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WELCOME

On behalf of the organization committee, I welcome you to attend the 7th
International Conference on Tethers in Space (ICTiS 2024), which will be held on
June 2-5, 2024 in Toronto, Canada. Hosted by York University, this conference will
bring together multidisciplinary researchers in the space tether community on a single
platform to encourage graduates, academicians, researchers, scientists, and
industrialists from academia, space agencies, and industry to discuss and disseminate
knowledge and results in theory, methodology, and new advances in space tether
technology.

Our conference, which I am honored to chair, is a fully approved and peer-reviewed
process. Each paper is blind peer-reviewed for its suitability, academic content, and
thoroughness. Accepted papers will be published after approval in the conference
proceedings, which will be cited by the Engineering Index (EI) and Scopus. Selected
papers will be considered for special issues in the Acta Astronautica.

We are pleased to invite you to submit your paper that highlights your research results
at the conference. Meet and network with your peers in your research.

Prof. Zheng Hong (George) Zhu

York University, Canada
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VYENUL
INFORMATION

Address: Room 125, Bergeron Center Of Engineering Excellence
4700 Keele Street Toronto
Ontario, Canada M3J1P3

(Authors could take a subway to A3 District, check more information on the website)

Zoom ID: 939 449 0806 Passcode: Tether
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THE SEVENTH INTERNATIONAL
CONFERENCE ON TETHERS IN SPACE

AGENDA
Date: 2nd June 2024

Venue

Bergeron Center for Engineering Excellence (BRG). York University

Event details
Time Event Room

3:00 PM-5:00 PM  On-site Registration BRGI125




10:55 AM

11:15 AM

11:15 AM

11:30 AM

11:45 AM

12:00 PM

12:15 PM

12:30 PM

1:30 PM

2:15PM

2:15PM

2:30 PM

2:45 PM

3:00 PM
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Tether-Net for Asteroid Touchdown Missions (2024071)
Coffee Break

Session 2: Space Net & EDT

Chair: Prof. Hirohisa Kojima

Speaker: Meina Wang

Topic: Experimental Reconstruction of The Unfolding Process of the
Electromagnetically Launched Flexible Tethered Net
(2024076)

Speaker: Weiliang Zhu

Topic: Tensile Experiment Based Self-Adaptive Dynamic Model for
Tethered Space Net (2024066)

Speaker: Andry Renaldy Pandie

Topic: Numerical and Experimental Study on Effect of Net-Bullet
Ejection Angles and Initial Distances on Successful Space
Debris Capture (2024035)

Speaker: Sven Bilen

Topic: Incentivizing Leo Debris Removal with Electrodynamic
Tethers (2024081)

Speaker: Hongshi Lu

Topic: Optimal Spin-Up Control of Linear Tether Formation Using
Electrodynamic Force (2024015)

Group Photo Session & Lunch

Keynote Speech

Speaker: Prof. Enrico Lorenzini, University of Padova, Italy

Topic: The Evolution of Space Tethers Technology

Session 3: EDT & Space Elevator

Chair: Prof. Sven Bilen

Speaker: Gefei Shi (George Zhu)

Topic: Orbital States Keeping of the Floating Partial Space Elevator
Using Reinforming Learning Method (2024005)

Speaker: Heng Jiang

Topic: Electrodynamic Tether and Brake Sails Combination Deorbit
Design (20240006)

Speaker: Mani Kakavand

Topic: Modeling and Mode-Shape Analysis of Electrodynamic Space
Tethers Using Geometric Computational Dynamics (2024085)

Speaker: Gonzalo Sanchez-Arriaga

Topic: A Review of Electrodynamic Tether Missions from a
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Virtual
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3:15 PM

3:30 PM

4:00 PM

4:00 PM

4:15 PM

4:30 PM

4:45 PM

5:00 PM

5:15 PM

6:00 PM
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Dimensionless Analysis Perspective and to Promote the
Opening and Support of Markets in the Space Sector
(2024041)

Speaker: Masahiro Nohmi

Topic: EDT Demonstration for Keeping Low Altitude Orbit Using
Carbon Nanotube Tether (2024082)

Coffee Break

Session 4: EDT & E-Sail

Chair: Prof. Arun Misra

Speaker: John Inness

Topic: Electric Sail Design Sensitivities (2024040)

Speaker: Guillermo Pacheco-Ramos

Topic: Optimal Control Approach for Stable E-Sail Transitions
(2024077)

Speaker: Gonzalo Sanchez Arriaga

Topic: PERSEI SPACE: A New Company on Space Tethers
(2024090)

Speaker: Martin Tajmar

Topic: Overview of Electron Emitter Technology Development at Tu
Dresden for the Application in Electrodynamic Tether Systems
(2024027)

Speaker: Angel Del Pino JimENez

Topic: Hardware Emulator of a Short Electrodynamic Tether
(2024058)

End of Day 1 Program

Banquet In Schulich Executive Dining Hall, York University

BRG125

BRG125
Hybrid

Virtual

BRGI125

BRG125

BRGI125

Schulich
Executive
Dining
Hall
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THE SEVENTH INTERNATIONAL
CONFERENCE ON TETHERS IN SPACE

AGENDA
Date: 4th June 2024

Venue: Bergeron Center for Engineering Excellence, York University

Event details

Time

8:00 AM
9:00 AM

9:40 AM

9:40 AM

9:55 AM

10:10 AM

10:25 AM

10:40 AM

Zoom ID: 939 449 0806 Passcode: Tether

Event

Reception & Breakfast

Keynote Speech

Speaker: Dr. Robert P. Hoyt, Dark Yonder LLC, USA

Topic: Tethers Unlimited: A Wild Ride Through the TRL Valley of
Death

Session 5: E-Sail & Space Tether

Chair: Prof. Gonzalo Sanchez-Arriaga

Speaker: Chonggang Du

Topic: A Comprehensive Investigation of Electric Solar Wind Sail
Coning Motion (2024018)

Speaker: Shouxu Chen

Topic: Iterative Learning Control for Multiple Deployment and
Retrieval of Tethered Satellite System with Input Saturation
(2024074)

Speaker: Junjie Kang

Topic: Simple Velocity Planning Control of Space Tether
Deployment (2024067)

Speaker: Emma Jaynes

Topic: Design and Application of Tethered Spacecraft Simulators
(2024021)

Speaker: Jingtian Chen

Topic: Chaotic Behaviors of a Tethered Satellite System Induced by
Longitudinal Oscillation (2024064)
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11:15 AM
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2:15 PM
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Coffee Break

Session 6: Space Tether & EDT

Chair: Prof. Martin Tajmar

Speaker: Giulio Polato

Topic: Experimental Test and Numerical Validation for Evaluating
the Dynamics of the In-Line Dumper for the E.T.PACK-F
Project (2024051)

Speaker: Ying Zhang

Topic: Satellite Attitude Motion Analysis of Three-Body Tethered
System During Its Deployment Process Using Method of
Integral Manifolds (2024008)

Speaker: Mingze Xie

Topic: Calculation and Control of Equilibrium Position of Bare
Electrodynamic Tether System (2024013)

Speaker: Jie Yang

Topic: Ground Experimental Study on A Mechanism for Repeatable
Deployment and Retrieval of a Two-Body Tethered Satellite
System (2024073)

Speaker: Linxiao Li

Topic: Along-Track Deployment Control of Space Tether System for
SAR-GMTI Mission (2024007)

Lunch

Session 7: Space Tether

Chair: Dr. Mani Kakavand

Speaker: Fuzhen Yao

Topic: A Concept Design of Novel Dyson-Harrop CubeSat for
Harvesting Energy from Solar Wind (2024088)

