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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 = {𝑂, �̂�, 𝑱, �̂�} 

is labeled in red. The chaser and the debris body frame axes 

𝐶 = {𝐶, �̂�𝒙, �̂�𝒚, �̂�𝒛} and 𝐷 = {𝐷, �̂�𝒙, �̂�𝒚, �̂�𝒛} 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.  

 

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: 

min
𝐒

𝑓𝑘(𝐒)  

𝑠𝑗,𝐿𝐵 ≤ 𝑠𝑗 ≤ 𝑠𝑗,𝑈𝐵 

where: 𝐒 = [𝑠1, 𝑠2, 𝑠3, 𝑠4]𝑇 

where 𝑓𝑘(𝐒)  indicates the cost function that is being 

optimized, S is the vector of 4 design variables, and 𝑠𝑗,𝐿𝐵  and 

𝑠𝑗,𝑈𝐵  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, 𝑓1(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:  

𝑓1(𝑺) = ∑ w1RMSEPos,i  +  w2RMSEAng,i

𝑁

𝑖=1

 

In the expression above, 𝑁 is the total number of simulations 

considered, w1  and w2  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, 

𝑓2(𝐒), returns the RMSE of the tension in the MT between 

high-fidelity and lower-order models. Cost function 2 is 

expressed mathematically as:  

𝑓2(𝑺) = ∑ RMSET,i

𝑁

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 𝑓1(𝐒) and 𝑓2(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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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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Conference Topic: Tether Formation Flying, Space Net, 

and Enabled Missions 

Space debris capture using a tether-net has attracted 

considerable research attention. In space, the tether-net 

starts to collapse owing to tension [1] because there is no 

aerodynamic drag to resist collapse. To prevent the collapse 

of the tether-net before debris capture (caused by tension 

after deployment), various approaches have been proposed, 

such as the addition of an adhesive material to the tether-net 

perimeter[2], or use of a thruster module attached to a 

weight that controls the weight trajectory after the ejection 

[3].  

However, these mechanisms complicate the net design. 

To prevent the tether-net collapse prior to debris capture 

and to ensure its full deployment just before contact with 

the debris, a tether-net ejection mechanism with an 

adjustable ejection angle (Fig. 1) has been proposed, and 

comparisons between simulations and experiments 

demonstrated good agreement in the maximum deployment 

area, time to attain the maximum deployment, and the 

rebound and retraction speeds of the tether-net after 

complete deployment [4].  

Although the tether-net ejection mechanism proposed in 

[4] is advantageous for adjusting the timing of tether-net 

full deployment, ejected tether-nets still have a tendency of 

reshrinking motion owing to the string tension after full 

deployment. Therefore, when target debris escapes from the 

debris removal satellite, the debris capture capability of the 

tether-net may deteriorate.  

 

Figure 1.  Ejection angle adjustment mechanismFigure Caption 

To overcome this problem without installing a thruster 

module on the bullets, in this study, a double-linked bullet 

is proposed. This bullet consists of an inner weight and 

outer weight connected to the inner weight via a tether, as 

shown in Fig. 2, to suppress the rebounding motion of the 

bullet owing to the tension at the tether-net full deployment. 

It is expected that the outer weight flies outward and pulls 

the inner weight to cancel the impulsive tension at the 

tether-net full deployment. The idea behind this bullet 

design comes from the input-shaping technique, which is 

widely applied to suppression of vibrations.  

In this study, the proposed double-linked bullet for 

suppressing the rebounding motion of the bullet is studied 

experimentally and its effectiveness will be demonstrated 

by comparing with the results obtained using a typical 

single bullet. 

 

 

Figure 2.  Double-linked bullet 

References 

[1] Chen, Q., Li, G., Zhang, Q., Tang, Q., Zhang, G., 

“Optimal design of passive control of space tethered-net 

capture system”, IEEE Access, Vol. 7, 131383–

1313942019,doi: 10.1109/ACCESS.2019.2939518. 

[2] Zhang, G., Zhang, Q., Feng, Z., Chen, Q., and Yang, T.  

“A simplified model for fast analysis of the deployment 

dynamics of tethered-net in space”. Adv. Sp. Res. Vol. 14, 

pp. 1960-1974, 2021, doi: 10.1016/j.asr.2021.04.032. 

[3] Zhang, F., Huang, P. “Releasing dynamics and stability 

control of maneuverable tethered space net”, IEEE/ASME 

Trans. Mechatronics, Vol. 22, No. 2, pp. 983-993, 2017, 

doi: 10.1109/TMECH.2016.2628052. 

[4] Kato, Y., Kojima, H., Trivailo, P. M. “Performance 

evaluation of tether-net deployment with adjustable ejection 

angle”, Advances in Space Research, Vol.73, No.5, pp. 

2471-2487, 2024, doi: 10.1016/j.asr.2023.12.055. 



 

Cooperative Game Theory based Formation Control for Tethered Space Net 
Robot 

Yifeng Ma1,2, Fan Zhang1,2, Yizhai Zhang1,2, Panfeng Huang1,2 

1 The Research Center for Intelligent Robotics, 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. 

 

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. 

Paper No: 2024019 

7th International Conference on Tethers in Space 

June 2-5, 2024, Toronto, ON, Canada 



References 

[1] M. Shan, J. Guo, and E. Gill, “Review and comparison 

of active space debris capturing and removal methods,” 

Prog. Aerosp. Sci., vol. 80, pp. 18–32, Jan. 2016, doi: 

10.1016/j.paerosci.2015.11.001. 

[2] Y. Liu, F. Zhang, and P. Huang, “Coordinated Control 

for Constrained Multiple Spacecraft System,” IEEE Trans. 

Aerosp. Electron. Syst., vol. 56, no. 2, pp. 1189–1201, Apr. 

2020, doi: 10.1109/TAES.2019.2926612. 

[3] F. Zhang and P. Huang, “Fuzzy-Based Adaptive Super-

Twisting Sliding-Mode Control for a Maneuverable 

Tethered Space Net Robot,” IEEE Trans. Fuzzy Syst., vol. 

29, no. 7, pp. 1739–1749, Jul. 2021, doi: 

10.1109/TFUZZ.2020.2985325. 

[4] W. Lin, “Distributed UAV formation control using 

differential game approach,” Aerosp. Sci. Technol., vol. 35, 

pp. 54–62, May 2014, doi: 10.1016/j.ast.2014.02.004. 

[5] J. Li, S. Chen, C. Li, and F. Wang, “Distributed Game 

Strategy for Formation Flying of Multiple Spacecraft With 

Disturbance Rejection,” IEEE Trans. Aerosp. Electron. 

Syst., vol. 57, no. 1, pp. 119–128, Feb. 2021, doi: 

10.1109/TAES.2020.3010593. 

 



Deployment and Descending Dynamics of a Large-scale
Tether-Net for Asteroid Touchdown Missions

Jinyu Liu1, Yu Zhang2, Xingqun Zhan3, Hexi Baoyin2
1.Global Institute of Future Technology, Shanghai Jiao Tong University, Shanghai, China, jinyu_liu@sjtu.edu.cn

2. School of Aerospace Engineering, Tsinghua University, Beijing, China,
yuzhang20@mails.tsinghua.edu.cn, baoyin@tsinghua.edu.cn

3. School of Aeronautics and Astronautics, Shanghai Jiao Tong University, Shanghai, China, xqZhan@sjtu.edu.cn

Conference Topic: Planetary Exploration and Utilization

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.

Figure 1. A large-scale tether-net for asteroid touchdown missions
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Conference Topic: Space Tether Technology Development 

and Experimental Studies. 
 

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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Conference Topic: Fundamental Research on Space 

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. 

 

Figure 1.  Dynamic modelling of the net 

 

Figure 2.  Nonlinear behavior of tether unit in quasi-static tensile 

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

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.

Figure 1. The setup of the experiment

Table 1. System parameters
Parameters Values
Net dimension (Lnet) 1 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
ground 129.4 m

Debris mass 150 g
Drag coefficient of debris 0.8
Debris dimension 10 cm

Motion of debris ejection Vertical
upward
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Conference Topic: Tether Power Generation and Energy 

Harvesting; Tether-based Systems for Space Debris 

Remediation 

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 area—

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. 

 
Figure 1. System motion with open-loop program 

 
Figure 2. System motion with optimal controller 
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Conference Topic: Fundamental Research on 

Space Tethers, Space Elevator. 

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. 

 

Fig. 1 Results: (a) waiting one orbit period (without 

planning). (b) RL 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 10m2

The length of the tether 4.4m
The number of strands in the tether 10、20、30

Figure 1. Comparison of Orbital Altitude Reduction
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Conference Topic Fundamental Research on Space Tethers 

Mathematical Modeling of Space Tethers, Dynamics, 

Controls 

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. 

 

 

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/s2 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 0 

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.  

References 

[1] Janhuenen, P. “Electric Sail for Spacecraft Propulsion”, 

Aerospace Research Center, Vol 20, No. 4, 2004. 

 

Paper No: 2024040 

7th International Conference on Tethers in Space 

June 2-5, 2024, Toronto, ON, Canada 



 

Optimal Control Approach for Stable E-Sail Transitions 

G. Pacheco-Ramos1, R. Vazquez2, D. Garcia-Vallejo3 

1. Department of Aerospace Engineering, Universidad de Sevilla, Seville, Spain, gpacheco@us.es 

2. Department of Aerospace Engineering, Universidad de Sevilla, Seville, Spain, rvazquez1@us.es 

3. Department of Mechanical Engineering and Manufacturing, Universidad de Sevilla, Seville, Spain, dgvallejo@us.es 

 

 

Conference Topic: Mathematical Modeling of Space 

Tethers, Dynamics, Controls. 

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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Conference Topic: Electrodynamic tether technology 

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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Conference Topic: Space Tether Technology Development 

and Experimental Studies - Subsystem Technologies to 

Enable Space Tether Missions 

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 µA [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 sp³ 

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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Conference Topic: Space Tether Technology Development 

and Experimental Studies 

Electrodynamic tethers (EDTs) typically involve an 

electronic box between the conductive tether and the electron 

emitter. In the case of using a hollow cathode (HC), such 

electronics are in charge of controlling the current level and 

the voltages of the emitter and the keeper. Modelling the 

tether-electronic-emitter-plasma circuit, which can be done 

through software simulations or hardware emulators, is 

essential to study its behaviour and size the electric elements. 

In the case of tethers, a detailed electric model was developed 

in the past based on numerical and experimental analysis of 

its interaction with the ambient plasma [1]. Regarding the 

electronics, an electric power module that involves batteries, 

a power conditioning, and dumping resistors was proposed 
[2]. It was designed to operate the HC and make power 

harvesting (several kilowatts) with a 20 km long tether. In 

the opposite limit of short EDTs, a circuit model for 

miniaturized EDT systems was presented [3]. It considers a 

few meters long EDTs for both reboost and deorbiting, and 

it requires 100s’ milliwatts to operate their low-power and 

expellant-less electron emitters. 

