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The growing performance and miniaturization of commercial off-the-shelf components and space technology suggests a future in
which large swarms of miniature spacecraft could be used for the on-orbit formation of reconfigurable space structures. This paper
presents a cubic spacecraft based on the PocketQube and demonstrates how two such spacecraft can pivot with respect to each other
by actively controlling the strength and polarity of electromagnets embedded along their edges. By first aggregating eight spacecraft in
a target configuration using a distributed path planning technique, a simulation of the full multibody dynamics is used to demonstrate
the ability of the electromagnetic actuators to reconfigure the collective into a target configuration.
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Introduction

Space structures traditionally aim at carrying out a single
task, such as trusses, booms or scaffolds used for the one-time
deployment of solar panel arrays. While these structures can
be modular to permit assembly into larger structures, the final assemblies are permanent and cannot be re-configured for
other purposes. In order to perform many different tasks, missions today require the integration of many expensive dedicated
structures and devices. Future low-cost missions will require
spacecraft to adapt to different tasks and respond to unforeseen
events, such as the unsuccessful deployment of a solar array.
In addition, the realization of future large space telescopes will
require either precise formation flying or in-orbit assembly.1, 2)
Structures capable of morphological adaptation would address many challenges associated with today’s limitations on
launch mass and volume, as well as facilitating stowage during launch. Reconfigurable structures could realize new functionality such as the formation of temporary structures to aid in
spacecraft inspection and astronaut assistance, actively changing their inertia properties, and enabling replacement or augmentation of the structure with additional modules over multiple launches.

To date, techniques that have been considered as means
of achieving reconfigurability include folding, such as selfdeploying sun shields,3) assembly, such as formation flying and docking of individual spacecraft4) or assembly via
robotic manipulation,5) and even 3D printing.6) However, selfreconfiguration of large 3D structures using these techniques
remains a challenge. An alternative strategy can be drawn
from the field of modular robotics, where structures are formed
from individually actuated building blocks connected by temporary joints.7) In contrast to formation flying, reconfiguration without detachment precludes complex dynamics via a
reduction of the degrees of freedom by imposing kinematic
constraints similar to those leveraged by traditional deployable
structures. Recently, robot collectives have demonstrated acquisition of target configurations via self-folding,8) and cubic
robots have achieved self-reconfigurability in two dimensions
via sliding9) and disassembly,10) and in three dimensions via
pivoting.11) Moreover, a concept for self-assembly of modular spacecraft using flux-pinning magnet-superconductor pairs
to form contact-less hinges has been successfully demonstrated
in 2D experiments on air tables.12, 13) While opposing moments
due to gravity remain a challenge to the success and scalability
of terrestrial reconfigurable robots, space offers an environment
where even small forces can generate significant accelerations
when integrated over sufficient timescales.
In this paper, we identify a novel concept for forming reconfigurable structures in space by using electromagneticallyactuated spacecraft, and base our design loosely on the PocketQube14) (PQ) in order to highlight the economic and technical
challenges facing the construction of large reconfigurable structures today. We propose a design and deployment mechanism
for a set of autonomous cubic spacecraft that acts a fully selfreconfigurable space structure and organize the paper as follows. We begin by introducing air-core electromagnetic coils as
actuators between N neighbouring spacecraft, and simulate the
forces generated for the chosen coil and spacecraft geometries.
Second, we use Kane’s method to symbolically derive the equations of motion for a multibody spacecraft system and introduce
a controller that drives the collective to pivot between different
configurations. As reconfiguration via pivoting requires all constituent modules to be in contact, we simulate N=8 unconnected
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Fig. 1. EM coils are embedded along each edge of a cubic spacecraft to
allow pivoting via electromagnetic actuation. Number of coil turns not to
scale

spacecraft that are released in Low Earth Orbit (LEO) and aggregate into the initial configuration of a primitive cubic Bravais
lattice (PCBL) via a behavioural path-planning technique. Finally, starting from this initial configuration, we simulate the
full multibody dynamics and demonstrate reconfiguration from
the PCBL into a line.
2.

Fig. 2. Cross-section of two spacecraft performing a 180◦ pivot, with
double-headed arrows indicating force direction. EM coils are displayed as
circles that are undergoing attraction (red), repulsion (blue), or are unactuated (black). (Top) a first pair of EMs repel to initiate a pivoting maneuver,
a second pair attract to form a hinge and a third pair is unactuated. (Middle)
the first pair becomes unactuated, the second pair continues their attraction
to maintain the hinge and the third pair begins repelling to decelerate the
pivoting maneuver. (Bottom) the first pair remains unactuated, while the
second and third pairs attract to form a rigid bond.

