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COMPUTER VISION SYSTEM

FOR SPACECRAFT RELATIVE POSE
DETERMINATION DURING
RENDEZVOUS AND DOCKING

Introduction. The leading countries of the space industry are intensively working to create service spacecraft for
inspection and servicing of non-cooperative spacecraft without special docking devices. The use of optical sys-
tems, the so-called computer vision systems, for determination of the position allows automatic approaching and
docking with a non-cooperative spacecraft.

Problem Statement. Development of ef ficient methods of vision-based relative pose estimation of spacecraft
is currently an urgent prcontrol systemlem. In this paper, we consider the criteria for the ef fectiveness of the solu-
tion to be in accordance with the technical requirements for the system in terms of accuracy and performance.

Purpose. The purpose of this research is to design a general system architecture, to create a mathematical
model of the mutual approach dynamics, to develop methods for solving the prcontrol systemlem of determining
the relative position of a solid body, as well as software and algorithmic support.

Materials and Methods. Image processing methods, computer graphics, orbital dynamics, ellipsoidal estima-
tion of nonlinear dynamical systems, methods of solving nonlinear systems, methods of graph theory and learning.

Results. General schemes and approaches that ensure the fulfillment of tasks are proposed. Mathematical
methods and algorithms that implement the general scheme for solving the prcontrol systemlem are described.

Conclusions. Bench tests showed the possibility of applying the proposed methods and technical solutions to
meet the technical requirements.
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In recent decades, many countries have been
working intensively to create service spacecraft
(SS) for the inspection and maintenance of so-
called non-cooperative spacecraft (NCS), ie spa-
cecraft (SC) that are unable to do controlled ma-
neuvers and are not equipped with special docking
devices. An important component of these ope-
rations is rendevouz and docking, in the final sta-
ges of which optical systems are used for deter-
mining the position and orientation of the NCS
relative to the service spacecraft [1]. The optical
systems are used because of a high resolution of
the optical signal and, accordingly, a potentially
high accuracy of determining the relative position
and orientation of the NCS. Such systems are cal-
led computer vision systems (CVS). In particu-
lar, CVS allow solving this prcontrol systemlem
with the use of 3D graphic model and images of
NCS control systemtained by a camera mounted
on service spacecraft [1—4].

An important stage in the creation of CVS is
testing developed algorithms, software applica-
tions, and other technical solutions, in particular,
in series of ground-based field tests in simulated
space conditions.

The research presents the theoretical founda-
tions, software and hardware of CVS, as well as
the results of its testing on a special stand. Aspects
of CVS development, including basic require-
ments to CVS (Section 1); specifications for the
CVS camera and the structure of the CVS device,
technical means necessary for its implementation
(Section 2); mathematical and algorithmic sup-
port of CV'S (Section 3); ways to increase the ac-
curacy and speed of CVS (Section 4); mathema-
tical modeling of docking with NCS (section 5);
stand for field tests of CVS (Section 6); the results
of modeling the algorithms of CVS operation and
the results of stand tests (Section 7) have been
considered.

1. Assignment of CVS

CVS is installed on service spacecraft and is de-
signed to determine the mutual position and ori-
entation of the two spacecraft on video image at
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Fig.1. CVS module of the rendezvous and docking system

the stage of rendezvous. The corresponding ortho-
gonal coordinate systems (CS) are rigidly connec-
ted to the service spacecraft body and to the NCS
body. To determine the mutual position and orien-
tation of NCS relative to the service spacecraft
means to determine the relative position of their
coordinate axes.

The CVS module (Fig. 1) determines the pa-
rameters of the relative position and the NCS
motion and transmits them to the service space-
craft control system to control a rendezvous. This
module consists of a sensor system represented
by two camcoders, a computing module (CM),
and a target illumination system.

The camcorders are designed to receive images
of NCS and to transfer them to the computing
module. Camera lenses have no moving parts,
their focal lengths are fixed. Only one of the CVS
sensor system cameras (the active camera, AC)
may be used at once. Its parameters provide the
clearest image at a specific distance to the NCS.

The computing module is designed to compute,
using a 3D graphical model of the target NCS,
the parameters of the NCS relative position,
which are stored in the CM memory. The para-
meters of NCS relative motion are computed ac-
cording to the algorithms described in Sections 4
and 5. The parameters of the NCS relative position
and motion computed by the computing module
are transmitted to the service spacecraft. There
they are used to control the spacecraft motion.
The computing module also provides control over
the operation of the CVS, receives control com-
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mands, and output data about the NCS from the
service spacecraft, emits service signals and re-
quested data.

The target illumination system is designed for
additional lighting of the NCS in order to create
favorable shooting conditions. The illumination
system consists of several directional light sour-
ces operating in continuous or pulsed modes, with
power adjustment option.