Speaker: Q1 Zhang

Topic: Finite Element Model-Based Computational Control and
State Estimation for Flexible Space Tether System (2024084)

Speaker: Kevin Waizenegger

Topic: Space Tether Research at the University of Stuttgart
(2024079)

Speaker: Junjie Kang

Topic: De-Spin and Reorientation Control of Asteroid by Tethered
Spacecraft (2024068)

Speaker: Bahareh Vossoughi

Topic: Modeling and Control of Orbital Perturbation Torques and
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Mass Distribution Impact on Libration Dynamics of Tethered
Systems: A Case Study of a 12U Tethered CubeSat System
with a 100 m, Non-conductive, Rigid Space Tether on Sun-
Synchronous Orbit (2024043)

Speaker: Ghasem Sharifinajafabadi

Topic: Hardware in the Loop Validation of the Attitude
Determination and Control System of a Deorbit Device
Equipped with an Electrodynamic Tether (2024039)

Speaker: Giovanni Anese

Topic: Bare Photovoltaic Tether Characteristics for ISS Reboost
(2024044)

Coffee Break

Session 8: Space Tether

Chair: Prof. Masahiro Nohmi

Speaker: Alice Brunello

Topic: The Deployment Mechanism of the E.T. PACK Deorbit
System: Functional and Qualification Tests (2024057)

Speaker: Jihang Yang

Topic: Velocity Observer Design of Space Tether System Using
Immersion and Invariance Technique (2024030)

Speaker: Senwei Lv (Fuzhen Yao)

Topic: Design of Movement Scheme for Space Station Servicing
Satellite (2024022)

Speaker: Caoqun Luo

Topic: Learning-Based Deployment and Retrieval Control of a
Spinning Tethered Satellite Formation System (2024069)

Speaker: Nicole A. Pallotta

Topic: Tethered Artificial Gravity Assists for Capture about Binary
Asteroids in the Circular Restricted Three-Body Problem
(2024091)

End of Day 2 Program

Meet & Eats-Collaboration Networking, all welcome.
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THE SEVENTH INTERNATIONAL
CONFERENCE ON TETHERS IN SPACE

AGENDA
Date: 5th June 2024

Venue: Bergeron Center for Engineering Excellence, York University

Zoom ID: 939 449 0806 Passcode: Tether

Event details

Time

8:00 AM

8:45 AM

9:30 AM

9:30 AM

9:45 AM

10:00 AM

10:15 AM

10:30 AM

11:30 AM

Event
Reception & Breakfast

AIAA Tether Technical Committee Meeting, All welcome

Session 9: Space Tether

Chair: Prof. George Zhu

Speaker: Peijie Sun

Topic: Adaptive Fault-Tolerant Control and Its Experimental
Verification of Spinning Tether System for Space Debris
Removal (2024014)

Speaker: Chenyang Sun

Topic: The Three-Dimensional Maneuver Control of Spinning Tether
System Under a New Lagrangian Model (2024012)

Speaker: Yajie Cheng

Topic: Detumbling Control of An Underactuated Tethered Satellite
System (2024028)

Speaker: Hang Yang

Topic: Analysis of Fly-Around Mission with Spinning Tether System
for Space Station Observation (2024010)

Speaker: Ao Jin

Topic: Data-Enable Control for Tethered Space Robot Deployment
with External Disturbance (2024033)

Lunch
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1:00 PM  Award Announcement & Closing Remark - Prof. George Zhu
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Paper No: 2024080
7" International Conference on Tethers in Space
June 2-5, 2024, Toronto, ON, Canada

Identification of Parameters for Tethered Satellite System to Emulate Net-
Captured Debris Towing

A. Boonrath?, T. Singh?, E. M. Botta’

1 Ph.D. Student, Department of Mechanical and Aerospace Engineering, University at Buffalo, Buffalo, NY, 14260, USA,
achirabo@buffalo.edu

2 Professor, Department of Mechanical and Aerospace Engineering, University at Buffalo, Buffalo, NY, 14260, USA,
tsingh@buffalo.edu

3 Assistant Professor, Department of Mechanical and Aerospace Engineering, University at Buffalo, Buffalo, NY, 14260, USA,
ebotta@buffalo.edu

Conference Topic: Mathematical Modelling of Space
Tethers, Dynamics, Controls

Tethered nets — relatively lightweight and allowing to
capture large, rotating pieces of debris from a safe distance —
have a high potential for success in conducting Active Debris
Removal (ADR) missions [1,2]. Due to their low-medium
technological readiness level (TRL), however, tether-net
systems must be further studied before large-scale missions
to capture uncooperative objects in space can be performed.
High-fidelity net-based simulations are typically very
computationally costly and may be prohibitive for
detumbling and deorbiting simulations of uncooperative
debris, due to the large number of degrees of freedom (DoFs)
required to model the dynamics of the net [3]. To reduce the
computational cost, a lower-order model can be employed,
in which the net-wrapped debris is replaced by a tethered
satellite system (TSS) in which debris is rigidly attached to 4
sub-tethers (STs) that extend from the main-tether (MT).
This work aims to determine the length, stiffness, and
damping properties of the 4 STs (assumed the same for all
STs) and the mass of the connection point that links the STs
to the MT (for a total of 4 design variables), such that the
dynamics of the lower-order system match that of the net-
based high-fidelity simulation as much as possible.

The debris of interest for the net-based capture in this work
is the second stage of the Zenit 2 launch vehicle, which is
one of the most wanted debris in orbit [5]. A cubic chaser
spacecraft is employed to transport the tether-net system
close to the target and deorbit the debris. The net component
of the system consists of a square net with four corner masses
(CMs) attached to each corner of the net. The net is deployed
by shooting the CMs toward the target. To ensure that the net
remains around the debris after wrapping, threads laced
through the four CMs and eight nodes along the net's
perimeter are employed as a closing mechanism. After a
predetermined amount of time since the net wraps around the
target, the chaser’s thruster activates to change the coupled
system’s orbital velocity.

Vortex Studio, a multi-body dynamics simulation platform,
is utilized to perform high-fidelity simulations of net-based
ADR missions [4] (see Fig. 1). The lumped-parameter
modeling method discretizes the net’s mass into spherical
rigid bodies (called nodes); the nodes are placed at the net’s
thread intersections and at the CMs. The nodes (and all other
rigid bodies in simulation) are given contact materials and
collision geometries to model the contact dynamics with
other objects. Forces due to friction and normal to the contact
surface are computed via the scaled-box friction model (an
approximation based on Coulomb’s friction) and a modified
continuous compliant model, respectively [4]. In simulation,
the nodes are linked together via distance joints. The MT
links the net’s central node to the chaser and is modeled
similarly to the threads of the net.

