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1. Introduction

The forecast accuracy of LEO satellites motion remains the same during
the last decades. Namely, the RMS of the forecast errors is about 10% of the
value of atmospheric disturbances.

The necessary requirement for minimizing the forecast errors is the use
of the same satellite motion model for determining the initial data from
the measurements and forecasting .

To determine (update) the initial data based on measurements, the Least
Square Technique (LST) has been traditionally used. This technique was
developed 200 years ago when the artificial Earth satellites did not exist. The
main feature of the LEO satellites motion is a significant influence of
disturbing factors, which cannot be estimated mathematically with
necessary accuracy because of their unpredicted changing in time.

The authors over many years have carried out investigations aimed at
improving the accuracy of LEO determination and forecasting [1-6]. Great
attention was paid to study of the atmospheric density variations [1-3, 8—12].



2. Problem solution technology

To solve the problem we have to know the data on space weather and
Earth orientation parameters. The values of indices of solar activity F,,-
and geomagnetic disturbance K, (A,) are used as input parameters in the
models for calculating the atmosphere density.

As a source of orbital information for calculation we use the JSpOC
space-track.org site. The TLE from this site we transform into the
proper orbital form and save into the database. Furthermore, we
consider these orbits as measurements to determine the smoothed orbits
and corresponding ballistic coefficients.

For each of chosen orbit determination methods and atmospheric
models we calculate the SC reentry time and place after the
smoothed orbit calculation.

The numerical and semianalytical methods are used for
integration of the motion equations.

The results of calculations for SC "TIANGONG 1"reentry parameters
are published regularly on the Internet site www.satmotion.ru.



3. Features of the least squares technique
application

To forecast the SC motion we use the numerical Everhart method [17]
and the Universal Semianalytical Method (USM) [18,19]. To estimate the
Influence of atmospheric density models on the accuracy of calculations we
use three dynamical models (GOST-1984, GOST-2004 and NRLMSIS-00)
at numerical integration. In the USM predictions, the GOST-1984 atmosphere
model is implemented to calculate the density.

To obtain the smoothed orbit three optimization cycles embedded into
each other were organized:

» the cycle on searching for the LST functional minimum;
» the cycle on rejecting the anomalous measurements;
 the cycle on choosing the fit span.

For searching the LST functional minimum, presented as a sum of
squares of nonlinear functions, the rapidly-converging Newton's method is
mainly used. The normalized value of the LST functional is used as a

criterion of convergence of the optimization process.
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4. Allowance for statistical characteristics of
atmospheric disturbances

The basic principles of the improved technique (the optimum filtering of
measurements, OFM) were published about 40 years ago [8]. This technique was
implemented in the USSR space surveillance practice for determining and
forecasting the orbits of LEO satellites [1]. This techniqgue was improved later
[4,5,6,9]. The main feature of the developed methodology is allowance for
statistical characteristics of atmospheric disturbances on the measurement

processing interval and at motion forecasting.

It was assumed that the autocorrelation
function of atmospheric disturbances has the form
on the right. The correlation matrix (P) of
interfering parameters (q) is constructed with
allowance for correlation of atmospheric
disturbances and is wused to “weight" the
measurements without extending the state vector.
The value of interfering parameters (noises) is
calculated after constructing the estimate (x) on
the basis of residual discrepancies.
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5. The geophysical situation at the end of 2017
and at beginning of 2018
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6. Results of application of LST

Keentry prediction results
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The estimates of the USM prediction are characterized by slightly greater
scattering in comparison with the numerical forecasting results. It should be noted
however that the time of calculation by means of the USM is two orders of
magnitude lower and the distinctions from the results of numerical reentry time
calculation do not exceed 5% of the remaining SC lifetime.
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In 2017, significant deviations of the
Sb estimates from average values are
clearly visible. There are secular and
periodic changes. The decrease of Sb
values amounted to 12% of the initial
one. Calculated average values of
reentry time monotonously changed
from March 01 to March 20, 2018. This
increase is approximately 16% of the
remaining lifetime.

The results of all 143 preceding de-
terminations of SC Tiangong-1 reentry
time after January, 01 are presented he-
re. The average value of reentry time is
=April, 01. Deviations from the average
value do not exceed 12% of remaining
lifetime. The RMS of errors is 2.9%,
which is several times lower than the
traditional estimates of errors.

Decrease of solar activity ended in
January 2018. 8



8. Development of special public service

In February 2018, the development of a public service
COSMODYNAMICS for forecasting the parameters of satellite orbits
was started. The initial data could be downloaded online and get the
result in a few minutes on the screen, in the account and by email. In the
online settlement system, the following modules are provided:

- Uploading input data via web-interface;
- Checking of input data and results;

- Amending of the algorithm options;

- Calculation on server;

- Visualization of the result;

- Sending results to the customer.

The beta version of the system will be open to a wide range of users
in 2018.

Cosmodynamics LLC (Innovation Center Skolkovo resident) was
established in 2017 in order to develop an open service and algorithms
for accurate calculations of forecasts of satellite incidence and dangerous
approaches as well as for solving a number of other applied problems
where the accuracy of forecasts is a crucial factor. First we plan to

distribute our software application and to teach how to use it. .



9. Conclusion

The influence of various options on the accuracy of SC Tiangong-1
reentry prediction is considered: atmospheric density models,
methods for integrating the motion equations and orbit determination
methods on measurements. On the average the differences between
various results do not exceed 5% of the remaining lifetime.

The calculations over the time interval since November 1, 2017
to mid-February 2018 show the long time increase of the SC
lifetime, by approximately up to one month. This fact can be
explained by the long-term decline in the upper atmosphere
density during a minimum of 11-years cycle of solar activity, not
accurately predicted by the used atmosphere models.

The minimum of solar and geomagnetic activity was reached In
January 2018. Therefore, it is expected that in March-April 2018 the
reentry time estimates will not have secular component and will
fluctuate in accordance with variations of geomagnetic activity. The
errors of SC Tiangong-1 reentry time prediction will not exceed

10% of the remaining lifetime by using the considered methods.
10



Addition

To confirm the correctness of our conclusion concerning long time increase of the
SC Tiangong-1, additional reentry predictions for objects 12017B (38249) and
15041B (40881) were accomplished. The consistency of all prediction results shows
that there is the general nature for the observed long-term decrease of
atmospheric density at low altitudes from November 2017 to February 2018. All
used atmospheric density models could not accurately predict the specified reduction
in denSity. - : : : . 20/04/18
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