Concept overview

The resolution of the target structures being formed relies on
large spacecraft numbers, and the launch and development costs
associated with large collectives motivate miniaturization of the
individual spacecraft. Among the smallest spacecraft with flight
heritage today is the PQ, a cubic spacecraft with units characterized by a side length s of 50 mm and a mass of approximately
200 g. To date, four PQs have been launched,15) the largest of
which carried payloads including micro pulsed plasma thrusters
and a camera. Of particular interest among these is the $50SAT
PQ; while launched without a payload, it was manufactured for
less than $250 in parts. More recently, a study by Cachia et
al.15) established that a constellation of 1-unit (1P) PQs with
scientific payloads deployed in LEO is already a financially and
technically practical proposition. Basing the defining physical
characteristics of our system on today’s technology, we model
the spacecraft in our collective on the PQ and use as a starting
point eight individual cubic spacecraft with side length 50 mm
and mass 250 g deployed in LEO.
We use air-core electromagnets (EM) to actuate reconfiguration by pivoting neighbouring spacecraft relative to each other
via both repulsion (pivot actuation) and attraction (hinge formation). EM actuators have previously been successfully used
in pivoting mechanisms,12) controlled formation flight16) and
docking17) between neighbouring spacecraft. By embedding
the edges of each spacecraft with independently controlled EMs
(Fig. 1), the degree to which neighbouring spacecraft attract
or repel can be regulated. By oppositely polarizing the edges
of adjacent spacecraft, rigid face-to-face bonds can be made.
Figure 2 demonstrates how pivoting is achieved by polarizing
the EMs along the edge of one spacecraft such that they repel
those of the adjacent edge, pivoting the spacecraft about the
opposite edge whose oppositely polarized EMs create a hinge.
By embedding EMs in all twelve edges of a cubic spacecraft,
this single motion primitive gives rise to propellant-free selfreconfiguration via pivoting in three dimensions, while requiring no moving parts. By using EMs for hinge retention as well
as actuation, it is conceptually feasible to achieve lubricantfree temporary hinges where opposing torques arise only from

rolling friction, with no need for mechanical attachments between individual spacecraft.
3.

Force model

To maximize the forces available to pivot adjacent spacecraft, EMs are embedded along the inside of each spacecraft’s
twelve edges in order to minimize the separation distance between neighbouring EMs. As force scales proportionately with
EM radius, EM radius is maximized to the extent that it becomes greater than the minimum separation between EMs in
adjacent spacecraft. As a result, an analytical solution to the
inter-EM forces is not available, as this relies on an approximation of the EMs as magnetic dipoles which is invalid for small
inter-EM distances. Instead, we use Ampère’s force law to consider the full geometries of the wires.
Ampère’s force law shown in Eq. (1) gives the forces between two current-carrying conductors of arbitrary geometry by
integrating the forces exerted on each element in one wire that
arise due to the magnetic fields of each element in the other.
The total force F1,2 exerted on wire 1 due to wire 2 is expressed
as a double line integral over each wire’s geometry, where I1
and I2 are currents passing through wire elements of infinitesmal length dl1 and dl2 in wires 1 and 2, respectively, r̂12 is a unit
vector from the elements on wire 1 to the elements on wire 2, r
is the distance between these elements and µ0 is the permeability of free space.

F1,2 =

µ0
4π

Z Z
1

2

I1 dl1 × (I2 dl2 × r̂12 )
||r||2

(1)

This equation has no known analytical solution and must be
solved numerically. It is discretized to give Eq. (2), where D1
and D2 express the number of discretized elements in wire 1
and 2, respectively. The system dynamics are assumed to be
slow and a quasi-static approximation holds.
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F1,2 =

4.

D1 X
D2
I p dl p × (Iq dlq × r̂ pq )
µ0 X
4π p = 1 q = 1
||r||2

freedom of the chosen hinge and can be computed as a function
of the distance between them alone.
The requirement of the controller is twofold; to initiate the
pivoting maneuver by imparting an angular acceleration between two adjacent spacecraft using control input U PP acting
between the PP, and to decelerate the spacecraft for a gentle
conjoining upon completing the maneuver using control input
UCP acting between the CP.
Inputs U PP and UCP are used to set the product I1 I2 for the
respective EM pair, as Eq. (2) shows that the distribution of
the currents I1 and I2 between individual EMs is inconsequential. DC current control is employed and I1 I2 is limited to a
maximum allowable current of Imax = max(Umax,CP , Umax,PP ).
Furthermore, rolling friction and noise are neglected, and perfect knowledge of the system states is assumed to be available.
For the control input U PP , bang-bang control is used to initiate
the maneuver using the maximum allowable input Umax,PP as
shown in Eq. (3):

