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ORBIT SELECTION OF THE SPACE INDUSTRIAL PLATFORM
WITH DISTRIBUTED ELECTRICAL-POWER SYSTEM MODULES

Space industrialization is one of the prospective directions in modern aerospace science and engineering for space exploration of new
resources and habitats. The key issue is to provide industrial space modules with the required amount of electricity needed. One type
of power supply for such modules is the use of distributed power systems, which consist of constellations of spacecraft with contactless
power transmission. Given this, the problem of rational orbit selection for their dislocation arises. Considering these problems,
the methodology for orbits selection of the space industrial platform with distributed electrical-power system modules is proposed
in the paper. This methodology includes orbital translation, attitude, relative dynamics estimation for each power satellite, and its
corresponding orbit optimization algorithm. The orbit optimization algorithm includes statistical processing and elements of gradient
and coordinate descent methods, allowing us to determine the most significant parameter influencing the duration of the contactless
power transmission session. Also, quaternion mathematics is used to estimate the dynamics in the program parameters for targeting the
transmitter spacecraft antenna to the receiver spacecraft rectenna. With the approaches mentioned above, the methodology proposed
in this paper allows us to form the requirements for the power satellites’ attitude and orbit control system to improve the process of
selecting corresponding design parameters of such systems.

Thus, the usage of the proposed methodology can allow the designing of the power satellites’ attitude and orbit control system in the
conceptual stages of designing.
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Introduction. The Near Future requires New Future
Ideas and Technical Propositions. One of these new
ideas is connected with the concept of Space Indus-
trialization. The development of the Space Industri-
alization Concept has grown based on two main sci-
entific directions, which are the study of large space
constructions and space manufacturing research.
Given this, the leading world space agencies have
proposed several technical approaches that allow one
to produce unique technologies in zero gravity. These
technologies are connected with production semi-
conductors, space inductive metallurgy, 3D printing
technologies, etc.

In turn, implementation of such power-consum-
ing technological processes requires significant on-
board electrical power reserves on the space indus-
trial platform. Taking this into account, there is a
task of the development of a space industrial platform
electrical power system. This system should consist
of four main modules:

1) the electricity generation module;

2) the electricity storage module;

3) the module for transmitting electricity to a con-
sumer (Space industrial platform equipment);

4) the module for receiving and converting elec-
tricity.

Considering the level of theoretical and practi-
cal background of solar power satellite development
[7, 12, 15], the power-electrical system of the space
industrial platform can be constructed using two ap-
proaches. The first approach is based on placing all 4
electrical-power structural modules on the one bus
platform together with all systems of the space in-
dustrial platform (SIP). However, such an approach
requires a significant area for solar panels’ placement
and free volume for the batteries’ location. This re-
duces the free volume inside the SIP, which is neces-
sary for placing technical industrial equipment. On
this basis, the problem of selecting a rational ratio of
production equipment mass to the electrical-power
system mass arises. Given the limitation of the vol-
ume inside the SIP and the reduction of free volume
for useful equipment due to the installation of energy
modules, the efficiency of the SIP itself can be sig-
nificantly reduced.

Therefore, in [20], the second approach has been
proposed based on the distribution of electrical-pow-

4

er modules between the SIP bus and the special elec-
trical-power spacecraft orbital group (SEPSOG).
Such configuration can allow us to reduce the free
volume inside SIP, which is required for the power
generation system in the first case. Considering this,
the task of ballistic analysis for orbital, attitude, and
relative motion of SEPSOG modules arises.

Literature review and problem statement. Research
on space power systems (SPS) has been carried out
by the Japan Aerospace Exploration Agency (JAXA)
since the early 2000s. The research group of the JAXA
presented a phased program for the creation of a com-
mercial SPS [23]. The configuration of the space-
based solar power system consists of numerous square
panels, each measuring 100 m x 95 m and 0.1 m thick,
tethered together. Each panel is suspended at the cor-
ners on 4 cables 5—10 km long, coming out from the
bus system. The mass of a single system, according
to [23], is about 50 tons, and the power transmit-
ting capability is 2.2 MW. Moreover, this technology
was tested in space. However, this approach has sev-
eral disadvantages when using such SPS as SEPSOG
modules for SIP. These disadvantages are:

1) usage of the large construction leads to reducing
the maneuvering performance during guidance and
re-orientation;

2) probability of additional vibrations and oscil-
lations in the articulated joints [14], which leads to
additional disturbances in reorientation modes and
reduces the pointing accuracy;

3) problems of providing accurate orientation in
tracking modes of targeting on the apertures of SIP
receivers.

These disadvantages and problems can occur
when using all types of super-large space construc-
tions [18] for contactless electricity transmission be-
tween two spacecraft. Even though good results have
been obtained in the Earth-pointing accuracy of the
large-sized space power plant transmitting antenna
[17], such systems are very difficult to apply in the
SEPSOG technologies. It can be explained by the
two peculiarities of large-scale SPS concept imple-
mentation:

* the large-scale SPS technologies are proposed to
be located on Geosynchronous orbits with constant
relative position to the target point of the receiver,
which is located on the Earth’s surface,
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e Jack of target tracking modes and moving receiv-
ers that require high performance and accuracy for
the attitude and orbit control subsystem (AOCS),
which are needed for SEPSOG modules.

Therefore, the peculiarities of SEPSOG mod-
ule construction should take into account all of the
above-mentioned shortcomings. In turn, further re-
search shows the possibility of reducing the mass and
dimensions of SPS [25]. So, according to estima-
tion, the total mass of SPS was proposed to be near
2000 kg. The area of solar panels is about 141 m2,
which significantly impacts the inertial characteris-
tics of this power satellite [25]. However, this satellite
is developed for the power transition to the terrestrial
receivers from orbit altitudes ranging from 8500 to
16500 km. Given the much smaller distance between
the SIP receivers and the SEPSOG transmitting sat-
ellites, the energy loss will also be much less. There-
fore, the development of SEPSOG will not require
such a large power generation system and such a large
area of solar panels, as has been proposed in [25]. In
turn, it can help us significantly reduce the elastic
perturbations in the articulated joints, which have an
oscillation nature.

The method of reducing oscillation impact for SPS
is proposed in the paper [24]. This method assumes
the control law for a micro-electromechanical sys-
tem, which allows us to suppress vibrations for SPS
during on-orbit assembly. However, implementation
of such an approach requires a lot of additional sen-
sors, actuators, and control modules, which can sig-
nificantly increase the costs for the creation of such
SPS. On the other hand, nothing is clear about the
operation of such a control system in the target track-
ing modes that are required for SEPSOG modules.

Taking this into account, the mechanical body
construction of the SEPSOG module should have
properties that are close to rigid body dynamics when
elastic oscillation will be minimal and can be ne-
glected.

The closest concept to the SEPSOG is described
in works [1, 5]. This approach is based on the con-
tactless microwave power transition between two
satellites. So, it has been shown the possibility of
wireless power transition between two microsatellites
(Figure 1), which are:

1) transmitting microsatellite with a mass of 50 kg [4],

ISSN 1561-8889. Kocmiuna nayka i mexnonoeis. 2024. T. 30. No 4

SmallSAT
(Power Transmitter)

CubeSat
(Power Receiver)

Figure 1. Microwave wireless power transmitting between two
satellites

2) receiving satellite with a mass of 1.33 kg (Cube-
Sat class) [4].

