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Dr. M.R. Emami: Space Mechatronics

Dr. R.E. Zee: Space Flight Laboratory

The prime goal of the Space Mechatronics research thrustis to
develop systematic frameworks and modular, hierarchical
architectures for the concurrent, detail-level engineering
of aerospace systems, from conception to configuration
and integration, to realization and implementation.

Some of the group’s current research topics include:

a) Linguistic Mechatronics: this research introduces the
notion of Linguistic Mechatronics as an alternative for concurrent
engineering. The new methodology systemizes qualitative and
subjective aspects of conceptual design through a practical
multiattribute concurrent approach, based on fuzzy logic, yet takes
into account objective performances using a holistic mechatronic
system modeling.

b) Free-base Robot Manipulation: the research aims at
reformulating the kinematic and dynamic equations of free-
base manipulators, based on symplectic geometry, in order to
obtain suitable laws for the concurrent base-manipulator motion
control. The goal is to develop a new generation of free-flying
manipulators that can be released from the base station
for reaching larger workspaces.

c) Heterogeneous Robotic Team: the implementation of
knowledge-base hierarchical control schemes is studied for
developing new architectures that allow a team of non-uniform
(with respect to both software and hardware) rover platforms to
communicate and collaborate in performing various tasks and
also to enhance their collective performance in time, without the
intervention of a central server or operator.

d) Intelligent Robotic Swarm: the research focuses on creating
large quantities (tens to thousands) of rover platforms that are
small, simple, and cheap, and that collectively behave similarly to
a colony of ants in terms of navigation, communication, interaction,
and social learning.

e) Aerospace Remote Experimentation: the research attempts
to establish a transformative vision of remotely accessible
aerospace laboratories for both pedagogical and research
purposes. The goal is to enable students and researchers
to reliably operate remote devices (such as manipulators)
in space and also conduct from Earth future experiments
on the moon.

f) Robotic Hardware-in-the-loop Simulation: a practical
framework for the concurrent engineering of reconfigurable
robot manipulators is constructed through the development of
a hardware-in-the-loop simulation platform. The key features
of the platform include: hierarchical and modular architecture,
knowledge-base capability, object-oriented modeling and design,
reconfigurability and scalability, and distance communication
between distributed designers and remote hardware/software
modules.

g) Detail-level Concurrent Engineering of Mechatronic
Systems: systematic concurrent methodologies, such as
Linguistic Mechatronics, are applied to realistic design problems
to investigate their merits and also find better solutions for
complex systems. Some of the applications include fast-running
legged robots, autonomously reconfigurable robot manipulators,
rehabilitation robotics, etc.

h) Mechatronics Pedagogy: the research attempts to define a
hybrid framework for teaching mechatronics that synergistically
utilizes various learning theories. The premise is that teaching
mechatronics requires both direct instruction and learner-
controlled knowledge construction by integrating Constructivist
and Behaviourist learning models through the Elaboration
Instructional Design theory.

The Space Flight Laboratory (SFL) is Canada’s premier
microspace organization. SFL builds low-cost microsatellites
and nanosatellites that continually push the performance envelope.
Missions are typically developed with stringent attitude control and
data requirements that are striking relative to the budget available.
SFL must be innovative while adopting a highly focused approach
to development in order to achieve costs as low as 1/100th
the price of similar satellites developed elsewhere. SFL's
credits include: MOST, Canada'’s first space telescope; CanX-2,
a technology demonstrator and atmospheric science satellite;
and NTS, a ship-tracking satellite developed in only six months
and launched in the seventh. SFL arranges launches through its
Nanosatellite Launch Service (NLS) and provides customizable
separation systems called “XPODs” for those launches. As part
of its complete end-to-end mission capabilities, SFL maintains a
mission control center consisting of multiple ground stations.

In addition to developing next generation missions and
conducting research and development in disruptive space
technologies, SFL trains graduate students through hands-
on, practical experience in developing real space missions.
Students are able to obtain experience they wouldn’t otherwise
receive this early in their careers, giving them a unique advantage
when they graduate and move on to industry or academia. Within
the time it takes to complete a Master’s degree, students receive
complete development cycle training, from mission conception
through to launch and on-orbit operations, working side-by-side
with SFL’s professional staff. The experience is multi-disciplinary,
resulting in versatile engineering graduates that are always
in high demand.