(2)

Dynamics and control

In this section, we present the derivation of the equations of
motion used to relate EM forces to spacecraft accelerations. We
then present a simple control strategy used to drive the pivoting
maneuver.
4.1. Dynamic model
We use Kane’s method18) to derive the equations of motion
of an N-spacecraft system symbolically. Kane’s method is an
alternative to the Lagrange and Newton-Euler methods to develop equations of motion. It is a vector-based approach that
embeds both configuration constraints and motion constraints
using generalized coordinates, and is particularly suited to the
numerical computation of dynamics in large multibody systems.19) Using the Sympy package20) in Python, we develop
the equations of motion for our multibody system in an automated way, making the implementation easily extendable for
different choices of N. We leverage a special case that occurs
when N spacecraft are constrained to only pivot about the N-1
hinges such that it forms a serial kinematic chain. In this case,
reconfiguration of the system is tantamount to the control of an
N-link pendulum.
Each spacecraft is modelled as a rigid body with equal mass
that is uniformly distributed across the cubic geometry. We define a mechanical system with 7 mass-less links Li connecting
N=8 rigid bodies Ri consisting of point masses mi with inertia Ji , moving in an inertial reference frame, where i = [1..8].
One spacecraft is defined with respect to the inertial frame using
three states for position and three states for attitude expressed
using Euler angles. The N-1 subsequent spacecraft in the kinematic chain are defined using 1 state representing a single rotation with respect to the former spacecraft, resulting in a total
of 13 degrees of freedom (DoF) for an 8-body system. The
locations of the twelve EMs Ci,k of the ith spacecraft, where
k = [1..12], remain fixed in Ri . Forces FCi,m ,Ci+1,n and FCi,v ,Ci+1,w
are applied bidirectionally between EMs in consecutive spacecraft i and i + 1 for m, n, v, w ∈ k.
4.2. Control
From Eq. (2) we find that longitudinally aligned EMs (that is,
with parallel axes) engender greater forces than axially aligned
EMs; an intuitive result arising due to these achieving smaller
separations and acting along the entire hinge of the spacecraft,
rather than just one corner. To maximise power efficiency, we
only actuate the two EM pairs furthest from the hinge as these
provide the greatest moment arm at the beginning and end of
the pivoting maneuver, where (m, n) and (v, w) represent the two
pairs of EMs that initiate and complete the pivoting maneuver
about the desired axis, respectively (Fig. 2). For clarity, we will
refer to the EM pair (m, n) as the Pushing Pair (PP) and (v, w)
as the Catching Pair (CP). As these EMs remain longitudinally
aligned throughout the maneuver, the force that each EM exerts
on the other is orientation-invariant in the rotational degree of

(
U PP (t) =

e(t) = [elim , e0 ]
e(t) = [0, elim )

Umax,PP
0

(3)

where e(t) is the error in radians at time t and e0 is the error
at time t = 0. This imparts maximum angular acceleration at
the start of the maneuver when the tangential velocity vector is
aligned with the force vector, and where F1,2 is maximum due
to minimum distance r between elements in PP. Input U PP is
then set to 0 once the limit elim has been reached, where elim is
determined by choosing a value r at which F1,2 /I1 I2 becomes
too small to warrant a continued supply of current. For the CP,
proportional–integral–derivative (PID) control is used to set the
desired control input Udes as shown in Eq. (4):

Udes (t) = k p e(t) + ki

Z
0

t

e(τ)dτ + kd

de(t)
dt

(4)

where k p , ki and kd denote the gains for the proportional, integral and derivative terms, respectively, and a saturating element
limits the desired control action Udes in order to keep input UCP
within maximum allowable inputs ±Umax,PP using Eq. (5):



Umax,CP



Udes (t)
UCP (t) = 


 −Umax,CP

Udes (t) ≥ Umax,CP
−Umax,CP < Udes (t) < Umax,CP
Udes (t) ≤ −Umax,CP
(5)

Note that a negative Umax,CP results in setting I1 I2 negative in
Eq. (2), which is physically interpreted as oppositely polarizing
EM coils 1 and 2. This simple method of achieving two-way
actuation affords the controller far greater authority in the final
approach than a unidirectional actuator can achieve.
A third control requirement for the reconfiguration concept
is to maintain an electromagnetic hinge via a third EM pair at
the axis of rotation. In formulating the dynamics as an N-link
pendulum however, the hinges are enforced kinematically and
hinge control is not necessary. Nonetheless, the minimum current necessary for hinge retention could be computed from the
dynamics.
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5.

