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Flux pinning occurs in certain types of superconductors which, when cooled below their 

critical temperature in the presence of a magnetic field, resist changes to that initial 

magnetic flux. This interaction effectively “pins” the source of the magnetic field in place 

relative to the superconductor. A flux-pinned interface exploits this unique behavior by 

placing a superconductor on one spacecraft module and an array of magnets on another 

module, thus creating a non-contacting connection between them. This paper investigates the 

application of this interaction in the context of spacecraft docking, specifically by examining 

the mathematical framework for the stability of these systems. The basics of modeling a flux-

pinned system are discussed, and the elements of proving stability using a Lyapunov 

function are addressed. An energy-based Lyapunov function is derived and tested for the 

passive system. This function is extended to an actively controlled system with a generic 

control input. A constraint on the control effort is found for the guarantee of Lyapunov 

stability for an actively controlled system. The paper closes with a brief description of future 

validation experiments and a summary of the results of the derivations.  

Nomenclature 

â  = superconductor surface normal 

totB  = total ambient magnetic field 

frozenB  = ambient magnetic field due to the frozen image 

mobileB  = ambient magnetic field due to the mobile image 

c = linear damping coefficient 

d = separation distance between a magnet and superconductor at field cooling 

FPI =   flux-pinned interface 

g = gravitational acceleration 

i[I]  =   inertia matrix of a magnet 

dk  = derivative gain 

ik  = integral gain 

pk  = proportional gain 

μ0 = permeability of free space 

n  = dipole moment vector 

n̂  = dipole moment unit vector n/|n| 

r  = position vector 

RAGNAR = Robust, Autonomous Grappler for Non-contacting Actuation and Reconfiguration 

ρ  = relative position vector 

Tc = superconductor critical temperature 
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))(( trV  = the Lyapunov function developed for the frozen image model for multiple magnets 

))(( trVi  = a Lyapunov function describing a single magnet flux pinned to a single superconductor 

))(( txV  = continuous scalar Lyapunov function 

x  = general continuous-time system 

ex  = equilibrium position 

YBCO = Yttrium Barium Copper Oxide, a type of high temperature type-II superconductor 

I. Introduction 

PACE systems are moving toward a future where on-orbit repairs or hardware upgrades can be completed 

remotely from the ground stations, satellite components are regularly launched in multiple vehicles and 

autonomously assemble in orbit, and resupplying long-duration spacecraft with expendables is more efficient than 

replacing the entire unit. As a result of the industry’s interest in these capabilities, next-generation space systems 

will become increasingly dependent on complex rendezvous and docking maneuvers.
1
 These maneuvers carry an 

inherent risk of collision, which can lead to the destruction or crippling of multi-million dollar hardware and, in the 

case of manned missions, the death of the crew.  An extensive amount of research has been devoted to designing 

optimal fail-safe systems, often with cleverly programmed autonomous routines and control strategies.
2
,
3
 However, 

despite the considerable advances made in this field, these active control strategies are still vulnerable to power 

failures and unpredicted errors that affect the control system. For example, in 2005 the Demonstration of 

Autonomous Rendezvous Technology (DART) project attempted to autonomously rendezvous with a satellite, but 

due in part to faulty GN&C code, the DART spacecraft instead collided with its target.
4
 Although the DART 

collision was relatively benign, this mishap illustrates the weaknesses of a rendezvous and docking procedure that 

relies solely on actively-controlled fail-safe systems.  

 The solution to this apparent limitation of classical avoidance approaches may lie in a well-known field of 

superconducting physics: magnetic flux pinning. Flux pinning is an action-at-a-distance interaction between a type-

II superconductor and a magnetic field of sufficient strength. When the superconductor is cooled below its critical 

temperature (88 K for Yttrium Barium Copper Oxide) in the presence of a magnetic field, supercurrent vortices are 

excited in the body of the superconductor. These vortices of current resist changes in the magnetic flux that the 

superconductor experienced at its transition temperature. Thus, at the macroscopic level, the superconductor appears 

to “pin” the magnet in place at an equilibrium position set by the magnet’s position during the temperature 

transition, as shown in Figure 1. This process of cooling the superconductor with the magnet in place is known as 

field cooling.  

