote sensing
satellite to survey the regions of the Earth's surface with a latitude less than a cer-
tain limiting value 8,,,. In the first approximation, we can assume that the sub-

satellite point reaches its maximum latitude at the latitude argument u =90° (this,
in particular, results from the simple model given below). At this point (at
u =90°), the latitude of the sub-satellite point will be equal to the orbit inclination
i , and the satellite moves along the parallel. Then the maximum latitude &4y,
which can be observed by the satellite, is determined as follows: 8, =1 +90g,
where dg is the addition to the latitude, which depends on the maximum possible

deviation of the observation instrument axis from the local vertical. It is easy to see
that 65 = o, where o is determined by formula (1). Thus, for a satellite orienta-

tion deviation of ¢@=45° 0Jg will change almost linearly from ~4.7° to

~5.7° as the orbit altitude changes from 500 km to 600 km. Therefore, in this case,
to survey the main part of Europe, the orbital inclination should be no less than
~55°, and for Ukraine =47°.

Note that the benefits of using the SSO, associated with the stability of the
satellite illumination by the Sun and the underlying surface of the Earth, make
these orbits the most attractive for low-cost commercial remote sensing satellites.

The choice of the orbit shape. The desire of the developers of the sensing
system for the constancy of the distance and speed of the satellite relative to the
surfaces being photographed is not feasible. The compression of the Earth from the
poles causes the difference between the mean equatorial radius of the Earth and
the polar one by ~21 km. Therefore, even for a circular Keplerian SSO — an orbit
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with a constant radius, it is impossible to achieve a constancy of the distance be-
tween the satellite and the sub-satellite point.

There are so-called orbits of minimum altitude change (OMAC) [12, 13].
These SSOs have two apogees — above the equator, and two perigees - above the
poles. This shape of the orbit reduces the changes in the orbit altitude above the
common Earth ellipsoid to approximately 18 km. However, for subpolar orbits,
OMAC are unstable, and their maintenance requires quite frequent switching on of
corrective engines. The long-term evolution of uncontrolled motion under the in-
fluence of zonal harmonics [5] can significantly increase the altitude changes of
orbits. Long-term changes in the orbit altitude lead to corresponding changes in
other characteristics of the orbit, including its period.

Therefore, the optimal solution for SSO lies in the choice of stable orbits - or-
bits for which the natural drift of the orbit shape under the influence of the Earth's
gravitational field is minimized by careful selection of orbit parameters. For such
orbits, for a long time, the altitude and speed of the satellite remain almost con-
stant at the same point in the orbit on each revolution. Such orbits require minimal
control input to maintain their shape.

In the first approximation for the SSO, the average orbital elements of the fro-
zen orbits are determined by the equalities [5]

1C3 R,

coso=0, e=-=——%sini, (5)
C, a

where e is the eccentricity of the orbit; C ~2.5324 -107° is the coefficient at

the third zonal harmonic of the geopotential expansion; a is the semi-major axis
of the orbit; w is the argument of the orbit perigee.

It is easy to see from (5) that the average elements have the values ®=90°,
270°, and for LEO it’s e = 0.001.

For the orbital parameters describing the orbit deviation from the circular
comparison orbit, in the first approximation, the shape of the stable orbit is deter-
mined by the equalities [14]

A_O Sin ao = _(G—:,
(6)

A, cosarg =d§,

where A,, o, are the initial average amplitude and phase shift (argument of the
apogee) of the orbit’s natural oscillations relative to the circular orbit of radius
3
Ry; G=5d -2¢; C =§gssin i_(isinzi_—lj; d=Zsin?i ; g =—C3°§Z .
2 4 2 Ro

From (6) it is easy to obtain A, ~0.001, o, ~ 282°.

Note that the formulas (5), (6) are given for the average elements, which are
determined in accordance with the accepted models for describing the satellite mo-
tion under the action of the geopotential zonal harmonics (i.e., each model has its
own average elements). In addition, the formulas are given only taking into ac-
count the second and third zonal harmonics. To select the orbit parameters taking
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into account the more accurate effect of the geopotential on the satellite motion,
rather complex iterative calculations are required.