Gather behaviour vGi is to gather the N agents from any initial
location in space by introducing N global attractors to the N targets. Therefore unlike viD and viA , it may need to act over large
distances. As such, we design vGi to account for the gravitational
field in order to exploit geodesics.
Considering each agent Pi as a chaser spacecraft trying to
reach any target position ζ j in a circular orbit about Earth, where
Earth is considered a point mass, we write the closed form solution to the Clohessy-Wiltshire equations of motion in matrix
form as:

Initialization

Before reconfiguration of the collective can occur, the spacecraft must first be aggregated in space in an initial configuration.
While one benefit of structural reconfigurability is that it affords
leniency in this initial navigation and docking procedure, we
propose and develop one method for acquiring particular target
formations for completeness. Spacecraft homogeneity nullifies
the need to pre-assign individuals among them to specific target
positions. We therefore use an inverse dynamic and behaviourbased path planning technique called Equilibrium Shaping21)
(ES) that allows the spacecraft to solve the target assignment
problem in a distributed manner amongst themselves, which it
achieves by defining a kinematic field according to prescribed
equilibrium points.
Starting from randomly initialized positions, ES allows N
spacecraft—here also referred to as agents—to acquire a target configuration using distributed control and limited sensorial
information. Specifically, we assume agents are able to determine their local attitude and compute inter-agent distances in
order to obtain three-dimensional inter-agent relative position
estimates. We also assume the spacecraft are able to deliver the
required velocities using onboard thrusters.

P(t) = [A B] [Po Ṗo ]T

where P(t) = [x(t), y(t), z(t)] is the position of each agent with
respect to the target-centered LHLV reference frame, [Po Ṗo ] =
[P(0) Ṗ(0)] are the position and velocity at time t = 0, and matrices A and B are given by Eq. (10) and Eq. (11) respectively.


 4 − 3cos(nt)
A = 6(sin(nt) − nt)
0

5.1. Kinematical field design
The desired velocity field vTi of the ith agent is expressed as a
weighted sum of three different behaviours named Gather (vGi ),
Avoid (viA ) and Dock (viD ) to give Eq. (6).

vTi = vGi + viA + viD

X

d j ψD ( ζ j − Pi , kD )(ζ j − Pi )

vG,gr
=
i

(7)

=

bψA ( Pi − P j , kA )(Pi − P j )


0 

0 
cos(nt)

− cos(nt))
1
(4sin(nt)
− 3nt)
n
0


0 

0 

1
n sin(nt)

(10)

(11)

1 X −1
B ζ j − B−1 APi
N j

(12)

where A = A(td − t), B = B(td − t) and td is the time in which the
agent should complete the rendezvous. As Eq. (12) becomes
singular when td approaches t, we introduce a second gather
fl
term vG,
for the final approach of the rendezvous. Leveragi
ing the fact that ζ j − Pi approaches 0 as td approaches t, this
behaviour assumes the space is flat and is given as:

where Pi is the current position of the ith agent, ζ j is the position
of the jth target, d j is a coefficient to be determined and ψD is
a mapping from positive real numbers to positive real numbers
that is a function of the tunable parameter kD that sets the sphere
of influence of the Dock behaviour.
In order to prevent collisions between spacecraft, the Avoid
behaviour introduces a repulsive velocity term between agents
given by Eq. (8):

X

0
1
0

q
µ
where n =
, µ is the gravitational constant and a is the
a3
orbital altitude. Solving Eq. (9) for velocity, we can then define
a gather velocity vG,gr
that accounts for gravity as Eq. (12):
i

(6)

j

viA

2
n (1

 1
 n sin(nt)

B =  2n (cos(nt) − 1)

0

The objective of the Dock behaviour is to govern the agent
velocities during the final approach by introducing N local attractors toward the N targets, where the Dock velocity of the ith
agent is given by Eq. (7):

viD =

(9)

fl
vG,
=
i

X

c j ψG ( ζ j − Pi )(ζ j − Pi )

(13)

j

where c j is a coefficient to be determined and ψG is a mapping
from positive real numbers to positive real numbers that can
be used to introduce non-linear dependencies on the distance to
the target. Finally, we define vGi as the piecewise function in Eq.
(14):

