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R1 BRE(SE)FEIBEER
Table 1 Data from Single Equipment (SE)

Case No. Object  Orbit Orbit Equipment Data Data time Data
1D type  eccentricity type type span/h volume
SE-1 7646 LEO 0.02057 GBR AJE, d 31.772 481
SE-2 16908  LEO 0.00114 GBR A E, d 50.316 534
SE-3 16908 LEO 0.00114 GBR AE, d 50.357 803
SE-4 37210 GEO 0.00050 GBR A E, d,d 92.842 632
SE-5 38953 GEO 0.00058 GBR A E d,d 92.836 632

Notes: A, E, d, and d represent azimuth, elevation, range, and radial velocity respectively.
GBR is the abbreviation of Ground-Based Radar.

*2 SEEMEMIMERE

Table 2 Performance of SE orbit determination cases

Case Computation time/s Accuracy Iteration Precise

Data element . .

No. RKF 8 (7)  Everhart 11 AC 10 /m times orbit
A E, d 1.45 1.23 0.53 79 6

SE-1 A E 2.07 1.86 1.08 2059 7 CPF
d 2.06 1.84 1.03 79 7
A E, d 1.95 1.67 0.61 144 6

SE-2 AE 2.23 2.03 1.03 6272 5 CPF
d 2.45 2.20 1.17 186 6
A E d 1.76 1.53 0.56 22 5

SE-3 A E 1.79 1.64 0.97 3610 3 CPF
d 2.06 1.87 1.03 23 4
A E, d,d 1.31 1.29 0.97 7265 6

SE-4 SP3
A E, d 1.19 1.08 0.89 18531 4
A E d,d 1.22 1.23 1.08 5234 8

SE-5 SP3
A E, d 1.72 1.70 1.01 25970 5

Notes: CPF (Consolidated Prediction Format) and SP3 (Standard Product #3) are two kinds of

precise orbits released by ILRS (International Laser Ranging Service) and IGS (International GNSS

Service) respectively; The accuracy of each orbit determination case is assessed by the RMS (Root

Mean Square) of the position differences between computation orbit and precise orbit within one

period centered by the orbit determination epoch.
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Table 3 Force models and public parameters of SE orbit determination

Item

Model and recommended value

Degree and order for gravity vector

Degree and order for gravity gradient tensor

Geopotential derivatives algorithm

Nutation

Atmospheric density and derivatives

Lunisolar attraction

Weighting method

GRIM4_S4; 20 x 20 for LEO objects
and 8 x 8 for GEO objects

4 x4
Meétris
TAU 1980, 4 terms
DTM94 and analytic formula
Jean Meeus analytic formula

Fixed weight

HOHE 5% A2 R WA E PURS L R R, A A
[l — I 2 SR 2 4k SR R A R e K 4L &
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2, DRI T KA 70 R I HOE SRR AR A
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H L AN T ORI FH e B 0 B e 3R 9 E UK B
B3k A4S v B B B0 AU
HETTE, ORI A B EE T R A E LR 22 23
925 kA1 ko, SR A L I3 70 2K (0 R 72
W2 MR AET kA5 km. PA R SEBADL T kG

AL G RHE Bl PUE 0 R R T e AR, A2
BICR IR BRSO T, AlG 2 4E00R!
FRIBIIE POt ORI T 4R SR

4.2 ZFEREEHM

22 YR B kA R[] — I TE) B P A SR R 3 ok
H AN B 2% BRI £, > 2H Do O] s ) AR
DU 27 A Z I8 BE Al A e B 7R R DU A U
2 b3 FOR MR B 0 VE REAN Bl & RO, 45 H
TTARE 7 5 R RR 55, K5 XT R 5 E L
PERESCBE R bR, K6 B Bh 1 SR K A JL L
BSHL

4 %iRE(ME)REBIRE AR
Table 4 Data from Multi Equipment (ME)