This work presents an electrical model for an EDT system in 

an intermediate range of power and current. In particular, it 

applies for a tape EDT of 500 m of length equipped with a 

HC that cannot operate with current below 0.2 A. 

Additionally, due to tether dynamic considerations, current 

at the emitter should be lower than 0.5 A. As shown in Fig. 

1, the proposed model involves the EDT, an electronic box 

and the HC. The I-V characteristics curve of the EDT was 

taken from a bare tether model [4], and the I-V curves of the 

emitter and the keeper were taken from direct measurement 

in the laboratory [5] and here substituted by linear 

regressions. As shown in Fig. 1, the proposed electronic box 

has two power supplies and a resistor to guarantee the 

minimum and maximum current constraints. A software was 

developed to implement the electric model and study the 

power that should be provided/dissipated as a function of the 

motional electric field and the plasma density for a particular 

deorbit mission with an EDT.  

The theoretical results were used to prepare a hardware 
emulator. The emitter was emulated by zener diodes that 

provides the target voltage drop ΔVC, whereas the keeper 

was substituted by a variable resistor RK. The EDT is 

emulated by a resistor RT and a programable DC power 

supply. The programable power supply was controlled with 

a computer to mimic the temporal evolution of the ambient 

variables (motional electric field and plasma density) that the 

EDT finds during its mission. The hardware in the loop study 

allowed to understand the electric behaviour of the full EDT 

system and make a design of the power supplies and the 

resistor of the electronic box. 

 
Figure 1: Electrodynamic tether hardware emulator

References 
[1] Bilén, S. G. (1998) PhD Thesis: Pulse Propagation Along Conductors in 

Low-Density, Cold Plasmas as Applied to Electrodynamic Tethers in the 

Ionosphere  

[2] Carrasco, J. A., García de Quirós, F., Alavés, H., & Navalón, M. (2020). 

Electric power module for a bare electrodynamic tether. Acta Astronautica, 
177, 798–805. https://doi.org/10.1016/j.actaastro.2019.12.001 

[3] Bell, I. C., Gilchrist, B. E., McTernan, J. K., & Bilén, S. G. (2017). 

Investigating miniaturized electrodynamic tethers for picosatellites and 

femtosatellites. Journal of Spacecraft and Rockets, 54(1), 55–66. 

https://doi.org/10.2514/1.A33629. 

[4] Sanmartín, J. R., Martínez-Sánchez, M., & Ahedo, E. (1993). Bare wire 

anodes for electrodynamic tethers. Journal of Propulsion and Power, 9(3), 

353–360. https://doi.org/10.2514/3.23629 
[5] Drobny, C., Wätzig, K., Rost, A., & Tajmar, M. (2024). Endurance 

operation of a heaterless C12A7 electride plasma cathode and post operation 

material analysis. Acta Astronautica, 214, 231–239. 

https://doi.org/10.1016/j.actaastro.2023.10.002 

 

Paper No: 2024058 

7th International Conference on Tethers in Space 

June 2-5, 2024, Toronto, ON, Canada 

mailto:angel.delpino@uc3m.es
mailto:amadeo.velasco@aeroespacial.sener
mailto:gonzalo.sanchez@uc3m.es
https://doi.org/10.1016/j.actaastro.2019.12.001
https://doi.org/10.2514/1.A33629
https://doi.org/10.2514/3.23629
https://doi.org/10.1016/j.actaastro.2023.10.002


2024 ICTiS Manual 
 
 

17 
 
 
 

The Seventh International 
Conference on Tethers in Space 

(June 4th, 2024) 

Abstract 
 
 

Session 5 - E-Sail & Space Tether 
 

Chair: Prof. Gonzalo Sanchez-Arriaga 

 
 Title: A Comprehensive Investigation of Electric Solar Wind Sail Coning Motion 

(2024018) 
 Title: Iterative Learning Control for Multiple Deployment and Retrieval of Tethered 

Satellite System with Input Saturation (2024074) 
 Title: Simple Velocity Planning Control of Space Tether Deployment (2024067) 
 Title: Design and Application of Tethered Spacecraft Simulators (2024021) 
 Title: Chaotic Behaviors of a Tethered Satellite System Induced by Longitudinal 

Oscillation (2024064) 

 
  



Paper No: 2024018 
7th International Conference on Tethers in Space 

June 2-5, 2024, Toronto, ON, Canada 

 
A Comprehensive Investigation of Electric Solar Wind Sail Coning Motion 

Chonggang Du1, Zheng H. Zhu2 
1Xidian University, Xi’an, China, duchonggang@xidian.edu.cn 

2 York University, Toronto, Canada, gzhu@yorku.ca 
 
 

Conference Topic: Electric Sails for Interplanetary 
Exploration and Science 

An electric solar wind sail (E-sail) is an innovative 
propellantless propulsion system that utilizes the solar wind 
dynamic pressure to generate propulsive force [1]. It offers 
several advantages over other propulsion systems, such as 
higher payload fractions, slower degradation of propulsive 
force over Sun-spacecraft distances, and easier-to-tune 
attitude control compared to solar sails. These 
characteristics make it a promising and compelling 
technology for deep space exploration missions. 
Unfortunately, the propulsive forces will cause the main 
tethers to periodically swing in and out of the spin plane, 
resulting in the so-called “coning motion” [1-2]. Given the 
prolonged operational lifetime of the E-sail and the small 
tether diameter, this continuous coning motion presents 
significant failure risks if it is not adequately controlled. 
Thus, to mitigate these risks, it is crucial to analytically 
explain the mechanism behind this periodic motion, and 
further determine the equilibrium state of the E-sail. 

The objectives of this paper are to address the 
aforementioned challenges. Firstly, the paper reveals 
unknown mechanism underlying the periodic coning 
motion of the axially symmetric E-sail, as well as the 
analytic solution for its oscillation frequency and the upper 
bounds of the coning angle. Secondly, the paper determines 
the equilibrium state of the axially symmetric E-sail at an 
arbitrary sail angle. Finally, the examines the E-sail’s 
ability to maintain its equilibrium state from an initial 
equilibrium configuration. The research presented in this 
study lays a solid foundation for the practical application of 
the E-sail system.  

 

Figure 1.  Temporal variations of E-sail coning motion in a period.  
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Conference Topic: Fundamental Research on Space 

Tethers 

Tethered satellite system (TSS) has drawn great 

attentions from international space agencies and 

organizations in recent years due to its potential 

applications to space missions. To achieve a goal of on-

orbit sustainable utilization, it is expected that TSS systems 

can be capable of executing multiple deployment and 

retrieval processes, which can be seen as a repetitive task. 

Iterative learning control (ILC) is widely used in 

engineering, especially in repetitive processes. This paper 

aims to develop an ILC-based tension control law for the 

multiple deployment and retrieval processes of a TSS with 

input saturation. The tether length rate is selected as the 

iterative learning term to facilitate the multiple deployment 

and retrieval processes. To prove the proposed control 

strategy, a detailed stability analysis of the closed-loop 

system is proved via Lyapunov function and LaSalle’s 

invariance principle. When the libration angle of the tether 

exceeds 90 degrees, the contacts and entanglements 

between tethers and satellites may result in tumbling 

motions or even cause mission failure with tether being cut 

off. To address this problem, a constraint on the initial 

value of the Lyapunov function is imposed to limit the 

libration angle in an acceptable range. Based on the 

system’s energy function, the learning convergence is 

strictly demonstrated that the controller will converge along 

the iteration axis. 

Finally, numerical simulations are presented to verify the 

effectiveness of the controller by comparisons with the 

controller in [1]. The results demonstrate its capability to 

improve performance by learning from past control 

experiences.  

The main contributions of this article are given as 

follows. 

1) Compared with the analytical control schemes for 

deployment or retrieval of TSS in [2] and [3], the proposed 

controller in this article can compensate for the disturbances  

utilizing the consensus task repetition. 

2) Different from the ILC designed for systems with 

input saturation in [4], the proposed control plant is a 

single-input/multiple-output system, which takes the tether 

tension as the only control input. 
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Conference Topic: Fundamental Research on Space 
Tethers. 

The success of space tether missions is contingent upon 
achieving precise and stable deployment. Velocity 
control has been widely employed for tether deployment; 
however, it may lead to the residual libration motion at 
the final stage. To mitigate libration motion, various 
studies have explored the design of the term 

( )/ / 1l l θ θ= +    for the libration dynamics as follows, 

 ( )2 1 3sin cos 0l
l

θ θ θ θ+ + + =


   (1) 

where l denote the normalized tether length, and 
θ denotes the tether libration angle. It can be easily 
observed that this design can effectively damp the 
libration motion. However, this approach could 
potentially lead to a deviation of the final tether length 
from the desired length. 

Thus, this study will introduce a novel approach to 
address this critical requirement through a 
straightforward yet efficient velocity planning control 
design for real-time space tether deployment. The 
primary aim is to guarantee that the deployed tether 
achieves the desired length while significantly 
suppressing the libration motion. The velocity is 
designed two parts: The first part is a time-varying 
nominal trajectory, such as an exponential curve, which 
guides the tether length deploying to the desired length. 
The second part involves an anti-swing design to 
suppress the libration motion.  

Subsequently, by applying the Lyapunov-based stability 
analysis, it can be demonstrated that the tether length 
will deploy to its desired constant, and the tether 
libration angle can be effectively suppressed, locally 
stabilized to zero under certain condition. Furthermore, a 
modified velocity planning algorithm is presented to 
ensure the libration angle remains within a safe region. 

 

In what follows, a predesigned nominal trajectory is 
required to have the following properties:  

1) The nominal trajectory ( )nl t is sufficiently 
smooth and bounded, and  

 lim ( )n dt
l t c

→∞
=  (2) 

where d
+∈c  is the desired length. 

2) The velocity of nominal trajectory is bounded, 
and 2( )nl t ∞∈

  , 

 0 ( )n dl t v≤ ≤  (3) 

where dv +∈ denotes the maximum velocity of tether 

deployment. For example, 0 0( ) ( )(1 e )kt
n dl t c c c −= + − − . 

 

Figure 1.  Length profiles  

 

Figure 2.  Libration angles 
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Conference Topic: Space Tether Technology 

Development and Experimental Studies 

Small, tethered spacecraft, or space tugs, are a promising 

space capability. They can be deployed on tethers and 

used for a wide variety of in-space activities; a large 

portion of which fall under in-space servicing, assembly, 

manufacturing (ISAM) functions. This includes 

functions such as structural mating and assembly, 

servicing, proximity operations, capture, docking, 

mating, and relocation. However, there is a great deal of 

work to be done to raise the Technology Readiness 

Level (TRL) of the capabilities needed to fully realize 

these capabilities. 