(8)

j

where b is a coefficient to be determined and whose value is
independent of j in order to maintain symmetry between agents,
and where ψA is a mapping from positive real numbers to positive real numbers that is a function of the tunable parameter kA
that sets the sphere of influence of the Avoid behaviour.
By correctly tuning kA and kD , the spheres of influence are
designed to only permit viD and viA to become non-negligible for
agents in the near vicinity of targets or other agents, respectively, and the space is then considered flat. The role of the

(
vGi

=

fl
vG,
i
G,gr
vi

ζ j − Pi < RG
ζ j − Pi ≥ RG

(14)

where RG is the radius of a sphere centered on the targets that
marks the transition between the gather behaviours.
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terms corresponding to the seven remaining nodes. We decompose these terms into the three orthogonal axes aligned with the
PCBL’s edges and set equal to 0 to find Eq. (20):

√
√
Ω(L)L + 2Ω(L 2)L + Ω(L 3)L = 0

where L is the length of one side of the PCBL. By symmetry,
we find the Equilibrium Shaping formula reduces to one scalar
relation, which holds for any node chosen as the starting point.
Substituting ψD , ψA and ψG into Eq. (20) and rearranging, we
find Eq. (21) for c j = c and d j = d, giving a relation between
parameters b, c and d for which the dynamical system has the
PCBL nodes as its equilibrium points.

Fig. 3. (Left) a primitive cubic Bravais lattice. (Right) eight spacecraft
having acquired their target configuration, where each spacecraft is centered
on one node of the lattice.

6.

Equilibrium Shaping

Here we derive the ES formula for N=8 randomly initialized
agents given the task of acquiring the target spatial configuration of a PCBL as shown in Fig. 3. The ES technique exploits
symmetry in the PCBL to form equilibria equations, and of the
admissible configurations available to ES, a primary driver for
selecting the PCBL arises from an intriguing possibility to assemble cube-shaped spacecraft into cube-based lattices recursively in an octree structure for large N.
We begin by setting the functions ψD , ψA and ψG for the behaviours in the vicinity of the target formation:
−

ψD ( ζ j − Pi , kD ) = e

c=

7.

2
2
2
2
d − L2
b − kL2
− 2L
− 3L
− 2L
− 3L
(e A +2e kA +e kA )− (e kD +2e kD +e kD ) (21)
4
4

Results

7.1. Force model
The force model is verified using the Far Field model in Eq.
(22), a linearized model that approximates the EMs as magnetic
dipoles rather than rings of current, and is only valid when the
EMs are separated by more than 6-8 coil radii.22) For axially
aligned EMs, the Far Field force (F FF ) is expressed as:

||ζ j −Pi ||2
(15)

kD

F FF =
2

ψA ( Pi − P j , kA ) = e

−

||Pi −P j ||

ψG ( ζ j − Pi ) = 1

kA

(16)

These equations show that when the inverse exponential
terms ζ j − Pi and Pi − P j are large (i.e. spacecraft are far
from the targets and other agents, respectively), ψD and ψA become negligible and vGi  viD , viA . This allows the Gather behaviour to dominate Eq. (6) and the agents will move towards
the center of mass of the targets. On the other hand, when
ζ j − Pi and Pi − P j are small, viD and viA dominate Eq. (6),
respectively.
In order to enforce the particular equilibria for the PCBL,
we re-write Eq. (6) as the dynamical system in Eq. (18) and
determine the coefficients λ = [c j , d j , b] satisfying this under
the condition presented in Eq. (19) that shows the agents having acquired the target formation as in Fig. 3. This gives the
dynamical system equilibrium points for all possible agent permutations in the target configuration.

(18)

f (P = ζ, ζ, λ) = 0

(19)

3µ0 µ2F
4
2π d12

(22)

where d12 is the distance separating the coil centers and the coil
√
parameter µF = πR2c NF I1 I2 is evaluated using radius Rc =
4 mm and 200 turns (NF ). Computing Eq. (2) and Eq. (22)
for axially aligned EMs of length Lc = 34 mm separated by
distance d12 in the range [8Rc , 100Rc ] in increments of 0.2Rc ,
we find that for D1 , D2 = 3000, our model correlates with the
Far Field model to within 1%.
For each longitudinally aligned EM pair PP and CP, forces
are decomposed along the separation axis F s , coil axis Fc , and
a third axis Fh that completes the orthogonal system, and are
computed for linear separations along the separation axis in the
range [0,100] mm in increments of 0.2 mm. As this calculation
is computationally expensive, it is computed offline and fitted
with a function that can be used in the dynamic simulation. In
particular, we find that F s  Fc, Fh, so that neglecting Fc , Fh
our fitted force equation reduces to F s given by Eq. (23).

