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Abstract Long-term orbit prediction serves as an effective method to suppress the overall rotation of
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the inertial frame in autonomous navigation of satellite navigation systems, and the main factor influenc-
ing the accuracy of long-term orbit prediction is the uncertainty associated with the solar radiation pres-
sure perturbation model. This paper proposes a method of modeling and updating the ECOM-5 solar ra-
diation pressure model parameters for long-term orbit prediction, and evaluates its performance by fully
utilizing the correlation between the solar radiation pressure coefficient and the solar altitude angle. Tak-
ing 24 Medium Earth Orbit (MEO) satellites and 2 Inclined Geosynchronous Orbit (IGSO) satellites of
the Beidou-3 Global Navigation Satellite System (BDS-3) as examples, 18 groups of 90-day orbits were
predicted from 1 January 2022 to 1 June 2023. Then the precise ephemeris of the Center for Orbit Deter-
mination in Europe (CODE) was used as the reference orbit to evaluate the performance of long-term or-
bit prediction. The experimental results indicate that when adopting the new orbit prediction method
proposed in this paper for 90-day orbit prediction of navigation satellites, for MEO satellites, the aver-
age Root Mean Square (RMS) of the three-dimensional position error on the 30th, 60th, and 90th day is
approximately 180, 650, 1400 m, respectively, and that of the average URE RMS of the orbit is 18.79,
61.43, 124.00 m, respectively. The RMS mean values of the orbital inclination angle error Ai are 6.07,
9.76, 12.38 mas, respectively, and those of the right ascension of the ascending node error A2 are 6.47,
11.24, 14.88 mas, respectively. For IGSO satellites, the average RMS of the three-dimensional position
error on the 30th, 60th, and 90th day is approximately 260, 1000, 2200 m, respectively, while the predic-
tion errors of i and Q are comparable to those of MEO satellites. Therefore, it can be concluded that the
method in this paper exhibits high accuracy in long-term orbital predicting positions and orbital orienta-

tion parameters i and Q, which is expected to provide essential support for mitigating the overall rota-
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tion of autonomous navigation of navigation satellite constellations.
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Coefficient A B C D
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Bo 0.164566x 10 ° -0.147844x10 " 0.460865x10 " ~0.907190x10"°
Be ~0.816728%10° 0.101913x10 ° -0.343274x10”° 0.132983x10 °
By -0.333089x10 "’ ~0.200095x10 0.347368x10 0.398325%10
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£2 LISHIEKHTIRE 30 R FIRE RMS E5 (8462 m)
Table 2  Position error RMS statistics on the 30th day of Beidou navigation

satellites’ long-term orbit prediction (Unit: m)

