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Abstract—This paper presents the results of an analysis of the influence of a wide range of uncontrollable factors
on the accuracy of the estimates of the of the Earth orientation parameters (EOP) formed onboard a spacecraft
on the basis of the information technology developed by the authors. The proposed information technology is
based on least-squares-method (LSM) processing of distances to ground stations, the position of which is
known with geodetic accuracy. The analysis includes consideration of the following factors affecting the accu-
racy and reliability of the estimates obtained: measurement errors of the above-mentioned ranges, errors of
spacecraft ephemeris, restrictions on the conditions of measurements and scheduling communication sessions
between spacecraft and ground stations, conditions of spacecraft availability for conducting measurement ses-
sions, unpredictable evolution of EOP, and EOP dynamic model variants used in the framework of the LSM.
The results of the analysis obtained by modeling the procedure for refining the EOP using the proposed tech-
nology made it possible to formulate qualitative and quantitative recommendations for optimizing online exper-
iments that will be implemented in the future by onboard spacecraft algorithms that perform described in the

technology procedures.
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INTRODUCTION

At present, the regular operation of satellite systems
for various purposes is ensured by attracting a devel-
oped ground infrastructure. At the same time, a signif-
icant amount of its available resources are used to con-
struct so-called “ephemeris-time support,” including
onboard spacecraft data loading received on the
ground under conditions of two coordinate systems
forced alignment—an Earth-based coordinate system
(International Terrestrial Reference Frame (ITRF)),
in which the coordinates of the corresponding ground
systems are referenced, including control complexes,
measuring points and other infrastructure facilities, and
the Geocentric Celestial Reference System (GCRS), in
which the movement of spacecraft is determined and
their trajectories are formed taking into account dis-
turbing influences. Due to the change in the orienta-
tion of the equator and the ecliptic of the Earth and its
rotation, the Earth’s coordinate system rotates relative
to the celestial one. This movement is a complex pro-
cess, consisting of nutation and precession of the
Earth’s rotation axis, the daily rotation of the Earth
with an uneven angular velocity, and the displacement
of the Earth’s pole relative to its intermediate position.
At the moment, all these processes are strictly con-
trolled by a number of international services, including

the International Astronomical Union (IAU) and the
International Earth Rotation Service (IERS), which
use significant resources for operation of a special
complex of ground-based facilities (for example, Very
Long Baseline Interferometry) for tracking celestial
bodies and stars. Based on their use, the IERS regularly
publishes a series of bulletins with data on current and
predicted displacement of the Earth’s pole x, and y, and
the value of irregularity of its daily rotation AUT. The
consumers of this data are space agencies and mission
control centers, which either use them for their own
needs when calculating high-precision ephemeris of
satellite constellations or are forced to develop an alter-
native complex infrastructure that will allow carrying
out similar astrometric measurements with their subse-
quent processing and calculation of the Earth orienta-
tion parameters (EOP).

Thus, the implementation of spacecraft onboard
autonomous refinement in real time of the evolving
geodynamic parameters of the Earth as applied to cur-
rently operated satellite systems seems to be a promis-
ing direction for improving the consumer characteris-
tics of such systems in terms of increasing their auton-
omy and reducing operating costs. At the same time, a
critical moment in this problem is the creation of an
information technology that makes it possible to

357



358

refine the changes in the parameters of the Earth ori-
entation (EOP) onboard the spacecraft, that is, x,, y,
and AUT, due to the uncertainty in the evolution of
these parameters in comparison with the precession
and nutation parameters. The authors of this article in
cooperation with the specialists of JSC Academician
M.E. Reshetnev Information Satellite Systems have
proposed a concept of such information technology,
which includes the following provisions [1]: solving
the problem of onboard spacecraft EOP estimating by
the least-square method (LSM) processing of accu-
mulated measurements of distances between the
spacecraft and special ground stations, the positions of
which are known with geodetic accuracy; forming,
within the framework of the LSM procedure, algo-
rithms for processing range measurements between
spacecraft and stations based on analytical expressions
in the form of partial derivatives of the mentioned ranges
with respect to the components of the EOP; simulation
modeling of EOP vector components refinement in
order to analyze the errors in the estimates of the pole
displacement and the Earth rotation irregularity
obtained as a result of processing the distance mea-
surements between the spacecraft and special ground
stations.