The additional requirements for CVS in terms
of the conditions for its operation in space flight
are as follows:
¢ The CVS shall be suitable for solving the prob-

lem of determining the relative position and

orientation for different target NCS;

¢ CVS camcorders shall be rigidly attached to
the service spacecraft body. The fixture coor-
dinates and the installation angles shall be pre-
cisely known;

¢ Inorder to increase the CVS reliability and ac-

curacy, the lenses of video cameras shall have a

fixed focal length;
¢ The camcorder shall be programmed to adjust

the shutter speed depending on the brightness
of the light reflected by NCS.

The camera optical characteristics that follow
from the CVS specifications are given below.

2. Camcorder Specifications

The camcorder parameters, namely, focal length,
angle of view, aperture, number of pixels and mat-
rix size have been determined. This allows imp-
lementing the CVS specifications. The optical sys-
tem characteristics shall be such that any shift in
the NCS position and orientation by a value equal
to a given accuracy leads to a change in the image
that can be recorded by the optical system.

To assess the sensitivity of the image to changes
in the NCS relative position and orientation, the
necessary coordinate systems and the conversion
of the design of 3D objects to the frame plane
have been identified.

To obtain a mathematical model for the const-
ruction of optical system images, the relative po-
sition of the NCS and the currently used CVS ac-
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tive camera is considered. The optical circuit is

chosen given the following conditions:

¢ The focal length and the angle of view of the ca-
mera are fixed,;

¢ The NCS image shall occupy as large area as
possible in the image; at close range, the doc-
king surface shall go as little as possible beyond
the field of view of the used camera;

¢ The NCS shall be inside the clearly depicted ca-
mera space;

¢ At the selected angle of view, the camera matrix
resolution shall allow detecting changes in the

NCS image, as the NCS position and orienta-

tion shift by values specified by the accuracy

requirements.

Simultaneous fulfillment of the specified re-
quirements with use of one camera is impossible.
One camera with a fixed angle of view cannot co-
ver the entire specified range of distances. There-
fore, the use of two cameras is considered. Each
camera provides obtaining frames of the required
quality at its range: the LRC camera (long-range
camera) with a narrow field of view and the SRC
camera (short-range camera) with a wider field
of view.

Having done the necessary calculations, the pa-
rameters of the cameras have been determined,
their specifications are shown in Table 1.

3. Mathematical and Algorithmic
Support of the Technical Vision System

The purpose of CVS is to measure the relative
position and orientation of a given NCS at the
final stage of rendezvous. This period of active

Table 1. LRC and SRC Specifications

LRC SRC
Matrix size, mm 36 x 24 36x% 24
Number of pixels 3000x 2000 | 3000x 2000
Lens focal length, mm 16 30
Vertical angle of view, deg 74 44
Diaphragm diameter, mm 5 10
Range of working distances Upto5 >5
toNCS, m

ISSN 2409-9066. Sci. innov. 2021.17(2)
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operation is quite short; most of the time the CVS
is off. Since CVS is switched on, it shall conti-
nuously perform its measurement function in real
time. To do this, the CVS shall be initialized, i.e.
to contain all the necessary source data (shooting
frames, instantaneous estimates, static data de-
fined in advance, and other data to be calculated.

The CVS operation is divided into the two
stages: preparatory and active. The first one
includes operations to initialize the static data.
The second one covers operations performed
directly in the process of rendezvous with the
NCS in real time. The information about the NCS
is based on its 3D graphical model (GM).

In order to ensure the CVS operation in real
time at the active stage, it is necessary to minimize
the amount of computations directly in the course
of rendezvous. Since the NCS GM is set at the
preparatory stage, it is possible to simultaneous
perform the necessary calculations that depend
only on the GM. The resulting informative data
about the NCS in the form of a multidimensional
array are stored in the CVS memory.

Operational initial data for computing the
NCS position and orientation come only from the
active camera that is chosen on the basis of
current distance to the NCS and provides re-
ceiving an accurate image. Shooting is performed
with a specified periodicity. The resulting digital
color image is converted into a monochrome
image [, a 2D array of brightness of pixels with
the number of columns Wand rows H. To compare
data D and information from the image I, it is
necessary to perform a transformation of design
that is determined by vector ¢’ (the parameters of
the camera mathematical model). At the stage of
active operation of CVS, vector ¢’is considered
known; it shall be set or found at the preparato-
ry stage. Unknown components of vector ¢’ are
identified while calibrating in the ground con-
ditions, during the survey of a special test object
having a given geometry. To reduce the amount of
computations at the stage of active operation, the
results obtained in the course of work with pre-
vious frames are used.
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Fig.2. The sequence of CVS operations

The sequence of CVS operation consists of se-
veral phases. The first one is pre-flight prepara-
tion that includes determining the location of the
cameras in the CVS body and their parameters.
The second phase is the initialization of NCS data
(downloading the GM and extracting from it the
necessary information data that are structured
and stored in the CV'S permanent memory. Upon
the completion of the second phase, the CVS is
switched to sleep mode or shuts down. The third
phase is the direct active operation of the CVS in
the course of rendezvous with the NCS. It starts
with switching on the CVS upon a signal from
outside, which comes from the control system.
The CVSisswitched on and operate continuously
while approaching the target NCS within the
distance range of 1.5—30 m from the NCS surface.
The NCS position and orientation are measured
when the NCSisin the field of view of the cameras,
with the readings transmitted to the service
spacecraft control system. The second and third
phases are repeated when working with new NCS.
The process flowchart is shown in Fig. 2.