 The resulting interaction between the cooled superconductor and magnet provides passive stability without 

requiring any power (provided the superconductor is kept below 

its critical temperature) and can be designed such that the 

equilibrium is fixed in six degrees of freedom. For a single-

crystal superconductor approximately 5 cm in diameter and a 

permanent Neodymium magnet approximately 3 cm in diameter, 

the effects of flux pinning can be seen on the order of ten 

centimeters.
5
 The interaction is nonlinear such that as the magnet 

is forced closer to the superconductor the resistive restoring 

forces become stronger, preventing their collision. As the 

distance between the magnet and superconductor increases, the 

restoring force decreases rapidly, allowing the magnet to be 

removed from the superconductor’s flux-pinning range when 

necessary. 

 Although comparatively new to spacecraft applications, flux 

pinning offers a set of characteristics that could be highly 

advantageous for a variety of commonly used maneuvers in 

space. Previous research has suggested space applications as 

diverse as stabilizing formations of satellites, joining elements of 

large space structures
6
,
7
 and controlling and adjusting elements 

of a distributed space systems such as a very-large-aperture 

telescope.
8
 In this paper, we explore the stability and control of 

this technology as it applies to spacecraft rendezvous and 

S 

 

 

Figure 1.  A permanent Neodymium  magnet 

(left) flux pinned to a  disk of YBCO 

superconductor (right) after being immersed 

in liquid Nitrogen.  
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docking, where one docking element has a superconductor below its critical temperature and the other contains a set 

of permanent magnets and electromagnets. This technology is known as a Flux-Pinned Interface (FPI). Section II of 

this paper provides background information on models of flux pinning. Section III addresses Lyapunov stability as it 

relates to a passively stable system by developing an energy-based Lyapunov function for a flux-pinned system. 

Section IV then uses this analysis show how a PID controller affects the Lyapunov function and discusses the 

implications of this derivation. This section also describes a set of planned validation experiments for a two-

dimensional testbed and a microgravity flight. Finally, Section V summarizes the conclusions of this report. 

II. Background: Modeling Flux Pinning 

The unique properties of flux pinning have been studied at length,
9
 particularly after the discovery of so-called 

“high temperature” superconductors that allowed flux pinning effects to be studied at the relatively high liquid 

nitrogen temperatures (on the order of 80 K). Although flux pinning exhibits a number of interesting characteristics 

worth noting, this paper will focus on pinning interactions induced by field-cooling the superconductor in the 

presence of a dipole magnetic field with negligible hysteretic and edge effects.  

Under these assumptions, a model has already been developed to describe the forces and torques on a magnet 

experiencing flux pinning without requiring extensive calculations of the supercurrents present in the 

superconductor itself.
10

 As described by Kordyuk, this model for flux pinning, known as the Image-Dipole Model 

(IDM), sets up a set of dipole “images” that are reflected in the superconductor, producing the restoring force and 

torques seen in flux pinning. These images are virtual models that, when combined together, represent the sum of 

the magnetic fields corresponding to empirical observable effects. The concept of the Image-Dipole Model is shown 

in Figure 2.  

 For every magnetic dipole that was field-cooled near the superconductor, the IDM suggests that two images of 

that dipole form in the superconductor – the first, known as the frozen image, simply remains fixed in the position 

reflected over the surface of the superconductor and orientation of the negated refection of the magnet during the 

initial field cooling. The second, known as the mobile image, follows the position of the magnet, while mirroring its 

orientation over the surface of the superconductor. Thus, it provides a repelling force that encourages the magnet to 

seek the equilibrium position. At equilibrium, the mobile image overlays the frozen image and the two cancel out, 

thus providing no net force on the magnet in question.  

 This model works for any number of magnets field-cooled into the same superconducting surface, although as 

the number of magnets increases, it becomes more complicated to calculate the overall magnetic field acting on 

those magnets. Using the terminology and variable assignment shown in Figure 3, one may calculate the total 

magnetic field the magnet experiences as a result of the frozen and mobile images, and thus calculate the force and 

     

Figure 2.  An illustration of the Image-Dipole Model (IDM).
10

 Note that while the superconductors are shown 

to be finite, the IDM does not take into account edge effects. (Left) When the permanent magnet, shown in 

green on the right of the superconductor, is moved away from its field-cooled equilibrium position, the 

“mobile” image moves with it, reflected over the surface of the superconductor. However, the “frozen” image 

stays fixed at a depth and orientation corresponding to the equilibrium height of the magnet during field 

cooling. (Right) When placed back in its equilibrium position, the frozen and mobile images cancel out, leading 

to a net force and torque of zero on the permanent magnet. 
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torque exerted on the magnet. In this figure, bold face represents vectors, a hat represents a unit vector, and italics 

indicate a scalar variable. The origin is placed on the surface of the superconductor, where the line between the 

field-cooled position of the magnet and the frozen image intersect. The magnetic field B  represents the summation 

of the magnetic field due to the frozen and mobile images. Using general expressions for the effect of an ambient 

magnetic field on a dipole,
11

 it is possible to derive the expressions for the magnetic field of the frozen image
12