TR PRN AR AN 3D URE
MEO C19 7.221 125.141 0.506 125.637 14.462
€20 6.697 113.495 0.534 114.007 13.337

21 6.512 88.317 0.452 88.820 11.270

€22 6.907 176.129 0.578 176.362 17.933

23 9.002 126.184 0.474 126.740 15.180

€24 8.659 99.984 0.613 100.610 13.392

25 8.121 112.313 1121 112.938 13.881

26 8.882 225.326 1.788 225.854 23.715

c27 9.680 87.416 0.878 88.141 12.866

28 10.054 440.936 1.407 441.099 41.312

29 8.726 169.195 1.023 169.614 18.494

€30 9.665 341.254 1.438 341.553 32.786

32 6.091 141.961 1.159 142.164 14.600

33 5.988 266.652 0.946 266.874 25.760

34 10.084 161.141 0.736 161.868 18.969

035 10.267 272.558 0.845 272.859 27.235

36 7.636 280.586 1.105 280.784 27.076

C37 7.544 114.962 0.401 115.594 13.996




¥ it 5 ST EHE P R ETRIRHT ok AR R AT
FR 2
TR PRN AR AT AN 3D URE
MEO o4 5.181 169.843 0.475 170.019 16.847
€42 5.009 151.484 0.441 151.755 15.483
43 6.026 67.942 0.782 68.393 9.174
C44 4.936 93.586 0.862 93.896 10.568
45 8.000 180.254 0.871 180.683 19.258
C46 7.370 215.090 0.879 215.442 21.756
¥ifE 7.659 176.844 0.857 177.258 18.793
IGSO C38 12.057 192.091 0.878 192.846 30.785
C40 23.006 325.491 1.085 326.832 52.814
¥ 17.532 258.791 0.981 259.839 41.799
x3 JASMIEKYPTIRE 60 XA EIRZE RMS ESEIT (B A: m)
Table 3 Position error RMS statistics on the 60th day of Beidou navigation
satellites’ long-term orbit prediction (Unit: m)
TRER PRN AR AT AN 3D URE
MEO C19 10.558 539.251 0.980 539.440 50.420
€20 9.817 429.150 0.992 429.411 40.718
21 9.720 317.703 0.825 318.274 31.725
22 9.783 621.583 1.098 621.850 57.573
€23 12.882 461.512 0.806 461.892 44.309
24 11.532 307.503 1.191 308.034 31.434
€25 14.264 394.126 1.847 394.785 40.146
26 15.182 881.259 3.000 881.824 83.382
27 18.504 289.352 1.497 290.328 33.195
28 19.363 1723.910 2.566 1724.206 157.273
29 16.822 652.385 1.821 652.746 62.290
€30 18.813 1395.105 2.553 1395.270 127.309
€32 9.988 536.658 1.738 536.846 50.015
€33 9.478 730.198 1.307 730.376 67.442
C34 19.638 612.447 1.262 613.217 61.315
€35 19.704 1060.362 1.437 1060.868 98.816
C36 10.984 1053.330 1.851 1053.455 96.053
€37 9.747 418.462 0.735 418.670 39.664
c41 8.274 625.139 0.893 625.284 57.301
C42 8.115 547.748 0.840 547.864 50.460
C43 11.113 237.917 1.205 238.510 25.565
C44 8.739 340.791 1.395 341.224 33.294
C45 12.700 584.656 1.052 585.045 55.507
C46 11.773 771.800 1.042 772.098 71.669
Hyfe 12.802 650.656 1.428 651.036 61.427
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oL K]
TR PRN AR AT AN 3D URE
1GSO C38 25.337 937.171 1.709 937.753 135.005
C40 42.832 918.530 1.752 921.830 142.093
HfH 34.084 927.850 1.731 929.791 138.549
£4 LASHTEKBEBURE 90 RICBIEE RMS B (84 m)
Table 4 Position error RMS statistics on the 90th day of Beidou navigation
satellites’ long-term orbit prediction (Unit: m)
TR PRN AR AT AN 3D URE
MEO C19 13.774 1130.630 1.419 1130.760 103.159
C20 12.360 868.655 1.384 868.910 79.848
C21 12.813 658.330 1.178 658.804 62.193
C22 12.113 1227.798 1.585 1227.956 111.967
C23 16.362 945.159 1.133 945.396 87.274
C24 14.361 599.986 1.782 600.476 57.334
C25 20.457 842.590 2.223 843.037 80.217
C26 21.152 1987.638 3.560 1988.325 182.968
Cc27 26.139 560.860 1.872 561.901 59.152
C28 27.326 3723.320 3.372 3723.472 336.733
C29 23.719 1317.467 2.401 1318.364 124.208
C30 26.832 3035.307 3.374 3035.498 275.189
C32 12.985 1072.854 2.121 1073.049 98.388
C33 11.810 1285.367 1.759 1285.750 118.126
C34 27.967 1270.683 1.658 1271.980 122.956
C35 27.894 2332.357 1.891 2333.081 214.182
C36 13.828 2202.922 2.181 2203.150 199.878
C37 12.384 772.700 1.061 772.841 71.043
C41 11.548 1303.858 1.247 1303.997 118.571
C42 11.026 1125.251 1.235 1125.413 102.692
C43 14.787 466.879 1.366 467.291 45.833
C44 11.463 651.211 1.730 651.505 60.921
C45 15.468 1044.361 1.314 1044.792 97.090
C46 14.946 1675.416 1.345 1675.527 151.995
¥ifE 17.216 1344.116 1.857 1344.518 124.003
IGSO C38 35.366 2639.648 1.975 2640.235 373.378
C40 64.105 1703.226 2.120 1706.001 253.532
¥iE 49.736 2171.437 2.047 2173.118 313.455

17.532, 34.084, 49.736 m; X} T T J5 [n) ¥l 4% 1% 22 ,
MEO BEWHES 30 K. 60 K. 90 K2 FM RMS 1
B3 94 176.844, 650.656, 1344.116 m; IGSO T &

AR 258.791, 927.850, 2171.437 m; XF T N Jy [ i
WiRZE, MEO T AEAWHRE 30 K. 60 K. 90 KELHIR
Z ) RMS {53910 0.857, 1.428, 1.857 m; IGSO
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TR 4%~ 0.981, 1.731, 2.047 m. % 45 R F W,
RTN =77 1) i Tk 15 22 B P Ao 4 A 1 m 22 Wl 35
B Ea . Hod MEO Ml IGSO TLAE N J5 15 /Y
TOUHORS B fre v, RO R D5 R T 7 1), A0 T4
% 90 K RTN J71n] RMS 435018 F 18, 1350 il 3 m;
IGSO A& RTNJ5 7 RMS 43 % £ F 50, 2200 Fil
3 m.

