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TECHNICAL SESSION 1 

007-1A-1 Lunar Shelter Design 
 
Sharma, Akash 
Concordia University 
 
After many years of study and research, it was concluded that there’s a possibility of a “Lunar 
habitat”. It could be anything from a place to drop-off astronauts for missions to a pit stop in 
order to undertake deep space explorations. Be easier said than done, it couldn’t be realized 
even today. Because of the highly adverse lunar environment and not to belittle the 
complexities involving launch and setup of any such habitat, the scientists are finding it difficult 
to come up with an effective plan which addresses all the issues at hand. We were tasked by 
the Canadian Space Agency (CSA) to design a Lunar Shelter which meets certain requirements 
in order to be considered to add to the possibility of a feasible habitat on the lunar surface. This 
project focusses on building a habitat on the lunar surface which could benefit the astronauts in 
case of an emergency. The design constraints have been provided along with keeping in mind 
the adversities of the lunar environment. After critical literature review and particular trade-
offs, a feasible concept of the Lunar Shelter has been chosen which could suit to the needs of 
the astronauts while meeting the requirements of the project. The selected design has further 
undergone various analysis such as the structural analysis, thermal analysis using ANSYS not to 
forget the analytical calculations pertaining to the radiation concerns. It has been followed by 
coming up with procedure as how to setup and assemble this shelter by the astronauts 
considering the environment in which this task has to be undertaken. The project is summed up 
by possible recommendations in order to mitigate certain challenges and in order to further 
enhance the competency of the design along with achieving the future scope. 

043-1A-2 The Aniu Investigation: Lunar Frost Detection Using 
Reflected Lyman-α Starlight 
 
Godin, Paul 
York University 
 
Ice on the moon can provide a readily available source of hydrogen and oxygen that can be 
used to sustain exploration activities. The water itself can be used by astronauts directly as 
potable water, the oxygen can be used to manufacture breathable air and the hydrogen can be 
used as a feedstock to produce fuel for operations. Ice is expected to build up in permanently 
shadowed regions (PSR) on the lunar surface since the temperatures remain low enough to 
preserve volatiles [1]. Furthermore, hydrogen signals consistent with deposits of water have 
been detected from recent spacecraft missions in PSR [2].  
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However, direct observation of these suspected water deposits has not occurred. Additionally, 
the ability of a rover or spacecraft to enter the permanently shadowed regions will likely be 
limited by power and minimum allowable flight temperature (AFT) constraints. This highlights 
the strong need for a remote sensing instrument able to detect and characterize frost at a 
distance.  
A proof of concept of a frost detection system using reflected Lyman-α starlight is presented. A 
frost covered lunar surface is simulated inside a vacuum chamber, which is then illuminated 
with a UV lamp designed to simulate the intensity of a background starfield arriving at PSRs on 
the moon. The reflection of Lyman-α radiation is detected by a UV camera and an image of the 
frost distribution is observed. A white light source and visible camera is used as a secondary 
confirmation of frost observation from the simulation chamber.  
References: 
1. Paige, D.A. et al. (2010) Diviner Lunar Radiometer Observations of Cold Traps in the Moon’s 
South Polar Region. Science 330 479-482 doi: 10.1126/science. 
2. Mitrofanov, I. et al. (2012) Testing polar spots of water-rich permafrost on the Moon: LEND 
observations onboard LRO. J. Geophys Res. 117 E00H27 doi: 10.1029/2011JE003956 

080-1A-3 LiRS Combined LIBS and DUV Raman Spectrometer for 
Planetary Astrobiology 
 
Latendresse, Vincent 
MPB Communications  
 
A key objective of space exploration is the search for indicators of prior or current habitability 
and life. This requires suitable compact instruments that can provide the relevant in-situ 
analysis on the planetary surface or subsurface, especially within sheltered locations on Mars 
such as crevices, caves or lava tubes.  
LiRS, for Libs and Raman Spectrometer, provides an elegant integration of LIBS Laser-induced 
breakdown spectroscopy for elemental composition, with deep UV Raman spectroscopy using 
248.6 nm excitation for the complementary molecular bonding, and bore-sighted colour 
imaging for the sample morphology. The combination of the LIBS and Raman data can greatly 
enhance the discrimination of various materials relevant to astrobiology, including analysis of 
different types of bacteria and organic materials. The corresponding bore-sighted imaging 
assists the interpretation of the data.  
LiRS shares common resources to minimize its mass and volume, including the 0.1m to 1m 
auto-focus telescope, the beam-distribution dichroic optics, the supporting 248 nm to 830 nm 
miniature spectrometers, and the avionics. 
The use of the DUV Raman excitation at 248.6 nm avoids overlap of the Raman spectra with the 
background fluorescence and also provides some resonance effects that enable Raman 
spectroscopy of trace amounts of organics in various matrices, including dust simulant mixtures 
and aqueous solutions.  
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The LIBS laser can be used synergistically to clean the target surface of dust to assist the Raman 
measurements of the underlying target. It can also be used to ablate the target surface 
sequentially to enable some combined LIBS/Raman depth profiling. 
The LiRS bread-board was developed and validated in a laboratory environment, with some 
extended testing in a relevant vacuum environment. This paper discusses the application of 
LiRS for potential astrobiology missions to Mars, Europa and Enceladus.  
ACKNOWLEDGEMENTS: 
The LiRS laboratory bread-boarding has been accomplished in collaboration with the Canadian 
Space Agency under a contract funded by the Space Technology Development Program. Special 
thanks to Dr. Alexandre Koujelev and Sébastien Lafrance. 

022-1A-4 A Canadian Microspace-Class Asteroid Exploration Mission 
 
Carroll, Kieran 
Gedex Systems 
 
Interest in exploring asteroids is growing, in order to increase scientific understanding of the 
formation of the Solar system, learn how to protect Earth against potential future asteroid 
impacts, and learn how to find and mine asteroidal mineral resources. However, missions to 
visit asteroids are still relatively infrequent. This is due in part to relatively high cost, with costs 
for past asteroid missions, and those currently under development, ranging from over $250 
million to over $1 billion. Costs this high would seem to put asteroid missions out of Canada’s 
reach, except as a minor partner on missions led by other space agencies. 
Earth-orbiting satellite missions also used to be similarly very expensive. However, over the 
course of the past 30 years, builders of microsatellites and nanosatellites have learned how to 
develop a great many satellites in low Earth orbit costing much less, with many high-capability 
missions in the $10M or less range. This has been accomplished using a collection of 
engineering and management techniques referred to as the Microspace approach. SFL 
developed an early expertise in this approach with the MOST microsat mission, and has since 
become one of the world leaders in providing high-capability, low-cost missions using this 
approach to customers worldwide. 
Here we present a mission concept developed by SFL and Gedex: a low-cost asteroid 
rendezvous mission, based on extending the Microspace approach to the deep-space 
environment, which could be achieved for a cost of tens rather than hundreds of $M. If funded, 
the REACH spacecraft will be launched as a secondary payload into a high-energy orbit, and will 
use electric propulsion to travel to and rendezvous with a near-Earth asteroid, where it will 
deploy a GRASP lander/rover onto the surface to conduct geophysical exploration. 
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117-1B-1 Canadian Lunar Surface Mobility (LSM) Systems 
Development  
 
Picard, Martin 
Canadian Space Agency 
 
Robotics and in-situ human exploration of the surface of the Moon is a high priority topic in the 
context of Beyond Low Earth Orbit (BLEO). Space Agencies around the world are collaborating 
in fostering the next steps for the global exploration strategy to explore the Moon robotically 
and through a series of manned missions to learn about the formation of the solar system, the 
Moon itself and the Earth. These activities are heading towards reaching an important goal of 
landing humans on Mars. 
The Canadian Space Agency (CSA) is involved in a number of these initiatives that would enable 
human presence in the cis-Lunar space and on the lunar surface. A lunar orbiting vehicle 
currently referred as the Deep Space Gateway (DSG) would be the relay point to a crew of four 
for performing lunar surface campaign up-to a duration of 42 consecutive Earth days per 
mission. This capability would provide a rather complete coverage of the surface of the Moon 
with a primary focus on the far-side South Pole region; enabling highly scientific missions’ 
interest resulting into key activities such as: lunar sample return missions, lunar volatiles 
characterization and potential future In-Situ-Resources Utilization (ISRU) demonstration. Even 
considering the fundamental differences between the Moon and Mars, these activities would 
prepare technically and operationally the space community for the larger endeavour of landing 
humans on Mars with an orbiting spaceship around the red planet. 
The architecture assumed is based on a four crew members surface campaign per year; each of 
these extending for a duration of up to 42 days (14 day+ 14 night+ 14 day) and a total of 5 
missions. In order to prepare the human return, a minimum of one robotics mission is planned. 
This demonstrator/precursor mission referred as the Human Enhanced Robotic Architecture 
and Capability for Lunar Exploration and Science (HERACLES) will focus on lunar sample return 
to Earth via the DSG and hundreds of kilometers traverse completing many scientific and 
technical objectives such as night survival, a potential In-Situ Resources Utilization (ISRU) 
demonstration as a secondary objective, robotics sample return, etc. The lunar rover 
component of this architecture named the Precursor to Human And Scientific Rover (PHASR) is 
the predecessor rover to the Lunar Pressurized Rover(s) that would be required for humans. 
The proposed presentation will provide an overview of the current state of the past, on-going 
and upcoming engineering development to advance towards eventual contribution in rover and 
Lunar Surface Mobility to provide viable solutions for PHASR and LPR based upon previous 
development to increase the readiness level for a potential contribution to such endeavor. 
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109-1B-2 Recent Canadian Developments in Lunar Surface Mobility 
 
Edmunson, Perry 
Canadensys Aerospace Corp 
 
Recent Canadian developments in lunar surface mobility include the construction and testing of 
a pair of small to mid-size lunar/planetary rover prototypes in 2016, funded by the Canadian 
Space Agency (CSA). 
These rover prototypes were intended to demonstrate the compatibility of the 4-wheel skid-
steer rover architecture with higher technology readiness levels, with a target of achieving 
Technology Readiness Level 6 (TRL-6) qualification for the driveline subsystem, including 
motors, gearboxes, structure, and a compliant, metallic wheel. To that end, a series of thermal 
vacuum tests was conducted at NASA Glenn Research Center (GRC) and NASA Langley Research 
Center (LaRC). In the first test, conducted at NASA GRC in Cleveland, Ohio in late 2015, the 
drivetrain survived exposure to vacuum and temperature extremes from -175°C to +130°C and 
was driven approximately 30 km in a dusty environment at temperatures ranging from -70°C to 
+130°C. The design of the multi-stage non-contact dust seals was proven to be effective. During 
the second test, conducted at NASA LaRC in Hampton, Virginia in the spring of 2017, a motor 
module assembly, consisting of an updated motor, brake and gearbox, was installed in a 
thermal vacuum chamber and connected to a dynamometer to apply load. A compliant metallic 
wheel was also installed in the chamber in a statically-loaded state. The motor was operated 
under load at temperatures ranging from -70°C to +130°C. Additionally, the motor was exposed 
to a minimum temperature of -242°C overnight, simulating lunar night conditions, after which it 
was again operated successfully at temperatures between -70°C and +130°C, with no 
degradation in performance observed. The wheel was subjected to temperatures ranging from 
-149°C to +108°C while under a static load of approximately 647 N. 
More recently, in mid-2017, two Lunar Surface Mobility Concept Study contracts were awarded 
by CSA to industry, one of which to Canadensys Aerospace Corporation and its partners, to 
study potential Canadian mobility contributions to the human exploration of the Moon and 
Mars, including a robotic Precursor Human and Science Rover (PHASR) and a manned Lunar 
Pressurized Rover (LPR), for the Human-Enhanced Robotic Architecture and Capabilities for 
Lunar Exploration and Science (HERACLES) lunar demonstration mission concept. 
The HERACLES mission concept is being jointly studied by the European Space Agency (ESA), 
CSA and Japan Aerospace Exploration Agency (JAXA) and includes the objective of robotic lunar 
sample return enabled by the Deep Space Gateway, while demonstrating technologies in 
preparation for human exploration. 
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092-1B-3 Update on the ESA/CSA/JAXA Heracles Lunar 
Demonstration Mission Study 
 
Hipkin, Vicky 
Canadian Space Agency 
 
Preparing for the next phase of human space exploration beyond Low-Earth Orbit (LEO), the 
Human-Enhanced Robotic Architecture and Capability for Lunar Exploration and Science 
(HERACLES) mission seeks to demonstrate human-robotic partnership and precursor 
technologies for lunar surface exploration, while undertaking a science-driven lunar sample 
return mission in the South Polar Region. A reference mission currently targets Schrödinger 
Crater and includes a 1-year extended mission to visit potential human mission landing sites in 
the broader region. 
The Canadian Space Agency (CSA) is collaborating with Europe (ESA), Japan (JAXA), and the 
United States (NASA) in this study, developing the lunar rover element, and coordinating the 
development of an international science management plan.  
The CSA activities in 2017 include study contracts executed by Canadian industry and academia 
to develop the Precursor Human and Science Rover (PHASR) concepts. These contracts also 
consider a subsequent Large Pressurized Rover, as a potential Canadian contribution to beyond 
LEO human exploration architecture.  
A parallel Science Maturation Study was also issued to develop preliminary PHASR science 
payload requirements for sample selection and a science operations scenario.  
The status of this study will be presented. 

059-1B-4 CubeRover: A Low Cost, Reliable Platform for Planetary 
Exploration 
 
Fuller, Anna 
CubeRover 
 
Introduction and Overview:  
CubeRover is a lightweight planetary rover built to survive the harsh environment of the Moon. 
The purpose of the CubeRover platform is to develop and deliver a small rover that can serve as 
a platform to standardize and democratize planetary surface mobility, analogous to the 
transformation that CubeSats brought to the domain and economics of Low Earth Orbit. 
Identification and Significance:  
CubeRover stands to provide users with more access to the Moon than ever before. Countries, 
organizations, and universities would have affordable access to mobility platforms capable of 
exploring the surfaces of other worlds for the first time. The standardized format of CubeRovers 
will drive the space community to commoditize systems, components, and instruments, 
lowering costs while increasing functionality. The first CubeRover is undergoing testing in 
preparation for a Preliminary Design Review. 
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Market Demand:  
CubeRovers are positioned to pioneer planetary exploration through standardization and at a 
fraction of historical costs. The form factor of a CubeRover is cross-compatible with many 
CubeSat parts, facilitating installation and interchange of components if desired. The 
CubeRover design is modifiable and scalable to support hosted payloads with minimal system 
changes. 
Separate from physical hardware sales, CubeRover plans to offer data as a service for users 
interested in procuring existing data without the cost of purchasing a rover. Some of these 
market segments include 3-D terrain mapping, radiation and temperature sampling, in-situ 
resource utilization, and seismographic measurements. 
Astrobotic Technology has been awarded a United States Small Business Innovation Research 
(SBIR) Phase II contract with guidance and expert support from Carnegie Mellon University and 
NASA Kennedy Space Center to develop the CubeRover technology. 

067-1C-1 SHOW - Stratospheric Demonstration Campaign  
 
Bourassa, Adam E. 
University of Saskatchewan 
 
The Spatial Heterodyne Observation of Water (SHOW) limb scattering spectrometer has 
successfully flown on a NASA high altitude platform as one of the first instruments to benefit 
from the Canadian Space Agency (CSA) capability demonstration endeavor. On board a NASA 
ER-2 high altitude aircraft the SHOW instrument performance was further validated for along-
track data gathering following a previous successful stratospheric balloon flight in 2014 paving 
the way for a possible future space implementation. 

008-1C-2 StarChips in Solar System Planetary Exploration: An 
Opportunity for Canada 
 
Moores, John 
York University 
 
The starchip concept, in which extremely small spacecraft are propelled to interstellar distances 
by reflecting photons beamed from a powerful terrestrial ground station, has recently been the 
subject of intense interest and the recipient of $100 Million in funding via the Breakthrough 
Starshot initiative (Clery, 2015). In this paper, we intend to provoke a discussion within the 
Canadian space community by providing an analysis of how such a system might benefit the 
exploration of the solar system and what part Canada might play in advancing and using this 
technology. We find that, for solar system applications, the amount of required development is 
greatly reduced with a viable pathway to implementing this technology by the mid-2020s. 
Canada’s expertise in optics, spacecraft development and geographical position offers unique 
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advantages over other spacefaring nations in taking advantage of this opportunity. A 1-100 MW 
facility located above the Arctic Circle would allow for the exploration of much of the solar 
system through planetary fly-bys. Furthermore, as starchips make excellent entry vehicles and 
may make effective solar sails, such architecture would enable network science near planets in 
the inner solar system and on the surfaces of those with substantial atmospheres, such as 
Mars, Venus, Titan and the Giant Planets. 

049-1C-3 CubeSats Can Serve Multiple Stake-holders Too: Use of the 
DESCENT Mission to Develop National and International Collaboration 
 
Jain, Vidushi 
York University 
 
Deorbiting spacecraft using electrodynamic tethers (DESCENT) is a CubeSat mission that will 
showcase electrodynamic tether technology for deorbiting satellites from low earth orbit. The 
mission is funded by Canadian Space Agency (CSA) through the Flight for Advancement of 
Science and Technology (FAST) program, with in kind support from Honeywell. DESCENT 
comprises two 1U CubeSats which are connected by a 100m long tether. Charge collected in the 
tether crossing the Earth’s magnetic field is expelled through a Spindt array, creating a Lorentz 
force in the same direction as atmospheric drag. This increases orbital decay bringing the 
satellite down to burn up in the Earth’s atmosphere. 
DESCENT’s bus is a combined effort of graduate researchers from York and Ryerson Universities 
located in Toronto, Canada. The mission supports four experiments – the primary payload from 
York is the electrodynamic tether and its deployment system. Secondary payloads come from 
the University of Sydney, Australia, looking at radiation dosage in Low Earth Orbit, and from 
another group within York looking at solar cells with an innovative coating that can potentially 
increase panel efficiency significantly. Finally, the mission is expected to provide a platform for 
University of Calgary to probe the coherent backscatter of radio waves by the F-region 
ionosphere at high latitudes with the orbiting tether using ground radars. 
As such, DESCENT demonstrates the potential of a small mission for regional, national and 
international collaboration, promoting Canadian research and space capabilities and exposing 
Canada’s next generation of HQPs to this community. The paper will review the benefits and 
challenges of having various partners on a small satellite mission. It will discuss the 
coordination approach between the various sub-teams of the satellite. The paper will 
demonstrate the capacity of a small Canadian University-led satellite to support such a range of 
national and international activities and partnerships. 
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063-1C-4 Survey on Demonstration Needs of Canadian Space 
Community  
 
Zheng, Wanping 
Canadian Space Agency 
 
The space sector is entering a period of tremendous dynamism, and the future will present 
both the private sector and government with a range of opportunities to advance national 
security, resource development, and a broad range of public and private services using space 
assets, technologies, and applications. To continue to explore space for the benefits of 
Canadians and mankind, to sustain and grow its space industry, and to capture emerging space 
opportunities and markets, Canada needs not only to remain excellent in its current key 
capabilities, but also to develop new capabilities, especially in emerging space technologies and 
services, through technology development and innovation. The ability and opportunities to test 
or demonstrate these capabilities are crucial to the development of Canada’s future space 
capacity, including innovative space technologies and services.  
The Canadian Space Agency (CSA), in response to the needs expressed by Canadian space 
industry, academia, and the government, is developing a capability demonstration program, 
which includes both pre-space demonstration and space demonstration. To help develop such a 
program, it is important to understand the needs of the Canadian space community for 
demonstration. The CSA conducted a survey among the industry and academia and collected 
very useful information. This paper presents the result of the survey. 

068-1D-1 5 KHz Fiber Sensor Interrogator to Monitor Temperature 
and Strain in Satellites and Launch-reusable-rocket Structures 
 
Wallach, Elad 
MPB Communications 
 
The optical fiber sensors are being implemented in various space applications. SSL-MDA, a US 
company, is planning to install Fiber sensors on their small satellites they have built, in 
collaboration with CRISA-Airbus Spain. In addition, Airbus-Ariane group are planning to 
integrate fiber sensor in the European Ariane series of Launchers. In parallel, reusable small 
launchers such as SpaceX (US), Blue Origin (US) and IXV (ESA) are looking to have their rockets 
equipped with fiber sensors. 
One of the advantages the embedded fiber sensors provide is following the structure health 
evolution since its early building and assembly. 
For its first generation, MPB has built a 2 Hz fiber sensor demonstrator, installed on Proba2 
ESA’s satellite that is still functional since 2009. The second generation was dedicated to 
atmospheric reentry mission with acquisition system at 100 Hz. The main objective was to 
follow the fast and sharp excessive heat load that is produced by the Atmospheric Entry 
transition at hypersonic velocity. The third generation pushed the challenges to 5 KHz 
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acquisition system, compatible with flight and space environment requirements. It will monitor 
the vibrations during the launches and will detect temperature changes at a higher scan rate – 
Usually, space payloads can have resonance frequencies up to 2 KHz.  
The development of the 5 KHz Interrogator is based on the previous work done at 100 Hz scan 
rate. The electronics and firmware of the interrogator module have been redesigned to 
accommodate for the faster scan rate while keeping the optical, opto-electric, and mechanical 
components either identical or with very minor changes. Those components have already been 
tested successfully for reentry since they were installed on ESA's ROTEX rocket, launched in 
2016. 

088-1D-2 Complete Family of Optical Amplifiers for Space 
Communications 
 
Haddad, Emile 
MPB Communications 
 
At present satellites rely on radio-frequency (RF) communication, which are a magnitude slower 
in moving data than optical fiber links. Free-space Optical (FSO) communication, or laser 
communication, is capable of providing high-rate communication links, meeting the growing 
downlink demand of space missions, including those on small-satellite platforms. FSO 
Communication takes advantage of the high-gain nature of narrow laser beam width high 
communication bandwidth to achieve higher link efficiency than traditional radio-frequency 
systems. A key enabling technology of laser communication terminals (LCT) for space is the 
optical amplifier subsystem. MPB has undertaken a thorough analysis of component 
qualification; to understand the necessary optical amplifier architecture to enable high 
performance, reliable, low power consumption, small footprint and low mass as required for 
space borne LCTs. 
The main objective is to design and qualify a family of Innovative “building blocks” three 
families of optical amplifiers for space-borne laser LCTs. The amplifier characteristics have been 
derived from requirements of LCT manufacturers, our target customers. The amplifiers will 
accommodate various links, GEO-GEO, LEO-GEO, LEO-LEO, LEO-Drone, LEO-Ground and Drone-
Ground MPB approaches will deplete the Stimulated Brillouin Scattering and will provide optical 
designs that compensate for radiation induced absorption losses, without resorting to the use 
of expensive radiation qualified fibers- a unique method of power recuperation through the 
photobleaching of the active fiber. Moreover, MPB is proposing methods maximizing bit rate 
per Wavelength by bringing the state of the art of the telecom modulation techniques to space. 
The outcome of the project will enable remote regions of Canada the same internet 
connectivity as the Metropolitan areas. All areas of Canada would be able to receive more 
timely data, especially improving the ability to monitor remote regions, such as Canada’s North. 
In addition, utilization of optical amplifier communications on Earth Observation satellites 
equally will improve the magnitude and timeliness of data which is important in tracking the 
environment, weather and climate change. 
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020-1D-3 Preliminary Thermal Design of neoPASCAL: a Network of 
Landed Sensors on Mars 

Lee, Dukhang 
York University 

NeoPASCAL is a modern revision of the PASCAL mission, a proposed network of landed sensors 
on Mars. The goal of the mission was to validate Mars Global Circulation Models (GCMs) by 
measuring the diurnal and seasonal variations in surface pressure. In neoPASCAL, the same 
networked science objectives may be achieved using a low-mass, low-volume spacecraft bus 
assembled using CubeSat components; this revised bus yields expanded payload budget 
enabling the deployment of a more comprehensive sensing network. An optimized thermal 
design is required for the instrument to survive in the extremely cold Martian surface 
environment (a low of −130 ºC at night). We, therefore, use a combination of several passive 
and active thermal control techniques in consideration of the limited mass and power budget. 
Especially, we use aerogel, which is much lighter and more insulating than the conventional 
insulators (e.g., G10, fiberglass, etc.), to prevent heat from escaping outside of the instrument 
body. In the planning stage, we have established thermal models of two platforms (i.e., 0.5U 
CubeSat and chip-sized spacecraft). Thermal analysis of each model has been carried out and 
the results have been compared to find the best solution. In this paper, we discuss the strength 
and weakness of the models and describe preliminary thermal design of neoPASCAL. 

069-1D-4 Long-term Fiber Sensors Systems Monitoring Temperature 
and Pressure on Proba-2 Satellite 
 
Mena, Martin 
MPB Communications 
 
Proba-2 is the second in ESA's OnBoard Autonomy satellites series, missions dedicated to the 
in-orbit demonstration of innovative technologies. It incorporates the Fiber Sensor 
Demonstrator (FSD) built by MPB as one of the 17 on-board new technological developments. 
Designed originally for a two-year mission, it was launched in November 2009, Proba-2 is still 
in-orbit and FSD is completely functional. 
The FSD contains six parallel fiber lines multiplexed within the interrogation module. Sixteen 
specially-packaged Fiber Bragg Gratings (FBG) temperature sensors are distributed on four fiber 
lines. They monitor the temperature at different locations in the propulsion system and the 
spacecraft bus over the range of –60 °C and +120°C. The fifth fiber line is dedicated to a High-
Temperature (HT) sensor to measure the transient temperature response of the thruster to 
beyond 350°C. The last fiber line contains an innovative Pressure/Temperature (P/T) sensor 
that provides both temperature and pressure measurements of the Xe propellant tank. 
The fiber sensors were monitored periodically over the years, except for a one-year period 
where the FSD was not responsive. Their measurements fit well with the standard sensors used 
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by the satellite. The evolution of the FSD response in space shows the fibers and Interrogation 
module parameters are within 10 % variations, including the laser diodes power and the FBG 
sensors intensity after more than 8 years in space. The total gamma radiation received by the 
FSD is about 1 krad/year. 
During the non-responsivity period, the FSD would not send any data, although the Proba2 
reports indicated normal current consumption once the FSD is asked to be ON. Fortunately, the 
FSD included a bootloader which allowed for a command to be sent during boot-up to be 
executed instead of executing the normal flight software. The communication with the FSD was 
established through the bootloader. The bootloader included basic communication to allow for 
memory checks as well as simple scanning capabilities, and the possibility to upload a custom 
software to the SRAM and perform a reboot from there. The Readouts from the monitoring 
sensors revealed normal functionality and the sensors were again periodically monitored. In 
parallel we continued to check the problem origin and found that a few small parts of the FSD’s 
SRAM were not readable, which blocked the original software executable.  
We found that another SRAM on Proba-2 had similar problem and this was attributed to Single 
Events irreversible upset, due the path of the satellite through the South Atlantic Anomaly 
(SAA). 
MPB’s approach was to build barebones custom software codes whose footprint would be as 
small as possible in terms of SRAM reach. These software codes permitted to perform all the 
flight software such as reading a complete scan, finding the peaks and corresponding 
temperature or pressure. 

034-1F-1 Effect of Extreme Cold Temperatures on the Low Velocity 
Impact Behaviour of Composite Sandwich Panels for Lunar 
Exploration Rovers  
 
Jean-St-Laurent, Mathilde 
Université Laval 
 
Composite materials are increasingly used by the aerospace industry. They offer excellent 
mechanical and thermal properties while being very light. Composite sandwich panels are being 
considered for the fabrication of lunar exploration rovers. On the moon, the rover will worked 
in a rugged terrain with limited ground visibility caused by the presence of lunar dust in 
suspension, leading to possible impacts with its surroundings. Moreover, during the lunar night, 
the temperature can go as low as -200 °C. Temperature variations induce internal stresses in 
composite laminates. In addition, temperature has an effect on the properties of the material. 
The aim of this work is to study the effect of extreme cold temperatures on the behavior of 
composite sandwich panels under low-velocity impact loadings for lunar exploration rovers. 
The sandwich panels are made of carbon-epoxy woven composite skins and a Nomex 
honeycomb core with hexagonal cells: 
[(±45)/(0/90)/(0/90)/(±45)/core/(±45)/(0/90)/(0/90)/(±45)]. The resin used is a 977-2 epoxy. 
The core has a density of 48 kg/m3 and a total thickness of 12.7 mm.  
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In order to study the effect of temperature on the impact behaviour of the composite sandwich 
panel, the experimental work was divided in three parts. First, the effect of cold temperatures 
on the mechanical behaviour of the composite material used for the skins of the sandwich 
panels was studied. Tension, compression and shear tests were performed on the composite 
material at room temperature, -70° C and -150°C. Two stacking sequences were studied. Then, 
impact tests and quasi-static indentation tests on sandwich panel specimens were performed at 
the same three temperatures. Finally, the behaviour of the impacted panels under in-plane 
compression loading was studied. Preliminary results show that extreme cold temperatures 
have a detrimental effect on damage. 

