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ABSTRACT

Recently, severalusesfor intercraftCoulombforceshave
beenexplored. Proposedapplications have rangedfrom
creatingstaticformationsof many spacecraftto steerable
nanosatdeployment systems. This paperconsidersthe
useof Coulombforcesfor creatingspacestructures.Un-
like conventionalspace structures,theseÓvirtualspace
structuresÓhave no physical connections.Instead,they
areheldtogetherby maintainingspeciÞcchargesat their
nodepoints. This form of structureis thus readily ex-
pandable,canbereconÞguredto differentshapes,andis
easily deployed. Fundamentalconceptsare coveredin
conjunctionwith a control law illustrating the ability to
form astructurewith conventionalstiffnessanddamping
coefÞcientsthatcanbeactively modiÞed.

Key words: CoulombForce, Formation Flying, Space
Structures.

1. INTRODUCTION

The forces generatedbetweentwo charged bodies in
spaceare sufÞciently large that they can be usedfor a
variety of usefulpurposes(King et al., 2002,2003). A
simplistic example is shown in Figure 1 wherethe two
bodiesare perfectspheres. In a vacuumthe Coulomb
force,f12, is

f12 =
kcq1q2

d2
(1)

wherekc is CoulombÕsconstant(8.99! 109 N m 2

C 2 ), q1 and
q2 arethechargesof thetwo bodiesin Coulombsandd is
thedistancebetweentheir centersin meters.

Charged bodies in a plasma,such as in the vicinity of
Earth,haveashieldingeffect characterizedby theDebye
length(! d). Whenanodeactively charges,theoppositely
chargedparticlesin theplasmaareattractedto it. As seen
by otherparticipatingCoulombforcenodes,it is a cloud
of particles with a net zero charge, and thus provides

no Coulombforce. This Debyeshielding phenomenon
is modeledasanexponentialdecreasein Coulombforce
with increasingseparationdistance.The ideal intercraft
Coulombforceof Eq.1 becomes

f12 =
kcq1q2

d2
e! d/L λ (2)

whenconsideringtheplasmaDebyelengthshielding.For
separationdistancesof d > 2! d theCoulombforceeffect
is negligible.
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Figure 1. Coulomb forces between two charged spheres.

The Debyelength is a function of altitude, but is not a
constantquantitydue, for example,to changesin solar
activity. In general! d is quitesmallat low Earthaltitudes
(centimeterlevel). At geostationaryaltitudes(GEO) it
rangesfrom 10s of metersto 100s of meters. Thus,
Coulomb force exploitation for creating virtual struc-
tures,or formation ßying, is limited to eitherhigheralti-
tudeoperations,or interplanetaryoperationswhereagain
! d is large.

Active control of spacecraftcharging hasbeenanimpor-
tant areaof studyfor many years. Differentialcharging
is typically anundesirablephenomenonandcanresultin
arcingbetweencomponentsandelectronicfailures. The
nodechargingenvisionedfor aCoulombvirtual structure
is not differential,but whole-craftcharging. This is a far
saferscenariothandifferentialcharging, wherekilovolt
level potentialsshouldbepossible.

The spaceplasmaenvironment has both electronsand
H+ ions.Sincetheelectronsareroughly2000timesless



massive thanthe ions,a body moving throughthe near-
Earthplasmaaccumulatesmoreelectronsthanions,and
thus, tendsto charge negative. The active nodecharg-
ing for a Coulombvirtual structurewill requirekilovolt
level charging. Although this seemsprohibitively large,
theSCATHA spacecraft,launchedin 1979,demonstrated
net ÓnaturalÓpotentialsas high as -14kV as described
by Mullen et al. (1986). Using a low power electron
emitter, SCATHA was actively charged to 3kV. Recent
analysisshows thatkilovolt level potentialswingscanbe
achievedwith very little power andessentiallyzeropro-
pellant(King et al., 2002;Schaubet al., 2003). Achiev-
ing additionalnegative charge, on demand,will require
activeion emission.Thiscanbeaccomplishedwith exist-
ing technologywhich hasproven suitablefor spacecraft
operations(Riedlerandetal., 1997).

Thefocusof this paperis theuseof Coulombforcesfor
creatingspacestructures.Sincethesestructuresdo not
have physical connectionsand are held togetherby the
Coulombforcesalone,they will becalledÓvirtualstruc-
tures.ÓA survey of recentactivity in thisareais presented.
In addition, the analogyto conventionalstructuresis il-
lustratedwith a simple two-nodestructure.Possibleav-
enuesfor futureresearchdirectionsarealsoprovided.