The Flat Floor Robotics Lab (FFRL) at NASA’s 

Marshall Spaceflight Center (MSFC) has been working 

on space tug development for several years. The 

eponymous floor is 44 by 86 feet, made from a self-

leveling epoxy. This creates an extremely smooth 

surface that air bearings can float on with very little 

friction, creating a simulation of zero gravity in a two-

dimensional plane. The lab has several platforms of 

various sizes that act as vehicle simulators for testing 

sensors, control algorithms, mechanisms, etc. One of 

these platforms is a small spacecraft simulator, which 

can be tethered to simulate a space tug. 

In the last several months, the FFRL team has been 

working with MSFC’s welding group to conduct a laser 

beam welding demonstration on air bearing platforms. 

This demo is utilizing a space tug simulator to fly up to a 

floating weld platform, where two parts are clamped 

together and laser welded. The space tug simulator has 

an air bearing to provide float, as well as several 

actuated air thrusters to provide propulsion and make the 

simulator maneuverable. Currently, flights of this 

simulator are completed by a human operator. An RF 

hand controller sends signals to both actuate and fire 

three sets of thrusters on the simulator. This makes any 

maneuvers of the space tug highly subject to human 

error, and operators must have dedicated practice time 

before being able to perform maneuvers with any 

sufficient reliability. For the current laser welding 

demonstration, human operated performance is 

sufficient, but future implementations of in-space 

welding and other ISAM efforts will require higher 

precision, reliability, and autonomy. 

MSFC has funded a project that will allow a small team 

in the FFRL to develop the next generation of space tug 

simulator, which will be automated. Closed loop control 

will allow a user to command a position, or set of 

positions, that the simulator will be able to “fly” to on its 

own. This Maneuverable Automated Tethered 

Spacecraft Simulator (MATSS) will have configurable 

design, to allow a variety of payloads and mission 

configurations to be demonstrated on the air bearing 

floor. This will be an invaluable test bed for low and mid 

TRL advancement for space tether mission subsystems, 

such as more advanced demonstrations of in-space 

welding. Once one MATSS is constructed and 

demonstrated effectively, several more can be built, 

enabling more advanced tether missions; Electric Sail 

test beds, sensor arrays, and other science-enabling 

missions. 

This paper will detail the design and test of the FFRL’s 

MATS simulator, including efforts to establish closed 

loop control and autonomous capabilities. It will also 

detail use cases for this technology, and how it will 

further develop both develop science and exploration 

missions. 
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Conference Topic: Mathematical Modeling of Space 

Tethers, Dynamics, Controls 

With an increasing number of orbital missions, a tethered 

satellite system as a novel and potential practical tool has 

attracted more attention from researchers. The operating 

characteristics of such a system, including its high 

reliability, low cost and reusability, would play an 

important role in the future aerospace industry. The 

existence and identification of chaos regarding in-plane 

pitch motions of the tethered satellite system are scientific 

problems of concern, and are directly related to normal 

system operations in the station-keeping phase. This paper 

investigates the impact of microamplitude longitudinal 

oscillation on the appearance of chaos in the tethered 

system under atmospheric perturbations. To describe the 

dynamic characteristics of the on-orbit system, a series of 

reference coordinates is introduced. A simplified rod model 

which considers tether elasticity and satellite masses is 

considered. It is assumed that both satellites are slender 

cylinders, one end of which is connected to the space tether. 

And, a flexible tether model is also established to validate 

the dynamic behaviors of the simplified model. The 

Melnikov method which is a necessary but not sufficient 

condition is employed to identify a criterion that can predict 

chaos. Chaos would appear as shown in Fig. 1, provided 

that the stable and unstable manifolds in the phase plane 

intersect transversally, which can be identified when the 

ratio between the perturbation parameters is less than a 

critical value concerning the oscillation frequency of an 

elastic tether. As shown in Fig. 2, a chaotic zone is 

proposed to help identify existing chaos. Then the cell 

mapping method is utilized to describe the system’s global 

dynamics, including chaos. Numerical results indicate that a 

higher orbital altitude and a larger amplitude, i.e., a lower 

atmospheric density and a lower stiffness tether, contribute 

to the appearance of chaotic motions. It is proven that the 

dynamics of the system are dependent upon system 

parameters, such as satellite attitudes, mass distribution and 

tether length. Additionally, a flexible tether model is 

structured in the form of discrete elements to verify the 

chaotic motion that occurs in an elastic rod model. The 

motion is also validated and presented in a global dynamics 

analysis using the cell mapping algorithm. Therefore, it is 

concluded that perturbations might result in chaos for 

tethered satellites. 
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Conference Topic: Space tether Technology Development 

and Experimental Studies – Subsystem Technologies to 

Enable Space Tether Missions 

In the last few decades, the escalating challenge of man-

made space debris has raised serious concerns for the success 

of future space missions and the space community has turned 

its attention to innovative "green" deorbiting technologies. 

One standout solution in this category is Electrodynamic 

Tethers (EDT), which offer significant potential due to their 

passive and fuel-free attributes. Particularly noteworthy is 

their effectiveness in addressing the pressing issue of space 

debris in low Earth orbit (LEO). 

The E.T.PACK-F project [1], funded by the European 

Innovation Council (EIC), aims to build a TRL 9 product 

prototype, called Deorbit Kit, incorporating ETD technology 

to safely deorbit end-of-life satellites. The device comprises 

two modules: the first one accommodates the deployment 

mechanism (DMM) and the second one hots the hollow 

cathode electron emitter (EMM). The flight model is 

scheduled for launch in 2025.  Once in orbit, a few hundreds-

meter-long aluminum tape will be deployed, and the electron 

emitter will be activated to enable current flow in the tether.  

This process generates a drag Lorentz force through 

interaction with the geomagnetic field, effectively aiding in 

the deorbiting of the satellite. 

While deorbiting satellites, the Lorenz force induces 

oscillations in the tether (libration) that progressively 

increase over time, posing a risk of pushing the system into 

an unstable configuration (flip upside down) before its 

reenter in the atmosphere. As partner of the E.T.PACK-F 

consortium, the University of Padua has developed a passive 

mechanical device called In-Line Damper (ILD) for 

mitigating the libration of the tether [2] and reducing the 

longitudinal stiffness. The ILD's presence impacts the 

dynamics of the two modules connected by the tape-shaped 

tether during the initial phase of their separation. To ensure 

a successful separation, a thorough understanding of the 

ILD's influence on relative dynamics and the implementation 

of a suitable sequence of operations are essential. 

Our research group has developed both software tools 

and laboratory setups to simulate and experimentally verify 

the initial phase of the E.T.PACK module separation. We 

created a Matlab program to simulate the complete dynamics 

of the two modules during the early separation phase. 

Specifically, both modules are modeled as rigid bodies with 

complete 6 degrees of freedom dynamics, and the tether is 

modeled as a sequence of lumped masses properly connected, 

accounting for the elastic and damping effects of the ILD. 

Regarding the laboratory setup, the unique SPARTANS 

facility [3] consists of two platforms able to move at low- 

friction on a 3 m by 2 m testing table thanks to an air-cushion 

system. This facility has been used to reproduce 

experimentally the dynamics of the In-line damper during  

the separation phase. 

In this paper, we will present both numerical results 

obtained with the Matlab simulator and experimental results 

obtained with the SPARTANS facility. The objective is to 

provide data on the realistic behavior of the ILD during the 

separation phase, comparing the numerical results to the 

experimental data obtained with the SPARTANS facility of 

the University of Padova. 
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Conference Topic: Mathematical Modeling of Space 
Tethers, Dynamics, Controls 

A typical linear three-body tethered system (LTBTS) 
comprises one primary satellite and two sub-satellites 
connected symmetrically by tethers[1]. Such systems can be 
used for various space missions including artificial gravity, 
tethered space observatories, interferometric telescopes, etc. 
Space experiments reveal that the deployment process is still 
a vulnerable stage even after decades of research. Various 
researchers have revealed that the system's inherent 
properties, such as deviations in tether connection points, 
initial disturbances, and the structural characteristics of the 
end bodies can lead to resonances and significant oscillations 
during the deployment process. In severe instances, this may 
lead to tether entanglement or breakage, ultimately 
disrupting the desired formation and resulting in mission 
failure. 

Based on the problems above, this paper aims to 
analyze the impact of the unideal configuration of internal 
structure on the end-body's attitude motion during the 
deployment process. The deployment model of the LTBTS 
is established using the Lagrangian equations and the end-
body's attitude is described using Eulerian angles. The initial 
formation of the LTBTS involves separating two 
subsatellites from the central main satellite in opposite 
directions, which results in the creation of a three-body 
configuration aligned with the system's centroid and the 
Earth's center. In the context of the aforementioned 
deployment process, this study investigates the impact of 
unideal internal system parameters on the attitude motion of 
end-bodies. We found that resonance phenomena of the 
angles of nutation and spin occur under errors in initial 
angles/angular velocities, offset errors of tether connection 
points, and unideal structural characteristics of the satellites. 
To obtain the analytical solutions of resonance, equations of 
angles of nutation is transformed and the satellite attitude 
equations are systematically solved using the method of 
integral manifolds[2]. Compared to commonly used methods 
for obtaining analytical solutions in dynamics, such as the 
averaging method or multiscale method, the method of 
integral manifolds can be employed to analyze situations 
involving large-angle variations. The potential resonance can 
be reduced by decreasing system asymmetry and initial 
interference. The effectiveness of the dynamic analysis is 

evaluated through simulations. It was found that, in cases of 
larger initial angular values of nutation (1 rad), the offset 
error of connection points should not exceed 5% to avoid 
resonance. However, in situations with smaller initial 
angular values of nutation (0.01 rad), resonance does not 
occur until offset error of 30%.  

 
(a) Angle of nutation 

 
(b) Angular velocities of satellite 

Figure 1.   Attitude motions of end-satellite under resonance case 

Remark 1 In Figure 1(a), “Original” depicts the angle of nutation based on 
the original nolinear model, while “Intergral Manifold Method” illustrates 
the angle of nutation caculated using the intergral manifold method; In 
Figure 1(b), “Upper limit” and “Lower limit” denote the limits of angular 
velocity when resonance occurs between the angle of nutation and the angle 
of spin. 
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The bare electrodynamic tether system (BEDT) is a 

propellant-free propulsion technology with high electron 

collection efficiency, which is considered an ideal platform for 

de-orbiting missions[1]. To BEDT, one of the core issues is to 

locate and maintain its equilibrium positions. However, due to 

the nonlinear distribution of electrical current, it is a challenging 

task to locate equilibrium positions for BEDTs. The 

conventional method of curve fitting[2], though accurate, cannot 

provide an analytical calculation of euiqillibrium positions. 

Therefore, for the convenience of dynamic analysis and 

controller design, it is still an unresolved problem to give an 

analytical calculation of equilibrium positions[3]. 