136-1F-2 2D Modelling of Hypervelocity Impact on Foam-core 
Sandwich Panel with Enhanced Capability for Orbital Debris 
protection  
 
Jones, Alexander 
University of Manitoba 
 
The recent experimental and numerical studies demonstrated that foam-core sandwich panels 
that integrate load-bearing and orbital debris protection capabilities are a promising alternative 
to single function shields. The objective of this research was to develop an accurate and 
computationally efficient two-dimensional model capable of simulating MMOD impacts with 
foam-core panels. The proposed model is intended to be used for initial evaluation of new 
shielding configurations in concert with three-dimensional modelling and physical experiments. 
The selected modelling strategy employs the axial symmetry and includes a combination of SPH 
and finite element methods with explicit time integration. Performed numerical analysis 
revealed that multi-shock effect of the foam ligaments could be replicated using multi-layer 
structure. The developed model of mass-equivalent multi-layered foam with half the number of 
pores compared to the real foam was able to predict the outcome of all simulated physical tests 
while completing the numerical analysis significantly faster than using the three-dimensional 
models. 

107-1F-3 Effect of Thermal Cycling on Composite Honeycomb 
Sandwich Structures for Space Applications 
 
Hegde, Sandesh Rathnavarma 
Concordia University 
 
Composites sandwich structures are widely used in aerospace applications that demand light 
weight and higher flexural stiffness, such as support structure for spacecraft subsystems and 
cryogenic fuel tank/primary structure modules for the launch vehicle. The present work is 
focused on ground-based test, which involves subjecting the sandwich material made of aramid 
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honeycomb core and carbon fiber reinforced polymer facesheet, to thermal environment 
ranging from -185°C (cold case, cryogenic) to +185°C (hot case), and then study the 
formation/growth of microcracks on the sample, and its effect on mechanical properties.  
Test plan was developed to subject the samples, to the above mentioned thermal conditions. 
To achieve lower temperature, liquid nitrogen (LN2) was used, to achieve higher temperature, 
the materials were placed in the convection oven. Two test setups were developed for the cold 
case, the first setup involves direct dipping of samples in LN2 (higher rate of cooling), which is 
similar to the condition experienced by sandwich structures used in the cryogenic fuel tank, 
where the cryogenic fuel is in direct contact with the material. The second setup involves non-
contact cooling where samples are subjected to cryogenic environment without direct contact 
with LN2, this condition simulates the thermal environment (lower rate of cooling) experienced 
by the materials used in spacecraft’s primary structures and support brackets in eclipse region 
of the orbit. 
The samples were then inspected for microcrack formation at its cross-section, the observation 
was done on two sides of each sample, ribbon direction side and cross ribbon direction side of 
the core. Microscopic inspection was conducted every half a cycle (after cold cycle and hot 
cycle) to observe the part of the cycle that contributes more towards the formation and growth 
of microcracks. Microcracks were quantified by parameters such as crack density and crack 
length, with the increase in cycles. 

058-1F-4 Numerical Assessment of Effects of Dimension and Layup 
on Strength for an Experimental Composite Coupon Design 
 
Li, Gang 
NRC Aerospace 
 
Fibre reinforced composite primary and secondary aircraft structures have the potential to 
achieve the same strength and stiffness as conventional metallic structures. Quasi-isotropic 
laminated composite panels are usually used in aerospace applications, since this type of layups 
maintains satisfactory strength in both longitudinal and hoop directions. With considerable 
achievements in adhesive and bonding technologies, bonded composite structures can be 
lighter and more cost effective than equivalent bolted or riveted ones. Bonded composite 
structures have high potential for more applications in advanced aerospace vehicles. 
This paper presents the numerical assessment of a bonded composite coupon design using 
three-dimensional finite element (FE) models. CYCOM 5276-1 G40-800-24K carbon fibre 
prepregs supplied by Cytec Industries Incorporated were used to fabricate a coupon that 
consists of a hat-shaped stiffener and a flat panel skin. The stiffener and the panel skin were 
bonded together using film adhesive AF163-2K. Effects of coupon size and layup on the 
structural static strength were studied. Stress magnitudes at the far end overlap section were 
used to select an experimental composite coupon design. The subsequent experimental tensile 
testing showed that the failure mechanism and location were exactly as predicted. Moreover, 
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the strength measured in the test validated a subsequent higher-fidelity numerical model, 
showing a relative difference less than 1%. 
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TECHNICAL SESSION 2

130-2A-1 Space Resources and Mining: Current Objectives, Plans, 
and Missions 
 
Sanders, Gerald 
NASA Johnson Space Center 
 
-  Why are Space Resources and Their Use Important? 
There are many reasons why people and nations want to explore space, and there are many 
different ways in which space can be explored. A critical interface linking both the ‘why’ and the 
‘how’ of space exploration is the identification, extraction, and use of resources in space. In 
both NASA’s Journey to Mars: Pioneering Next Steps in Space Exploration released in October 
of 2015 and the Global Exploration Roadmap released in August 2013, the ability to find, 
quantify, extract, process, and use space resources was identified as a critical objective by NASA 
and over 14 other space agencies for achieving affordable and sustainable human exploration 
beyond Earth’s orbit, encouraging and creating new commercial entities and markets based on 
space activities, and increasing the terrestrial economy and quality-of-life benefits for all 
humankind. 
Robotic and especially human space exploration up to this point in time can be considered to 
be ‘Earth reliant’ in that everything needed to support and enable the mission is launched from 
Earth. The past Apollo missions to the Moon and the International Space Station currently in 
orbit above the Earth all rely on hardware, habitats, power, transportation, and life support 
consumables sent from Earth to keep the crew alive and working. As the distance from Earth 
increases, the cost of transportation and the risks due to failures and logistics disruptions also 
increases. By using resources found at the site of exploration to make mission critical 
consumables (such as propellants, fuel cell reactants and life support commodities), spare 
parts, and infrastructure needed to support surface activities (such as landing pads, roads, 
habitats/shelters, and power/thermal systems) commonly referred to as In Situ Resource 
Utilization, a significant amount of launch mass and cost can be saved and risk reduced. The 
ability to do these things also changes how exploration is performed from Earth Reliant to 
NASA’s goal of ‘Earth Independent’ exploration. 
After the US Apollo program was over, people began to recognize that it had been an 
inspiration for a generation of young students to go into Science, Technology, Engineering and 
Math (STEM) fields, and that the US industry and economy had significantly grown and lived off 
these students and the technological advances made to achieve these missions for decades. 
Space exploration should no longer be focused solely on scientific advancement or national 
pride, but for economic growth and population standard of living advancement. Considering 
the economic value of human exploration and how it could expand the economy of the US was 
brought to full light in a speech by John Marburger, the director of US Office of Science and 
Technology Policy under George W Bush at the Goddard Symposium in 2006. In his speech he 
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highlighted that the ultimate goal was not to just Explore space but to Use space for the benefit 
of mankind. He further stated that the use of off-planet resources, in this case from the Moon, 
should be a critical architectural consideration for human space exploration to make it more 
affordable and sustainable. This could be achieved in two ways. The first is to start by 
encouraging and commercializing the extraction and production of transportation and life 
support related products from space resources, which could than lead to other resource uses 
once an affordable transportation architecture is established. The second is to encourage the 
spin-in of terrestrial technologies into space applications and spin-off of space technologies into 
terrestrial applications to increase the efficiency and profitability of terrestrial industries. 
- What is Needed and What is Currently Going On with Space Resources? 
As with terrestrial mining, for ISRU and space mining to be implemented there needs to be 
confidence in the availability of the resource(s) of interest, the extraction and processing 
systems used, and the quality and availability of the product generated. To achieve this 
confidence, NASA is currently pursuing multiple paths simultaneously. 
The first path is understanding what resources and products can have the greatest impact on 
near-term and long-term human exploration missions. By performing studies of human 
missions to the Moon, Mars, and other destinations with and without the use of space 
resources and products, a return-on-investment assessment can be performed for the cost and 
mass of the hardware and infrastructure needed to create the product vs. bringing the product 
from Earth. Past studies have shown that making propellants for transportation systems 
provides the biggest mass reduction, while construction and manufacturing with in situ 
materials can significantly reduce the risk to the crew.  
The second path is developing technologies and capabilities to perform the resource extraction 
and processing tasks identified in the first path. NASA is currently pursuing development of 
technologies for conversion of carbon dioxide into oxygen, the excavation, processing, and 
extraction of water and other volatiles from extraterrestrial regolith on the Moon and Mars, 
and the chemical conversion of carbon dioxide and water into oxygen and rocket fuel 
(methane) at human mission relevant scales. NASA is also pursuing development of 
technologies for construction and manufacturing through additive manufacturing techniques 
with Earth and in situ derived feedstock materials. 
The third path is to perform missions to better characterize potential resources in space as well 
as demonstrate critical technologies and capabilities to gain confidence in ISRU. For the Moon, 
NASA is developing several CubeSat orbital missions (Lunar Flashlight, LunaH-MAP, and Lunar 
IceCube), specifically aimed at trying to better locate where water-ice might be found and how 
much water-ice might be available. To provide ground truth to the measurements taken by 
past, current, and these planned orbital missions, NASA is working on Resource Prospector, a 
lunar rover and instrument suite targeted for launch in the early 2020’s. For Mars, NASA is 
developing a small experiment to acquire, pressurize, and process the atmosphere on Mars to 
make oxygen. Called MOXIE, this experiment is manifested to fly on the Mars 2020 rover. 
To promote involvement of terrestrial industries into these efforts, NASA has recently released 
two solicitations for public-private partnerships with NASA. The first solicitation is a Broad Area 
Announcement aimed at developing critical components and subsystems that can be used in 
oxygen and propellant production on the Moon and Mars 
(https://www.fbo.gov/notices/34eb0ba219ff3a8d97c9c4b2c9302bf1). The second is a Tipping 
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Point solicitation (80HQTR18NOA01-18STMD_001) asking for proposals to develop technologies 
and systems that enable new in-space capabilities for future NASA missions, and that have 
viable commercial applications in ISRU. 

017-2A-2 Moon-to-LEO Cargo Shipment Using a Tapered Rotating 
Sling Derived from Lunar Basalt 
 
Turner, Michael 
Project Persephone 
 
Lunar ISRU scenarios tend to focus on extracting trace elements, or on metals refinement from 
regolith using very high temperature electrolysis. An easier lunar ISRU path seems to lie in plain 
sight. Space-weathered regolith fines (often thought only a hazard for bases) could be a source 
of very strong basalt after simple refinement steps that also yield glassy silicates and some 
oxygen. Basalt fiber's specific strength is close to that of some high-performance industrial 
fibers. It's been proposed (Baker & Zubrin, Landis, Puig-Sari et al.) to use a tapered rotating 
sling on the Moon to send cargo on various trajectories. These authors assumed slings made of 
fiber stock (such as PBO) that must now be sent to the Moon at high expense. This paper 
suggests how basalt fiber from a solar furnace could form a sling that can send cargo from the 
lunar surface to aerobrake passes at Earth. Regolith-derived products (basaltic, glassy) and 
oxygen out-gassed from the regolith melt could find use near Earth. Among products suggested 
for satellites integrated in orbit: lunar oxygen combined with hydrogen from Earth for satellite 
station-keeping and orbit-adjustment propulsion; basaltic parts for parabolic dishes, reaction 
wheels, solar PV arrays, and satellite frames; and electrical insulation for power systems. 
What's suggested for economizing on upper-stage return: basaltic thermal protection for 
aerobraking and atmospheric entry; parachutes made of basalt fiber and fiberglass; landing 
legs; and oxygen for reentry burns. As a cost-saving measure, a solid rocket with a casing made 
of refractory metals can serve as a solar-heated regolith melt furnace after use in landing on 
the Moon. 

086-2A-3 VMMO Lunar Volatile and Mineralogy Mapping Orbiter 
 
Kruzelecky, Roman 
MPB Communications 
 
Understanding the lunar near-surface distribution of relevant in-situ useable resources, such as 
ilmenite (FeTiO3), and volatiles, such as water/ice, is vital to future sustained lunar manned 
bases and commercial activities. This is addressed by the VMMO lunar orbiter mission concept 
for a highly capable, low-cost 12U Cubesat. This was developed as part of the ESA Sysnova LUCE 
Challenge and has been selected by ESA for further development and potential flight as a 
secondary payload. 
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VMMO comprises the LVMM Lunar Volatile and Mineralogy Mapper, the CLAIRE Compact 
LunAr Ionising Radiation Environment payloads, and the supporting 12U Cubesat bus. 
The compact LVMM is a multi-wavelength Chemical Lidar (6.1 kg) using fiber lasers emitting at 
532 nm and 1560 nm for stand-off mapping of the lunar ice distribution using active laser 
illumination, with a focus on the permanently-shadowed craters in the lunar south pole, as well 
as the detection of frosting during the lunar night. This combination of spectral measurement 
channels can provide very sensitive discrimination of water/ice in various Mare and Highland 
regolith based on supporting lab predevelopment. The associated fiber-laser technology has 
heritage in the MPBC Fiber Sensor Demonstrator flying on ESA's Proba-2 spacecraft. LVMM can 
also be used in a low-power passive mode to map the lunar ilmenite in-situ resource 
distribution during the lunar day using the reflected solar illumination. 
The CLAIRE payload (0.5 kg) is designed to provide a highly miniaturized radiation environment 
and effect monitor for cis-lunar space. The payload draws on heritage from the MuREM and RM 
payloads, flown on the UK’s TDS-1. The payload includes PIN-diode sensors to measure ionizing 
particle fluxes (protons and heavy-ions) and to record the resulting linear energy transfer (LET) 
energy-deposition spectra. It also includes solid-state RADFET dosimeters, to measure 
accumulated ionizing dose, and dose-rate diode detectors, designed to respond to a Coronal 
Mass Ejection (CME) or Solar Particle Event (SPE). 
The CLAIRE payload also includes an electronic component test board, capable of measuring 
SEEs and TID effects in a selected set of candidate COTS electronics to assist advancing their TRL 
for beyond-LEO applications.  
Acknowledgements 
The authors would like to acknowledge the European Space Agency for enabling this mission 
concept study through the ESA LUCE Cubesat SysNova Challenge program. 

120-2A-4 Future History 
 
Hinzer, Joe 
Watts, Griifis and McOuat 
 
Most of the focus to date however has been directed towards the technical challenges related 
to getting there, finding and identifying the potential resources and devising means of 
extracting and processing them. Most current concepts include some type of on site or central 
off planet processing facility and utilization of extracted resources in off planet settings. Some 
however do consider returning some high value elements to earth. 
Missing in all of this are the supportive administrative and regulatory components.  
While advances are being made in space law, there are still many competing and contradictory 
views that will need to be integrated into an umbrella framework acceptable to all 
stakeholders. 
Space exploration and development work will generate much new information and since it will 
be generated at great cost, having an administrative framework for the collection, recording 
and reporting of this information (such as the current requirements for exploration information 
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in Canadian) would facilitate the development of an ever increasing body of knowledge 
available to all participating members (nations).  
Not only will the data generated be important but for general administration the collection and 
recording of location and controlling interest etc. in the various parcels (claims) will also be 
required. 
Investors surely will demand some form of independent verification of the data (as is currently 
the case) prior to investing the huge sums required to develop such projects and some form of 
basic agreed upon industry standards for comparative purposes. 
Last but not least appropriate local government policy and supportive interest to encourage 
investment (such as flow thru shares) as a vehicle to support and maintains Canada’s place in 
the legion of space explorers. 
This presentation will review the lessons we can garner from Canada’s history to avoid pitfalls 
and extend these to develop a viable administration of space resources by leveraging our 
profound knowledge base and global recognition.  

083-2B-1 Making Space for Everyone: A Research Program Aimed at 
Breaking Down Barriers to New Technology Adoption in Space 
 
Ferguson, Philip 
University of Manitoba 
 
Over the past 50 years, the space industry has been hesitant to adopt many of the most cutting-
edge advances in satellite research. As a result, these missions continue to cost hundreds of 
millions of dollars and take close to a decade to design and build spacecraft prior to launch. This 
paper introduces a collaborative, interdisciplinary research program to overcome some of the 
barriers that prevent the space industry from implementing new technologies. This research 
aims to improve the reliability of space missions and reduce the cost and design cycle time by 
addressing key aspects of space systems design. Firstly, resilient spacecraft control systems will 
be developed by investigating safe, self-configuring and adaptive satellite control strategies 
that reduce development time by eliminating the need for simulation, characterization or 
calibration prior to launch. Second, robust and scalable “cloud-based” navigation solutions will 
be developed that can leverage knowledge of existing space objects to help control satellite 
position and orientation in orbit. Third, smart technologies will be developed for harsh space 
environments that can be embedded into multi-function structural spacecraft panels to provide 
protection from launch vibration, radiation and small particles. A multi-vehicle drone testbed 
will be developed to evaluate, characterize and demonstrate these technologies without 
resorting to a full satellite launch. During this program, students will work with Magellan 
Aerospace to understand the challenges of satellite engineering and design and build a 
technology demonstration satellite mission in the jointly-owned Advanced Satellite Integration 
Facility. The enabling technologies developed in this research program will make space 
engineering more relevant to today’s engineering state of the art and make space more 
accessible to Canadian companies and research institutions. 



 

27 
 

038-2B-2 The Paradigm of Space 4.0 
 
Mouriaux, Franck 
RUAG Space 
 
Space is facing a paradigm shift that is not only affecting rockets but also satellites, becoming 
truly commercial and competitive. Space is offering new opportunities but it is also bringing 
new challenges that have to be addressed first. 
Performance must be increased significantly meaning that average standard products, like 
generic platforms, covering the largest possible range of specifications are not appropriate 
anymore. Specific solutions have now to be developed for each new mission while costs and 
lead time must be reduced by several orders of magnitude. 
This forces industry participants to redefine the level of standardization and to create new 
building blocks, while engineering and production have to learn how to deal with those new 
elements. Large constellations are also changing the economics of satellites by bringing high 
volume production into the game. 
This presentation shows how RUAG Space is working with key partners to change the way 
satellites are designed and produced with the support of new technologies like additive 
manufacturing, robotic, multi-physic simulation and topology optimization. 

097-2B-3 Numerical Simulation of Cavitating Two-Phase Flow in 
Nitrous Oxide Injectors for Hybrid Rocket Engine 
 
Vargas Niño, Emerson 
University of Toronto 
 
Injectors are a critical component of liquid and hybrid rocket propulsion systems and their 
design can profoundly impact the combustion efficiency and stability of a rocket engine. Nitrous 
oxide is an attractive oxidizer for use in hybrid rocket propulsions systems as it is self-pressuring 
and therefore able to drive itself into a combustion chamber without the need of complicated 
pressurizing systems. Nitrous oxide injectors have proved difficult to analyze as the high 
pressure drops required across an injector element induces cavitation resulting in two-phase 
flow inside the injector. 
In this paper a series of Computational Fluid Dynamics (CFD) simulations were performed on 
turbulent cavitating flow inside N2O injector elements, the results were then validated using 
cold flow test data for a N2O injector element. The solver in question uses an Eulerian-Eulerian 
multiphase approach to model a system of 2 fluid phases experiencing a common pressure. Of 
particular importance was the solver’s ability to model compressibility as well as heat transfer 
effects, two phenomena which greatly impact cavitating N2O. A number of cavitation and 
turbulence models were utilized and their resulting performance compared. Both single injector 
elements and complete injector plates were simulated for the purposes of studying internal 
flow physics and multi-element spray development respectively. A focus of this study was on 
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the prediction of critical downstream pressure below which mass flow rate becomes decoupled 
from the effect of increasing pressure drop across the injector. The critical pressure is of 
immense importance in injector plate design and is used to guarantee design mass flow rate 
across the range of pressures a hybrid propulsions system experiences.  
The results obtained and their comparison with experimental data showed that the CFD 
simulations were able to predict the mass flow rate and critical downstream pressure with a 
high level of confidence. 

052-2B-4 A Software and Hardware Redundancy Architecture for 
Using Raspberry Pi Modules as Command & Data Handling Systems 
for the DESCENT Mission 
 
Murugathasan, Latheepan 
York University  
 
CubeSats, which are a special class of nanosatellites, often impose very strict form-factor, 
schedule and cost constraints on their development. University projects may also impose 
limitations on human resources, in terms of team size, turnover and level of training. Low-cost 
commercial off the shelf (COTS) components are well suited to low-budget training activities, 
and would be ideal as replacements for more costly space-grade hardware. Their lack of space 
heritage demands rigorous testing and more complex design to ensure sufficient reliability for 
mission success, however. Traditionally, such assessment has focused on radiation 
performance, however other aspects of design and testing are also important to ensure a low-
cost, robust and easily implementable system design. 
The command and data handling unit (C&DH) is of particular interest because there are many 
COTS alternatives available. With the advent of the System on a Chip (SoC), the cost of C&DH 
modules can be reduced by orders of magnitude while providing comparable if not superior 
computational performance and power consumption as well as reductions in volume. 
In this paper, we provide details of one of the C&DH units for the upcoming DESCENT (2U 
CubeSat) mission. This C&DH unit uses two redundant Raspberry Pi Zeros in a novel system 
architecture. The paper details the design of the PCB hosting the two Pi Zeros that can be 
directly interfaced with the standard PC104 stack, typically found on CubeSats, as well as an 
arbitration logic to determine which Raspberry Pi should assume control of the CubeSat bus. 
The arbitration logic and memory archiving approach have been designed to increase the 
reliability of the low-cost Pi to a point where it can provide mission support for the short-
duration DESCENT mission. The paper also discusses the synergies of this architecture with 
more traditional OBC architectures and the resulting development and training benefits of the 
low-cost Pi architecture for the DESCENT mission team. 
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132-2C-1 Canadian Operations and Utilization Activities on the 
International Space Station 
 
Caron, Mathieu 
Canadian Space Agency 
 
More than 17 years after the launch of the Canadarm2, the Canadian Space Agency (CSA) 
continues to play a key role in the International Space Station (ISS) Program. The Mobile 
Servicing System (MSS), a versatile Canadian robotics system, has been used extensively over 
the years for ISS assembly, inspection and maintenance. With the ISS construction now 
complete, the focus of MSS operations has shifted to resupply and external maintenance 
activities. Canada has also made an effective use of the ISS as an on-orbit research platform in 
order to contribute to the identification, characterization and mitigation of the risks of long-
duration human spaceflight. 
This overview briefly summarizes key Canadian activities which have been carried out on the ISS 
since the CASI ASTRO 2016 conference. During this period, the MSS was used to capture, 
offload, and release 11 unmanned cargo vehicles; perform complex and delicate logistics and 
maintenance operations, including the replacement of an entire set of external batteries; 
operate new tools; inspect manned capsules prior to their return on the ground; and even 
perform its first microsatellite deployment. In addition, the CSA continued to actively support 
radiation monitoring, cardiovascular, neuroscience, bone loss, psycho-social adaptation, and 
space anemia studies using ISS crew as subjects. This intense tempo of operations and scientific 
investigations is expected to continue and even increase in the year to come. In addition to 
keeping pace with the steady stream of resupply vehicles, CSA is looking ahead to its third long 
duration mission to the ISS in late 2018. The coming year will also see the launch of the Bio-
Monitor and Bio-Analyzer systems, part of the ‘Life Science Research System on ISS’ initiative, in 
order to further support and facilitate scientific research in the context of space exploration. 

126-2C-2 Bartolomeo - The New Versatile Payload Hosting Facility on 
the International Space Station 
 
Pegg, Katherine 
Airbus Defence and Space 
 
The new external payload platform Bartolomeo is in development for the International Space 
Station. As an enhancement of the infrastructure, Bartolomeo will offer 12 additional external 
payload sites, all of them situated on the ram-facing side of the European Columbus module. 
Payloads are accommodated using standard mechanical, electrical and data interfaces that 
enable robotic servicing of the facility and its payloads with utilization of the available payload 
airlocks.  
Bartolomeo provides a versatile hosting solution for all payloads in a mass range of 50 to 450kg. 
Smaller payloads can be accommodated by sharing a slot. Designed to user requirements from 



 

30 
 

the commercial and institutional sector, Bartolomeo complements the space station with its 
unique capabilities and resupply logistics with unique features: access to the best viewing 
angles in nadir, zenith and limb directions, with minimal obstructions from other space station 
elements; choice between unpressurised and pressurized launch of payloads; payload or 
sample return option; an enhanced data downlink capability of up to 2 Terabytes per day 
through optical communication; easy access to space with standardized payload interfaces; 
integrated mission solutions with pre-developed payload modules available from small (few kg) 
to large (few 100kg) payload sizes; and, a simplified and fast-track mission integration scheme. 
Furthermore, Bartolomeo provides convenient user interfaces to end-customers both during 
the development phase through MBSE tools, and during the flight phase to control their 
payloads, including an individual cloud-based console with user-defined onboard intelligence, 
direct web and Airbus cloud access and development environment.  
The Bartolomeo facility will launch on SpaceX-18 and be ready to host payloads from mid-2019 
onwards. Payload sites on the new facility are accessible through a commercial contract. With a 
lead time of approximately 18 to 24 months the Bartolomeo Mission Service offers end-to-end 
mission integration in a straightforward, simplified, streamlined way.  
These capabilities mean that the facility is well suited to host a wide range of commercial, 
institutional and educational payloads, including EO (active &/or passive), communications, 
materials science, biology, pathfinder missions, technology demonstrations, capability 
demonstrations, astronomy and space physics, rapid-response payloads, in-space 
manufacturing and assembly, in-space services, robotics, and many others. 

112-2D-1/2 RADARSAT Constellation Mission   
 
Kroupnik, Guennadi 
Canadian Space Agency 
 
The RADARSAT Constellation is the next step in evolution of the RADARSAT Program with the 
objective of ensuring data continuity, improved operational use of synthetic aperture radar 
(SAR) data and improved system reliability.  
The mission consist of three identical C-band SAR satellites flying in a constellation which will 
provide complete coverage of Canada's land and oceans offering an average daily revisit, as 
well as a potential daily access to 90% of any location on the globe.  
The main objective of the RADARSAT Constellation Mission is on meeting Government of 
Canada User Department’s needs and requirements in Core Use Areas such as Maritime 
Surveillance, Disaster Management, Ecosystem Monitoring and Northern Development.  
The constellation is designed primarily as a wide area monitoring system, offering medium 
resolution data, but it will also offers high resolution imaging capabilities, including a Spotlight 
Mode, as well as multiple polarization including Compact Polarimetry.  
The greatly enhanced temporal revisit combined with accurate orbital control will enable 
advanced interferometric applications in between satellites on a four-day cycle that will allow 
the generation of very accurate coherent change maps. RCM frequent revisit capability, near 
real-time SAR data availability and vessel identification capabilities (through an AIS payload) will 
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provide the capability to identify and monitor ships up before they enter national waters or 
ports. 
The RADARSAT Constellation Mission is currently under construction with satellite launches 
planned for 2018. 
This presentation will describe the RCM performance, the space and ground segments, provide 
an overall project status and discuss activities surrounding application development as well as 
Canadian government users’ operational readiness. 