2. VIRTUAL STRUCTURE CONCEPT

A Coulomb virtual structure is comprisedof several
nodeswhosechargescanbe actively controlled. Some
nodesmayhave their own propulsionsystemfor provid-
ing a net force to the structureÕs centerof mass,while
othersmayhave instrumentationproviding thescientiÞc
functionalityof thestructure.A typicalstructureis shown
in Figure2.
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Figure 2. A Coulomb virtual structure illustrating the use
of nodes not only for shape control, but also for net struc-
ture thrusting and scientific sensors.

Themodularityof this typeof structureis apparent.Sec-
tions could be readily added,aslong asthe highly cou-
pledchargenodeinteractioneffectsareconsidered.As-
sumingthat this systemof N chargedbodiesis orbiting
theEarthsuchthatits centerof masshasanominalcircu-
lar orbit, theClohessy-Wiltshire(ClohessyandWiltshire,
1960)or HillÕs equations(Hill, 1878)canbeusedto ap-
proximatetheir Hill-frame relative dynamics. Theseare
shown in Eq.3 for theN bodycase.

m
(
ẍi − 2nẏi − 3n2xi

)
= kc

N∑

j=1

xi − xj

d3
ij

qiqje
− dij

λd

m (ÿi + 2nẋi) = kc

N∑

j=1

yi − yj

d3
ij

qiqje
− dij

λd

m
(
z̈i + n2zi

)
= kc

N∑

j=1

zi − zj

d3
ij

qiqje
− dij

λd

(3)

for i = 1 . . . N , j "= i during thesummationanddij =
‖!pi − !pj‖. TheHill frameangularvelocity is denotedas
n andthemassof eachnodeis m. Thepositionof theith
node,relative to the Hill frameorigin at the structureÕs
centerof mass,is denotedby thecomponentsof !pi given
by xi, yi, zi. Clearly, eachcharged nodeinteractswith
all the other charged nodesin a complex, but well de-
Þnedway. Simply addinga new sectionto thestructure
without takingthis into accountwouldresultin structural
deformation,and eventually the structureÕs demisedue
to theorbital dynamiceffectson theleft sideof Eq.3. It
shouldbenoted,however, thatfor particularlylargestruc-
tureswith characteristiclengthsgreaterthan2λd, distant
nodeswill no longerinteractdueto theDebyeshielding
effect. Thus,thecontrolproblemof actively modulating
thenodechargesto achieve equilibriumcouldbesimpli-
Þeddueto theDebyeshielding effect.

3. STATIC VIRTUAL STRUCTURES

Oneof theearliestattemptsatexploiting Coulombforces
wasfor creatingstatic,crystal-likespacecraft formations.
At theheartof thisanalysisis thesolutionto Eq.3 where
thespeedandaccelerationtermsaresetto zero. There-
sultingstaticequilibriumequationsareshown in Eq.4

−3x̃i =
N∑

j=1

x̃i − x̃j

d3
ij

ṼiṼje
−Mdij

0 =
N∑

j=1

ỹi − ỹj

d3
ij

ṼiṼje
−Mdij

z̃i =
N∑

j=1

z̃i − z̃j

d3
ij

ṼiṼje
−Mdij

(4)

whereM is thenumberof Debyelengthsconsidered,and
boththepositionsandchargeshave beennormalized us-
ing

x̃i =
xi

Mλd

ỹi =
yi

Mλd

z̃i =
zi

Mλd

(5)



and

Ṽi =
rs/c

n
!

m (Mλd)
3 kc

Vi (6)

Chong (2002) showed that analytical solutions to the
static Coulomb equations of Eq. 4 exist. By enforcing
specific shape symmetries she demonstrated structures
with up to 6 participating nodes. It should be noted that
these were not ”free-flying” formations. Each had a cen-
tral Coulomb node with its own conventional propulsion
system. Thus, all the other nodes could react against the
central node. Stability was considered after finding equi-
librium configurations. It was concluded that none of the
shapes was passively stable. Thus they would require an
active control strategy to maintain their shape.

This original work illustrated that virtual structures of
10s of meters could be created using Coulomb forces.
The next investigation focused on free-flying formations
with none of the nodes having a conventional propulsion
system described by Berryman and Schaub (2005b) and
Berryman and Schaub (2005a). Given a specified number
of nodes, a genetic algorithm optimization approach was
used to solve for the relative positions and charges such
that static equilibrium equations were satisfied. Although
there was no prescription as to the desired shape, this il-
lustrated that free-flying virtual structures were possible
with up to 9 nodes as shown in Figure 3. Larger clusters
are certainly possible, using the optimization approach
applied to the 9 node case. It should be noted that Debye
length shielding was not considered. Necessary condi-
tions on the shapes were also developed for satisfaction of
the equilibrium equations (Schaub et al., 2005). In short,
it was required that the structures principle inertia axes be
collinear with the Hill frame.
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Figure 3. A nine node free-flying virtual structure.