: 
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The subscript FC, as in Shoer’s 2010 paper, represents the quantity at field cooling. An equivalent expression can 

also be derived for the mobile image (where the differences in the equations occur as a result of the reflection over 

the surface of the superconductor and the time-dependent nature of the mobile image). This expression is:
12
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From these expressions, the forces and torques can be calculated from the standard expressions:
12
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 A nonlinear model of the flux-pinned interface is shown in Figure 3.Error! Reference source not found. 

The forces and torques acting on the spacecraft as the result of one flux-pinned magnet can be found by solving the 

expressions in Equation (3). When the magnet is field-cooled next to a superconductor, force takes the form shown 

in Figure 4 as a function of the distance from the surface of the superconductor. In this figure, the equilibrium occurs 

around 0.07 (the previously set field-cooled position), as the force goes to zero at this point. Also, as the magnet is 

pushed closer to the superconductor’s surface, the amount of force pushing the magnet back to its equilibrium 

 

Figure 3.  A depiction of relevant variables and terminologies 

used in the Image-Dipole Model, augmented with a spacecraft 

body. 

 

Figure 4.  A non-dimensionalized representation of 

the force exerted due to the flux-pinning interaction 

with a field cooling distance at 0.07 (the intercept 

with the x-axis) as a function of distance from the 

superconductor surface. A positive force represents 

force in the direction of the superconductor normal 

as defined in Figure 3. 
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increases dramatically.  

III. Stability Analysis of a Flux-Pinned System 

A. Lyapunov Stability Definition 

 One important tool in characterizing dynamical systems (particularly those with nonlinearities, such as flux-

pinning) is the concept of Lyapunov stability.
13

 Because this concept is used for the development of control 

strategies for flux pinning, this section reviews the basics of this method and sets up the notation used in the rest of 

the paper. Consider a general continuous-time system with an equilibrium state ex : 

  
0))((

))(()(





txf

txftx

e


 (4) 

An equilibrium state is Lyapunov stable if for any 0 there exists a function 0)(  such that:
 14
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Without a loss of generality, the equilibrium state may be translated to the origin, simplifying Equation (5)

0
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(5) such that it now reads: 

  

0
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t

txx 
 (6) 

Lyapunov stability guarantees that the motion of the system will remain arbitrarily close to the equilibrium as long 

as the system starts close enough to that equilibrium. Now, consider a continuous scalar function ))(( txV . This 

function is called a Lyapunov function for the system described in Equation (4) if:
14

 

 

1. ))(( txV is a positive definite function about the equilibrium point  

2. ))(( txV has continuous partial derivatives 

3. ))(( txV is negative semi-definite (along the path the value of the function never increases) 

 

In order for the function to be positive definite about the equilibrium, the following must be true: 
14

 

  0)( exV  (7) 

and there exists a positive δ such that : 
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xV

xtxwheretx e 
 (8) 

A function is negative semi-definite if Equation (8) holds true for .0)( xV   

 The existence of a Lyapunov function for a system means that the system is stable in the sense of Lyapunov 

about its origin. However, if these conditions are not fulfilled, it is not sufficient to conclude that the system is in 

fact unstable. Although there is no universally applicable method of developing a Lyapunov function, the expression 



 

American Institute of Aeronautics and Astronautics 

 

6 

of the total energy of the system is often used, primarily because the physical insights associated with energy 

simplify the process of proving the expression is a Lyapunov function.
14

   

 

 

B. Lyapunov Stability of a Passive Flux-Pinned System 

 In order to illustrate the passive stability of the flux pinning interaction in a mathematical context, we must 

develop a Lyapunov function describing flux pinning and show that it meets the criteria for Lyapunov stability. This 

function will later form the basis of determining the stability of a PID controller with an FPI later in the paper.  