146-2D-2 Compressed TCPED Cycle for RCM Follow-on Mission  
 
Stock, Andreas 
Airbus Defence and Space 
 
To enhance and exploit space-based surveillance capabilities serving the future needs of a 
broader range of users and applications, the RCM follow-on mission will have to define new 
concepts of operations for surveillance taskings with minimal lead time, to permit flexible 
operations in a system-of-systems environment. 
In the DND Defence Innovation Research Program (DIRP) coordinated by Defence Research & 
Development Canada (DRDC), Airbus Defence and Space together with ADGA and Insarsat 
conducts a study to develop a compressed TCPED (Tasking, Collection, Processing, Exploitation, 
and Dissemination) cycle for the RCM follow-on mission.  
This talk will provide an overview to the main objectives of the Airbus DIRP project, the study 
logic and the innovations that will be investigated and developed. 
The main objective of the Airbus DIRP project is the development of new concepts of 
operations with the aim to compress the TCPED cycle of the RCM follow-on mission to near-
real-time. To achieve this goal several, innovative approaches and concepts are studied. These 
innovations comprises the utilization of Data-Relay-Satellite-Communication, such as the 
European Data Relay Satellite System EDRS, automatic & autonomous satellite-to-satellite 
tasking based on the potential of on-board data processing, new concepts for automatic ship-
detection algorithms, and the development of cross-cueing role within a system-of-systems, in 
specific with the next civilian German X-Band High Resolution Wide Swath (HRWS) SAR satellite 
mission currently under de development in a partnership approach between the German 
Aerospace Centre DLR and Airbus Defence and Space. 
Airbus Defence and Space would like to acknowledge the support from DRDC and the DND 
DIRP. 
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148-2D-3 Enhancing Defence Space-Based Maritime Surveillance 
 
Kabatoff, Chad 
DND - DG Space 
 
The Department of National Defence and the Canadian Armed Forces (DND/CAF) have been 
exploiting space-based data for the purposes of maritime domain awareness for over 5 years 
now. The Polar Epsilon capability uses space-based synthetic aperture RADAR to provide active-
wide-area-surveillance of the maritime domain. When this data is compared with space-based 
Automatic Identification System data (AIS), a synergistic operational effect is provided to 
maritime surveillance officers. However, there are many aspects of the vast amount of data 
that holds immense potential. For instance, global and arctic trends are highlighted by AIS data, 
which may have strategic implications. However, with the prevalence of ships turning off or 
tampering with their AIS transponders, it remains clear that we cannot rely on AIS data alone.  
This presentation will open up with a real-life maritime surveillance problem that highlights 
some of the issues of maritime domain awareness. One of the DND’s solutions, the Polar 
Epsilon capability will be discussed, and how AIS helps build a tactical picture for surveillance 
officers. Then a deeper look into the AIS data will show that AIS data can show significant and 
strategic trends, while discussing how AIS is limited by its users being compliant, which leads 
into the need for active-wide-area-surveillance of the maritime domain. Some actual successes 
and examples of active-wide-area-surveillance will be provided before ending by describing 
DND’s future space-based surveillance requirements, and the ambitions of the next space-
based surveillance project, call the Defence Enhanced Surveillance from Space Project. 

147-2D-4 Analysis of Cross-Cueing between RCM and HRWS 
 
Stock, Andreas 
Airbus Defence and Space 
 
A growing number of commercial satellite imagery missions provide cost-efficient sources for 
earth observation data at an unclassified level. Efficient cross-cueing between government 
owned assets, such as the RADARSAT Constellation Mission, RCM, and commercial satellite 
imagery missions allows shorter revisit times and the capability to access a wider choice of 
imagery products w.r.t. to resolution, wavelength, or product size. 
This study analyses the geometrical access patterns between RCM and the HRWS satellite 
missions for two scenarios in the context of search and rescue operations to derive revisit times 
and evaluate cross cueing opportunities in selected areas in the Atlantic Ocean and the 
Northwest Passage. HRWS will provide high resolution images covering wide swaths. It 
constitutes the next German civilian X-Band SAR Mission continuing the TerraSAR-X mission and 
is currently under development in a partnership approach between the German Aerospace 
Centre DLR and Airbus Defence and Space.  
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Knowledge of the time between two acquisitions provides potential operational cross-cueing 
scenarios with the two systems. Furthermore, the results provide an important input to the 
definition of a compressed TCPED cycle for a future Canadian space-based surveillance system, 
which is currently being studied by Airbus Defence and Space together with ADGA and 
INSARSAT within the DND Defence Innovation Research Program (DIRP) coordinated by 
Defence Research & Development Canada (DRDC).  
Airbus Defence and Space would like to acknowledge the support from DRDC and the DND 
DIRP. 

037-2F-1 The ESA PROBA-3 Formation-Flight Mission: Functional 
Architecture of the Spacecraft Guidance, Navigation and Control 
Software  
 
Woo, Pamela 
NGC Aerospace 
 
ESA’s PROBA-3 mission will demonstrate high precision formation-flying at large scale. The 
mission concept includes two spacecraft, a Coronagraph and an Occulter, evolving on a highly 
elliptical orbit in a “virtual structure” configuration in order to make observations of the Sun 
corona. They also perform formation-flying manoeuvres such as retargeting, resizing and roll 
during which the two spacecraft shall coordinate their position and attitude motion. Formation-
flying operations are to be executed autonomously by the spacecraft, without ground contact 
for days. 
The baseline PROBA-3 Guidance, Navigation and Control (GNC) system is structured in two 
levels: a “Formation-Flying” level and a “Spacecraft-Services” level. The “Formation-Flying” level 
manages the formation control and, generally speaking, the mode of operation of the mission. 
The Formation-Flying GNC sends low-level commands to the Spacecraft Services (SC-SRV), 
which take the form of desired attitude and manoeuvres to be executed. SC-SRV in turn 
provides absolute orbit and attitude estimates used by the Formation-Flying system in its 
formation control loop. 
As a subcontractor to GMV, NGC Aerospace is responsible for the design of the PROBA-3 SC-
SRV system. The SC-SRV is composed of the classical functions of an Attitude and Orbit Control 
System, such as attitude and orbit navigation, attitude guidance, attitude control and actuator 
management. The particularity of the PROBA-3 SC-SRV function is that it has to serve the needs 
of different “users” or subsystems, e.g. perform basic platform control tasks as well as realize 
formation control by executing commands from different formation control systems under 
different circumstances. 
The paper will present the SC-SRV functions required to support the formation-flying 
operations, how they are structured and how they interact with the rest of the formation and 
platform control components in this multi-spacecraft and multi-user environment. 



 

34 
 

051-2F-2 Dynamic Characterization of Coupled Orbital and Attitude 
Motion of Electric Solar Wind Sail 
 
Li, Gangqiang 
York University 
 
This paper studies the dynamic characteristics of coupled orbital and self-spinning motions of 
electric solar wind sail. The sail is modeled with flexible elastic tethers subjected to a central 
gravity field and solar wind. A high-fidelity model based on the nodal coordinate formulation is 
developed with the consideration of elastic and electric effects. The resulting dynamic 
equations are solved by Symplectic integration scheme to ensure numerical stability over a very 
long period. In addition, the effect of coupled orbital and self-spinning motion on the dynamic 
behavior is investigated qualitatively with the physical parameters such as the length of the 
main tether, the mass of remote unit, and the spin rate. Furthermore, the variation of thrust 
with respect to the flight orientation in terms of the sail and coning angles is characterized 
numerically. Finally, the free flight dynamic performance under different initial spin rates and 
sail angles is investigated. Numerical results show that the orbital maneuvering efficiency in an 
uncontrolled mode is low, and a suitable control strategy should be employed to accomplish 
the holding of the initial sail angle and spinning plane for high efficiency. 

024-2F-3 Comparison of the Hermite Legendre Gauss Lobatto and 
the Gauss Legendre Pseudospectral Methods for Spacecraft Trajectory 
Optimization 
 
Narayanaswamy, Sanjeev 
UTIAS 
 
Spacecraft trajectory optimization is a fundamental aspect of space travel and generally plays a 
crucial role in mission design. This field can be defined as the search for the optimal time 
history of the spacecraft state variables with respect to a cost function with various constraints 
on the allowed solutions. Some common constraints include limits on the path that the 
trajectory can take as well as limits on the control effort. The two most common classes of cost 
functions used in this field seek to minimize time of flight or to minimize fuel. Direct numerical 
methods have found success for such optimal control problems as they do not require the 
derivation of analytical first order necessary conditions and are more tolerant of poor initial 
guesses when compared to methods that are based on the calculus of variations. In this paper, 
the Hermite Legendre Gauss Lobatto (HLGL) and the Gauss Legendre Pseudospectral (PS) direct 
methods have been compared for a minimum time Medium Earth Orbit (MEO) to 
Geostationary Earth Orbit (GEO) planar transfer problem with continuous control thrusts. 
Various metrics that describe the computational cost as well as the errors with respect to a 
reference trajectory have been used. For the HLGL method, the number of subintervals (m) and 
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the order of the interpolating polynomial (n), can be varied such that the number of nodes (N) 
stays constant. This paper analyzes the distribution of the number of such pairs for nodes from 
N = 2 to N = 64 using divisor functions and includes an algorithm for determining all the possible 
HLGL pairs for any N value. The primary contribution of this paper involves a detailed 
comparison of the performance of all the HLGL pairs with the PS method for nodes in the range 
N = 2 to N = 64 for the MEO to GEO transfer. 

013-2F-4 Orbit Design in the Context of the Circular Restricted 
Three-Body Problem: Application to Binary Asteroid Systems 
 
Jean, Isabelle 
McGill University 
 
The three-body problem has been studied since Euler and is one of the most exciting problems 
to work on in the field of spacecraft dynamics. The Circular Restricted Three-Body Problem 
(CRTBP) has been studied with space missions in mind intensively since the 1960s, leading to 
the discovery of families of orbits around the Lagrangian points in the Earth-Moon and Sun-
Earth systems. Recently, orbits found in the context of the CRTBP have been used in mission 
such as Genesis, ISEE-E and Artemis. Now, researchers are pushing it a little further by 
designing orbital motion around binary small body systems, such as binary asteroids. The AIDA 
mission, planned to launch in 2020, will orbit the binary asteroid system Didymos, enhancing 
the need to design orbital trajectories in its vicinity. 
Binary small body systems such as Didymos are particular due to the fact that their bodies do 
not have a spherical shape and also have low gravitational forces because of their small size. 
This means that perturbations like the Solar Radiation Pressure (SRP) and higher order 
gravitational potential can have a large impact on the orbital motion of a small spacecraft and 
must be included in the models used for orbit design. 
As it is widely known, the orbits in the context of the CRTBP cannot be described with the 
familiar orbital elements used in a Keplerian orbit. Orbital motion must be found and designed 
using numerical techniques and a deep understanding of the dynamics of the system. The work 
described in this paper is proposing a method that can be implemented to find periodic orbital 
motion in the context of the CRTBP. It also shows how to apply this method to binary small 
body systems, such as Didymos, using a 4th order gravitational potential model and including 
the effect of the SRP. 
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TECHNICAL SESSION 3 

001-3A-1 The TerraSAR-X / PAZ Constellation: Operational 
Preparation 
 
Stock, Andreas 
Airbus Defence and Space 
 
The TerraSAR-X/PAZ Mission is a constellation formed by two independent missions. The 
operational TerraSAR-X Mission has been providing a wide range of products in various 
resolutions to commercial customers. It was joined by the PAZ Mission in early 2018; PAZ is 
currently in its commissioning phase. Together they will bring all the benefits of a true 
constellation to users: harmonized products and tasking/delivery procedures, higher revisit, 
joint direct receiving solutions. The mission is implemented by way of a partnership between 
industrial partners, namely Airbus Defence and Space, Germany and Hisdesat of Spain. It will 
cover a wide range of applications, ranging from Mapping, Change Detection & INSAR to 
Maritime, Intelligence and Emergency Applications. The TSX/PAZ mission is an excellent 
example of how two commercial partners work together, combining their assets for the benefit 
of the market and setting a new standard for the future WorldSAR constellation approach. This 
paper provides an introduction to the mission, an overview of the features and benefits of the 
constellation, and will provide details of activities leading up to operational readiness. 

137-3A-2 The University of Manitoba Activities on Satellite Orbital 
Debris Protection 
 
Telichev, Igor 
University of Manitoba 
 
Paper presents an overview of the University of Manitoba research activities which specifically 
address the Micrometeoroid and Orbital Debris (MMOD) protection of general spacecraft 
equipment, and additionally focus on protection of pressurized components – such as metallic 
and composite pressure vessels. The project utilizes the concept named “ENSURE” (ENhanced 
SURvivability Elements) based on the idea of redesigning the original structural parts to 
enhance their capability to act as an element of impact protection without prohibitive 
additional weight. The variety of possible protection solutions were evaluated using the 
symbiosis of numerical simulation and hypervelocity impact testing. The results of numerical 
and physical tests on the winning configurations are presented. A modeling framework for 
simulation of the interactions between projectile, fluid and pressure vessels is introduced, the 
possible collision outcomes as well as effective methods of protection of pressurized 
components are discussed. 
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129-3A-3 DEFIANT: A Small Mass-producible Microsatellite Platform 
for Demanding Applications under Extreme Cost and Size Constraints 
 
Larouche, Benoît 
UTIAS SFL 
 
The DEFIANT platform is a scalable satellite bus currently slated to accommodate a wide range 
of demanding missions. The platform possesses a core structure and set of avionics which form 
the basis of all configurations for the bus and is then capable of customization based upon the 
specific mission requirements. The prime form factor is a 300 x 300 x 400 mm (27U) 
quadrangular platform massing a total of 20-30 kg including a 5-10 kg payload allocation. 
Contained within the core avionics are a full suite of modular power electronics, a set of cross-
strapped computers for housekeeping, attitude control, and payload management, a mission 
adaptable set of radios (UHF, VHF, S-Band, X-Band, and more), a centrally mounted propulsion 
system, and a full set of attitude control sensors and actuators. 
Conceptualized to serve for several new missions which require multiple satellites to be 
designed, constructed, and launched as a fleet, DEFIANT prioritizes modularity and accessibility. 
This places additional difficulties and complications to a normally very delicate task. The 
DEFIANT bus possesses salient features making it ideal for parallel multi-satellite assembly and 
management, as well as a compartmentalized approach allowing for inter-mission compatibility 
and late stage component replacement. In addition, the material selection is kept to mainline 
alloys allowing for rapid procurement and manufacturing.  
Finally, the bus is designed for future-proofing by integrating next generation expandability into 
the system such as deployable solar arrays, a wide range of antenna mountings, and room to 
grow the power and processing capabilities. In order to accommodate the largest breadth of 
missions, the separation system can be mounted on different faces allowing for varied launch 
configurations.  
This paper will examine the capabilities of DEFIANT and potential applications. 

149-3A-4 Evolution of NIASAR Radar Product Family from S-Band to 
X-Band 
 
Cohen, Martin 
Airbus Defence and Space 
 
The low cost SAR payload for NovaSAR was developed by Airbus in the UK. It comprised a new, 
generic radar central electronics subsystem combined with a low phase centre count S-Band 
GaN based phased array antenna, and is referred to as NIASAR-S. NovaSAR is due to be 
launched in 2018. In the last two years, GaN technology has become available at X-Band, 
opening up the possibility to apply the same principles and technology at X-Band, and thus gain 
significant improvements in spatial resolution, swath width and access. Significant work has 
already been undertaken to develop the key building blocks that enable two new payloads, 
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NIASAR-X and NIASAR-X Lite, to be realised. The paper will provide a brief introduction of the 
NIASAR-S payload before going on the explain how this has been evolved to X-Band, and 
describing the building blocks developed to realize a family of low cost X-Band SAR payloads. 
The performance and main characteristics of the NIASAR-X and NIASAR-X Lite payloads will be 
presented along with test results from hardware prototyping. Satellite level designs that 
incorporate these payloads will also be presented. 

056-3B-1 Canadian Space Agency - Space Astronomy Overview 
 
Laurin, Denis 
Canadian Space Agency 
 
Space astronomy is science driven and enabled by state of the art technologies. Canada 
engages in international space astronomy missions, consistent with government’s innovation 
agenda to support scientific innovation and world-class research. Through consultations the 
CSA considers the scientific priorities of the Canadian community. 
Canada will be on-board NASA’s next flagship mission, the James Webb Space Telescope 
(JWST), through its contribution of two instruments, the Fine Guidance Sensor (FGS) and the 
Near Infra-Red Imager and Slitless Spectrograph (NIRISS). It is planned for launch in mid-2019 
and will provide new views of the universe and offer unprecedented discovery potential. ISRO’s 
first space astronomy telescope, ASTROSAT is operating successfully; the Canadian built UV 
detector electronics is demonstrating excellent functionality. CSA’s laser metrology system 
(CAMS) on the JAXA X-ray space observatory ASTRO-H met its performance requirements. 
CSA supports technology development and preparatory studies to identify new opportunities. 
Studies have provided a concept and technology developments for a Canadian led 1-m 
UV/optical space telescope and more recently for potential contributions to NASA’s next 
flagship mission WFIRST. Looking further into the future, CSA has also explored potential 
contributions to the ESA mission SPICA.  
CSA issued several RFPs for science maturation and concept studies aimed at future planetary 
and space astronomy mission opportunities. The ideas are guided by the consultations resulting 
from the Canadian Space Astronomy Workshop (CSEW) 2016 and the CSA supported Topical 
Teams. The topics of resulting studies will be described. The topics of the resulting issued 
studies will be briefly described. 

133-3B-2 HiCIBaS - The High-Contrast Imaging Balloon System 
 
Brousseau, Denis 
Université Laval 
 
The advent of space-based astronomical observations has transformed the field of astronomy. 
However, the advances in space-based observations come at a significant cost. Flying 
instruments aboard sub-orbital balloons can provide comparable scientific results at a fraction 
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of the cost. The HiCIBaS (High-Contrast Imaging Balloon System) project provides a platform to 
develop space-like imaging techniques exoplanet research. In fact, a high altitude balloon can 
carry a telescope payload to near-space environment where high contrast imaging experiments 
are possible. The HiCIBaS mission has four objectives: develop and test a custom low-order 
wavefront sensor (LOWFS), measure and gather data on wavefront instabilities and errors at 
high altitude in the visible spectrum, develop and test a sub-milliarcsecond pointing system, 
and lead to a high-altitude flight heritage for various instruments. Among these instruments are 
the LOWFS (U. Laval), a coronagraph mask (Leiden Univ.), a deformable mirror (Iris AO), and an 
EMCCD camera (NüVü). The project is led by Université Laval along with numerous 
collaborators, and the 8-hour mission is scheduled for launch from Timmins (Ontario) under 
CSA’s STRATOS program in August 2018. 

144-3B-3 CASTOR, a Proposed Flagship Canadian Astronomy Mission 
 
Grandmont, Frédéric 
ABB  
 
Astronomers have always been very strong advocates of a strong civil space program for good 
reasons. The atmosphere is a severe annoyance separating us from the crisp view of the 
cosmos. Not only does it severely blur images, add clouds obscuration, brings emission lines, 
decrease the darkness of space by scattering light pollution, it also permanently blocks large 
portion of the electromagnetic spectrum such as the UV. Unfortunately, all photons are not 
created equal and the UV one carry a great deal of information that can’t be explored without 
going into space. 
With strong contributions in FUSE (1999-2007) and UVIT (2015- ), Canadians built a legacy of 
leadership in spaceborne UV astronomy. Canada also established itself as a leader in wide field 
imaging with the Megacam project on CFH, the first large format CCD mosaic camera composed 
of 36 2K x 4.5K array detectors totaling 340 Megapixels (2003-). Now the community is calling 
to combine these two skills in putting in space the first wide field UV camera ever deployed. 
This camera would surpass the Hubble by a factor greater than 100 using its 725 Megapixel 
mosaic camera. The UV space telescope to date were mainly designed for targeted observation 
of a tiny portion of the sky. CASTOR will allow to observe for the first time large chunk of the 
sky never observed in the UV in a survey that will allow to tackle one of the dominant scientific 
question of our time; the understanding of dark energy. Contiguous imaging of a large part of 
the cosmos will allow to map the distribution of this mysterious force curbing the universe 
expansion.  
CASTOR is set to excite not only Canadian scientists but astronomers all over the world and as 
such constitute an element of national pride for the Canadian public. The presentation will go 
over the mission definition work performed to date and experimental work to demonstrate 
mastering of all underlying technology aspects. 
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124-3C-1 Creating a Sustainable Space Outreach Program 
 
Rana, Zaid 
Space Concordia 
 
Space Concordia (SC) recognizes the value in inspiring the next generation of space advocates 
and has made it one of the society’s mission. Ambitious initiatives to expand these efforts 
within and outside the University are being undertaken. In addition to multiple outreach events 
done throughout the year, Space Concordia played a crucial role in the Montreal Space 
Symposium (MSS) 2017. The society plans on continuing these efforts through participation in 
organizing this year’s NASA Space Apps Challenge and through MSS 2018. To foster interest in 
STEM fields to audiences of all ages, Space Concordia is planning to make Outreach its own 
division. In response to the public engagement component of the Canadian CubeSat Project 
(CCP), various collaborations have been sought. This is planned to be supplemented by an 
innovative partnership with Mission Control Space Services, which will see the joint 
development of a CubeSat-based alternative to its Mission Control Academy program. The 
resolution by the end of the project cycle is to have a fully matured smallsat-oriented 
curriculum with its respective set of applications and tools, herein referred to as SmallSat 
Mission Control. This would also serve as a sustainable model that can persist beyond the 
conclusion of the CCP. A national deployment with Let’s Talk Science has also been elaborated, 
encapsulating a broader outreach taking into consideration David Saint-Jacques upcoming 
mission to the International Space Station (ISS). Applications of space technologies, 
environmental conditions of space and benefits to Earth will be prominently featured. This will 
involve the creation of a comprehensive kit which will appropriate elements from the SmallSat 
Mission Control program. This paper will define preliminary concepts and outreach activities 
conducted recently, the result of which will be used to identify challenges towards the 
objectives set above and propose strategies to ensure sustainability and growth. 

108-3C-2 Mission Control Academy: Converting Classrooms into 
Mars Rover Control Centres 
 
Battler, Melissa 
Mission Control Space Services 
 
Developed by Mission Control Space Services, Mission Control Academy (MCA) provides a 
unique, hands-on science, technology, engineering, and math (STEM) focused educational 
experience for students from grade-six to university graduate-level.  
Four MCA programs were delivered to 71 students in classrooms around the world during the 
summer of 2017: Davidson Institute in Israel, Ashbury College in Ottawa, University of Cape 
Town in South Africa, and Cork Institute of Technology in Ireland as part of the International 
Space University Space Studies Program. 
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MCA mixes classroom instruction and small-group activities in planetary science, and rover 
systems; an interdisciplinary team-based mission planning activity; and culminates in the 
execution of a real-time mission simulation using prototype rover hardware at the Canadian 
Space Agency “Mars Yard.” 
Following lectures from experts at Mission Control Space Services, participants define roles for 
their mission, and develop a communications protocol including a plan to deal with high latency 
communication. Additionally, teams must identify scientific goals relating to their high-level 
mission objective of looking for evidence of past or present life on Mars, and select relevant 
science targets using a digital elevation model of the terrain surrounding the notional landing 
site. Finally, teams configure a rover platform with the sensors and science instruments 
required to achieve mission objectives, while accounting for the trade-offs associated with 
limitations in mass, power, bandwidth, cost and reliability. Finally, teams conduct a live 3-hour 
mission, controlling the rover from a “Rover Control Centre” (RCC) in their own classroom, 
while organizers staff the “Ground Control Centre” back on ‘Earth’, and supervise the students 
in the RCC as they search for sites of interest on ‘Mars’. 
In addition to learning about planetary geology, rover design, and mission planning, MCA 
“Explorers” also gain experience in communication and teamwork that they can carry forward 
in their future studies and careers. 

079-3C-3 The Early History of Canadian Planetary Exploration 
 
Carroll, Kieran 
Gedex Systems  
 
While much of the history of the Canadian space program has been well-documented in 
numerous places, most of the written history has to do with activities carried out in Earth orbit -
-- various Earth satellites, Canadarms, the astronaut program, etc. Here I report on Canadian 
activities beyond Earth orbit, which is to say, planetary exploration, with a particular focus on 
early activities. 
It is well-known that Canada was an early participant in Earth-orbiting space activities, starting 
with the launch of Alouette 1 in 1962, only 5 years into the Space Age. However, the Canadian 
government’s space program was very much a late-comer to the field of deep-space missions. 
Prior to the late-1990s, the Canadian Space Agency’s budget did not include an explicit 
planetary exploration program component, which resulted in very little support for deep-space 
exploration proposals; I only know of two deep-space projects that the Canadian government 
participated in prior to that, Ulysses and Nozomi. 
Despite this, numerous individual Canadians were involved in planetary exploration projects 
prior to that, projects carried out by other countries’ space agencies, with Canadians 
participating directly, with no Canadian government involvement. Some of these projects, such 
as the Apollo Moon landing program, are well-known, but the involvement of some Canadians 
in key roles in those projects less so. In this talk I will list some of those Canadian planetary 
exploration pioneers, and discuss the projects in which they participated. 
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In Canada, early interest in planetary exploration was centered in non-government space 
advocacy organizations, particularly the Canadian Space Society. I will describe how the CSS 
played an important role in the Long Term Space Plan III process in 1997/98, leading to the 
Canadian Space Agency’s adoption of planetary exploration as one of its core activities. 

125-3C-4 So You Want to be a Space Advocate? 
 
Black, Chuck 
Commercial Space Media 
 
This paper is a revision of a paper first presented at the 2014 International Astronautical 
Congress, and serialized beginning with the August 22, 2016 post, "Part One: So You Want to be 
a Space Advocate?" at http://acuriousguy.blogspot.ca/2016/08/part-one-so-you-want-to-be-
space.html. 
Its thesis is that successful advocacy (in any area) requires: 
Strong media skills able to define the problem, craft a compelling narrative and define 
appropriate solutions  
A mechanism to move the narrative forwards by solving the defined problem using those 
previously identified solutions. 
A funding network willing to pay for the costs associated with the campaign. 
The question of whether or not those three conditions apply in our current aerospace and 
space environment is open for debate and this paper will attempt to answer that question with 
reference to: 
Traditional definitions of advocacy taken from history. 
Space focused narratives, including the 1968 Stanley Kubrick movie "2001: A Space Odyssey," 
the 1950's collaboration between Walt Disney and German/American aerospace engineer 
Wernher von Braun titled "Man in Space and others, and their historical effects. 
The different types of narrative styles required to move the narrative forward and drive real 
change. 
An outline of the major players and an explanation of why the activism of the 1970's US pro-
space movement to build consensus for a follow-on program to the US Apollo mission, was 
unsuccessful. 
The paper will also reference new materials relating to current advocacy efforts for the 
proposed Deep Space Gateway and discuss the tactical differences between the two major 
currently favored methodologies, as represented in Saul Alinsky's 1971 primer "Rules for 
Radicals" and Andrew Breitbart's 2011 book, "Righteous Indignation: Excuse me while I save the 
world." 
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145-3D-1 Concept for a Ku-band Snow Mass Mission 
 
Burbidge, Geoff 
Airbus Defence and Space 
 
The Terrestrial Snow Mass Mission (TSMM) is a science mission concept presently an initial 
phase of system concept definition. The selected baseline for the mission is a wide swath (~500 
km) coarse spatial resolution (~250 m), dual-frequency Ku-band radar. These measurements 
will address the primary mission science drivers via: 
1. radiance-based data assimilation of radar backscatter to support high resolution prediction of 
the land surface for numerical weather prediction and hydrological modeling; 
2. retrieval of snow water equivalent from radar backscatter to quantify the spatially and 
temporally dynamic amount of freshwater stored in seasonal snow for model verification and 
process studies. 
The TSMM space segment will consist of one or two medium-sized spacecraft flying in a Sun-
synchronous, low Earth orbit, potentially with orbit phasing coordinated with MetOp-SG. The 
mission will operate for at least 7 years to include commissioning, a 6 year science phase and 
decommissioning. Where two spacecraft are implemented, a dual launch and InSAR operations 
of the spacecraft is envisaged. 
The primary mission payload will comprise a Synthetic Aperture Radar operating at 13.5 GHz 
and 17.2 GHz with transmission/reception from a single antenna aperture. The payload front 
end will feature a fixed planar phased array of dimensions of length 5m, driven by 192 
Transmit/Receive modules, to facilitate elevation electronic beam steering to operate in wide 
swath ScanSAR mode at dual-polarisation. The payload will be capable of transmit signal 
generation, up/down-conversion and receive data processing of two Ku-band measurement 
channels. The payload operates at modest signal bandwidth producing a relatively low data 
rate, multi-mode operations, to offer wide swath access and coverage at coarse resolution as 
well as a narrow swath (30km) medium resolution (8m) capability. The system will operate at a 
moderate around-orbit duty cycle to support the science measurement requirements. 