To address the challenge above, this paper studied the 

calculation of the BEDT equilibrium position and its stable 

control around the equilibrium position. First, a new 

methodology was proposed for calculating the equilibrium 

position of the bare electrodynamic tether system using integral 

variable substitution. This innovative methodology gives an 

analytical form of equilibrium positions, which avoids the 

limitations of the conventional curve-fitting method and thus 

allows further dynamic analysis and controller design. Second, 

based on the analytical calculation, the influence of key 

parameters like tether diameters, tether materials, and orbital 

parameters on the equilibrium positions was analyzed. Third, a 

control strategy for stabilizing BEDT around its equilibrium 

positions was proposed by adjusting tether length, which 

regulates angular moment and electrical current on tether at the 

same time. Compared to the conventional on/off strategy, the 

proposed strategy avoids the undesired transient responses or 

additional system disturbances, and stabilizes tether positions 

around equilibrium positions. Considering the change of 

geomagnetic field strength and electron density during de-

orbiting, a sliding mode controller based on prescribed 

performance control was designed. Numerical simulation 

results indicate that the analytical calculation of the equilibrium 

positions matches the nonlinear model well with an error of less 

than 5% considering the high-precision magnetic field and 

ionosphere models. Tether is stabilized around the equilibrium 

position well under the regulation of the sliding mode controller, 

the angular deviation of which is less than 0.003 rad. 

 

Figure 1.  Actual value and theoretical value of In-plane 

angle without controller 

 

Figure 2.  Actual value and theoretical value of In-plane 

angle with tether length control strategy 
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and Experimental Studies; Subsystem Technologies to 

Enable Space Tether Missions Tether Propulsion. 

With the advancement of tethered satellite systems, future 

missions based on tethered satellite operations may need 

multiple deployments and retrievals. For example, a service 

spacecraft may be able to collect some space debris [1],[2]. 

Hence, this study focuses on designing a mechanism for the 

efficient deployment and retrieval of sub-satellites.  

Numerical simulation of the deployment and retrieval is 

presented in this paper to provide a theoretical basis for 

ground experiments, particularly under various extreme 

conditions [3]. It is assumed that the sub-satellite is a non-

cooperative target and there is no direct measurement of the 

sub-satellite. Hence, the motor tracks an open-loop optimal 

trajectory during the experiment in this paper. 

As shown in Figure 1, the mechanism is divided into two 

components: the ejection part and the tether deployer. The 

ejection part consists of a spring and a docking guide cone. 

The spring provides the needed energy for ejection, while 

the docking guide cone ensures the sub-satellite's attitude 

during retrieval. To enable autonomous on-orbit operations 

of the system, a novel automatic locking and unlocking 

mechanism is designed. The tether deployer consists of a 

motor, a reel, a tether distributor, and a tether feeder, which 

are connected by gears. The design of the tether distributor 

is inspired by the line-discharging method of a fishing reel. 

It utilizes a reciprocating screw and guide rod in 

conjunction with a slider to achieve the back-and-forth 

motion of the slider, thereby driving the tether to be 

uniformly distributed on the reel during the retrieval 

process. The tether feeder consists of two rods and rubber 

wheels. The two rubber wheels grip the tether tightly. 

During the deployment process, the tether is pulled out by 

rotating the rubber wheels to prevent tangling of the tether 

around the reel. Additionally, the mechanism employs one-

way bearings to prevent the tether feeder from feeding the 

tether into the mechanism during retrieval and to minimize 

the friction caused by the sliding motion of the tether 

distributor during deployment.  

The tether material used in this paper is Dyneema, and it is 

uniformly and tightly wound around the reel. It passes 

through the tether distributor and the tether feeder before 

connecting to the ejection and docking mechanism. The 

tether in this experiment is also tested in a simulated space 

environment, confirming its feasibility. 

Finally, a planar air-bearing experiment is executed to 

demonstrate the deployment and retrieval of a two-body 

tethered satellite system. The experimental results validate 

the feasibility of the proposed mechanism based on the 

designed optimal trajectories for deployments and retrievals. 

Spring

Docking guide cone

Tether feeder
Tether distributor

Reel 

Motor

 

Figure 1.  A mechanism for ground experiments 
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Global Communication or Remote Sensing 

Global, 24/7, and all-weather synthetic aperture radars 

(SARs) are ideal platforms for ground-moving target 

indication (GMTI) missions, and technology with distributed 

spaceborne SARs is a common solution to achieve this 

goal[1]. Compared to conventional untethered structure, 

spaceborne SARs tethered with each other avoids the 

complicated flying around maneuvers and their resulting 

periodic variations in interferometric baselines, providing 

stable interferometric baselines without additional fuel 

consumption of flying around[2]. Nevertheless, compared to 

conventional missions, GMTI missions put new 

requirements to the deployment process of space tether 

systems (STSs): As such missions explicitly require the 

stabilization of the interferometric baseline at the along-track 

position, tethers are required to deploy to the special 

positions with in-plane angle of ±90 deg, which are unstable 

relative to the local vertical[3]. Such an unusual requirement 

puts a new challenge to tether deployment control, which has 

not been studied adequately yet. 

Focused on the aforementioned issue, this paper mainly 

studies the STS deployment process to the along-track 

position of a GMTI mission. Firstly, the properties of the 

STS at the along-track position are analyzed based on the 

Lagrangian model. Then, the observation principle of the 

GMTI mission is employed to define a synthetic criterion of 

measurement error for tether deployment. Third, two 

deployment strategies are proposed, and corresponding 

trajectories are generated by considering two scenarios of 

deploying to the positions of -90 deg and 90 deg respectively. 

The first scenario ensures a stable deployment with a longer 

operation time, and the second scenario ensures a quick 

deployment. It was also found in this paper that, to achieve 

an along-track deployment, the STS requires thrust 

assistance when the initial in-plane angle is 0 deg. On the 

other hand, when the initial in-plane angle falls within the 

range of over 90 deg or under -90 deg, it becomes feasible to 

achieve deployments without thrust by searching for the 

optimal initial state. In the end, an adaptive closed-loop 

controller is designed using the backstepping method to 

track the reference trajectories. Simulations demonstrate that 

the proposed adaptive controller can quickly track the 

desired trajectories under initial state errors and 

environmental disturbances. Under both deployment control 

strategies, the system can successfully attain the desired 

position with a measurement error criterion of less than 10-8. 

This study presents a theoretical foundation for utilizing STS 

in the area of SAR Earth observation. 

 

(a) Control strategy I (stable deployment) 

 

(b) Control strategy II (quick deployment) 

Figure 1.  Relative motion of STS during two deployment processes 
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Generation (Tether Power Generation and Energy 

Harvesting) 

This paper unveils a concept design for a novel Dyson-

Harrop CubeSat for harvesting energy from solar wind. By 

capitalizing on the photoelectric effect, the proposed 

CubeSat establishes a potential difference, achieving 

consistent current by capturing free electrons prevalent in 

the solar wind. Impressively, the projected energy yield 

from a singular cubic satellite can satisfy the demands of 

200 households or 35 international space stations. To 

optimize the transmission of this green energy, we 

conceptualize a strategically placed solar constellation 

network, supplemented by earthbound receiving 

infrastructure. Through comprehensive evaluation, the 

levelized cost of electricity (LCOE) of this setup emerges 

favorably against terrestrial power solutions, asserting its 

economic and operational viability. 

In order to promote the industrial application of the Dyson-

Harrop satellite, a redesign of the CubeSat system has been 

carried out. The structure of the CubeSat adheres to strict 

industry standards and offers several significant advantages: 

1) CubeSats enable the large-scale deployment of highly 

maneuverable functional units, facilitating the efficient 

transportation of multiple satellites in a single rocket launch; 

2) Using CubeSats can save costs associated with satellite 

design, production, and launch; 3) The convenient 

replacement of units within the system accelerates the 

iteration process; 4) Mature post-mission disposal 

mechanisms mitigate the risk of generating space debris. 

As the primary unit in the solar wind power system, the 

CubeSat possesses the ability to convert kinetic energy 

from the solar wind into electric energy. The energy is then 

directed to the desired location through a microwave power 

transmission system. Fig.1 provides a depiction of the solar 

wind power CubeSat. To remain stationary relative to the 

Earth, the CubeSat needs to be positioned at a distance of 1 

astronomical unit (AU) from the Sun, which corresponds to 

its orbital radius. The CubeSat consists of a 3U main 

satellite equipped with a microwave emitting device, a 

capacitor-style receiver, a ring-shaped copper sail, a closed-

loop rectangular circuit, and an anti-static device. The 

operational procedure of the CubeSat is as follows: 

1) The high-speed moving plasma composed of electrons, 

protons, and positive ions carried by the solar wind is 

directed parallel to the CubeSat. 

2) The main satellite energizes a closed-loop rectangular 

circuit, generating a magnetic field that attracts electrons 

from the solar wind to the receiver. 

3) The photons emitted from the Sun collide with electrons 

on the sail, causing the electrons to jump off the edge of the 

sail and fly towards the Sun. Under the influence of a 

magnetic field, they move away from the sail and 

accumulate a positive potential. 

4) The microwave power transmission system connects the 

sail with the positive potential and the receiver surface with 

the negative potential, causing electrons to move 

continuously from receiver to sail. The resulting stable 

current carries energy to the microwave. 

 

Figure 1.  Basic architecture of the novel Dyson-Harrop CubeSat concept 
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Tethered space system (TSS) as shown in Fig. 1 typically 

comprises two or more spacecraft connected by a flexible 

tether(s). It is a promising technology for diverse space 

missions including orbital maneuvering [1]-[3], artificial 

gravity [4][5], spacecraft formation flying [6][7], target 

capture [8]-[10], target detumbling [11]- [13], and space 

elevators [14]-[17]. To ensure the success of the missions, 

significant efforts have been dedicated to addressing critical 

tasks related to TSS due to its complex dynamic behavior 

arising from intricate space environments, strong system 

nonlinearity, tether flexibility, and dumbbell-like stability 

[18]. These complexities present significant control 

challenges, particularly concerning tether profile sensing, 

underactuated behavior, and computational efficiency, 

which are critical for space tether missions. 

 

 

Fig. 1. The schematic diagram of the TSS model 

Motivated by this, this paper presents a comprehensive 

computational control framework specifically designed for 

the management of flexible space tether systems, with a 

particular focus on configurations where actuation 

mechanisms are limited to spacecraft positioned at the end 

of the tether. The nodal position finite element method is 

utilized to construct a high-fidelity dynamic model that 

accurately reflects the intricate behaviors characteristic of 

flexible systems. Confronting the obstacle of direct state 

measurement in such systems, we propose an innovative 

robust finite element state estimation strategy. This strategy 

synergizes measurements from tether endpoints, distributed 

fiber optic strain data along the tether, and a virtual sensor 

model, thereby facilitating precise system state estimation 

under challenging conditions. A novel inverse nodal 

position finite element method is developed to convert the 

distributed fiber optic strain measurement along the tether 

into the position estimates of internal nodes in the finite 

element model of the tether in the spatial domain. The 

model-based virtual sensor was established to estimate the 

velocities of internal nodes by combining the position and 

velocity measurements at the satellites and the internal 

nodal positions. 