At present,

SFL operates

three satellites

from its mission

control center:

MOST, CanX-2,

and NTS.

Each satellite

represents an

advance in the

field and has

broken barriers

relative to what

small satellites

can do. The

53-kilogram

MOST satellite

was launched

in June 2003

and has been

operating for six

years despite

being designed

for a one-year mission. It is a space astronomy satellite that

has made numerous scientific discoveries related to solar-type

stars and exoplanets. When MOST was launched, it was the

first microsatellite in the world to have arcsecond attitude control

capability and the ability to accomplish a challenging scientific

mission. CanX-2 is Canada’s smallest operational satellite and

is the size of a milk carton. Its technologies push the state of

the art in low-power, miniature satellite components. It

is also among the smallest scientific satellites in the world and

features three-axis attitude stabilization. Nanosatellite Tracking of

Ships (NTS), a 6.5-kilogram satellite, was launched together with

CanX-2 in April 2008 to demonstrate leading edge ship detection

technology from space. NTS was developed on an incredibly

fast timeline of only six months, a first for a satellite of this
class in Canada and perhaps the world.
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Preamble

Fusion has the potential of providing an environmentally
attractive, practically inexhaustible, safe and reliable
source of energy. Fusion energy is produced by ‘burning’
deuterium and tritium — the heavy isotopes of hydrogen. Deuterium
can be extracted from the vast bodies of water on our planet
and tritium will be produced in the reactor, where it will also be
burned. Fundamental features of fusion energy are the absence
of greenhouse gases, no run-away chain reactions, and no
leftover radioactive fuel. Scientific demonstration of controlled
fusion, using deuterium and tritium, has been achieved during the
1990s in TFTR (US) and JET (EU), the latter being the world’s
largest fusion device. The
latest major international
undertaking in fusion power
R&D is the International
Thermonuclear
Experimental Reactor
(ITER), whose objective
| is to produce ignited,
self-sustaining fusion
| reactions. Participating
countries in ITER are the
EU, US, Japan, Russia,
China, South Korea, and
India. Construction is currently underway in France.
Although at present Canada is not formally involved in ITER,
our fusion research group at UTIAS participates in international
collaborations focusing on critical materials issues for ITER. On a
broader scale, options for potential formal Canadian participation
have been addressed by a consortium of Canadian Industries and
Universities and a proposal has been developed for submission
to the federal and provincial governments.

International Collaborations

Over the years we have been involved in many international
research collaborations related to materials issues
for current and future fusion reactors, the latest being
ITER. Some of these collaborations occur through coordinated
research projects of the International Atomic Energy Agency
(IAEA). At present we work with GA-San Diego, MIT, JET-UK,
Labs in Karlsruhe and Juelich in Germany, and TEKES-Finland,
addressing tritium removal from ITER once the tritium inventory
in the torus will have reached the design safety limit. We also
have a joint project with Nagoya University in Japan on tritium
retention and blister formation in tungsten. Collaboration with
the Institut fuer Plasmahysik in Garching, Germany, involves the
study of hydrocarbon formation during simultaneous irradiation
of tungsten with deuterium and carbon.

The fuel in fusion reactors is a mixture of deuterium and
tritium — the heavy isotopes of hydrogen. Fusion reactions occur
at about 100 million degrees. At this temperature the fuel is in the
plasma state. While magnetic fields confine the hot core plasma
to the centre of the reactor vessel, the cooler edge plasma will
contact the reactor walls, resulting in physical and chemical
phenomena with potential engineering implications. Research at
UTIAS focuses on the study of plasma-materials interactions
with ITER-specific materials, namely, carbon, tungsten
and beryllium. Current research includes studies of (i) materials
erosion, in particular, chemical erosion and high temperature
erosion processes, (ii) diffusion, trapping. and retention of
hydrogen isotopes in carbon, tungsten, and mixed materials, (ii)
the recovery of deuterium (in the case of ITER it will be deuterium
and tritium) from layers of D-containing deposits formed in
tokamaks. Using our dual-beam ion accelerator, we also study
surface composition dynamics during simultaneous irradiation of
surfaces by two plasma species, e.g., D and C, D and O, where
D is the fuel and C and O are impurities in the plasma.