081-3D-2 The Coastal Ocean Color Imager Payload Concept 
 
Moreau, Louis 
ABB Canada 
 
The Coastal Ocean Color Imager (COCI) is a moderate resolution UV-Visible Near-infrared (UVN) 
sensor capable of providing hyperspectral imagery data for science applications in coastal 
oceans, estuaries and inland water bodies. The Canadian Space Agency, in partnership with NRL 
and NASA, has recently completed a concept study to explore the suitability and benefit of COCI 
as a complementary secondary payload on NASA’s Plankton, Aerosol, Cloud, ocean Ecosystem 
(PACE) mission. 
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The COCI payload includes a wide swath spectral UVN imager and a multi-spectral short-wave 
infrared (SWIR) imager. For routine operation, the UVN imager provides 110 spectral bands 
from 360 nm to 910 nm at a nominal nadir ground sampling distance of 100 m and a nominal 
spectral sampling interval of 5 nm. In special modes, the instrument can provide a finer spectral 
sampling. The SWIR imager provides three spectral bands at nadir ground sampling distance of 
235 m. Both instruments are co-aligned so that their respective field of view are overlapping.  
The optical instruments are mounted on a rotating platform that is used to vary the view angle 
to avoid sun glint and to provide sufficient pointing agility to image Canada on a weekly basis 
and flexibility to capture short term events such as harmful algal blooms or contamination from 
flooding, effluents or from spills, etc.  
The presentation will cover the main results of the feasibility study associated with the 
instrument, such as the instrument concept and its expected performance. 

084-3D-3 Development of a Canadian Wildland Fire Monitoring 
Sensor (CWFMS) 
 
van Mierlo, Helena 
Canadian Space Agency 
 
Forest fires cost Canadians in excess of $1 billion annually to manage. The total cost of direct 
and indirect damage caused by these fires is estimated to be several times this amount. To 
reduce the number of escape fires, i.e. the very large fires that cause the majority of the 
damage, fire managers need better fire intelligence tools.  
For this reason NRCan-Canadian Forest Service (CFS) has expressed the need for a spaceborne 
sensor that provides timely fire diagnosis for the prediction of fire spread and severity and the 
quantification of resulting carbon emission. In response to this need, the CSA has initiated and 
led the development of a multispectral sensor specially designed for fire diagnosis and 
compatible with the resources of a low-cost spacecraft (nano or microsat). The sensor 
development has now reached the point where the diagnosis capacity and supporting 
technologies are ready for validation in airborne remote sensing experiments. 
During this talk an overview of the sensor technology is given. It further outlines a series of 
airborne validation experiments that are being planned in partnership with NRCan-CFS. 
Potential opportunities for implementation of a future space mission are discussed. 
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123-3D-4 CHIRad-Sat: Concordia Hyperspectral Imager and 
Radiation-Tolerant Satellite 
 
Rana, Zaid 
Space Concordia  
 
Climate change is causing the accelerated recession of the Kaskawulsh Glaciers in Yukon. The 
meltwater has changed its course of direction for the first time in centuries, flowing into the 
Gulf of Alaska instead. This has exposed Yukon’s Kluane Lake to erosion and dust storms. 
Beyond the lower atmosphere of the Earth, the space environment is host to harsh radiation, 
which can dismantle the electronics of satellites. Space Concordia’s proposed CubeSat for the 
Canadian CubeSat Project (CCP) will study these dynamic processes to improve our 
understanding of dust storms, while new insights to computer system reliability, health 
monitoring and diagnostics will help develop robust components for future small satellite 
missions. The proposed payloads will be developed in collaboration with industry partners and 
are of interest to Canadian research and technology development. The satellite would provide 
useful data to climate scientists and to industry satellite developers. Thus, the mission 
classification for CHIRad-Sat is multifaceted and will consist of T-, S- and E-Class. A 
hyperspectral imager will be used for recording data over a continuous range of wavelengths at 
narrow bands (VNIR). Imaging will mainly identify glacier cover changes and surface properties, 
while also allowing for other applications beyond that of Kluane Lake. Additionally, radiation 
hardened electronics are too expensive for CubeSats, which are meant to be cost effective and 
provide easy access to space. This leaves the satellite's lifespan in jeopardy if the onboard 
computer (OBC) is damaged permanently from the ionized environment of space. The proposed 
OBC will be based on Bostan, a 288-core high-performance chip employing the massively 
parallel processor array (MPPA) architecture developed by Kalray. Due to its intrinsic sensibility 
to radiation, fault tolerant techniques will be implemented, thus leveraging the multiplicity of 
the cores to innovate the OBC design and improved reliability. 

116-3E-1 Space Weather Monitoring at Canadian Nuclear 
Laboratories 
 
El-Jaby, Samy 
Canadian Nuclear Laboratories 
 
Canadian Nuclear Laboratories (CNL) is home to the Cosmic Ray Inspection and Passive 
Tomography (CRIPT) detector. CRIPT is a muon scattering tomography detector originally 
designed as a prototype for Canadian border security, nuclear non-proliferation, and nuclear 
waste characterization applications. It uses cosmic ray muons, generated by the interaction of 
galactic cosmic radiation interacting with Earth’s atmosphere, to image materials such as 
nuclear fuel. In addition to these capabilities, CRIPT also has the potential to serve as a space 
weather monitoring device, as it can track and record cosmic muon directional fluence. 
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The relative increase and/or decrease in intensity of cosmic ray muons detected on Earth can 
foreshadow a coronal mass ejection (CME). CMEs can negatively affect and severely damage 
critical infrastructure, including for example the electrical grid and orbiting communications 
satellites. The advance warning offered by a muon detector such as CRIPT would allow for a 
reasonable timeframe to implement infrastructure protection procedures. Similarly, advanced 
warning could also prove beneficial for radiation protection of crew members aboard the 
International Space Station and/or on deep space exploratory missions.  
The Global Muon Detector Network (GMDN) is comprised of muon detectors located in Nagoya 
(Japan), Hobart (Australia), Sao Martinho de Serra (Brazil), and Kuwait City (Kuwait). It has 
successfully demonstrated an ability to predict the onset of solar activity, but more efforts are 
required to provide reliable and consistent predictions. The GMDN, however, does not cover 
the entire sky. A significant gap in coverage over North America exists. In this presentation, 
efforts by CNL to assess CRIPT’s ability to serve as a space weather monitor and to fill the 
current void in coverage will be discussed.  
Acknowledgements: This work is supported by the Atomic Energy of Canada Limited 
administered Federal Science and Technology program. 

071-3E-2 Unique Observations and New Scientific Results of the 
Great Solar Eclipse on August 21, 2017 from the Cassiope Enhanced 
Polar Outflow Probe (E-POP) 
 
Yau, Andrew 
University of Calgary 
 
The Enhanced Polar Outflow Probe (e-POP) was launched back in September 2013. Originally 
designed and funded for a nominal period of 18 months, e-POP is currently in its fifth year of 
scientific operation, and the extended operation has provided e-POP with a unique opportunity 
to investigate the response of the topside ionosphere and thermosphere to the Great Solar 
Eclipse of August 21, 2017. In this paper, we present several surprising, new scientific results of 
this investigation from the suite of e-POP instruments, including the extended and prolonged 
plasma density decrease in the topside ionosphere, the occurrence of plasma depletion 
(“density bubbles”) propagating away from the point of totality, and the differential increase in 
light hydrogen ion flux from the opposing hemisphere. 
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100-3E-3 Observations in Radio Science from Low Earth Orbit with 
the Cassiope Enhanced Polar Outflow Probe (E-POP) 
 
James, Gordon 
Natural Resources Canada     
 
Since the launch of the Canadian small satellite CASSIOPE in September 2013, the Radio 
Receiver Instrument (RRI) in the CASSIOPE/e-POP payload has been operated on over 1000 
passes. In such passes, the RRI recorded data at a rate of 62500 samples/sec in each of 4 I and 
Q channels for about 3 min. An important part of these passes has been the reception of 
ground transmitters with the goal of understanding transionospheric propagation at 
frequencies from very low frequency (VLF, 3-30 kHz) to high frequency (HF, 3-30 MHz). 
Observation of SuperDARN HF signals is serving to improve fundamental knowledge of how 
magnetic-field-aligned irregularities of ionospheric density participate in coherent backscatter. 
Powerful vertical HF radiation from ionospheric heaters has illuminated the role of nonlinear 
processes in the injection of energy from intense radio waves into the F-region bulk plasma. A 
variety of other ground transmitter powers have been coordinated to reveal signal distortions 
by ionospheric structure. Spontaneous radio emissions continue to be measured in concert 
with other e-POP instruments at high latitudes. 

055-3E-4 Results of NEOSSat Astronomical Imaging Tests in 2017 
 
Laurind, Denis 
Canadian Space Agency 
 
NEOSSat (Near Earth Object Surveillance Satellite) is a microsatellite space telescope equipped 
with a 15cm visible-band payload orbiting in a dawn-dusk sun synchronous low Earth orbit 
(LEO). The mission is a joint project between the Canadian Space Agency (CSA) and Defence 
Research and Development Canada (DRDC) and is operated from the CSA Satellite Operations 
Centre. NEOSSat is tasked by DRDC to observe geosynchronous space objects in support of the 
Department of National Defence’s Space Situational Awareness (SSA) research and 
development project. For the CSA, NEOSSat was designed with a telescope baffle to allow 
observations at low solar elongations, enabling possible discovery of Atira class near-Earth 
asteroids. Given some challenges associated with the initially planned asteroid discovery survey 
mission, CSA is investigating NEOSSat’s potential for other science applications and possibly 
offering NEOSSat time to the research community. NEOSSat’s potential in the area of 
astrometry and long period photometry has been explored. In October 2017, NEOSSat 
participated in the tracking of the close approach of 2012-TC4 asteroid, contributing to the 
global observation campaign headed by NASA Planetary Defense Coordination Office. 2012-TC4 
was successfully tracked and data was submitted to the Minor Planet Center (MPC). Other 
astronomical applications of the space telescope have been examined. Tests were conducted 
by observing a known exoplanet transit (Beta Pictoris) and results show that 1% photometric 
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precision is possible. Other tests are being conducted, included photometric observations of 
“Tabby’s star”. From space, astronomical observations can be long duration, uninterrupted by 
the day-night cycle or weather which commonly affects ground-based telescopes.  
Launched in 2013, NEOSSat faced considerable challenges leading to a protracted 
commissioning period. Among the most significant hurdles, two major hardware failures 
necessitated a significant recovery effort over the 2016 calendar year. Following the 
magnetometer failure in February 2016 and the loss of torque rods in October 2016, there were 
considerable efforts to re-establish the attitude control system (ACS) and to recover fine 
pointing capability. Concerning the first failure, the team was able to create an innovative new 
attitude sensor using the on-board GPS sensors, effectively compensating for the failed 
magnetometer. To remedy the torque rod controller failure, an innovative new method was 
developed to desaturate the reaction wheels using the spacecraft’s own internal residual 
dipole. In April 2017, NEOSSat demonstrated nominal fine pointing using this new algorithm, 
enabling SSA observations to resume and astronomical scientific imaging for the CSA. Applying 
the new ACS requires a percentage of spacecraft time for desaturation, reducing the overall 
duty cycle for missions relative to initial specifications, nevertheless, the satellite is able to 
image celestial targets nominally and consistently. NEOSSat is tasked on a weekly basis with 
targets and priorities coordinated between DRDC and CSA.  
This presentation will summarize the NEOSSat recovery efforts and recent scientific results in 
SSA and astronomical experimentation. 

076-3F-1 Estimating Near-Earth-Asteroid Mission Delta-V 
(Shoemaker & Helin 1978 revisited) 
 
Spencer, Henry 
SP Systems 
 
Near-Earth asteroids (NEAs) are numerous, their orbits are varied, and calculating an optimized 
trajectory to even one of them can be a costly operation. It's preferable to use simpler methods 
to get first estimates of the delta-V costs of reaching specific NEAs, so that full trajectory 
optimization need be done only for the most promising candidates. 
For many years, the usual method for such first estimates has been the equations in "Earth-
approaching Asteroids as Targets for Exploration", a 1978 paper by Shoemaker and Helin. Their 
equations require some major simplifying assumptions, but are argued to provide a reasonable 
minimum estimate, so that at least the more unpromising asteroids can be rejected quickly. 
The Shoemaker&Helin equations look rather strange, and their derivation is not explained, and 
apparently most people using them have just taken them on faith rather than trying to 
understand them. On closer examination, they are not that hard to understand. However, they 
are actually more complicated than they need to be, and they contain one significant 
mathematical mistake! 
Here the derivation of the equations is discussed, the problems unveiled, revised versions 
proposed and assessed, and the simplifying assumptions re-examined. 
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004-3F-2 Spacecraft Planetary Navigation Using Radio Tracking and 
Accelerometer Measurements 
 
Papais, Sandro 
McGill University 
 
There is a continued and increasing interest in deep-space missions in order to study planetary 
bodies or asteroids in the solar system. In order to estimate the position of a spacecraft 
traversing the solar system, radio tracking using the Deep Space Network (DSN) is primarily 
used. However, as the number of concurrent deep-space missions grows, there is a need to 
reduce reliance on the DSN. 
Currently, Gedex Systems Inc. is developing a new-technology measurement device called the 
Vector Gravimeter/Accelerometer (VEGA) that will be able to measure acceleration with 
unprecedented accuracy. This can enable inertial navigation for low-thrust applications, such as 
deep-space missions, reducing reliance on the DSN and reducing DSN access fees since less 
frequent radio tracking measurements are needed. Previously, use of accelerometer 
measurements for low-thrust spacecraft navigation has not been possible due to relatively 
large measurement errors compared to spacecraft accelerations with current accelerometer 
technology.  
This paper investigates how VEGA can be used in tandem with radio tracking measurements for 
a low-thrust interplanetary spacecraft mission. A model of a spacecraft traversing the solar 
system is first developed. Simulated DSN measurements and VEGA measurements are 
generated using the model. Next, using VEGA for dead-reckoning of position and DSN 
measurements for position correction, all within a Kalman filter framework, a study of how 
frequently DSN measurements are needed to correct the dead-reckoning solution provided by 
VEGA is undertaken. Therefore, the paper will determine to what degree the VEGA system will 
allow a spacecraft to reduce its dependence on the DSN, thus enabling the DSN to manage a 
larger number concurrent interplanetary missions. 

010-3F-3 Satellite Launcher Navigation Aided by a Stochastic Model 
of the Vehicle 
 
Beaudoin, Yanick 
Université Laval 
 
The navigation system of a satellite launcher is of paramount importance. On a small launcher 
targeting low orbit, the navigation system may be a significant part of the total mission cost. A 
trend which is gaining interest is exploiting a model of the vehicle dynamics into the navigation 
system. Navigation with vehicle dynamics was evaluated on ground vehicles, aircrafts and 
unmanned helicopters/quadricopters. However, to the knowledge of the authors, navigation 
aided by the model of the dynamics has not been tested for satellite launchers.  
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Adding the vehicle dynamics knowledge into the navigation system can be as simple as adding 
non-holonomicity constraints or it may need a complete model of the vehicle dynamics. In this 
paper, a simple stochastic model that represents the angular velocity and acceleration as 
random walks with known driving noise variances, which are based on the vehicle dynamics, is 
exploited. The estimated values are then updated with the gyroscope and accelerometer 
measurements. 
The results show that the attitude, velocity and position estimates are barely improved. 
However, the angular velocity and acceleration estimation errors are reduced significantly. 
Also, the proposed solution does not require special maneuvers to ensure the observability of 
the navigation model. To illustrate the advantage of the proposed approach, the improved 
angular velocity estimates are exploited in the control function instead of the raw gyroscope 
measurements to significantly reduce thrust nozzle movements. 

075-3F-4 Optimal Placement of Actuators for Constrained 
Gyroelastic Beam Considering Control Spillover Effects 
 
Shan, Jinjun 
York University 
 
This paper studies the optimal placement of discrete actuators for the constrained gyroelastic 
beam considering the spillover effects. The constrained gyroelastic beam refers to a flexible 
cantilevered beam with a cluster of angular devices. In this study the control moment gyros 
(CMGs) are adopted as actuator for vibration suppression. The linearized dynamics of the 
cantilevered gyroelastic system with different installation directions of CMGs is derived. The 
modal analysis of the constrained gyroelastic beam is presented. Based on the modal analysis, a 
novel performance index is proposed with considering the spillover effects. The optimal 
placement of actuators is formulated in the frame of combinatorial integer optimization 
problem. Genetic algorithms (GAs) are used to solve the combination problem of the 
constrained gyroelastic beam with a fixed number of actuators. Since the locations of actuators 
are represented by the finite element nodes, the cases with different finite element nodes are 
discussed. We also studied the optimal placement problem with the same controlled modes 
and different residual modes. The effectiveness of the optimized configurations for different 
controllers in active vibration suppression is studied by numerical simulations. 
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TECHNICAL SESSION 4 

073-4A-1 Outer Space SARPs: A Space Governance Model for Safety 
and Sustainability 
 
Doucet, Gilles 
Spectrum Space Security 
 
The past decade has seen the rapid growth of novel commercial space ventures that have 
highlighted the deficiencies in both international and national governance. Commercially driven 
applications such as orbital servicing, resource extraction and constellations of thousands of 
communications satellites were not envisioned when the international space treaties were 
developed. The continuing unmanaged growth of numbers of space objects, along with the 
ambitions of commercial and government sectors, risks placing unsustainable pressure on the 
sustainability of the outer space environment in the not too distance future. 
In the absence of international binding agreements, a patchwork of regulatory measures have 
evolved with States imposing varying obligations and restrictions on their national space actors 
via licensing regimes. This disparate approach leaves fundamental problems unresolved. Firstly, 
it is practically impossible to effectively regulate activities in an international domain uniquely 
with national legislation. Secondly, it is questionable if the authority of national legislatures 
extends to some of the space activities that they are attempting to regulate. Thirdly, 
commercial actors will be drawn to the least restrictive jurisdictions, discouraging long-term 
sustainability measures. 
It is proposed that Outer Space SARPs should be developed in order to provide a consistent 
governance framework for space activities. The model of SARPs (Standards and Recommended 
Practices), with incentives for compliance, has proved to be extremely effective in creating a 
level competitive playing field and ensuring safety for international civil aviation. Aviation 
SARPs were established as part of the 1944 Convention on International Civil Aviation and are 
continually modified to keep pace with new technology and applications. A similar approach 
could be used for space, again with appropriate compliance measures, to create a level playing 
field for commercial actors while ensuring the long-term sustainability of the space 
environment. 
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131-4A-3 Non-State Actors and Custom in Outer Space 
 
Kalogirou, Yolanda 
Institute of Air and Space Law, McGill University 
 
This paper aims to address the issue of the continuously increasing participation of private 
entities in outer space activities and the potential indirect contribution of these non-state 
actors to the creation of customary international law in outer space. The main questions 
around which this paper revolves are the following: a) To what extent are non-state actors 
actively involved or indirectly engaged with the operations and activities of States in outer 
space?; b) Are the positions adopted and followed by States in international fora to a great 
extent the reflection of the interests of their national private entities that already participate or 
plan to in outer space activities?; c) Is the influence exercised by non-state actors adequate to 
lead to the argument that they have an active role in the creation of custom?; and d) Would 
such a conclusion be contrary to the general provisions of international law and/or the special 
provisions of space law?. In order to provide an adequate response to these questions, at first, 
the criteria posed by the jurisprudence of the International Court of Justice and other 
international and regional courts and tribunals on the creation of custom will be analysed. On a 
second stage, the reasons why non-state actors have de facto a say in the practice followed by 
space – faring States will be presented. In particular, reference will be made to the drafting 
history of the Outer Space Treaty (hereinafter OST) – some provisions of which have acquired 
customary status – and to the minutes of the United Nations Committee on the Peaceful Uses 
of Outer Space meetings, in order to provide for examples of the above mentioned. Arguments 
to support this position will also be drawn by following a comparative approach to other 
branches of international law, namely the field of international humanitarian law, human rights 
law and environmental law. What is more, particular attention will be paid to Article VI of the 
OST, under which States are internationally responsible for the activities carried out by non-
governmental entities under their supervision and authorization. The ratio behind this 
provision, which manifestly deviates from the traditional rules of attribution in the international 
scene, will be presented. Therefore, the final question this paper will attempt to answer is 
whether this exception of space law in the state responsibility regime is an omen for the 
recognition of the non-state actors’ critical role in the creation of custom regarding activities 
carried out in outer space. 

077-4A-4 The Case for a New Canadian Space Regulatory Framework 
 
Kerkonian, Aram 
Institute of Air and Space Law, McGill University  
 
Outer space activities have infiltrated every aspect of human life and the use of outer space is 
now ubiquitous. Although space activities historically have been the domain of governments, 
the last decade has witnessed a rise in commercial space activities as both the development 
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and launch costs of space-hardware have tumbled, triggering the phenomenon now-dubbed 
“New Space”. Aside from the significant financial implications associated with shifting from 
public- to private- space activities, the applicability of international space law (the bedrock of 
the peaceful use of outer space thus far) also changes. Canada’s space law related obligations 
are enforced on private companies via domestic laws and regulations as per the Outer Space 
Treaty. Canada’s most recent space-related legislation was in 2007 (the Remote Sensing Space 
Systems Act), even though space applications have developed considerably since then. 
Competition in New Space is increasing across the globe, and those jurisdictions that are most 
progressive in the development and implementation of their space laws will most effectively 
recruit and retain private players. For example, Luxembourg’s new space resource law managed 
to entice large US space mining companies to their jurisdiction, even though the US had, prior 
to the Luxembourgish law, the most progressive legal framework related to the private 
acquisition, use and exploitation of space resources. The allure of a clear, coherent and 
consistent legal framework cannot be overstated; contrary to popular belief, private entities do, 
in fact, appreciate regulation so long as it is well-intentioned, relevant and forward-looking. 
Canada must update its domestic regulatory framework applicable to private space entities to 
remain competitive internationally and stimulate the continued development of this important 
field. What is required is a new, progressive Outer Space Act to help promote and sustain 
private space industry as Canada seeks to cement its international role in the 21st Century. 

012-4B-1 Development of a Bimodal Propulsion System for 
Nanosatellites 
 
Little, Bryan 
Royal Military College of Canada  
 
With advances in microelectromechanical systems (MEMS), spacecraft are decreasing in size 
while maintaining advanced mission capabilities. One limitation in satellite miniaturization is 
the lack of available propulsion systems able to fit within the form factor of a CubeSat while 
maintaining high performance. Conventionally, gaseous expansion has been used for chemical 
and cold-gas propulsion on spacecraft and launch vehicles alike, but rockets of this type lose 
efficiency at the micro-scale due to viscous losses. Electric propulsion has emerged as a viable 
alternative for small satellite acceleration. Using the acceleration of ions with electromagnetic 
fields, it is possible to impart a large ΔV to spacecraft with less fuel than is required for chemical 
propulsion. One system that has an increased efficiency at the micro-scale is electrospray 
propulsion, which uses the extraction and acceleration of ions from a conductive liquid through 
an electric field. Decreasing the size of these devices produces the advantage of lower 
operating voltages, hence their appeal for nanosatellite propulsion. While electrospray 
propulsion systems are adequate for missions that are not time-constrained, they are limited in 
the amount of thrust they can impart to a spacecraft. When a rapid maneuver is required, 
thrusters that use gaseous expansion must be employed. Hence, there is interest in using multi-
modal thrusters capable of operating in a low thrust (high specific impulse) or high thrust (low 
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specific impulse) mode [1]. In this research, a bimodal electrospray and cold gas thruster has 
been developed, and was manufactured using micro-fabrication techniques. Both the gaseous 
and ion modes have been characterized using simulations and experiment, leading to an 
understanding of their operation and the potential for a novel and practical small satellite 
propulsion system. 
[1] B. Little and M. Jugroot. "Investigation of an Electrospray within a Cold Gas Nozzle for a 
Dual-Mode Thruster." 53rd Propulsion Forum. 2017 

060-4B-2 Synchronized Control of Piezoelectric Actuators using the 
Linear Active Disturbance Rejection Control 
 
Ramkumar, Ganesh 
York University 
 
The focus of this research is on the implementation of a Synchronized Linear Active Disturbance 
Rejection Controller (LADRC). LADRC is focused due to its characteristic of rejecting nonlinear 
disturbances and obtaining high precision control of the PEA. Motivation for this research 
comes from the three axis PEA used to control the gap spacing of the Fabry-Pérot 
Spectrometer. The gap spacing had to be controlled to nanometer level to achieve wavelength 
scanning in order for the Fabry-Pérot to transmit at selected frequencies. The gap spacing was 
adjusted by three PEAs moving a plate in a linear motion. This meant that the three PEAs are 
required to move the plate in synchronicity, if not the plate would be oriented at angle to the 
direction of its motion and the desired spacing cannot be achieved. Synchronicity and high 
precision are not the only requirements, other key aspects are achieving the desired gap 
spacing rapidly (short settling time) and minimal vibration. This presentation will discuss the 
results achieved through synchronized control of a three-axis PEA system mimicking the setup 
used for the Fabry-Perot Spectrometer. 

098-4B-3 CFD Evaluation of Numerically Efficient Models for Heat 
Transfer and Thrust Estimation in Aerospike Engine Design 
 
Vargas Niño, Emerson 
University of Toronto 
 
Aerospike nozzles are often an ideal choice due to their altitude adaptation abilities. The 
nozzle’s efficiency can be maximized over a wide range of altitudes, while a traditional bell 
nozzle can only be designed for a single target altitude. However, due to the fact that an 
aerospike requires the contour be situated directly within the nozzle exhaust gases, the design 
of an aerospike engine requires careful consideration of cooling requirements. Often these 
cooling requirements involve lengthy analysis that tends to be extremely computationally 
expensive. In addition, the design of the nozzle contour itself, which expands the combustion 
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gases to ambient conditions, must be carefully chosen to most effectively produce thrust 
throughout the nozzle’s design altitude range. For both the case of the cooling and contour 
analysis, expensive iterative finite difference approaches are the norm. Although consistently 
reliable, the computational expense incurred by these algorithms make them unusable for 
many iterative gradient descent optimization algorithms. 
This paper analyzes the efficacy of three classical methods for estimating heat transfer and flow 
properties in supersonic flow. For heat transfer estimation, the Meyer and Bartz methods were 
compared with estimations derived from a finite difference algorithm; typically referred to as 
CFD. For flow property estimation, the method of characteristics was compared with a similar 
finite difference model.  
In both the heat transfer and flow property estimation, the methods evaluated in this paper 
and their implementation were able to produce accurate results without the computational 
overhead required by traditional CFD. This reduction in computational overhead has the 
potential to allow for optimization methods which require frequent estimation of both the flow 
properties and heat transfer coefficient. 

072-4B-4 Low Cost High Accuracy Sun Sensor Design for 
Nanosatellites and Micro Rovers 
 
Bolshakov, Konstantin 
York University 
 
Nanosatellites have become a popular platform for Earth Observation missions and space-
related technology demonstration. Being very limited in size, nanosatellites require small 
components that often have to be low-cost. The orientation of the satellite with respect to the 
Sun is one of the key research questions in attitude determination and control.  
 
Typical existing designs of sun sensors are composed of photodiodes arranged in a matrix or 
two orthogonal arrays covered by a structure that allows a beam of light to pass, which is 
subsequently detected by the diodes, and is used to infer the sun angle. [1] There are a few sun 
sensor solutions that are commercially available. Most of them are too big for a nanosatellite, 
expensive or both. There have been several studies exploring low-cost sun sensor designs for 
nanosatellites and micro rovers. Those designs are intended for coarse sensing using 
orthogonal photodiode arrays or solar panel current measurement. [2] 
 
In this (preferably oral) presentation we discuss the possibility and feasibility of using 
commercially available sun sensors, with little or no modifications, on nanosatellites. 
Alternatively, we propose a novel low-cost sun sensor design, based on the existing orthogonal 
photodiode array design, applicable for nanosatellites and micro rovers, with higher accuracy 
and reliability. The main characteristic of this design is the inclusion of a chirped pattern of slits. 
This pattern is expected to allow greater precision in sensing and calibration capabilities. The 
primary design target is accuracy; the secondary ones are volume and mass. Additional 
improvements on the accuracy are expected from optimizing the signal processing. The 



 

56 
 

proposed design is planned to be demonstrated on a nanosatellite as a part of a solar-cell 
Moth-Eye Anti-Reflective coating payload. We also discuss the possibility of an extension of this 
design to a custom ASIC design. 
 