Building on these advancements, we present a high-fidelity 

model-based computational control framework based on 

optimal control theory. The initial optimal control problem 

is restructured into a two-point boundary value problem 

using Pontryagin’s principle. Numerical control input is 

then procured by solving this transformed problem, and the 

re-computation approach is implemented to enable 

feedback control of the system. To validate our proposed 

estimator and control framework, we conduct numerical 

simulations on a tethered satellite system in orbit. The 

results underscore the framework's efficacy, demonstrating 

its potential applicability across a broad spectrum of 

flexible body systems. 
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Space Tether Technology Development and  

Experimental Studies 

Space tether activities at the University of Stuttgart date back 

to the late 1990s. First research projects investigated tether-

assisted re-entry of payload return capsules from space sta-

tions. This research concluded in 2005 with optimisation 

studies and mission concepts for payload retrieval from the 

International Space Station. [1] 

After a hiatus, tether research was resumed within the last 

decade at the University of Stuttgart’s Institute of Space Sys-

tems, this time focussing on the application of tethered plan-

etary exploration rovers. Recently, tether research activities 

at the University of Stuttgart have expanded to in-orbit ap-

plications, such as tethered satellite systems (TSS) and Mo-

mentum Exchange Tether (MET) missions.  

Research on tethered rovers for planetary exploration is 

based on the Nanokhod, a Micro-Rover for scientific explo-

ration in extreme environments like the surface of Mercury 

[2], developed by a consortium under the lead of the com-

pany von Hoerner & Sulger GmbH (vH&S). Since 2015 the 

University of Stuttgart has conducted research in cooperation 

with vH&S, adapting the Nanokhod design for lunar surface 

exploration (see Figure 1 left). Starting in 2019, the University 

of Stuttgart and vH&S conducted a project to improve the 

Nanokhod Tether Mechanism. A novel miniaturised and 

sealed spooling and recoil mechanism for an ESCC-conform 

coaxial cable tether was developed. The enhanced mecha-

nism and tether facilitate the transfer of power and data over 

a maximum distance of 100 meters between the rover and the 

lander (see Figure 1 right). [3] 

 

Figure 1. Left: Nanokhod Laboratory (front) and Mechanical Model (back) 

on a test demonstration 

Right: Nanokhod Tether Mechanism (right) 

Considering the advancements of the tether mechanism, al-

lowing active recoil and deployment of the tether, several 

comprehensive design studies were undertaken for lunar 

exploration missions employing its potential. Graduate stu-

dents were included in these activities in the scope of the 

hands-on interdisciplinary educational course “Development 

of an Exploration Rover System”. [4]  

Additional studies undertaken at the University of Stuttgart 

also show the potential of a small swarm of tethered 

Nanokhod micro rovers to investigate the lunar surface 

plasma and dust particle levitation processes, local space 

weather conditions as well as surface-bound and depth-de-

pendent subsurface electrostatic properties for future lunar 

surface exploration. 

Inherent limited resources in space missions require robust 

and highly-integrated technological solutions. With minia-

turised tethered rover systems like the Nanokhod, tether di-

ameters of roughly 1 to 2 mm are required to achieve practi-

cal operational distances. Miniaturised wire-based tethers 

with these dimensions face significant limitations in data 

rates and power transfer, especially in lengths beyond several 

100 meters. This led to the ongoing development of a minia-

turised fibre and conductor hybrid tether. The aim of this re-

search is to investigate and enable an interference-free, de-

coupled and high-performance communication and power 

link, crucial for dynamic and harsh lunar environments. The 

results on hybrid tethers can be applied to a broader range of 

space tether applications as well. 

 

Figure 2. Tethered CubeSat mission developed in the master’s course 

“Small Satellite Project” 

Based on the experience of the planetary tether applications, 

the research at the University of Stuttgart was expanded to 

tethered satellite systems (TSS) in 2022. First, in-depth stud-

ies on tethered CubeSat missions were developed as part of 

the master’s course “Small Satellite Project”. Two student 

teams conducted a feasibility study for CubeSat missions 

conducting atmospheric in-situ research and rendezvousing 
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with space debris, utilising electrodynamic tethers for orbital 

changes. In parallel to these studies, two student teams de-

veloped the detection and tracking system for tethered ob-

jects in a distance of 100 m on a breadboard level for these 

missions in the scope of the “Rover System Technology” 

master’s module. [5] 

Subsystem development necessary for such missions is cur-

rently in progress. This includes the modelling of a ridged 

tethered CubeSat system and the corresponding design of 

AOCS algorithms, design modification of the Nanokhod 

Tether Mechanism for on-orbit application and the develop-

ment of a docking mechanism for tethered CubeSats. 

 

Figure 3. Orbital path of a payload attached to a rotating MET in orange in 

two different orbits (solid/dashed) and in the respective lunar transfer 

orbits in purple after being tossed 

Concurrently, a third tether application research area was es-

tablished in 2022. Within a master thesis, a concept study of 

a Momentum Exchange Tether (MET) mission was con-

ducted. A simulation tool was developed to calculate the be-

haviour of the rotating tether in Earth’s orbit and to deter-

mine the orbits of payloads after being collected and tossed 

by the MET.  Figure 3 shows the simulated orbital path of a 

payload attached to a MET in two different orbits around 

Earth and the resulting two lunar transfer orbits after being 

tossed.  

Based on this simulation tool, a feasible configuration was 

developed, capable of serving as infrastructure to support 

regular lunar missions with payloads of up 30 t. Various 

technological and operational challenges were identified and 

are now the focus of ongoing research at the University of 

Stuttgart. [6] 

This paper aims to present and detail the recent space tether 

research activities at the University of Stuttgart and their ob-

jectives and results, covering tethered planetary exploration 

rovers, tethered satellite systems as well as momentum ex-

change tether missions. 
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Conference Topic: Planetary Exploration and Utilization 

This study investigates the de-spin and reorientation control 
of a rotating asteroid utilizing a small tethered spacecraft 
during the post-capture phase, particularly when captured 
by a flexible net/bag. Unlike rigid capture approaches 
involving space robot arm/gripper systems, applying active 
control directly to the asteroid is often challenging. 
Consequently, our study proposes a promising “passive” 
control strategy achieved by actively adjusting the tethered 
spacecraft, providing an effective approach for the de-spin 
and reorientation control of rotating asteroids. 

First, we derive the dynamic equations of the system using 
the Lagrange formulation. Subsequently, we determine the 
attainable equilibrium configurations of the tethered system 
based on the governed equations. Following this, a 
coordinate transformation is applied to approximately 
feedback linearize the system. Next, the de-
spin/reorientation controllers are designed to stabilize the 
system at the attainable equilibria. The asymptotic stability 
of this underactuated tethered system is strictly proven with 
help of the Lyapunov techniques and the Barbalat’s Lemma. 
Numerical simulations are then conducted to demonstrate 
the effectiveness and performance of the proposed de-spin 
and reorientation controller for de-spin and reorientation. 

Followings are some simulation results. 

Case-1 De-spin under different thrusters.  

 

Figure 1.  Rotation angle and angle rate of Asteroid 

 

Figure 2.  Configuration of tethered system in orbital frame 

Case-2 De-spin under different tether lengths.  

 

Figure 3.  Rotation angle and angle rate of Asteroid 

Case-3 Reorientation control. 

 

Figure 4.  Rotation angle and angle rate of Asteroid 

Observed from numerical studies, the proposed de-
spin/reorientation controller proves effective under different 
operational conditions. 
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Conference Topic: Fundamental Research on Space Tethers, 

Mathematical Modeling of Space Tethers, Dynamics, Controls. 

CubeSats are increasingly captivating the interest of 

academia and researchers alike. Meanwhile, Tethered 

CubeSat systems offer a cost-effective avenue for exploring 

and use of the distinctive features of tethered systems such 

as momentum exchange of the end satellites and gravity 

gradient stabilization of the system. While it has been 

established that long tethered systems (several kilometers 

long) exhibit enhanced gravity gradient stabilization [1], the 

same cannot be unequivocally affirmed for shorter tethered 

configurations (several meters to several hundred meters). 

Particularly, in the presence of perturbing torques, in highly 

inclined and eccentric orbits, Tethered Satellite Systems 

(TSS) stability is challenged. This paper explores the 

impact of key orbital perturbation torques and the mass 

distribution on the libration dynamics of a tethered CubeSat 

system throughout its deployment, station-keeping, and 

retrieval phases. A 12 standard unit (12U) CubeSat in 

stowed configuration is analyzed for this case study. Two 

deployed configurations of the system with different 

inertias namely, the symmetrical 6U-6U and the 

asymmetrical 8U-4U are investigated. The end masses, 

which adhere to the CubeSat Design Specification (CDS), 

are connected by a tether with a maximum length of 100 m. 

A maximum tether release/retrieve rate of 15 m/h from/to a 

mechanism mounted on the satellite closer to Earth, is 

assumed for the system. The perturbing effects of Earth’s 

oblateness, atmospheric drag, solar radiation pressure, and 

lunisolar gravitation are investigated for the defined 

operational phases. In mathematical modeling based on 

Lagrangian formalism, and simulation of dynamic behavior, 

the tether is presumed to be rigid, massive, and extendable. 

The satellites are simplified as lumped masses at both ends 

of the tether. The system's translational and rotational 

dynamics are decoupled, with the overall center of mass 

assumed to follow an unperturbed Keplerian Sun-

Synchronous Orbit (SSO) at altitudes ranging from 400 to 

600 km. Moreover, the reliability of a control strategy 

based on Lyapunov’s direct method is explored for tension 

control augmented with actuation. In contrast to previous 

studies applying this method to TSS control, the 

perturbation torques, tether mass, and system inertia are not 

neglected. In this study, the energy-based Lyapunov 

function is derived from the system’s Hamiltonian [2]. 

Simulation results reveal several noteworthy findings: 

Large orbit eccentricity (e) has a perturbing effect on the 

libration of the tethered satellite system even in the absence 

of perturbations and regardless of system’s configuration. 

With values as large as e = 0.5, the libration angle of the 

system in the orbital plane exceeds values of 220°. A 

comparison of the symmetrical and asymmetrical 

configurations confirms that the symmetrical system 

experiences smaller in-plane and out-of-plane torques about 

its center of mass. Nevertheless, tether tension magnitudes 

and variations are larger than the asymmetrical system. 

Both systems exhibit larger in-plane oscillations compared 

to out-of-plane angles. The space environment-induced 

perturbation torques remain periodic and relatively constant 

over time. Hence, the variations of the libration angles 

during the station-keeping phase also remain periodic. 

However, the simulation results indicate that the eclipse 

passages have a negative effect on the out-of-plane libration 

of the 8U-4U system, leading to large out-of-plane 

oscillation amplitudes, exceeding that of the in-plane angles 

over time.  

