Joint Tracking of SMART-1 with VLBI and USB
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Abstract: Chinese lunar exploration mission Chang’E-I will make use of a Unified S-Band (USB) system and a network of Very Long Baseline Interferometry (VLBI) antennas to meet the orbit determination/predication requirements of spacecraft tracking and scientific data analysis. It presents a challenge to the TT&C system, which will for the first time handle a spacecraft at a distance of about 380, 000 km. Luckily, an ESA lunar exploration spacecraft, SMART-1, provided a perfect chance to quantify the contributions of VLBI, and to test and evaluate the potential performance of the USB-VLBI joint system. When an experiment of joint tracking was carried out from May 29 to Jun. 2, 2006, SMART-1 was on an ecliptic 350(3000 km orbit with an inclination of about 80O. We investigate in this paper the quality of the data obtained and analyze the precision of orbit determination with different data arcs and data combinations, using GEODYN II orbit determination software. Based on 5 days data, we are able to show that the residuals of VLBI delay data is about 3 ns (RMS, root-mean-squares), the residuals of VLBI delay-rate data is about 1ps/s, the residuals of range data is about 1~3 m and Doppler data is about 3~6 cm/s. Orbit determination converges with 30 minutes’ USB and VLBI data and may be predicted for one orbital period (about 5 hours). By referring to the ESA reconstructed orbits, we show that the predicted position error is about 250 m and the velocity error is about 15 cm/s (RMS). The orbit determination error with 24 hours’ USB data alone is about 100 m, and 300 m with 24 hours’ VLBI data alone. For orbits obtained using 5 days USB data, the position error is about 6～10 m, and there is only a slight improvement when including VLBI data. For one-day orbital overlap, the RMS of the position error is about 25～30 m. We conclude that for Chang’E-I, the inclusion of VLBI data, could improve substantially the performance of orbit determination and prediction, even though the VLBI data acquisition and real-time correlation imposes a major burden on data processing.

Introduction
SMART1 facts may be found at http://www.esa.int/SPECIALS/SMART-1/index.html. SMART-1 is the first of ESA’s Small Missions for Advanced Research in Technology. It traveled to the Moon using solar-electric propulsion and carrying a battery of miniaturized instruments.

[image: image1]
Fig.1 An illustration of SMART1

A joint experiment with a USB tracking system consisting of Qingdao and Kashi, both equipped with one 12-m up-link antenna and 18-m down-line antenna, and a VLBI network of Shanghai, Beijing, Kungming and Urmuqi, was carried out from May/29, 2006 to June/02, 2006, when SMART-1 was on an ecliptic 350(3000 km orbit with an inclination of about 80O. ESA tracking data from Vilspa and Perth during the same time period were provided for confirmation and validation purposes.      


[image: image2]
Fig.2 VLBI facilities in China

	
	SMART-1
	CE-1 moon capture
	CE-1 mission

	Apoapse
	3020km
	4350 km
	200 km

	Periapse
	350 km
	200 km
	200 km

	Period
	5 h
	12 h
	2 h

	Inclination
	80deg
	90deg
	90deg


Table 1: Some orbital parameters of SMART1 and Chang’E 1
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Fig. 3 An illustration of the joint tracking system

1. Data analysis method
We used GEODYN II that was developed by Goddard Space Flight Center of NASA. Data weighting turned out to be important in the orbit determination. For simplicity, noise levels were set to 3 m for range, 3 cm/s for range rate, 3 ns for VLBI delay and 1 ps/s for delay rate.

	
	Model and parameters

	Reference system
	Lunar-J2000

	Lunar gravity
	JGL165p1，70×70

	Ephemerides
	JPL DE403/LE403

	Solar radiation pressure
	Fixed mass-area ratio, 287.738 kg/15.076 m2

	Wheel-load-off
	Data ESA provided

	Relativistic effects
	Schwarzschild

	Initial orbit
	ESA predicted

	Estimated parameters
	6 orbital elements + SRP factor Cr + biases


Table 2: Force models for SMART1 orbit determination

Measurement Model

Range:
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range rate: 
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VLBI delay:
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VLBI delay-rate:
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Fig. 4 Distribution of SMART1 tracking data
2. Date assessment 