Extracting informative data from the captured
frame is presented in the form of a sequence of
steps. The stages are determined by the complexi-
ty of the analyzed data: from a complex complete
image to simpler individual fragments. The gene-
ral process scheme is shown in Fig. 3.

General scheme of the problem solution. De-
pending on the mutual location of CVS active ca-
mera and the NCS, we can distinguish three main
situational dispositions that determine the initial
conditions of the problem and, accordingly, the
approach to be used for its solution.

The first position of the CVS active camera
and the NCS is such that the NCS is completely
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Fig. 3. Image processing scheme to determine the informa-
tive features: image segmentation chart (left); image analy-
sis stages (right)

visible for the active camera. This means that in
addition to the docking surface, other surfaces
fall into the frame as well. The second possible op-
tion is the mutual location of the active camera
and the NCS, when the frame displays only the
docking surface. It is fully visible, with other pla-
nes of the NCS being out of sight. On the NCS,
there are distinguished elements of the docking
surface. It is possible to determine the outer con-
tour of the docking surface. The third option is
when the distance between the NCS and the CVS
decreases so much that only a part of the docking
surface gets into the frame, while the contour of
the NCS docking surface is not visible.

According to the situations of mutual align-
ment, it is possible to distinguish different sets of
informative features from the images. Each set de-
termines the initial data for finding the NCS po-
sition and orientation relative to the active came-
ra. According to the nature of the available infor-
mation, there are three modes of CVS operation,
which use different approaches to solving the prob-
lem and require different data on the NCS.

The first operation mode of the CVS, after the
signal switches it on, corresponds to a significant
distance to the NCS, at which small and medium-
sized features and details of the NCS are unreco-
gnizable. According to the general scheme for
extracting informative signs shown in Fig. 3, the
mode is characterized only by the first stage of
processing: the NCS image is separated from the
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background, in the frame received from the acti-
ve camera. The general scheme for solving the
problem is shown in Fig. 4. In this mode, the CVS
operates from the first determination of the pa-
rameters of the NCS position and orientation at a
distance of 30 m and until switching to the second
mode is possible.

The second and third operation modes are
characterized by the fact that because of increa-
sing angular dimensions of the NCS; in the course
of rendezvous, it becomes possible to find and to
recognize in NCS image all the smaller details and
to use them as separate reference points. Accor-
ding to the general scheme of extracting informa-
tive signs shown in Fig. 3, these modes are cha-
racterized by successful execution of the second
and third stages of processing of the original frame,
i.e. on the NCS image, groups of large and small
elements are recognized. This makes it possible to
find images of the NCS elements, the location of
which relative to the NCS is known from the GM.
There is no fundamental difference between mo-
des 2 and 3. In the second mode, the reference
points are distinguished on the basis of large ele-
ments (the docking surface contour). In the third
mode, the docking surface contour is not obser-
ved, so the small elements of the visible part of the
docking surface are used as reference. The general
scheme of problem solution is shown in Fig. 5.

To track the position of the reference elements,
the position and orientation estimated on the ba-
sis forecasted on the basis of the previous steps.
At the same time, there may be situations when
some of them disappear from the camera field of
view and accordingly are absent in the following
images. Further, it may happen that in the case of
certain maneuvers in the course of rendezvous
they fall into the image again, with re-recognition
and follow-up required.

CVS software ensures the implementation of
all phases of the CVS operation sequence. Out of
the problems to be solved, the main one is to de-
termine the NCS position and orientation with
respect to CVS active camera in real time, at the
stage of CVS active operation.

ISSN 2409-9066. Sci. innov. 2021.17(2)
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The solution of the problem of determining the
NCS position and orientation with respect to the
active camera is based on the use of information
about the NCS position and orientation, which is
contained in the digital image I and in data D com-
bined with the help of a camera design model with
known parameters ¢’. If there is no useful infor-
mation from one source, the problem cannot be
solved. Let us consider in what form the required
information can be contained in a digital image.

The type of image I obtained by the active ca-
mera is completely determined by:
¢ objects that are in the field of view of the acti-

ve camera (shape, colors, surface material);
¢ Their location relative to the active camera;
¢ Illumination conditions;
¢ Camera characteristics (design, distortion);
+ Noise.