The results of this study reinforce the observation of a 

relatively stable dynamic behavior during the deployment 

phase and the inherently chaotic nature of the retrieval 

phase with large oscillation amplitudes for libration angles 

and the tether tension, a characteristic previously explored 

in existing studies. The employed tension control strategy 

closely relates to tether release/retrieve rate control and 

effectively dampens the oscillations and angle rates during 

the retrieval phase while improving the deployment 

behavior. However, the effectiveness of the tension control 

is constrained by the tether’s limited tension which nears 

zero at the end of retrieval. The demanded external 

actuation torques alongside the tension control are 

calculated to be 1-2 mNm for the deployment phase, and up 

to 15 mNm for the retrieval phase.  
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Properties 
6U-6U 

symmetrical 

8U-4U 

asymmetrical 

Total mass 24.4 kg 24.4 kg 

Effective 

area 
0.21, 0.21 m2 0.28, 0.02 m2 

Tether mass 0.4 kg 0.4 kg 

Tether 

diameter 
0.002 m 0.002 m 

Max. tether 

length 
100 m 100 m 

Max. tether 

rate 
15 m/h 15 m/h 

Table 1. Tethered CubeSat System Configuration Sketch and Properties 
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Conference Topic: Space Tether Technology Development 

and Experimental Studies- Subsystem Technologies to 

Enable Space Tether Missions 

Hardware-in-the-loop (HIL) testing is an essential 

procedure during the development and validation of 

Attitude Determination and Control Subsystem (ADCS) for 

satellites. The HIL setup involves a close-loop system with 

hardware and software. It mimics the space environment 

and the actual ADCS, allowing for the comprehensive 

evaluation of ADCS algorithms, sensors, and actuators in a 

controlled and repeatable environment. Among the different 

testbeds that can be used, HIL setups based on air bearing 

offer a dynamically representative environment at a low 

cost [1]. In the case of space tethers, the ADCS plays a 

crucial role in the tether deployment preparation phase. For 

non-spinning tethers, the ADCS should ensure that the 

deployment is expected to take place the tether lies along 

the local vertical at the end of the deployment phase [2]. 

In a recent work [3], an architecture for the ADCS 

subsystem of a deorbit device in the tether deployment 

preparation phase was proposed, together with estimation 

algorithms and control laws. The attitude determination and 

control algorithms for this phase encompass two sub-modes: 

detumbling and coarse nadir pointing. They use four 

sensors (gyroscope, magnetometer, coarse sun sensors, and 

GNSS) and a 3-axis magnetorquer as actuators for attitude 

control. Additionally, a multiplicative Extended Kalman 

Filter (EKF) was used for attitude determination, along with 

the construction of two independent control laws for the 

detumbling of the deorbit device and subsequent pointing 

stabilization [3]. Numerical simulations were conducted to 

study the performance of the proposed approach. This paper 

aims to transition from simulation to experimental 

validation, providing a comprehensive assessment of the 

algorithms’ performance combined with a HIL. The 

proposed HIL test consists of two essential steps. The initial 

step focuses on validating the attitude estimation by 

employing the developed EKF algorithm alongside real 

sensors (gyroscope, magnetometer, sun sensors). The 

experimental setup uses a Free-floating Air-Bearing Table 

(FABT), real sensors, and an attitude heading reference 

system to compare the results. The accuracy of the EKF is 

assessed across different scenarios, including eclipse and 

daytime lighting, and varying angular velocities. 

Additionally, the EKF’s robustness is tested by substituting 

redundant sensors for primary ones, exploring its 

adaptability and reliability with alternative sensor data. This 

evaluation is conducted in both static and dynamic 

conditions, offering insights into the algorithm’s 

performance.  In the second step, a comprehensive 

validation of control and attitude estimation is undertaken 

by integrating magnetic torquers and cold gas thrusters with 

the attitude algorithm, employing a FABT. The actuator-

level evaluation focuses on analyzing actuator performance, 

considering factors like frequency of operation and 

execution of commands from the on-board computer. At the 

control level, the test includes mode switching, a 

detumbling phase to reduce angular velocity, and pointing 

maneuvers to rotate the modules toward a desired point. 

Additionally, we investigate the scenario for updating 

algorithm parameters from the ground station during the 

test, thus emulating the process occurring in the future 

mission.  
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Conference Topic: Tether Propulsion and Energy 
Generation - Tether Power Generation and Energy 
Harvesting 
	
The International Space Station (ISS) holds profound 
significance for humanity as it serves as a pivotal platform 
for astronauts to conduct and advance research in 
microgravity, contributing to the development of new 
exploration technologies. However, due to the atmospheric 
drag forces, the ISS experiences an average decay rate of 
around 2 km/month and requires periodic reboosting to 
maintain its operational altitude of approximately 400 km. 
Since chemical reboost maneuvers necessitate, every year, 
around 8 tons of fuel with a huge cost, the exploration of 
alternative propellant-less technologies becomes imperative. 
Over the past two decades, numerous studies have explored 
the feasibility of integrating the ISS with a cost-effective and 
environmentally sustainable solution, and Electrodynamic 
tethers (EDTs) may emerge as a potential option for the ISS 
station-keeping operation without propellant. A notable 
example is the work described in [1], which demonstrated 
that a 10-kilometer-long aluminum bare tether could achieve 
a 90% reduction in propellant usage over a decade. 
Nevertheless, the viability of this solution is contingent upon 
an input power, typically ranging from 5-10 kW, which must 
be drawn from the existing electric power of the ISS. This 
necessity has consequential implications for the deployment 
direction that must be downward.  
Despite the potential benefits, the integration of a downward-
facing tethered system of the ISS encounters stringent 
regulations, particularly pertaining to the designated 
corridors for approaching vehicles. To reconcile the demand 
for power with the prospect of an upward tether deployment, 
a proposed solution involves the implementation of a Bare-
Photovoltaic Tether (BPT) [2]. The BPT extends the partially 
insulated EDT concept by incorporating a photovoltaic 
segment composed of thin solar cells to harvest the required 
input power.  
Determining the total tether length and, specifically, the 
correct fraction of the total tether length to be covered by 
photovoltaic cells to produce the needed input power, is 
pivotal in BPT design and system operation. This study 
proposes the derivation of the required tether dimensions for 
executing the ISS station-keeping maneuver employing the 
zig-zag strategy recently presented in [3]. This strategy 

foresees the alternation of reboost and the natural decay due 
to drag. The reboost is performed when the ISS falls below a 
certain altitude 𝐻!, and lasts until the ISS reaches an higher 
altitude 𝐻" . Then the ISS is left under the action of the 
atmospheric drag which brings it down to 𝐻!. Both altitudes 
(𝐻! and 𝐻") are pre-selected during the mission design.  
Additionally, once the BPT dimensions are found, the system 
is evaluated and validated with the use of FLEXSIM [4], a 
software developed by the University of Padua capable of 
simulating the dynamics of the ISS during BPT system 
operation. FLEXSIM can simulate the zig-zag maneuver 
setting the altitudes at which the BPT has to start and end its 
operations. The dynamics of the complete system is 
computed integrating the equations of motion that also 
consider the Lorentz Force generated by the tether only when 
the altitude has to be increased. In the decay phase, instead, 
the BPT is not operative (it is retrieved back), so the Lorentz 
Force is not produced and hence not included in the 
equations of motions. Namely, during this phase, only 
gravity and neutral drag are considered. The maneuver can 
be simulated for a given time that could be set at the 
beginning.  
The goal of this paper is to showcase the feasibility of 
implementing the innovative, sustainable, and 
environmentally friendly concept of BPT technology to 
benefit the ISS station keeping, creating a fully autonomous 
system capable of independently generating the necessary 
input power to carry out that task. 
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Conference Topic: Space tether Technology Development 
and Experimental Studies – Subsystem Technologies to 
Enable Space Tether Missions  

The space exploration community is currently addressing 
the pressing challenge of orbital debris through innovative 
approaches, seeking alternatives to conventional chemical 
propulsion systems for satellite deorbiting. Electrodynamic 
Tethers (EDTs) have emerged as a promising solution, 
offering the capability to generate drag forces without the use 
of propellant, minimizing the adverse impacts on the space 
environment. The Horizon 2020 (H2020) Future Emerging 
Technologies (FET) OPEN Project E.T.PACK was 
established to advance EDT technology. The project focuses 
on the research, development, and manufacturing of a 
Deorbit Device prototype designed for the purpose of 
deorbiting end-of-life satellites [1][2]. The Deorbit Device 
prototype consists of two autonomous modules 
interconnected via a 500-meter-long tape: the Deployment 
Mechanism Module (DMM), that houses the tape tether and 
the Deployment Mechanism (DM) responsible for tether 
extraction, and the Electron Emitter Module (EEM) that 
accommodates the hollow cathode electron emitter 0.  

As a collaborative partner within the E.T.PACK 
consortium, the University of Padova conducted a series of 
test campaigns over the course of 2022. These campaigns 
were strategically focused on deployment tests, which 
constitute a pivotal phase aimed at refining the tape 
extraction/guiding assembly and assessing the efficacy of the 
DM design. The test setup encompassed the fixed spool, the 
tape guiding assembly, electrical and electronic components, 
and a power supply. The stationary spool was meticulously 
crafted using 400 m of Aluminum - the conductive tether 
segment - and an additional 100 m of PEEK - the inert 
segment - designed to impart dynamic stability to the system 
during the deorbiting phase. The fabrication process 
involved the utilization of a specialized spooling machine. 
Various tests, including those involving constant velocity, 
ramp-up, and specific velocity profiles, were conducted on 
representative tape lengths with the primary objective to 
scrutinize the condition of each tape section after several 
meters of extraction, thereby providing valuable insights into 

the operational capabilities of the DM. The results of these 
test campaigns demonstrated the DM capacity to deploy 
tapes with diverse thicknesses and mechanical properties 
seamlessly. Notably, the attained outcomes culminated in the 
achievement of a Technology Readiness Level (TRL) falling 
within the specified range of 4-5 by the conclusion of 2022. 
This finding contributed to underscore the credibility and 
potential of the E.T.PACK initiative, leading to the European 
Commission (EC) endorsement and financial support for the 
subsequent phase, denoted as E.T.PACK-F, in September 
2022. E.T.PACK-F propose to develop a ready-to-fly 
Deorbit Device (DD), aiming to elevate the TRL to 8, 
pertaining to the attainment of the Flight Model (FM). 
Within the scope of the DM development, the Engineering 
Qualification Model (EQM) has been designed and is 
currently manufactured leveraging the knowledge acquired 
from the testing and verification activities conducted on the 
E.T.PACK prototype in late 2022. End-to-end deployment 
test following a specific deployment profile - that will bring 
the system to align with the Local Vertical - covering the full 
tether length, are planned to be conducted with the aim of 
refining and optimizing the characteristics of the DM EQM. 