According to the estimations [5], the possible
transmitting distance between these two satellites
ranges from 8 to 300 m depending on the wavelength
(which depends on the operating frequency of the
microwave range) and antenna/rectenna sizes. Tak-
ing this into account, for such types of satellites, only
one type of flight is possible during power transmis-
sion — a formation flight with maintaining a constant
distance between satellites. In turn, according to the
analysis, which has been done in the paper [1], the
most expedient method of power transition is based
on microwave power transition. It can be explained
by the deep study of this technology and experimen-
tal verification and confirmation of the theoretical
calculation of contactless power transmission. How-
ever, laser contactless power transition is in progress
and, according to the authors’ suggestions, has good
perspectives in the future [1].

Considering all the above peculiarities of con-
tactless power transmission between two satellites in
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Figure 2. The main window of the GUI interface

space, the following tasks, which should be solved to
determine SEPSOG dislocation, can be defined:

1) determination of SIP orbit parameters [20],

2) determination of SEPSOG orbits [20],

3) analysis of relative motion: SEPSOG modules
relative to SIP,

4) determination of the distance changes between
SEPSOG modules and SIP during orbiting [20],

5) determination of the conditions that allow con-
tactless power transmission from the SEPSOG mod-
ule to SIP receivers.

Taking into account the listed problems, the task
arises of developing the methodology for SEPSOG
orbiting analysis and determining their dislocations.

The purpose and tasks of the study. The purpose of
the research is to develop the methodology for SEP-
SOG orbits’ selection while considering the space in-
dustrial platform position. This will make it possible
to choose the orbit locations for SEPSOG modules
of the space-based distributed power system of the
space industrial platform considering the require-
ments of contactless power transition.

6

To achieve this aim, it has been determined a set of
following tasks:

— to determine the mathematical model of SEP-
SOG orbital translation and relative motion,

— to develop the mathematical model for target-
ing quaternion (quaternion of SEPSOG transmitting
spacecraft orientation to SEPSOG receiving space-
craft aperture) estimation,

— to carry out a numerical experiment on the
choice of the location of the SEPSOG modules,

— to develop the methodology for determining the
most optimal orbital parameters for the location of
the SEPSOG modules.

Materials and methods of research. The object of
the research is the process of determining spacecraft
ballistic parameters by analyzing the orbital group’s
relative motion. The subject of the research is the
theoretical and conceptual aspects of the method-
ology development using orbital mechanics theory,
theory of optimization, and computer simulation for
the orbit selection of spacecraft of the space indus-

trial platform electrical-power distributed system.
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To solve the problems presented in the study, we
employed general scientific and specialized research
methods:

— methods of celestial mechanics and spacecraft
flight theory for determination of SEPSOG ballistic
parameters,

— methods of mathematical analysis, vector alge-
bra, numerical simulation, and quaternion mathe-
matics for the development of a mathematical model
of SEPSOG motion,

— methods of software development for the cre-
ation of software GUI module using the multilan-
guage approach,

— method of system analysis.

To study the peculiarities of the motion of the
SEPSOG modules, a special software application
has been developed. Structurally, this application
consists of 3 parts:

1) dll library, which includes mathematical models
for the SEPSOG orbital motion simulation (devel-
oped using C++),

2) general algorithm and programs for library in-
tegration to software application (developed on C#),

3) GUI interface and file system (developed on C#).

In turn, the main window of the GUI interface
(Figure 2) allows one to input main SEPSOG pa-
rameters, including orbits, mass, and size, apertures
sizes, and space environment parameters to ana-
lyze the relative motion of two SEPSOG modules:
spacecraft transmitter (SCT) and spacecraft receiver
(SCR). Also, this window includes a database table,
which records the duration of possible sessions of
contactless power transmission from SCT to SCR.

The additional window of the GUI interface is de-
veloped for the graphical visualization of calculations.

Mathematical model of special electrical-power
spacecraft group orbital translation and relative mo-
tion. The generalized mathematical model of SEP-
SOG motion is described in [20]. This mathematical
model includes:

1) 6-dof model of spacecraft perturbative motion,

2) module for SCT and SCR relative motion de-
termination,

3) general mathematical approaches for the tar-
geting subsystem development,

4) general approaches for AOCS control algorithm
development,
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5) a general description of the requirements for
contactless power transmission from SCT to SCR.

In turn, the following mathematical models,
which are used in the dll library of the software ap-
plication, include:

A) 3-dof model of spacecraft perturbative trans-
lation motion based on the differential equations in
orbital parameters [20, 22]. For the correct imple-
mentation of this mathematical model, the follow-
ing standard reference frames were used, which are
described in [2, 9, 10, 20]. These reference frames
are the J2000 inertial reference frame [20], WGS-
84 reference frame [9], STW orbital reference frame
[10], local vertical local horizontal (LVLH) reference
frame, SCR and SCT body and aperture reference
frames (ARF) [20]. In turn, the differential equation
model has the following form:

d_Q_ sc ‘sinu‘W
dt Ju-p sini
di

L__Isc -cosu-W

@ Jur

d
d—ZZ:ZrSC.\/%.T

ﬂ: P sinu-S+ [1+rs—cjcosu+rs—cq T+
dt \n p p

r
+-5C ksinu-coti-W
p

%: P —cosu-S+ [lﬁ—rs—CJsinqurs—ck T-
dt \u p p
—rs—cqsinu-coti-W}

p

3
d—uzﬁ[l—rs—ccoti-sinu-WJ

dt rszc up

(1)
where

p
1+gcosu+ksinu
is the module of the spacecraft radius-vector (dis-
tance from the Earth’s center to the spacecraft),

T'sc =

k .
mzarctan(— , q=ecos®, k=esinm.
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are the components of the Laplace vector, a is
the orbit semi-major axis, e is the eccentricity of
the orbit, QQ is the RAAN of the orbit, ® is the
argument of perigee, p is the gravity constant, u =
= 3.986:10° km3/s%; p is the focal parameter of the

orbit, p= a(l —e? ) , 1 is the inclination of the orbit,

u is the orbit argument of latitude, 3 is the orbit
truth anomaly, ¢t is the time of spacecraft motion,
S, T,W are projections of the disturbing radial,
transversal, and normal accelerations on the axis of
the STW reference frame.

The following perturbative components of S, 7,
W accelerations are taken into account in the 3-dof
model:

1) Gravitational perturbations. Gravitational per-
turbations are represented by a decomposition of the
Earth’s gravitational potential by spherical functions
in the form of Legendre polynomials. Zonal, tesser-
al, and sectoral harmonics up to order 10, including
Earth’s precession and nutation, are taken into ac-
count. The model of gravitational field is presented
in [19, 26].

2) Aerodynamic perturbations. The aecrodynamic
perturbations are calculated according to the meth-
odology in [9].

3) Solar pressure perturbations. The perturbations
from the impact of solar pressure are calculated ac-
cording to the methodology in [9].