In the case where in the field of view of the ac-
tive camera there is only the NCS for which the
shape, color, and surface properties are specified
in the GM, the image may be represented as a
function

[=F(M,p,1¢,¢),
where M is the GM of the NCS, p is the vector of
the parameters of the NCS position and orien-
tation relative to the active camera, [ is the illu-
mination conditions, ¢ are the parameters of the
active camera model, € is noise. Noise shall mean
additive perturbations of the brightness of the
pixels of the NCS image, as well as all non-zero
background pixels. Parameter F is called a visua-
lization function that is determined by the algo-
rithm for calculating the image pixels and is
known. The mathematical methods and the des-
cription of the visualization function are exp-
lained in detail by the authors in [2]. To construct
realistic images, a beam tracing algorithm has
been used: the brightness is calculated by sum-
ming the illumination along the set of light pro-
pagation paths. Images I at the same p can differ
sharply. This means that in addition to informa-
tion about the NCS position and orientation,
which may be used to solve the CVS problem, di-
gital images contain a lot of unnecessary infor-
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Fig. 5. The scheme for solving the problem in the second and
third modes

mation. According to the existing classification
of image informative features [5], there are three
groups of features: color, texture, and shape. The
informativeness of the image features depends on
the complexity of the original image. The fewer
objects are in the original image and the simpler
is their shape, the more informative may be the
features. For example, if the NCS is far away,
small details of the structure are missing in the
image, and the available informative features are
determined with a low accuracy. The algorithm
for solving the problem of determining the NCS
position and orientation with respect to the active
camera depends on what informative features
may be obtained. Depending on the mutual loca-
tion of the CVS active camera and the NCS; three
main situational dispositions have been identified.
They determine the initial conditions of the prob-
lem and, accordingly, the approach to be used for
solving the problem.
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The CVS operation is controlled by a special
control module (SCU), one of the most important
tasks of which is to control the operating con-
ditions, i.e. to choose an operating mode based on
the data obtained. Switching modes provides a
continuous process of measuring the vector of
NCS position and orientation parameters to en-
sure the maximum possible accuracy.

The second task is to tie the found boundaries
into closed loops. The task is sensitive to noise,
so the connection of points may go along false
boundary. It should be borne in mind that the
boundary pixels may differ significantly in the
magnitude of the brightness gradient. Several
methods have been developed to find the ima-
ge contours, the main one being the Kenny ope-
rator [6].

Recognizing objects in an image is a challenge
because of the ambiguity and variety of their sizes,
shapes, and relative positions. The ultimate goal
is to determine the position of reference points on
the object surface and to find their position in the
image. Havinga 3D NCS graphic module, through
modeling images based on it under different illu-
mination conditions (simulating image capture
by a video camera in space), one can determine
the reference points. The list of these elements is
formed in advance and is guaranteed to provide
the possibility of simultaneous determination and
maintenance of a sufficient number of special
points for calculations of the mutual location of
the active camera and the NCS by the proposed
method.

The software architecture is presented in the
form of several specialized modules that include
interfaces and program applications for solving
all CVS-related problems. Below, the CVS soft-
ware modules are listed and described:
¢ control module (CM) monitors the general

functional state of the CVS, controls its com-

ponents, as well as serves as an interface for
external control of the CVS;

¢ Data exchange module (DEM): information
exchange between the CVS and the external
environment;
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¢ Preprocessing module (PPM): preliminary pre-
paration of the necessary informative data about
the NCS on the basis of downloaded NCS GM;

¢ Image acquisition module (IAM): capture and
primary processing of images from the CVS
cameras;

¢ Data storage module (DSM): long-term sto-
rage of all CVS data, including NCS GM and
selected informative data;

¢ Parameter determination module (PDM) imp-
lements all calculation algorithms to solve the
problem of measuring the position and orien-
tation based on an individual frame;

¢ Condition assessment module (CAM): asses-
sment of the current and projected parameters
of the relative position, orientation, and mo-
vement of the NCS based on the use of all avai-
lable measurements and the motion model.

4. Estimate of SC
Rotational Mode Parameters

The use of the NCS dynamic model in filtering
allows determining the rendezvous speed and
angular velocity of rotation, which is necessary
for rendezvousing and docking with the NCS.
The dynamics of orbital motion and rotation
around the center of mass may be considered
separately. For the purpose of docking, the ac-
curacy of the rotation parameters estimates is
more important, so attention is focused on the
use of a dynamic filter to estimate the rotation
parameters.

The problem of estimating the parameters of
the relative rotational motion of two spacecraft,
when the sensor of angular coordinates is CVS
that is mathematically and algorithmically for-
mulated by the authors in [4]. The characteristics
of the TOPEX / Poseidon satellite are taken as a
model for NCS. The measured quaternion of the
NCS coordinate system orientation relative to
the service spacecraft coordinate system has been
obtained by the methods described in [2, 4].

The results of numerical simulations [4] have
shown the efficiency and effectiveness of using an
ellipsoidal filter in solving the problem of esti-
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mating the parameters of the relative rotational
motion of two spacecraft, when the angular coor-
dinate sensor is a computer vision system. Based
on a NCS video image received with the help of
the camera installed on the service spacecraft, the
quaternion of the NCS orientation relative to the
NCS and the angular velocity rotation vector of
the NCS have been reproduced. These parameters
are necessary for docking the service spacecraft
with NCS. At the same time, due to the effective
filtering obtained through ellipsoidal estimate,
the accuracy of signals [4] significantly increases
as compared with direct measurements.