References: 
[1] “NSS Fine Sun Sensor”, CubeSatShop.com [Online]. Available: 
https://www.cubesatshop.com/product/digital-fine-sun-sensor/ 
 
[2] Mark A. Post, Junquan Li, and Regina Lee, “A Low-Cost Photodiode Sun Sensor for 
CubeSat and Planetary Microrover”, International Journal of Aerospace Engineering, vol. 2013, 
Article ID 549080, 9 pages, 2013. 

078-4C-1 Long-duration Astronaut QCT-FE as a Biomechanical 
Approach for Probabilistic Fracture Risk Assessment 
 
Michalski, Andrew 
University of Calgary  
 
Risks and limitations for using dual X-ray absorptiometry (DXA) to assess bone strength in long-
duration (spaceflight > 6 months) astronauts have been identified and are well-established. It 
was recommended that NASA explore quantitative computed tomography (QCT) and finite 
element (FE) modeling to evaluate astronaut bone strength to assess fracture risk. The purpose 
of this work was to i) develop a QCT-FE population dataset to associate with fracture outcomes, 
ii) apply QCT-FE analysis to long-duration astronaut data to evaluate skeletal changes during 
spaceflight, and iii) associate QCT-FE with NASA’s Probabilistic Risk Assessment (PRA) model to 
assess probability of overloading the hip with physical activities. QCT-FE analysis was performed 
in a posterolateral fall configuration with non-linear material properties, and was applied to 
population data and 8 long-duration astronauts. NASA’s PRA model was used to estimate 
loading distributions for specific mission tasks related to ISS, Mars, Moon, and returning to 
Earth after spaceflight. Population QCT-FE and associated fracture data suggested a bone 
strength cut-point equivalent to 3664 N for astronauts after spaceflight. On average, the long-
duration astronaut cohort estimated hip bone strength was 4037 ± 385 N before flight and 
3925 ± 456 N after flight. Using the population equivalent fracture bone strength and PRA load 
distributions, a probability to experience an overloading event was 0.13 for low energy falls 
(e.g., tripping, stumbling) and 0.67 for high energy falls (e.g., fall while bicycling) with return to 
Earth. These data suggest that astronauts are at greater risk of an overloading fracture after 
returning from long-duration spaceflight. We describe an application of QCT-FE using PRA to 
determine potential risks of overloading astronauts during or after spaceflight missions, and 
suggest that individual astronaut PRA analysis could provide further insights into spaceflight 
skeletal changes and could inform clinical recommendations after spaceflight. 
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089-4C-2 Recovery of Bone Microarchitecture After Long-duration 
Spaceflight – Simulated Versus Actual Loss and Recovery  
 
Gabel, Leigh 
University of Calgary 
 
Background: Long-duration spaceflight results in reduced skeletal loading and bone atrophy. 
Thus, we aimed to 1) develop a model to simulate loss and recovery of bone microarchitecture, 
and 2) validate our model using actual bone loss and recovery data from astronauts. 
Methods: We simulated bone loss and recovery using bone images acquired at the distal tibia 
with high-resolution peripheral quantitative computed tomography (HR-pQCT) in 30 
participants from the Canadian Multicentre Osteoporosis Study. We extracted a cube of 
trabecular bone and used an existing bone remodeling algorithm to simulate resorption (=0.6 
voxels, s=2 voxels, T=57.5%) and formation (=0.6 voxels, s=2 voxels, T=34%). We assessed 
changes in trabecular bone volume fraction (BV/TV) due to simulated loss and recovery. Next, 
we applied our simulation model to HR-pQCT tibial bone images in 4 astronauts from the TBone 
Study. We used pre-flight images to simulate bone loss and recovery. We will compare 
simulated loss with actual loss after 4-6 months of spaceflight and simulated recovery with 
actual 12-month recovery data. We will use paired t-tests to compare predicted and actual 
bone loss and recovery. 
Results: In the simulation cohort, our model predicted a median BV/TV loss of 4.4% (IQR: -2.5% 
to -6.2%). Bone loss was negatively correlated with baseline BV/TV (r=-0.69; p<0.001). Our 
simulation model predicted near complete recovery of BV/TV (median loss of 0.1%; IQR: -2.8 to 
1.7%) and was negatively correlated with baseline BV/TV (r=-0.74; p<0.001). In the astronaut 
cohort, our model predicted a median BV/TV loss of 2.3% (IQR: -2.2% to -2.5%) and full 
recovery of BV/TV (median gain of 2.0%; IQR: 1.7% to 2.2%). We will present actual bone loss 
and recovery data and compare with simulated values. 
Conclusion: Our future work will explore consequences of changes in bone microarchitecture to 
bone strength on a larger cohort from the TBone study. 
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062-4C-3 Melanin Pigment Protects the Cells from both Sparsely and 
Densely Ionizing Types of Radiation 
 
Dadachova, Ekaterina 
University of Saskatchewan 
 
There is a need for novel and effective compounds to protect astronauts from cosmic radiation 
during space flights. Melanins are pigments that are ubiquitous in nature. These pigments 
confer a survival advantage to melanized fungi in extreme environments. The resistance of 
melanized fungi to cosmic radiation in Mir Spacecraft and the presence of numerous melanized 
fungal species in the damaged nuclear reactor at Chernobyl suggest that melanins also play a 
pivotal role in protection from ionizing radiation. Many melanized fungi are very radioresistant, 
requiring radiation doses exceeding 5 kGy to reduce cell survival to 10%. Such doses are roughly 
1000-fold higher than the lethal dose for humans, showing that extreme radioresistance is not 
limited to prokaryotes such as Deinococcus radiodurans, and can be achieved by eukaryotic 
cells. One of our previous studies indicated that the radioprotective properties of fungal 
melanin result from a combination of physical shielding, chemical composition, spherical 
arrangement and free radical quenching; another demonstrated that irradiation of melanin 
alters its oxidation-reduction potential. In addition, gamma rays are altering the electronic 
properties of melanins as shown by electron spin resonance. Recently we have also recently 
showed that melanin protects fungi from densely ionizing radiation such as deuterons and 
alpha-particles with the energies of up to 8.5 MeV. Finally, we and other groups established 
that gastrointestinal administration of melanin from edible fungi protected mice against 
experimental lethal gamma irradiation, possibly by protecting the gut and associated lymphatic 
tissues. These data suggest that radioprotective properties of fungal melanins can be exploited 
for creating efficient and safe radioprotectors for astronauts during space flights. 

019-4C-4 Electronics Upgrade for a Prototype MRI for the 
International Space Station 
 
Vidarsson, Logi 
LT Imaging 
 
Prior work in our laboratory validated a novel design for a light-weight portable MRI system 
suitable for use on the International Space Station (ISS). The prototype system uses a built in 
gradient magnetic field to encode in one dimension, with radio-frequency (RF) encoding used in 
the other two. The built-in gradient allowed for a low mass magnet of 5 kg compared to 50 kg 
for a similar sized uniform magnet of the kind normally used for MRI. However, scan time was 
unacceptably long at 40 hrs, and the power consumption was 300 W during operation, which is 
high for space use. In this work we address these two shortcomings via an electronics upgrade. 
The system bandwidth was increased from 32 kHz to 125 kHz, enabling the collection of the 
entire bore volume in one experiment (compared to 32 experiments previously). Furthermore, 
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improvements in the receive electronics resulted in a better signal to noise ratio (SNR), allowing 
for far less signal averaging. Combined, the electronics upgrade reduced the imaging time from 
40 hrs to 5 minutes. Power consumption was also reduced by using a direct-to-digital transmit 
system. A modified pulse width modulation (PWM) scheme was used to enable sufficiently 
precise control over both amplitude and phase of the RF transmission. We took advantage of 
the side-lobes inherent in PWM to modulate our signal to the desired operating frequency. This 
design resulted in a reduction of power consumption from 300 W to 100 watts. Further work is 
ongoing to improve image quality further via tuning of system electronics and imaging 
software. With these improvements, we have moved the design of our prototype closer to the 
hardware that will be used to demonstrate MRI technology on the ISS. 

142-4D-1 NRC Aerospace - Research in Space Technologies 
 
Wickramasinghe, Viresh 
NRC Aerospace 
 
The National Research Council of Canada’s (NRC) Aerospace Research Centre is the 
Government of Canada’s principle publicly funded aerospace research organisation providing a 
broad range of technical competencies and facilities to industry, government and academia. 
NRC was involved with much of Canada’s early work in space until the creation of the Canadian 
Space Agency (CSA). Although CSA is the Government’s primary instrument for the 
development and use of space technologies, NRC continues to provide support through 
projects on a wide variety of space technologies and research activities. The presentation will 
outline recent and ongoing space-related activities and facilities at the NRC AeroSPACE 
Research Centre. 

021-4D-3 RCM Propulsion System Verification 
 
Belize, Christophe 
Canadian Space Agency 
 
In July 2018, a constellation of three satellites will be launched as part of Canada’s Radarsat 
Constellation Mission (RCM). Each satellite includes a propulsion subsystem to help it enter and 
maintain its proper orbit. This subsystem must be rigorously tested to ensure that it is 
functioning properly as it is a key element of mission success. The Assembly, Integration and 
Testing (AIT) campaign includes a leak rate verification to ensure that the subsystem will meet 
mission end-of-life requirements. Known as a global leak test, the spacecraft propulsion 
subsystem is pressurised with a trace gas (helium), and enclosed within a trace gas 
accumulation tent. 
One important challenge was to determine an expected duration for the global leak test. 
Spacecraft AIT schedule constraints demand a very tight timeline. The test must be long enough 
to obtain confirmation that the propulsion system leak rate is within specification, yet not so 
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long as to significantly impact the AIT schedule. This was done by using standard calibrated 
helium leaks with known flow rates and observing the length of time required by the helium 
detector to detect a rise in helium concentration within the accumulation tent. During the 
testing we assessed what a known helium leak rate measured by the helium detector would 
look like versus time. This was compared to our prediction. To decrease the time required for 
each iteration, a reduced volume model of the accumulation tent was used. 
The core process was straightforward: Scale model testing was performed with a series of 
calibrated helium leaks with values below, above, and equal to the spacecraft leak rate 
acceptance specification. These tests were then repeated within the much larger volume of the 
accumulation tent prior to the spacecraft being present. 

041-4D-4 Deployment and Braking Mechanism for DESCENT Mission 
 
Kang, Junjie 
York University 
 
Deorbiting Spacecraft using Electrodynamic Tethers mission (DESCENT) is primarily to provide a 
proof-of-concept of the Electrodynamic Deorbit Tethers (EDT) system for reentry of an end-of-
life spacecraft. DESCENT is designed as two 1U size CubeSats connected by a 100m long bare 
conducting tape tether to realize the aims of generating current and verifying its effectiveness 
of deorbiting. This paper mainly focuses on the concept operation and architecture design for 
the tether deployment and braking mechanism of DESCENT mission.  
Passively deployment and braking mechanism are developed by means of for the current 
mission to deploy the 4mm wide and 35µm thick long aluminum tape tether to 100m length. 
Tether is folded as ‘Zig-Zag’ type and stored in a custom designed stowage unit furnished with 
the braking mechanism. The deployment mechanism is designed to provide the necessary initial 
separation velocity of our mission requirements, by means of a spring system to produce an 
impulse force. The compressed spring which is placed in between the two cubes and held 
together via a burning wire. Once the burn wire is severed, the potential energy stored in the 
spring would be converted into kinetic energy of the two satellites. The springs had to comply 
with the geometric constraints of the design and impart the desired velocity. The custom 
stowage unit has been designed to store the folded tether. The passive braking mechanism is 
placed in the stowage unit also by means of a spring system. The mechanism is similar to that 
used in the T-Rex mission. A threaded rod with spring is used to push against the tether to 
induce the friction force for braking. This braking mechanism is expected to provide a much 
more consistent performance over a wide range of temperature. 
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110-4E-1 Monitoring Industrial Methane Emissions from Space with 
the GHGSat-D Satellite 
 
Germain, Stephane 
GHGSat 
 
In June 2016, GHGSat, Inc. launched GHGSat-D, or “Claire”, the world’s first satellite capable of 
measuring greenhouse gas emissions from targeted industrial facilities around the world. The 
high-level objective of this mission is to demonstrate that a single measurement approach can 
quantify methane emission rates from selected industrial sources with greater precision, higher 
frequency, and lower cost than ground-based alternatives, across a wide range of industries. 
Providing industrial operators and regulators with frequent, cost-effective emission 
measurements can help identify super-emitters and monitor the progress of mitigation efforts. 
The GHGSat measurement platform is a 15 kg satellite that measures methane column 
densities using a novel wide-angle imaging Fabry-Perot spectrometer tuned to the 1600-1700 
nm SWIR band. During each measurement sequence, a series of closely overlapping 2D images 
are taken so that each ground location samples a portion of the SWIR band with 0.1 nm spectral 
resolution. The data processing algorithm is able to co-register each image and, by comparison 
with a detailed forward model, perform a retrieval on each of the <50 m GSD over the entire 12 
x 12 km2 field of view. Methane emission rates are then estimated using a dispersion model 
coupled with locally measured wind fields. We will present the economic rationale for satellite-
based sensing of methane from industrial sources, introduce the GHGSat measurement 
concept, report on recent measurement results obtained by Claire, and describe performance 
upgrades planned for future missions. 

015-4E-2 Suborbital Demonstration of Spatial Heterodyne 
Observations of Water from the NASA ER-2 Airplane 
 
Bourassa, Adam 
University of Saskatchewan 
 
The Spatial Heterodyne Observations of Water (SHOW) instrument is a prototype Canadian 
satellite instrument specifically designed to make high spatial resolution measurements of 
water vapor in the upper troposphere and lower stratosphere through vertical imaging of the 
limb scattered sunlight in a near infrared vibrational absorption band. The spatial heterodyne 
approach provides for the ability to rapidly image the limb with sufficient spectral resolution 
and signal-to-noise performance so as to reconstruct the two dimensional water vapour 
distribution, i.e. in altitude along the satellite track, with unprecedented vertical and horizontal 
resolution. This presentation will highlight the instrument concept, prototype design, and 
performance, as well as first results from measurements taken during a suborbital 
demonstration flight on the NASA ER-2 airplane in 2017. 
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066-4E-3 Development and Production of the Onboard Radiometric 
Calibration References for the Next Generation of European Weather 
Forecasting Space Instruments 
 
Maisonneuve, Mathieu 
ABB 
 
The new European fleet of weather satellites will include new generation sounders and imagers 
on low Earth orbits and geostationary orbits. The data they will collect will be used to forecast 
weather patterns, monitor climate variables and assess air quality. A key feature of those 
instruments is to embed high end traceable calibration sources in order for the instruments to 
fulfill their role in producing high quality data that can be used with confidence and can be 
successfully compared to other past and future instruments in support, for instance, of long-
term climate studies.  
For calibration in the infrared, the radiometric references are essentially quasi-blackbody 
sources: sources of high emissivity and accurately known temperature emitting energy that can 
be precisely predicted with Planck’s law of radiation. ABB is currently developing the infrared 
calibration sources for all the new generation of European infrared weather forecasting space 
instruments: the geostationary imager (FCI) and the geostationary infrared sounder (IRS) of 
Meteosat Third Generation (MTG), the infrared sounder (IASI NG) and the imager (MetImage) 
on the low earth orbit Metop satellite. These combined projects represent four different 
designs of blackbodies and the production of fifteen flight units. 
In this paper, we will present an overview of these projects covering the key features of the 
different calibration sources and the status of their development. 

118-4E-4 Geospatial Open Data Cubes: Concept, Implementation 
and Usage 
 
Seynat, Cedric 
RHEA Group 
 
A number of currently emerging technologies are leading to an exponential increase in the 
volume and types of data available, creating unprecedented possibilities for informing and 
transforming society. Governments, companies, researchers and citizen groups are pushing 
innovation and adaptation to this new world of bigger, faster and more detailed data. One 
important source of geospatial data is space-based Earth Observation (EO) data, whose supply 
is currently increasing dramatically, fueled by publicly funded programs and commercial 
initiatives. 
One of the many technologies currently emerging to handle big geospatial data is the concept 
of Open Data Cube (ODC). The ODC initiative is actively supported by the Committee on Earth 
Observation Systems (CEOS), having the declared objective of providing an open and freely 
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accessible EO data exploitation tool, and fostering a community to develop, sustain and grow 
the breadth and depth of available geospatial applications. ODCs provide Analysis Ready Data 
(ARD), defined as “satellite data processed to a minimum set of requirements and organized 
into a form that allows immediate analysis without additional user effort, and interoperability 
with other datasets both through time and space”: data is pre-processed before ingestion into 
the ODC by applying corrections for instrument calibration, geolocation and radiometry. 
ODCs provide a convenient means for long time series analysis, and integration of multiple data 
sources (e.g. data from space-based EO sensors and in-situ instruments). This presentation 
outlines the concept of Open Data Cubes, addresses the underlying technologies supporting 
their implementation, and presents concrete examples of its use based on an implementation 
by RHEA supporting applications of drought and flood monitoring. The relevance and 
applications of a Canadian open data cube are also presented, to support Canadian priorities 
that leverage the use of national systems such as Radarsat and foreign systems such as the 
European Sentinel satellites. 

026-4F-1 On-Orbit Results From the CanX-7 Nanosatellite Mission 
 
Bennett, Ian 
UTIAS SFL 
 
Automatic Dependant Surveillance-Broadcast (ADS-B) is an important part of the air traffic 
control system of tomorrow. An aircraft equipped with ADS-B automatically determines its 
location using a Global Positioning System (GPS) and broadcasts it and other flight information 
to surrounding aircraft and ground stations. The data collected by ground stations is then used 
by air traffic controllers to optimize flight paths and ensure proper spacing between aircraft. 
Currently, the system is not utilized to its full potential due to a lack of ground stations in 
oceanic and other remote areas. Space-based ADS-B solves this problem by placing receivers on 
spacecraft rather than on the ground, where they can cover larger areas free from geographic 
limitations. Given the small size and power requirements for an ADS-B receiver and the need 
for continuous global coverage, a constellation of small satellites in Low-Earth Orbit (LEO) 
would be ideal for implementing space-based ADS-B in a timely and cost-effective manner. 
CanX-7 is a technology demonstration mission from the Space Flight Laboratory (SFL) 
demonstrating two experimental payloads: a compact ADS-B receiver and a drag sail device for 
de-orbiting small spacecraft. Launched on September 26, 2016, the CanX-7 spacecraft was 
successfully commissioned and began gathering ADS-B messages as part of a seven-month 
aircraft tracking campaign. After completion of the aircraft tracking campaign, CanX-7 deployed 
its drag sail to de-orbit from LEO without the use of a propulsion system. 
This paper presents an overview of the ADS-B data collected by CanX-7 during its aircraft 
tracking campaign, as well as drag sail performance data collected during and after 
deployment. Metrics including ADS-B message throughput, antenna performance, and 
spacecraft deorbit profile are examined. The design and mission objectives of the payloads are 
presented, and the collected data is analyzed to evaluate their on-orbit performance compared 
to that expected via simulation. 
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027-4F-2 Canadian Ground Based Optical Observations of the CanX-7 
Drag Sail Deployment 
 
Scott, Lauchie 
Defence R&D Canada 
 
The CanX-7 nanosatellite successfully tested a unique deorbiting technology by deploying four 
thin-film polymide drag sail segments in May 2017. This drag sail increases the nanosatellite’s 
cross-sectional area augmenting atmospheric drag force helping deorbit the satellite from orbit 
earlier. This low SWaP deorbiting technology is well-suited to small satellites as they often 
cannot accommodate classical chemical thruster-based systems due to their compact design. 
This successful and ongoing test of this drag sail technology can help small satellites meet the 
Inter-Agency Debris Coordination Committee guidelines to deorbit satellites within 25 years 
after the end of their mission life. This technology could help make the small and microsatellite 
class of satellite viable for a variety of higher LEO orbital altitudes while simultaneously 
mitigating the risk of long-lived space debris. 
In an attempt to remotely validate the deployment of the drag sails, DRDC Ottawa, in 
collaboration with the Royal Military College of Canada, the University of Toronto Space Flight 
Lab (SFL), and the UK Defence Scientific and Technology Laboratory (DSTL), performed pre-
deployment characterization of CanX-7 to determine the baseline characteristics of the 
spacecraft’s photometric (brightness) behavior. This served as a baseline to compare the post-
deployed drag sail configuration of the vehicle. On 4 May 2017, during a pass over Eastern 
Canada, DRDC Ottawa, and the Royal Military College of Canada, optically monitored the 
release of the drag sails while SFL commanded their deployment. High-rate visual photometric 
measurements of CanX-7 were collected to characterize the drag sail deployment as their 
release occurred on a very short timescale. CanX-7 was observed continuously until the 
spacecraft set with respect to the sensor’s local horizon. 
The ground-based observations validated telemetry from SFL indicating that the first two drag 
sail segments deployed successfully. The second set of sails, deployed on the subsequent orbit, 
was not unambiguously detected from the ground based sensors however their deployment 
was verified in SFL’s telemetry. This was attributed to the high phase angle observing conditions 
where the second set of sails were observed on their shadowed-side as detected by the 
ground-based observer. Subsequent inspection of the photometric data of CanX-7 suggested an 
increase in CanX-7’s body rate. This behaviour was subsequently observed by DSTL and 
photometrically verified later when CanX-7 began to tumble due to torques acting on the 
deployed drag sails. This behaviour will continue until the spacecraft aero-stabilizes due to 
increasing air density at lower altitudes. 
This paper describes the pre-deployment photometric characterization of CanX-7, the 
attributes of the CanX-7 drag sail deployment, and the post-deployment behaviour of the 
nanosatellite based on ground based sensing. 
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121-4F-3 Making the Invisible Visible: Precision RF-Emitter 
Geolocation from Space by the HawkEye 360 Pathfinder Mission 
 
Sarda, Karan 
UTIAS SFL 
 
HawkEye 360 is developing a novel technology which will enable precision geolocation of RF-
emitters worldwide. The company will place a constellation of at least eighteen spacecraft in 
low earth orbit, organized in clusters of three, each equipped with a wide-band radio payload, 
to multilaterate the position of RF emissions of interest. Opportunities and applications that 
arise from this high-precision radio frequency mapping and analytics technology are enormous 
and appeal to a broad array of business enterprises and government users. The ability to locate 
and characterize RF signals across many bands from space, for example, will allow regulators, 
telecommunications companies and broadcasters to monitor wireless usage and to identify 
areas of interference. In the field of transportation, RF signals transmitted from the air, ground 
or sea could be monitored. The system might also be used to expedite search and rescue 
operations by quickly pinpointing activated emergency beacons. 
As a precursor to a full low-Earth orbit commercial constellation, HawkEye 360 has contracted 
Deep Space Industries (DSI) and the Space Flight Laboratory (SFL) to design the HawkEye 360 
‘Pathfinder’ demonstration mission. The Pathfinder mission, scheduled for launch in mid-2018, 
will validate key enabling technologies and operational methods necessary to provide 
unprecedented analysis of wireless signals data for commercial and government applications. 
The mission will consist of a constellation of three formation-controlled microsatellites built by 
SFL based on its 15-kg Next-generation Earth Monitoring and Observation (NEMO) platform. 
Each spacecraft will host a HawkEye 360 payload, consisting of a Software Defined Radio (SDR) 
capable of covering various RF segments spanning VHF through Ku-Band, as well as DSI’s 
innovative Comet-1000 water-based propulsion system. 
SFL was selected for this mission due to the importance of formation flying by multiple 
satellites for successful RF signal geolocation and analysis. SFL has developed compact, low-cost 
formation flying technology at a maturity and cost that no other small satellite developer can 
credibly offer at present. This precise formation control was demonstrated on-orbit by SFL in 
the highly successful CanX-4/CanX-5 mission (2014). With 18 spacecraft that are successful on-
orbit, SFL’s solutions have been demonstrated to deliver high reliability and high availability 
products, which can be depended upon for a wide array of commercial applications. By 
leveraging SFL’s highly successful spacecraft platforms and formation flying technology, along 
with DSI’s pioneering innovations and next-generation propulsion systems, the mission will 
deliver unparalleled performance in smaller, affordable satellites. 
This paper describes the HawkEye 360 Pathfinder mission, the core enabling platform and 
payload technologies, and glimpse ahead to the full commercial constellation. 
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009-4F-4 NorSat-2: VDES Advanced Maritime Communication 
Demonstration 
 
Molgat Laurin, Simon 
UTIAS SFL 
 
Satellite AIS is well recognized as a system for maritime traffic monitoring and safety. The 
growing demand for maritime data services has led to the development of a new VHF Data 
Exchange System (VDES), which will provide two-way communication at higher data rates than 
current AIS systems. Within the VHF maritime frequency band (156.025-162.025 MHz), VDES 
integrates AIS with Application Specific Messages (ASM) channels, which have higher capacity 
and increased reliability. VDES will support the distribution of maritime data, including 
meteorological and hydrographic data and traffic information. Expanding VDES to a satellite 
platform will facilitate a global data exchange between ships and shore via satellite. NorSat-2 is 
the first satellite to incorporate a VDES payload, in addition to an advanced AIS receiver, both of 
which are in-orbit reconfigurable software-defined radios developed by Kongsberg Seatex. 
NorSat-2 was developed and built by the Space Flight Laboratory (SFL) under contract to the 
Norwegian Space Centre, with contribution from Space Norway for accommodation of the 
VDES payload. With a mass of 16 kg, the satellite design is based on SFL’s Next-generation Earth 
Monitoring and Observation (NEMO) bus, which has proven flight heritage to be a robust and 
reliable microsatellite platform. To enable directional communication over VHF for the VDES 
payload, SFL has developed a three-element deployable Yagi-Uda antenna. The antenna is 
stowed during launch and deployed on-orbit upon command. In addition to NorSat-2’s S-band 
telemetry and command system, the satellite also has an enhanced S-band feeder uplink 
capable of achieving data rates of up to 1 Mbps. 
In July 2017, NorSat-2 launched aboard a Soyuz/Fregat rocket into a 600 km polar sun 
synchronous orbit. It is the fourth Norwegian satellite on-orbit and is the first microsatellite to 
supply VDES services, while also complementing Norway’s existing satellite AIS network. 
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TECHNICAL SESSION 5 

065-5B-1 Resident Space Object (RSO) Detection Using Commercial-
Off-the-Shelf (COTS) Star Trackers 
 
Clemens, Samuel 
York University 
 
Space Situational Awareness (SSA) has grown increasingly important in recent years as space 
has become more and more crowded, and consequently the risk of collisions between Resident 
Space Object (RSOs) has become much greater. An impact between an RSO and an active 
satellite threatens to disable or destroy the satellite. An impact between an RSO and any other 
RSO (active or not) threatens to further increase the population of RSOs by creating 
fragmentation debris. 
In this paper we present the preliminary results of a feasibility study in which we evaluate the 
RSO tracking capability of commercial-off-the-shelf (COTS) star trackers. While they are not 
specifically designed for this purpose, COTS star trackers are one of the most popular choices 
for satellite attitude sensors, and the numerous orbiting platforms carrying them can 
potentially become a network of “backyard observatories” contributing to the global SSA 
catalogue. This is a potentially very cost-effective means of RSO detection that can complement 
the work of dedicated RSO tracking missions, such as Canada’s Sapphire and NEOSSAT, but 
without the need for new optical design or flight qualification. 
The detectability of an object depends on the visual magnitude of the object and the limiting 
magnitude of the Star Tracker. The magnitude of the object is itself a function of the object size, 
reflectivity, distance from the star tracker, and illumination angle. Our goal is to have between 
1 and 10 RSOs detected daily by a single star tracker in Low Earth Orbit, and initial estimates 
indicate that this is achievable. The detection rate estimate is to be further refined during the 
course of this study. 