Figure 1. Tether-Net System for ADR Mission Mid-Deployment

The reduced-order TSS model consists of the chaser and
debris, both modeled as cubic rigid bodies with DoFs, and
the connection point that links the MT to the STs (modeled
as a point mass with 3 DoFs). The system is visualized in
Fig. 2, where the inertial ECI reference frame I = {0, 1,J, K}
is labeled in red. The chaser and the debris body frame axes
¢={C¢.e,¢}and D ={D,d,,d,d,} are colored in
black and green, respectively. Both the MT and the STs are
modeled as Kelvin-Voigt elements. The MT is rigidly
attached at the center of the face of the chaser that is facing
the debris, while the STs are rigidly attached to the 4 corners
of the debris that are facing the chaser. The orbital dynamics
simulation of the TSS is conducted using MATLAB’s ode45
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integration scheme. The dynamics of this TSS configuration
has been explored in the past by multiple authors [6,7,8] and
it was found that the system has the capability to detumble
the towed debris because of the visco-elastic properties of the
tethers.
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Figure 2. Model of TSS with 4 STs

Considering the nonlinearities in modeling of the TSS, an
optimization problem is set up for system identification, of
which the objective is to minimize the difference in the
simulated dynamics over time between the net-based high-
fidelity and lower-order TSS models:

msinfk(S)
Sj LB < Sj < SjuB
where: S = [sy, 55, 53,5,]7

where f,(S) indicates the cost function that is being
optimized, S is the vector of 4 design variables, and s; ;5 and
s;yp are the lower and upper bounds of the j-th design
variable. This work explores the use of two cost functions to
perform the parameter identification, each utilizing the Root
Mean Square Error (RMSE) between select dynamics
quantities of interest. The RMSE will account for multiple
simulations, each using unique initial conditions to allow the
optimization problem to consider multiple possible
scenarios. In the first cost function, f;(S), the goal is to
minimize the weighted sum of the relative distance and of
the relative angular velocity between the chaser and the
target. Cost function 1 is expressed mathematically as:

N
Fi(8) = ) WiRMSEpgg; + W,RMSE

i=1

In the expression above, N is the total number of simulations
considered, w, and w, are the weights given to RMSE
quantities regarding relative position and angular velocity,
respectively. These dynamics quantities are chosen because
they relate to the safety and success of ADR missions in
which the target is uncooperative. The second cost function,
£>(S), returns the RMSE of the tension in the MT between
high-fidelity and lower-order models. Cost function 2 is
expressed mathematically as:

N
f2(8) = ) RMSEr,
i=1

This quantity is chosen since minimizing differences in the
tension may indirectly influence all states of the debris and
chaser to be as identical as possible, due to the tension in the
MT depending on the relative dynamics between the rigid
bodies.

The optimization problem can be classified as a Nonlinear
Programming Problem (NLP) as result of the non-linearities,
with multiple possible local minima. As such, functions
within MATLAB’s Global Optimization Toolbox — such as
patternsearch() — will be used to solve the optimization
problem. The final manuscript will present optimal design
parameters obtained utilizing both f; (S) and £, (S). Plots of
the dynamics quantities over time for both the high-fidelity
and lower-order modeling will also be provided for analysis.
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Paper No: 2024075
7" International Conference on Tethers in Space
June 2-5, 2024, Toronto, ON, Canada

Theoretical modeling and analysis of the launching process in an electromagnetic coll
launcher
Cheng Yu?, Meina Wang?, Zongming Zhu?, Maoying Zhou'”*, Ban Wang!#, Juyong Zhang?, Zhiping Chen!
1 School of Mechanical Engineering, Hangzhou Dianzi University, Hangzhou, China.

* Corresponding Author: myzhou@hdu.edu.cn
# Corresponding Author: wangban@hdu.edu.cn

Conference Topic: Space Tether Technology Development
and Experimental Studies.

Along with the ever increasing human spatial activities,
space debris which characterizes those nonfunctional,
human-made objects staying in Earth orbit or re-entering into
Earth’s atmosphere have posed a great threat to other orbiting
objects. As a result, tether-net based system has been
extensively studied from various aspects due to their
promising ability to capture space debris.

In general, the tether net capturing systems rely on a
specific launching mechanism to shoot end masses attached
to the net at a given velocity and orientation. The launching
mechanisms thus require the release of the stored energy in a
short time, which is later converted to the kinetic energy of
the end masses. Conventionally, gunpowder, compressed
gas, flywheel and controlled electric motor drive are used to
achieve the short-time energy release. However, these
methods are far from efficient with limited load and poor
controllability. In comparison, electromagnetic launching
based on electromagnetic forces can be a promising
alternative, due to the high energy storage capacity, high
launching frequency, fast start-up time, high system
efficiency, strong continuous launch ability and strong load
adjustability.

Electromagnetic launching, which have been
extensively utilized in weapons, in general falls into three
types: rail launchers based on moving rails on conducting
guides, reconnection launchers based on projectiles moving
over different planar coils, and coil launchers based on the
motion of projectiles through cylindrical coils. Coil
launchers will be our research object due to its simple
structure and flexible designs. In fact, a coil launcher consists
of a cylindrical coils, projectiles appropriate for the coil
dimensions, and the power supplying systems for the coils,
usually a charged super-capacitor. Upon triggered, the super-
capacitor supplies electrical voltages to the coil, resulting in
the current establishing in the coil. Hence, magnetic field
builds up inside the coil. The ferromagnetic projectile is thus
magnetized and subject to the action of magnetic pull. As a
result, the projectile is launched.

The launching process as described above is extremely
complex due to the involved electromagnetic interaction.
Hence in this contribution, we are focused on the theoretical
modeling and analysis of the launching process, especially
the electromagnetic interactions involved. Starting from the
classical Maxwell equations for electromagnetism, quasi-

steady assumptions are made and the electromagnetic
interaction is approximated by the magnetic potential
descriptions. With domain decomposition method, the
interested physical space are divided into several subregions
according to their magnetic properties. Poisson equations are
then established in different subregions with appropriate
boundary conditions formulated. Continuity conditions are
applied at the intersections between different subregions to
guarantee a viable overall solution. Eigenfunction expansion
methods are then utilized to solve the boundary value problem.
The magnetic field in the system, the self-inductance of the
whole system, and the magnetic forces experienced by the
projectile are then analytically formulated. In the subsequent,
dynamic equations of the projectile are set up considering the
position dependent magnetic forces. Analytical and numerical
results are thus given in terms of the exit velocities of the
projectile and circuit properties. The results can be combined
with the launching controlling circuits to allow for a better
design of the whole launching system.
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Paper No: 2024019
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Cooperative Game Theory based Formation Control for Tethered Space Net
Robot

Yifeng Mal?, Fan Zhang'?, Yizhai Zhang'?, Panfeng Huang'
1 The Research Center for Intelligent Robatics, School of Astronautics, Northwestern Polytechnical University, Xi'an, Shaanxi
China, yifengma@mail.nwpu.edu.cn
2 The National Key Laboratory of Aerospace Flight Dynamics, Xi‘an, Shaanxi, China, fzhang@nwpu.edu.cn

Conference Topic: Tether Formation Flying, Space Net,
and Enabled Missions

On-orbit services, such as debris removal and the capture of
noncooperative targets, represent promising trends in future
space development [1]. The Tethered Space Net Robot
(TSNR) emerges as an innovative solution for active space
debris capture and removal, as depicted in Figure 1. Its
expansive envelope and straightforward capture method
render it an appealing choice for such tasks. However, the
challenges arise when capturing maneuverable debris with
the flexible and elastic underactuated net. To prevent the
risk of entanglement of flexible net and collisions among
the Maneuverable Units (MUs), a minimal separation
distance must be set. Simultaneously, a maximal separation
distance is crucial to avoid the bouncing effect.

Maneuverable Units (MUs)  Target Satellite

q

Figure 1. TSNR system

In recent years, researchers have extensively explored
control challenges associated with the TSNR under relative
constraints. For example, the study in [2] formulated
formation-keeping control strategies, employing two
artificial potential functions to preserve the TSNR's
configuration while adhering to relative distance constraint.
Additionally, [3] introduced a fuzzy-based adaptive super-
twisting sliding mode control to estimate and suppress the
complex oscillations of the TSNR.