The results of the described concept implementation
presented in [1] confirmed the potential possibility of
refining the EOP onboard the spacecraft. In particular,
it was shown that the algorithm proposed in [1] allows
maintaining a stable process of forming EOP estimates
evolving in real time EOP with errors no more than 10
mas (angular millisecond) for each of the parameters (at
a level of two standard deviations (RMS)). At the same
time, in the experiments, 2000 measurements were pro-
cessed at each measurement interval with random
errors addition. The number of spacecraft considered in
the simulation is 20, and there were six stations.

The main condition for the successful implementa-
tion of this technology onboard a spacecraft is the opti-
mization of online experiments, including procedures
for gathering and processing measurements in order to
achieve maximum accuracy and reliability of the gener-
ated EOP estimates. Within the framework of solving
the corresponding optimization problem for the exper-
iment, it is proposed to use a complex criterion, the
maximization of which, taking into account the existing
technical constraints, determines the goal of working
out possible cyclograms of the operation of onboard
spacecraft algorithms for EOP onboard refining. In
turn, one prerequisite for formalizing the above crite-
rion and solving a similar optimization problem with its
use is a carrying out a preliminary analysis of the EOP
accuracy estimate's dependence obtained on the basis of
the proposed technology on the influence of the follow-
ing uncontrolled factors and various physical natures of
errors arising during measurements between the space-
craft and ground stations: spacecraft ephemeris errors,
restrictions on the measurement conditions, including
limitations imposed by the technical capabilities of the
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information exchange channel between spacecraft and
stations; spacecraft availability conditions for conduct-
ing sessions; the unpredictable evolution of the EOP;
variants of the model used within the LSM framework
of the refined components of EOP vector; and options
for setting up periods of spacecraft with ground stations
communication sessions.

Thus, this paper aims at creating the necessary
conditions for solving the optimization problem of an
experiment on EOP autonomous refinement in the
interests of achieving the highest accuracy and the
required level of reliability of the EOP estimates in
relation to the existing possibilities of using onboard
facilities and free resources within the framework of
actual spacecraft operation cyclograms.

1. MATHEMATICAL MODELS
OF SIGNIFICANT UNCONTROLLABLE
FACTORS USED IN THE ANALYSIS

This section describes the used models of the fac-
tors listed above, which have a significant impact on
the results of the EOP refinement process onboard a
spacecraft.

Inaccuracies that arise in the course of measure-
ment of the distances between a spacecraft and ground
stations are due to the influence of a number of phys-
ical factors, such as signal delay in the equipment; sig-
nal delay during its propagation, including in the ion-
osphere and troposphere; shift of the onboard clock
scale of the signal receiver and transmitter relative to
the system time; and random errors (noise). All these
error factors are described in more detail in [2, 3], and
the model for measuring the distance between a space-
craft and a station is given in [4]. In the most general
case, the discussed model includes a set of additive
random errors, the statistical characteristics of which
are known. Since some components of a such mea-
surement model are variable, depending on the condi-
tions of their conduct, and the rest are relatively stable,
it was decided to present this model in a simplified

form: P, =P+ AP sys + APsions where Apyg,,, is the

random component of the measurement error, for
which the maximum value is known at a confidence

level of 0.95; Apg,, is the systematic component of the
measurement error, i.e. a random variable with a
“drift,” the speed of which is described by a random
variable with a known variance at a confidence level of
0.95; and p is the actual measured range [1].

The use of such a model makes it possible to vary
the level of measurement errors during the experi-
ments to analyze their influence on the accuracy of the
obtained EOP estimates up to the maximum, i.e.,
within the framework of the so-called “guaranteeing
approach.”

Ephemeris errors are interpreted within the frame-
work of this paper as random processes with character-
istics varying depending on the spacecraft motion
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Fig. 1. Evolution of spacecraft ephemeris errors.

model’s details in the field of disturbing forces, tak-
ing into account a wide range of uncontrollable fac-
tors [5, 6], such as anomalies of the Earth’s gravita-
tional potential, attraction of third bodies, the pressure
of sunlight, and albedo. It is known that, during the
operation of a spacecraft, errors occur in the so-called
“reference” (calculated onboard) ephemeris (coordi-
nates and components of the velocity vector), the statis-
tical characteristics of which are known only approxi-
mately. The accumulated experience in this area from
studies of the divergence of the GLONASS ephemeris
[7—9] shows, in particular, that, for a spacecraft of this
type in a medium orbit, the development of ephemeris
errors can be described by random processes with
known statistical characteristics. In this case, the devel-
opment of the errors of the spacecraft ephemeris is most
conveniently represented in orbital axes in radial, trans-
verse, and binormal directions:

Ar=(a, +a, x T +a, x T*)xsin(0, X T +¢,),
An=(a,, +a, X T +a, x T?) xsin(w, X T +¢,),
Al = (ao, +a; XT+ay, % T2)

+ (b + by xT)xsin(e, x T + @),

where a,, a,, a,, by, and b, are coefficients of the qua-
dratic trend, ® and @ are harmonic coefficients, and 7'
is time in days. The evolution of errors in the orbital
axes corresponds to the dependences shown in Fig. 1.
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Limitations for conducting measurement sessions
are due to specific infrastructural and technical features
of the satellite systems operation associated with the
need to place the appropriate hardware and software
both onboard the spacecraft and on the Earth, as well as
the existence of the corresponding operating cycle of
the discussed algorithms. Thus, the study of the influ-
ence of this factor on the results of EOP refinement pre-
sumes an EOP accuracy characteristics analysis under
the conditions of variability of the measurement fre-
quency, the total number of measurements on the inter-
val, the permissible repetition rate of the measurement
sessions, the duration of the sessions, the number of
participating spacecraft, the number of stations used,
and the correspondence of data between the spacecraft
and the capacity of this channel.

Unpredictable evolution of the displacement of the
poles and, mainly, the irregularity of the Earth’s rota-
tion AUT is caused by the physical nature of their
change, which is not fully understood [4, 10, 11]. As a
consequence, the change in the real values of EOP can
sharply differ from their previously assumed values
obtained by its evolution predicting using short-term
linear or long-term polynomial trends. To take this
factor into account in the experiment, it is not enough
to use a model based only on loading an EOP evolu-
tion’s posteriori data available for past time intervals
(here, we are talking about the use of C04 bulletins in
experiments [12] for modeling the real EOP values).
The reason for this is the fact that it is not guaranteed
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Fig. 2. Histogram of daily AUT changes over 10 years of evolution.

that the EOP evolution will be similar in the future, in
contrast to the relatively stable model of the divergence
of the spacecraft ephemeris errors, which is generally
unchanged.

An alternative approach to the formation of the EOP
evolution model would be to use a histogram of the
daily evolution of the EOP over a long period of time,
which ultimately will lead to a probabilistic and guaran-
teeing approach when modeling the evolution of the
EOP in experiments in future periods (see Fig. 2). At
the same time, changes in EOP are implemented in the
form of additions to their current daily values.

Within the framework of this paper, to analyze the
impact of the unpredictable EOP evolution, the tech-
nique that we have developed is analyzed using both
probabilistic and guaranteeing approaches.

The type of EOP model refined onboard exists in sev-
eral variants that differ in the degree of the polynomial
describing their evolution. The simplest method—the
specification of the EOP components as constants—
has a drawback associated with the drift of the actual
values of the estimated parameters during the mea-
surements accumulation process. The representation
of EOP in the form of linear trends is complicated by
their subsequent assessment due to the presence of
measurement noises under the conditions of evaluat-
ing values of different orders (the constant part of the
EOP and the daily derivative of their change). The
representation of EOP in the form of second-degree
polynomials complicates the estimation process due to
the presence of a large number of state vector compo-
nents, for estimation of which it is necessary to obtain
the corresponding observability conditions [13]. In
other words, it seems necessary to use all the above
variants of the model of updated EOP for the analysis.

2. FEATURES OF THE RESEARCH SOFTWARE

To study the influence of the above factors on the
EOP estimating process, we modified software [1, 14],
which, in the end, included components that allow
modeling

—aretrospective real spacecraft trajectory based on
available high-precision ephemeris (15, http://www.
glonass-svoevp.ru/index.php?option=com_content&
view=article&id = 55 & Itemid = 259 & lang = ru);

—predicted trajectories of spacecraft movement
using a specialized software block [6];

—the retrospective evolution of EOP based on real
data from C04 bulletins;

—the future evolution of EOP based on trends with
the addition of the maximum level of change and tak-
ing statistics into account (Fig. 2);

—the rotation of the Earth taking into account the
precession and nutation of the Earth’s equator based on
the use of the ratios recommended by the IERS [10];

—errors in measurements and errors in predicting
spacecraft ephemeris onboard using the models
described above.

In addition, the above mentioned software
included blocks necessary for processing measure-
ments using the least squares method in accordance
with the ratios of online EOP refinement algorithms
described in [1], including analytical partial deriva-
tives of range measurements by EOP, as well as blocks
that provide control of the results of these procedures
for the divergence of the estimates.