040-5B-2 The Effect of Altitude Change on RFI Geolocation Accuracy 
in SatCom Using a Hybrid TDOA/FDOA Technique 
 
Elgamoudi, Abulasad 
Ecole de technologie supérieure  
 
Satellites are considered as a critical part of the worldwide communications infrastructure. 
They are used for communications, positioning, remote sensing, and in civil and military 
applications. However, the rapid increase in number of satellites and constellations creates a 
massive congestion in the Radio Frequency (RF) spectrum, where the increasing thirst for 
satellite communications bandwidth leads to a dramatic increase in RF Interference (RFI). This 
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causes substantial system performance degradation and perturbations. Accordingly, it is vital to 
accurately monitor and geolocate RFI sources with communication systems in space, air, and 
ground. The effectiveness of RFI geolocation is highly dependent on the signal’s Time Difference 
of Arrival (TDOA), and Frequency Difference of Arrival (FDOA) measurements. These 
measurements are significantly affected by the collector’s altitude.  
This paper aims to find the effect of sensors (collectors) altitude on measuring the RFI emitter’s 
location on the ground. This is achieved by a hybrid technique that uses TDOA and FDOA. Their 
values are calculated using the Cross Ambiguity Function (CAF), where a CAF map is used to 
determine the RFI location. Different scenarios are tested using MATLAB, where the altitudes 
were measured for collectors in the air zone (~8km - 18km) and space zone (LEO, MEO, and 
GEO). This study gives a deep insight on the effect of collector’s altitude on RFI geolocation 
accuracy. 
 

099-5B-3 Aerospike Engine Design Through Optimization Techniques 
 
Vargas Niño, Emerson 
University of Toronto 
 
Aerospike nozzles are often an ideal choice due to their altitude adaptation abilities. The 
nozzle’s efficiency can be maximized over a wide range of altitudes, while a traditional bell 
nozzle can only be designed for a single target altitude. However, due to the fact that an 
aerospike requires the contour be situated directly within the nozzle exhaust gases, the design 
of an aerospike engine requires careful consideration of cooling requirements. In addition, the 
design of the nozzle contour itself, must be carefully chosen to most effectively produce thrust 
throughout the nozzle’s design altitude range.  
Typical aerospike nozzle design methods decouple the optimization of system parameters by 
optimizing over specific subsystems independently. For example, many choose to first optimize 
the contour based on thrust and then design a cooling system that is able to account for the 
flow conditions created by this contour. This paper aims to couple aerospike system parameters 
to produce a refined nozzle contour through multi-parameter system-level optimization.  
Classical methods were used to create a reasonable starting point for the optimization. Using 
these initial conditions, efficient methods for nozzle performance evaluation, define the design 
space. The design space was optimized using both global and local optimization techniques, 
namely Basin-Hopping and Adaptive Moment Estimation respectively. CFD simulations were 
then used to evaluate and compare the performance of the optimized nozzle and nozzles 
derived through classical methods such as Angelino’s method and the method of 
characteristics. 
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000-5B-4 M3MSat - First Year of Operations 
 
Jackson, Natasha 
Canadian Space Agency 
 
The Maritime Monitoring and Messaging Microsatellite (M3MSat) is a microsatellite built by 
Honeywell (formerly COM DEV Ltd) for the Canadian Department of National Defence (DND). 
M3MSat carries an AIS primary payload, the Low Data Rate (LDR) secondary payload, and the 
Dielectric Deep Charge Monitor (DDCM). M3MSat was launched on 21 June 2016 on an ISRO 
PSLV launch along with 19 other satellites and is now an operational asset. At just over one year 
on orbit, M3MSat is healthy and exceeding performance expectations. 
This paper gives a mission update following the first year of operation of M3MSat. A mission 
overview is given, describing the spacecraft, payloads, users, and operations. Major events, 
challenges, and performance over the first year’s operations are also described.  
M3MSat is operated from the Multi-Mission Operations Centre (MOC) at CSA. A series of 
anomalies were overcome during LEOP and commissioning. These included an initial power-
negative state and eventual loadshed resulting from a problem in the Battery Charge Regulator 
(BCR). The resources of the multi-mission environment permitted rapid utilization of qualified 
personnel and external ground stations to support recovery from this critical anomaly. ADCS 
tuning and flight software upgrades were also performed during later commissioning.  
The spacecraft entered routine operations in December 2016, at which point it began providing 
continuous AIS data to the Payload Operations Centre (POC) managed by exactEarth and DDCM 
data to DPL Science. M3MSat is also known as EV-7 within the constellation of AIS payloads 
operated by exactEarth. AIS detection performance exceeds expectations and the original 
requirements. All three payloads (AIS, LDR, & DDCM) have met or exceeded their original 
requirements and are operating normally.  

111-5C-1 The CSA VECTION Project: Interpreting Visual Acceleration 
in Micro-g 
 
Harris, Laurence 
York University 
 
Physical linear acceleration experienced in micro-g can be misinterpreted as gravity and induce 
a sense of tilt (Clément et al. 2001. EBR 138: 410). Previous studies have suggested that visual 
acceleration may be more effective at inducing self-motion (vection) in micro-g and 
furthermore that perceived distance may be underestimated in these environments. The 
VECTION project will in the micro-g of the ISS: (1) quantify how much self-motion is evoked by 
visual acceleration; (2) investigate whether visual acceleration can be interpreted as gravity; 
and (3) exploit size-distance invariance hypothesis to assess the perception of distance. 
Forwards vection will be created using constant-acceleration (0.8m/s/s) translation down a 
virtual corridor presented to astronauts using a head-mounted display (HMD). We will assess 
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the perceived distance of travel by asking them to indicate when they reached a previously 
presented target. In a second experiment lateral vection will be evoked by a period of sideways 
visual acceleration. Following the experience the screen will be blanked. If this acceleration is 
interpreted as gravity it will evoke a sense of tilt comparable to that found in the Clément et al. 
study. Perceived tilt will be assessed by aligning a line with the previously viewed floor of the 
simulated corridor. In a third experiment distance perception will be measured by asking 
astronauts to compare the size of an object presented at a known simulated distance with a 
physical reference held in their hands. In all cases data will be compared to ground control data 
taken before each astronaut’s mission. Control data will also be collected from an age-and-
gender-matched sample of naïve, earth-bound participants tested at approximately the same 
intervals as the astronauts. 
The on-orbit will be collected between 2018 and 2021 although ground-based testing has 
already commenced. VECTION will significantly improve safety wherever movement under 
microgravity conditions is required. 

114-5C-2 Wayfinding: The Behavioural and Neurological Effects of 
Spaceflight on Astronauts' Spatial Orientation Skills  
 
Iaria, Giuseppe 
University of Calgary 
 
Onboard the International Space Station (ISS), astronauts are exposed to a microgravity 
environment that, in addition to important physiological considerations (e.g. bone and muscle 
deconditioning), greatly alters their proprioceptive and vestibular sensory experience. 
Proprioceptive and vestibular information are known to contribute significantly to the human 
(and non-human) ability to navigate and orient in spatial surroundings. Although astronauts 
report to experience some space motion sickness and spatial disorientation following exposure 
to the microgravity environment, to date, the behavioural and neurological effects of 
microgravity on spatial orientation skills remain unknown. 
The purpose of this study is to provide a comprehensive assessment of the cognitive and 
neurological changes associated with spaceflight as related to spatial orientation. The first 
objective of the study is to quantify the alterations in spatial orientation skills that arise due to 
a typical stay aboard the ISS. To achieve this goal, astronauts are asked to perform a series of 
computerized tests evaluating a variety of spatial orientation skills, including cognitive mapping, 
perspective taking, path integration, and 3D mental rotation; they are asked to perform these 
tests at different time points pre (L-180d) and postflight (R+5d, R+18d). We are expecting 
astronauts’ postflight performance to get significantly worse than preflight performance, 
constituting the behavioural markers of the effects of spaceflight on spatial orientation skills. 
The second objective of the study is to assess the functional and structural neurological changes 
associated with such altered behavioural markers. To achieve this goal, we ask astronauts to 
undergo neuroimaging assessments including a series of structural and functional Magnetic 
Resonance Imaging (MRI) scans, which will be performed pre (L-180d) and postflight (R+18d) at 
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the same time points of the behavioural assessment. We are expecting that long duration 
spaceflight will result in structural and functional perturbations of the neural networks known 
to be responsible for spatial orientation and navigation in humans. The final objective of this 
study is to evaluate if any behavioural and neurological changes associated with spaceflight as 
related to spatial orientation persist after long-term readaptation to the terrestrial 
environment. To achieve this goal, we ask astronauts to undergo the behavioural and 
neuroimaging assessments about six months following their return to Earth (R+180d), and 
compare their performance to both pre (L-180d) and postflight (R+5d and R+18d) assessments; 
we are expecting the measures collected at the six-month postflight assessment to not fully 
return to pre-flight levels. 
The clear characterization of these behavioural and neurological changes associated with 
spaceflight does not only inform current research into preventative measures taken to combat 
space motion sickness and spatial disorientation, but may also illuminate unforeseen beneficial 
neurological outcomes that new prophylactic measures could target. Also, characterizing the 
neural changes associated with readaptation over a large time scale is informative for 
rehabilitation strategies to be applied following a long-duration spaceflight. 
This research is financially sponsored by the Canadian Space Agency. 

082-5C-3 The Psychology of Extreme Teams: Thoughts on the 
Evaluation of Input-Process-Outcome Trajectories  
 
Allen, Natalie 
Western University 
 
Extensive psychological research examining organization-based work teams attests to the key 
roles played by two sets of variables in shaping individual/team outcomes: “inputs” and 
“processes”. The former includes personality traits, attitudes/values, and demographic 
variables; the latter includes the over-time trajectory of team cohesion, coping, resiliency, and 
relationship, task, and process conflict. Such longitudinal research is challenging though, clearly, 
these challenges pale when compared to those faced by researchers studying space-related 
“extreme teams” in analogue settings. 
Psychological studies examining analogue teams (including our own Arctic & AMADEE18 
mission research) are, for obvious reasons, conducted with small samples. Further, research 
protocols incorporate varying constructs, measures, and timing. This seriously constrains cross-
study compilation of findings and the possibility of capitalizing, meta-analytically, on such work. 
Our goal is to raise and discuss three modest suggestions that might facilitate comparable data 
collection across Canadian analogue studies. Loosely, these suggestions involve “what”, “how?” 
and “when?” issues. 
“What?”/“How?” Obviously researchers choose variables that fit their research question(s). We 
see value in examining the broader team psychology literature regarding which of these might 
be considered “compilation-worthy”. If incorporated across planned analogue studies, this 
would add considerable collective value. Relatedly, we see value in developing a “common 
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deck” of key variables/measures. Researchers examining personality, for example, might draw 
from identical, or conceptually commensurate, personality taxonomies. Those assessing 
processes might aim for overlap regarding which processes and how they are assessed. 
“When?” All team researchers struggle with appropriate measurement “timing”. Unlike 
ongoing teams in organizations, however, analogue teams have a clear beginning, middle, and 
end, thus resemble “project teams”. Though project team research provides scant empirical 
evidence regarding input-process-outcome linkages, it does provide insights regarding timing 
that may add value. For example, mission-sensitive “proportional timing” and/or “key event” 
timing may be more appropriate than other commonly-used (“every 3rd day”) strategies. 

091-5C-4 Proposal for a Canadian High-fidelity, Analogue Mission 
Simulation Facility for Integrated Science and Technology Field Testing 
to Optimize Future Space Exploration Efforts 
 
Battler, Melissa 
Western University 
 
Canada is an international leader in space-related research and technology. One Canadian 
strength that could be leveraged to increase technology- and science-readiness-levels (TRL, SRL) 
for space exploration missions is the wealth of planetary analogue environments in this 
country, especially in the Arctic. Scientific research is regularly conducted in such analogue 
environments, using teams that often approximate astronauts on a planetary surface.  
This proposal outlines the development of a multidisciplinary Canadian human mission 
simulation and research facility in a geologically appropriate location where there can be a 
focus on Canadian science and technology development and testing. There are space agency-
supported precedents for this type of facility (e.g. HI-SEAS: Hawaii Space Exploration Analog 
and Simulation; and HERA: Human Exploration Research Analog). However, many of the 
existing mission simulation facilities exist within a laboratory setting, which is not conducive to 
parallel field science investigations. 
Selected focus areas that could be supported at such a Canadian facility include psychology, 
physiology, life-support systems, extreme environmental medical capabilities, food/plant 
growth, operational and exploration studies, geology/geophysics, astrobiology, technology 
testing, space robotics and rover systems, public engagement and outreach, and integrated 
testing between any/all of the areas listed above. 
Rationale for investing in a full-scale, high-fidelity integrated facility include: 1. Heritage: the 
opportunity to demonstrate existing Canadian expertise in large-scale space mission 
simulations; 2. Opportunity: to provide accurate context in which to test scientific and 
technological space developments; 3. Interdisciplinary efforts: to increase the likelihood of 
access to a variety of mission funding sources; 4. STEM: significant opportunities for 
educational activities; 5. Collaboration: opportunities to use this facility for Canadian-led 
collaborations with international partners.  
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This presentation will outline the key objectives of such a project, examples of the types of 
research that could be conducted on-site, and where in Canada suitable locations for such a 
research facility exist. 

042-5D-1 Length Measurement of Deployed Electrodynamic Tether 
in DESCENT Mission 
 
Du, Chonggang 
York University 
 
The DESCENT mission aimed to verify the ability of space junk deorbiting using Lorentz force 
generated from electrodynamic tether. The DESCENT consists of two 1U CubeSats (mother 
satellite and daughter satellite) connected by a thin 100m long aluminum tape tether. The 
tether will deployed from daughter satellite and the deployment of tether is one of the 
fundamental performances for the on-orbit validation of the objectives of DESCENT mission. 
Therefore, one of the key requirements of the mission is to be able to measure post 
deployment length of the tether. This paper will demonstrate two different methods to 
measurement the deployed tether length. The first method is a connected method that uses a 
designed circuit to determine the deployed tether length. The tether coated with non-
conducting material at pre-determined intervals and an ADC will measure the change of voltage 
value between pre-determined lengths of tether in this method. The tether length will be 
known by detecting the zero-voltage value time. The second method is a contactless method 
using an LED-photodiode combination sensor. Since the tether is aluminum, it has the tendency 
to reflect light. It was chosen at pre-determined intervals to have the tether coated with black 
paint in order to have the tether absorb light. The sensor will detect the difference between 
black paint tether and the normal tether. Then the deployed tether length will be obtained. The 
detailed introduction and comparison of the two methods will presented in the paper and the 
results of the two methods is demonstrated by ground tests. Finally, the method will use in the 
DESCENT mission is presented. 

057-5D-2 Production and Tests of the Third Interferometer Flight 
Unit for the JPSS Cross-Track Infrared Sounder (CrIS) 
 
Moreau, Louis 
ABB Canada 
 
Weather patterns observation has been one of the first tangible benefit of space exploration for 
civilians. From the beginning of the space age, space-faring nations have operated dedicated 
satellites providing uninterrupted monitoring of weather. The field has gone from standard 
visible imagery of cloud patterns to specialized sensors able to mesh the earth atmosphere into 
a finite element model of air volume. The main physical properties retrieved are temperature, 
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pressure, humidity, cloud movement and atmospheric composition. Today’s weather 
forecasting consists in running a temporal simulation of the 3D atmosphere model based on 
knowledge of the past sequence. The chaotic nature of weather patterns triggers the need for 
frequent update of the complete data set at the highest possible resolution which consists in 
massive amount of earth observation data compared to other EO field. The sensors providing 
the bulk of these new digital data set are called sounders and operate in the micro-wave and 
infrared regime. They retrieve spectral radiance and turn it into vertical profiles of physical 
quantities by resolving the a priori atmosphere layer stack that matches the measured 
radiances thanks to complex algorithms developed by atmospheric modelers. 
The Cross-Track Infrared Sounder (CrIS) is the latest generation of infrared sounder for the Joint 
Polar Satellite System, the new fleet of low earth orbit US weather satellites. A first unit was 
launched on the precursor satellite Suomi in October 2011. A second unit was launched in 
November 2017on the first operational satellite of the new series, JPSS-1. 
ABB in Quebec City is providing the interferometer for the CrIS spectrometer. The third flight 
unit, for JPSS-2, has been delivered in December 2017. Integration of the fourth and fifth flight 
units is already underway.  
Historical review of the program, key results for the latest delivered unit and future prospects 
will be presented. 

128-5D-3 Radarsat Constellation Mission Satellites Assembly, 
Integration and Test Campaign  
 
Lanouette, Anne-Marie 
MDA Corporation 
 
Satellite mid-size constellations have enjoyed a growing popularity in the last decade 
introducing new challenges in the assembly, integration and test (AIT) campaigns for space 
organizations around the world. Assembling and testing more than one large satellite at a time 
means optimization and/or duplication of extensive specialized resources such as test facilities, 
ground support equipment (GSE) and skilled personnel. As a satellite’s AIT campaign evolves in 
time due to delays or unexpected results, it becomes necessary to rethink the traditional 
sequential AIT flow to be able to take into account the reality of the constellation’s other 
satellites and still target the same launch window. 
In this proceeding we will present the AIT campaign of the RADARSAT Constellation Mission 
(RCM). RCM is composed of 3 identical satellites using a C-band Synthetic Aperture Radar (SAR) 
antenna for Earth observation purposes. The satellites have stowed dimensions of ~ 4m x 1.6m 
x 1.6m and a wet mass of ~ 1500kg. RCM AIT campaign officially started with the reception of 
the first spacecraft’s subsystems in 2016, and will end with the launch of the three spacecraft 
on a Falcon 9 rocket planned in the second half of 2018.  
One of the major challenges faced during RCM spacecraft AIT activities was the continuously 
compressed schedule. Some spacecraft subsystems were delivered with approximately a year 
delay reducing the initially planned three year campaign to less than two years. The flow of 
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integration and test activities had to be revised for each spacecraft to be able to prepare three 
satellites for launch simultaneously instead of sequentially. 
The adaptations brought to a traditional sequential AIT flow, the concepts behind the 
specialized equipment and the lessons learned during RCM AIT activities can serve as a 
reference for design and AIT campaign preparation of future satellite constellations. 

134-5D-4 Certification Testing for Aerospace, Military and Defence 
Equipment 
 
Yeremian, Joseph 
Thermodyne Engineering 
 
Testing equipment, electronics and instrumentation for space application is essential to make 
sure that all equipment will function and be operations before, during and after their launch, 
including during their orbit. 
The intent of our presentation is to identify the tests required for space applications and their 
test methods. 
Characteristics of each test and the acceptance criteria of each test. 
Test may include, sustained acceleration, explosion, vibration, shock, altitude, temperature 
variation, thermal shock, solar and nuclear radiation, fire, rain, freezing rain, and all possible 
space and launching conditions. 

122-5E-1 EMCCD Controller for Space Applications 
 
Daigle, Olivier 
Nuvu Cameras 
 
An EMCCD controller, designed for extreme faint flux imaging in space environment, is 
presented. Capable of sub-electron read-out noise, CCCPs, the Space version of the CCD 
Controller for Counting Photons, has been tested with CCD201 and CCD97 EMCCDs from e2v 
Technologies. CCCPs design has been tested in vacuum for TRL-5. The experimental results, 
obtained with a CCCPs within an EMCCD camera that has been optimized for low-light level 
targets, include the readout noise, clock-induced charges, dark current, dynamic range and EM 
gain. In this paper, we also discuss CCCPs integration in the coronograph of the High-Contrast 
Imaging Balloon System project: a fine-pointing and optical payload for a future Canadian Space 
Agency stratospheric balloon mission, which will reach a peak altitude of 40 kilometers. This 
first EMCCD controller design qualified for space environment will enhance sensitivity in future 
low-light imaging instruments, such as small satellites, in applications, such as the imaging of 
exoplanets, asteroid research, space debris monitoring and satellite tracking. 
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016-5E-2 Detection of Methane using an On-chip Fourier-transform 
Spectrometer 
 
Podmore, Hugh 
Honeywell Aerospace  
 
We present the results of an in-lab demonstration of a passively thermally-stabilized planar 
waveguide Fourier-transform spectrometer for remote detection of atmospheric methane. The 
spectrometer is realized as an array of 100 independent Mach-Zehnder interferometers (MZIs) 
integrated on a photonic chip. The MZI array produces a discretely-sampled Fourier-transform 
of the input spectrum, e.g. an interferogram. The spectrometer is protected against thermal 
fluctuations by using passively athermal waveguides. The athermal waveguide design is 
achieved combining negative and positive thermooptic coefficients (TOCs) in the waveguide 
core, resulting in a waveguide TOC of −3.5E−6 K^-1. Total entrance aperture (étendue) is 
increased over dispersive spectrometers, without sacrificing spectral resolution, by coupling 
light independently to each of the 100 MZIs. The spectrometer is demonstrated using a 
methane reference cell in a benchtop setup: an interferogram is collected and inverted via 
least-squares spectral analysis (LSSA) to retrieve multiple absorption lines at 50 pm spectral 
resolution over a 1 nm free spectral range (FSR) centered at λ0 = 1666.5 nm. The retrieved 
spectrum is compared to a Beer-Lambert absorption model and is found to provide a correct 
measurement of the volume mixing ratio (VMR) along the optical path. 

050-5E-3 Development and Flight of an Imaging Fabry-Perot Spectro-
meter for Atmospheric Studies 
 
Shan, Jinjun 
York University 
 
Supported by CSA’s FAST grants, an imaging Fabry-Perot spectrometer (FPS) was developed at 
York University from 2014 to 2017 for measuring surface pressure via the oxygen A band from a 
stratospheric balloon platform. This instrument was developed to obtain detailed and accurate 
measurements of O2 absorption allowing for the simultaneous retrieval of surface pressure, 
aerosol information, and surface albedo from the measurements. Two successful balloon flights 
have been completed, one in Kiruna, Sweden in September 2016 and the other in Alice Springs, 
Australia in April 2017. The data analysis involves radiative transfer and instrument modelling 
of the measured signal. Based on lessons learned from the first flight, the second flight 
demonstrated that filter temperature could be maintained within 0.7 K of the targeted 
temperature, with little variation (<0.9 K) over 11 hours at float. The measured spectra show a 
high degree of repeatability with good wavelength accuracy and stability. Further 
improvements to the finesse will enable the achievement of scientific objectives. 
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143-5E-4 Microbolometer Detectors for Space Applications 
 
Dufour, Denis 
Institut national d'optique 
 
INO has a long history of custom microbolometer array development, including the 
development of several detectors for space-based instruments. Notably, the NIRST (New 
InfraRed Space Technology) instrument, launched on NASA’s SAC-D/Aquarius mission in 2011, 
was a pioneering use of uncooled microbolometer detectors for the measurement of hot spots 
and sea-surface temperatures. Due to the particular environmental requirements of space-
based instrumentation, plus the frequent need for high accuracy radiometric measurements, 
specialised microbolometer array packaging solutions were developed by INO with support 
from the Canadian Space Agency. These included installing several FPAs side by side to create 
arrays with very wide swaths for pushbroom imagers designed for wildfire measurements. As 
well, INO has developed a unique gold black coating process enabling unparalleled wide 
wavelength band sensitivity on its microbolometer arrays, from the near infrared to the 
Terahertz region. Notably, this led to the development of the TICFIRE instrument detector, 
designed for measurement of high altitude clouds in the far-infrared spectral region. The very 
uniform wavelength-dependant absorbance of gold black coated bolometers also make them 
ideal as low-resource detectors for infrared hyperspectral imagers. With this in mind, INO has 
very recently developed a compact infrared hyperspectral imager by combining its gold black-
coated 384x288 sensor, mounted on INOs microxcam camera electronics, with a MEMS Fabry-
Perot interferometer device and a small lens. Preliminary measurements of various types of 
rocks illuminated by a thermal source, obtained with this hyperspectral camera configured for 
the 8-10.5 µm FPI wavelength range, suggest promising space-based minerology applications. A 
potential application is also foreseen as a lower cost alternative to atmospheric composition 
solar occultation sounders such as ACE-FTS. The compact size and low energy requirements of 
this camera make it an ideal candidate for integration on small-size Earth observation or 
asteroid exploration spacecraft, or on a Moon or Mars lander. 

074-5F-1 Nano-Enhanced Polymer-Matrix Composites for Space 
Applications 
 
Ashrafi, Behnam 
NRC Aerospace 
 
Polymer-matrix composites (PMCs) offer higher specific mechanical properties than 
conventional metallic or ceramic materials. This makes PMCs attractive to space applications 
where any weight saving in either launch space vehicle or payload weight translates to lower 
overall costs. PMC structures, however, lack a few space-related functional characteristics (e.g., 
electromagnetic and neutron radiation shielding effectiveness). Recent progress in 
nanotechnology has made several nano-based materials available with the potential to address 
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the current limitations of conventional PMC structures. The study targets the nano-
enhancement of PMCs using carbon nanotubes (CNTs) and boron nitride nanotubes (BNNTs). 
CNTs and BNNTs both have exceptional mechanical properties and thermal properties as well 
as low densities. CNTs are electrically conductive, have high specific current carrying capacity 
and can provide lightweight electromagnetic shielding. Conversely, BNNTs are electrically 
insulating, have considerably higher thermal stability, and can shield against neutron radiation. 
Two different approaches are taken here to incorporate these nanotubes into PMC structures. 
In the first approach, the NTs were mixed into the matrix before PMC is fabricated. The second 
approach is based on the addition of a thin NT-based layer (i.e., films or sheets) to the PMCs. 
This work examines the manufacturing advantages and disadvantages of each approach in 
details. The discussions were supported by various characterization techniques relevant to 
space applications including mechanical, electrical, thermal analysis. 

031-5F-2 Repair of Thermoplastic Composite Structures using 
Induction Welding 
 
Côté, Nicholas 
Ecole de technologie supérieure 
 
Thermoplastic composite (TPC) materials have been used for a number of years in the space 
industry on various satellites. One of the most famous applications of TPCs is on the 
Canadarm2, which has been in service since 2001. The initial planned lifespan for Canadarm2 
was of 10 years, however, because Canadarm2 is still very useful in current missions, the plan is 
now to extend its service life until 2020 and possibly even 2028.  
A preliminary study on the damage characteristics of a hypervelocity impact between space 
debris and the Canadarm2 structure has been done. This study focussed on measuring the 
residual mechanical properties of the damaged carbon fiber structure after such an impact. 
This paper presents the development of a repair method in the unlikely event of a 
hypervelocity impact damage on the Canadarm2 structure. The primary objective is the 
recovery of the initial mechanical properties of the structure prior to damage. Since the 
thermoplastic composites have the advantage of being re-processable, we use welding, more 
specifically induction welding, to weld a repair patch over the damaged area composites.  
Figure 1 shows a hypervelocity impact between an aluminium particle and the Canadarm2 
carbon fiber structure. Considering the scale of the damaged area caused by the secondary 
impact, an IW process that allowed the repair of large areas at once was needed. A continuous 
welding setup was developed for this experiment. The movement of the adherends is provided 
by a linear motion table, a roller assembly allows the application of pressure on both sides of 
the induction coil (see Figure 2). 
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046-5F-3 Low Energy Welding for Ni-Based Superalloy Repair in 
Aerospace Applications 
 
Enrique, Pablo 
University of Waterloo 
 
Nickel-based superalloys are widely used in components capable of withstanding extreme 
conditions, including high temperatures, pressures and stresses. Of interest is a class of nickel-
based superalloys known as Inconel, previously used in the Saturn V F-1 engine’s thrust 
chamber and currently used by SpaceX for their engine manifolds, combustion chambers and 
other components. Fatigue failure is a significant issue in the aerospace industry, especially 
with the recent trend towards fully reusable vehicles. High material and manufacturing costs 
make Inconel component repair an attractive option, avoiding the need to scrap parts when 
defects are detected. However, most welding repair processes introduce considerable heat-
affected zones that weaken the base metal and reduce the component’s flight reliability. 
The Low Energy Welding (LEW) used in this study is a micro-welding process that uses short 
duration electrical pulses to deposit electrode materials onto conductive substrates. The LEW 
process offers several advantages in repairing sensitive high-cost components. A relatively low 
energy input eliminates the presence of heat-affected zones, while achieving depositions with 
metallurgical bonding and low porosity. A study into LEW repair of traditional and additive 
manufactured Inconel 718 and 625 is presented, with a focus on deposition quality. 
Microstructural features of deposited Inconel are investigated, and several mechanical 
properties of repaired cavities are evaluated to assess the use of LEW for nickel-based 
superalloy repair in aerospace applications. 
 