 Developing a Lyapunov function for a system is often a difficult task. We can start with an expression for the 

total energy of the system, which has the advantage of being a physically meaningful property in addition to being a 

likely Lyapunov function. In order to determine the energy of the flux-pinned interface of interest, we start with the 

frozen-image model. As described previously, for a single magnetic dipole field-cooled with the superconductor, the 

three elements in the IDM include the frozen image, the mobile image, and the magnet itself. The energy of this 

array can be described by the following equation (taking into consideration that the images do not have mass and the 

magnet modeled as a rigid body dipole): 

     ( ) 0.5 0.5i i i i i i i i frozen mobileV r m       
 

T
r r ω [I] ω n B B  (9) 

where the subscript i implies that a series of magnets could be included in this function such that: 
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Assuming for now that only one magnet is of interest, the potential Lyapunov equation becomes: 

   ( ) 0.5 0.5 frozen mobileV r m         
T

r r ω [I]ω n B n B  (11) 

 In order to use this equation as a measure of system stability, we must verify that it meets the criteria for a 

Lyapunov function. The first criteria requires that the function be positive definite about its equilibrium. Thus, 

following Equation 0)( exV  (7), we can see that at the equilibrium state (the field-cooled position an 

orientation of the dipole), the mobile dipole image is the negative of the frozen image. At equilibrium, by definition, 

the position and angular velocity are zero, leading to the conclusion that: 

  0)( erV  (12) 

 The result shown in Equation (12) is true even with the more generalized equation involving multiple magnets, 

because the individual magnetic fields for each frozen and mobile image will cancel out. However, to prove that this 

function meets the first Lyapunov criteria, we must also show that the function follows Equation 

0)(
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 (8(8). This requirement states that all values within a certain distance of the 

equilibrium point must be greater than zero. Thus, we must show that, for all points near the equilibrium but not the 

equilibrium itself:  
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Once again, because this expression represents the energy of a system, the proof is simplified by examining the 

physical meaning of the equation. Since the equilibrium is defined as a reference with no energy (as shown above), 

the values near the equilibrium must be positive, since energy is always a positive scalar quantity when referenced 

against a state with zero energy.  

 The second constraint on a Lyapunov function requires that the equation have continuous partial derivatives. The 

equation under consideration has variables of , ,  and r n a . Thus, the equation under consideration must be 

continuous with respect to the magnet’s position, the orientation of the dipole, and the orientation of the surface of 

the superconductor.  By inspection, this physical system does not have any discontinuities with respect to any of 

these variables.  

 The last criteria for a Lyapunov function (the existence of which would prove the stability of the system) 

necessitates that the derivative the function can be proven to be negative semi-definite. Thus, taking the inertial 

derivative of Equation (11): 

  ( ) T T

frozen frozen mobile mobileV r M         r r ω [I] ω n B n B n B n B  (14) 

 This equation represents the change in energy over time, which by the conservation of energy is necessarily zero. 

Since the definition of negative semi-definite only requires that ( ) 0V r  , this expression is sufficient to show that 

the equation matches the requirements of a Lyapunov function.  Note that the addition of more magnets into the 

system does not affect this result, provided that the equation still represents all of the energy in the system. Thus, the 

fully nonlinear equations are Lyapunov stable. 

  However, the IDM does not completely model all of the pertinent dynamics of flux pinning. If we model the 

magnetic friction in the flux-pinned connection, this energy expression remains negative semi-definite, by 

recognizing that the first term of Equation (14) is equivalent to the sum of the applied forces, while the second term 

is equivalent to the sum of the applied torques. These values can be taken directly from the equations of motion, 

which would include the damping forces known to occur in flux-pinned connections.
 15

 

 

 

     ( )
T T

mag mag frozen frozen mobile mobileV r c c           F r r τ ω ω n B n B n B n B  (15) 

Since we know that Equation (14) is equal to zero (which assumed the force and torque of the magnet were the 

only acting elements in the equation of motion), we can rearrange the equation: 

  

 
2 2

( )

( ) 0

T T T T

mag mag frozen frozen mobile mobileV r c c

V r c c

              

   

r r ω ω F r τ ω n B n B n B n B

r ω
 (16) 

According to Equation (16), if the system is modeled with damping, as expected, )(rV is still negative definite 

provided that the damping coefficient c is a positive value. Davis et. al. 1988 have shown that magnetic friction is 

sufficient to produce this value of damping, and thus all passively flux-pinned systems are stable in the sense of 

Lyapunov.  