4) Lunar and solar gravitational perturbations are
calculated according to the methodology described
in [19].

B) Calculation of the kinematic parameters of
SCT and SCR in the J2000 reference frame:

— the vectors of SCR and SCT positions (Rgcg
and Rger),

— the vectors of SCR and SCT orbital velocity
(Vscr and Vser).

These vectors depend on the orbital parameters
of SCT and SCR [20], which are calculated accord-
ing to the model (1). In turn, Rgcr, Rset, Vscr >
Vs are calculated from orbital parameters accord-
ing to the formulas which are presented in [20].

O) Estimation of the SCT and SCR relative mo-
tion parameters:

— the current relative distance between SCT and
SCR, R

8

rel »

— current absolute value of relative velocity be-
tween SCT and SCR, V.

The R,,; and V,,; are calculated using the follow-
ing formulas [20]:

(RSCT.X —Rgep x )2 + (RSCT.Y —Rgery )2 +

R
+(RSCT.Z —Rgcrz )2

rel — >

(VSCT.X —Vser x )2 + (VSCT.Y —Vscry )2 +

V ] = 5
+(Vser.z = Vscr.z)

re >

(2)
where Rgor x, Reory s Rger , are the components
of vector Rscr: Rycr xs Rscry» Rscrz are the
components of vector Rgeri Vserxs Vserys
Vseor » are the components of vector Vet Ver x »
Vscry » Vscr.z are the components of vector Vgep -

D) Determination of the connection session time.
The number of connection sessions and their dura-
tions are calculated taking into account the following
condition:

Rrel <D max’ 3)
where D, is the maximal distance of contactless
power transition between SCT and SCR.

In turn, D, depends on SCT antenna param-
eters, SRT rectenna parameters, frequency of the
power transition microwave and, according to [5],

can be written as:
oo YA, 4)
AD__

max
where t is the dimensionless contactless power
transfer coefficient between the antenna and recten-
na, A, is the area of the SCT transmitting antenna,
A, is the area of the SCR receiving antenna (rec-
tenna), A is the wavelength of the microwave power
being transmitted.

Also, the estimation of power transition on the
maximum distance between the antenna and recten-
na can be done using the following formula [5]:

pa=—t, )
}\' Dmax
where p; is the power density at the center of the
SCR rectenna, P, is the total radiated power from
the SCT transmitter.
Considering the dependences in formulas (4) and

(5), it can be concluded that the value of D, fully
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depends on the parameters of SCT and SCR micro-
wave equipment. So, each power transmitting session
time is calculated using the following algorithm:

Step 1) Determination of initial SCT and SCR or-
bits.

Step 2) Run the simulation of STR and SCR orbit-
al motion using GUI software with an integrated .dll
library, which includes an orbital motion propagator
based on a mathematical model (1).

Step 3) Calculation of STR and SCR relative mo-
tion parameters R,,; and V,,; (2) at each step of in-
tegration of differential equations (1).

Step 4) Check the condition (3):

* if condition (3) is true, then save the current
board time and start the session duration countdown;

* if condition (3) is false, then stop the session du-
ration countdown and calculate the session duration.

Thus, these algorithms can be used to determine
the number of communication sessions for a certain
period of propagation of the SCT and SCR orbital
motion and their duration. Another issue is deter-
mining the dynamics of changes in the angular tar-
geting parameters (angles or/and quaternion) of the
receiver and transmitter apertures during communi-
cation sessions. This will be necessary for selecting
AOCS system parameters of SCT and SCR in the
case of their development.

Mathematical model for targeting quaternion esti-
mation. Considering estimated vectors Rge1, Vser,
Rscr s Vscr » it will be possible to calculate the tar-
geting quaternions for SCR and SCT according to
[20]. In turn, in paper [20], a general approach was
proposed for determining angular kinematic parame-
ters using quaternion calculation from roll, pitch, and
yaw angles. This can lead to additional calculations
and some singularities which can be observed in the
case of roll, pitch, yaw angles calculation from a ma-
trix. Considering this, the following algorithm for tar-
geting quaternion determination has been proposed:

Using Rget and Vg1 vectors for SCT or Rgcg
and Vscr vectors for SCR to create a unit vector ba-
sis, use the following steps:

I) Normalize Rget, Vser, Rscrs Vscr vec-
tors, dividing each coordinate by the corresponding
L-2 norm [20]. The corresponding unit vectors of
Rsets Vsers Rscr» Vscr are denoted as follows:

f'scts> Vscts fscr»> VscRr -
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II) Determine the unit vector bases O XpYpZp /
Oy XY Zp for SCR and SCT using the properties of
the Frenet—Serret trihedron and double cross prod-
uct [3, 26]:

1) OpZg =-Tscr» OrZr =—TscT >

2) OgYp =~Tscr *Vscr » OrYr = —TscT X Vs

3) OpXp =OgYg xOpZp, O Xy =O0rYr xOrZy .

These vector bases are needed for the determina-
tion of transiting matrices from J2000 to LVLH refer-
ence frame for SCR and SCT.

III) Determine transiting matrices from LVLH to
J2000:

for SCR: - 1
; LV L H
MSCR _| 0/OrXr* OrYp-x OpZp.x
LVLH—>]2000 OORXR‘)/ OrYr.y OpZp.y s
0 OpXg-z OpYpz OpZp.z
(6)
for SCT: - ]
; LV LH
MSCT _| ¢/Or%r* Or¥rx OrZrx
LVLH—>]2000 . O;Xp.y OpYpy OpZpy|
0|/Or%r-z Or¥rz OrZrz

™)
where OpXp.x, OpXp.y, OgXp.z are the compo-
nents of the unit vector OpXp; OpYp.x, OpYp.y,
ORYp.z are the components of the unit vector OpYy, ;
OpZy.x ,OpZyp.y , OpZy.z are the components of
the unit vector OpZp ; OpXp.x, OpXp.y, OpXp.z
are the components of the unit vector Op X, ;
OrYr.x , OpYr.y , OpYp.z are the components of
the unit vector OpYy; OpZy.x , OpZr.y , OpZy.z
are the components of the unit vector OpZ .

IV) Calculate the targeting vectors from SCR to
SCT and from SCT to SCR:

Rscrx —Rscr.x
RE&Tscr =| Rscry ~Rscry |
| Rscrz —Rserz | ®)
Rscrx —Rscrx
Re€rsct =| Rsery ~Rsery |
| Rscrz —Rscrz |
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where Rgegr x » Rscry » Rgcr z arethe components
of the vector Rgcr, Rser x> Rserys Rserz are
the components of the vector Rt .

V) Normalize the

tar tar
Rsctoscr and Rscr_scr
vectors dividing each coordinate by the correspond-
ing L-2 norm. The corresponding unit vectors of

tar tar
Rscroscr and Rgcrosser
are denoted as follows:

tar tar
rscToscr and rscr_,sc-

VI) Determination of the

rsersscr and Isr Lscr
values in corresponding SCT and SCR LVLH ref-
erence frames using formulas (6) and (7). It can be
written as:

plar _(agScT T_rtar
SCT-SCRLVLH = (M1 viH 572000 ) TsCT-SCR>

rtar _ MSCR . rtar
SCR—-SCT.LVLH — LVLH—]2000 SCR—-SCT>

)]
where

tar . tar
rscTscrLvLH 1S the fscr ,scr vector

in LVLH reference frame,

tar : tar
IscroscT.LVLH IS the Iscp_,sor vector

in LVLH reference frame.

