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LUMIO: Lunar Meteoroid Impacts Observer

LUMIO Mission statement
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1 ABSTRACT 
The Earth-Moon system is constantly bombarded by meteoroids of different sizes, and 
their numbers are significant. By observing the lunar surface impacts, whose flux is similar 
to that of the Earth, we could obtain detailed information regarding their magnitudes, 
velocities, temporal and spatial distributions. This information has applications in 
generating high fidelity solar-system meteoroid models, validating the existing lunar 
impact models, contributing to lunar seismology studies and interior modelling, and 
initiating a Lunar Situational Awareness programme for future exploration missions. The 
flashes produced by the lunar meteoroid impacts are observed currently from Earth-based 
resources, but they are restricted by geometry, illumination, and weather. 
The present Challenge Response proposes a Lunar Meteoroid Impact Observer (LUMIO), 
placed at Earth-Moon L2, to observe, quantify, and characterise the meteoroid impacts by 
detecting the impact flashes on the lunar farside. This will complement the knowledge 
gathered by Earth-based observations of the lunar nearside, thus synthesising a global 
information of the Lunar Meteoroid Environment. The mission utilises a 12U form-factor 
CubeSat which carries the LUMIO-Cam, an optical instrument capable of detecting light 
flashes in the visible spectrum to continuously monitor and process the optical 
information. The mission utilises a novel orbit design technique and latest CubeSat 
technologies to serve as a pioneer in demonstrating how CubeSats can become a viable new 
tool for innovative planetary research and deep space exploration. 
Keywords: Meteoroids, Lunar impacts, Lunar observation, Lunar CubeSats. 
 
1.1.1 Overview of the Challenge Response 

The general mission architecture is shown below. The proposed solution brings significant 
increase in observation quality, space, and time, leading to a collection of vast data. 

 
  

Lunar Meteoroid Impacts Observer (LUMIO) is a CubeSat mission to a halo orbit at 
Earth-Moon L2 that shall observe, quantify, and characterize meteoroid impacts on the 
Lunar farside by detecting their impact flashes, complementing Earth-based 
observations on the Lunar nearside, to provide global information on the Lunar 
Meteoroid Environment and contribute to Lunar Situational Awareness. 



LUMIO: Lunar Meteoroid Impacts Observer

Motivations

‣ Earth-Moon system continuous bombarded by meteoroids 
- Earth: Atmospheric explosions 
- Moon: Change in the surface 

‣ Why studying lunar impacts 
- Understand evolution of top layer 
- Characterize meteoroid population 
- Quantify hazards in view of human/robotic exploration 

‣ Impact energy breakdown: 
- Seismic wave, crater, light flash 

‣ Remote detection of light flash viable option 
- Ground-based campaign are conducted 

• Restricted by geometry, illumination 
• Biased by atmosphere, wether
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2 TECHNICAL AND SCIENTIFIC CONTENTS 
2.1 SCIENCE INVESTIGATION 

2.1.1 Introduction 
Impacts due to near Earth objects (NEOs) could cause a devastating humanitarian crisis 
and potentially the extinction of the human race. While the probability of such an event is 
low, the outcome is so catastrophic that it is imperative to invest resources to mitigate 
them. Telescopic surveys detect NEOs >1 km down to 1 meter, but there are few direct 
methods for monitoring the sub-meter meteoroid population. Serendipitous monitoring of 
atmospheric explosions due to airbursts of meteoroids are being undertaken (Figure 1). 
These objects are part of the ~33 metric tons of debris impacting the Earth each day. 

Vast amounts of meteoroids and 
micrometeoroids continuously enter the 
Earth-Moon system and consequently 
become a potential threat which has 
caused, in particular, a substantial change 
in the lunar surface and its properties (RD 
[1]). The Moon has no atmosphere to 
protect itself and is subjected to impacts 
from meteoroids ranging from a few 
kilograms to 10s of grams each day. Recent 

observations from the LROC instrument on NASA’s Lunar Reconnaissance Orbiter (RD 
[2]) have provided direct evidence for the devastating effect of such impacts on the lunar 
surface. Based on these observations, it is now evident that the top few cm of the regolith 
on the entire lunar surface is moved every 81,000 years. This new finding is significant as 
previous models had predicted it to occur over a period of 10 million years. The constant 
mixing of the regolith with exogenic material (remnant impactor material) has 
implications for studying the lunar surface using remote sensing techniques, such as 
reflectance spectroscopy that sample only the top hundred microns. The high impact rate 
on the lunar surface also has important implications for future human and robotic assets 
that will inhabit the Moon for significant periods of time, and a greater understanding of 
these impacts is required. This led to a surge in research in lunar observations from Earth. 
The observations from LROC provide only corollary information (rather than direct 
observations) about the impactor population. At present, there are a handful of dedicated 
ground-based small telescopes operated by NASA Meteoroid office that monitor the lunar 
surface for a few hours about 10-12 nights each month. However, ground-based assets can 
only observe the lunar nearside, and such observations are also affected by poor weather as 
a majority of the sites are at sea level. Future Moon bases, robotic and human exploration 
of the Moon will require a dedicated space-based lunar impact-monitoring mission to 
address the problem of weather dependent observation quality and also to fully understand 
the impact of NEOs on the far-side of the Moon. 
2.1.2 Motivations 
The meteoroid impacts are sporadic events or a part of larger meteor showers. Some of the 
known meteor showers into the Earth-Moon system are the Geminids, Perseids, and 
Leonids. The number of lunar surface impacts due to these showers are high, between 10-

 
Figure 1: Bolide events (1994-2013). 

Video by NASA Marshall
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LUMIO Science and exploration

LUMIO mission offers unique opportunities 
‣ Science 

• Perform continuous, high-quality observations of lunar far side 
- Generate/validate solar-system meteoroid models 

• Investigate into impact physics, impact models 
- Understand the nature of meteoroids in cis-lunar space 

• Contribute to lunar seismology, dust exosphere, stratigraphy 
• Complement Earth-based observations 

‣ Exploration 
• Fly a CubeSat into lunar environment 
• Realise an Earth-Moon L2 outpost 
• Test orbit control with CubeSat (fly beyond LEO) 
• Pave the way to Lunar Situational Awareness
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How to detect impact flashes?

Flashes detected in visible spectrum 
‣ Objectives 

• Global coverage of lunar far side 
• Address both meteor showers and sporadic events 
• Science products 

- Spatial location and epoch of event 
- Intensity of the flash 
- Frames containing events 

‣ Constraints 
• Full moon disk to be observed 
• Detectable only in dark portion of lunar surface 
• Integration time longer than typical event duration 
• Detector sufficiently sensitive to typical intensity

5
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LUMIO-Cam

Optical instrument capable of detecting light flashes produced 
by the meteoroid impacts 

Target performances 
‣ SNR > 5 
‣ Mag ≤ 6
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2.3.1.6 LUMIO-Cam Budgets 
Following these considerations, a preliminary budgeting evaluation has been done for 
LUMIO-Cam. The results for mass and power are reported below (Table 4 and Table 5). 
These budgets satisfy the requirements in Table 2 with realistic margins. 