However, prior studies solely concentrated on the
overarching control objectives, neglecting the individual
subjective initiative. Regarding the extra tension force

caused by other MUs as mere perturbations can not
completely reflect the dynamic interaction among the MUs.

Game theory serves as a fitting analytical method for
addressing interaction formation issues of multi-agent
systems. Lin [4] conceptualized the formation control
problem of UAVs within the framework of differential
game, suggesting an open-loop Nash strategy approach to
achieve comprehensive distribution. Additionally, [5]
explores a distributed game strategy for the formation
control of multi-spacecraft, introducing a worst-case Nash
strategy against the disturbance defined as a player.

Nonetheless, the current game-based methods designed for
multi-agent systems are not applicable to the TSNR. The
rigid formation constraints imposed by the flexible net
mean any abrupt maneuver by a MU significantly impacts
the system, introducing antagonism to the cooperative
mission.

To address the aforementioned problems, a novel
cooperative game based formation control scheme is
proposed in this paper. Each Mu is dedicated to minimizing
its own performance cost based on local information, while
the system aims to attain an optimal strategy. The main
contributions can be outlined as follows:

1. The cooperative game is established among the MUs in
the TSNR, which makes up for the disadvantage that
the traditional formation control methods only treat the
interactions as disturbances that need to be
compensated.

2. The game framework incorporates an energy estimate
term. In the event of a formation change or abrupt
maneuver by a MU, the extra energy consumption for
stabilization is estimated in advance, prompting
coordinated maneuvers by other MUs to mitigate it.

The enhancement in the task execution capability of the
TSNR will be verified through a comparative analysis with
traditional methods.

The proposed algorithm is generalizable, finding
application not only in the TSNR but also in addressing
formation control problems in other tethered systems.
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The key points behind the tether-net touchdown system is
that many probes with initial releasing velocity connected
by flexible tethers can land softly on asteroid under the
influence of micro-gravitational force, which can be
exploited to absorb or dissipate the kinetic energy as much

as possible by tether damping without tumbling or bouncing.

The mission scenario presented in this paper is the
deployment of tether-net phase (see figure 1), the spacecraft
is subjected to the gravitational pull of the asteroid and
tether tension, whereas external space environmental
perturbations are ignored. It is assumed that the size of the
probe is small with respect to the large-scale of tether-net
and asteroid. Thus, the probe equipped with thruster can be
modeled as a point mass. At the same time, the model of the
probe attitude also without consideration. The propulsion
force generated from thruster gives the initial releasing
velocity of net acting on its center of mass. Thereby, the
motion trajectory of the flexible net in the asteroid’s
irregular gravity field be studied to give a solution for the
key flexible attachment issues for the future’s asteroid
exploration missions.

(1) The application background of asteroid’s exploration
missions is introduced, and some problems and challenges
that may be encountered is specified. Then the research
methods of domestic and foreign scholars on orbit
dynamics and the flexible net modeling in the asteroid’s
gravity field is reviewed. Finally, the strengths and
weaknesses of different research methods presented is
analyzed.

(2) The irregular gravity field of the asteroid is best fitted
by the polyhedron method as well as the asteroid’s
parametric surface model is reconstructed by the spherical
harmonic series method. On that basis, the orbital dynamics
model is established to unify the dynamics research
framework of the motion near and on the surface of the
asteroid.

(3) A concentrated mass-spring and damping model is used
to study the flexible net dynamics, and an adjacency matrix
is applied for describing the topology of the flexible net, so

that the internal force of each node is easily to be calculated.
The collision dynamics of the flexible net is built up using
the nonlinear spring-damping model. The condition of the
collision is discussed. Then the expression of the normal
contact force is presented based on the Hertz collision
theory and Hunt-Crossley damping theory, and the
tangential contact force is given by the coulomb friction
law. Finally, the dynamics model of flexible net in the
asteroid’s gravity field is built up. Simultaneously, the
detailed algorithm design flow for flexible net dynamics
model is given.

(4) By solving the dynamic equations of the flexible net in
parallel, the movement of the flexible net detector to land
on the asteroid is simulated. Consequently, we give a
metheod to solve the problems of the lander’s rebound,
escape and overturning in a weak field of gravitation.

Mothership

“| Deployment phase

Q> >

Surrounding orbit
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Figure 1. A large-scale tether-net for asteroid touchdown missions
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With the continuous development and extensive
application of space technologies, space debris has
become an urgent problem due to its potential threat to
working orbiters. To this end, various methods have been
developed and investigated to capture and remove space
debris, of which the tether-net capturing systems have
emerged as a promising solution in recent years[1].

Typical tether-net capturing systems consist of a
flexible net with several end masses attached, a storage
cup with integrated launching mechanisms, and a long
tether connected in between. When triggered upon
receiving any control signals, the end masses are launched
by the launching mechanisms at a given velocity and
angle, which would then fly towards the target in space
and pull the flexible net to unfold at the same time. As
long as the flexible net comes into contact with the target,
it wraps around the target and forms a net-target complex
under the action of the tension in the tether. Dynamics of
the flexible net[2], including its deployment from
storage[3], flight in space, contact with the target[4], and
closure after capture[5], have thus attracted tremendous
research attention in the past decades. Various launching
mechanisms are put forward and tested to allow for a
reliable net launching process[6]. Different types of
approximations for the net structure are put forward and
utilized with numerical simulations conducted to elucidate
the flight dynamics of the net[7].

Yet few experimental efforts have been made
successfully to reconstruct the net unfolding process after
launching. Several aspects are to be blamed for the absent
experimental results[8]. Firstly, the flexibility and light
weight of the net make it difficult to simultaneously
capture all necessary coordinate information from
experiments. Secondly, the net overlaps itself in the
unfolding process and thus makes it harder to extract the
exact shape. Thirdly, viewed as a spatial curved surface,
it is not so clear how to recover the net shape from
experimental observations efficiently.

Here in this paper, we are focused on the
experimental reconstruction of net shape in the unfolding
process. Optical markers are added to the flexible net in
the hope that the unfolding process is not much affected
while the optical markers can be readily recognized by

conventional image processing algorithms. Multiple high
frame rate cameras are set up to simultaneously capture the
unfolding net in the experiments. With enough captured
images, spatial coordinates of different optical markers on
the net are then determined with a specifically designed
algorithm. After that, spatial shapes of the net at different
time instants in the unfolding process are reconstructed. In
this sense, the whole unfolding process of the flexible net
is characterized, which can be extremely useful in the
design and optimization of the whole space tether-net
capturing systems.
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Tethers

Tethered Space Net is a common method for mitigating the
space debris crisis, with their dynamics widely studied
using mass-spring-damper models. However, this linearized
dynamic model struggles to accurately represent the
nonlinear dynamic characteristics of tethers and nets when
subjected to significant tensile deformation. Current
dynamic modelling methods typically use the elastic
modulus of fibres to directly construct the dynamic models
of braided tethers or nets, which may overly simplified and
fail to describe the nonlinear nature. In this study, quasi-
static tensile tests are conducted on eight-strand braided
Dyneema tethers with diameters of 0.4 mm, 0.47 mm, 0.63
mm, 0.8 mm, and 1.0 mm. The tensile mechanical curves of
the tethers were observed, and the prevalent nonlinearity in
the tensile process and its mechanisms are analysed.