One of the main technological challenges associated
with fusion reactor R&D is the development of new materials
capable of existing in the fusion plasma environment. We study
plasma-materials-interaction processes using plasma
simulation facilities where candidate reactor materials
are tested under controlled conditions. These facilities
consist of ultrahigh vacuum systems and plasma particle beams,
including sub-eV hydrogen, electrons, and energetic hydrogen and
other ions. Diagnostics include quadrupole mass spectrometers,
residual gas analyzers and a laser-thermal-desorption apparatus
for hydrogen retention measurements. We also have access
to surface analysis facilities elsewhere at the University of
Toronto.

Prof. P.C. Stangeby: Impurity Transport E

Modelling in Tokamak Plasmas

Various types of “magnetic bottle”, such
as the tokamak, have been built to contain
fusion plasmas, and must be capable of
retaining the deuterium and tritium ions at
temperatures exceeding 100 million K. No
magnetic bottle yet built achieves perfect
plasma confinement and when the leaking
plasma particles strike the solid walls,
Plasma Surface Interactions, PSl result. The
UTIAS Fusion Computer Impurity Transport
Modelling Group carries out PSI studies
under contract for the DIII-D (San Diego),
and ITER (France) tokamak projects.

The Group’s principal experimental
research focus is on DIII-D, specifically aimed at understanding the
behaviour of carbon impurities released from the protective tiles
on the divertor targets and the walls. The most pressing issue is
the substantial tritium retention due to co-deposition with carbon
predicted for ITER. In order to achieve the most readily interpreted
plasma conditions, dedicated “Simple-as-Possible Plasma”,
SAPP, shots are run on DIII-D for our Group. These SAPP shots
are particularly heavily (edge) diagnosed and numerous repeat
shots are used to maximize the quantity and quality of edge data.
All of the experimental data are then brought into simultaneous
comparison with output of the Group’s OEDGE code in order to
adequately constrain the numerous unknowns (adjustables) in
the code-model. Modelling of ITER focuses on the behaviour of
beryllium, which is the material to be used to armour the main
walls of ITER.

ITER (left), DIlI-D (above). The people at the bottom of ITER
show the scale.
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Recent Ph.D. Thesis Titles

Turbulence Modeling for High-Lift Multi-Element Airfoil
Configurations

Philippe Godin

Supervisor: Prof. D. W. Zingg (2004)

Computational Study of Variable Area Ejector Rocket Flowfields

Jason Etele
Supervisor: Prof. J. P. Sislian (2004)

The ART of Representation: Memory Reduction and Noise
Tolerance in a Neural Network Vision System

Christopher Langley

Supervisor: Prof. G. M. T. D’Eleuterio (2004)

Aerodynamic Flow Calculations Using Finite-Differences and
Multigrid

Gary Zuliani

Supervisor: Prof. D. W. Zingg (2004)

The Origin of Digital Species: The Evolution of Autonomous
Agents and Lineages in a Simulated Ecosystem

Ernest Earon

Supervisor: Prof. G. M. T. D’Eleuterio (2005)

Integrated Multiple-Objective Control Design Methodologies -
With Applications to Flight Control

Anton de Ruiter

Supervisor: Prof. H. T. Liu (2005)

Neuronal Modeling of Baroreflex Response to Orthostatic
Stress

Azfar Samin

Supervisor: Dr. C. Walsh/Prof. P. A. Sullivan (2005)

Hypersonic Mixed-Compression Inlet Shock-Induced
Combustion Ramjets

Derrick Alexander

Supervisor: Dr. J. P. Sislian (2006)

A Compressible Navier-Stokes Flow Solver Using the Newton-
Krylov Method on Unstructured Grids

Peterson Wong

Supervisor: Prof. D. W. Zingg (2006)

Musculoskeletal Modelling and EMG Driven Simulation of the
Human Lower Body

Alan Morris

Supervisor: Prof. G. M. T. D’Eleuterio (2006)

