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➢ Address the need for sustainable and cost-effective in-orbit 

servicing

➢ Enable large orbital changes without propellant 

consumption

➢ Support active debris removal, satellite relocation, and 

post-injection orbit raising

➢ Exploit spinning EDTs for improved Lorentz-force-based 

maneuvering

➢ Develop practical GNC strategies for a low-thrust, time-

varying, and attitude-dependent control force

❑ From a dynamical point of view, the spacecraft and the spinning EDT are 

modeled as a single point mass.

❑ The tether is assumed straight, with endpoints 𝐴 and 𝐵, and unit vector 𝒊𝐵

along the tether.

❑ It is equipped with cathodes at points A and B that can be toggled 

independently. 

❑ The tether spins in a fixed plane at an angular rate much larger than the

orbital rate, keeping the spin plane approximately constant.

❑ Only the center-of-mass motion is propagated, while the tether rotation is

prescribed.

❑ The dynamics are governed by Lagrange planetary equations, including

the Lorentz force.

❑ The Lorentz force is produced by the interaction between the 

geomagnetic field 𝐁 and the electric current (average current 𝐼𝑎𝑣 along 

the tether of length 𝐿𝑡) :

❑ Current direction, such as 𝒊𝑡 = ±𝒊𝐵 , is controlled by activating one of the

two cathodes, allowing the Lorentz force direction to be modulated along

the orbit.
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Motivation

MethodologyModel ❑ The orbital dynamics are averaged over one revolution to compute the 

secular variation of the dimensionless state vector ෤𝐲 𝜏 . The Lorentz-

force contribution is written as:

𝜖0 depends on the initial conditions (0), 𝒘 describes how the Lorentz force 

changes the orbital elements along the orbit. on along the orbit 𝜎𝑖

∈ 1,0, −1

❑ The control law 𝜎 𝜈 defines the tether operatiwhere +1 and −1 activate

opposite cathodes, while 0 switches the cathodes off.

❑ The orbit is discretized into 𝑁 control nodes, transforming the problem

into the optimization of a discrete control sequence.

❑ Single-objective control laws are first used to maximize or minimize the

secular variation of one orbital element.

❑Multi-objective optimization is then performed using NSGA-II and a local 

search to analyze trade-offs between semi-major axis (a), eccentricity

(e), and inclination (i) variations.

❑ The objective function is defined as:

𝐅 = 𝑠1𝛿 ෤𝑎, 𝑠2𝛿𝑒, 𝑠3𝛿𝑖

where 𝑠𝑗 = ±1 selects whether each orbital element is maximized or

minimized.
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Results

The results show a dense distribution of Pareto-optimal points, indicating that the control law can generate many feasible orbital responses. This highlights the flexibility of spinning EDT control, but also the

strong coupling and trade-offs among 𝛿 ෤𝑎, 𝛿𝑒, and 𝛿𝑖.

Figure 1. Pareto sets obtained with NSGA-II for different spin-plane selections: the first case maximizes 𝛿 ෤𝑎 ,the second maximizes 𝛿𝑒, and the third maximizes 𝛿𝑖, while minimizing the variations

of the remaining orbital elements. The case of study is: 𝐿𝑡 = 5 km, 𝑀 = 1000 kg, initial altitude 800 km, 𝑖0 = 98º.

➢ Move from open-loop guidance to closed-loop GNC

➢ Include navigation uncertainty and environmental-parameter estimation

➢ Validate the control laws with high-fidelity BETsMA v2.0 simulations

➢ Assess robustness through Monte Carlo campaigns

➢ Test the GNC algorithms in a hardware-in-the-loop setup

Why On-Orbit Servicing?

➢ In-orbit servicing, including life extension, refueling, active debris 

removal, and space tugs, is a growing market.

➢ IoS vehicles need efficient propulsion technologies to change their 

orbits, approach customers, relocate them, and perform other 

maneuvers.

➢ If propellant-based technologies are used, the number of services each 

vehicle can perform is limited.

Why Spinning Electrodynamic Tethers (EDTs)?

➢ EDTs provide propellantless propulsion by using the 

Lorentz force.

➢ Spinning EDTs, unlike vertical EDTs, offer good 

dynamic stability and excellent performance regardless 

of orbital inclination.

What is the GNC gap?