IV. Controlling a Flux-Pinned System 

A. PID Controller and Stability 

Having verified that the passive system is stable, it is important to determine if the application of a simple PID 

control maintains this stability guarantee. The addition of control does not change the Lyapunov equation arguments 

for the first and second criteria (energy must still be conserved, and physical reality must be continuous).  However, 

the derivative of the Lyapunov function now has additional terms from the equations of motion: 

     ( )
T T

mag mag frozen frozen mobile mobileV r c c             F r u r τ ω u ω n B n B n B n B  (17)
  

   



 

American Institute of Aeronautics and Astronautics 

 

8 

Rearranging the equation to isolate the control inputs: 

 

  

2 2

2 2
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T T T T
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T T
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In order for the PID controller to maintain the Lyapunov guarantee, the following condition must be true: 

 

          
2 2

0 c c     u r u ω r ω
           

(19) 

 

Essentially, this constraint indicates that as long as the angle between the control effort and both the linear and 

angular velocity is more than 90°, the system is stable (since their dot products will be negative). If, however, the 

control effort is at a smaller angle with one of the velocities, it is important that the magnitude of the control effort 

and that velocity be less than the natural damping in the system.   

Remember, however, that if this function fails a test for the Lyapunov criteria that it does NOT imply the system 

is necessarily unstable. It merely means that the system can no longer be guaranteed stable in the sense of Lyapunov 

using this method. Thus, this criteria represents a conservative bound on the magnitude and direction of the control 

effort. 

Ultimately, a fully optimal nonlinear multivariable control strategy will be developed for a spacecraft with an 

FPI; however, this goal is beyond the scope of this paper. A more thorough approach to the nonlineatities of an FPI 

is being developed for future publication.
16

  

In order to illustrate a few example cases for this condition, it is necessary to simulate a simple flux-pinned 

system. The simplest cases to demonstrate neglect any rotational velocity and are as follows: 

 

   

2

2

1:    Guaranteed Stable in the Sense of Lyapunov

2 :    Unknown - Potentially Stable or Unstable

c

c

 

 

r u r

r u r          
(20) 

 

In case 1, the most straightforward proof has already been demonstrated in the previous: when the control effort 

is zero, the system is stable.  This condition would be true, so its Lyapunov stability is guaranteed. In case 2, there 

are two possibilities: the system is stable or unstable. For example, Figure 5(a) shows the response of a single 

superconductor and magnet, field cooled at an arbitrary (but realistic) 10 cm. This model includes a damping factor 

  

(a)                                                                                        (b) 

Figure 5.  (a) An ambiguous system that is clearly stable. The thick lines represent the actively controlled 

system and the think lines represent the damped passive system (b) An ambiguous system that diverges at 

one of its states, shown here. 
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estimated based on previous results and laboratory experience.  At various points, this system violates the condition 

required to guarantee Lyapunov stability; however, the system is clearly stable for both tracking and disturbance 

rejection cases.  

On the other hand, the same system with a damping coefficient of zero and a projection of the control effort on 

the velocity of the system that is positive can also become unstable, as shown in Figure 5(b).  

B. Future Experimental Verification 

 

In order to verify the simulated results and further explore the design of a spacecraft FPI controller, a set of 

experiments are being developed for a two-dimensional air bearing testbed
17

 and a microgravity flight 

demonstration. The first set of experiments will be performed on a newly developed FloatCube testbed. This testing 

environment uses a smooth piece of glass and multiple independent test vehicles (the FloatCubes), each levitated by 

an array of air bearings in order to simulate a frictionless environment. Figure 6 shows a schematic of the test 

assembly and a photograph of the vehicle in its current incarnation. These vehicles are in the process of being 

equipped with a set of magnets (both permanent and electric), a sensor suite for use in the control law, and a set of 

sensors for use in the evaluation of the performance of the system. Wilson 2010 describes this test apparatus in more 

detail in reference 17. 

 The upcoming experimental validation of the linear docking controller has three major goals: 

 

1) Populate the plant parameters for the flux pinned interface. Although the stiffness and damping of flux-

pinned interfaces has previously been characterized
12

, this phase of the experimental run will involve 

flux pinning the modules together, perturbing the system, and, based on the free-response of the 

system, attempting to refine these values for this particular set-up. Because of the two-dimensional 

nature of this testbed, the ability to determine the cross-coupling of the dynamics will be limited. This 

concern is addressed with a bid for a microgravity flight as described below. 

2) Populate the controller parameters. Once the free-response of the system has been established, we will 

implement the active control system. This control system will implement the control law developed in 

Section III A, and the hardware-in-the-loop experiments will allow a characterization of how various 

changes in weighting parameters affects system performance.  

3) Refining the simulation environment to characterize unmodeled dynamics and a realistic environment. 

Once the control system with hardware-in-the-loop has been fully developed and refined, a series of 

      

                                                              (a)                                                                                             (b) 

Figure 6.  (a) Schematic of two flux-pinned FloatCubes used for two-dimensional verification of the control law. 