Item Mass 
(g) Remarks 

Optics Assembly 800 Lens and mechanical 
frame 

Detector 
Assembly 300 Detector, TEC, thermal 

straps 
Electronics 600 All the boards 

Structure 700 Main structure, covers, 
screws 

Harness 100 - 

Total 2500 3000 g including 
20% margin 

 

Item Power 
(mW) Remarks 

Detector 200 - 

Detector TEC 2300 peak (cool-down): 
2.8 W 

Proximity Electronics 500 - 
HW pre-processor 500 - 

Processing unit 500 - 
Memory 1500 - 

Total 5500 
6600 mw 

including 20% 
margin 

 

Table 4: LUMIO-Cam mass budget. Table 5: LUMIO-Cam power budget. 

2.3.2 Payload On-Board Data Processing System 
To process the science products of LUMIO, we intend to develop a system that implements 
onboard payload data processing of LUMIO-Cam images. This is due to the high amounts 
of payload data generated during the nominal science operational phase. 
There are three main acquisition scenarios foreseen: 
1. Meteor shower conditions (~40 impact flashes per 24-hour period expected); 
2. Average conditions, during partially or non-illuminated lunar surface (~4 impacts/24h); 
3. Fully illuminated lunar surface (payload not operated). 
LUMIO-Cam has a detector size of 1024x1024 pixels giving an image file size of 2 MB 
(MBytes). The camera is operated at a 3 Hz frequency, acquiring three images every second 
of operation. This results in a nominal data rate of 6 MB/s. If we assume the payload is 
operated 50% of the time (from 50% illuminated waning Moon to 50% illuminated rising 
Moon, see Section 2.4.3.1), the monthly data amount acquired results in 7.8 TB, with a 
daily generated data that amount to 0.5 TB. Assuming a data compression technique 
allowing for an 80% compression rate, the daily payload data during operations amount to 
104 GB and monthly data accumulate to 1.5 TB. 
The requirements in AD [2] are that at least 10 days of data need to be stored on disk, 
assuming no communication with the Lunar Orbiter is available. 10 days of compressed 
payload data amounts to 1 TB. Assuming a communication link with 8 kbps (kilobits per 
second, see Section 2.4.3.4) capacity, and assuming the payload data downlink is allowed 
to utilize this link 100% for a period of time, the downlink data capacity would be 230.4 
MB/hour. With this communication link 100% available it would require 26.8 weeks to 
downlink 10 days of raw, compressed payload data. 

Onboard payload data processing system is therefore unavoidable for LUMIO mission. 
The schematic shown in Figure 8 indicates how the payload processing fits into the overall 
data architecture for the LUMIO mission. During nominal operations, it is expected 
that LUMIO-Cam detects about 4 meteor impact flashes per 24-hour period. Each impact 
flash has a time duration of 3 seconds, resulting in a total of 9 images acquired for each 
event, and a data amount of 18 MB per event. The onboard system makes it possible to 
store only images containing a flash, while those without flashes are discarded. This results 

LUMIO-Cam mass budget
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that LUMIO-Cam detects about 4 meteor impact flashes per 24-hour period. Each impact 
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event, and a data amount of 18 MB per event. The onboard system makes it possible to 
store only images containing a flash, while those without flashes are discarded. This results 

LUMIO-Cam power budget
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2.3.1.4 LUMIO-Cam Mechanical Layout 
Although the mechanical layout 
will be detailed during the 
Challenge Analysis, the baseline 
hypothesis is to accommodate the 
electronics board around the lens 
as depicted in Figure 5. This 
configuration, similar to some Star 
Sensors developed by Leonardo 
(Figure 6), allows 1) having a very 
compact instrument and, 2) using 
the boards as shield for the optics. 
The dimensions for the camera, 
with this layout, are 100 x 100 x 
250 mm (see the LUMIO-Cam 
budgets in Section 2.3.1.6). 

2.3.1.5 LUMIO-Cam Algorithm and Modes 
The detection logic implemented in the LUMIO-Cam electronics is performed in two steps. 
x Real time noise and fixed pattern filtering by thresholding, saving only interesting 

windows (wired logic – ASIC or FPGA) 
� Thresholding to select bright pixels 
� Segment encoding if more adjacent bright pixels are found in the same line 
� Pixel encoding 

x Identification of correlated (space/time) events that could be interpreted as meteor’s 
trails (software - microprocessor) 

� Derivation to reject staring light sources 
� Clustering between adjacent segments on different lines 
� Barycentre determination on each target 
� Target selection based on inter-frame displacement to identify paths 

The foreseen operating modes, as shown in Figure 7, are: 
x Initialisation (INI) Mode 
x Standby (STB) Mode 
x Image (IMG) Mode 
x Event detection (MET) Mode 
x Calibration (CAL) Mode 
x SW Maintenance (SWM) Mode 

 
Figure 7: LUMIO-Cam acquisition concept. 

It is worth noting that the camera, due to extremely reduced dimension and budget, cannot 
include hardware for calibration purpose. Therefore, the Calibration Mode is used to check 
the presence of defective pixels (in addition to the ones detected during in-house 
calibration). This is done by looking at a dark reference (a darkened scene on ground or the 
cold space when in flight). The observation of the dark scene allows detecting all those 
pixels whose level is over an allowable limit and to store them within the camera memory.  

INITIALISATION MODE
(INI) SW MAINTAINANCE MODE

(SWM)

CALIBRATION MODE
(CAL)

STAND-BY
(STB)

IMAGE MODE
(IMG)

EVENT DETECTION MODE
(MET)

TC

RESET

TC TC

TC

TC

TC

EEPROM SW

PROM SW

 
Figure 6: LUMIO-Cam Opto-mechanical layout hypothesis 

(left); Star Sensors by Leonardo (right). 
LUMIO-Cam Opto-mechanical layout
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2.3 SCIENCE IMPLEMENTATION 

2.3.1 Instrumentation 
The instrumentation used to monitor, detect, and characterize the impact of the lunar 
meteoroids on the lunar surface is the LUMIO-Cam. This is an optical instrument that is 
capable of detecting the light flashes produced by the meteoroid impacts. One of the major 
design choice regarding the detector is related to the observation spectrum. The limited 
size of the spacecraft requires limiting the detector to a single observation spectrum 
interval. Both observation in the visible and in the SWIR rage have been considered. 
However, due to limited size and power, the SWIR option has been discarded, so focussing 
the design of both the detector and the optics on the visible observation spectrum. 

2.3.1.1 LUMIO Camera (LUMIO-Cam) 
The requirements for the payload 
preliminary definition are reported in 
Table 2. Designing and sizing this 
camera was based on many different 
factors, ranging from the radiometric 
and geometric requirements to the 
specific need for acquisition and 
processing. Figure 2 summarizes the 
logic and the interactions to be 
considered for the complete 
instrument design. The LUMIO-Cam 

subsystem breakdown is instead shown 
in Figure 3. 

  
Figure 2: Logic for LUMIO-Cam design. Figure 3: LUMIO-Cam subsystem breakdown. 