3. EXPERIMENTS
The following were considered as the initial data for
the experiments:

—the time interval according to the UTC scale
from 2009 to 2019;
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—the number of spacecraft in the constellation is
from 1 to 20 (circular orbits with an inclination of
64.8° degrees and an altitude of ~19400 km);

—a number of stations from one to six at randomly
selected points, including on the territory of the Rus-
sian Federation.

The general functional diagram of the experiments
carried out is shown in Fig. 3.

In Fig. 3, it is shown that the main unit is the con-
trol unit for the data-gathering periods of the space-
craft-station measurement, which also performs these
sessions predicting and control of the measurement-
processing algorithms, including concerning the com-
position of the state vector, the sample size, and the
accumulation interval.

4. ANALYSIS OF EXPERIMENTAL RESULTS
Influence of Measurement Processing Conditions

The results of studying the conditions’ influence
for conducting experiments on the gathering and pro-
cessing of measurements of the distance between the
spacecraft and Earth stations on the final accuracy of
the resulting estimates are shown in Figs. 4—7. Specif-
ically, Figs. 4 and 5 show several curves corresponding
to the use in experiments different numbers of space-
craft—one, three, and six. The dependences show the
resulting errors in the estimates of EOP expressed in
mas at a confidence level of 0.95 and a different num-
ber of processed measurements.

Based on the experimental results shown in Figs. 4
and 5, the following conclusions can be drawn. The
accuracy of the processing results depends on the
number of measurements nonlinearly, which is con-
nected with the EOP evaluation influence on the
2021
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methodological error in estimating them in the least
squares method as constants and subsequently leads to
estimation errors increasing. In other words, an
increase in the number of spacecraft, which allows
increase the estimation accuracy (see the figure
above), is only leads to acceleration of needed number
of measurements accumulation, since, ultimately, the
number of measurements processed per unit of time
(interval—day) eventually determines the accuracy of
the estimates.

Thus, the presented dependences and the results of
their analysis make it possible to determine the required
number of measurements to be processed during a day
based on the requirements for the accuracy of the
obtained EOP estimates and the number of spacecraft
available for conducting sessions.

Effect of Measurement Errors

All other things being equal, the value of the stan-
dard deviation (SD) of random measurement errors in
the first approximation linearly affects the SD of the
errors of EOP estimates (see Fig. 6).

Figure 6 shows the dependences characterizing
the standard deviation of the errors, x, and y, desig-
nate the errors in the estimates of the pole displace-
ment, and AUT is the error in the estimation of the
Earth rotation irregularity. Indices 1 and 2 in the desig-
nations of the presented dependences indicate the num-
ber of measurements accumulated in the experiment for
processing the least squares at a one dimensional inter-
val: 1 corresponds to the use case of 1000 measurements
and 2 to 2000, respectively. The greatest effect from
increasing the number of measurements to 2000 is
achieved with respect to errors in determining the pole
due to the relative stability of evolution of x, and y,,
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while the irregularity of the Earth’s rotation is esti-
mated even worse with a larger number of measure-
ments due to the objectively existing uncertainty of its
development.

The presence of unspecified systematic measure-
ment errors resulting in a “drift” of systematic errors
leads, as expected, to the divergence of the least
squares method. When these errors are included as
matching parameters in the composition of the esti-
mated components of the state vector, along with the
EOP, the LSM operates stably.

EOP Evolution Trend Estimation

An attempt to estimate the coefficients of the linear
or quadratic polynomials describing the EOP evolu-
tion showed that the solution of this problem requires
a larger number of measurements. In particular, to
estimate the linear trend coefficient describing the
time dependence of EOP change, the results of calcu-
lating obtained estimation accuracy dependence on the
number of measurements appear as follows (Fig. 7).

Figure 7 shows the dependences characterizing the
errors in the estimates of linear trends coefficients
describing EOP evolution as a function of the number
of processed measurements—namely, the initial values
and derivatives of the daily change. It is noticeable
that, to refine the parameters of even a linear polyno-
mial, an order of magnitude more measurements are
required (not 500—1000, as shown above, but more
than 5000), which can lead to the complexity of the
technical implementation of such a procedure due to
restrictions on the number of stations, spacecraft, and
areas of mutual visibility. Using the coefficients of
quadratic dependences to estimate EOP is practically
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impossible, since it requires even more measurement
than are shown in Fig. 7. Such intervals of accumula-
tion of measurements (up to 10000) may require sev-
eral days of operation of the spacecraft and the station
within the framework of one refinement cyclogram,
which entails a potential divergence of the evolution
model of any EOP parameters in a direction other
than that used in the processing algorithms for the a
priori assumption of its trend. Thus, in the first
approximation, it is advisable to consider their values
as constants when assessing the EOP, while the mea-
surement accumulation intervals and the repetition
rate of the sessions should be selected in the manner
proposed in this paper. In this case, the error caused by
the EOP evolution for the period of measurement
“obsolescence” can be neglected.