We also note that the second zonal harmonic of the geopotential significantly
affects the shape of the satellite trajectory for almost circular (e ~0.001 ) LEOs,
and the orbit shape differs significantly from an ellipse. Thus, Fig. 2 (curve 1)
shows the shape of a frozen SSO for h =510 km. For better clarity, the figure
shows changes in the trajectory about a circle of radius R.g +500 km, where

R.g is the average radius of the Earth. On the axis On, lying in the plane of the
orbit and directed to the ascending node, the value (h, —500 km)cosu is plotted,
where h, is the altitude of the orbit above the average radius of the Earth. The
value (ht —500 km)sinu is plotted along the axis O, lying in the plane of the
orbit and directed perpendicularly to On towards the north pole of the Earth. The

calculations have been carried out taking into account 100x100 harmonics of the
Earth's gravitational field decomposition. As can be seen from the figure, the shape
of the orbit - this "tomato", slightly resembles an ellipse (curve 2 in Fig. 2) of an
unperturbed Keplerian orbit (curve 2 is constructed similarly to curve 1, but only
the central field of the Earth acts on the satellite). It seems that it is more conven-
ient to describe such a trajectory by its deviations from a circle than by rotation
and deformations of an ellipse.

-25 -20 -15 -10 -5 0 5 10 15 20
On, km
Fig. 2

Choice of orbit altitude. The altitude of the LEO is in many respects the de-
termining value for the aerodynamic drag force of the satellite, which is the main
perturbation leading to the orbit degradation.

The aerodynamic acceleration of the satellite can be written as

I:ﬂaer =-BpV 2é’v ' (7)
where B =cS /2m is the ballistic coefficient of the satellite; ¢ is the drag coeffi-
cient of the satellite, S is the area of aerodynamic drag (midship section) of the
satellite, V' is the velocity of the satellite relative to the oncoming flow,
V' =V, 4V, , V, is the velocity vector of the satellite’s orbital motion, V,, is the
velocity vector of the rotating atmosphere, V =V |, &, =V N , p is the density
of the atmosphere.

19



To estimate the aerodynamic acceleration of the satellite on the SSO, one can
neglect the wind speed, and taking into account the almost circular shape of the
orbit, consider the satellite speed equal to its speed in unperturbed motion

— —_— “_’
V =V, ~ |[—€_,
o ROT

where € is the unit vector of the tangent to the orbit and directed to the satellite

motion. The drag coefficient of the satellite also depends on the shape of the satel-
lite's surface, but in many cases for the considered altitudes it can be taken equal to
c=21.

To compensate for aerodynamic braking, low-thrust engines, usually electric
propulsion engines, are used. To match the capabilities of the satellite orbital mo-
tion control system with the aerodynamic braking acting on the satellite at a given
altitude, it is necessary to do a fairly large amount of work:

— estimate the average and maximum possible density of the atmosphere dur-
ing the planned active operation of the satellite;

— determine the permissible deviations of the satellite from the reference orbit;

— determine the allowable time intervals between switching on the engines and
the intervals of their operation.

Sufficient accuracy for estimating the displacement of the satellite relative
to the reference orbit when the satellite is subjected to transversal acceleration
in almost circular orbits is given by the inhomogeneous Clohessy-Wiltshire
equations [5]

x"-2y'—-3x =0,
ST ®)
y"+2x"+T =0,
where x,y are the displacements of the satellite relative to its position in the ref-
erence orbit along the radius vector and along € respectively; the prime denotes

. . . . . . ~ ~ = R 3
the derivative with respect to the dimensionless time u , u = /RL T =2
0 [

With the constant T the equations are integrated analytically, and their gen-
eral solution has the form

X =C,sinU +c5cosu +2¢c; — 2TU,
X' =c, cosu —cgsinu — 2T,
(9)

y =2, cosi — 25 sin 0 — 3¢, + ¢4 +1.5TG 2,

y'=-2c,sinU —2c; cosu — 3¢, +3TU,

where ¢, —C, are the integration constants determined by the initial conditions.

Solutions (9) make it possible to fairly simply estimate the deviations of the
satellite from the reference orbit under the action of aerodynamic braking, estimate
the recovery rate of the orbit parameters under the action of a constant transversal
control acceleration, and determine the allowable time intervals between engine
starts and intervals of their operation.