➢ The control force depends on environmental variables, tether 

attitude and electric current, which is the control variable.

➢ Orbital motion, spinning-tether dynamics and control law for the 

electric current are strongly coupled.

➢ Optimal control for spinning EDTs has been studied [1-3], but 

there are still gaps.

❑ Secular dynamics

The Lorentz-force effect is averaged over one orbit to obtain the secular 

variation of the orbital elements:

𝛿 ෤𝐲𝐿 ≡
Δ ෤𝐲𝐿

𝜖0
≡ 𝑾𝝈𝑇

❑ Discrete cathode control

The orbit is divided into 𝑁 nodes, where the control law selects the tether

operation:

𝜎𝑖 ∈ 1,0, −1

+1/−1: opposite cathodes active ; 0: cathodes off

❑ Optimization strategy

The control sequence 𝝈 is optimized to shape the secular variations of

the orbital elements.

𝐅 = 𝑠1𝛿 ෤𝑎, 𝑠2𝛿𝑒, 𝑠3𝛿𝑖

❑ NSGA-II + local search

Multi-objective optimization is used to identify Pareto-optimal trade-offs

between semi-major axis, eccentricity, and inclination variations.

Dynamic

The spacecraft-EDT (whose length is 𝐿𝑡) system is modeled as a single point of mass (𝑀). Its dynamic is 

propagated by using the Lagrange planetary equations 
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where 𝑎, e, 𝑖, 𝜈 are the semi major axis, eccentricity, inclination, and true anomaly, respectively, 𝜇 is the 

Earth gravitational parameter, 𝑟 is the norm of the position vector, 𝒇 is the acceleration produced by the 

Lorentz force perturbation generated by the interaction between the geomagnetic field 𝑩 and the average 
current 𝐼𝑎𝑣 along the tether: 𝑭𝐿 ≈ 𝐿𝑡𝐼𝑎𝑣 𝒊𝑡 × 𝑩 ,  with 𝒊𝑡 = ±𝒊𝐵 . 

In this work, the tether spins at a rate much higher than the orbital angular velocity. As a result, the spin 

plane can be considered fixed, with its normal vector forming an angle 𝛽 with the Earth’s rotation axis. The 

vector 𝒊𝑡 = ± cos 𝜑 𝒊𝐈 + sin 𝜑 cos 𝛽 𝒋𝐈 + sin 𝛽 𝒌𝐈 , where 𝜑 = 𝜑0 + k 𝜈 the spin angle, 𝜑0 is the initial spin 

angle and the integer k is the number of tether revolutions per orbit.

The tether is assumed straight, with cathodes located at the two tips 𝐴 and 𝐵, which can be toggled 

independently. Cathode activation, combined with power supplies, can be used to control current level 

and direction  𝐼𝑎𝑣 = 𝐼𝑎𝑣,0 𝜎(𝜈).  

.

𝛿 ෤𝐲𝐿 ≡ 𝑾𝝈𝑇

The orbital dynamics are 

averaged over one 

revolution to compute the 

secular variation of the 

dimensionless state 

vector ෤𝐲 𝜏 . The Lorentz-

force contribution is 

written as:

Discrete cathode control 

Discretize the orbit into

i=1,...,N control nodes and 

define a discrete control 

sequence giving the control 

parameter 𝐼𝑎𝑣

Control law 

𝐅 = 𝑠1𝛿 ෤𝑎, 𝑠2𝛿𝑒, 𝑠3𝛿𝑖

NSGA-II + local search to 

identify Pareto-optimal 

trade-offs

Secular dynamics
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𝑾 describes how 

the Lorentz force 

changes the orbital 

elements along the 

orbit and 𝝈 is the 

control vector.

Optimal control law 

𝑚𝑎x 𝛿 ෥𝑦𝑗 ⇒ 𝜎𝑖 = 𝑠𝑔𝑛 𝑊j,i

𝑚𝑖𝑛 𝛿 ෥𝑦𝑗 ⇒ 𝜎𝑖 = - 𝑠𝑔𝑛 𝑊j,i

The law is used to maximize

or minimize one selected

orbital element j:

Optimization algorithm  

The objective function is

defined as: 

where 𝑠𝑗 = ±1 selects

whether each orbital 

element is maximized or

minimized
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