VII) Determination of the transiting matrices from
LVLH to SCR and from LVLH to SCT body frames.
Transiting matrices from LVLH to SCR and SCT
body frames OppXppYprZpr / OprXprYprZpr
can be found using algorithms, which are presented
in [20]. In turn, it has been proposed to use the first
algorithm [20] for the determination of transiting
matrices. It can be written as follows:

1) set a special unit vector U, = [0 0 l]T ;

2) assume that axes OppXpp and Opp Xy co-

. . tar
incide with rscp_,sctivin and Fscr,scrLVLH
during SCR/SCT rotation relative to LVLH in target

modes;
3)  OppYpp =U, xrr
BRYBR = Yn *ISCR—SCT.LVLH >

_ tar .
OprYpr =Up XTsCT,SCRLVLH

4)  OppZppr =—OppYpgr XxOppXpp »
OprZpr =—OprYpr xOprXpr .

10

Using a similar algorithm as in (6) and (7), we de-
termine the transiting matrices from LVLH to SCT
body frame ME%H _,gopy and from LVLH to SCR

body frame Mg\c/szH _,gopy as follows:

for SCR:
B L V L H
MSCR _ O|OprXpr-x OppXpr-y OppXppZ |,
FVHI=BOPY = p OprYpr-x  OppYpp-y  OppYpp-2
Y|OprZpr-x OppZpr-y OppZpp-z
(10)
for SCT:
B L V L H
MSCT _ O|OprXpr-x  OprXpr.y OprXpr.z R
FVLR=BODY =) p OprYpr-X  OppYpr.y  OppYpr.z

Y|OprZprx OprZpr.y OprZprz
(11)

where OppXpp.Xx, OppXpr.y, OppXpr-z are the
components of the unit vector Ogp Xpp ; OBRYBR X,
OprYpr-y >, OppYpr-z are the components of
the unit vector OpgpYpr; OppZpr-X, OprZpp-y,
OprZpr-z are the components of the unit vec-
tor OppZpr s OprXpr-x, OprXpr.y, OprXpr.z
are the components of the unit vector OgrXpr;
OprYgr.x, OprYgr.y, OppYpr.z are the com-
ponents of the unit vector OpYpr; OprZpr.x,
OprZgr-y » OprZgr.z are the components of the
unit vector OgrZpr .

VIII) Transiting matrices from SCR and SCT body
frames to corresponding reference frames, which are
connected with rectenna and antenna, respectively,
AREFE To determine the position of the antenna and
rectenna, it will be appropriate to use rotation by
two angles (mounting pitch 0,, and mounting yaw
y,,, ) and set the OX-axis as the vision axis. So, when
mounting pitch and roll values are equal to zero, the
vision axes of the SCR and SCT are Opp Xz, and
OprXpgr , respectively. Considering this, we can de-
termine the next order of rotations:

1-st: rotation around the OZ axis (OgpZpp Or
OprZgr) by the angle of the mounting yaw v,
counterclockwise;

2-nd: rotation around the rotated axis OY
(OprYgr or OgrYpr) by the angle of the mounting
pitch 0,, counterclockwise.
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So, the rotation matrix for SCR and SCT body
frames to corresponding aperture reference frames
can be written as:

B O DY
A e
MSCTISCR _ Rcoswmcosem siny,, cosf,, —sin0,, |
BEARE F —siny,, cosvy,, 0
cosy,, sin@,, siny,, sin6,  cosH,,
(12)

In turn, mounting yaw v, and mounting pitch
0,, are selected for SCR and SCT separately.

IX) Calculation of the targeting quaternions. Thus,
having determined the transiting matrices between
these reference frames (6), (7), (12)—(14), one can
find the corresponding quaternions. So, the quater-
nion of transition from BODY to ARF can be written
as follows:

cos— cos—L

Q —sin—"-gin—
SCT/SCR _ | =x |_ 2 2 13
QBF—ARF = Q. |~ Wy , (13)

Y cos—sin -

Q, 2 2

sin—"cos—%

where Q, is the scalar part of the quaternion
Qﬁ%ﬂfﬁi ; Qs Qy , Q, are the components of the
vector part of the quaternion Qggﬂi%ﬂ .

The transition quaternion from LVLH to SC and
SR body frames is determined using the algorithm of
quaternions calculation from matrix elements [11].
So, this quaternion can be calculated from LVLH

matrix elements using the next formula:

1+ M, +M,, + My,
2-\/1+M11+M22+M33
LO M23_M32

SCRISCT _ L 2'\/1+M11+M22+M33
LVLH—>BF = = )
- L M3, — M,
L

2- 1+ My, + My, + M,
M12_M21
21+ My, + My, + M,

(14)

where Li%ggBF is the quaternion of transition

from LVLH reference frame to corresponding SCR
or SCT body reference frames; L, is the scalar part
of the quaternion LSLCV}E/I?IC_)TBF ; L., L,, L, are the
components of the vector part of tﬁve quaternion
LSL%/I;SICEBF; My, My, Mz, My, My, My,
M;,, Ms,, M,; are the components of the matrix
(10) or matrix (11) for SCR or SCT, respectively.

In turn, the transition quaternion from LVLH to
aperture reference frames for SCR or SCT can be de-

termined as:

SCR/SCT  _ rSCR/SCT SCT/SCR
Livinssare = Lvinspr © Qprsarr s (15)
where Li%ng rp 1s the transition quaternion from

LVLH to SCT or SCR aperture reference frame.

Simulation results. Taking into account the tech-
nical requirements for the SEPSOG satellites of the
distributed electrical-power system of the space in-
dustrial platform, the following approximate values
of the mass and size parameters of the general design
of the SKT and SKR have been established:

1) mass of the SCT: 1000 kg,

2) mass of the SCR: 1500 kg,

3) average value of SCT cross-section area 10 m> ,

4) average value of SCT cross-section area 15 m> ,

5) aperture mounting yaw and pitch of SCT:
y,, =30 deg,0,, =25 deg,

6) aperture mounting yaw and pitch of SCR:
vy, =30 deg,0,, =40 deg,

7) radius of SCT antenna aperture: 2 m,

8) radius of SCR rectenna aperture: 3 m,

9) microwave wavelength A =1000 GHz,

10) transmitting power (total radiated power from
transmitter per second) P, =10 kW,

11) D, ., =100 km,

12) the power density at the center of the SCR
rectenna p; on the maximal distance of microwave
power transmitting D, is 139.82 W/m?.