Arraying Technique for Enhanced Multiplexing of
Interferometric Signals (ARTEMIS): An enabling technology
for Long Range or High Data Rate Microspacecraft
Communications

George Wells

Supervisor Dr. R. E. Zee (2006)

Evolving the Machine
Brent Bailey
Supervisor: Prof. J. S. Hansen (2006)
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A Newton-Krylov Solver With a Loosely-Coupled Turbulence
Model for Aerodynamic Flows

Max Blanco

Supervisor: Prof. D. W. Zingg (2007)

A Multidisciplinary Optimization Framework for Flight Dynamics
and Control Integration in Aircraft Design

Ruben Perez

Supervisor: Prof. H. T. Liu (2007)

A Unified Theory for Laminated Plates
Irene Tafeuvoukeng (Guiamatsia )
Supervisor: Prof. J. S. Hansen (2007)

Parallel Solution-Adaptive Method for Predicting Solid
Propellant Rocket Motor Core Flows

Jai Sachdev

Supervisor: Prof. C. P. T. Groth/Prof. J. J. Gottlieb (2007)

A Fully Coupled Newton-Krylov Solver With a One Equation
Turbulence Model

Todd Chisholm

Supervisor: Prof. D. W. Zingg (2007)

Toroidally Symmetric Methane Injected Into the Main Scrape-
Off Layer of DIII-D: Interpretive Modeling Using the ODEGE
Code

David Elder

Supervisor: Prof. P. C. Stangeby (2007)

Airfoil Optimization for Unsteady Flows with Application to High-
Lift Noise Reduction

Markus Rumpfkeil

Supervisor: Dr. D. W. Zingg (2008)

A Regulatory Theory of Cortical Organization and its
Applications to Robotics

Jekanthan Thangavelautham

Supervisor: Prof. G. M. T. D’Eleuterio (2008)

A Configurable B-Spline Parameterization Method for Structural
Optimization of Wing Boxes

Alan Tao Yu

Supervisor: Prof. J. R. R. A. Martins (2008)

A Parallel Solution-Adaptive Method for Turbulent Non-
Premixed Combusting Flows

Xinfeng Gao

Supervisor: Prof. C. P. T. Groth (2008)

Efficient Algorithms for Future Aircraft Design: Contributions to
Aerodynamic Shape Optimization

Jason Hicken

Supervisor: Prof. D. W. Zingg (2009)

Quantification of Chemical Erosion in the Divertor
of the DIII-D Tokamak

Adam McLean

Supervisor: Prof. P. C. Stangeby (2009)
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Prof. Barry French
University of Toronto Engineering Alumni Hall of Distinction, 2000

Prof. Clinton Groth
Premier’s Research Excellence Award, 2000

Prof. David Zingg
Canada Research Chair in Computational Aerodynamics and
Environmentally-Friendly Aircraft Design since 2001

Prof. Peter Stangeby
Fellow of the American Physical Society since 2002

Prof. Ben Etkin
Member of the Order of Canada, 2003

Prof. Joaquim Martins
Canada Research Chair in Multidisciplinary Design Optimization since 2003

Prof. Ben Etkin
University of Toronto Engineering Alumni Medal, 2004

Prof. R.C. Tennyson
McCurdy Award, (CASI), 2004

Prof. Ben Etkin
UofT Engineering Alumni Achievement Medal, 2004

Prof. David Zingg
Guggenheim Fellowship, 2004

Prof. Lloyd Reid
University of Toronto Engineering Alumni Hall of Distinction, 2005

Prof. Peter Hughes
Alouette Award (CASI), 2006

Prof. Barry French
Member of the Order of Canada, 2007

Prof. James DeLaurier
McCurdy Award, (CASI), 2007

Prof. Peter Hughes
John H. Chapman Award of Excellence, CSA, 2007

Prof. Timothy Barfoot
Canada Research Chair in Autonomous Space Robotics since 2007

Dr. Robert Zee with the MOST Project Team
Alouette Award (CASI), 2008

Prof. David Zingg
University of Toronto Faculty Award, 2009
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