This paper endeavors to present the deployment 
functional tests executed on the DM prototype in late 2022, 
including the experimental setup and methodology. 
Additionally, the paper will expound upon the outcomes 
obtained from the qualification test campaign scheduled for 
the DM EQM, including the dynamic simulations used to 
derive the specific deployment velocity profile. The 
execution of these testing activities paves the way for the 
preparation and testing of the DM FM and has a pivotal value 
in assessing the robustness and efficacy of the DM in a real-
world operational context. 
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Conference Topic: Mathematical Modeling of the Space
Tethers, Dynamics, Controls

In this paper, a velocity observer is proposed for a Space
Tether system (STS) using the controlled Port-Hamiltonian
framework. The deployment and retrieval process is of
interest and has been well studied in Refs. [1–3] . However, it
is noticed that not all the states can be directly measured by
installed sensors. For example, the libration angle and length
of the deployed segment are measured through the onboard
sensors, and they should be in real-time [4], but their rate
cannot be directly measured. For example, the accurate
estimation of the unmeasurable state should be addressed to
implement the controller successfully.

Many efforts have been devoted to this direction to address
this limitation. The unmeasurable state can be estimated by
using the Kalman filter algorithm [5–8]. It is simple and can
be easily implemented; however, the defect of this algorithm
is apparent. It requires a significant computational source to
process the sampling points. Meanwhile, the immersion and
invariance (I&I) technique is also explored to estimate the
unmeasurable state (libration angle rate) of the libration
motion of an electrodynamic tether system [9]. The
measurement model of the unmeasurable state can be
analytically derived by solving a partial differential equation,
and it proved to be estimated accurately [10–12]. The
derivation process of the Lyapunov candidate is complex and
it depends on the author’s experience. In this paper, the I&I
technique is applied to design the unmeasurable state
estimator. However, different from Wen’s work [9], the
novelty of this work is converting the velocity observer error
system into a generalized Port-controlled Hamiltonian (PCH)
framework. An attractive and invariant manifold is defined on
an extended PCH framework. Therefore, the problem for
observer design is recast as the problem of designing an
attractive and invariant manifold inside a PCH framework. Then,
the interconnection and damping assignment technique can be
directly used to derive an expected Port-Hamiltonian function,
which is an ideal Lyapunov function[13]. The attractivity of
the proposed manifold is easily achieved by solving a PDE
equation [11]. Here, the velocity observer error system is
reformed as the PCH form, which retains the damping matrix
structure of the PCH system. It can facilitate the definition of
disturbance compensation. In this work, the proposed velocity
observer for the deployment/retrieval of the STS has an
exponential convergence rate.

The proposed velocity observer has been proven to guarantee
the exponential convergence of the estimation errors. Then,
the performance of the proposed observer for the deployment
process of the STS is numerically evaluated via a simulation.
This simulation is designed by adapting a dynamic motion
process that has a varying velocity. The results are shown in
the following Figs 1 and 2. Fig 1 shows time history
velocities  and  (solid lines) against the estimated

variables ̂ and ̂ . It can be seen that the converging speed
of the proposed observer is fast. This phenomenon is also
observed in Fig.2, which shows the time histories of the error
between the estimator and target.

Figure 1. Dimensionless time history of velocities and the observer

Figure 2. The tracking error of velocities and the observer
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Conference Topic: Other Advanced Tether Concepts 

To safely inspect and repair Tiangong Space Station, a short 

tethered CubeSat is proposed to replace astronauts. The 

CubeSat uses two tethers which are called umbilical lines[1] 

to connect its main body, and two probes at both ends which 

carries out transmission of electricity, information and gas 

propellant. By getting supplies from the main body, probes 

are highly simplified sub-satellites while most of systems for 

a CubeSat are concentrated on the main body. Probes are the 

working hands of the CubeSat, integrating tools for on-orbit 

servicing such as cameras, grippers and welding guns, and 

can move using cold gas thrusters on their body.  

During the on-orbit servicing process, the CubeSat needs to 

frequently move on the surface of the space station. When on 

the orbit, the propellant is hard to achieve but the electricity 

is easy to obtain. This paper proposes an Electric-Gas Hybrid 

(EGH) CubeSat moving mode: Probes move to grab two 

different handles on the space station. Then one of the 

umbilical lines is restored and the other is released by electric 

winches, leading the main body to move. The EGH mode 

allows the whole CubeSat to move with low propellant 

consumption, therefore the CubeSat can achieve a longer 

service life with less external supply.  

In order to verify the practicability and potential of the EGH 

mode proposed above, this paper analyzes the dynamics of 

the umbilical lines in the process of probes’ and the 

CubeSat’s movement in EGH mode, and studies the 

influence on umbilical lines’ transmission capabilities when 

umbilical lines’ shapes change in these processes.  

 

 

 

 

 

Figure 1. Structure of the CubeSat 

 

 
Figure 2. Structure of umbilical line 
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Conference Topic: Fundamental Research on Space 

Tethers 

Abstract: This paper investigates the deployment and 

retrieval problems of a spinning tethered satellite formation 

(TSF) system. A dynamic model of the spinning TSF 

system of concern is first developed to describe the attitude 

motions of the system, involving the relative rotations of 

the tethers to the central main satellite. Besides, tangling 

motions between the tethers and satellites may be generated 

and thereby destroy the system stability and safety in a 

short time during the tether deployment and retrieval 

process, especially for a spinning TSF system. How to 

control the attitude motions quickly and keep the formation 

stable is a challenging task. To this end, a learning-based 

control strategy with low time cost is proposed to achieve 

the stable deployment and retrieval of tethers. In the 

strategy, a nonlinear model predictive control (NMPC) law 

is developed for achieving stable deployment/retrieval of 

tethers, in which the control constraints and nonlinear 

dynamics are both accounted for. Based on a deep learning 

method, a dataset including control input and state output 

obtained offline using the NMPC law are trained to form a 

deep neural network. In this way, an online feedback 

control of the attitude motions of the system can be 

achieved by conducting real-time mapping from the system 

state to the control input using the neural network. Finally, 

numerical simulations of deployment and retrieval for the 

TSF system with symmetric and unsymmetric 

configurations are both presented to demonstrate the 

computational efficiency and to validate the effectiveness 

of the control strategy.  
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Figure 1.  A spinning TSF system 
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Conference Topic: Tethered Spacecraft for Asteroid or 

Comet Exploration and Mining 

The use of tethered artificial gravity assists in space travel 

to perform orbital maneuvers has the potential to 

significantly extend missions through the reduction of fuel 

consumption. As space exploration has become more 

accessible, interest in near-Earth asteroids (NEAs) has 

grown. Studying NEAs can yield new information about the 

early solar system and provide important insights into 

related fields, such as planetary defense. Further, it has been 

discovered that many NEAs are in binary systems, which 

presents a unique orbital environment for optimizing 

spacecraft maneuvers for future asteroid missions. This 

paper employs a genetic algorithm to determine optimal 

tethered maneuvers to periodic orbits in the vicinity of a 

binary asteroid using the circular restricted three-body 

problem (CR3BP). The optimization determines the 

maneuver that results in the greatest change in the Jacobi 

constant between the incoming orbit and final orbit in order 

to maximize the benefit of the tethered artificial gravity 

assist into a periodic orbit about the primary asteroid. 

 

The utilization of tethers for artificial gravity assists has 

been studied as an alternative to traditional propulsion 

methods for over thirty years. Since then, the tethered 

gravity assist maneuvers have been investigated for use in 

many different missions and applications. For example, a 

tethered gravity assist about a moon to capture a spacecraft 

around a planet was explored to determine feasible tether 

detachment state vectors [1]. Similarly, tethered gravity 

assist maneuvers were proposed to hop between asteroids in 

the main belt for an extended mission that would use 

minimal fuel  [2]. These studies found that in a mission that 

would travel to seven main belt asteroids, utilizing tethered 

maneuvers would reduce the necessary Δv generated via 

chemical propulsion from 235 m/s to 51 m/s [2]. This paper 

expands upon these previous investigations into the use of 

optimal tethered artificial gravity assists in fuel-saving 

maneuvers by applying the dynamics of the tethered 

maneuver in binary asteroid systems using the CR3BP.  

 

The tethered gravity assists are examined within the context 

of the low-gravity environment of binary asteroid systems 

using CR3BP dynamics and the feasibility of maneuvers in 

binary systems of various mass ratios are explored. This 

investigation selected three observed binary asteroid 

systems with different mass ratios and orbital eccentricities 

that allowed for modelling using the CR3BP. Optimizations 

were performed and simulated to investigate and 

demonstrate the feasibility of tethered gravity assists in 

various binary asteroid environments. 

 

In each analyzed system, the tethered artificial gravity assist 

was found to have the ability to significantly change the 

energy of the spacecraft and insert it into a desired planar, 

near-circular, periodic capture orbit about the primary. 

Figure 1 shows an example of an optimal tethered artificial 

gravity assist maneuver for a binary asteroid system. The 

developed approach aligned the detachment point with the 

desired final orbits about the primaries, with minimal error 

in the relative state vectors. Ultimately, the tethered 

artificial gravity assist maneuvers successfully redirected 

spacecraft from their initial trajectories into bound orbits 

within the binary systems, i.e., sufficiently changing the 

Jacobi constant of the spacecraft through the maneuvers.  

 
Figure 1. Example tethered artificial gravity assist maneuver with zero 

velocity curves corresponding to the final Jacobi constant 
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Conference Topic: Tether-based Systems for Space Debris 
Remediation 

As human space activities become more and more frequent, 
space environmental problems become increasingly severe. 
The main factor causing the deterioration of the space 
environment is the space debris generated by various space 
activities. Currently, there are a large number of 
malfunctioned satellites, rocket upper-stages and their 
debris in near-Earth space. In order to alleviate and change 
this situation, major space nations around the world are 
developing various effective space debris clearance 
mechanisms [1], an ideal platform of which is spinning 
tether systems [2]. The spinning tether system (STS) has 
advantages because of its non-contact and rapid de-orbit, 
spinning stability, and short preparation time for new tasks 
[3]. The spin-up process mainly relies on the main 
spacecraft and autonomous capture device thrusters, as well 
as the tether system tension control mechanism. Current 
research indicates that [1,2], during the ground 
development process, although modern technology and 
quality management methods can be used to eliminate 
various actuator faults as much as possible, the impact from 
debris capture is a great challenge to STS, and the system 
also needs to be accelerated to prepare for further tossing. 
At this stage, the system is prone to malfunctions, therefore, 
before executing actual space missions, it is necessary to 
design fault-tolerant control strategies and conduct a series 
of verification experiments on the ground. 