In the following, a preliminary iteration for the main subsystems of this camera is 
presented on the basis of some assumptions and engineering evaluations.1  
                                                   
 
1 These assumptions are mostly based on a previous experience done by Leonardo during the S-Posh Study (2003-2005) 
funded by ESA for the study of a ‘Smart Panoramic Optical Head’. The main goal was to develop the technology for a 
space-qualified, very light-sensitive camera with a wide field of view, both from the hardware and the software side. The 
scientific application was the imaging of phenomena on the dark side of planets or moons, e.g. lightning flashes from 
thunderstorms or electrical discharges in sand storms, meteors, impact flashes, auroras, etc. Leonardo (Galileo Avionica 
at that time) developed a complete breadboard during study that demonstrated the camera and required applications 
feasibility through ground tests. 

PROCESSOR
&

SOFTWARE ALGORITHMS

PROCESSING POWER

DETECTOR

RADIOMETRY

PROXIMITY
ELECTRONICS

MEMORY

GEOMETRY

APERTURE

OPT. QUALITY
DISTORSION

FOCAL LENGTH
F-NUMBER

PIXEL SIZE, NUMBER

OPTICSRESPONSIVITY

NOISESPEED

SAMPLING 
ACCURACY

DATA TRANSFER

WAVEBAND
SENSITIVITY

Parameter Value 
Max Mass 4.5 kg 
Max Size 10 cm x 10 cm x 30 cm 

Max Front Face Area 10 cm x 10 cm 
Max Power 10 W 

Temperature 263 K – 293 K 
Spatial Resolution (GSD) 3.4 km/pixel 

Temporal Resolution 3 images/s (exp. time ~ 0.3 s) 
Field of View 3.5 x 3.5 deg2 

Observation Spectrum 0.45 – 0.89 µm  
Distance to target ≈ 60000 km 

Pointing knowledge ± 30 arcsec 
Pointing stabilization 40 arcsec/s 

Table 2: Payload requirements. LUMIO-Cam requirements
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On-board payload data processing

Storing all data on-board is prohibitive (104 GB/day) 
‣ On-board data processing is performed in LUMIO 

• Store only images containing flashes, discard the others 

Dara of different levels are available 
‣ Level 0 (raw data) to Level 4 (products) 
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in a raw data amount of 72 MB in 24-hours, to be stored for further processing. 10 days of 
data is thus 720 MB, which takes 40 hours of transmission with 8 kbs data rate. During 
meteor shower operations, the raw imagery data rise to 720 MB/day (40 events/ day). 

 
 

Figure 8: LUMIO-Cam data processing. Figure 9: LUMIO-Cam data processing chain. 

With reference to Figure 9, the following processing architecture is proposed. 

x Level 0: Raw instrument data. 
x Level 1a: Filtered data where non-eventful frames are removed. Instrument model and 

calibration data have been used to carry out radiometric corrections. 
x Level 1b: Geometrically corrected data. Account for spacecraft orbit, possible removal 

of undesirable effects due to sensor geometry. 
x Level 2a: Seleno-referenced data. Data that have been mapped to a Lunar referenced 

lat/lon spherical coordinate system featuring the dark hemisphere of the Moon. Possibly 
image rectification can be used to match known Lunar features with features in data. 

x Level 3a: Ortho-rectified data acquired by using a Lunar Digital Elevation Model. 
x Level 4: Science products. A product containing time-stamped impact events with 

start/stop time, coordinates of all pixels belonging to a flash at maximum extent, as well 
as their values, centre point coordinates of the flash, impact vector, object mass and 
velocity. This can be broken down into more sub-levels: 4a, 4b. 

It is possible to choose the level at which the processing should be stopped, and the data 
product can then be relayed to the Lunar Orbiter. When LUMIO operates and saves data 
continuously for up to 10 days while being in the meteor shower, it is only feasible to save 
Level 4 data and later relay them. This processing chain is developed by using standard 
Earth remote sensing procedures tailored for the Lunar environment. A review of the 
approach will be performed with the science partners during the Challenge Analysis. 

The suggested OnBoard payload Data Handling system (OBDH) hardware platform is a Q7 
processor board that contains a ‘system-on-chip’ which comprises a multi-core CPU, a 
GPU and standard computer interfaces. The precise selection of the board and whether 
one with a Q7 interface is required will be done in conjunction with the payload team 
during the execution of the LUMIO project. The software platform for the OBDH software 
is a Linux OS. The exact distribution and version of the Linux OS will be determined at a 
later stage. The OS will be installed on the local storage of the Q7. 

Several software applications could run on the OBDH hardware, see Figure 10. The 
proposed software applications to run on the Q7 are: 

x External interface control: This application contains the main loop determining the 
operational mode of all applications running on the Q7. This would interface between 
the On-Board Computer (OBC) and the Message Passing Interface (MPI). 
o The External interface control application controls the OBDH software. It determines 

if data needs to be processed and further handles the resulting data product after the 

LUMIO-Cam data processing chain
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LUMIO-Cam data processing scheme
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Mission analysis

‣ LUMIO is injected into 200x15,000 km orbit by a mothership 
‣ 5 mission phases → 

‣ Operative orbit 
• L2 halo orbit 

- Permanent, full-disk observations 
- Complements ground-based surveys in space and time 
- Easily accessible, almost free of eclipses 
- Both Earth and lunar far side always visible 
- Locked into 2:1 resonance w/ S-E-M synodic period (14.8 / 29.5 days)
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processing has been performed. By sending commands through the MPI, the 
Instrument control is able to let the OBDH perform any of the defined actions. In 
return, the OBDH will report its status to the Instrument control. 

x Data handler: This application manages the PCIe interface to the ICU control board, 
including acquisition and storage of the L0 (raw) data product from the instrument. 
o The data handler provides the Level 0 data that needs to be processed through the 

external storage. There is no live connection between the OBDH and the Data handler 
through the MPI (TBC). 

x MPI: The Message Passing Interface is a message bus for all software applications 
running on the Q7 board. It relays messages to and from the OBC through Instrument 
control and stores data that is sent from the OBC to the external storage. 

x OBDH software: This application performs the data processing from any input level 
to any higher data processing level. 

The various data files 
generated by the OBDH, and 
stored in local storage or 
distributed to the downlink 
communication archive, are: 1) 
Product files: Level-1a to 
Level-4a/b meteor impact 
flash detection products; 2) 
Configuration files: File read 
by the OBDH to retrieve configuration of the OBDH software itself, e.g. OBDH parameters, 
feature enable/disable, external file locations, etc; 3) Calibration file: An application 
specific file read by the OBDH to retrieve the Instrument Calibration Parameters (ICP), 
used for the data processing process; 4) Third party auxiliary data: Standard files read by 
the OBDH to support the data processing process. This can include a lunar DEM, a 
database of nearby objects, etc.; 5) Log files: These files are written and cleaned up by the 
OBDH. The purpose of them is to allow for problem analysis in case an issues occur. 

2.4 MISSION IMPLEMENTATION 

2.4.1 Mission Analysis 
2.4.1.1 Mission Phases 
The mission phases and the main activities that characterize them are outlined in Table 6. 