The results indicate that the elastic modulus of braided
tethers is time-variant during the tensile process, increasing
with tension. This nonlinearity is more pronounced in
thicker tethers. The specific braiding method creates gaps
and interweaving among fibres, which initially relieves the
stretching of the fibre, resulting in macroscopic deformation
significantly greater than the actual fibre strain.
Consequently, the elastic modulus of the tether is measured
average elastic modulus ranging between 10GPa and
12GPa, which is much lower than that of the Dyneema
fibres 87GPa to 110GPa. The measured failure stress of the
tethers ranges from 1.35GPa to 1.65GPa (with Dyneema
fibre strength between 3.3GPa and 3.9GPa [1]). And the
failure strain ranges from 0.12 to 0.16, which is lower than
the fibres.

To accurately characterize the nonlinear tension of tethers,
we propose a self-adaptive spring-damper model based on
tensile experiments for accurately characterizing the
nonlinear mechanical properties of tethered space nets. This
model adjusts the element stiffness adaptively during the
tensile process, resulting in a nonlinear unit model that
closely matches the actual behaviour of the tether units. Our
approach provides a more accurate dynamic model for
space nets and tethers, enhancing their effectiveness in
mitigating space debris. This work will provide a valuable
reference for the modelling of space tethers and space nets.
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Figure 1. Dynamic modelling of the net
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Figure 2. Nonlinear behavior of tether unit in quasi-static tensile
experiment
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The escalating presence of space debris poses a dual threat
to active spacecraft, both in terms of cost and safety.
Recognizing this hazard, there is a growing emphasis on the
active removal of space debris [1]. One prominent
technique gaining attention is the use of nets, which

involves deploying, contacting, and wrapping around debris.

The assessment of the initial distance between target debris
and the net ejector emerges as a pivotal variable influencing
the efficacy of space debris capture. This distance is
expressed as a ratio to the one-sided length of the net,
assuming it ranges from 100% to 300%. A comprehensive
methodology is adopted, integrating numerical simulations
and practical experiments to identify optimal parameters for
successful space debris capture using the net technique [2].
The tether net dynamic features, encompassing maximum
area, deployment time, flight distance, and effective period,
define the parameters for a space debris removal mission
[3]. These aspects are contingent on initial shooting
parameters like speed, ejection angle, bullet mass, and net
material.

Numerical simulations, executed using Python Spyder and
Blender, cover a diverse array of active debris removal
scenarios. Meanwhile, practical experiments employ a
carefully calibrated spring-based net launch system with
corner masses, capturing data through high-speed cameras.
The material chosen for the net, Kevlar, is justified through
its lightweight, durable, and flexible properties, confirmed
by numerical simulations.

To enhance realism, 3D-printed mockup debris, crafted
from a plastic polymer, is used in testing. Acknowledging
the challenge of replicating space conditions on Earth,
experiments assume an artificial zero gravity setting, with
meticulously determined initial conditions. The net's
trajectory, factoring in air resistance, shooting speed, and
contact dynamics with debris, is rigorously determined
through equations of motion. The contact is assumed to
occur at the debris's peak height and zero speed.

The expected outcome of this study is to test the factors that
impact the probability of the net to capture mockup debris,
including initial velocities, relative distances, and shooting
direction.
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Figure 1. The setup of the experiment

Table 1. System parameters

Parameters Values
Net dimension (Lnet) I m
Drag coefficient of net 0.36
Amount of bullets 4
Total mass of bullet 92¢g

Bullet ejection angle 15, 30, 45°
Shooting speed of bullet 7.7 m/s
The height of net from the

129.4 m
ground
Debris mass 150 g
Drag coefficient of debris 0.8
Debris dimension 10 cm
Motion of debris ejection Vertical
upward
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As the cost of access to space continues to decrease, the
quantity of space objects and debris will increase
significantly. This growth in space debris is of huge
concern to the reliable operation of space assets; hence,
mitigation of debris generation as well as removal of
existing debris is of growing importance. In particular, large
objects, such as the upper stages of launch vehicles and
defunct satellites, pose a significant threat of populating
low Earth orbit (LEO) with a substantial quantity of debris.
After achieving the desired orbit, upper stages are left with
too little propellant to deorbit themselves, increasing the
probability of collisions and potential explosions due the
residual propellant. The possibilities only increase as LEO
becomes more populated with debris.

Typically considered only as objects to be removed from
orbit, space debris have value in their potential and kinetic
energy, which depends on their mass and orbital properties.
This “embodied” energy [1] represents an opportunity for
spacecraft in LEO equipped with an electrodynamic tether
(EDT) to simultaneously deorbit space debris while
converting the orbital energy of the debris into useful
electrical energy. As this occurs, the spacecraft—debris
system loses altitude, and ultimately deorbits. However, the
EDT spacecraft need not fully deorbit as the debris can be
released in a lower orbit to decay out. Then, the same
process that decreased altitude can be used in reverse to
boost the EDT spacecraft’s orbit and to recharge its “orbital
battery” through the use of energy sources such as solar
panels.

Although there are over 36,500 pieces of debris exceeding
10 cm in diameter in LEO as of 2023 [2], this study focuses
on 50 derelict objects that are identified as particularly
concerning. Using the Linux-based simulation software,
TeMPEST [3], we simulate an EDT system with an energy
storage module for the deorbiting of these objects. By
systematically varying EDT properties and orbital elements,
the simulation aims to ascertain the optimal operational
range for the EDT system. We discuss some of the system
considerations and some the economic offsets afforded by
EDTs for debris mitigation. Using EDTs could incentivize
the targeting of large debris objects that contain the largest
amounts of embodied energy and are also the largest debris-
creation hazards.

For example, spacecraft in LEO often include multiple
instruments for scientific research, which puts large
demands on the power system. Typically, solar arrays and
batteries supply power and can represent a large portion of
the spacecraft’s overall mass, volume, and surface areca—
thus increasing launch and manufacturing costs. A
relatively low-mass EDT can replace a significant portion
of the power system, particularly for high-power needs.
Such EDT systems can generate kilowatts of power, far
greater than is feasible via other means, particularly on
small-scale spacecraft. Employing such a system, a small
spacecraft has the ability to enable scientific opportunities
and reduce costs by repurposing the embodied orbital
energy of debris to perform high-power missions, instead of
scaling up its power systems by increasing the size of solar
panels or energy storage devices on board. The reduction in
mass due to the use of EDT systems could yield significant
reductions in launch and mission costs with the added
benefits of debris removal and exploiting new opportunities
for small-scale spacecraft.
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Spinning linear electrodynamic tether formation (SLETF)
consists of three linearly distributed nano-satellites connected by
two conductive tethers, which combines the advantages tether
formation, electrodynamic tether and spinning tether: multiple
tethers provide better mission flexibility, electrodynamic force
provides a propellant-free thrust, and its spinning motion around the
system mass center provides good centrifugal stability at the tips of
both tethers [1]. Therefore, SLETF is considered to be promising in
constructing observation platforms, artificial gravity, space station,
and so on. Among all operation stages, the spin-up process is a
preliminary stage for all spinning tether systems, and its main
challenge is that tethers are unstable during such a transition
process. In the vulnerable spin-up process tethers may become
slack or even entangled with tethered satellites due to significant
tether deformation, and the spin-up process of a SEDTF is even
more complicated than that of a single-tether system due to the
coupling effect of two tethers. Current research mostly studies the
deformation control of a single tether system[2], or the spin-up
control of a SLETF neglecting tether flexibility [3], therefore, it is
still an unresolved problem to design a synchronized spin-up
control strategy considering flexible tether motion.