The problem of filtration has been solved with
some simplifications that should not significantly
affect the results of research. In particular, one of
such simplifications is the assumption that the
camera is mounted in the center of mass of the
service spacecraft, which is not actually true. The
real situation complicates the conversion formu-
las in the part of the equations related to measu-
rements, but is not an obstacle to the implemen-
tation of the proposed algorithms. The small dis-
turbing moments of the forces constantly acting
on the NCS are also neglected. All these and other
insignificant details need careful attention in the
course of implementing the proposed algorithms
in the conditions of real devices and breadboard
models. This is the direction to be developed fur-
ther in authors’ research.

It should be noted that the application of the
proposed algorithms is extremely important. Ac-
cording to the authors, these algorithms are in-
dispensable in the implementation of automatic
docking of rotating service spacecraft and NCS.
Computing and doing maneuvers in the course of
rendezvous and docking with the rotating NCS
are impossible unless high-precision values of orien-
tation and angular velocity parameters are known.

5.Mathematical Modeling
of the Process of Joining Service
and Non-Operated Space Vehicles

Let us consider the motion of a service spacecraft
and an NCS in the process of their rendezvous,
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Fig. 6. Configuration of satellites in inertial space

ignoring the perturbations from the non-spheri-
city of the Earth's gravitational field (EGF), as
well as the factors of higher order of smallness.
The motion parameters of the active and passive
spacecraft are denoted by symbols with indices a
and p, respectively. The differential equations of
the spacecraft motion relative to the basic iner-
tial system (BIS) in the vector form are written
as follows [7—10]:

d’r r
P P _
A + M||rp||3 0, (1)
d*r, ot )
dr H||ra||3 = a, (2)

where 7 and 7, are current radius vectors of pas-
sive and active spacecraft in ICS, || || and ||r, || are
length (Euclidean norms) of the corresponding
vectors (distance from the spacecraft to the center
of the Earth), a, is driving acceleration of the
active spacecraft, p = 398 600,4 km?3/s? is gra-
vitational constant of the Earth (Fig. 6).

Let us introduce relative position vector p =
=r,—r,, as shown in Fig. 6 (p is line of sight),
point O, is Earth gravitational center.

In this case, the two spacecraft relative motion
equations are written as follows:

d’p ( T T
|

+ ] = =r — =
S T D A AR A

Having substituted expression 7, =7 + p into
(3), we obtain
d’p r,tp 7,
+ 4 o 4 —
R T Al T

57



Gubarev, V.F., Volosov, V.V, Salnikov, N.N., Shevchenko, V.N., Melnychuk, S.V., and Maksymyuk, L.V.

Yy 1CS
S
b

Target displacement line

R
d { \
’ LSMCS

' Horizontal axis of stand rotation

Q.Eﬁ(x

j¢——— Vertical axis of stand rotation

Fig. 7. Stand coordinate systems

Equation (4) describes the motion of the ser-
vice spacecraft relative to the NCS in the ICS.

The rotational motion of the active spacecraft
is described by the dynamic Euler equation:

Jo +ajo =M, (5)

where J = JT > 0 is positive definite symmetric
matrix of the service spacecraft inertia tensor re-

presentation in the associated CS; o = (o,, ®,, ,)"

is vector of absolute angular velocity of the spa-
cecraft, which is set by projections to spacecraft

0 -0, o,
coordinate axes O x y z; 0= o, 0 -0, [M=
-0, o, 0

=(M,, M,, M,)"is vector of driving moments.
The service spacecraft orientation relative to the

NCS is described by the kinematical equations [11]:
2A=B(A) (0 — S(A) ©,),
S(A) =1I,— 20 + 2AL, A
where A"= (i, A")is quaternion of the orientation,
A= (A, Ay Ay), S(A) is directional cosine matrix,

B(A) = (7b I AL k)’ I, is 3 x 3 unity matrix, o, is NCS
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absoluteangular velocity vectorset by projections
on coordinate axes of the associate coordinate
system O x y z .

Smnlarly to [12] we formulate the statement
of the docking problem at the approach section as
a general problem of the synthesis of accelerations
u = u and driving moments M = M_in dynamic
Euler equation (5) of the service spacecraft
motion, provided at a given time ¢ = ¢, the fol-
lowing relationships are met:

d(t,) = llpll = 0, [Ip( )l =
S(tp) = 1 (@l = 0. (6)

Given the substantiated argumentation given
in [12], we also neglect the heterogeneity of the
EGE, because of the relative smallness of the
spacecraft spatial coordinate fluctuations in the
time interval of the final stage of docking (the
approach stage).