Mission phases 
Deployment Transfer Commissioning Operation EOL disposal 

x Switch on 
x Deployment and 

early operation ph. 
x Stabilization and 

attitude acquisit. 
x Establishing 

communication 
x Propulsion system 

commissioning 

x Orbit determination 
x Execution of plane 

change maneuver 
x Communication 
x Execution of man. 

injection maneuv. 
x Communication 

with lunar orbiter 

x Orbit 
determination 

x Orbit acquisition 
x Payload 

calibration 
x Starting of 

operations 

x Images 
acquisition 

x Images on board 
processing 

x Communicat. of 
science products 

x Attitude/orbit 
determination 

x Attitude/orbit 
control maneuv. 

x Orbit determination 
x Communication with 

lunar orbiter 
x Execution of disposal 

maneuver 

Table 6: LUMIO mission phases. 

 
Figure 10: HW and SW for onboard P/L data processing. 
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2.4.1.2 Operative Orbit 

After a preliminary trade-off analysis, the Earth-Moon L2 region has been deemed an 
ideal location for the nominal operation of LUMIO. In particular, the halo orbit detailed in 
Table 7 (Az = 9,720 km) has been selected. This choice brings the following advantages: 
1. Permanent, full-disk observations could be accomplished, L2 being at rest with respect 

to the Earth-Moon system (whole lunar disc always in the FOV of LUMIO-Cam); 
2. Impact on the lunar farside are observed, this complements ground-based observations 

a. In space: nearside observations are performed with ground-based telescopes, and 
b. In time: ideal science conditions are mutually exclusive (the ideal condition at L2 is 

having 0% illumination of the lunar surface, which is a full Moon as seen from Earth). 
3. The selected operative orbit is relatively easily accessible from the Moon injection orbit. 
4. Eclipses last few minutes per year (RD [12]). 
5. Both the lunar farside and the Earth are always visible. 

Orbit type x-Amplitude (km) y-Amplitude (km) z-Amplitude (km) Period (days) 
L2 Northern Halo 14,491.8 34,589.2 9,720.9 14.82 

Table 7: Features of LUMIO operative orbit (amplitudes given wrt L2 in EMrf). 

The orbit geometry is shown in Figure 11. The distance with respect to the Moon (Figure 
12) varies between, roughly, 50,000 and 75,000 km (an average value of 65,000 has been 
considered in the remainder). The Moon-S/C-Sun angle (Figure 13) shows that the Sun 
completes a full revolution around the spacecraft in one synodic period (29.5 day). In that 
period, the spacecraft performs exactly two orbital revolutions. 

LUMIO is at rest wrt the Moon, Earth. It is also locked into a 2:1 resonance: 2 orbital 

revolutions in 1 synodic period. This makes operations steady, repetitive, and robust. 

   
Figure 11: Orbit geometry in the 

Earth-Moon rotating frame (EMrf). 

Figure 12: Distance wrt the 

Moon (1 period). 

Figure 13: Moon-S/C-Sun 

angle (1 synodic period). 

2.4.1.3 Orbital transfer 

Table 8 reports the orbital parameters2 of LUMIO injection orbit. This is a 200 x 15,000 
km altitude orbit about the Moon with inclination 50 deg (this setting is compliant with AD 
[3], Clarification No. 7). This orbit has period of approximately 22 hours. The nominal 
operative orbit is acquired through an orbital transfer made of two maneuvers, namely 
1. A plane change maneuver reduces the inclination and adjusts the other angular 

elements for later segment. The low-inclination orbit is given in Table 9 and Figure 14; 

                                                   
 
2 The orbital parameters are given in a reference frame centered at the Moon, having the x-axis aligned with the Earth-
Moon line (at initial time), the z-axis perpendicular to the Earth-Moon plane, and the y-axis that completes the frame. 

Orbit geometry Distance to Moon Moon-S/C-Sun angle

LUMIO mission phases
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Orbital transfer

‣ Two impulsive manoeuvres 
• Plane change → 

• Manifold injection
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2. A manifold injection maneuver is performed3 to place LUMIO on the stable manifold of 

the operative orbit and to lead to a free arc of transfer (red orbit, Figure 15). It takes 
11.40 days to reach point P in Figure 15 from the low-inclination orbit. 

a [km] 9338.0 

 

a [km] 9338.0  

 

e [-] 0.7924 e [-] 0.7924 

i [deg] 50.000 i [deg] 28.326 

Ω [deg] 319.62 Ω [deg] 314.47 

Ω [deg] 6.5503 Ω [deg] 10.612 

Table 8: Injection orbit Table 9: Low-i orbit. Figure 14: Plane-change maneuver. 
 

 

 Plane change maneuver (Figure 14) 
93.5 m/s 

Manifold injection maneuver (Figure 15) 
86.1 m/s 

Halo injection + 1 year of stationkeeping (RD [13]) 
25 m/s 

Total 

204.6 m/s 

Figure 15: Manifold injection maneuver. Table 10: Delta-V budget. 
 

The trajectory design uses state-of-the-art expertise of the bidding team in Lagrange point 
orbits, three-body dynamics, and trajectory optimization (RD [14]). The Delta-V budget is 
given in Table 10. This considers also the stationkeeping cost for 1 year of lifetime. 

The Delta-V budget can be considerably reduced if the injection orbit is modified to have 
a higher aposelene altitude or a lower inclination. 
2.4.2 Operations, Autonomy, and Navigation 
Cubesat navigation in the Earth-Moon system requires a complex set of operations 
(observations and processing) to identify the state of the S/C (i.e., position and velocity) 
via an Orbit Determination (OD) algorithms. Generally, OD estimates S/C position and 
velocity by a Least-Square (LS) minimization of the residuals between tracking data 
(measured observables) and modeled observables. The approach relies on mathematical 
models (i.e., non-linear equations of motion) that describe the S/C dynamics subject to 
gravitational and no-gravitational forces. 
Ground-based navigation cannot be implemented in LUMIO 4. A strategy exploiting 
communication with the Lunar Orbiter and the ability to acquire images has to be used. 
Recently, two Optical Navigation (OpNav) approaches have been considered for deep space 
navigation near small and large planetary bodies. The Star-based OpNav method 
determines the position of the center of the target body (i.e., the Moon) via a sequence of 
collected images (RD [15]). It removes camera pointing errors using background stars and 
then determine the center of the body of interest. The Landmark-based OpNav method 
employs features (landmarks) on the surface target body to iteratively compute the S/C 
position and attitude. State-of-the-art methods employ the StereoPhotoClinometry (SPC, 
                                                   
 
3 This maneuver is perfomed when the spacecraft is at true anomaly of 20 deg on the low-inclination orbit. 
4 Although LUMIO L2 halo operative orbit is always visible from ground. 

Manifold-injection maneuver and transfer orbit
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3 This maneuver is perfomed when the spacecraft is at true anomaly of 20 deg on the low-inclination orbit. 
4 Although LUMIO L2 halo operative orbit is always visible from ground. 
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2. A manifold injection maneuver is performed3 to place LUMIO on the stable manifold of 
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3 This maneuver is perfomed when the spacecraft is at true anomaly of 20 deg on the low-inclination orbit. 
4 Although LUMIO L2 halo operative orbit is always visible from ground. 
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3 This maneuver is perfomed when the spacecraft is at true anomaly of 20 deg on the low-inclination orbit. 
4 Although LUMIO L2 halo operative orbit is always visible from ground. 