X TR IE B = 4E 7 B iR 22, MEO TR ik
5530 K. 60 K. 90 Kz RMS HE 3BT
177, 651, 1345 m; IGSO TV & 4> 5 i F 260, 930,
2173 m. X—ZEREM, 4 90 X MEO TEHIE =4
P EIRZET 1400 m, IGSO TLEMLT 2200 m.

X F Wik #LiE URE 5 MEO T A 4% 30 X .
60 X . 90 K ) RMS 1A 43 4l & 18.793, 61.427,
124.003 m; IGSO 1! & &Y RMS ¥ {E 43 5] A 41.799,
138.549, 313.455 m. A[LAFHH MEO A IGSO X
A TR 90 K9 URE 43 3146 T 130 m F1 320 m (¥
ZE.

FI A SCHE B 7, MEO LA S 30 K it
LB = i AR 25 P MM R 177 m, b Ji 4
MEO T2 Wi 30 K =4 B % # 300 m IR &
B S A, ARSC MEO T Wi 4 90 K RTN J5 [
RMS ¥4 43 %l & 17.216, 1344.116, 1.857 m, AH Lt
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Mao %7 Hi4 9 MEO 11 TESS 76 K RTN =)
R 22 (420 2000 m), 15 BHA SCRT I J7 i 1 4R
2.3.3 HEMABRIAZAFZEETME

HUE E 7 SHUE ORI A S0 FE AR E
WA ROz —, HOREERE 1 S AL AR R AT e
A FIHI R . X LG T 18 4 Bk 90 K HL3E i £
PRI SR QIR 2ZE. VL 20224E 8 H 1 H Al
LR B3 ), 4 24 B MEO K 2 i 1GSO b
=S ST AR 90 KR FE ARk, WE 6 fis.

26 FF i T BB MU R 22A T R 3E SR 4
BRZEAQ e KAH WA 7 F7R.

E 7 Rl DLE 1, 535 OB AR L, 5
90 KA B BIEMIA @ AT ARG Q T K w 2=
/INF 80 mas, KiH4/NT 60 mas. 451t T 24 Fi MEO
TR K 2 W 1GSO LA 18 H KB IE RS 30 K.
60 K . 90 K B I TE 1A iR 25 A T A8 AR R iR 2
AQ 1) RMS RESHA, W3k 5 Pis.

2 5 Al LU, 45 30 K %3 0 £f 1% 22 Al
MEO TLE 4 RMS 4 6.070 mas; IGSO T A FH
RMS 4 5.050 mas; F+ 38 7R £ 1R 22AQ MEO T A
SE-34 RMS M 6.467 mas; IGSO 11 & ¥ RMS
4.608 mas; 55 60 KL Ml /1 % 22 A0 MEO TLE