In this paper, we consider the above problems and study the 
design of fault-tolerant control strategies for the post-
capture spin-up process and ground verification. First, the 
Lagrangian equation is used to establish a dynamic model 
and analyze the failure mode of the thrust force of the 
actuator; then, the impact of the failure mode on the spin 
motion is analyzed, and an adaptive fault-tolerant controller 
is designed under fault conditions. Finally, in order to 
simulate actuator failure and verify the effectiveness of the 
control strategy, a ground experimental platform simulating 
three-dimensional tether spin was built as shown in Figure 
1. Based on this test bed, the STS motion under 
uncontrolled conditions and when the system fails was 
studied, and the effectiveness of the proposed adaptive 

control strategy was further verified. Both numerical 
simulation and ground simulation results show that the 
designed controller can achieve stable spinning motion of 
the system after capture, and the controller is 
implementable for the actual hardware. 

 

Figure 1.  Curve of state variable change during STS spin-up process 

              

 (a) Physical picture (b) 3d model assembly picture 

Figure 2.  Rotary Test Bench 
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Conference Topic: Mathematical Modeling of Space 

Tethers, Dynamics, Controls 

With good centrifugal stability and significant tossing 

ability, spinning tether systems (STSs) are considered good 

solutions to the construction of artificial gravity, satellite 

formations, in-orbit transportation systems, etc. Due to the 

following reasons, the current research on STS is mostly 

focused on in-planar spinning motion [1]: The conventional 

Lagrangian models have singularities in the case of large 

out-of-plane angles, while the commonly used Newtonian 

models described in the inertial coordinate system suffer 

from the coupling problem when calculating in-plane and 

out-of-plane angles from Cartesian coordinate. Such 

problems put challenges to the further application of STS in 

missions like artificial gravity and satellite formations as 

they require spatial and maneuverable spins. 

Based on the above problems, this paper investigates 

the three-dimensional maneuvering of tether spinning 

motion. First, in order to solve the aforementioned modeling 

problems, as shown in Fig. 1, this paper proposed a new 

spinning coordinate system 
r r rCX Y Z  by defining the 

spinning vector 
rn  denoting tether spinning motion, where 

  is the angle between the projection of the spinning 

vector(
rCX ) and the 

cCX  of the orbital moving coordinate 

system,   is the angle between the spinning vector and the 

orbital plane, and is the spinning angle. Accordingly, a 

modified Newtonian-Eulerian model was established, and 

the calculation of spinning motion from the Cartesian inertial 

coordinate system was derived under the description of the 

spinning vector 
rn . 

Second, this paper studied the maneuvering strategy 

between typical spinning planes, and reference trajectories 

for spinning plane maneuvering were given in the new 

spinning coordinate system 
r r rCX Y Z . In the end, a saturated 

closed-loop control law was designed to track the reference 

maneuvering trajectories, as small-thrust electrical engines 

are chosen as the active maneuvering and holding force. Fig. 

2 shows STS motions during a maneuver process under the 

action of the open-loop reference output and the closed-loop 

controller. Simulation results show that by using the 

description of spinning vector, coupling problems of 

conventional STS models are avoided, and the proposed 

strategy can ensure three-dimensional maneuvering of STS 

spinning motion. During the maneuvering process, the errors 

of angles .  are 0.007 rad (relative error 0.45%), and the 

error of spinning velocity   is 0.00002rad/s (0.30%).  

 

Figure 1. The spinning plane coordinate system 

 

Figure 2 (a) Trajectory of sub-satellite during maneuvering 

 

Figure 2 (b)  ,  and   of  STS during maneuvering 
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Conference Topic: Space Tether Technology Development 

and Experimental Studies (Subsystem Technologies to 

Enable Space Tether Missions) 

Net capturing is a promising method to remove space 

debris objects due to its multiple advantages. We focus on 

the system stabilization during the post-capture phase 

where faces two mainly problems, underactuated control 

and uncertainty interference. Referring to the previous 

studies, propulsion adjustment [1-2] and attitude control [3] 

are the common methods to stabilize the combined tethered 

system. The aim of our research is to enhance the 

robustness of the system without adding additional 

equipment. As shown in Fig.1, we have implemented 

hierarchical sliding mode control (HSMC) method to 

stabilize the combined tether system solely by controlling 

the chaser satellite [4]. Numerical simulations have 

demonstrated its efficiency and robustness for the post-

capture stabilization of the combined tethered system. 

 
Figure 1 Angular velocity of the target under HSMC 

control[4] 

However, there are still some open problems. One is 

the vibration between two end bodies due to the flexible 

tether, which will produce the unstable tether tension. The 

other problem is the decline in platform maneuverability. 

We add a commonly used reel in/out mechanism to control 

the uncooperative target. Unlike previous constant tension 

control methods [5], we utilize a closed loop tether tension 

control with respect to the target status. The basic principle 

of the control method can be described as that tether tension 

will increase as the target deviates from the equilibrium 

position. In the terms of specific implementation, the 

corresponding propulsion force adjustment and tether 

length control are the keys to achieving stable variable 

tension. As shown in Fig.2 and Fig.3, numerical simulations 

for double axes rotation target demonstrate that the 

proposed method is able to achieve stable tether tension and 

high detumbling efficiency. Furthermore, we will carry out 

ground experiments to validate the feasibility of the tether 

tension control based on our newly designed free-flying 

robots. 

 
Figure 2 Angular velocity of the target under tether tension 

control 

 
Figure 3 Tether tension in main tether 
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Conference Topic:  Other Advanced Tether Concepts 

Fly-around satellite formation observation plays a 

crucial role in monitoring the space station's status, 

providing early warning and active defense against unknown 

threats[1]. However, traditional satellite fly-around methods 

have certain limitations: 1) Fast-controlled fly-around relies 

on impulsive thrust, which consumes a significant amount of 

fuel and cannot sustain long-term monitoring effects. 2) 

natural fly-around, involving multiple orbit changes and 

gradual approach control, demands extremely high 

measurement and control accuracy. Moreover, due to the 

extended fly-around period, it fails to achieve 

comprehensive and real-time monitoring effects[2]. In both 

cases, the frequent fly-around observation of space station 

for a long and sustainable time is barely feasible using 

conventional techniques. 

To address the aforementioned issues, as shown in Fig.1, 

this study proposed a novel tethered fly-around satellite 

scheme. The scheme involves deploying two tethered 

satellites to designated positions around the space station, 

and forming a three-body linear tethered satellite formation 

system. These satellites then spin up to the desired spinning 

state, enabling periodical observation of the space station. 

Considering the various requirements of fly-around missions, 

we defined three different spin planes under the orbital 

coordinate system o xyz− : the planar plane ( xoy ), the 

vertical plane ( xoz ), and the horizontal plane ( yoz ). The 

satellite can be deployed to three distinct positions in these 

planes. Subsequently, spin strategies are proposed for three 

typical observation trajectories (scheme I, scheme II, scheme 

III). 

To analyze the mission feasibility of the proposed 

schemes, we conducted a comparison of fuel consumption 

between the three tethered spinning fly-around schemes and 

the corresponding untethered fly-around scheme within one 

orbital period. The satellites used in the simulation are 20kg, 

and the deployed tether lengths are 2km. As shown in Table 

1, the results indicate that tethered satellites consume 

significantly less fuel than untethered satellites. 

Consumption analysis indicates that, during Planar spin, a 

97.5% saving of impulse can be achieved compared to the 

conventional untethered fly-around. On the other hand, the 

tethered fly-around scheme achieves a 75% reduction in the 

vertical plane, and a 86% reduction in the horizontal plane. 

Based on this analysis, we can conclude that tether 

connection allows for frequent circumferential and 

omnidirectional observations with minimal fuel 

consumption, as the tethered fly-around process does not 

involve complex orbit maneuvers. It is noteworthy that the 

planar spin can be sustained with little consumption after 

spin-up, while the horizontal and vertical spins require more 

fuel for maintenance. The aforementioned analysis 

demonstrates the significant potential of tethered fly-around 

techniques for future space technology applications. 

 
Figure 1.  Schematic diagram of tethered fly-around satellite 

formation 

Table 1. Comparison of impulse with/without tether within 1 

orbital period 

Traditional fly-around Tethered fly-around 

Scheme I (Planar) 

Impulse consumption 

(29720 N.s) 

Scheme II (Vertical) 

Impulse consumption 

(21800N.s) 

Scheme III (Horizontal) 

Impulse consumption 

(25000 N.s) 

Scheme I (Planar) 

Impulse consumption  

(720 N.s) 

Scheme II (Vertical) 

Impulse consumption 

(5390N.s) 

Scheme III (Horizontal) 

Impulse consumption 

(3410 N.s) 
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Conference Topic: Mathematical Modelling of Space 
Tethers, Dynamics, Controls 

The space debris removal is extremely urgent for the space 
safety. Owing to the advantages in terms of flexibility, 
transportability and safe manipulation [1], tethered space 
robot (TSR) has good foreground for space debris removal 
missions. But the main challenge of tethered space robot for 
now is how to deploy it safely with external disturbance in 
the space. And disturbance existed in the deployment 
missions is complicated and multi-source, which is a great 
deal of difficulty for the deployment. While there is not an 
effective way to capture external disturbance entirely during 
the deployment for now. Recently, machine learning based 
methods have been successful in estimating external 
disturbance and designing stable controller of complex 
control problems [2], [3]. One of benefits of these machine 
learning based methods is that they do not need any prior 
knowledge of the disturbance and the plant but only the input 
and output data of plant. This provides more possible options 
of designing disturbance observer and stable controller for 
complicated task. Therefore, a learning-based framework is 
proposed to estimate external disturbance and design stable 
controller for tethered space robot deployment mission in 
this work.  

The proposed framework contains two parts: offline training 
and online control with trained disturbance model. For the 
offline training, a disturbance model and stable controller is 
trained for online control. The learning scheme of predicting 
disturbance utilized in the proposed framework is meta-
learning [4], which could learn disturbance model from input 
and output data of tethered space robot across different 
conditions. And spectral normalization [5] is employed to 
bound the Lipschitz constant of deep neural network of meta-
learning, which aims to constraint the output of neural 
network and improve generalization. A stable tracking 
controller for deploying tethered space robot is using control 
contraction metric (CCM) to guarantee the convergence. 
And the controller and metric are also parameterized by 
neural networks. Then some of essential loss functions are 
developed for training disturbance model and controller. For 
the online control, the learned disturbance model and 

tracking controller obtained from offline training is used to 
estimate the external disturbance and generate control 
signals respectively. When there are new measurements of 
tethered space robot coming, the learned disturbance model 
outputs the estimated disturbance and the learned controller 
generates control signals to the actuators of deployment unit 
with the estimated disturbance. And with the convergence 
guarantee, the tethered space robot will be deployed to the 
destination safely. 

The proposed framework of this work is expected to estimate 
multi-source and complicated disturbance existed in the 
space effectively across various conditions and have better 
control performance than other methods with convergence 
guarantee. 

The anticipant contributions of this work contain the 
following: 1) A learning-based method is proposed to 
estimate the external disturbance during the tethered space 
robot deployment using meta-learning without any prior 
knowledge of disturbance. 2) The proposed framework has 
better control performance with learned tracking controller 
using control contraction metric and the trained disturbance 
model, which is expected to deploy the tethered space robot 
more quickly. 
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