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Table 3 Retro-reflector coordinate adjustment results

S dx/m dy/m dz/m
“BT 2 115” (Apollo 11) -0.0171  -0.0930  —0.0263
“H¥kZE15” (Lunokhod 1) 00150 —0.0718  -0.068 5
“Bi % 145”7 (Apollo 14) -0.0287 01257  0.0317
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Fig. 8 LLR data check residuals of 2015-2021 after retro-reflector
coordinate adjustment
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Table 4 Retro-station coordinate adjustment results

M dv/m dy/m dz/m
Grasse —0.103 2 -0.010 7 —0.042 2
Matera —0.109 5 —0.0380 —0.0118
Apache 0.048 6 0.1132 —0.048 6
Wettzell —0.082 7 -0.0300 -0.092 0
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Lunar Orbit, Libration Modeling and LLR Data Application for
High-precision Ephemeris

YANG Wanling', GAO Wutong', SU Wenjie', YAN Jianguo', PING Jinsong’

(1. State Key Laboratory of Surveying, Mapping and Remote Sensing Information Engineering, Wuhan University, Wuhan 430079, China;

2. National Astronomical Observatories, Chinese Academy of Sciences, Beijing 100012, China)

Abstract: This study proposes a unified modeling and computational framework for lunar dynamics. Based on the weak-field
approximation of general relativity, the framework systematically incorporates the major physical effects involved in orbital motion
and dual-layer forced lunar libration, including gravitational perturbations from main-belt asteroids, the solar ./, term, tidal deforma-
tion, and inertia tensor delay. It establishes a modular and highly consistent system by unifying dynamical derivations, reference
frame definitions, and time system specifications. Using this framework, two-way Lunar Laser Ranging (LLR) data from 2015 to
2021 were processed, while the coordinates of lunar retroreflectors and terrestrial tracking stations were independently solved. The
results show that the maximum deviation between the predicted orbit and the DE430 ephemeris along the Earth-Moon line is within
0.182 m, and the predicted error in physical libration Euler angles remains within 600 mas over 50 years. The post-fit root mean
square (RMS) of one-way LLR residuals reaches 2.46 cm after reflector adjustment and 1.68 cm after ground station adjustment. This
study demonstrates the physical consistency and practical adaptability of the unified modeling system, providing key technical
support for the autonomous development of high-precision lunar ephemerides.
Keywords: lunar orbit prediction; libration prediction; lunar two-layer forced libration model; LLR data processing
Highlights:
e Proposes a unified modeling and procedural realization framework for lunar orbit and libration dynamics.
e Integrates major physical effects and standardizes dynamical modeling, reference frame, and time system across orbital and
libration models.
e Achieves sub-meter accuracy in Earth-Moon line predictions and 600 mas level libration forecasts compared to the DE430
ephemeris.
e Independently processes 2015-2021 LLR data with post-fit residual RMS reaching 2.46 cm for reflectors and 1.68 cm for ground
stations.

e Provides a technical foundation for high-precision LLR data processing and future independent lunar ephemeris development.
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