061-5F-4 Proportional-derivative-acceleration Design for Large 
Flexible Space Structures 
 
Agarwal, Anirudh 
York University 
 
Large flexible space structures (LFSS) have been in and out of vogue over the past few decades, 
with the most ambitious being the proposed large solar power satellites of the 1980’s. Solar 
sails and unfurlable antennas are flexible structures which could be considered extreme cases 
of flexibility whose realizable technology is still far off. Mundane examples of flexible spacecraft 
are rigid bodies with elastic appendages such as large antennas, which still possess a reasonable 
amount of flexural rigidity; it is this type of system to which we direct our attention below. 
To date there has been an immense amount of research on modelling and control design for 
flexible space structures, much of it based on the sophisticated methods of modern control 
theory. However, for certain circumstances classical methods are perfectly adequate. These 
methods have been used in the past to, among other things, design PID controllers for rigid 
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body spacecraft and evaluate their stability and performance when flexible appendages are 
subsequently attached to the rigid bodies [Hughes, P.C. (1979) Stability of Proportional-Plus-
Derivative-Integral Control Of Flexible Spacecraft]. In this work controllers for the same type of 
spacecraft, i.e. rigid hub with flexible appendages, are developed to improve the stability and 
the transient response of the attitude control system of these spacecraft by designing for the 
flexible appendages directly instead of for the rigid body. This is done by introducing 
acceleration feedback to a proportional-derivative feedback controller. A tuning procedure for 
the control of higher order systems using PDA (Proportional-Derivative-Acceleration) 
controllers using the root locus method is proposed. 
To evaluate the quality of the controller, a flexible spacecraft model is built in Simulink and 
tested. At some future date an experiment will be conducted on a smaller scale flexible 
structure to validate aspects of the controlled system. 
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TECHNICAL SESSION 6 

095-6A-1 Are There Rules for Conflict in Outer Space? 
 
Doucet, Gilles 
Spectrum Space Security 
 
Space provides vital services to society and has essentially become critical infrastructure to 
most modern economies. In much the same way, space has become essential to the operations 
of modern militaries. Space provides communications, navigation, intelligence, surveillance and 
meteorological support to militaries, without which they would be severely hampered. The 
military’s increasing dependency on space systems has provided incentives to develop ASAT 
capabilities. This evokes the prospect of eventual conflict in space, even if that is not a desirable 
outcome. The question can then be asked, “Are There Rules for Conflict in Outer Space?” How 
does international law apply to operations in outer space? What constitutes the “use of force”, 
which is prohibited by the UN Charter, against a satellite? What actions would give rise to a 
State’s right of self-defence? What objects may be legally targeted? It is to address these and 
other related questions that McGill’s Institute and Air and Space Law, in partnership with 
Adelaide Law School has established the MILAMOS project. (MILAMOS stands for “Manual of 
International Law Applicable to Military Use of Outer Space”.) The MILAMOS project brings 
together international law experts, military law experts and technical experts from around the 
world to try and clarify some of these legal issues. The project plans to produce a manual of 
rules concerning military space activities spanning the spectrum from a benign peaceful 
environment, to a period of increasing tension and finally to the actual conduct of hostilities. 
The goal of the manual is not to try and make new law but simply to assess the existing body of 
law and provide expert opinion on how it would apply in the space domain, clarifying 
limitations that international law might place on military space operations. This presentation 
will describe the MILAMOS project in terms of the structure, process, participants and expected 
outcomes. 

113-6A-2 RADARSAT Constellation Mission Data Policy 
 
Smyth, Jill 
Canadian Space Agency 
 
The RADARSAT Constellation Mission (RCM) is the flagship of Canada’s space-based Earth 
Observation program and builds upon success of the RADARSAT brand established by 
RADARSAT-1 and RADARSAT-2. RCM data and services will contribute to ensuring the safety 
and security of Canadians; monitoring and protecting the environment; monitoring of climate 
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change; managing Canada’s natural resources; and stimulating innovation, research and 
economic development.  
The RCM represents a major financial investment by the Government of Canada. In order to 
ensure that the use of RCM data will maximize benefits to Canadians and will deliver on 
Government priorities, an overarching RCM Data Policy is being developed to guide the 
implementation of a framework for the management and use of RCM data, including their 
acquisition and access. The RCM SAR Data Policy will adhere to the Remote Sensing Space 
Systems Act (RSSSA), while it is also committed to complying with the intention of the 
Government of Canada commitment to raising the bar on openness and transparency 
The objectives of the RCM Data Policy are to enable Canadians to take full advantage of RCM 
data by: 
• Sustaining and enhancing operations and services using RCM SAR Data in support of 
Government of Canada priorities; 
• Expanding the use of RCM SAR Data by Government of Canada in support of departmental 
priorities and mandates, and informed evidence-based decision making; 
• Guiding the dissemination of RCM SAR Data in order to make them available, accessible, and 
affordable to the broadest extent possible, subject to applicable restrictions associated with 
privacy, confidentiality and security; 
• Contributing to international efforts to manage disasters and assist in other international 
humanitarian efforts; 
• Stimulating economic growth by promoting the development of innovative products and 
services, derived from RCM SAR Data, by Canadian industry and universities; and  
• Enhancing Canada’s access to satellite data of other countries through sharing arrangements 
with allies, partners, and international organizations. 
In support of those objectives, a RCM Data Policy statement was established to provide general 
guidelines with respect to Data acquisition, and Data rights and exploitation which will be 
applied throughout the life of the system. The RCM Data Policy is aligned with Canada’s Space 
Policy Framework, which guides Canada’s strategic activities and future in space to maintain an 
innovative and commercially competitive space industry for the future.  
The presentation will focus on describing the RCM SAR Data Policy, which will lay out the 
government’s intentions for making available the SAR data collected by RCM. 

127-6A-3 Exploring Role of Space Systems in Developing a Canadian 
Vehicle Monitoring system to Thwart Terrorist Attacks 
 
Nair, Kiran 
Institute of Air and Space Law, McGill University 
 
The use of motor vehicles to kill and injure people is now the weapon of choice of terrorists due 
to the ease of execution of the act, the spontaneity and its effect. Since the last four years such 
attacks have risen across the globe and states have been trying to tackle the issue, albeit 
unsuccessfully. It has now reached Canada too and it is hence essential to explore options to 
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contain the issue. Conventional options like barriers and cordons have a variety of limitations in 
addition to creating a permanent state of panic and tension. Hence, it makes sense to explore 
scope of unconventional options like satellites and GIS tools, particularly since they are already 
available. What is conceptualized is a system that draws on available systems like GPS satellites, 
GIS tools, standard electronic control units in motor vehicles to enable persistent monitoring of 
all vehicles in motion within Canada and takeover of vehicular control remotely by Police and 
security agencies in case of threat. Simply put, in case a vehicle veers off-track or suddenly 
needs to be stopped then the proposed automated system operated by the state immediately 
intervenes and stops the vehicle right away. 
This would entail a variety of privacy issues and consequently a thorough vetting of the legalese 
prior to application in day-to-day life. A joint approach from both technological and legal angles 
would be essential to consummate such a system and this paper attempts to undertake the 
same. 

102-6A-4 Co-existence of Space Activities through Adherence to Soft 
Laws 
 
Dasgupta, Upasana 
Institute of Air and Space Law, McGill University 
 
States should cooperate with each other in order to coexist and for stability in world order. 
Undeniably, each State is affected by the whereabouts of other States, the earth and the outer 
space in general and hence, any catastrophe in anywhere have the potential to affect other 
States. Yet, the treaty making process under the aegis of UN being consensus based, it is often 
difficult for States to agree on hard laws. In such cases, cooperation can be achieved by 
voluntarily adhering to certain principles which are beneficial to all. For example, United 
Nations General Assembly on 22 December, 2007 (Resolution 62/217) endorsed the Space 
Debris Mitigation Guidelines of the Committee on the Peaceful Uses of Outer Space. These 
guidelines reflect the existing practice developed by a number of national and international 
actors on space debris mitigation and the States are encouraged to implement the guidelines 
because it will result in increased mutual understanding on acceptable activities in space and 
thus enhance stability in space-related matters. It has been noted that despite the non-binding 
nature of the guidelines, which prescribe debris mitigation measures, the measures are already 
being implemented by the States. These non-binding guidelines are being followed 
cooperatively in order to reduce the pollution in outer space, which may result in hampering 
space activities and may even result in a situation of Kessler’s effect in which a whole orbit may 
become unusable. However, the same is not the case everywhere and soft laws are often 
disregarded. Hence, the question is raised whether soft laws should be binding, whether the 
categorization of soft law and hard law has disappeared in modern times and in general, the 
enforcement mechanism of such soft laws. 
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064-6B-1 Considerations for Choosing Experimentation Campaigns 
for Planetary Rovers 
 
Skonieczny, Krzysztof 
Concordia University 
 
Operating rovers on planetary terrains is still a difficult open problem, as evidenced by the 
variety of mobility challenges experienced by the Spirit, Opportunity, and Curiosity rovers. On 
Earth, there is no way to comprehensively and simultaneously mimic all relevant aspects of the 
problem: reduced gravity, unique soil properties and planetary geological processes, etc. There 
are a variety of experiments available to us that address certain aspects of rover-terrain 
interactions, such as single-wheel tests in Earth gravity and/or reduced-g parabolic flights, full-
scale rover tests in controlled laboratory environments, reduced-mass (or offloaded) rover 
testing, or field testing at analogue sites. All such experiments add valuable insights but should 
be interpreted with care and combined with complementary studies. Single-wheel tests 
performed in reduced gravity flights demonstrate, for example, that the common practice of 
reducing rover mass to match its Martian weight during Earth testing does not accurately 
capture all aspects of pure rover driving in Martian gravity; this can be explained by the fact 
that the soil itself also behaves differently in reduced gravity. Reduced-mass (or, equivalently, 
offloaded) tests of excavating robots, however, can be shown to provide a more balanced 
approximation of planetary performance because although it underestimates the difficulty of 
driving it overestimates the difficulty of digging. Field testing in natural environments provide 
an essential test to rover capabilities, but also creates scientific challenges regarding 
reproducibility of results; complementary testing in more controlled environments enables 
deeper investigation of underlying performance. Examples will be discussed from recent 
reduced-gravity single-wheel testing, offloaded rover experiments, and field tests in natural as 
well as human-made/controlled environments. 

036-6B-2 A Canadian Hazard Detection and Avoidance System for 
the ESA-ROSCOMOS Lunar Mission 
 
Hamel, Jean-François 
NGC Aerospace 
 
The ESA PILOT system is a suite of advanced landing technologies aiming at providing global 
access to the lunar surface, precisely and safely. It includes Visual Navigation and Hazard 
Detection & Avoidance (HDA) functions to be integrated on-board the spacecraft. The PILOT 
subsystem consists of landing cameras, a 3D-imaging Lidar and a Landing Processing Unit 
implementing the Visual Navigation and HDA software functions. A first flight opportunity has 
been identified for 2022 in the frame of the ESA-ROSCOSMOS cooperation on lunar exploration 
targeting South-Pole regions. 
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The PILOT system is developed by Airbus Defence and Space (Germany, France) as prime 
contractor, in partnership with GMV (Spain), Neptec (UK), OIP (Belgium) and NGC Aerospace 
(Canada). The Canadian team is responsible for providing the PILOT HDA system function. 
The main requirement of the HDA function is to detect surface slope, roughness and shadow 
hazards on the surface during the descent based on Lidar and camera measurements and to 
designate the coordinates of the safest landing sites. These position coordinates are then fed to 
the Lander platform managing the guidance and control of the descent manoeuvres. 
The HDA software is composed of functions dedicated to command the Lidar, process the raw 
Lidar measurements, perform motion compensation, reconstruct the surface topography, 
process the raw camera images, ground-reference the resulting Lidar and camera images, 
compute hazard maps and then designate the safe landing site coordinates on the surface. 
This paper will detail the status of the programme, will describe the envisaged operational 
scenario and will show the architecture of the PILOT HDA functions. It will then show test 
results obtained in a high-fidelity simulation environment, real-time test bench environment 
and hardware-in-the-loop dynamic laboratory environment. 

087-6B-3 DTVAC Dusty Thermo-Vacuum Simulator and Challenges of 
Simulating Lunar Environment 
 
Kruzelecky, Roman 
MPB Communications 
 
With increased interest around lunar activities, the Dusty Thermo-Vacuum Chamber (DTVAC) 
facility will be utilized for testing and verification of component exposed to lunar environment. 
This Dusty Thermo-Vacuum Chamber is intended to serve as a primary Canadian Test Facility 
for testing rovers, rotary, surface and optical devices for international lunar or Mars missions, 
supporting robotics, ISRU processes and science instruments.  
The DTVAC facility combines a controlled dust simulant shower in vacuum with simulated solar 
illumination and thermal control of the test device from below -60oC to above +60oC. 
Currently, the system is undergoing several upgrades to increase this temperature range with 
the addition of liquid nitrogen and IR lamp capability. The system design includes a controlled 
large-area planetary dust simulant dispenser and electrostatic charger. A temperature-
controlled platen can accommodate various test devices up to 1.0  1.0  0.9 m3 in volume, 
including surface (solar cells), optical, and mechanical (motors, rotary) assemblies. The DTVAC 
be used to validate the operation of relevant payloads and processes under simulated lunar 
surface environmental conditions, including: 
• Selectable day/night temperatures ( -173°C to  60°C), depending on the selected coolant  
• Vacuum pressure relevant to the Moon of <10-4 Torr (with dust) to <10-7 Torr 
• Software-controlled dispersion rates of charged Chenobi dust (other simulants are also 
possible) 
• Incident illumination to 1000 W/m2 with simulated solar spectrum 
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The goal is to provide extended continuous testing over periods exceeding 14 terrestrial days, 
equivalent to operation over a lunar day or night. In the preliminary DTVAC facility 
commissioning, 21 days of continuous DTVAC relevant operations was successfully achieved 
based on script-based computer control. 
This paper discusses the challenges behind simulating lunar environment and the addition of 
LN2 cooling capability to DTVAC planetary environment simulator in order to address these 
challenges.  
Acknowledgements 
The DTVAC facility development has been financially assisted by the Canadian Space Agency. 
Special thanks to Daniel Lefebvre, Michel Wander, Elie Choueiry and Tongxi Wu for their helpful 
criticisms and suggestions. 

059-6B-4 Data-Driven Approaches to Improve Planetary Rover 
Mobility Operations 
 
Faragalli, Michele 
Mission Control Space Services 
 
Two recent technologies developed by Mission Control Space Services are presented in this 
work: the Autonomous Soil Assessment System (ASAS) and the Skid-Steer Optimization (SSO). 
ASAS enables real-time forward trafficability assessment for detection of unknown soil hazards 
that could immobilize a planetary rover. ASAS uses a rover's navigation sensors to measure its 
mobility performance as it drives, and relates it to visual terrain features of the terrain. By 
fusing exteroceptive and proprioceptive data through machine learning algorithms, i.e. 
associating “feeling” with “seeing”, ASAS learns to predict non-geometric hazards such as soft 
sand along the rover’s path. SSO is a feed-forward path planner which accounts for energy 
consumption, particularly for skid-steer vehicles who consume high energy during turning 
maneuvers. This is achieved by aggregating in-situ gathered data in real time to build a 
dynamic, data-driven power model as a function of terrain type. 
The data-driven approach underlying the ASAS and SSO technologies make them rover-agnostic 
software solutions, adaptable to various planetary surfaces and robotic platforms. The 
overarching goal of such software contributions to future rover missions is to offers increased 
autonomy and efficiency in tactical workflows for rover navigation operations. They can be 
configured to be used as a path planning aid to suit an operation characterized by varying 
degrees of rover autonomy and command latencies. In the high-latency teleoperations (HLT) 
environment that characterizes Mars rover operations, they can be incorporated into 
autonomous navigation software to enhance the autonomy of path planning state of the art. 
For low-latency operations of a lunar rover, an operator can use them via a graphical user 
interface to aid their driving decisions in real-time. 
Results from field test campaigns will be shown, including an extensive testing in White Sands 
National Monument, in New Mexico: a high-fidelity analogue environment consisting of Aeolian 
landforms and duricrust-like features. 
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115-6C-1 Radiation Risks to Crew for a Cis-Lunar Mission 
 
El-Jaby, Samy 
Canadian Nuclear Laboratories 
 
Research underway at Canadian Nuclear Laboratories (CNL) aims to assess if current 
occupational dose limits for astronauts are applicable for cis-lunar missions. Astronauts 
undertaking such a mission will be required to endure a daily, low-dose rate exposure to the 
galactic cosmic radiation (GCR) environment and the possibility of an acute exposure resulting 
from single, or multiple, solar particle events (SPEs). Unlike in low-Earth orbit (LEO), however, 
astronauts will not receive the benefit of shielding provided by Earth’s magnetic field while in 
deep space. Moreover, due to the nature of the mission, a rapid return to Earth is not possible. 
Therefore, potential radiation levels need to be assessed prior to such missions. 
In this work, a reference cis-lunar mission scenario is being studied. The mission scenario 
assumes a spherical, aluminum spacecraft with an internal diameter of 3.8 m and wall thickness 
ranging from 2 to 10 cm. The deep space GCR environment is modelled assuming the Matthia 
2013 environmental model at 1997 solar minimum conditions. The onset and energy 
distributions of SPEs, in contrast, are more difficult to model. Consequently, historical events 
have been used to assess the ‘worst case’ scenario. The Monte Carlo radiation transport codes 
MCNPX and Geant4, and the online transport code OLTARIS which is based on the deterministic 
transport code HZETRN, will each be used to study the expected radiation environment for a 
reference mission scenario. The impact of transport code and simulation geometry, including 
shielding thickness, on the conclusions drawn will be highlighted. The objective of this paper is 
to illustrate how modelling assumptions can impact the assessment of current occupational 
dose limits. 
Acknowledgements: This work is supported by the Atomic Energy of Canada Limited 
administered Federal Science and Technology program. 

028-6C-2 Developing Magnetic Resonance Imaging for Astronauts in 
Deep Space 
 
Sarty, Gordon E. 
University of Saskatchewan 
 
Magnetic Resonance Imaging (MRI) provides detailed anatomical and physiological information 
that is difficult to detect using other imaging modalities like ultrasound. An MRI onboard future 
spacecraft would be very valuable for understanding the effect of deep space travel on 
astronauts and for diagnostic imaging in medical emergencies. It would provide information 
ranging from muscle and bone loss time courses to fluid shifts in the head and other parts of 
the body. To meet the challenge of designing and building an MRI small and light enough for 
installation in spacecraft, we have turned to new "gradient-free" MRI technology. Our 
development path began with the Phase 0 design for the Canadian Space Agency (CSA) of a 
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low-field, wrist-size MRI for the International Space Station (ISS) in 2014. That MRI design fits 
into a double EXPRESS box size ISS rack-mounted experiment and was projected to have a mass 
of 80 kg. Since that design, we have built two wrist-size prototypes to advance the gradient-free 
technology and to demonstrate imaging. Our Technology Readiness Level is currently at 6. A 
third MRI is being built for flight in zero gravity conditions on NRC's Falcon 20 jet to 
demonstrate further the technology required for the ISS-MRI. Concurrently, the ISS-MRI design 
is being advanced through Phases A and B in a current STDP contract with the CSA. With the 
new technology developed since 2014, we are able to provide a larger ankle-size MRI within the 
double EXPRESS box constraint for the ISS. The ankle-size ISS-MRI will, in turn, demonstrate the 
MRI technology needed for a head-size MRI for the proposed Deep Space Gateway in cislunar 
space. 

045-6C-3 Measurements of Neutron Radiation on the International 
Space Station using Bubble Detectors: Matroshka-R and Radi-N2 
 
Smith, Martin 
Bubble Technology Industries 
 
Protection of crewmembers from radiation is a high priority for long-duration human 
spaceflight, including proposed exploration missions to the Moon and Mars. Radiation in deep 
space is a mixed field due to galactic cosmic rays (GCRs) and solar particle events. In low-Earth 
orbit (LEO), protons and electrons trapped in the Van Allen radiation belts also make a major 
contribution to the radiation field. Neutrons encountered in LEO, for example on the 
International Space Station (ISS), are produced predominantly by nuclear interactions of GCRs 
and trapped protons with various elements in the walls and interior components of the 
spacecraft, and by neutron albedo from GCRs incident on the Earth’s atmosphere. Previous 
investigations in LEO, including experiments using bubble detectors, have shown that neutrons 
contribute significantly to the total radiation dose received by crewmembers. 
For over a decade, bubble detectors have been used to characterize neutron radiation for the 
Matroshka-R experiment, conducted in the Russian segment of the ISS, and for the Radi-N and 
Radi-N2 experiments in the US segment. The goal of the ongoing Radi-N2 activity is to 
characterize the neutron dose equivalent and energy distribution in multiple locations 
(Columbus, the Japanese Experiment Module, the US Laboratory, Node 2, and Node 3) over a 
prolonged period of time, enabling an assessment of potential influence quantities such as 
location within the ISS, solar activity, and spacecraft altitude. The Radi-N2 results to date 
suggest that these potential influences do not strongly affect the neutron field. Similar 
observations have been made from Matroshka-R measurements conducted in the Pirs docking 
module, the Mini Research Modules, MRM1 and MRM2, and the Zvezda Service Module. 
Experiments using the Matroshka-R phantom, a tissue-equivalent sphere used to simulate the 
human body, suggest that the dose equivalent inside the phantom is approximately 70% of the 
value at its surface. 
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139-6C-4 Assessing Brain Health Changes Following Long-duration 
Spaceflight 
 
Duchesne, Simon 
Université Laval 
 
To achieve its goals, human space exploration relies on a corps of psychologically, emotionally 
and behaviorally resilient astronauts. It is axiomatic that optimal brain health is necessary to 
maintain the expected and required level of performance. Further, it can be postulated without 
difficulty that cognitive function is directly related to brain health; likewise, that future brain 
health status is based both on its current condition as well as on the on-going effects of genetic 
and environmental factors. Over a decade of research, we have operationalized the concept of 
brain health via measurable proxies of major organ-level brain systems that support cognitive 
function, and demonstrated its applicability towards the prediction of cognitive decline in the 
context of aging and probable Alzheimer’s disease. We have conceptualized brain health as a 
combination of major systems impacting cognition, specifically: (a) neuronal integrity; (b) 
myelin integrity; (c) cerebrovascular integrity; and (d) metabolism integrity. These basic 
functions underline fundamental processes that are necessary for cognitive function. While 
warning signals have been sounded by other groups on the effects of long-duration space travel 
on neurological systems (e.g. space-flight associated neuro-ocular syndrome), proportional to 
an increasingly prolonged exposure to a reduced gravity, electromagnetic- and radiations-laden 
environment, there remains a paucity of knowledge of the mission and long-term health effects 
on brain health. Initial findings include anatomical and functional connectivity changes, 
measured via magnetic resonance imaging (MRI) scans, which seem to increase as spaceflight 
time increases. These correspond to similar changes seen in aging, even though from a different 
etiology, and must be assessed in depth. We aim fill part of that knowledge gap by assessing 
accelerated aging in astronauts. We would rely on our predictive analytic models linking 
normative, multimodal data to cognitive performance as the outcome of interest. We aim to 
test a primary hypothesis that for a given brain health level, as exposure to risk factors increase, 
metrics of brain health decrease. To perform our study, we would track neuronal, myelin, 
cerebrovascular and metabolism integrity using MRI on astronauts participating in crew 
exchange, standard, and one-year missions. MRIs would be acquired at three timepoints: pre-
flight, post-flight (Days 14-21), and one-year after misson. Neuronal integrity would be 
measured using anatomical parcellation on either T1- or T2-weighted MRIs. Myelin integrity 
would be measured on T1w/T2w ratio maps. Cerebrovascular integrity would be assessed by 
estimating local vesselness metrics for veinous and arterial systems. Metabolism integrity 
would be assessed using changes in synthetic fluorodeoxyglucose positron emission 
tomography scans, derived from MRI. Cognitive testing information would be obtained from 
the WinSCAT test as part of normal flight assessments. All of our models would account for sex 
interaction effects, and we would compare the data to our extensive datawarehouse containing 
normative cognitive and neuroimaging information on more than 8,800 subjects across the 
spectrum of aging. This project would assess the need for mitigation strategies against the 
effects of long-duration space travel on brain health. The mission benefits would include 
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information allowing better decision making by crew support, while on Earth the repercussions 
would be felt immediately in the understanding and treatment of neurodegeneration, whose 
burden is being increasingly felt on health care systems the world over. 

093-6E-1 Canadian Space Agency Planetary Science Overview 
 
Hipkin, Victoria 
Canadian Space Agency 
 
Canada’s Alpha Particle X-Ray Spectrometer (APXS) instrument has been operating for more 
than five years on NASA’s Mars Science Laboratory Curiosity rover, contributing significantly to 
investigations into the history of water at the Gale Crater landing site. Curiosity is now exploring 
the target stratigraphy on Mount Sharp.  
The NASA New Frontiers OSIRIS-REx mission to asteroid Bennu successfully launched in 2016 
carrying Canada’s OSIRIS-REx Laser Altimeter (OLA) instrument. Rendezvous with Bennu is 
scheduled for 2018, and distribution of returned samples to Canada in 2024. 
Planetary exploration at CSA is science-driven and enabled by state-of-the-art technologies. 
Canada engages in international planetary science missions to support innovation and world-
class research in line with the Government of Canada’s priorities. Canadian community science 
priorities are identified through consultations. 
In response to renewed science priorities through the 2016 Canadian Space Exploration 
Workshop and Planetary Topical Teams, the CSA issued several RFPs for science maturation and 
concept studies in 2017 to prepare for potential future planetary mission contributions. The 
topics of resulting studies will be described, as well as highlights from CSA’s 2016 Mars Sample 
Return Analogue Deployment (MSRAD), a high fidelity mission simulation which took place in 
Utah. 

054-6E-2 Visible and FUV Illumination Conditions at the North and 
South Pole of the Moon  
 
Kloos, Jacob 
York University 
 
We create illumination maps of far-ultraviolet (FUV) and visible radiation within permanently 
shadowed regions (PSRs) at the north and South Pole of the Moon. Gridded digital elevation 
models at 240-m resolution from the Lunar Orbiter Laser Altimeter (LOLA) instrument onboard 
the Lunar Reconnaissance Orbiter (LRO) are used in conjunction with lunar ephemerides to 
compute the sky visibility for individual surface elements within permanently shadowed craters. 
Using the coordinates for sky visibility, FUV photon flux density (in the spectral range 115–180 
nm) is computed using all-sky maps obtained from the Solar Wind Anisotropy (SWAN) 
instrument on the Solar and Heliospheric Observatory (SOHO) mission. We find a nearly 
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uniform flux density of ~ 1.60 × 10^9 photons/cm^2/s for southern hemisphere craters and ~ 
1.25 × 10^9 photons/cm^2/s for northern hemisphere craters, although small-scale spatial 
variations in illumination do exist in nearly all PSRs craters due to subtle topographic variance. 
Shackleton crater, which is of particular interest due to data showing enhanced hydrogen, 
receives ~2% less FUV flux than the average South Pole crater owing to its relatively high depth-
to-diameter ratio. The computed FUV flux received in the PSRs is used to estimate the 
sublimation rate for surface and subsurface ice. Additionally, using visible light from distant 
stars, similar illumination maps are created for the north and South Pole. The visible and FUV 
maps are compared to determine the relative photon flux available for surface imaging of ice in 
the permanently shadowed regions. 

003-6E-3 Methane on Mars 
 
Moores, John 
York University 
 
Since its discovery in the atmosphere in 2003 through telescopic observations of Mars, 
methane has been an enigmatic molecule resistant to simple explanations as to its origin, 
concentration and eventual fate. Because methane is unstable in the modern martian 
atmosphere, it must be continuously resupplied. This means that methane can be used as a 
tracer of modern active processes, including those which involve liquid water, subsurface 
heating and radiation exposure – an observation that some have suggested should lead our 
future exploration of Mars towards a “follow the methane” approach. However, as our 
detection limits have improved and the number of our observations has increased, the mystery 
surrounding this molecule has only deepened with different techniques failing to replicate each 
other’s results in time and space. This talk will survey the field and will also present recent 
research by the authors looking at potential sources and temporary sinks of methane that helps 
to explain aspects of its behavior on Mars and to illuminate its elusive origins. 