(17)

Ṗ = vTi = f (P, ζ, λ)

(20)

−2.299
F s = 3I1 I2 d12
× 10−9

(23)

We therefore set FCi,m ,Ci+1,n and FCi,v ,Ci+1,w equal to F s , i.e. only
electromagnetic forces induced along the separation axis are
considered. This function gives a coefficient of determination with the model of 0.9998 in the range [2,20] mm where
forces are largest, and where a 2 mm lower bound is selected
as the smallest possible separation between adjacent EMs given
a spacecraft wall thickness of 1 mm. Due to the rapid decay
of EM force with distance, we neglect cross-coupled forces exerted by the PP on the CP and vice versa.

Introducing Ω( ζ j − Pi ) = Ṗ and assuming Eq. (19) is satisfied, we choose an agent located at any target node of the PCBL
and evaluate Ω( ζ j − Pi ) using Eq. (19) to find seven non-zero
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target configuration.
7.3. Reconfiguration
We compute the symbolic equations of motion of the multibody system using the physical parameters mi = 250 g, s = 50
mm and Ji = mi s2 /6, while ||Li || reflects the distance between
the center of one EM and the next and so varies depending on
the location of consecutive hinges in 3D space.
In setting the current limits, we use an analysis by Cachia
et al.15) that outlines the design of an electrical power system
(EPS) of a 1P PQ in LEO capable of supplying a daily average
of 300 mW and a peak output of 1660 mW after accounting
for typical EPS efficiencies. For the chosen EM geometry, the
DC resistance of the EM is 1.16 Ω for a copper coil of resistance 1.68 ×10−8 Ωm with a rectangular cross-section of height
0.17 mm and an aspect ratio of 2.5. In the worst case, control
inputs will saturate to Umax,CP and Umax,PP for the duration of
the pivot, and the worst case √
current required
√ for one spacecraft
undergoing a 180◦ pivot is U max,CP + U max,PP for equally
distributed currents I1 and I2 between EMs in each EM pair. Assuming that maneuvers can be performed using a hinge current
less than or equal to this sum, it is multiplied by 2 to account for
the un-modeled hinge current and the result is multipied by 1.16
Ω to give a power estimate of the pivot maneuver. Choosing
Umax,CP = 0.13 and Umax,PP = 0.12 satisfies Umax,CP ≥ Umax,PP
to mitigate collisions resulting from overshoot in simple systems and yields a total power requirement of 1650 mW ≤ 1660
mW.
7.3.1. Controller performance
The controller is tuned heuristically and the step response of
a 2-body system to a 180◦ pivot is shown for clarity in Fig. 6,
where k p = −5, kd = −350, ki = −0.03, elim = e0 /2 and the controller runs at 60 Hz. A simulation of the two cubes highlighting
their orientations is superimposed on coordinate axes and displayed at the top of Fig. 6 at the corresponding time, where the
position of the hinge is tracked using an orange square. The
pivot maneuver is completed in 233 seconds, with a rise time of
151 seconds and a steady state error 0.05◦ . A large kd was required to conservatively over-damp the system to ensure a soft
final collision and mitigate instabilities. For small values of
kd , the spacecraft reach the setpoint at significant speeds and a
large repulsive force induces an acceleration away from the setpoint that cannot reversed due to the rapid decay of the force
function with distance and the limit (Umax,CP ) imposed on the
controller. Conversely, k p exhibits a near negligible effect on
the system, contributing a large component to the input for high
error values when the induced force is small, while contributing only a small component to the input for small error values
where the force induced would be more significant. The resulting kd -dominated behaviour of UCP acts to attract the spacecraft
when the error is large, before saturating from its negative limit
to its positive limit as the relative angular velocity of the spacecraft rises. While allowing a negative input on UCP permits the
pair to attract during the initial phase of the maneuver, future
designs that consider power constraints more rigorously should
set this to 0 for large errors in the way U PP is set to 0 for small
errors, under which conditions the forces that the respective EM
pairs can exert become negligible.
From the above, the 2-body system from Fig. 6 is capable

Fig. 4. Eight spacecraft initialized at random locations (starred markers)
follow geodesic trajectories during the initial descent toward the target destination (square markers). Markers not to scale.

Fig. 5. Trajectories of the eight spacecraft on the final approach before acquisition of the target formation (square markers), for which the spacecraft
occupy the PCBL nodes. Markers not to scale.