Other options (i.e., release into 
different injection orbit) are 
being considered.

Injection orbit Low-i orbit
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Autonomous full-disk optical navigation using LUMIO-Cam
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Point an inertial direction 
and collect image of 

planet or Moon

Extract horizon 
points in image

Fit ellipse to 
horizon points

Use ellipse and 
planet ephemeris 

to estimate 
position
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‣ Error is ~1-10 km when full illuminated, ~100 km otherwise
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Space segment

LUMIO is a 12U CubeSat (2U x 2U x 3U) 
‣ Power 

• Deployable, Sun-tracking solar arrays 

‣ Propulsion 
• Two options 

- 4 green mono-propellant thrusters 
- Water micro-resistorjet propulsion
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RD [16]) based on the concept of constructing topo/albedo maps of surface patches with 

control point at the center. S/C position and attitude are iteratively computed by 

registering images with landmark tracked on derived shape model of the target body. SPC 

has been employed in many missions including Hayabusa (RD [17]), Dawn (RD [18]) and 

planned for close proximity OD by OSIRIS REx (RD [19]). 

During the period of performance, we will investigate and define the optimal approach for 

LUMIO navigation. We will execute a covariance analysis and evaluate projected ground-

based navigation performances obtained by integrated radiometric range with the Lunar 

Orbiter and OpNav observables. A study on the feasibility of employing on-board camera 

system for ground-based landmarks tracking and/or image processing for absolute 

navigation in the cislunar space will be considered. 

2.4.3 Overview of the Space Segment 

A preliminary design of all sub-systems has been 

performed, the results of which are shortly described in 

the next sub-sections. The resulting mass budget is 

shown in Table 11, and is compliant to an initial (wet) 

spacecraft mass of 24 kg. All sub-systems have been 

designed based on either existing or high-TRL 

components. The spacecraft meets all science 

requirements and is compliant to the required level of 

autonomy, taking into account the limitations on the 

available contact time with the Lunar Orbiter. 

In summary, LUMIO is a 12U form factor Cubesat (2U 

x 2U x 3U) with deployable solar arrays.   

2.4.3.1 Power 
The EPS shall generate, store, supply, and distribute power to the subsystems over the 

entire mission duration to support the nominal, standby, and peak power requirements 

(RD [20]). The power requirements of the subsystems are listed in Table 12; the power 

required by LUMIO-Cam has been margined to 7 W (see Section 2.3.1.6). 

Subsystem Nominal Power  (W) Standby Power (W) Remarks 
LUMIO-Cam 7 0.2 Impact flash observ. & OptNav 

P/L Process. 10 0.39 PL data process. Idle: 3.2 W 

COM 8 0.1 T: PL+TMdata, R: Receiver: 0.5W 

EPS 0.5 0.1 Power supply and distribution 

CDHS & OBC 3 0.5 Main computer and data handler 

ADCS 6 0.6 Reaction wheels and sensors 

PROP 15 0.01 Operated only during maneuvers 

TCS 15 0.01 Passive 

Table 12: Nominal and standby power subsystem breakdown. 

The power requirements based on the operational modes are listed in Table 13. One duty 

cycle, in which nominal operations are performed, is equivalent to one synodic period of 

the Moon, i.e., 29.53 days (see Figure 13). The operational modes are given in terms of 

days. The peak operational power is 52.9 W including the margins. In the operational 

modes, the active systems operate in full or in part whereas the rest are in standby mode. 

To achieve the required power, the solar array configuration shown in Figure 16 is 

proposed. The satellite has a 12U configuration (4x3). The solar array configuration 

consists of 4 sets of deployable arrays (shown in grey) having cells on the front & back 

Payload (w/ 20% margin)  3.00 kg 

Payload processor  0.20 kg 

Power  4.35 kg 

Propulsion  5.44 kg 

ADCS  1.17 kg 

Telecommunication  0.25 kg 

Thermal  0.35 kg 

Structure  4.36 kg 

On board computer  0.30 kg 

Harness  0.50 kg 

Total 19.92 kg 
Total w/ 20% margin 23.90 kg 

Table 11: Mass budget breakdown. Mass budget breakdown

Solar arrays configuration Power production, duty cycle
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Power Distribution Module with 10 current 

limiters, and operates at 15 W 3.3 V, 22.5 W 5 V, 

and 18 W 12 V regulated output to other 

subsystems. Table 14 summarises the mass of 

the EPS and the batteries. 

2.4.3.2 Propulsion 
Requirements. The propulsion system has been based on the following requirements. 

1. The initial spacecraft mass (including propellant) shall be 24 kg 

2. The orbital transfer phase shall be based on 2 (almost) impulsive thruster activations 

3. The first thruster activation for orbital transfer shall provide a DeltaV of 93.5 m/s 

4. The second thruster activation for orbital transfer shall provide a DeltaV of 81.6 m/s 

5. Each one of the two thruster activations for orbital transfer can be divided in several 

shorter activations, if necessary, at no additional DeltaV cost 

6. The station keeping in the final orbit shall require a total DeltaV of 25 m/s, 

corresponding to at least one year of mission lifetime in the final orbit 

7. Each thruster activation for station keeping shall provide a total DeltaV of 0.5 m/s 

Considerations. Two possible propulsion systems have been considered: 

x The Vacco/ECAPS Green Mono-Propellant Propulsion Module7. This system is based on 

ADN and offers a specific impulse (estimated) of 256 s. It has a volume of 1U, providing 

a total impulse of 1808 Ns with a propellant mass of 0.72 kg and a dry mass of 0.909 kg. 

Four gimballed thrusters are included, each with a thrust of 0.1 N, for a total thrust of 

0.4 N. The rated power consumption is 15 W during firing, 0.055 W in stand-by. 

x The water micro-resistojet propulsion system presently under development at TU Delft 

(see RD [21]), a version of which is specifically designed for LUMIO with target specific 

impulse of 120 s, total volume of 1U and initial tank pressure of 5 bar (blowdown mode), 

corresponding to an initial thrust of 3 mN per thruster when an equivalent throat 

diameter of 78 µm is chosen. 

Design Options. The orbital transfer is performed 

in any case with the Vacco/ECAPS mono-propellant 

system, since the thrust level of the TU Delft micro-

resistojet would require a too long burn time. For the 

station keeping phase, two options are considered: 

Option 1. The Vacco/ECAPS mono-propellant system 

is also used for station keeping, with the same 

thrusters (4x0.1 N each). With this system, the required 0.5 m/s per station keeping 

maneuver would be provided in a total burn time of 28 s/maneuver (Figure 18). 