50 T T T

Ai mean: —0.23£2.47

(a) Cl19
20
— 1

C22
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Fig. 6

Variation of Ai and A in 90 days (Prediction start date: 1 August 2022)
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Fig. 7 Distribution of maximum prediction errors of Ai and A2 for each satellite on the 90th day
F5 FEAEMIEEKHPTHRPEMARERFARZSFLZRESIT ($1L: mas)
Table 5 RMS error statistics of Ai and A2 of Beidou navigation satellites’
long-term orbit prediction (Unit: mas)
. TEPRN 30K 560K 90K
Ad A2 Aj AR Ad AR
MEO C19 4.015 3.500 7.800 6.361 11.127 9.406
C20 4.180 3.816 7.816 6.648 10.997 8.918
C21 3.378 3.298 6.643 5.768 9.702 8.102
C22 4.075 4.316 7.878 7.634 11.190 11.189
C23 3.246 3.828 6.000 5.777 8.862 7.542
C24 5.768 2.485 11.657 4.070 16.933 6.731
C25 9.702 5.329 15.660 10.339 18.084 13.890
C26 15.738 8.500 24.628 17.046 28.039 24.269
C27 4.637 8.386 7.406 14.897 9.037 19.067
C28 7.701 13.155 12.823 25.217 16.765 34.095
C29 5.825 9.492 10.067 17.414 11.930 24.471
C30 8.263 12.913 14.239 24.085 16.808 32.909
C32 9.791 7.585 14.600 10.627 17.829 11.424
C33 6.811 7.707 9.123 10.453 11.404 14.507
C34 3.475 7.636 6.430 12.758 7.649 17.432
C35 4.036 8.515 5.524 16.232 5.483 22.789
C36 9.593 6.066 16.071 10.211 18.738 11.750
C37 2.484 3.785 5.240 6.559 8.096 8.847
C41 3.013 4.461 5.347 8.529 7.642 11.939
C42 2.904 3.948 5.517 7.726 7.963 11.358
C43 4.696 6.940 7.353 11.079 8.832 11.568
C44 5.183 7.778 8.706 12.147 10.628 14.210
C45 7.313 5.425 7.160 8.610 9.951 9.635
C46 7.565 5.080 7.544 7.626 10.144 9.027
HfH 6.070 6.467 9.761 11.236 12.384 14.878
IGSO C38 4.164 4.401 7.227 8.640 8.125 10.240
C40 5.937 4.815 8.117 9.307 9.655 12.165
HyfE 5.050 4.608 7.672 8.974 8.890 11.202
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¥) RMS & 9.761 mas; IGSO . & F ¥ RMS Ky
7.672 mas; JHAC B IREIRZEAQ MEO T A1) RMS
A 11.236 mas; IGSO T3 2 - #4 RMS 24 8.974 mas;
55 90 K B IE 15 £ 1% 22 A MEO TLA SE 1 RMS K
12.384 mas; IGSO TAEF-}J RMS iy 8.890 mas; F158
JHIRZIRZEAQ MEO T2 44 RMS 4 14.878 mas;
IGSO T A F-2 RMS 24 11.202 mas. 3X 4 B % A<
SO BT TR, AT AR BRSO SE A
PGS AR Q WARAA, A I Zhang %Y f) )7 9,
HEE 90 RIFZE M ARL Q WIHRIEIR 2229 77 4+40 mas,
MBI & 9 FHRAEIR 2229 0 430 mas, WARA SR
HE AL TR VA P T

3 i 5ihe

X ECOM 5 S8R BIXT D, Yy, By =4~
WRITLL L B BRAS B 1) JE I Y 2 50Tk
AT BRI, S T — O R 2 B R T R
WHT T A TR IE TP R T, SCEE T oA 90 K1)
J6:3F =550 L2 24 MEO/2 IGSO #1138 K I 74K,
FEX U 1Y) 18 LI TR 25 SR A T 4o B Rk
FEVEAL, DIIAT IG5 Tl 45 20 M 45

(1) Sk 2D, X MEO TLA, 4 30 K.
60 K. 90 K Fil e HL 18 = 4Er 1% 22 RMS H1{H 735
29 177, 651, 1340 m; URE 225 () RMS {8 551
254 19,61, 124 m; X F IGSO T &, % 30 K .
60 K. 90 K FlHf il =4k {7 & %25 RMS YI{E 5 51
2174 260, 930, 2170 m; URE RMS F325k 42, 139,
313 m.

(2) X T T 18 5 4 % B Dy BT A A 8 2
Ai, MEO TLEFEH 30 K. 60 K., 90 K 5K % £
B AR IR 2EA G B RMS Y{E 25129 6.07, 9.76,
12.38 mas; IGSO B ETES 30 K. 60 K. 90 K 5¥
L TR B AR 1R 25 A 19 RMS B8 43 %1k 5.05,
7.67, 8.89 mas.

(3) X T B oK AL D3 A B A S AR 4
WZEAQ, MEO TR TES 30 K. 60 K. 90 K 5K %
BT B TFAE S R 2R 2 AQ B RMS ¥ {E 43 5
254 6.47, 11.24, 14.88 mas; IGSO TLETESS 30 K.
60 K . 90 K 5K % B Iy Bl 09 I+ 28 SR iR
AQ 1Y RMS #{H 5152 4.61, 8.97, 11.20 mas.
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(4) B X5 0 F1 Q £ 10 mas HY 90 K FIRAE &, LA
#E .0 28000 km ) MEO T N, 1 as AR 25|
A B 7 B R 22 298 136 m, B PR B 9 6 A
QVERSEIR AT A F BB, PP HE & S50
ZEEHIAE 1.36 m LA, X U8 B3 53 AT A 280m )
B B AR TR

AR SR I FUHR 9 6 AR AL R ECOM 5 S 8p
RN 2 R A A | 6 R S B i
DA B s 01 (8] (9 5 i S B80S 5 12 AT 3 K
PSR

FIZEHFZE A SR IR 2 P2
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