20



The altitude of the orbit is decisive not only for the amount of aerodynamic
drag, but also for an important characteristic of the reference orbit - the period of
orbital motion.

The choice of the motion period. The nodal (draconian) period is the period
of the return of the satellite to the ascending (descending) node, i.e. the period of
time between two successive crossings of the equator in the same direction (for
example, from south to north).

In the first approximation, taking into account the second zonal harmonic, it
can be estimated by the formula [12]

Po= Py [1-0.5¢(3-3 5sin2i |, (10)

3
where Py =27 Ro is the period of the orbital motion in the unperturbed Kep-
p

lerian motion; the remaining designations are the same as in formula (2).

For SSO, the nodal period increases from approximately 94 minutes 57 sec-
onds for h =500 km to 96 minutes 34 seconds for h =600 km.

The period of the Earth's rotation relative to the ascending (descending) node
is called the nodal period of Greenwich [5]. This Greenwich period on average, as
it is easy to understand, can be estimated by the expression

27

_(03—Q

G

where w5, Q are the average angular velocities of the Earth's rotation and the lon-
gitudes of the ascending node of the orbit in the equatorial ISC, respectively,
w3 = 21T ~7.292115853 -10™1/c , where T are the sidereal days.

The earth rotates relative to the orbit plane with an angular velocity o —Q.
During the period of revolution of the satellite, the Earth will rotate relative to the
orbit plane by an angle Pq(w; —€2) . For solar synchronous orbits (Q =12, ) and
altitudes of 500-600 km, this angle lies in the range of 0.412-0.421 radian
(23.60-24.10 degree). At the equator, this corresponds to the displacement of the
satellite track by R3Pg(m3 —€2), or in numbers 2630 ... 2687.5 km. At latitude
O the shift of the sub-satellite point per revolution of the satellite can be estimated
by the formula R_5cos8P, (w5 —€2), and, for example, for &=48° (Ukraine) is
from 1760 km to 1798 km. Thus, for example, it follows that if the axis of the ob-
servation system can be deflected by an angle ¢~56° (Ay; =R,0 =900 km) in
both directions from the motion direction, the satellite will be able to observe an
arbitrary point on the Earth's surface at the latitudes of Ukraine daily.

Typically, the satellite's viewing swath width is quite narrow, and the satellite
can only observe a fairly narrow swath between the projections of the satellite's
paths on the Earth's surface. This is primarily due to the desire for the quality of
the obtained observational information. In this case, the task becomes to choose
the period of satellite motion that provides the best conditions for surveying a giv-
en area. The optimal solution to this problem, apparently, lies on the set of orbits
of a repeating ground route [5].
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To construct an orbit for a repeating ground route, it is necessary to choose
such parameters of the orbit that would satisfy the relation

NPe=mP, of Pg/Pgo=m/n=N"TL
Ny

where n, m, N , my, n; are integers; N is the number of full satellite revolu-

tions in orbit per day for SSO; M1 s the fractional part of the ratios for the peri-

ny
ods Pg/Pg.
For stable SSOs, the satellite will make revolutions in orbit in n; days and re-

turn to its original point relative to the Earth - the orbit will “close”. This makes it
possible to re-survey the observation area under practically the same conditions as
the previous one: the distance and speed of the satellite relative to the surface be-
ing photographed are almost the same, and the angle of the sun to illuminate the
surface is almost the same.

In addition to the stability of the time intervals between observations of a giv-
en area, the periodicity of the process can significantly reduce the cost of ground-
based maintenance of the remote sensing system.

Figure 3, as an example, shows the changes in the ratio of the Greenwich nod-
al period to the nodal period depending on the altitude for different orbital inclina-
tions. On the ordinate axis, the ratio of periods providing Repeat-groundtrack or-
bits (RGT) are from 4 to 10 days.

4 day RGT 15.25

i=75°
i=80°
i=85°
i=90°
i=95°
i=100°| |

5 day RGT 15.2 |

6 day RGT  15.167

7 day RGT  15.143

8 day RGT 15125 RS

9day RGT 15111 |

10 day RGT 15.1 : : ' :
500 510 520 530 540 550

h, km
Fig. 3

Of course, the choice of the satellite motion period should provide view-
ing swath coverage of the given observation area. This choice is facilitated by
computer calculations and their visualization using the simple model is pro-
posed below.