053-6E-4 Space Radiation Environment Aspects for Martian Missions  
 
Rempel, Jacob 
Canadian Space Agency 
 
Mars is one of the most important destinations for unmanned robotic missions and for future 
planned manned missions. All spacefaring nations show great interest in the new stepwise 
approach in the Space Exploration effort associated with first returning to the Moon and then 
planning manned Mars missions. Planning and development of any planetary mission include 
considerations of different space environments and their impact on mission requirements. 
These have a crucial impact on survivability of the spacecraft and its subsystems. Examples of 
mission failures due to effects of space radiation include ESA’s Hipparcos, NASA’s GOES-6 and 
GOES-7, JAXTA’s ETS-6, and NASA’s Mars Odyssey lander. 



 

92 
 

This paper presents an overview of radiation environments that can be encountered by Martian 
spacecraft, previous mission failures in radiation environments, radiation testing requirements, 
and radiation mitigation. All planetary missions including Martian missions have three distinct 
phases: 1) interplanetary cruise, 2) orbital operation and 3) Martian surface operations. 
Exposure to the radiation environment in each of them is characterized. Then the total ionizing 
dose (TID) for each radiation environment is discussed. Mission related concerns due to space 
radiation are presented using the existing knowledge on radiation environments during the 
above mentioned mission phases. Then the mitigation aspects are discussed including radiation 
hardening, physical and magnetic shielding, and maneuvering and avoidance. 
Manned missions have different requirements from unmanned missions with respect to space 
radiation. These requirements vary depending on the type of the planned mission, such as 
orbiters or landers (geophysical stations and rovers). Highlights of radiation testing are 
presented with total ionizing dose (TID) testing and single event effect (SEE) testing, and in-situ 
methods such as dosimetry testing with Geiger counters and direct observation of single event 
effects in device behaviour. Conclusions and recommendations from a Canadian perspective 
are also included. 

101-6F-1 SSA Payload Development Activities at ABB 
 
Grandmont, Frédéric 
ABB Canada  
 
The problem of space debris management has been capturing unprecedented attention over 
the recent years thanks to increasingly cheaper access to space and the excitement for “do it 
yourself” nanosatellites. Rocket operator appreciate very well the importance of the debris 
database accuracy when determining a launch trajectory and satellite orbit. There is a constant 
need to update the database trajectories due to the many factors affecting orbit trajectories 
over time (Atmospheric orbital drag, sun wind, , satellite manoeuvers. variations in the earth 
magnetic field). Up until recently the US military maintained the largest database of orbiting 
objects however the recent surge of users of this database and objects to track is suggesting 
that such task be transferred to an independent surveillance and regulation body similar to the 
US FAA. While the international community debate on the way forward, industrial players are 
proposing ways to tackle the problem operationally. The radar community is making important 
progress using powerful ground installation which will significantly increase the number of 
object tracked. However a large fraction of the the smallest object population believed to be 
the most important will remain invisible. Optical methods are also proposed and attack a 
different portion of the flying object population. In addition to offering some complementarity, 
redundancy in such operational measurement system through different method is highly 
valuable. 
ABB was engaged over the last two years in development work toward the definition of a 
compact debris imaging and trajectory extraction sensor to be mounted on LEO spacecraft as 
piggy back payload to feed this task. The sensor is optimized for providing maximum sensitivity, 
while operating at rapid frame rate capable of freezing orbital streak from debris flyby in the 
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large FOV of the camera. A performance model was developed based on the conceptual design 
to report on detection performance and payload allocations. A scene simulator modeling the 
starfield drift effect in the FOV down to the sensitivity of the sensor was developed in 
collaboration with Laval University. Another critical aspect of such a sensor is the study of the 
onboard data processing and compression. As the sensor aims for the largest possible FOV and 
frame rate, it generates a data volume incompatible with a piggy back configuration. Luckily, 
only a small fraction of the images content is of interest once the star are removed and the 
debris streak information is encoded. We will show results of simulation from this work and 
implication for the payload allocations. 

096-6F-2 NEOSSat Space Situational Awareness Case Study: GOES-16 
Relocation Tracking  
 
Thorsteinson, Stefan 
Defence R&D Canada 
 
Launched in 2013, the NEOSSat microsatellite is in a dawn-dusk low Earth orbit performing 
Space Situational Awareness (SSA) experiments from its unique orbiting vantage point. The 
microsatellite consists of a 15-cm visual band optical telescope designed to track Resident 
Space Objects (RSOs) in geosynchronous orbit. Placing optical SSA sensors on orbit enables 
routine observations of deep-space RSOs which is not normally possible from the ground. 
Space-based sensors are free of the (ground-based) limitations of the day-night cycle, weather, 
and atmospheric extinction and are capable of tracking geosynchronous objects not located 
geographically above a ground-based sensor.  
While NEOSSat suffered major hardware failures in 2016, control of the spacecraft has been re-
established in early 2017. Over the period of 1 to 11 December, 2017 NEOSSat participated in 
the tracking of the GOES-16 geostationary satellite, while it manoeuvred from a longitude of 
89° W to 75° W. During this time extensive metric and photometric observations were taken. 
These included observations at very low solar phase angles, below 30 degrees, possible while 
NEOSSat was in eclipse operations and GOES-16 over the daylight portion of the Earth. Little 
data exists on photometric properties of geostationary satellites at very low phase angles. 
Orbit determination and manoeuvre estimation from optical observations is presented and 
compared with operator supplied estimates and US Space Surveillance Network orbit data. The 
characteristics of GOES-16’s photometric (brightness) behavior during large pre-manoeuvre 
slews are analyzed. 
This paper describes the photometric characterization, orbit determination and manoeuvre 
estimation of GOES-16 pre, during, and post manoeuvre from NEOSSat, showing it can 
effectively maintain GEO orbit custody through large delta-v manoeuvres. 
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119-6F-3 Practical Steps to Improve Security of Space Systems 
 
Wiemer, Douglas 
RHEA Group 
 
Hardly a day goes by when there isn’t a new article published about the growing concern of 
cyber-attacks on critical systems. Recent events such as the December 23, 2015, attack on 
regional energy companies in the Ukraine represent a growing concern for control systems. In 
the midst of current cyber threats, it is naive to think that space systems are immune. 
Meanwhile, the emergence of new stakeholders and partnerships between the Canadian 
government and industry have created new challenges, including safety and security 
considerations for space operations. 
In view of the growing threat, the RHEA Group, in collaboration with the European Space 
Agency (ESA) and the Belgium Science Policy Organization (BelSPO) have taken steps toward 
improving the security and resiliency of space systems. Supported by BelSPO, ESA has 
established a space-assets “Cyber Range” at the European space Security and Education Centre 
(ESEC) in Redu, Belgium. Meanwhile, ESA initiated development of tools designed to support 
security-by-design for space systems. The projects have been delivered by the RHEA Group 
which has offices in both Ottawa and Montreal. 
To further advance the state-of-the-art of security and resilience of space assets, the RHEA 
Group has entered an agreement with ESA to establish the Cyber Security Centre of Excellence 
(CSCE). The mission of the CSCE is to become the international enabler for collaborative cyber 
information sharing and analysis of space systems and related critical infrastructures. As an 
associate member of ESA, Canada can take advantage of these advances. 
This paper will summarize the advances of past projects and describe ongoing developments of 
the CSCE including technology support for the following services for space systems: 
1. Study, understand and raise awareness about cyber issues; 
2. Establish a cyber-security technology test bed; 
3. Train, test and develop cyber-security related services; and 
4. Collaborate and coordinate cyber-incident response measures. 

011-6F-4 Earthfence for Space Situational Awareness (SSA) 
 
Quine, Brendan 
Thoth Technology 
 
About Thoth Technology 
Thoth Technology Inc. (Thoth) is a privately held Canadian technology company headquartered 
at the Algonquin Radio Observatory (ARO) in Algonquin Park, Ontario, Canada.  
Thoth advances knowledge through the provision of new products and business services 
pertaining to Space Situational Awareness (SSA).  
Background:  
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With the steady increase in the amount of satellites and space matter orbiting the Earth, the 
risk of collision is also increasing. Collisions can destroy assets and create more debris that 
could eventually render some orbits unusable. There is a critical need to track matter in space.  
SSA provides the opportunity to mitigate and reduce hazards in space. SSA yields timely and 
reliable intelligence pertaining to the space environment and related risks to foster the 
sustainable use of space. 
Earthfence: 
Thoth offers a unique digital radar solution known as Earthfence. Earthfence was designed and 
engineered to track geostationary satellites and other debris in space.  
Earthfence is a ground based digital C-band pulse compression radar system. Earthfence 
consists of a software based sensor, data management and analysis system engineered for SSA. 
Thoth currently operates Earthfence from the 46 m parabolic antenna located at the Algonquin 
Radio Observatory. 
Earthfence Features Include: 
• Square Meter Radar Cross Section (RCS) at ranges up to 50,000 km. 
• 25 m range accuracy to space targets 1 m2 (11 ft2) or greater. 
• Scalable sensor architecture deployable across networks and orbit classes. 
• Target extraction data optimized for multi-core platforms. 
• Target visualization. 
Earthfence offers the ability to monitor space assets in near real time. Earthfence can also track 
multiple objects in vicinity of an object as well as possible breakups in space. Earthfence data 
can be deployed as a nested sensor within an existing network or as a standalone system. 
Earthfence is a unique Canadian solution for SSA. 
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INTERACTIVE POSTERS 

005-IP-1 Geophysical Characterization of Lava Tubes for Planetary 
Exploration 
 
Mallozzi, Skyler 
Carleton University 
 
Lava tubes form when a solid crust forms over the top of cooling but mobile lava flows. When 
lava is later evacuated, a hollow cylinder is left behind. Lava tubes are prime targets for 
planetary exploration for two reasons. First, they might protect extant lifeforms from harmful 
radiation on planets such as Mars. Second, they could provide shelter to astronauts on long-
term missions to the Moon or Mars.  
Our team has surveyed lava tubes at Craters of the Moon National Monument, Idaho, and Lava 
Beds National Monument, California, with three different geophysical methods.  
We used the ground magnetic method over a few square kilometres to characterize different 
lava flows, and to identify possible extensions of known lava tubes. An operator walked across 
the lava fields and gathered higher density data in areas of rapid spatial variations, a strategy 
that could be readily adapted by an autonomous space exploration rover.  
At smaller scale, we used the gravity method to map a single tube in detail along six 100 m long 
parallel transects. To mimic a space exploration mission, the topographic data required for 
elevation correction was derived from Lidar images collected on the ground, rather than from 
geodetic measurements. The gravity data was inverted and compared with Lidar images of the 
interior of the lava tube.  
Finally, we used an electromagnetic induction sounder to map the geometry of lava tubes from 
the ground surface. This proved to be challenging because of the high resistivity of the ground 
in a desert environment. The instrument was best used inside lava tubes to characterize the 
tube floors in terms of their electrical conductivity.  
The different surveys revealed the diversity of lava tube morphologies and the wide range of 
physical properties of their host rocks. They highlighted the challenges of geophysical surveying 
in rugged terrain. 

006-IP-2 Hydrogen Fuel Cell - Space Applications 
 
Sharma, Akash 
Concordia University 
 
Since the dawn of space age, hydrogen has been vastly used as a fuel, predominantly by NASA 
for rockets utilized in space exploration. Liquid hydrogen is the most obvious choice for liquid 
bi-propellant rockets where hydrogen burns in the presence of an oxidizer, to generate thrust. 
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Till now bi-propellant rockets have the highest specific impulse (total impulse generated per 
unit weight of propellant) & the most efficient in the category of chemical rockets. But due to 
certain limitations, they are a hindrance to realize deep space missions where tremendous 
quantity of fuel is an absolute necessity. So why not tackle this situation where the rocket never 
runs out of the propellant. A possible solution could be “Hydrogen Fuel Cells”. With the 
purpose of generating an electric current which could power any outside equipment either by 
using electricity or heat along with they could be a viable replacement for existing propulsion 
systems. A fuel cell is an electrochemical device that combines hydrogen and oxygen and 
generates electricity, with water and heat as its by-product. In its simplest form, a single fuel 
cell consists of two electrodes - an anode and a cathode - with an electrolyte between them. As 
per the working of fuel cell, it never runs out of fuel which could be a crucial factor in deciding 
the future propulsion techniques. As per the present scenario, NASA is keen on implementing 
Proton Exchange Membrane (PEM) Fuel Cells & Solid Oxide Fuel Cells (SOFC) to witness a 
dramatic advancement which would be able to provide reliable, compact and high energy 
power supply which is renewable as well. But there are certain challenges as well which need to 
be mitigated in order to achieve complete utilization of fuel cells in the space applications. 
 

018-IP-3 Recent Progress towards a Global Dyke Swarm Map of 
Venus 
 
Bethell, Erin 
Carleton University 
 
The Ottawa-Carleton Geoscience Centre Venus Working Group is engaged in detailed geological 
mapping of the surface of Venus using Magellan synthetic aperture radar images at the highest 
resolution available (75-100 m/pixel). Our mapping focuses on extensional lineaments, which 
include rift faults and graben-fissure systems, the latter hypothesized to overly dyke swarms.  
Our long-term objective is to produce a global dyke swarm map of Venus. We are integrating 
our new results with published information to provide a resource that will complement existing 
catalogues of other tectonic and magmatic features (e.g., volcanoes, coronae, and wrinkle 
ridges). The global map will allow a more comprehensive understanding of the distribution of 
intraplate magmatism, in time and space, on Venus. It will also be compared with the 
distribution of dyke swarms identified on Earth and Mars, and those newly discovered on 
Mercury. In addition, we are determining relative regional chronology via cross-cutting 
relationships between interacting lineament systems (rifts and graben fissures) and between 
lineaments and other types of tectono-magmatic units on Venus (rift zones, volcanic flow fields 
and tessera terrains). 
Current research highlights include:  
• Mapping of both rifts faults and graben-fissure systems has shown that rifting in the BAT 
region occurs along connected triple junction centers, similar to ocean-forming rift systems on 
Earth.  
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• We hypothesize that the newly discovered class of giant circumferential dyke swarms on 
Earth are analogous to Venusian coronae 
• Mapping of extensive basaltic “flow fields” in selected regions is providing new insights by 
discriminating different pulses, the locations of sources for each (vents or fissures), and 
determining the relative chronology for each region.  
• We are testing the hypothesis that the complex deformation in selected regions of tesserae 
terrains might represent distinct domains that have moved and rotated relative to each other, 
in a way analogous to deformed basement terranes on Earth. 

030-IP-4 Clouds Effect on the Atmospheric Total Column Carbon 
Dioxide Retrieval by Space Orbiting Argus 1000 Micro-spectrometer: 
Introductory Study 
 
Alsalem, Naif 
York University 
 
Carbon Dioxide (CO2) is one of the most important greenhouse gases after water vapor (H2O) 
which plays significant role in the climate process. Accurate space-based measurement of CO2 
is of great significance in inferring the location of CO2 sources and sinks. Uncertainties in 
greenhouse gases (GHG) retrieval process must be minimized to accurately infer the actual 
amount of the atmospheric species. Clouds pose a large uncertainty in CO2 space-based 
retrieval process leading, mostly, to an underestimation in the CO2 absorption amount above 
the cloud layer provided that photons do not perform multiple paths. In this paper, three 
different cases of data collected over cloudy and clear skies by Argus 1000 micro-spectrometer 
were analyzed. Findings show that the CO2 absorption in the absence of clouds is 
approximately 4.5% higher than when clouds are present. 

035-IP-5 CoSMOSAT: In-Situ Measurement of Material Degradation 
using Spectroscopy 
 
Little, Bryan 
Queen's Space Engineering Team 
 
As ease-of-access to space grows with satellite miniaturization, space debris are becoming 
more prevalent and increasingly difficult to identify. While Earth-based observation has been 
successful in debris monitoring, determination of debris material properties can only be 
accomplished using statistics or spectroscopy. With the latter, the space surveillance 
community depends on correlating material reflectance curves with ground-based data. 
Unfortunately, a lack of understanding of the time-dependent degradation of material in orbit 
prevents accurate correlation, resulting in an incomplete database of space debris and their 
material composition. The Characterization of Structural Material in Orbit Satellite, or 
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CoSMOSAT, is a mission to take the spectra of three common materials used on satellites since 
the beginning of space-flight. Current technology cannot easily nor inexpensively simulate the 
complex conditions in low-Earth orbital (LEO), and missions by NASA’s LDEF have only 
measured before/after spectra without the granularity to model time-varying degradation. 
Aluminum, white-painted aluminum, and triple-junction photovoltaic cells (TJPCs) will be 
mounted on a 3-unit CubeSat and exposed to LEO conditions. As these materials degrade over 
their year-long flight, their spectra will be measured using an Avantes AvaSpec-Mini CMOS 
Spectrometer capable of measuring the reflectance light from 200 to 1100 nm. Data produced 
from this mission will be made available to the space-surveillance community, enabling the 
start of a space debris catalogue that not only tracks debris size and quantity, but also their 
composition. These data are important for debris impact mitigation and future Active Debris 
Removal (ADR). A secondary mission of CoSMOSAT is to explore the use of Visible Light 
Communication (VLC) for nanosatellites. By mounting LEDs of various wavelengths on the 
spacecraft exterior, satellite identification can be achieved without contact with operators. 
Low-bandwidth communication will also be explored through blinking schemes with the LEDs. 

047-IP-6 Hybrid NIRS-MRI imaging for deep space exploration 
 
AlZubaidi, Abbas K. 
University of Saskatchewan 
 
Astronauts on long duration deep space exploration missions will experience visually 
impaired/intracranial pressure (VIIP) syndrome and other CNS dysfunctions that can be 
monitored and studied with a head imaging modality. Existing and planned imaging modalities 
on the International Space Station (ISS), currently limited to an ultrasound scanner, don’t 
provide a detailed picture of hemodynamic properties in the brain and surrounding anatomical 
structures. These structures may be very sensitive to changes in long-term microgravity 
conditions.  
We propose a hybrid near-infrared spectroscopy (NIRS)-magnetic resonance imaging (MRI) 
scanner to supplement a gradient-free RF encoding MRI currently being developed for the ISS. 
NIRS is used in clinical research to investigate the hemodynamic response of the brain to 
various stimuli (e.g. visual, auditory and sensorimotor). It is our expectation that a hybrid NIRS-
MRI instrument will allow us to understand and address aspects of the VIIP problem. 
The proposed hybrid NIRS-MRI scanner will use an array of 16 to 20 equally spaced NIR photo-
emitter/detector (probe) pairs to simultaneously readout the NIRS signal. These short-distance 
probes will be integrated on a 3D printed ring-like structure to form a cap that surrounds the 
astronaut’s head. Signal from the probes will be carried from the ring using fiber optics. The 
signals will be conditioned and filtered to extract specific functional and clinical information 
following currently used approaches in NIRS (e.g. continuous wave, spatially-resolved, time-
resolved and phase-modulated approaches). Subsequently, the data will be mapped to the 
simultaneously acquired MRI images to give a perfusion/hemodynamic picture of the brain.  
The hybrid NIRS-MRI scanner will open up a new opportunity for research and clinical imaging 
for astronauts on deep space missions beyond the ISS if it is installed and used on the planned 
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Deep Space Gateway, the Deep Space Transport and the European Space Agency’s planned 
lunar village. 

048-IP-7 Developing Diamond Detectors for Low Field MRIs in Space 
Stations 
 
Ejalonibu, Hammed A. 
University of Saskatchewan 
 
The last few decades have seen a growing interest in the study of nitrogen vacancy (NV) centers 
in diamonds because of the large number of potential applications. Of those numerous 
applications, the NV center can act as a sensor that has the ability to detect weak magnetic 
fields with high signal-to-noise (SNR). Recently, Sarty et al. developed a radio frequency (RF) 
encoding low-field Gradient-Free Magnetic Resonance Imager (MRI) to monitor astronauts' 
bone and muscle health. Despite the success, the low-field MRI suffers from low SNR. As an 
improvement over this, we introduce a technique of obtaining high SNR in RF encoding MRIs 
using diamond detectors. In this study, we developed a process of growing thin films of 
diamond detectors using chemical vapour deposition (CVD). The number of NV center defects 
per volume of diamond under varying temperature, pressure and growth rate will be 
characterized. A theoretical description of the preparation, manipulation, interaction, and read-
out mode of the NV center will be discussed. 
Diamonds with NV centers are examples of new generation solid state quantum materials for 
use as detectors. Diamonds with NV centers can be used to improve the SNR of low field MRIs, 
especially those deployed in space stations. 

070-IP-8 Optimizing Controller Energy in a Drone 
 
Brossard, Jeremy 
Ecole de technologie supérieure 
 
Quadcopter popularity increased a lot these last few years as evidenced by the increase of 
publications related to this technology (Chun Fui Liew, Danielle DeLatte, Naoya Takeishi, & Yairi, 
2017). This attractiveness can be explained thanks to their numerous advantages such as: high 
maneuverability, low cost, landing and vertical takeoff and unmanned flight. Unfortunately this 
recent technology also suffers from some important drawbacks: high sensitivity to external 
perturbations (wind mainly), high coupling between inputs and outputs. These aspects tend to 
generate inaccurate navigation trajectory as well as difficulties in maintaining stable and robust 
position.  
An interesting solution to improve quadcopter control is the B command. This new algorithm 
guarantees good time performance and robust control for unstable invertible plants 
(Bensoussan, 2014). The SISO case has been recently tested at McGill University (Bensoussan, 
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2015, Bensoussan&Boulet 2015). It has shown that it is possible to get a time response with 
minimal overshoot and with settling time equal to rise time while keeping excellent stability 
margins.  
In the present work, we apply the new algorithm to a linearized quadcopter model. Its 
performances are evaluated in time and frequency domain as well as in terms of its energy 
consumption. Other algorithm are used do comparison PID, H∞, H2 and µ-synthesis. 
Compensator’s energy will be compared while aims at the same sensitivity bounds and with 
robust performance. 

094-IP-9 Canadian Space Exploration: Science and Space Health 
Priorities for the Next Decade and Beyond 
 
Hipkin, Victoria  
Canadian Space Agency 
 
The 2016 Canadian Space Exploration Workshop was held in Montreal from 24-25 Nov 2016 in 
the context of Government of Canada consultations on the Innovation Agenda, and with the 
theme: Canadian Space Exploration: Science and Space Health priorities for the next decade 
and beyond.  
The workshop attracted 204 participants: scientists, engineers and students from across 
Canada. Discussions were conducted in eight Topical Teams. These Topical Teams were 
contracted by CSA to develop reports of prioritized ideas and science objectives. Four Topical 
Teams in Planetary Exploration included astrobiology; planetary atmospheres; planetary 
geology and planetary space environment. Three Topical Teams in Space Astronomy included 
cosmology; high-energy astrophysics and origins (including exoplanets). There was one Topical 
Team in Space Health. The members of the topical teams were selected for their expertise and 
commitment to contribute to the consultations; members were mostly from universities 
(including post-doctoral fellows and students) and some from industry. 
A summary of the resulting Canadian community priorities and recommendations will be 
presented. 

104-IP-10 The Integral Field Channel for the WFIRST Mission 
 
Rowlands, Neil 
Honeywell Aerospace 
 
Two CSA sponsored technology development projects are currently underway to advance the 
technologies required for the Integral Field Channel for NASA’s Wide Field Infrared Survey 
Telescope (WFIRST). WFIRST was the highest recommended space astronomy mission in the US 
National Research Council’s most recent decadal review. The primary instrument on the 
mission is the Wide Field Imager (WFI), which will have two main components, the Wide Field 
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Channel (WFC) and the Integral Field Channel (IFC). The IFC is currently being considered as a 
potential Canadian contribution to the mission. Such a contribution will satisfy the highest 
ranked recommendation for space astronomy in the Canadian astronomy community’s current 
Long Range Plan, which called for a contribution to a major international wide field survey 
mission to address dark energy science.  
The IFC has two primary science objectives: 1) characterize the light curves over time of 
Supernovae detected during the wide field imaging survey conducted by the WFC, and 2) 
provide spectroscopy of a sample of galaxies observed in the wide field imaging survey. Both 
objectives will support the main science objective of the WFIRST mission which is to 
characterize the nature of dark energy and dark matter and their influence on the evolution of 
the universe.  
The Canadian IFC contribution will likely be composed of two main entities: an IFC instrument, 
and a warm electronics box to control and monitor the IFC components. The IFC instrument 
includes the receiving optics with tip / tilt / focus compensating mechanisms, an image slicer, 
and a spectrograph including a shutter. The shutter assembly will also serve to introduce 
illumination to the IFC focal plane from a calibration source. Accurate calibration will be 
essential to achieve the required precision in cosmological parameters that will result from the 
mission. The IFC focal plane will consist of two H4RG visible/infrared detector arrays identical to 
those used in the WFC and will be provided by NASA. The IFC will provide spectral resolution of 
R ~ 70 to 200 (R = lam/delta_lam) over the wavelength range of 0.42 to 2 µm. One of the IFC 
channels is designed for supernovae follow up and has a spatial resolution of 75 mas resolution 
and a field of view of 3”x4.5” which is sliced into 21 segments relayed to the spectrograph. The 
IFC channel for obtaining galaxy spectroscopic redshifts has a spatial resolution of 150 mas and 
a field of view of 4.2” x 9”, which is sliced into 15 segments relayed to the spectrograph.  
This paper will discuss the technology development activities that have been on-going in the 
past year to support this important program. We have assembled and tested Engineering 
Development Units of the IFC, concentrating on an investigation and test of optical bench 
materials, flight representative spectrograph components including projection of the calibration 
light, mechanism development for the receiving optics and radiation test of the fibre optics 
introducing the calibration illumination. The results of this work will inform the next design 
phases of the IFC expected to start later this year.  
The IFC contribution to the WFIRST mission will also allow astronomers from across Canada to 
participate in the key Science Investigation Teams that are now planning how to make use of 
the wealth of data which will result from this exciting mission. 

105-IP-11 Traversability Characterization of a Four-wheel Rover 
 
Austen, Erin 
Carleton University 
 
Planetary rovers are an efficient tool in remote exploration. To access scientifically interesting 
sites, rovers must traverse terrains which pose mobility challenges such as unconsolidated 
sand, ripples, dunes and irregular rocky terrain. In order to anticipate and avoid embedding 
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scenarios in soft soil, precipitated by high slip or high sinkage, predictive modeling of the rover’s 
trafficability on the terrain ahead is necessary. 
This paper presents a kinematic and dynamic model that were developed for the Argo XTR J5 
rover. The objective of the kinematic model is to simulate the physical behaviour of the rover, 
including the suspension system, as it responds to inputs from the wheel-terrain interface. 
Coordinate frames were assigned to the joints using the Denavit-Hartenburg convention, 
allowing parameters and associated transformation matrices to be derived for the system. The 
kinematic model is used to determine the rover’s pose as a function of the terrain elevation at 
each wheel and simulated results are compared to field test data for validation.  
The kinematic model developed lays the foundation for the dynamic model, which includes 
consideration of the slip-sinkage relationship of the wheel-soil interaction. The wheel-soil 
interaction is simplified for real-time implementation by a data-driven terramechanics model, 
built upon proprioceptive sensor data collected during driving. The dynamics model developed 
will be applied, in subsequent work, to feed-forward prediction of terrain traversability through 
the use of metrics to aid in the evaluation of path feasibility. 

106-IP-12 Micro-Plasma Thrusters for Small Spacecraft 
 
Rogers, Nicholas 
Royal Military College of Canada 
 
Satellites in low earth orbit rely on thrusters to maintain altitude and increase their mission 
duration. Certain atmospheric studies are conducted at altitudes where orbital decay is a 
significant hurdle for propellent based thrusters. Electric propulsion has been key in extending 
these missions by increasing the specific impulse on the propellent in exchange for lower 
thrust. Plasma thrusters take one step farther by replacing propellants with micro-discharges 
that induce body forces on the surrounding gas. With satellites shrinking in size, an easily 
scalable, lightweight propulsion system is desirable. Miniaturizing surface dielectric discharges 
have shown to increase the energy transfer efficiency and reduce viscous losses. Further 
reduction in plasma thruster size to current literature is studied here. The plasma is assumed to 
operate in the high Knudsen number regime due to the low number density of the gas, 
resulting in less expensive computations. A numerical model of the gas-plasma interactions is 
employed to simulate the effects on internal and external flows. For micro-scale plasmas, 
computational methods allow us to retrieve local parameters such as flow velocities, 
momentum transfer, and Joule heating. It has been suggested that the governing energy 
transfer phenomenon relies on the applied voltage waveform, therefore thruster performance 
has been studied with varying input waveform shapes and frequencies. A suggested 
configuration for micro-fabricated plasma thrusters proceeds from the simulations. 
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