Conditions (6) are general for approach control
systems with an arbitrary composition of the
complex of measuring equipment. They provide
that as a result of solving the problems of opti-
mal synthesis based on typical known criteria,
optimal controls can be obtained as a function of
complete status vector system Z and time ¢: u; =
=u(Z t), M = M(Z, 1), Z'(p, p, A, ®). However,
in this research, it is provided that video camera
is the only measuring device of the control system.
Therefore, to study the observability of the ob-
tained systems of equations related to the dyna-
mics of spatial and rotational motion of service
spacecraft based on the measuring information of
the video camera is a relevant problem.

6. Description of Test Stand
and Coordinate System

The CVS test stand is used for ground adaptation
of algorithms for determining the NCS position
and orientation and also for check of CVS accu-
racy. The stand is created in the research chamber
of PJSC Elmiz. The equipment available there al-
lows turning the camera, with a high precision,
for azimuth and roll angles and also changing ho-
rizontal position of the docking surface model.
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Fig. 8. Selection of areas of interest in the frame: @ — source frame; b — gradient and the found area on the image compressed
16 times; ¢ — a fragment of the image, which is transmitted for further analysis

The CVS camera selected in accordance with
section 2 is rigidly fixed on a high-precision rota-
ry stand that has remote equipment for turning
and measuring the magnitudes of these turns. The
stand provides high-precision angular rotation of
thecamcorderaround twomutually perpendicular
axes to simulate changes in the relative angular
position of the camcorder and the target at diffe-
rent azimuth and roll angles. It is also possible to
move the prototype along the horizontal axis to
simulate the deviation of the target from the doc-
king axis. This turntable also has two flashlights to
illuminate the target. The test stand has two pairs
of flashlights to simulate front and back (behind
the docking surface target) lighting, respectively.

The camera is mounted on a horizontal rotating
rack that can rotate around two intersecting or-
thogonal axes: vertical and horizontal. The optical
axis of the camera is in the horizontal plane and is
parallel to the horizontal axis of the rack rotation.
To set the camera position relative to the turn-
table, let us refer it to the CS. The reference point
of this coordinate system is placed at the inter-
section of the rotation axes, the x-axis is directed
along the horizontal axis, the y-axis is oriented
along the vertical axis, and the z-axis is perpen-

ISSN 2409-9066. Sci. innov. 2021.17(2)

dicular to these axes. This coordinate system is
right-hand one.

In this CS, the position of the center of the
light-sensitive matrix can be set by its coordina-
tes in the related CS (x,y,2) = (d,, d,, d.).

The target is a flat square located in the plane
parallel to the vertical axis of the turntable. It can
move in the horizontal direction only. The posi-
tion of the target and the rotary stand is set in a
fixed orthogonal coordinate system (FOCS). Let
us assume that axis x' is perpendicular to the pla-
ne of target displacement, axis y' is directed ver-
tically upward, parallel to axis y? of the turntable,
axis z! is perpendicular to the above axes so that
this coordinate system is right-hand one (Fig. 7).

The reference point of this coordinate system
is located at the intersection of the projection of
stand’s vertical axis on the plane of target motion
and the horizontal axis of the target motion. In
this coordinate system the target position is set
by coordinates of its reference point (x', y!, z') =
= (0, 0, z"), i.e. by horizontal coordinate z'.

The position of the coordinate system that is
associated with the turntable (CST) and is mo-
vable relative to the selected FOCS is characte-
rized by setting the coordinates of its reference
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a

Fig. 9. Determining the position of the angular points of the docking surface: a — source frame; b — recognition of straight
lines on a binary image; ¢ — determination of angular points of the docking surface
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Fig. 10. Determination of the position and orientation based on the reference points (an-
gular points of the docking surface of the NCS prototype)

point («, y', ") = (0, y', 0), i.e. by vertical coor-
dinate y' only.

It is necessary to determine the location of the
center of mass of the target in the coordinate
system associated with light-sensitive matrix of
the camera (LSM CS) and the mutual orientation
of the coordinate system related to the target
(TCS) and the LSM CS, based on the given data
on the stand position (rotational angles o and
(Fig. 7) relative to the vertical and horizontal
axes, respectively, and coordinate y' = d of the
axes intersection in FOCS) and on the target
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location (coordinate z! = b (Fig. 7) of the target
center location in FOCS).

7. CVT Tests on the Stand

Experiments have been carried out at the stand
to test the practical suitability of the proposed
methods for solving individual problems.

The first task is to find the NCS image in the
frame and to determine the area to be further
analyzed. To fulfill the task, a special search func-
tion has been developed to find a compact closed
area with clear boundaries in the image. The sour-
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ce datais a full frame in shades of gray. The results
are shown in Fig. 8.

The second task is to solve the problem of de-
termining the NCS prototype position and orien-
tation relative to the camera by the method des-
cribed in Section 3.

Fig. 9 shows the result of distinguishing NCS
visible boundaries. The resulting binary image is
used to determine straight lines by the method
described above. As a result, we obtain lines, the
intersection of which makes it possible to deter-
mine the position of the angular points of the doc-
king surface in each image with a high accuracy.