Model for calculation of viewing swaths and their visualization. The sim-
ple model is built under the following assumptions:
— the satellite's orbit is circular;
—the satellite moves uniformly in orbit with an angular velocity equal to
0oy =27/Pg;
— orbital inclination i is constant;
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— changes in the longitude of the ascending node €2 are determined by formula (2).

Let us introduce a right coordinate system OXYZ associated with the Earth
with the origin at the center of mass of the Earth O and associated with some
point on the equator (for example, with the Greenwich meridian): the axis OX lies
in the plane of the equator and is directed to a fixed point on the equator; the axis
OZ is directed along the axis of the Earth’s rotation towards the north pole, the axis
OY complements the system to the right. The system rotates relative to the equatori-
al inertial coordinate system together with the Earth with an angular velocity 3.

Let us introduce a right orbital coordinate system Oxyz with the origin at the
Earth's center of mass O : the axis Ox is directed along the radius vector of the
orbit R , the axis Oy is in the plane of the instantaneous orbit in the direction of
the satellite's motion; the axis Oz is along the binormal to the orbit.

The orientation Oxyz in OXYZ will be described by Euler angles i, Qy,u —
inclination, longitude of the ascending node and latitude argument, respectively.
The angle u , due to the assumptions made, is defined as U = o, t , where t is the
time. The change rate Q, is determined by the rate of the Earth’s rotation and the
orbital precession rate € = (w5 —€).

Thus, the orientation of Oxyz in OXYZ is defined by:

i =const, U=ayt, Qp=Q — (03— Q.

Where Q, is the deviation along the equator of the first ascending node of the

trajectory.
Let us determine the longitude and latitude of a point on the Earth's surface at

OXYZ , when the radius vector RYt of the point is given at Oxyz . Let's denote
the longitude of the pointas A, 0°<A <360°, latitude — &, -90°< & < 90°.

The coordinates of a point inOXYZ through the coordinates of a point
inOxyz are determined through the matrix of direction cosines

X COosU C0S€Y, —sinu sin € cosi, —sinu cos€Y, —cosu sin Q, cosi, sinisin€y (X

Y |=]| cosusin €y, +sinu cosQ, cosi, —sinu sin &, +cosu cos<y, cosi, —sini cosY, ||y |-
z sinusini, cosu sini, cosi z

Knowing the coordinates of the point in OXYZ  we find the spherical angles

/ 2 2
@ =arccos(Z/Ry) = arctg{%}

sin A

A= arctg(i), COSA = —, = —,
X Retsin @ Resin @

where R is the radius of the Earth at the desired point, 6=n/2-0.
For the sub-satellite point, the coordinates in Oxyz are (R, 0,0).
Let us find the coordinates of the points of the viewing swath boundaries.

From Fig. 1, the coordinate of the point L is determined by the vector (T(+K ,
where OK =R = Ry €, is the current radius vector of the satellite, ¢ is the roll
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deviation of the observation system axis from the local vertical. Having deter-

. [ . . R
mined o =arcsin| sin (pi -, we find the length KL = |KL |=sin aﬁ.
ct ¢

Then  the coordinates of the point L in Oxyz are
(R —|KL |cosg, 0,+|KL |sin (p), where the “— sign corresponds to the satellite

motion from the figure to the observer, and the + sign corresponds to the reverse
motion. The coordinates of the point M are determined similarly.

The proposed model allows you to simply and quickly calculate and demon-
strate the coverage of the Earth's surface with viewing swaths for various types of
observation systems, changes in the orientation of the satellite and the parameters
of its orbit.

Conclusions. A simple model of satellite motion in LEO is proposed, which
takes into account the main regularities of this motion. The features of the choice
of the inclination angle, shape, altitude and period of the orbit have been consid-
ered. The simple model for calculating the coverage of the Earth's surface with
viewing swaths and their visualization has been proposed. In general, a simple al-
gorithm is proposed for the preliminary orbit selection for remote sensing satellites
in LEO, which provide a satisfactory view of the target Earth's surface.
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