To deal with this problem, this paper mainly studies the spin-
up control of a SLETF by considering tether flexibility. First, two
models are used: The Lagrangian model is used for controller
design and the flexible lumped model is used for analyzing flexible
tether motions. Then, uncontrolled tether deformations are
examined under the open-loop on/off program. Fig. 1 indicates that
tethers become significantly deformed and spin unsynchronically
under the open-loop program, the equivalent length of which
decreases to 90.5% of linear tether length. Third, to stabilize
significant tether deformations, an optimal controller based on
Bellman dynamic programming is proposed for the spin-up process.
The objective function of the optimal controller is set to stabilize
tether deformation and ensure tracking spinning rate at the same
time. Fig.2 shows that, under the regulation of the proposed optimal
controller, tether deformations are reduced to an insignificant level
(96.5% of linear tether length), and tethers spin synchronically
around the designated spinning rate.
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The partial space elevator (PSE) is a
promising technology in the low-cost cargo
transportation for the space station and the
future’s on-orbit assembly of ultralarge space
constructions. A PSE generally consists of one
main satellite, one end body, and a climber
moving along the tether between them. In the
cargo transfer mission, the climber’s movement
leads to obvious orbital radius changing of the
main satellite which is adverse to its stability and
safety. Thus, it is critical to keep or adjust the orbit
states of the main satellite within a desired range.

Up to date, several methods have been
proposed to keep the main satellite’s orbital states
by optimizing the climber speeds [1, 2] or mission
planning [3]. The previous method [1, 2] controls
the main satellite’s orbit states directly in one
transfer mission implemented by tensions in
tether and thrusters on the main satellites, climber,
and end body. The mission-based method [3]
aims to reduces the changing magnitude of the
main satellite’s states by selecting the waiting
period between the upward and downward
transfer missions. Yet considering the dynamic
coupling and nonlinear of the PSE, it is difficult
to choose a reasonable length of the waiting
period between upward and downward missions.

This work aims to give a new mission-based
method to solve the aforementioned problem,
preliminarily. First, a six-degree-of-freedom two-
piece dumbbell model has been built. Then, a new
mission planning strategy is proposed using the

reinforcement learning (RL) method trained by

the deep Q-network algorithm in which the
waiting time is regarded as the action of the agent.
A new reward function has been designed to
estimate the main satellite’s stability after cargo
transportation. As shown in Fig. 1, the waiting
time generated by the new RL method makes the
orbital radius changing magnitude after the
mission reduce over 88% comparing to the case
in which the waiting time is one orbital period,
see the blue lines in (a) and (b). The simulation
results validate the proposed mission-based
method.
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Conference Topic: Tether-based Systems for Space Debris
Remediation

Given the growing threat of an impending space debris
crisis, nations worldwide have intensified their research
efforts in satellite deorbiting technologies. Electrodynamic
tether and braking sails stand out as popular methods for
spacecraft deorbiting that do away with the necessity for
propellant. However, these methods possess their own set
of limitations. This paper presents a holistic dynamical
model for a fusion of electrodynamic tether and braking
sails. The aim is to address the complex nonlinear
dynamics during the deployment, retrieval, and dwell time
of electrodynamic tether, while compensating for the
insufficient trust generated by braking sails in high orbital
environments. The objective is to enable satellite to deorbit
swiftly and stably under a broader range of conditions.
Specifically accomplishing the following three aspects:
conceptualizing the design of an ideal equipment,
implementing simulated deorbiting process, and conducting
an efficiency comparative analysis with prevalent current
deorbiting methods. Through numerical simulations, the
effectiveness and feasibility of this proposed design have
been validated.

Table 1. Simulation parameters

Parameters Values
Total mass 500kg
Eccentricity 0

Angle of orbit perigee 0°

Orbit Incline 0°

Braking Sail Area 10m?

The length of the tether 4.4m

The number of strands in the tether 10. 20. 30
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Figure 1. Comparison of Orbital Altitude Reduction
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Electrodynamic space tethers, a promising technology for
various space applications, rely on the interaction between
the tether and the Earth's magnetic field to generate thrust
or induce orbital changes without the need for traditional
propellants. This innovative approach offers potential
benefits such as enhanced maneuverability, reduced
mission costs, and increased mission longevity.

Our study addresses the development of a Lie group
variational integrator for high-precision simulations of
electrodynamic space tethers, along with the application of
geometric Jacobian theory to analyze the system's mode
shapes. The dynamics consists of two spacecraft connected
by a discretized, elastic tether, and a tether reeling
mechanism that adjusts the length of the tether. Fig. 1
illustrates a schematic of the components of the dynamic
model.

C.I1.

Base-Spacecraft (anode)

Variable-length tether

Sub-Spacecraft (cathode)

Earth

v

Figure 1. Schematic of the electrodynamic model

By employing the discrete-time analogue of the Lagrange-
d’Alembert principle, we derive the discrete-time Euler-
Lagrange equations governing the dynamics of the
electrodynamic space tether. The resulting discrete-time
dynamic model, in a compact form, naturally evolves on a

Lie group, preserving the configuration manifold structure
without constraints. The use of Lie Group methods also
avoids the singularities encountered in representation of the
attitude dynamics of rigid bodies using the conventional
Euler angles or the ambiguity of employing quaternions. As
a result of employing the discretized Lagrange d’Alembert
principle, the integrator exhibits excellent energy
preservation, suitable for long-time simulations and the
simulation of aggressive maneuvers. Such desirable
properties ensue from the fact that the developed numerical
algorithm describes a discrete dynamical system that
approximates the flow of the differential equation rather
than solely focusing on numerically approximating a single
solution trajectory, which is the case in conventional
numerical algorithms such as Runge-Kutta methods.

To incorporate the electrodynamics, we make several
assumptions: the base-spacecraft serves as the anode, the
sub-spacecraft as the cathode with a cathode contactor,
resulting in a positively biased tether; a bare tether is used;
the electrical circuit is passive; ohmic loss potential drop is
negligible, and the ions collected are significantly fewer
than electrons. External forces acting on the system include
control torque on the tether reeling drum, Lorentz force on
the tether, and aerodynamic force on both spacecraft and
the tether. We employ variational-based linearization to
linearize the system and determine its geometric Jacobian,
facilitating the identification of vibrational mode shapes
that include the coupling between the tether and the two
spacecraft.

Finally, simulation results for an electrodynamic space
tether system in Earth’s orbit are presented for three
different cases. The first simulation aims to demonstrate the
efficiency and accuracy of the developed numerical
algorithm, in which the dynamics of the system without
considering the external forces are studied. It is shown that
the variational integrator has excellent energy preservation
properties. The second and third simulation scenarios
include the demonstration of the performance of a simple
tether length controller and the use of the Lorentz force for
the purpose of deorbiting the system.
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Conference Topic: Lessons Learned from Past Missions

More than fifteen experiments with electrodynamic tethers
(EDTs) have been flown to date. These mission have
provided valuable information on tether dynamics,
electrical contact with the ambient plasma, thrust and drag
generation, and wave emission, among others (see Refs. [1]
and [2] and references therein). They also covered a wide
range of orbital conditions (motional electric field and
plasma density), tether lengths and cross-sections (wires
and tapes), and system architectures to make electrical
contact with the ambient plasma, including insulated EDTs
with active plasma contactor at both ends, insulated EDTs
with passive anodic contact and an active cathodic
contactor, bare EDTs with an active cathodic contactor, and
floating bare EDTs. Hollow cathodes, thermionic emitters,
and field emission cathodes have been used as active
cathodic contactors. Consequently, past EDT missions have
covered a wide spectrum in the space spanned by the
characteristics dimension-less parameters [3] that govern
their physical principles of operation. The objective of this
work is organizing past EDT missions and projects
according to these parameters with the aim of steering
future EDT research and missions and foster the use of
EDTs as a lever to open new markets in the space sector.

