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Satellite formations typically have to rely upon active control methods 

to maintain stable configurations. This requirement imposes an 

associated cost on the satellite through fuel expenditure, actuator mass, 

and the necessary computational power for the controller. This paper 

proposes utilizing the flux-pinning interaction between a 

superconductor and a magnetic field as a means to passively stabilize a 

satellite formation at equilibrium, reducing these costs. By modeling 

the flux-pinning effect as a set of linear equations, we can examine the 

stability of such a system. We apply this design to examine a passive 

formation keeping task in a two-body and a tetrahedral formation of 

satellites. 

INTRODUCTION  

The modeling and control of satellite formations has been a topic of recent interest.  Dividing a 

mission between spatially separated satellites has the potential to increase scientific gains and mission 

lifespan while reducing construction costs
1
. Formation expansion and repair also represents a potential 

advantage associated with satellite formations. Creating a formation of similarly equipped satellites creates 

a redundant system capable of longer baseline observations than a single monolithic satellite could perform. 

With the further development of control theory specifically applicable to this topic of satellite formations
1-8

, 

researchers strive to develop novel means to actuate these formations. While it would be theoretically 

possible to have all relative positioning maintained via active control over the attitude and positioning 

systems of each satellite, this solution has the potential to be very expensive in terms of fuel expenditure 

and computational cost. To help alleviate this cost, we can attempt to augment the dynamics of the satellite 

formation by introducing additional physics. 

 

Figure 1. A conceptualization of a large, deformable network of 

satellites in orbit held together by a non-contacting interface. 



 One popular approach is the concept of a tethered system of satellites, where connections between 

satellites are maintained via a physical cable system
5, 6, 7

. While allowing for relative station-keeping over 

large distances, this plan has to contend with the inherent restriction to tensile forces between the satellites. 

In order to guarantee the tethers are in tension and therefore can be approximated as linear relationships, 

the formation is generally spun, which could possibly induce further complications with regards to system 

architecture and stability.  

Another approach is to utilize the attraction between two actively controlled magnetic fields 
8
. 

Effectively utilizing force acting from a distance, this solution removes the physical connection between 

modules, potentially allowing for increased flexibility in formation arrangements. From Earnshawôs 

Theorem, we know that no configuration of magnetic dipoles is passively stable. As such, this solution still 

requires active control to maintain a stable formation.  

Our approach relies upon another electromagnetic interaction to create force at a distance in the 

form of flux-pinning. Through the associated physics, we can affect action at a distance without the 

necessity of active control for stability or physically connecting the satellites. By creating a passively stable 

connection in several degrees of freedom between satellites, we hope to create a passively stable space 

structure. The flux-pinning interaction is dependant upon many factors, with two easily controllable ones 

being superconductor temperature and magnetic field strength.  

 

Figure 2. Characteristic flux-pinning magnetization in 

superconductors compared to an applied magnetic field
9
.  

One limitation to note is that as observed in experimentation, the stiffness of the flux-pinning connection 

decreases exponentially with increased separation, limiting the range over which it is practical to 

implement 
10

. As the magnetic field upon which the stiffness and damping capabilities of flux-pinning 

depend reduces as an inverse cubic function, the strength of the connection between satellites quickly drops 

as the separation between them increases. With this in mind, we will be examining satellites held in very 

close proximity (1-10cm range). 

While this restriction does place a limit upon the viable applications of a flux-pinning interface, it 

still benefit from the fault-recovery, redundancy, and growth inherent in a satellite formation approach. Of 

particular interest would be enhancing in-orbit construction capabilities. By creating a passively stable 

structure with non-contacting components, one eliminates problems such as momentum buildup, plume 

impingement, and electrical discharge during assembly. Having the capability to ignore these problems 

typically encountered when assembling large space structures represents a valuable asset when attempting 

to reduce the total cost of a structure and its control. 

Flux-Pinning 

Flux-pinning represents the interaction between a magnetic field and a type II high-temperature 

superconductor (HTSC). As a magnetic field is brought in proximity of a cooled superconductor, the 

magnetic flux lines begin to penetrate the surface and become pinned in place
9
. The penetration of the 



magnetic flux generates current vortices in the superconductor. These vortices resist changes in the 

magnetic flux, resulting in a restorative force tending to keep the source of the magnetic field at a relative 

equilibrium. 
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barium copper oxide (YBCO) superconductor via the flux-pinning 

interaction. 

Fig. 3 demonstrates the levitation of a magnet over a HTSC. This type of levitation has been extensively 

studied and put to use in various devices including mechanical bearings
9
. 

The flux-pinning interaction is a highly hysteretic one, where past changes in the flux effect the 

current potential of the restorative force. However, when dealing with small deviations from the 

equilibrium position, a six degree of freedom spring-mass-damper system. With this linearized model, we 

can predict the restorative force about a relative equilibrium and incorporate this relation into a 

mathematical model for a satellite network
10

. The force due to an axially symmetric magnetic field results 

in an effective pinning in five degrees of freedom, leaving the rotation about the axis of symmetry 

unaffected. Assuming small translational displacements and small rotational displacements from a 

set equilibrium, we can formulate the force and torque felt on the source of the magnetic field. 

  (1) 

Eq. (1) effectively describes in vector form the proposed linearized force and torque components of the 

flux-pinning interaction with mass matrix M , damping matrix D, and stiffness K
10

.  

SYSTEM MODEL  

Nonlinear Formulation 

We consider a formation of an arbitrary number of satellites, n. The i th satellite is represented by a 

point mass mi and its position is denoted by the vector Ri. The derivatives of these vectors are denoted by 

an over script letter representing the frame in which they are taken. The vector Rc points to the center of 

mass of the formation, which we restrict to a circular orbit about the central mass with a standard 

gravitational parameter ɛ. 