7.2. Assembly
We simulate eight spacecraft initialized with zero velocity in
positions uniformly distributed across a sphere of radius 1000 m
around a target location in LEO, at an orbital altitude of 415 km
and with the transition radius RG set to 1 m. A total assembly
time of 200 minutes was achieved for parameters b = 1, d = 0.5
and kA , kD = 0.1, resulting in a value for c of 0.0860421 for
which the spacecraft successfully reach all targets in the PCBL.
Figure 4 shows the initial trajectories of the spacecraft with
velocities set to vG,gr
to account for the gravitational influence
i
of the Earth and integrated at 0.125 Hz. Figure 5 shows the
fl
final approach of the spacecraft, where the spacecraft use vG,
i
to follow trajectories that assume a flat space in the vicinity of
the target, and where the integration rate has been increased to 2
Hz. Under this final approach, each spacecraft closes a final distance of approximately 0.3 m in 150 seconds to correctly settle
on the nodes of the PCBL of side length 0.1 m. This permits the
0.05 m side length spacecraft to perfectly align when centered
on the nodes as shown in Fig. 3.
The ES parameters were chosen to achieve assembly in desired timescales, consideration was not given to the thrusters or
control strategies necessary to achieve these velocities. Moreover, the parameter choices were tuned by trial and error, and
a number of permutations were found that led to configurations
with local minima for which the spacecraft failed to reach the
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Fig. 6. Two spacecraft undergoing a 180◦ pivot. (Top) simulation of the
maneuver with the hinge tracked in orange. (Below) step response showing
error and input current during the maneuver. Input current UCP sets I1 I2 for
the Catching Pair and is determined using PID control, while input current
U PP sets I1 I2 for the Pushing Pair using bang-bang control.

Fig. 7. Eight spacecraft initialized in the formation of a primitive cubic
Bravais lattice (top left) reconfigure into a line (bottom right).

bly time varied significantly with the order and timing of the
individual pivoting maneuvers. These inconsistencies arise primarily due to the time dependence of the system’s inertia that
results from the order and timing of the individual maneuvers.
The particular order and timing choices that led to successful
simulations were found heuristically, while other permutations
led to a failure of the system to acquire the line configuration in reasonable timescales altogether. These failures occur
when a pivoting maneuver becomes stalled mid-pivot due to
motion from other pivoting maneuvers in the kinematic chain,
and where the distances between EM pairs are too large for
the forces to generate significant further acceleration. However, these failures were easily mitigated either by assembling
spacecraft one by one from one end of the kinematic chain or
by increasing Imax to raise the maximum allowable controller
inputs.
It can also be noted that two pairs of spacecraft remain
in their initial subconfigurations for the duration of the simulation in order to highlight the possibility of metamodule
reconfiguration—that is, to use EMs to form temporary bonds
that allow maneuvering of several spacecraft as a single entity.
Rather than pivoting each individual spacecraft one by one, this
further increases the space of possible maneuvers that can be
selected in transitioning between configurations.

of completing a maximum of 67 pivot maneuvers each day, for
maneuvers that require 1650 mW for 233 seconds and given an
available average power of 300 mW/day. This number halves
for a 2-body system in which one mass mi is replaced with a
mass M set to M = ∞, and lies between these two limits for
the general case of a mass mi pivoting with respect to a nonpivoting N-body system with zero initial angular momentum of
mass M, where mi < M < ∞.
7.3.2. Multibody simulation
Provably correct reconfiguration algorithms for pivoting
cubes recently developed by Sung et al.23) have achieved transitions between arbitrarily configured 3D lattices in under O(n2 )
moves, barring three inadmissible sub-configurations. This algorithm utilizes a proof showing that any two admissible configurations can reconfigure into a line, and that these two configurations can therefore reconfigure into each other via first
transitioning to an intermediary line configuration. To the authors’ knowledge, this is the only algorithmic study of pivoting
cubes in three dimensions and is conducted without consideration of the underlying physics. As a result, we demonstrate
our controller’s ability to reconfigure a system of eight cubic
spacecraft from their initial configuration in the PCBL into a
line while simulating the full dynamics of the system. We use
an asymmetric pivoting pattern and asynchronous pivoting order in order to highlight the dynamics of the system, and show
snapshots of the reconfiguration in Fig. 7. The generation and
integration of the equations of motion takes 26 minutes on a
Windows machine (64-bit, Intel Core i7, 8 GB RAM). The
equations of motion contain 1704176 individual occurrences of
the state variables, underscoring the need for automating the
generation of symbolic equations of motion for large multibody
systems.
The controller was successfully implemented on the multibody system without gain scheduling, reconfiguring the eight
spacecraft in Fig. 7 in 1800 seconds. However, this assem-

8.