Option 2. A total of 4 additional micro-resistojets are included to the propulsion system 

and used for station keeping. Preliminary design calculations show that the total required 

mass of water propellant is 0.47 kg and, for a total tank volume of 1U and an initial tank 

pressure of 5 bar, the final tank pressure in blowdown mode would be 2.58 bar. This 

corresponds to a thrust level ranging from 3 mN per thruster (initial) to 1.55 mN per 

thruster (final) and a total power consumption (while firing) ranging from 14 W per 

thruster to 7.2 W per thruster. The stand-by power consumption of this system would be 

                                                   

 
7 http://www.cubesat-propulsion.com/adn-micropropulsion-system 

Component Mass 
Solar panel (each) 0.04 kg 

Solar arrays (total) 2.40 kg 

Battery (total) 1.80 kg 

EPS bundle 0.15 kg 

Total 4.35 kg 
Table 14: Power subsystem mass budget. 

 
Figure 18: Propulsion design options. Propulsion design options
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LUMIO is a 12U CubeSat (2U x 2U x 3U) 
‣ ADCS 

• 4 RW, 2 Star trackers, 1 Sun sensor 

‣ Telecom 
• TM, TC, P/L downlink w/ mothership; UHF card (given) 

‣ Thermal, Struct, Config, OBC 
• Detailed design is being performed
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Angular velocities (one synodic period)
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pointing knowledge is ±30 arcsec and the pointing stabilization is 40 arcsec/sec (see Table 
2). Fine Sun Sensors shall be utilised for acquiring Sun’s position and Start Trackers shall 
be used for detecting celestial bodies. The ADCS unit also contains an Inertial 
Measurement Unit (IMU) which measures angular rates and body forces. 

Orbital transfer phase (mono-propellant) 
Propellant mass (1st impulsive maneuver) 0.88 kg 
Total thrust duration (1st impulsive maneuver) 1.53 hr 
Total required energy (1st impulsive maneuver) 22.95 Wh 
Required power (stand-by, transfer phase) 0.055 W 
Propellant mass (2nd impulsive maneuver) 0.74 kg 
Total thrust duration (2nd impulsive maneuver) 1.29 hr 
Total required energy (2nd impulsive maneuver) 19.35 Wh 

Station keeping phase (two options) 
Option 1 (mono-propellant) Option 2 (micro-resistojet) 
Propellant mass (total) 0.22 kg Propellant mass (total) 0.47 kg 
Thrust duration (total) 0.38 hr Thrust duration (total) a 16.9 hr 

Thrust duration (maneuver) 28 s Thrust duration (maneuver) 15.5/29.4min (BOL/EOL) 
Required energy (maneuver) 0.117 Wh Required energy (maneuver) a 14.5 Wh  

Required power (stand-by) 0.055 W Required power (stand-by) < 0.01 W 
Dry mass (mono-propellant) 2.32 kg Dry mass (mono-propellant) 2.05 kg 

Dry mass (micro-resistojet) N/A Dry mass (micro-resistojet) 1.3 kg 
Total propulsion budget (Option 1) Total propulsion budget (Option 2) 

Total mass (wet) 4.16 kg Total mass (wet) 5.44 kg 
Total mass (dry) 2.32 kg Total mass (dry) 3.35 kg 

Total volume < 2.5U Total volume < 3.2U 
Table 15: Propulsion subsystem budgets. 

 

The ADCS will compensate for disturbances 
such as Solar Radiation Pressure, reaction 
wheel friction, etc., by establishing necessary 
control laws. During payload operations, the 
momentum wheels should not saturate and the 
station-keeping propulsion system is used for 
momentum dumping. Figure 19 shows the 
angular velocities in the body fixed frame w.r.t 
the Earth centred inertial frame for one synodic 
period. The principal moments of inertia 
assumed are I1=0.05, I2=0.25, I3=0.3 kg m2 
based on 4 X 3U Cubesat + error margin. 
Assuming a solar irradiance of 1358 W/m2 and a direct radiation pressure relation P=Fe/c, 
where c is the speed of light, then P=4.563×10-6 Nm-2. Assuming an upper limit of the 
surface area of 0.24 m2 (on the four solar panels each of 0.2x0.3 m2) and a modest value 
for the specular reflection for solar panels of 0.6 (RD [20]), then maximum solar pressure 
force is approximately Fsp,max=1.8×10-6 N. Additionally, with 0.1 m offset from the centre of 
mass in the sunline plane, the magnitude of the torque due to solar radiation pressure has 
an upper bound of approximately τ=2x10-7 Nm. Although this is the maximum torque, it 
will not saturate the RWs as they are periodic with angular velocity 2×10-7 rad/s. 

 
Figure 19: Angular velocities during one 

synodic period. 
Link budget
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Additionally, tracking control algorithms are implemented, which robustly and efficiently 
track the reference motion, since we continuously point at the centre of the Moon. The 
tracking control law could be converted to quaternions or Euler angles depending upon the 
sensor data. A control method with active disturbance rejection will be used to improve the 
pointing accuracy and convergence times of the tracking control (RD [22]). 
To satisfy the requirements, the COTS equipment selected are 4 X RWP015 Microwheel8, 2 
STIM300 Inertial Measurement Units9, 2 Thin slice Nano Star Trackers10, and 1 Fine Sun 
Sensor11. The attitude data from the sensors are filtered using extended Kalman filter (RD 
[23]) methods together with reference models to supply the controller with estimates of 
both satellite angular velocity and orientation. 
2.4.3.4 Telecommunication 
Three links need to be designed for communications: 1) the TM (telemetry), 2) TC (tele-
command), and 3) payload downlink. The optional UHF card provided by the lunar data 
relay service provider is employed for the link calculations. However, data rates of 1000 
bps is assumed which is not compatible with the SoW AD [2] but compatible with CCSDS 
proximity-1 protocol12. The protocol is applicable for scenarios where distances can range 
between 1 m and 100,000 km13. Table 16 show the link budget devised. 
Link TM return link Payload data return link TC Feeder link 
Frequency 435 MHz 435 MHz 390 MHz 

Modulation/coding BPSK. Rate 1/2. 
K=7 BPSK. Rate 1/2. K=7 BPSK. Rate 1/2. K=7 

Transmitter RF Power 2 W 2 W 2 W 

Antenna (Gr/T) -17.4 -7.8 -17.4 
Range 60,000 km 60,000 km 60,000 km 
Data Rate 1000 bps 8000 bps 1000 
Received Eb/No 8.9 dB 9.5 dB 6.9 dB 
Required Eb/No 
(BER=10e-6) 5 dB 5 dB 5 dB 

Margin 3.9 dB 4.5 dB 1.9 dB 
Orbiter Contact time [h] 2 7 1 
Throughput [MB] 0.9 25.2 0.45 

Table 16: Link budget for the three communication channels. 

2.4.3.5 Thermal 
 The hot case (highest possible temperature) and cold case (lowest possible temperature) 
have been analyzed for the LUMIO CubeSat (20 x 20 x 30 cm) at the Earth-Moon L2 point. 

