BE ®

95 US> Optimisation of LEO satellites Doppler Shift Compensation by Reducing  srare

o TLE Errors and Improving Trajectory Prediction Algorithms NUS

Authors: Rajvrat Thapliyal', Kushagra Shrivastava' Staff Supervisor: Assistant Professor Abhishek Rai*> Lab Mentors: Ma Yuling®, Yuan Fangxing®, Fu Naigeng® SPS Mentors: Lim Yi Zhen', Hillson Hung"
'Special Program in Science (SPS), National University of Singapore, Singapore *Satellite Technology and Research (STAR) Centre, National University of Singapore, Singapore

3School of Marine Science and Technology, Tianjin University, China

Introduction Current prediction method*’

Relative motion induces Doppler shift, which is highest for LEO satellites’! Accurate satellites.
prediction of position and velocity paramount to account forit. T T e e e e e

Low-Earth Satellites (LEO) are used extensively for But what if we can’t . | — : |
icati int t d disast t? i i 21 This work tests the | Two-Line Element (TLE) SGP4 Algorithm Position and Velocity at any |
communication, internet, and disaster management". receive their data?! efficacy of two | > g time |
¢ algorithms to better I Orbital Parameters of a Algorithm that accounts for Onlv valid for few d I
Q(M\/\/\/\/\/\/\/ "" predict position | satellite at a given time non-linear perturbations (Only valid for few days) |
/ ® and velocity of LEO | |

| (Inherently Error-prone) (Accumulates Error) |

| |

Monte-Carlo Simplex (MCS) Algorithm Machine Learning differentiable SGP4 (ML-0SGP4)

Aim: To design a more accurate and efficient model by addressing the flaws in the original ML-

Aim: Reduce the inherent error in TLEs Our work generalises the MCS algorithm to ..
: i i i 0SGP4 training approach and source code
Original MCS Algorithm®: Tailored for 1 satellite function with any satellite and any
with fixed reference point; unable to use SGP4 reference point, while making use of SGPA4. Original ML-0SGP4's Flaws®  Impact on Performance Our Solution
. Training method assumes Limits model’s ability to Use significantly
Inbut MCS archltecture and methodology uniform error propagation effectively reduce satellite smaller datasets to
pu . across all satellites propagation error reduce training time
Parameters Create a loss function, L. Mini-ML-

0SGP4
Source code inefficiently Training on an updated

parses the dataset line by dataset was projected to
line, slowing execution exceed 70 days

TLE,

Satellite-specific datasets
for optimal training

Sum the differences squared
between TLE,.; predictions,
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Neural Network
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Create an optimised TLE, with reduced errors l . k=1 + Cj)kj
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Simplex method: Find minimum value of L for each changed parameter set
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Monte-Carlo method: Randomly X Creating the dataset and computing Propogation Time
change original parameters Ground Truth

S L L L L L LEELIEELERCLEELIE EaCh TLE _ Ground Truth pair is

>< >< >< considered as 1 datapoint in the full
dataset

Mean of each parameter
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Results and Discussion

Propagation time (At) is the
difference between the ground
truth timestamp and the TLE
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(B) keNT RIDGE 1 with T=150

We created 4 loss functions, and observed 14001 14000 | — 7= 00 timestamp
Letandara (AX°+AV7) and L, (Ax°) performing  1.o0- 120001 E;Eg
the same and better than L,eighes _ 1000- 100004 — r-10 Creating datasets for Mini-ML-0SGP4 models

—— Standard SGP4

(WAX*+AV) and L,, (AV?). MCS algorithm
converges better when magnitude of L is & 4]

: 1.Three mini-datasets were created b
larger. Laanaorg used for all propagations. 0 4000 P selecting satellites orbital period !
2000 - soseroosttotR . . . . .
e reoneco zooo-¢ Minimum Intermediate Ve T 2.Training data included propagation times
changing the total number of TLE, or : - ., A nACK . Period Satellite Period Satellite Period Satellite below the 65" percentile.

Keeping the reference TLE constant while
0
0 10 20 3b 40 50
3.Validation and test sets were randomly

keeping total number of TLEs while (€) Time fdavs (D) Time / Days
changing the reference TLE led to MCS TELEOS-2 with 720.5 POEM-2 with =1 sampled from the remaining data.
4.0ne mini-model was trained per dataset.

) | o= T=10 40004 =< T=10

always performing worse than SGP4 for all ~ ***]/— stensar sere —

e e, ey ® 5000 1 2000 1

initial conditions. N . s opsastsre0e0sssset et
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Why did MCS perform so terribly? ™| — serrse / Results and Discussion
2000 M | | . | | | STARLINK - 2561 Mini Model

Hypothesis 1: MCS is physics unaware
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_ I == All three Mini-models demonstrated healthy 600 |1 | MLdsGPA
MCS randomly perturbs orbital elements -§°°°“_$Q< 2°°°'jﬁ:-’/ convergence during training and completed g : e bedhsors
without any respect for physical laws. The g o training in under 14 minutes. S — = Mean ML-dsGPa
orbit resembling the optimized TLE is very = ° - —— ' | | | | £ 200
different from initial TLE. 0000 { 7 §1oore scps 00 | T2 Mini-models for STARLINK-2561 and STARLINK-
Minimizing loss # physically valid orbit 5000 zooo-M 5350 consistently produced lower errors than T 10000 ~5000 0 5000
. S °c 2 3% 4w s °c 1 2 3 4 s the rival models (SGP4 and ML-dSGP4), with a VSSE wini — V'SSE hiva
Hypothesis 2: TLE data set limitation Time / Days Time / Days significant reduction in error magnitude. STAR.LINK—5350lMiniiModeI
TLEs are randomly spaced in time. Figure 1: Only position error is shown as velocity error scales STARLINK-6060's mini-model did not perform as _ 30007 R
Optimization takes place at different similarly. (A) Performance of different loss functions. (B) MCS well. Mini models trained for lower orbital € 2000 | == MeanSGP4
points on the orbit. performance with different reference TLE, f, and constant total period satellites performed better ;T e
If TLEs spacing is constant, optimisation number of TLE, T. (C) and (D) MCS performance with constant f * 10007
may be better. and different T. 0
-60 -40 -20 0 20 40
Why did Mini-ML-0SGP4 models V'SSE wini — VSSE rival
Conclusion and Future work Acknowledgements perform better? e
This project robustly showed MCS algorithm performs | We express our gratitude to STAR’s director Each model was trained on a single satellite, £ T
worse than SGP4 in the current setup, and Mini-ML- | and Lab Mentors for their constant support, allowing it to learn that satellite’s unique error ;7 5000 '
dSGP4 performs well. Improvements for both should be | feedback and patience, to our SPS Mentors propagation patterns without being influenced — *
ablation studies, where we only perturb single | for constant and even last minute feedback, by the aggregated noise of a multi-satellite TV ——— ; s000 10600
parameters in MCS and analyze hidden layers and their | and our SPS friends for the impromptu help. dataset. VSSE wini — VSSE ival
neurons in Mini ML-0SGP4 to find exact stress points in | Lastly, we thank the NSCC Singapore for _ Figure 2: Histogram of error distribution for all mini-
the algorithms, which will allow for better Doppler shift | allowing us to use their resources. The S_ma”?'j da’Fasets aIs.o C|rcu.mven.te.d SOUICE€  models compared against SGP4's and ML-0SGP4's
calculations due to accurate position and velocity. code inefficiencies, enabling rapid training. predictions.
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