To determine the optimal orbit parameters for
SCT and SCR dislocations, it is proposed to use an
application (Figure 2) that includes developed math-
ematical models for estimating communication ses-
sion duration and the dynamic changes of targeting
quaternions inflight. Considering these SCT and
SCR parameters, it is proposed to analyze the effi-
ciency of contactless microwave power transition us-
ing scenarios with the following conditions:
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Space industrial platform
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Figure 3. Simulation results of connection session estimation for Scenario A
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Figure 4. Relative distance between the change of SCR and SCT and the dynamics of change of SCR and SCT targeting

quaternions for Scenario A

A) SCR and SCT are located in near coplanar or-
bits with the next initial differences: 1 deg difference
in inclination, 100 m difference in altitude, and 60
deg difference in the argument of latitude.

B) SCR and SCT have coplanar orbits with an ini-
tial 100 m difference in altitude and 60 deg difference
in the argument of latitude.

C) Optimization of orbital parameters by varia-
tion of the argument of perigee value and argument
of latitude value.
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Taking into account the expected range of space
industrial platform average orbit altitudes between
600 km and 800 km, it is proposed to set the next
SCT and SCR orbits for scenario A:

SCT orbit. the focal parameter is 7071100 m, ec-
centricity is 0.001, the inclination is 98 degrees,
RAAN is 210 degrees, the argument of perigee is 60
degrees, the argument of latitude is 60 degrees.

SCR orbit: the focal parameter is 7071000 m, ec-
centricity is 0.001, the inclination is 97 degrees,
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RAAN is 210 degrees, the argument of perigee is 60
degrees, the argument of latitude is 0 degrees.

The simulation time is set equal to 100 days and
the integration step of differential equations (1) to 10
seconds. The data of orbit flight start is set to be Au-
gust 1, 2023.

So, the following results were obtained (Figure 3):
the total number of sessions is 16; the total duration
of sessions is 6100 s. Based on the obtained results
(Figure 3), we can consider that there are only 5 full
sessions, which are divided into 3 or 4 subperiods.
This is evident from the total number of distance
convergences between SCR and SCT (Figure 4).

In turn, these breaks in energy transmission ses-
sions can be explained by the temporary exit of SCR
or SCT beyond the limits of the maximum contact-
less transmission distance (Figure 5). This is caused
to a greater extent by the impact of perturbations of
the nonlinearity of the Earth’s gravitational potential
on SCR and SCT orbit motion and to a lesser extent
by the impact of gravitational perturbations of the
Sun and Moon. Also, on the targeting quaternions of
SCT LSLCVTLH_)BF and SCR LSL%H_)BF current body
frame orientation relative to the LVLH frame (Figure
4), it can be seen that at the moments of transmission
sessions, there is a rather strong dynamics of their
changes, which is oscillatory in nature. As an ex-
ample, consider changing the SCT to SCR targeting
quaternion LSLQ,TLH _,pr at the time of the first session
of contactless power transmitting (Figure 5).

The dependence of the LSL%TLH _,pr On local on-
board time (time which is measured from the SCT
and SCR flight simulation beginning) is presented
in Figure 6. From Figure 6, it can be seen that dur-
ing the first session, the dynamics of the targeting
quaternion change is significant and the SCT has to
perform a large number of maneuvers during target
tracking, which increases the requirements for the
AOCS of the SCT. Similar dynamics of targeting
quaternion changes were observed during other ses-
sions for both SCT and SCR.

In scenario B, it is proposed to model orbital mo-
tion with parameters similar to scenario A, setting
the SCT and SCR orbits to the same inclination of
98 degrees. In this case, the results show a significant
increase in the total duration of sessions per 100 days
from 6100 s (Scenario A) to 40210 s (scenario B). In
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Figure 5. Breaks of contactless energy transmitting during the
first communication session for Scenario A
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Figure 6. SCT to SCR targeting quaternion change during the
first communication session for Scenario A

turn, the number of sessions significantly decreases
to 7 (in comparison with 16 in scenario A), which
means that the number of session breaks is reduced
too (Figure 7 and Figure 8).

It can also be seen from Figure 8 that the dynam-
ics of the changes in the targeting quaternions for
SCT LSL(‘:,TLH _,pr are significantly lower compared
to scenario A. For detailed analysis, similar to Sce-
nario A, using output data for the first communica-
tion session, it is proposed to plot the change in the
relative distance between SCT and SCR (Figure 9),
as well as the targeting quaternion from SCT to SCR
L3S g (Figure 10).

Based on the obtained results in scenario B, it can
be concluded that coplanar orbits are significantly
better for SCR and SCT locations, which can be ex-
plained by the next peculiarities:

— using coplanar orbits allows us to increase the
total time of communication sessions duration,

— no breaks in power transmission sessions (Fig-
ure 9), which can be in the cases when SCR and SCT
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Figure 7. Simulation results of connection session estimation for Scenario B
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Figure 8. Relative distance between the change of SCR and SCT and the dynamics of change of SCR and SCT targeting
quaternions for Scenario B
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go beyond the maximum distance of contactless mi-
crowave power transmission (Figure 5),

— the maneuvering requirements for SCR and
SCT are significantly reduced, which decreases the
requirements for their AOCS systems performance
(Figure 10).

In turn, these orbital parameters of SCT and SCR
also cannot be considered fully optimal. Taking this
into account, the tasks of optimization occur with
this framework. So, it has been proposed to develop
the optimization method, which is based on gradient
[16] and coordinate descent methods [21], to deter-
mine the maximum value of total session duration
per defined period (in this simulation, it is 100 days).
It is obvious that, having determined that coplanar
orbits are the most rational for the SCT and SCR lo-
cations, only orbital elements that are responsible for
the shape of the orbit (focal parameter of the orbit
and eccentricity), its position relative to the attract-
ing center (the argument of perigee), and the initial
position of the spacecraft in the orbit (initial SCR
and SCT arguments of latitude) can be optimizing
parameters. Considering this, the optimization func-
tion can be written as follows:

(16)

C.S.

T, :arg[Q(p,e,m,u)]—) r;liéi )

ecR
weR
uelR

where T is the time of the total duration of ses-
sions, d)( p,e,co,u) is the functional which describes
dependence T, on optimizing parameters.

In turn, taking into account the nonlinearity of
the functional (16), which is dependent on the re-
sults of solutions of nonlinear differential equations
(1), the use of all 4 optimizing parameters will make
the optimization algorithm much harder. Thus, it is
proposed to reduce the number of optimizing param-
eters in the gradient method by choosing the most
significant parameters, the change of which has the
greatest impact on the change in the optimized value
of the functional. To do this, we first propose to ana-
lyze how the change in the shape of the orbit affects
the change in T, . Considering this, the two last pa-
rameters, ® and u, are set as constants in functional
(16), while p and e are proposed to vary. In this ex-
periment, we accept the varying eccentricity and the
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semi-major axis of the SCT and the following other
orbit parameters:

SCT orbit: we accept the following: focal param-
eter is variable; eccentricity is variable; inclination is
98 degrees; RAAN is 210 degrees; argument of peri-
gee is 60 degrees; argument of latitude is 60 degrees.

SCR orbit: we accept the following: focal param-
eter is 7071000 m; eccentricity is 0.001; inclination is
98 degrees; RAAN is 210 degrees; argument of peri-
gee is 60 degrees; argument of latitude is 0 degrees.

The results of this numerical experiment are pre-
sented in Table 1.