Discussion

In this paper we have proposed and outlined a novel framework for achieving reconfigurable space structures using a
robotics-inspired approach. In particular, we have introduced
simple electromagnetic coils as a means of pivoting neighbouring spacecraft with respect to each other. For this a force model
of the electromagnetic actuators was developed using Ampère’s
force law and verified using the Far Field model. Furthermore,
these electromagnetic actuators provide each spacecraft with
self-aligning low-mass connectors capable of forming temporary bonds with their neighbours. These connectors are moreover orientation-invariant, genderless, quick to engage and tol-
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erant to misalignment. On the other hand, they exhibit relatively low strength, draw power while engaged and dissipate
heat during operation. Future work could include the design
of a mechanical latch to allow forming permanent bonds between neighbouring spacecraft, as well as substituting or complementing the EMs with electropermanent10) magnets that allow switchable electromagnetic adhesion without power consumption. Of particular interest to the authors is the possibility to overload the EMs with additional functionality such
as inductive wireless power transmission between neighbouring spacecraft. This could allow non-contact power sharing between spacecraft without protruding parts or physical electrical
connections, in addition to allowing communication and information transmission in the collective.
The generation of symbolically expressed equations of motion was automated for eight daisy-chained cubic spacecraft,
allowing for rapid computation and limiting the susceptibility
of the derivation to human error. A controller was simulated
capable of achieving pivoting maneuvers subject to hypothetical constraints on power. Reconfigurations were successfully
demonstrated using heuristically tuned controller gains for 180◦
pivots on 2-body and 8-body systems. For the 8-body system, a
simulation demonstrated reconfiguration from the initial shape
of a PCBL into a line, motivated by utilizing recently developed
provably correct algorithms for pivoting cubes23) while modelling the full dynamics of the system. One limitation of formulating the problem as a kinematic chain is in its inability to
allow traversal maneuvers, however an extension could be implemented to allow this by updating kinematic constraints online. While the controller performed sufficiently well for small
systems, sensor noise has been neglected and perfect knowledge
of the system states was assumed. In future implementations,
knowledge of the model could be leveraged to better handle
changes in inertia in the system and to optimize the input for
power and assembly time.
The ability of one spacecraft to perform 34 pivot maneuvers
per day while attached to a larger non-rotating structure in LEO
suggests that integrating EM actuators into a collective of PocketQube could allow significant reconfigurability of the collective. While the force model and dynamical model used to arrive
at this result underwent significant simulation and modelling,
more lenient assumptions were made to estimate the power required for hinge retention. Additional factors to consider in future work include depth of discharge and the occlusion of solar
panels by other spacecraft, however any further limits to the
available peak power can be traded for longer pivot times.
While reconfigurability should preclude the need for a particular initial configuration, a method for aggregating the spacecraft in an initial configuration was proposed and simulated using the ES technique.21) As a distributed path planning technique that relies on limited sensorial information, ES is suited
for swarm applications with many agents as envisioned in this
paper. Starting from a randomly initialized 8-spacecraft swarm,
ES is used to successfully acquire a target configuration of a
PCBL that moreover exploits geodesic trajectories during the
initial descent toward the targets. The symmetry between the
choice of lattice and shape of each spacecraft moreover presents
an opportunity to assembly cube-shaped spacecraft into cubebased lattices recursively in an octree structure for larger sys-

tems. The spacecraft velocities found by ES are set without consideration for the underlying dynamics, thus a beneficial extension of this work would include exploring candidate thrusters
and control strategies for the aggregation phase. Of particular
interest is the control of spacecraft pose during the final approach, where EMs themselves may be used to complete the final assembly; this proposition is corroborated by the accidental
magnetic conjunction of cubesats HRBE and MCubed in 2011,
which is hypothesized to have occurred due to the attraction between onboard permanent magnets intended for passive attitude
control.24)
9.

Conclusion

This paper has introduced a conceptual framework for
achieving on-orbit formation of reconfigurable space structures
using individually actuated electromagnets embedded in the
edges of large swarms of miniature spacecraft that are based
on the PocketQube. A behaviour-based and distributed path
planning technique called Equilibrium Shaping was used to successfully assemble eight spacecraft in an initial configuration
in LEO. Using automatically generated equations of motion,
we demonstrate the first controlled transition from this initial
configuration to a target configuration using pivoting 3D cubes
that considers the underlying physics of the system. Finally, a
heuristically tuned PID controller was found that successfully
drives pivoting maneuvers for small N ≤ 8 multibody spacecraft systems, however future larger systems will require more
stringent constraints on pivoting order and consideration for simultaneous maneuvers in the system.
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