The study first collects basic data from previous EDT
missions, like tether dimensions and geometry and current
levels, as well as environmental variables like plasma
density and temperature, magnetic field, and motional
electric field. Some EDT missions that did not fly, like
ProSEDS [4], and missions that are expected to fly soon,
like E.T.PACK [5], are also considered. In addition, for
missions with insulated EDTs, synthetic data in the
hypothetical case of substituting the insulated EDT by a
bare EDT were generated.

The collected data were then used to compute the most
important dimensionsless parameters related to tether—
plasma anodic and cathodic contact, the current-voltage
profiles along the EDT, dynamics, and performance. The
dimensionless parameters were used to organize past EDT
missions into different categories attending to the current

collection regime, importance of ohmic effects, severity of
the dynamic conditions, and wave excitation, among others.
The missions are presented in figures with the axes being
the dimensionless parameters, thus easing the identification
of regions that are well populated by past EDT missions
and void regions where it would be desirable to prepare
future EDT missions.

The outcome of the analysis, together with key capabilities
already demonstrated by past EDT missions, suggests that
EDTs can be used as a lever to open and boost markets in
the space sector. For instance, beyond the development of a
tougher regulation, finding incentives for implementing
post-mission disposal has been historically difficult due to
the added mass and cost of the deorbit device. Similarly, the
market of in-orbit-servicing, which is expected to generate
about US$4 billion in the 2023-2032 period [6], would
benefit extraordinarily from a propellantless orbital
manoeuvring vehicle. With the aim to provide ideas for
addressing these needs of the space sector, the work
includes a discussion on using EDTs to generate added
value in deorbiting and in-orbit servicing scenarios. Some
of them are based on collecting useful scientific information
[7] and energy repurposing [8] as a byproduct, thus opening
the possibility of attracting new players that could finance
the deorbit device. An example is exciting plasma waves, a
task that have been already demonstrated by past EDT
missions [9] and it is of interest for geophysicists.
Similarly, the simultaneous deorbiting of space debris by
several EDTs opens the possibility of making in-situ multi-
point measurements of the ionosphere and studying large
scale phenomena. The discussion also considers the dual
use of EDTs in microlaunchers for both deorbiting at the
end of life and raise the orbit altitude before the payload are
release. The latter can save propellant mass and lower the
insurance cost because the EDTs could also work as a
backup propulsion system.
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Although there are many satellites in orbit around the Earth,
relatively few have satellites at altitudes below 400km, but
their orbital lives are short. Therefore, here proposes to
extend their orbital lives using the conductive tether by
electric propulsion and expand the use of space at ultra-low
altitudes. At low altitudes, atmospheric resistance
accelerates the descent into lower orbit, so -electric
propulsion is needed to overcome this. In particular, the
tether is lightweight and has a large extension area, so it has
a large atmospheric resistance, so it is used advantageously
when descending into lower orbit to prevent debris
generation, but it is necessary to reduce atmospheric
resistance when ascending into higher orbit in our proposal.
Also, compared to orbit descent, orbit ascend requires a lot
of electrical energy.

This project is planning to demonstrate a system that
overcomes atmospheric resistance and maintains its orbit
using Electrodynamic Tether (EDT) using a micro-satellite.
The mission details are as follows. The conductive tether is
extended and stabilized in the earth direction by the gravity
gradient. By emitting electrons from an electron emitter
mounted on a high-altitude satellite and collecting electrons
around a low-altitude satellite, a current is generated from
the high-altitude side to the low-altitude side. According to
Fleming's law, the Lorentz force is generated in the
direction of the orbit and accelerates, so it can be propelled
in the upward direction of the orbit. Atmospheric resistance,
conductive tether propulsion, etc. change greatly due to the
influence of solar activity, but it is estimated that it is

possible to maintain the orbit with a current of about 50 mA.

This project also aims to improve electrical performance
and reduce the area of atmospheric resistance using a tether
made from carbon nanotubes (CNT), a proprietary
technology (manufacturing string-like CNT is considered
difficult). The tether is insulated from space plasma by a
coating on the high-altitude side and collects electrons as a
bare tether on the low-altitude side. They will also use an
improved electron-emitting device using carbon nanotubes,
which is being developed at JAXA.

This paper describes the conceptual design of the micro-
satellite whose mission is to maintain orbit using
Electrodynamic Tether.

First, simulation analysis for Electrodynamic Tether
mission has been described. The orbital environment, such

as atmospheric resistance and plasma density, will be
modeled, the tether will be expressed using a discretized
model, and dynamics simulations will be performed.
Electron emitting experiments were performed on an
electron-emitting device using improved carbon nanotubes
and incorporate the results into simulations. There are two
main purposes for simulation evaluation in satellite design.
First, when ascending the orbit using ElectroDynamic, it is
necessary to raise the tether potential, and it is necessary to
provide efficient power supply. The second step is to
evaluate the ratio of the covered part to the bare tether that
enables efficient potential-controlled current generation.
Then, we will evaluate orbit elevation and orbit
maintenance in actual operation.

Next, we will describe the prototype of a carbon nanotube
tether, its performance evaluation, and the results of an
extension experiment using a reel mechanism using an air
flotation device. The tether length is assumed to be about 1
km based on the simulation results described above, and
assuming extension over that distance, we have taken into
consideration the motion when initial velocity is obtained at
the beginning of extension, and the rebound at the end of
extension. evaluate. The reel mechanism used is an
improved version of the reel mounted on the STARS-X
which was developed by Shizuoka University for the
purpose of non-conductive tether extension.

Finally, the micro-satellite design based on these results has
been described.
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Conference Topic: Electric Sails for Interplanetary
Exploration and Science

Electric Sails (E-Sails) are a promising propulsion
technology that seek to enable high characteristic
propellentless acceleration for spacecraft to reach distant
and/or difficult to reach orbits such as rapid transit to
heliopause. The E-Sail system exchanges momentum by
using positively charged electrostatic tethers to repel solar
wind photons to push it through space. This concept was
first theorized by Pekka Jaunhuun in 2004 with further
developments occurring including a NASA Innovative
Advanced Concepts Phase 1 and Phase 2 hosted out of
NASA’s Marshall Space Flight Center (MSFC) [1]. These
developments led to further maturation of the overall
system, and this paper is designed to help identify different
design sensitivities of an integrated Electric Sail system. To
approach this, a small team at MSFC took an in-house
developed three degrees of freedom (3DoF) simulation tool
and a trajectory modelling tool to look at different design
parameters and to determine a potential ideal E-Sail
configuration.

An E-Sail system has different design architectures
including a barbell design, hub and spoke design, and a
potential hybrid solution. The barbell design features two
equally massed satellites that spin around a central point in
the tether system. The hub and spoke design features a large
central spacecraft with small end spacecraft to aid in
formation control of the overall E-Sail system. Leveraging
elements from both the hub and spoke, and barbell design, a
hybrid option exists where one could have a larger central
mass and one or two tethers extended to a smaller end mass.
In summary, the hub and spoke design is the ideal
configuration for E-Sail with tethers spanning kilometers to
achieve the designed design characteristic acceleration of at
least one mm/s? with this architecture being the focus of this
study.

Different key design parameters were varied as part of this
study. These parameters include the total number of tethers,
the length of the tethers, spin rate, relative spacecraft mass,
tether voltage, inertia per tether, and impact of slew rate
changes. These results started from an internal MSFC
technology demonstration mission design and then the
parameters were varied with engineering judgement to

ensure that the results were consistent with expected results.
These were varied in the MSFC 3DoF tool and compared to
baseline results to generate a candidate ideal E-Sail design
system. These results were then used to help inform the
mission analysis design for the system.