Based on the results of Table 1, it can be concluded
that a significant increase in the eccentricity value of
the SCT orbit leads to a considerable decrease in T,
, Which can be observed in experiment 1. In turn, no
significant deviations in parameter T, . have been
observed in numerical experiments from 2 to 21.

It is proposed to organize the data in Table 1 by
creating an interval variation series for statistical pro-
cessing. The interval variation series is presented in
Table 2.

The corresponding histogram of interval variation
series (Table 2) is presented in Figure 11.

Further, the interval variation series (Figure 11)
was tested for the correspondence to a normal dis-
tribution using the H, hypothesis and Pearson’s
Goodness-of-Fit Test. To achieve this, the calcu-
lation of the main statistical indicators was made.
These indicators are:

* Mean

21
ZTc.s.ini

Tc.s. =i=2 )
n
where n=20, T . is the i-th numerical experiment
in Table 1,
* Variance
21 _ w
Z(Tc.s.i _TC~5~) n;
DT, =1=

c.s.
n

e Corrected variance

st: =" pr

C.S. = C.S.
n—1

using Bessel’s correction,
* Standard deviation T, =,/DT,

c.s. ?
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Table 1. The results of T, ; change while varying the eccentricity and focal parameter of the SCT orbit

Number of the numerical Eccentricity e and Time of total duration Number of connection sessions
experiment focal parameter p of sessions 7, , s per 100 days per 100 days
1 1I 111 v
1 e=0.01 30080 18
p=7071100 m

2 e=0.005 38110 13
p=7071100 m

3 e=0.0005 41690 6
p=7071100 m

4 e=0.0001 39820 6
p=7071050 m

5 e=0.005 38610 11
p=7071150 m

6 e=0.003 42950 10
p=7071080 m

7 e=0.001 40850 7
p=7071070 m

8 e=0.002 45850 6
p=7071070 m

9 ¢=0.002 46850 6
p=7071030 m

10 e=0.003 43340 9
p=7071030 m

11 e=0.0015 41630 7
p=7071030 m

12 e=0.0025 43070 8
p=7071060 m

13 e=0.002 39260 6
p=7071010 m

14 e=0.0015 35520 8
p=7071015m

15 e=0.004 37610 10
p=7071040 m

16 e=0.0001 37960 6
p=7071200 m

17 e=0.0015 36100 6
p=7071035 m

18 e=0.0015 41520 6
p=7071070 m

19 e=0.0025 43260 8
p=7071080 m

20 e=0.003 40090 9
p=7071020 m

21 e=0.002 41550 6
p=7071050 m
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¢ Corrected standard deviation

ST. . =+/ST?

C.S. c.s. *

The obtained values of these indicators are
follows: Tcs.= 40775 s, DT,, = 8836875 $?,
ST>. = 9301973.684 s°, cT = 2972.688177 s,
ST = 3049.913718 s. Usmg algorithm [6], the
obtamed chi-squared test statistic X2 is equal to
5.704462. In turn, the critical value of %2 (a,) for the
interval variation series (Table 2) with a level critical
value o, = 0.05 is equal to 11.1. Thus, x> <x2 (o)
and H,, hypothesis can be accepted.

Then, for comprehensive estimation, confidence
intervals for mean, corrected variance, and corrected
standard deviation were calculated, assuming a nor-
mal distribution of the general population. Using
standards [13], it can be written as follows:

t_gn(V)

N

tan(V)
\/; )

a7

fc.s. - STc.s. < ?c.s‘ < Tc.s. + STc.s‘

Tc.s.k —fc.s. )2

(T ok ~Tes %(

X%—a/z(\’)

, (18)

Xq/2(v)

21 o 21

Z(Tc.s.i _TC~5~) Z(Tc.s.i

i=2 <ST. . <=2
Xf_a/z v) c.s.

_fC.S. )2

Xé/z(v)

(19)
where T, are the T, . from Table 1, v=n-1 is
the degrees of freedom (V) is the Student’s
t- d1str1but1on quantile functlon with the probability
1-a/2), Xl o2(V) is the X distribution quanule
functlon with the probability (1—o./2); X(x/Z(V) is
the X distribution quantile function with the prob-
ability o/2.

We assumed o equal to 0.01. So, the calculated
values of the confidence intervals are as follows:

a) 38812.25738 < Te.s. < 42737.74262 ,
b) 4432605.43 < ST, <24988403.5,

c) 2105.375< ST, . <4998.84 .

The statistical processing shows that with the
probability of 99 % the values of mean, variance, and
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Figure 11. The interval variation series of 7

Table 2. The interval variation series of 7, . distribution

Intervals Intervals midpoints 7, ; | Frequencies ,
35000—36500 35750 2
36500—38000 37250 2
38000—39500 38750 3
39500—41000 40250 3
41000—42500 41750 4
42500—44000 43250 4
44000—45500 44750 0
45500—47000 46250 2

standard deviation will be within these confidence
intervals. Considering previously calculated values
of mean, variance, and standard deviation, it can be
concluded that there are no significant deviations of
T. . with small variations in the eccentricity and fo-
cal parameter. Thus, these parameters can be exclud-
ed from functional (16) and rewritten as

T..= arg[q)(m,u)] — max .

c.s.
weR
ueR

Using the rule of functional differentiation, the
partial derivatives of T, with respect to the argu-
ment of perigee ® and argument of latitude u can
be defined as:

1) aT(:.s. — aq)(co,u)
om o ’

2) aTC.S. — aCD((D’M) .
ou ou

In turn, using numerical differentiation, these par-
tial derivatives can be written in the following form:
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aq)(m,u) B (I)(co+h,u)—d)(co—h,u)
oo 2h
aq)(oa,u) B (D(co,u+h)—CD(co,u—h)

ou 2h

where h is the step of differentiation.
So, the module of gradient value can be defined
as follows:

>

(20)

>

2 2
6CD(o),u)

v, |- | 22

, (21

u, u
Wy O

where , is the argument of perigee value on the
k-th iteration of optimization, u, is the argument of
latitude value on the k-th iteration of optimization.

However, given the significant nonlinearity of this
functional, which depends on the solution of the
nonlinear problem of predicting the spacecraft’s mo-
tion, the standard stopping criteria when searching
for the minimum and maximum using the gradient
method are problematic for application. It can be ex-
plained by the following factors:

1) A large number of local minima and maxima,
which makes it impossible to use the stopping criteri-
on based on the zero gradient and step minimization.

2) A large number of high peaks and smoothness
problems, which entails gradient module jumps.

In turn, the method of coordinate descent, in this
case, requires significant computational costs and
time. Considering this, it is proposed to decompose
the optimization process
T .= arg[(l)(w,u)] — max

c.s.
oeR
ueR

using the combined approach of coordinate descent
and gradient methods. This can be implemented
using the following algorithm:

Step 1. Set ® to a constant and vary u from mini-
mum to maximum with a constant step (given that u
has angular value in the range from 0 deg to 360 deg,
these values can be the minimum and maximum val-
ues in the optimization range). At each step, the current
value of T . and gradient module (21) are calculated.