Case No. Object  Orbit Orbit Equipment Data Data time Data
ID type  eccentricity type type span/h volume
ME-1 37210 GEO 0.00050 1SBO & 3GBO x, 76.230 1258
ME-2 38091 GEO 0.00094 1SBO & 1GBO x, 0 48.716 88
ME-3 16908 LEO 0.00114 2GBR A E, d 69.392 1337
ME-4 7646 LEO 0.02057 2GBR A E, d 52.505 1498
ME-5 46469 LEO 0.00061 3GBL & 1IGBO A, E,d 111.013 2743
ME-6 1328 LEO 0.02580 2GBR A E, d 52.218 1992
ME-7 7647 LEO 0.02182 3GBR A E, d 69.379 1014

Notes: SBO, GBL, and GBO are abbreviations of space-based optical telescope, ground-
based laser, and ground-based optical telescope respectively. Therefore, 1GBO represents one

ground-based optical telescope.
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Table 5 Performance of ME orbit determination cases
Case No. Computation time/s Accuracy/m Iteration times Precise orbit
ME-1 0.80 433 2 EPH
ME-2 0.73 4748 7 SP3
ME-3 1.93 36 6 CPF
ME-4 1.54 40 8 CPF
ME-5 1.30 49 4 CPF
ME-6 1.70 26 3 CPF
ME-7 1.39 23 2 CPF
Notes: EPH is a type of GNSS data that stores precise ephemerides of a satellite.
*6 MEEHHAOFRERAHSY
Table 6 Force models and public parameters of ME orbit determination
Item Model and recommended value
Degree and order for gravity vector GRIM4-54, 20 x 20 for LEO
objects and 8 x 8 for GEO objects
Degree and order for gravity gradient tensor 4 x4
Geopotential derivatives algorithm Métris
Nutation TAU 1980, 4 terms
Atmospheric density and derivatives DTM94
Lunisolar attraction Jean Meeus analytic formula
Integrator Adams-Cowell (10)
Weighting method Fixed weight
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Introduction to Orbit Determination Software SPODFMD for
Multi-source Data Fusing of Space Debris

DU Jian-1i':? XU Jin'2 YANG Dong!2 CAQ Zhi-bin'? MA Jian-bo'2
(1 Purple Mountain Observatory, Chinese Academy of Sciences, Nanjing 210023)
(2 Key Laboratory of Space Object and Debris Observation, Chinese Academy of Sciences, Nanjing 210023)

AsstracTt The data-fusion orbit determination software SPODFMD (Space debris Precise Orbit Deter-
mination fusing Multi-source Data) is developed with the purpose of cataloging space debris, characterized
by integrating pure numerical integrators and given birth in the lab of SPOD (Satellite Precise Orbit De-
termination) at PMO (Purple Mountain Observatory). At the initial stage of the birth, developers fully
investigated national space debris monitoring equipment, fully understood the orbit and physical com-
plexity of numerous space debris, fully recognized the requirement for high efficiency when renewing orbits
for lots of debris, and fully considered the robustness requirement in engineering. In addition, SPODFMD
integrates several algorithms with indigenous intellectual property rights, including a rapid and non-
singular algorithm for computing the Earth’s gravitational potential and its derivatives, analytical and
non-singular expressions for the DTM94 thermosphere model and its derivatives, an accurate and effi-
cient method for calculating dense ephemeris of high-eccentricity orbit, and a robust adaptive weighting
method. Integrating these advanced algorithms by applying software engineering theory, SPODFMD can
freely fuse observation data from 14 kinds of equipment, achieving a second-level computation efficiency
in a majority of typical orbit determination cases. Moreover, the software shows similar performance for
GEO (Geosynchronous Equatorial Orbit), MEO (Medium Earth Orbit), LEO (Low Earth Orbit), and
HEO (Highly Elliptical Orbit) objects without computation and pole singularity. It is tested and proved
to be multi-source, efficient, general, and robust.