Effect of Ephemeris Errors

Errors of the spacecraft ephemeris in the inertial
CS (the coordinates of the stations are known in the
Earth’s CS with a very high accuracy) have the greatest
effect on the convergence of the least squares and the
accuracy of the generated EOP estimates. At the same
time, even an insignificant trend in the growth of
errors (0.001 m in RMS of errors per day for the com-
ponents of the spacecraft coordinates), even provided
that 2000 measurements are accumulated, leads to
inadequate real evolution of the EOP estimates. It is
possible to compensate for this factor by incorporating
the components (mainly radial) of the spacecraft
ephemeris errors into the state vector estimated by the
least squares method. At the same time, they can be
included in the estimated vector as constants only
under conditions when the ephemeris errors are con-
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stant, even if their values are large (up to 100 m). If the
dynamics of these errors is occured and the trend coef-
ficient describing this dynamics is unknown, then, as
modeling shows, in the estimated components of the
state vector and in the number of corresponding ele-
ments of the matrix of partial derivatives, it is neces-
sary to include unknown trend parameters for each
spacecraft: the initial value and the coefficient growth.
In this case, the LSM algorithm demonstrates conver-
gence and generates adequate EOP estimates. Experi-
ments have confirmed that the fastest possible accu-
mulation of measurements at short intervals contrib-
utes to a significant (by an order of magnitude)
improvement in the accuracy of EOP estimates.

In particular, if the growth of the RMS of ephem-
eris errors is 1 cm per day, the following characteristics
of the EOP estimates accuracy can be observed:

—in the presence of the above-described proce-
dures for adaptation to ephemeris errors in the LSM
and the accumulation of 1000 measurements, the
errors of EOP estimates at a probability level of 0.95 do
not exceed 15 mas;

—in a situation in which the accepted growth rate of
the expected trend of ephemeris errors is less than their
real value (for example, by a factor of 2), the errors of
EOP estimates increase to 36 mas or more;

—in the absence of a mechanism for adapting the
elements of the CP matrix in relation to the trend of
ephemeris errors, it is not possible to achieve a stable
LSM solution with convergence; in this case, the
errors of EOP estimates reach 200 mas or more at a
confidence level of 0.95, which is unacceptable for use
in applied purposes.

In such a situation, the solution is to involve inter-
satellite measurements and their integration within the

framework of the developed information-technology
procedures. Since, based on the processing of intersat-
ellite measurements, it is possible to refine the space-
craft ephemeris in inertial space, such an integration of
measurements ultimately will have a positive effect on
the accuracy of the obtained EOP estimates. What
results this will allow to be obtained will be clear when
in the course of a separate researching, which is not
the subject of this article.

CONCLUSIONS

This article presents the results of an analysis of the
influence of a wide range of uncontrollable factors on
the accuracy of EOP estimates created onboard the
spacecraft based on the proposed information tech-
nology.

Based on the simulation modeling of EOP refine-
ment process, the following is shown:

—an increase in the standard deviation of random
measurement errors leads to a proportional increase in
the errors of EOP estimates, with the proportionality
factor being determined by the number of processed
measurements;

—systematic measurement errors should be
included in the number of the estimated vector compo-
nents as matching parameters in order to exclude their
influence on the accuracy of EOP estimates;

—the most appropriate model for the dynamics of
EOP from the point of view of the “accuracy/perfor-
mance of the algorithm” criterion is the representation
of the components of this vector as constants;

—organization of online experiments should
ensure the fastest possible accumulation of the num-
COSMIC RESEARCH  Vol. 59
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ber of measurements, which will guarantee obtaining
EOP estimates that are adequate to the real dynamics;

—to eliminate the negative impact of ephemeris
errors, it is necessary to use the LSM adaptation
mechanism to the ephemeris error trend coefficient.

The conclusions and recommendations formulated
above can serve as the basis for the creation of a com-
plex criterion and procedure for optimizing an online
experiment as applied to the implementation of a
promising onboard spacecraft algorithm for autono-
mous EOP refinement ERP.
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