Step 2. Analysis of the dynamics of the change of
obtained T, values and the change of gradient val-
ues. Searching the maximum value of T, .

18

Step 3. Set u to a constant and vary ® from mini-
mum to maximum with a constant step (given that
o has angular value in the range from 0 deg to 360
deg, these values can be the minimum and maximum
values in the optimization range). At each step, the
current value of T, and gradient module (21) are
calculated.

Step 4. Analysis of the dynamics of obtained T,
values’ change and gradient values’ change. Search-
ing the maximum value of T .

Step 5. Comparison of the obtained dynamics of
the change in the gradient and T, ; time for two in-
dependent variations of the parameters u and ®.
Choosing the most significant parameter that affects
maximization T, _ .

Using this algorithm, it is proposed to carry out
the numerical experiment and SCT, SCR flight sim-
ulation to determine the maximum value of T, .

SCT and SCR orbit parameters for step I

SCT orbit. The focal parameter is 7071100 m; ec-
centricity is 0.001; inclination is 98 degrees; RAAN is
210 degrees; argument of perigee is 60 degrees; argu-
ment of latitude is variated in the range from 9 deg to
361 deg with the step 8 deg.

SCR orbit. The focal parameter is 7071000 m; ec-
centricity is 0.001; inclination is 98 degrees; RAAN is
210 degrees; argument of perigee is 60 degrees; argu-
ment of latitude is 0 degrees.

Step of differentiation (20) h=1 deg.

So, after step 1, it has been obtained the following
results.

The maximum value of T, is 1185420 s, where
SCT u=361 deg (Figure 12, a). According to small
gradient changes |VTC_S_| — min at the u =361 deg
(Figure 12, b), this point lies near maximum T, . In
turn, a significant increase in T, is observed in the
range from 0 deg to 20 deg difference in the argu-
ment of latitude between SCT and SCR. Also, there
are 2 “dead zones” where it hasn’t been observed any
communications (T, ; =0) in the SCT u range from
166 deg to 196 deg and from 337 deg to 359 deg dur-
ing these 100 days (calculated from August 1, 2023,
00:00:00). These values are absolute minimums be-
cause the |VTC.S.| =0 too.

For step 3, it is proposed to analyze the ® change
influence on T.  change. By setting the constant
u=17 deg (corresponding to the range with a sig-
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Figure 12. The dependence of T, (a) and |VT, | (b) change
while variating u

nificant increasing in T, ) for the determined SCT
orbit at step 1 and varying o in the range from 8 deg
to 352 deg with a step of 8§ deg and h =1 deg, the fol-
lowing results were obtained (Figure 13, a).

According to the obtained results (Figure 13, b), it
is clear that the change in ® doesn’t have a signifi-
cant effect on the change in T, ; . The range of Ts lies
within the range of this value with small variations of
the eccentricity and focal parameter (Table 1). Also,
taking into account many small fluctuations in the
gradient module |VTC.S.|, it can be concluded that
varying the parameter ® leads to a large number of
local maxima and minima of T, , which lie in the
range from 72500 s to 76000 s. Based on this, the ef-
fect of changing the ® parameter on time T, can
also be considered insignificant.

Thus, only the orbit argument of latitude u re-
mains a significant parameter of influence on the

T., value, which is the key when optimizing the
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Figure 13. The dependence of 7, (a) and [VT, | (b) change
while variating

SCT orbit to obtain the maximum duration with
contactless energy transfer over a certain period. In
this case, the optimal time (maximum) is obtained
for the difference of the argument of latitude be-
tween SCT and SCR of 1 degree (1185420 s, where
SCT u =361 deg). However, under these conditions,
only one connection session has been observed for
100 days. The simulation period has been extended
to 3000 days to estimate the frequency of contactless
energy transfer sessions. The results showed that the
frequency of communication sessions for contactless
power transiting from SCT to SCR decreases signifi-
cantly (approximately 1 session per 2500 days in Fig-
ure 14), which cannot be optimal on this side.

Thus, taking into account these peculiarities of the
translational relative and attitude motion of SCT and
SCR, it can be developed the following methodology
for selecting their dislocation orbits. This methodol-
ogy can be presented as a sequence of following pro-
cedures:

I) Taking into account the technical parameters of
SCT and SCR, the determination of the maximum
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distance of contactless power transition between
SCTand SCR D, .

II) Determination of the SCR orbit, taking into
account the orbit of the space industrial platform.

III) Determination of the power budget require-
ments for the space industrial platform.

IV) Using the calculus of variations and an optimi-
zation algorithm, select an orbit for SCT, taking into
account the following:

a) peculiarities of SCT and SCR AOCS and ma-
neuvering properties,

b) time of total duration of sessions T, ,

¢) periodicity of connection sessions according
to space industrial platform power budget require-
ments,

d) estimated targeting quaternion changes
LsL%ggTBF during connection sessions, taking into
account SCT and SCR maneuvering restrictions,

e) searching the optimal value of T, , , taking into
account requirements of connection sessions peri-
odicity and SCT, SCR contactless power storage and
transiting system peculiarities.

Discussion. Contactless power transition through-
out the space between two satellites was proposed in
research works [1, 5]. In turn, these works consider
the possibility of contactless power transmission at
close distances (hundreds of meters between SCR
and SCT). Given the significant electrical power re-
quired for the SIP, as well as the significant presence
of auxiliary service spacecraft, close-range contact-
less power transmission is difficult and can cause
considerable electrical interference to other SIP de-
vices. Considering this, it was proposed to separate
the SIP receiver from the platform itself [20]. Based

on this, a problem arose regarding the rational choice
of SCT and SCR orbits that satisfy the requirements
for SIP powering. One of the key indicators on which
the orbit selection algorithm is based is the maximum
range of contactless power transmission from SCT to
SCR (3)—(5). Taking into account the nonlinearity
of the space flight dynamics under the influence of
environmental perturbations, the authors proposed
to estimate the current relative distance between the
power satellites when predicting the orbital motion
of the SCR and SCT separately. Considering the
peculiarities of the relative motion of spacecraft on
perturbed orbits it was revealed that these spacecrafts
have periodicity of approaches and distances. Based
on it, the condition (3) of contactless power trans-
mitting between SCT and SCR has been formulated.
Using this condition (3), an algorithm for measur-
ing the duration of communication sessions (power
transmitting session) has also been formulated.

The second key parameter in contactless power
transfer from SCT to SCR is the change in relative
angular position during a power transfer session.
Considering the presence of the need for large turns
of the SCT and SCR when pointing the receiver and
transmitter apertures, the use of the quaternion cal-
culus instead of the angles has been proposed. This
avoided singularities for large-angle rotations. In
turn, assessments of the dynamics of the orientation
quaternion change of SCT and SCR are key in form-
ing requirements for their AOCS systems which will
be needed in further research.

Methodical approaches to the selection of their
optimal parameters have been proposed in the study
of SCT and SCR orbits. Given the nonlinearity of
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the functional (16), it has been proposed to conduct
a comprehensive study to identify the most signifi-
cant parameters influencing the change in the time
of total duration of communication sessions. On this
basis, we decomposed the problem of optimal pa-
rameters search into three stages:

1) Statistical processing of the small focal parame-
ter and eccentricity variations influencing the change
in the time of total duration of communication ses-
sions (17)—(19).