The 3DoF trajectory optimization was performed in the
Astrodynamics and Space Science Enabling Toolbox
(ASSET) and utilized collocation optimization of control
vector pointing with the objective function being transfer
duration. A representative model of the E-Sail force was
derived as a function of the Sun-pointing vector direction.
This model was initialized with a zero Sun Incidence Angle
(SIA) trajectory for the initial guess generation, then with a
portion of the mission optimized SIA time history for fast
outbound transfers. After the trajectory is hyperbolic
relative to a heliocentric frame, the SIA is maintained at O
degrees except for any needed trajectory correction
maneuvers. This trajectory optimization looked at different
characteristic acceleration values to analyze the impact it
had on mission performance.

As a result of this study, the team can best inform mission
designers and technology development efforts to mature the
E-Sail system. This study will allow mission designers to
have defined rules-of-thumb to design an E-Sail system to
meet desired mission needs as well as providing several
sample mission profiles. These design drivers will inform
maturation efforts on which design requirements to
consider for an integrated E-Sail design.
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Over the past two decades, Electric Solar Wind Sails (E-
Sails) have emerged as a promising propulsion technology
for space exploration missions. Utilizing the momentum of
the solar wind, E-Sails deploy a mesh of wires to generate
electric fields, enabling propellantless propulsion [1]. This
technology offers significant advantages, including
extended mission durations and potential applications in
various space missions, such as small-body exploration,
multi-target  exploration, and establishing artificial
equilibrium points in space environments [2].

Existing studies on trajectory optimization and guidance,
some considering the uncertainty in the solar wind, indicate
the need for adaptive operation throughout a mission. This
involves varying the electric voltage at which the cables are
modulated  (requiring multiple on/off events for
interplanetary missions) and executing maneuvers to
modify the attitude of the E-Sail and hence the orientation
of the generated propulsive force. Furthermore, various
publications have analyzed the dynamics of the E-Sail,
commonly considering steady-state operation characterized
by: constant and equal voltage for all the tethers, constant
attitude only modified by rotation around the longitudinal
axis of the sail with constant angular velocity, and constant
cable position with respect to the body-fixed coordinate
system [3]. However, there is currently a gap regarding the
feasibility of achieving stable and progressive power-up of
the E-Sail to ensure its evolution to steady-state situation.

This work introduces a method for computing the optimal
control law to facilitate the transition of the E-Sail between
two steady states, corresponding to distinct voltage levels in
the tethers. Leveraging principles of dynamics inversion
applied to the E-Sail model, this innovative controller
enables adjustments in propulsive force to meet the
demands of optimal trajectory planning and guidance
algorithms.

The architecture considered for the E-Sail is that of a
central vehicle and radial tethers stabilized by the spin of
the entire assembly and the presence of a remote unit at the
outer end of the cables. The E-Sail dynamics is considered
through a modeling approach that treats it as a multibody
system (MBS). In contrast to [4], this work considers a

minimum set of local coordinates formulation that leads to
an ordinary differential equations (ODE) system. Selected
coordinates include Euler angles to describe the attitude of
the central spacecraft, angular rates expressed in body axes
to depict the angular motion of the system, and angular
magnitudes to establish the local orientation and position of
the tethers.

The calculation of the control law is posed as an optimal
control problem (OCP), which is solved using the direct
transcription method, resulting in a nonlinear programming
(NLP) problem. The cost function is established in terms of
system coordinates and controls, allowing for bounded
evolution of variables associated with internal dynamics
while minimizing control requirements. The fourth order
Runge-Kutta integration scheme used constitutes the
nonlinear equality constraints that the optimization problem
solution must satisfy. Additionally, once the reference
trajectory and open-loop optimal control are determined,
the tracking problem is addressed through a Receding
Horizon Model Predictive (RHMPC) approach.

It is noteworthy that unlike proposals in other works, this
study does not consider the application of control forces on
remote units [2]. This fact complicates the system dynamics
control as it reduces the control variables. However, it is
considered an advantage as it simplifies the complexity of
remote units by not having to be equipped with small
thrusters, reinforcing the propellantless nature of the E-Sail.

The study's findings on a typical E-Sail configuration
illustrate that stable evolution between equilibrium states
can be achieved by appropriately combining temporal
evolution of control moments and electric voltage in the
tethers. Furthermore, the use of an optimal control problem
formulation is confirmed to be an efficient and flexible
strategy for resolving the inversion problem of the proposed
E-Sail multibody model, despite its non-minimum phase
dynamics and substantial size. Finally, the applicability of
RHMPC algorithms is proven for the system tracking
during the transitioning.
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After developing the E.T.PACK and E.T.PACK-F projects,
funded by the European Innovation Council with a total
budget of 5.5 M€ and aimed at the development of a deorbit
device based on electrodynamic tether technology, several
team members of the consortium decided to create the
company PERSEI Space (PRS) with the goal of move the
technology from the lab to the market. The most important
achievements of PRS since its foundation in September
2023 are its admission in the ESA-BIC programme, IP
transfer from UC3M, and its first contract with a large
satellite integrator. The company is currently negotiating
with a private investor and submitted a NEOTEC proposal
to the Spanish government. At a product level, PRS can
provide services on analysis of missions with
electrodynamic tethers (bare, bare-photovoltaic, and low-
W) by using BETSMA v2.0 software to research groups and
companies. and will start the development of devices for
deorbiting, reboost, and in-orbit servicing by using
electrodynamic tethers.
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At the Institute of Aerospace Engineering at TU Dresden a
broad range of electron emitters for space applications is
under development. Active electron emitters are required on
most spacecraft to keep them neutral or as an integral part of
an electric propulsion system. Most concepts for
electrodynamic tethers rely on an active electron emitter to
act as a cathode to return the electron flow through the tether
into the environment plasma. Typical technologies are
thermionic emitters, field emitters and hollow cathodes. We
will present an overview of recent technological
developments of field emitter and hollow cathode
technology at our institute.

CNT field emitters developed at TUD have gained space
heritage on the UWE-4 CubeSat mission [1] and successfully
demonstrated an emission efficiency of 0.8 mA/W in a 1450
h endurance test at 500 A [2]. With our latest development
of a radial electron emitter [3], we were able to further
increase the emission current and efficiency. So far, in tests
lasting several hundred hours, we have achieved an
efficiency of 1.6 mA/W with emission currents of 1.5 mA.

At the same time, we are working on the development of

electron emitters based on diamond-like carbon layers

(DLC). This material promises a high level of robustness and

therefore a long lifetime. In initial experiments, we were able

to show that the activation of layers with a very high sp=3
content by high voltages leads to promising emission

properties [4]. We want to realize high-performance

cathodes by activating such DLC layers over a large area.

A class of specialized hollow cathodes has been under
development at TUD since 2015. They all share the low work
function material C12A7 electride as a thermionic insert that
can be operated without a heater. Emission currents have
been demonstrated within the 0.3 to 5 A range.

Within the Horizon 2020 (H2020) Future Emerging
Technologies (FET) OPEN Project E.T.PACK and its
successor E.T.PACK-F, a version of the cathode is currently
being developed to be operated on an in-orbit-demonstration
mission of an electrodynamic tether demonstrator. The
mission requires stable electron emission in the 0.3 A range
with a low power consumption of just 20 W. To meet this
requirement, a cathode system including a storage system for
the krypton expellant and operating electronics are currently
being developed. [5][6]

This paper will present the most recent developments of all
three emitter technologies in the context of the application
for electrodynamic tether technologies.
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