                                                   
 
8 http://bluecanyontech.com/wp-content/uploads/2016/07/RW.pdf 
9 http://www.sensonor.com/media/99614/ts1524.r20%20datasheet%20stim300.pdf 
10 http://bluecanyontech.com/portfolio-posts/nano-star-trackers/ 
11 http://www.gomspace.com/documents/ds/gs-ds-nanosense-fss4-1.4.pdf 
12 T. C. C. f. S. D. Systems, “PROXIMITY-1 SPACE LINK PROTOCOL—CODING AND SYNCHRONIZATION SUBLAYER. 
CCSDS 211.2-B-2,” December 2013. 
13 T. C. C. f. S. D. Systems, “PROXIMITY-1 SPACE LINK PROTOCOL—RATIONALE, ARCHITECTURE, AND 
SCENARIOS . CCSDS 210.0-G-2,” December 2013. 
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Distributed CDF

LUMIO is being designed within a Distributed CDF 
‣ Based on ESA’s OCDT 
‣ Distributed design across the six partners 
‣ Purposely developed for nano and small satellites 
‣ Kick-off meeting, followed by weekly workshops 
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Control System) and payload analysis; CATIA or SolidWorks for mechanical properties; 
MATLAB Simulations for thermal analysis; AGI STK for mission simulation, power and 
data budget calculations. Some models scale well across range of satellite classes, e.g., 
mechanical properties or link budgets. But payload and AOCS model have to be developed 
for each study. Data from models is entered into Microsoft Excel and connected with the 
OCDT server via CONCORDE plugin. 
Software. Microsoft Excel is the primary user interface for interfacing models and OCDT. 
Database details are hidden from users and they are presented with a product tree, which 
is intuitive and easy to use. Data 
can also be transferred directly 
into the data structure of the 
CDF. Open Concurrent Design 
Tool (OCDT) is a modern tool 
developed by the ESA. It 
supports ECSS-E-TM-10-25 
standard. The new OCDT 
implementation is based on 
open source software to the 
maximum extent possible and 
allows multi-site or distributed 
sessions. To simplify access 
ConCORDE tool was developed. 
Process. The project will start with a Kick-Off meeting, where the goals and status of the 
project will be explained. This workshop will also be served to explain how to utilize OCDT 
and CONCORDE plugin to integrate existing models from partners. EPFL OCDT server 
can be used for storing the data. The study will be further conducted in distributed manner 
across Polimi, TU Delft, EPFL, S&T, Leonardo, and UoA. Weekly teleconferences will be 
necessary to update iterations of the model. The goal of the model will be to establish mass 
and power budgets, data link capabilities and cost estimates, respecting constraints of the 
LUMIO mission. Project partners will be responsible for their models and databases. The 
effectiveness of the distributed approach has been proven by EPFL during distributed 
studies for the Swiss Call for Ideas program.  
3.2 LIST OF DELIVERABLE ITEMS 

3.2.1 Deliverable items 
The Team will deliver the documents specified in Table 1, in compliance with AD [2]. 
Code Title Time Contents 

FR LUMIO Final Report 
(Challenge Analysis) T0+6m 

The final report will include the technical notes: 
x TN1: Physical principles and analyses 
x TN2: Mission concept and preliminary assessment 
x TN3: Development roadmap 

FP LUMIO Final Presentation T0+6m Final presentation on contents of FR 
ES LUMIO Executive Summary T0+6m Objectives and main results, relevance for space tech. 
Q Questionnaire T0+6m - 
CC Contract Closure T0+6m - 

Table 21: List of deliverable items. 
  

 
Figure 23: Overview of the OCDT components and relations. Overview of OCDT components and relations
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The consortium

Politecnico di Milano (Polimi) 

Delft University of Technology (TU Delft) 

École Polytechnique Fédérale de Lausanne (EPFL) 

S[&]T Norway (S&T) 

Leonardo SpA (Leonardo) 

University of Arizona (UoA)
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Academic members

Industrial members

Non-ESA (academic) member
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Rationale of the consortium
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Science investigation 
- Impact science 
- Scientific requirements

Science implementation 
- Payload design 
- On-board P/L data processing

Mission analysis & Operations 
– Mission analysis 
– Ground system & operations

Space system design 
– LUMIO CubeSat design 
– Distributed CDF

LUMIO project

Polimi, TU Delft, EPFL, UoA

Leonardo, S&T

Polimi, UoA

TU Delft, EPFL



LUMIO: Lunar Meteoroid Impacts Observer

LUMIO project workshop

A two-day project workshop will be held at Polimi in Milan on 

11-12 September 2017 

If interested in attending, contact me at 

francesco.topputo@polimi.it 

LUMIO design will be finalized by the end of October 2017.
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LUMIO: Lunar Meteoroid Impacts Observer

EQUULEUS, The Japanese LUMIO

‣ 6U cubesat, to be launched in 2018, SLS’ EM-1 
‣ Primary objective: demonstrate trajectory control 
‣ L2 halo, water propulsion
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of lunar flybys can last several months and include one to four 
additional LGAs. At the end of this sequence, the spacecraft 
reaches the EML2 libration orbit. Finally, the spacecraft leaves 
the Earth system on an escape orbit shortly before the 
completion of the onboard propellant. This engineering mission 
will contribute to the realization of the future efficient cargo 
transfers to deep space ports located at the Lagrange points. 
 

 

 

 
Fig. 1.  Mission sequence and baseline trajectory of EQUULEUS. 

 
This mission also carries several scientific observation 

instruments. The first one, named PHOENIX (Plasmaspheric 
Helium ion Observation by Enhanced New Imager in eXtreme 
ultraviolet), will conduct the imaging of the Earth's 
plasmasphere by extreme UV wavelength. The observation will 
be conducted throughout all mission phases, and enhance the 
geospace in-situ observation conducted by the ERG (JAXA's 
small space science mission launched in 2016) and Van Allen 
probe (NASA) missions. As a result, we can improve our 
understanding of the radiation environment around the Earth, 
which is one of the critical issues for future human cis-lunar 
exploration. 

The second scientific observation instrument named CLOTH 
(Cis-Lunar Object detector within THermal insulation) will 
detect and evaluate the meteoroid impact flux in the cis-lunar 
region by using dust detectors implemented in the spacecraft’s 
Multi-Layer Insulation (MLI). The goal of this mission is to 

understand the size and spatial distribution of solid objects in 
the cis-lunar space. 

The third scientific observation instrument named 
DELPHINUS (DEtection camera for Lunar impact 
PHenomena IN 6U Spacecraft) will observe the impact flash at 
the far side of the moon from EML2 for the first time [6,7]. 
This observation will characterize the flux of impacting 
meteors, and the results will contribute to the risk evaluation 
for future human activity and/or infrastructure on the lunar 
surface. 
 
3.  Spacecraft system design 
 

The external view of EQUULEUS is shown in Fig. 2, and 
Fig. 3 shows the internal structure of the spacecraft.  

The warm-gas propulsion system for both trajectory control 
and attitude control is being newly developed for EQUULEUS 
mission [8]. Water is chosen as the propellant as it is the most 
“green” propellant. 

Most of the other part of the spacecraft utilizes commercial 
off-the-shelf (COTS) components or are designed based on the 
experiences on the various past space missions. We will use 
COTS components for attitude control system and solar array 
paddles. XACT-50 from Blue Canyon Technologies, which is 
a compact unit of IRU, STT, RWs, will be used for the three-
axis attitude control system, and HaWK from MMA, LLC, 
which is solar array paddles with one-axis gimbal, will be used 
with some customization for this mission. 