2) Development and use of the combined method
based on the coordinate descent optimization and
gradient optimization to analyze the influence of the
argument of latitude variations and argument of peri-
gee variations.

3) Analysis of periodicity of power transmitting
sessions.

Using this method, it has been found that the
orbit argument of latitude u is the most significant
parameter, which affects the time of total commu-
nication sessions’ duration change. The advantage
of this method is the speed of searching for optimal
parameters due to the exclusion of insignificant opti-
mized values. The disadvantage of this method is the
limitation of the accuracy of the search for optimal
parameters due to the exclusion of insignificant op-
timized values.

Conclusions. 1. The mathematical model of SEP-
SOG orbital translational and relative motion has
been determined. It has been proposed to use the
orbit motion propagator, taking into account the
impact of environmental perturbations. Based on
this model, the corresponding software has been
developed. Using this software allows us to analyze
the relative motion of the spacecraft transmitter and
spacecraft receiver, which also allows the calculation
of contactless power transmitting sessions per any
period.

2. The mathematical model of targeting quater-
nions has been developed for spacecraft transmitter
and receiver pointing during a power transmitting
session. This allowed us to estimate the dynamics of
targeting quaternion changes during power transmit-
ting sessions and develop the requirements for space-

craft transmitter and spacecraft receiver AOCS sys-
tems’ performance.

3. The numerical experiment of spacecraft re-
ceiver and transmitter orbital translational and rela-
tive motion has been carried out. It has been deter-
mined that coplanar orbits are the most optimal for
SEPSOG module dislocation. It can be explained
by the minimal maneuvering requirements for both
the receiver and transmitter of the spacecraft during
a power transmitting session, as well as a significant
increase in the total duration of sessions (by several
orders of magnitude) in these orbits.

4. The methodology for determining the most
optimal orbital parameters for the SEPSOG space-
craft’s location has been developed. This algorithm
includes statistical processing, gradient optimiza-
tion elements, and coordinate descent optimization
elements. Using this combination has allowed us
to determine the most significant parameter, influ-
encing the change of total duration of communica-
tion sessions. Considering this, the methodology of
the rational orbital parameters has been developed.
Implementation of this methodology can allow us to
select the rational orbits for the SEPSOG spacecraft
depending on the receiver orbit.
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! THCTHTYT TexHiYHOI MexaHik1 HalioHaapHOT akanemii HayK YKpaiHu

i [lep>kaBHOro KOCMiYHOI'O areHTCTBa YKpaiHU

ByJ1. Jlemiko-TTonens 15, Aninpo, Ykpaina, 49005

2 [lIxona aBToMaTtu3atii, [1iBHiYHO-3axiTHMIT TOTITeXHIYHMI YHIBEpCUTET

Cianb, Kurait

3 InnoBauiitnuii uentp YyHuina, [TiBHIYHO-3axiIHMIT MOTITEXHIYHNI YHIBEpCUTET
YyHuin, Kurait

BUBIP OPBITU KOCMIYHOI IHAYCTPIAJIbHOI TNIAT®@OPMU
3 PO3MOAITEHUMU MOAYIAMU ENEKTPOEHEPTETUYHOI CUCTEMUA

KocMiuHa iHaycTpiaizalist 1Ji5 OCBOEHHSI HOBUX PECYPCiB i cepeloBUIll iCHYBAaHHSI € OJHUM i3 MEePCHeKTUBHUX HATPSIMiB
Cy4yacHOI aepoKOCMiuyHOI Hayku Ta TexHiku. KiouoBoio 3amayeto € 3abe3nedyeHHsI TPOMUCIOBOI KOCMIUHOI T1aTopmMu
HEOOXiTHOIO KiJIbKICTIO eleKTpoeHeprii. OMHUM i3 BUIiB XKUBJICHHS TAKUX MOMIYJIIB € BUKOPUCTAHHSI PO3MOIIICHUX CUCTEM,
SIKi CKJIaIaloThCsl 3 YIPYIIOBaHb KOCMIUHMX anapaTiB 3 0e3KOHTAKTHOIO Iepeaadelo ejaekTpoeHeprii. Bpaxosyioun 11ie, nmocrae
npo06JeMa palioHaJIbHOro BUOOPY opOiTH [Jis ix auciiokallii. TakuM 4MHOM B poOOTi 3aIIpOIIOHOBAHO METOAMKY BUOOPY OpOiT
KOCMIYHOT MPOMHUCIOBOI MJIaTHOPMU Ta MOIYJIiB PO3IMOALIEHOI eJIeKTpOoeHepreTUuHoi cuctemMu. Llsi MeTomoorist BKitoyae
MPOBEICHHS OL[IHOK OPOiTAJIbHOTO MOCTYNAIbHOI0, KyTOBOTO i BITHOCHOTO PYXY JUISl KOXXHOTO €HEPTETUYHOTO KOCMIYHOTO
arnaparta, 110 € BXiTHUMM JaHUMU JJIs1 pO3pOOJEHOTO aJrOpuTMy OINTUMAIbHOTO BUOOPY OpOIT. AJTOPUTM OINTUMI3allil
BKJIIOYAE CTATUCTUIHY OOPOOKY Ta €JIEMEHTH METOMIIB IPaliEHTHOTO i KOOPAMHATHOTO CITYCKY, IO J03BOJISIE BU3HAYUTH
HaMOLIBII 3HAYYLIUI TapaMeTp SIKWI BIUIMBAE Ha TPUBAIICTh ceaHCy 0€3KOHTAKTHOI Iepeaaydi eJieKTpoeHeprii. 3acToCoOBaHO
MaTeMaTUKy KBaTepHIOHIB JUIsl OLIHKW AMHAMIKW 3MiHM MPOrpaMHUX MapaMeTpiB HaBeIeHHsS aHTeHU KOCMIYHOIO arapara
repeaaBada Ha peKTeHy KOCMIYHOTO ariapaTa puiimMada, 1o 1a€ 3MOTy BUSHAYUTH BUMOTH TS CUCTEMU KepyBaHHST KyTOBUM
PYXOM KOCMIYHUX €HePTeTUIHUX arapariB.

BukopucraHHs 3anponoHOBaHOI METOI0JIOTIT 103BOJIsIE C(hOPMYBaTU BUMOTH JIJIsI BUOOPY BiTOBIIHMX MPOEKTHUX Mapa-
METPiB CUCTEMU KEPYyBaHHS PO3IOIIJICHOI EHEPreTUYHOI CUCTEMOI0 KOCMIYHOT iHIYCTpiabHOI TIaThOpPMU, a TAKOX TPO-
BOJIUTU KOMIJIEKCHE MPOEKTYBAHHSI HA KOHUEMNTYaJIbHUX €Tarax po3pooKH.

Karouoei caosa: 6e3k0HTaKTHA TIepeaava eJIeKTpoeHeprii; BUOIp opOiTH; KBaTepHiOH HALILTIOBAaHHS; ONITUMI3allisl TapaMeTpiB
opoiTH.
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