Taking ESA’s re-constructed orbit as reference, residuals of tracking data were computed for data assessment. Two observation and post-processing modes were used for VLBI: for the first 4 days, May 29- Jun. 1, the narrow-band mode for both Smart1 and radio sources. Data collected at the four antennas were sent to Shanghai in a real time data transfer mode via a 24MB commercial communication network for correlation and post-processing. Band-width effects on delay were corrected in the post-processing, after which VLBI delay and delay rate data were distributed within 10 minutes to orbit determination centers at Beijing, Xian and Shanghai. For the experiment of Jun.2, wide-band data were recorded on tapes and then sent to Shanghai via air-mail.
	
	MEAN
	RMS

	
	Delay, m
	-0.10
	1.04

	
	Delay rate, cm/s
	-0.00
	0.25

	USB, Kashi
	Range, m
	-81.30
	0.50

	
	Range rate, cm/s
	-1.86
	5.70

	USB, Qingdao
	Range, m
	-20.70
	3.20

	
	Range rate, cm/s
	-0.79
	3.60


Table 3 Statistics of the data residuals referenced to ESA re-constructed orbit
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Fig. 5 Residual time series for range (left) and range rate (right)
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Fig. 6 Residual time series for VLBI delay (left) and delay rate (right)
3. Results

· 5-day long-arc orbit determination with all tracking data (Chinese USB + VLBI). 


[image: image13]
Fig. 7 Difference between 5-day long arc orbits with Chinese data referenced to re-constructed orbit
· 5-day long-arc orbit determination with VLBI data only. 


[image: image14]
Fig. 8 Difference between 5-day long arc orbits with VLBI data referenced to re-constructed orbit

· 1-day orbit determination with range and VLBI delay rate data. 
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Fig. 9 Residual of range and range rate data, Kash (blue) and Qind(red) range data were used for OD
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Fig. 10 Residual of delay data used for OD
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Fig. 11 Residual of delay rate data, not used for OD
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Fig. 12 Comparison of 1-day orbit referenced to the ESA Re-constructed orbit
4. Summary

ESA lunar exploration spacecraft, SMART-1, provided a perfect chance to quantify potential contributions of VLBI to the tracking of Chang’E, and to test and evaluate the potential performance of the USB-VLBI joint system. When an experiment of joint tracking was carried out from May, 29 to Jun., 2, 2006, SMART-1 was on an ecliptic 350(3000 km orbit with an inclination of about 80O. We investigate in this paper the quality of the data obtained and analyze the precision of orbit determination with different data arcs and data combinations, using GEODYN II orbit determination software. Based on the 5 days data, we are able to show that the residuals of VLBI delay data are about 3 ns (RMS, root-mean-squares), the residuals of VLBI delay-rate data are about 1ps/s, the residuals of range data are about 1~3 m, and Doppler data are about 3~6 cm/s. Orbit determination converges with 30 minutes’ USB and VLBI data and may be predicted for one orbital period (about 5 hours). By referring to the ESA reconstructed orbits, we show that the predicted position error is about 250 m and the velocity error is about 15 cm/s (RMS). The orbit determination error with 24 hours’ USB data alone is about 100 m, and 300 m with 24 hours’ VLBI data alone. For orbits obtained using 5 days USB data, the position error is about 6～10 m, and there is only a slight improvement when including VLBI data. For one-day orbital overlap, the RMS of the position error is about 25～30 m. We conclude that for Chang’E-I, the inclusion of VLBI data, could improve substantially the performance of orbit determination and prediction, even though the VLBI data acquisition and real-time correlation imposes a major burden on data processing.






PAGE  
9

[image: image19.png]Gallum-arsenide solar panels

Attt and Orbit .
Cortrol Sy

T18C system



[image: image20.png]& vLBIFacilities in China

Unmgi(2m] Beiig 5im)

Famig(0m) T e



[image: image21.jpg]unit:m/s

40 60 80
Time from UTC05-29 00:00:00,unit:hour



[image: image22.jpg]£

40 60 80
Time from UTC05-29 00:00:00,unit:hour



_1205672590.unknown

_1252566985.unknown

_1252567072.unknown

_1205672573.unknown