To verify the accuracy of the method on the
stand, the NCS prototype orientation and posi-
tion relative to the CVS camera at the angles of
rotation of the stand structure have been re-com-
puted. The results are shown in Fig. 10.

Fig. 10, on the left, features the calculated
parameters. Parameters 1—3 (line of sight) deter-
mine the relative position: the direction to the
reference point of the NCS CS and the distance
to it. The first parameter (distance) corresponds
to the Euclidean norm of position vector ||¢', ||
and is expressed in meters. The second and third
parameters determine the angles of the line of
sight: the shift to the right by azimuth and the
upward above the horizon. Their values are given
in degrees. Parameters 4—6 (docking angles) are
Euler angles that determine the NCS prototype
orientation relative to the camera. The last two
parameters are calculated based on parameters
1—6, known position of the camera on the plat-
form, and estimates of the angles of its rotation.
The first value is the roll angle of the platform;
the second one is the azimuth angle of platform
rotation. These values are calculated from the CS

Table 2. Variation of Parameter Estimates

associated with the NCS prototype, so the plat-
form roll angle is almost equal to the roll angle of
the NCS prototype relative to the camera, with a
negative sign. The same applies to the azimuth
angle of platform rotation.

Since the NCS orientation is determined at a
too great distance, the estimates of platform ro-
tation angles contain errors. The true angles of
rotation of the stand platform are zero. The ca-
mera pitch tilt of approximately 1.5—1.6° is cau-
sed by uneven fixing of the camera on the turn-
table. Having made a series of experiments under
different lighting conditions, we obtain estimates
of the orientation parameters (see Table 2) that
belong to the following intervals:
¢ in terms of distance from the camera to NCS:

[5.63; 5.67] m;
¢ in terms of the angles of line of sight: [-0.24;

-0.02], [1.52; 1.62] deg;
¢ interms of the orientation angles: [-0.01; 0.03],

[-0.92; ~0.71], [1.47; 1.57] deg.

Analysis of the Results and Conclusions

Based on the requirements for the developed CVS,
the potential possibilities for meeting them have
been analyzed, and the general schemes of CVS
structure and operation have been proposed.

A scheme for solving the problem of determi-
ning the NCS position and orientation relative to
the CVS, based on the use of information ext-
racted from the digital image has been designed.
According to it, the method for calculating the
parameters is chosen depending on the possibi-
lity of obtaining the corresponding source data
from the frame. The proposed specific solution
methods cover the entire operating range of dis-
tances to the NCS.

Series Distance, m Direction, deg Roll angle, deg Azimuth and pitch attitude angle, deg
0,0,0 z. 5.66 — 5.67 -0.24 — -0.09; 1.52—1.57 0.01 —0.03 -0.85 — -0.71; 1.47 — 1.52
10,-10 z. 571 —5.72 -11.08 — -11.07; -0.42 — -0.38 -9.99 — -9.76 9.25 —9.26; -0.26 — —0.30
0,0,0 6. 5.63 —-0.06 — —0.02; 1.58 — 1.62 -0.01 —0.02 -0.92 — -0.88;1.53 — 1.57
8,106 5.64 — 5.65 8.95 — 8.97; 2.86 -8.12 — -8.06 -9.13 —-9.11;2.70
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The general architecture of program modules
has been developed; subtasks that require the
implementation of solutions in the form of se-
parate program procedures have been identified.
The proposed schemes and methods form the
mathematical and software-algorithmic frame-
work for CV'S support.

The ellipsoidal filtering algorithm that enables
obtaining high-accuracy estimates of the NCS
orientation quaternion with respect to the iner-
tial coordinate system and the angular velocity
vector of the NCS has been proposed.

In addition, several problems of rendezvous
and docking with non-cooperative objects have
been solved. In particular, the equations for re-
lative spatial and rotational motions of two spa-
cecraft have been obtained. These equations are
used in the problem of synthesis of active spa-
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IHCTHTYT KOCMiUHUX fHocTipKkers HarionanpHol akagemii Hayk YKpaiau
Ta Jlep;kaBHOTO KOCMIYHOTO areHTCTBA YKpaiHu,

mpoct. Axazemika ['mymkosa, 40, kopt. 4/1, Kuis, 03187, Ykpaina,
+380 44 526 1291, +380 44 526 4124, ikd@ikd kiev.ua

CUCTEMA TEXHIYHOTI'O 30PY JUIA BUSHAYUEHHA
B3AEMHOTIO IIOJIOKEHHA KOCMIUYHNMX AITAPATIB
[TPU 3BJIMKEHHI TA CTUKYBAHHI

Beryn. Y kpainax-jiiziepax KOCMiuHOI rajiy3i iIHTEHCUBHO BELyThCst POOOTHU 31 CTBOPEHHSI CEPBICHUX KOCMIUHUX ATIaPaTiB JJIsk
iHCIeKIIiT Ta 06CIIyrOBYBaHHSI HEKOOTIEPOBAHUX KOCMIYHUX araparis, siKi He OCHAIIEHO ClelialbHUMK 3ac06aMu JIJIsl CTUKY -
BaHHs. 3aCTOCYBaHHSI ONITUYHUX CUCTEM, TaK 3BAaHUX CHCTEM TEXHIUHOTO 30Dy, BUBHAYEHHSI MTOJIOKEHHS I03BOJISTIOTh 3/1i1i-
CHUTH aBTOMaTUYHE 30JIMKEHHS | CTUKYBAHHS 3 HEKOOIIEPOBAHUM KOCMIYHUM AllapaToOM.