Key words astronomical instrumentation, space debris, multi-source data, data-fusion orbit determina-
tion, orbit determination accuracy, computation efficiency
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Table 7 Brief introduction of the software SPODFMD’s function

Function

Description

Notes

Initial orbital

elements

Equipment type

Target type

Earth gravity

Appliable to 3 types of initial orbital elements: TLE, 7, 7%',

and quasi-mean orbital elements

Appliable to 14 types of space-surveillance equipment:
1. Radar yielding 3-dimension data [A, E, d];

2. Radar yielding 4-dimension data [A, E,d, d],

3. Bistatic radar yielding 3-dimension data [A, E, 2d];

4. Bistatic radar yielding 4-dimension data [A, E, 2d, d],
5. Alt-az photoelectric telescope yielding azimuth and
altitude angular data [A, EJ;

6. Alt-alt photoelectric telescope yielding longitude and
latitude angular data [L, BJ;

7. Equatorial photoelectric telescope yielding hour and
declination angular data [t, 0];

8. Photoelectric telescope yielding right ascension and
declination angular data [e, §8];

9. laser ranging data [d];

10. bistatic laser ranging data [2d];

11. space-based telescope yielding right ascension and
declination angular data [e, §];

12. ship-based radar yielding 3-dimension data [A, E, d];
13. ship-based radar yielding 4-dimension data [A, E,d, d],
14. ship-based telescope yielding right ascension and

declination angular data [e, §];

Applicable to space objects with various eccentricities in all

orbital regimes around the Earth

Supporting the user respectively in setting the degree and
order of the truncated spherical harmonic expansion of
geopotential within a range of 4 to 70 when computing

gravity and its partial derivatives

Other types can be converted
to one of the supported types
ahead

Equipment is a kind of logical
concept, indicating one or more
pieces of actual equipment that
can obtain one of 14 types of
data.

A piece of conventional equip-
ment involves one station, and
a bistatic involves two stations.
Equipment without marking
out the carrier’s type indicates

a ground-based one.

Apart from six orbital ele-
ments, the software also cor-
rects the physical parameters
associated with atmospheric
solar

drag or/and pressure

when processing rich data.

The recommended degrees and
orders for gravity computation
use are 20 x 20 and 8 x 8 for
LEO and GEO

whereas the rec-

objects re-
spectively,
ommended degree and order
for partial-derivatives compu-

tation use is 4x4 for all objects.
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Table 7 Continued
Function Description Notes
Geopotential Providing two algorithms of Balmino and The more efficient algorithm Métris applies to
algorithm Meétris for the computation of gravity and the geopotential with fixed spherical harmonic

Nutation term

Integrator

Weighting
method

Orbit
determination

epoch

Residual file

Feedback

its partial derivatives

Supporting the user in setting the number
of terms of the IAU 1980 nutation model

Providing 7 integrating ways as well as
optional orders of integrators:

1. AC: 8~12 orders and PE or PCE
method;

. RKF: 6(5), 7(6), 8(7), and 9(8) orders
. RKNF: 5(6), 6(7), and 7(8) orders

. Everhart: 11 and 15 orders

. AC+RKF: set orders respectively

. ACH+RKNF: set orders respectively

N O Ot R W N

. AC+Everhart: set orders respectively

Providing two weighting methods: fixed and

adaptive

Supporting the user in setting the epoch of
orbit determination within the data range

by utilizing an adjusting factor

Providing the switch to turn on or turn off

printing the residual file

Providing the function of outputting the

feedback of orbit determination

coefficients.

The recommended value is 4.

The AC integrator is suitable for objects of
quasi-circular orbits (eccentricities below 0.1),
being superior to other integrators in efficiency.
The one-step integrators, such as RKF, RKNF,
and Everhart, are applicable to all eccentricities.
The AC integrator can be utilized along with
a one-step integrator if the eccentricity floats
around 0.1 in the iteration procedure. The rec-
ommended orders are 10, 8(7), 7(8), and 11/15
for integrators of AC, RKF, RKNF, and Ever-

hart respectively.

The fixed weight is determined according to each
piece of the data’s prior precise and keeps un-
changed, while the adaptive weight adjusts ac-
cording to the posterior precise in each iteration

procedure till converging.

The adjusting factor is a value between 0 and 1,
and the epoch of orbit determination equals to
the factor multiplied by the data span plus the

data’s start time.

It is a suggestion that turning off the printing
function to reduce time and memory consump-
tion for daily operation, and turning it on when
manual interpreting is required for few anoma-

lous cases.
The feedback includes 17 types of informa-
tion, involving astringency tips, input parame-

ters check, stack exception tips, etc.
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