The module on the left contains a small container of liquid nitrogen and the superconductor disk, while the 

module on the right contains the magnet/sensor array. (b) Photograph of the current FloatCube vehicle 
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tests with certain maneuvers, initial conditions, and other variables will be performed in order to 

determine the weaknesses in the simulation and better characterize sources of error.  

 

 Although the results of the FloatCube experiments will provide significant insight into control techniques for a 

flux-pinned docking interface, this setup cannot realize all of the 

coupled dynamics that inevitably exist in a full six-degree-of-

freedom system. In order to validate the results of the simulations 

and thus make this study more applicable to implementation of 

flux-pinned docking on actual spacecraft, the Robust, Autonomous 

Grappler for Non-contacting Actuation and Reconfiguration 

(RAGNAR) team at Cornell will run a series of experiments in 

microgravity. This flight opportunity is scheduled for September 

27 – October 1 2010 through NASA’s Facilitated Access to the 

Space Environment for Technology (FAST) program.  

 The experiment design involves two modules of approximately 

CubeSat-size equipped with a flux-pinned interface, an onboard 

autonomous microcontroller, a series of electromagnetic actuators, 

and an Inertia Measurement Unit for each cube that will provide 

the data to the controller. Figure 7 shows the two cubes and the 

flux-pinned interface between them.  

 The planned experiments focus on establishing the 

fundamental parameters of a flux-pinned interface (such as 

characterizing the coupling of all six degrees of freedom), and 

validating the developed controller as a robust method for 

spacecraft rendezvous and docking. Planned experiments will: 

 

1) Demonstrate a successful docking maneuver using the 

properties of flux-pinning and its onboard controller while in 

microgravity;  

2) Demonstrate the robustness of the system via a series of 

failure-case and disturbance rejection scenarios; 

3) Demonstrate the ability of the flux-pinned modules to 

rendezvous and then alter their pre-established equilibrium to a 

new stable position. 

  

 These experiments will be recorded using a high-speed motion capture camera and a series of on-board 

accelerometers and rate gyros to provide performance estimates and extract the stiffness and damping of the 

controlled system.  

V. Conclusions 

  The implications for a docking system containing a flux-pinned interface are clear – even in the event of an 

uncontrolled rendezvous encounter, the physical properties of the interface resist a collision. Further, as the magnet 

moves away from the field-cooling position, the superconductor creates an attracting force that attempts to bring the 

magnet back to equilibrium. This property may be able to not only prevent a collision, but allow a system to recover 

to a safe, stable equilibrium even without an active control system. With the addition of an active control system, 

flux pinning’s physical resistance to non-equilibrium positions can be used to accommodate navigation errors and 

other unmodeled dynamics of the docking procedure to assist in a successful rendezvous. Because the 

superconductor is only sensitive to changes in magnetic flux, different magnetic sources can be used for the field-

cooling and the actual docking interaction (provided the superconductor stays below Tc). Electromagnets can be 

used for actuation to alter the equilibrium as desired, including the reduction of the distance between the magnet and 

the superconductor by simply turning down the amount of current in the electromagnet. This ability opens the 

possibility of a low-impact joining of the two docking modules. 

 By exploiting this unique behavior in superconductors, the flux-pinned interface has the potential to vastly 

improve docking and rendezvous maneuvers in terms of safety, stability, and robustness to failure. A docking 

system that incorporates a flux-pinned interface is robust to control failures because it has the ability to prevent 

 

Figure 7.  Design assemblies for the 

microgravity cube modules. The upper right 

module contains a set of six electromagnets 

(the pattern on the front plate), and the lower 

left module contains a superconductor (shown 

as a hockey-puck shaped disk near the face of 

the cube closest to the electromagnets). The 

superconductor will be cooled by a cyrocooler 

station not pictured. 
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collisions even without a careful trajectory planning. The only power required to operate this interface is the energy 

required to keep the superconductor cold.   

 This paper has shown using an energy-based Lyapunov function that a flux-pinned interface is stable in a passive 

state, when modeled with and without with the magnetic damping suggested by a variety of empirical data. Further, 

we derived a condition on the control effort relative to the rates of the system that must be true to guarantee 

Lyapunov stability. A series of experiments is currently being developed to provide hardware-in-the-loop two-

dimensional testbed, which can lead to insights on the weighting functions, unmodeled behaviors, and real-world 

implementation of an FPI. Future work will seek to experimentally validate this controller in a full-fledged 

microgravity environment, which will fly at the end of September 2010.  
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