Most of the bus components are based on the design of 
PROCYON and other 50-kg-class Earth-orbiting micro-
satellites. Electronics boards are redesigned to fit within the 
“CubeSat form factor”. For example, the deep space X-band 
transponder [9] which was demonstrated on PROCYON is 
redesigned to significantly reduce its volume to fit within the 
CubeSat envelope (Fig. 4). 

The design of the mission instruments utilizes the 
experiences on the past space missions. The design of the 
extreme ultraviolet telescope PHOENIX is optimized for 
EQUULEUS based on instruments boarded on the previous 
space missions such as UPI on Kaguya [10], IMAP on ISS [11], 
and EXCEED on Hisaki [12]. Electronics board of CLOTH is 
designed based on the ALDN [13] onboard the IKAROS solar 
sail demonstration mission. Image processing unit for 
DELPHINUS mission utilizes the image feedback control unit 
for the asteroid detection telescope for PROCYON [14]. 

 
Fig. 2.  External view of EQUULEUS. 

1. Launch and Early Orbit Phase (LEOP) : ~1 week
2. Lunar flyby sequence phase : 1~3 months
3. Insertion to EML2 libration orbit phase : 5 months
4. Observation (from EML2) phase : > 1 month
5. Departure from EML2 (End of mission)

*LGA: Lunar Gravity Assist
EML2: Earth-Moon L2 point
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Fig. 2: EQUULEUS Mission phases

baseline that was computed with an older set of initial
conditions provided by NASA. MEV solution has one
extra flyby and a higher �v1, which does not make it
a bad candidate for the mission. This is in part due to
the di↵erent initial Sun-Earth-Moon geometry, and in
part to the fact that MEV was computed “by hand”
without use of the design techniques described in this
paper.

IV.i Gravity losses and missed thrust

The acceleration provided by EQUULEUS propul-
sion system is 0.3mm/s

2 . To achieve 10 m/s or more
for the first maneuver, the thruster has to operate for
12 hours or more, during which the spacecraft travels
half the distance from the Earth to the Moon. The
maneuver is not really impulsive, and some gravity
losses are expected. In addition, the maneuver oc-
curs during the most critical phase of the mission,
and so it should be robust to delays or missed thrust
arcs.

Figure 9 shows the �V1 when the maneuver is
modeled as a continuous thrust arc. For the current
baseline, no solution is found if the thrust magnitude
decreases below 0.7 mN. For the MEV case, the min-
imum thrust is 2mN. We then consider a design value
of 3mN, which corresponds to 4mN and 75% duty cy-
cle. Gravity losses then become 1 m/s for the current
baseline, and 9 m/s for the MEV case.

Finally, Figure 10 shows the thrust profile vs the
time of flight for the current baseline. Under nomi-
nal conditions, the maneuver starts one day after the
deployment. If the thrust is delayed more than three
days, the mission cannot be recovered.

IV.ii Launcher dispersion

This section presents an estimate of the �v needed
to account for deviations of the post-disposal state
from the nominal value xnom. The initial launcher
dispersion is provided by NASA as a 7x7 covariance
matrix of states and time, which we transform into a
6x6 covariance matrix ⌃ at fixed time.

Random states are generated with normal distri-
bution N (xnom,⌃) and the variation of �vTOT is

�(�vTOT ) =
p
J

T⌃J

where the Jacobian J = @�vTOT

@xnom
is computed by

finite di↵erences, i.e. optimizing �vTOT for �xi =
�xixi

, i = 1, 6. For the current baseline, �(�vTOT )
is about 0.34 m/s (1�). We found that this �v

penalty is mainly executed by the first TCM1. Simi-
lar �(�vTOT ) are also found with a Montecarlo sim-
ulation, where �vTOT was optimized for a small sam-
ple (˜1000 runs), and by an unscented-transform es-
timate applied to the continuous-thrust solutions.

IV.iii Station Keeping

Figure 11 shows an overview of the station keep-
ing strategy around the quasi-periodic orbit. We im-
plement the Orbit Control-Point Targeting method,9

where the station keeping �v minimizes a quadratic
merit function with penalties on state errors at times
times t2 > t1 > t�v

M = k�vk2 +R k�x1k2 + S k�x2k2

where R, S are scalar weights†.

†The original formulation9 use weight matrices for each
quadratic term.
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Fig. 3.  Internal structure of EQUULEUS. 

  
Fig. 4.  The deep space X-band transponder demonstrated on PROCYON 
(left) and the newly developed transponder for EQUULEUS to fit within 
the CubeSat form factor (right). The function of the transponder is divided 
into multiple slices. 
 
4.  Development plan 
 
  EQUULEUS was officially selected as one of the thirteen 
secondary payloads on SLS EM-1 in April 2016 [10], and the 
development of the spacecraft started. The spacecraft is jointly 
developed by the University of Tokyo and JAXA. All of the 
system integration and electrical tests is conducted at the 
University of Tokyo. Part of the system-level environmental 
tests such as vibration and thermal vacuum tests will be 
conducted outside of the University of Tokyo, e.g. CENT (the 
Center for Nanosatellite Testing) at the Kyushu Institute of 
Technology, which is located in the western part of Japan. As 
of April 2017, the engineering model (EM) of the spacecraft is 
being developed and tested. After the completion of the EM 
phase in June, we will start building the flight model to be ready 
for the launch in late 2018. 
 
5.  Conclusion 
   

SLS is NASA’s next-generation heavy launch vehicle to 

carry astronauts beyond Earth’s orbit to an asteroid and 
eventually to Mars. Its first flight in 2018 will provide 
accommodations for thirteen 6U CubeSat payloads into a lunar 
flyby trajectory. JAXA and the University of Tokyo will 
provide a 6U CubeSat named EQUULEUS as one of the 
thirteen payloads. 

 The primary mission of EQUULEUS is an engineering 
mission to demonstrate the trajectory control techniques within 
the Sun-Earth-Moon region for the first time by a nano-
spacecraft. This mission will be accomplished through the 
flight with a small amount of deterministic Delta-V (10-20 m/s) 
to a libration orbit around EML2 by using multiple LGAs and 
low-energy transfers using weak stability regions. 

This mission also carries several scientific observation 
instruments; PHOENIX to conduct the imaging of the Earth's 
plasmasphere by extreme UV wavelength, CLOTH to detect 
and evaluate the meteoroid impact flux in the cis-lunar region 
by using dust detectors implemented in the spacecraft’s MLI, 
and DELPHINUS to observe the impact flash at the far side of 
the moon from EML2 for the first time and characterize the flux 
of impacting meteors. 

Except for the newly developed water registo-jet thrusters, 
most of the spacecraft utilizes COTS components or are 
designed based on the experiences on the past space missions 
such as PROCYON, IKAROS, Kaguya, and Hisaki.  

After the official selection as a secondary payload on SLS 
EM-1 in 2016, the spacecraft is being jointly developed by the 
University of Tokyo and JAXA, which will complete being 
ready for the launch in late 2018. 
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