IIpo6aemaTuka. Ha chorozui npoGiema po3iisHaBaHHsl 32 Biie0300pakeHHsIM B3a€EMHOTO MOJI0KEHHS KOCMIYHIX ariapa-
TiB 1pu 30JIMKEHHI | CTUKYBaHHI, 111e He Mae e()eKTUBHOTO po3B’st3anHst. [1i e(eKTUBHICTIO PO3YMIEThCSA BUKOHAHHS T€XHIY-
HUX BUMOT 10 GOPTOBOI CUCTEMU TEXHIYHOTO 30PY 3a TOUHICTIO Ta MBUAKOAIEIO TIPHU AOIYCTUMUX 00csATax 004rcIeHb i 36e-
pexenns indopmanii. Tomy akTyajbHuM € H0OyI0Ba CUCTEMU TEXHIYHOIO 30PY, CTBOPEHHS BiJIIOBIZHOIO MaTeMaTH4YHOrO,
AJITOPUTMIYHOTO Ta IPOIPAMHOTO 3a0€311eUeHH ST 3 TIEPEBIPKOIO 3aAIIPOIIOHOBAHKX PIllIEHb Y CTEHI0BUX BUNIPOOyBaHHsX. Cuc-
TEMY [IPU3HAYEHO JIJIsI ABTOMATHYHOTO 30JIMKEHHST | CTUKYBAHHS 3 HEKOOIIEDOBAHUM KOCMIUHUM allapaToM.

Mera. Po3po6ka HayKOBO-TEXHIUHMX OCHOB II00Y0BHM CHCTEMU TEXHIYHOIO 30Py Ta METO/IiB PO3B sI3aHHS 3a1a4i BU3HA-
YEHHS TT0JI0KEHHST KOCMIUHOTO artapara BiJHOCHO HEKOOIIEPOBAHOTO KOCMIUHOTO altapara, CTBOPEHHS MATeMaTUYHOTO OTIHCY
polecy 30JIMKEHHS Ta CTUKOBKH, & TAKOJK [TPOIPAMHO-QJITOPUTMIUYHOTO 3a6€3II€UeHHS] CUCTEME TEXHIYHOTO 30PY, 1110 3310~
BOJIbHSE 33/1aHi BUMOTH.

Marepiamm it Mmeroau. Bukopucrano merozau (iabrpaitii Ta 00pobku 1iudpoBux 300paskeHb, KOMITIOTEpHOI rpadiki, Au-
HaMiKU KOCMIYHUX aliapaTiB, METOIM eJTICOIaJIbHOTO OIiHIOBAHHS CTAHy HETIHIHHUX IUHAMIYHUX CCTEM, METO/IM PO3B’s-
3YBaHHS CHCTEM HEJIIHINHUX PiBHIHB, METOIN Teopii TpaciB Ta HABUAHHSI.

Pesyabratu. CTBOPEHO MaTeMaTHUHE, AJITOPUTMIUHE Ta IPOrPAMHO-TEXHIuHE 3a0e3eUeHHsI CUCTEMU TEXHIYHOTO 30Dy JIJIst
BHM3HAYEHH I0JI0KEHHS Ta OPIEHTAIlii KOCMIYHOTO arapara BiJHOCHO HEKOOIIEPOBAHOTO KOCMIUHOTO anapata, IpujaTHe /71
MIPAKTHUYHOTO 3aCTOCYBAHHS.

BucuoBku. [IposeieHi BUlipoOyBaHHsI CCTEMU TEXHIYHOTO 30PY Ha CTEH/II MOKA3aJIu Palle3aTHICTh 3alIPOIIOHOBAHUX
HayKOBO-TEXHIYHUX PillleHb Ta MOKJIUBICTh BUKOPUCTAHHS 1X HA TTPAKTHUIL.

Kntouosi crosa: cucteMu TEXHIYHOTO 30Dy, MOJIOKEHHS Ta OPIEHTAIliS KOCMIYHUX allapaTiB, HEKOOIIEPOBaHi KOCMiuHi ara-
paTH, eJincoinaabHe OIiHKY, HeJIHINHI [ruHaMIuHI cucteMu, 0OepHeHi 3aaui, METO PO3IIi3HABAHHST 3 HABYAHHSIM.
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