This work was later extended to generating virtual struc-
tures that achieved a desired shape using a subset of the
nodes as described by Parker et al. (2006a). In general, a
Coulomb virtual structure will need more nodes than re-
quired of a conventional structure. These extra nodes are
needed to generate the proper internodal forces to bal-
ance the static equilibrium equations of Eq. 4. For exam-
ple, an eight node square box structure will not provide
enough control degrees of freedom to satisfy the equilib-
rium equations.

Again, an optimization strategy was used to generate
both the node charges and the positions of all the nodes.
The specified shape nodes were incorporated as a penalty
function in the overall cost function shown in Eq. 7 where
"̃R are the residual accelerations derived from Eq. 4. The
first term of the cost function has two purposes. It simul-
taneously favors enforcement of the static equilibrium
equations while trying to maintain even charges across
all the nodes. The second term, with weighting factor
w1, enforces the desired shape function embodied in S.
The last term favors satisfaction of the static formation
necessary conditions. Debye length shielding was con-
sidered in this study where it was shown that specified
shapes could be readily constructed. A specific example
is shown in Figure 4 where the goal was to maintain three
of the five nodes in a triangle as viewed by an observer
on Earth located directly below the structure.
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Figure 4. A five node structure with 3 nodes forming an
equilateral triangle.

The color bar illustrates the normalized node voltages,
scaled to that of the maximum node voltage. For an equi-
lateral side length of 12 meters, a λd of 50 meters, and
a node radius of 0.5 meters, the maximum node voltage
was 16 kilovolts.

4. VIRTUAL STRUCTURE ANALOGY TO CON-
VENTION AL SPACE STRUCTURES

From the previous analyses two things are evident. First,
practically sized virtual structures are feasible. Second,
some form of closed-loop control will be needed to main-
tain the structure’s shape. The difficulty of implementing



a control strategy, due to the dynamic coupling between
nodes, has already been mentioned. A charge cycling ap-
proach has been suggested for effectively decoupling the
node interaction to all but two participating nodes at any
one time (Parker et al., 2006b). In addition, the ability
to create (and modify) conventional structure vibration
characteristics in Coulomb virtual structure using closed-
loop control is possible using the method described by
Natarajan and Schaub (2005).

Consider a simple, two node structure such that each node
is nominally on the Hill frame x axis, that is, along a line
directed radially out from the Earth. Taking as degrees-
of-freedom the separation distance between the nodes
(L ), the in plane rotation of the structure (ψ) and the out
of plane rotation (θ), the Hill dynamic equations can be
represented as shown in Eq. 8 where δ denotes a small
perturbation from the nominal configuration and L ref is
the desired separation distance that can, in general, be a
time-varying quantity.

θ̈ +
2L̇ ref
L ref

θ̇ + 4n2θ = 0

ψ̈ +
2L̇ ref
L ref

ψ̇ +
2n
L ref

δL̇ − 2L̇ ref
L 2
ref

nδL +
2L̇ ref
L ref

n+

3n2ψ = 0

δL̈ + L̈ ref − 2nL refψ̇ − 9n2δL−
kc

m1
δQ

1
L 2
ref

m1 + m2

m2
= 0

(8)

The resulting set of linearized equations is time-varying
if the reference separation distance, L ref is specified to
change. Postulating the control law of Eq. 9

δQ =
m1m2L 2

ref

(m1 + m2) kc
(−C1δL −C2δL̇ + 2nL ref ψ̇) (9)

where the constantsC1 andC2 are the position and veloc-
ity feedback gains, results in a closed-loop virtual struc-
ture which has a specifiable axial stiffness and damping.
Specifically, the closed-loop δL equation becomes

δL̈ + C2δL̇
(
C1 − 9n2

)
δL = 0 (10)

The structure’s axial mode natural frequency and damp-
ing ratio are

ωn =
√

C1 − 9n2

ζ =
C2

2
√

C1 − 9n2

(11)

and can be prescribed independently by selecting the con-
trol gains C1 and C2 appropriately.

This analogy is only meaningful if the entire system of
Eq. 8 is stable. If L ref is constant, then the stability

bounds on C1 and C2 are readily computed by analyz-
ing the characteristic equation of Eq. 8 and shows that
C1 > 9n2 and C2 > 0 are required. Stability of the time-
varying system requires bounds on L̇ ref and has been
considered by Natarajan and Schaub (2005).

5. FUTURE RESEARCH DIRECTIONS

In general the exploitation of Coulomb forces for space-
craft missions is an open area of research. Fundamen-
tal and experimental work is needed in the area of charge
sensing and modulation. This would benefit the full spec-
trum of applications, including Coulomb virtual struc-
tures. Control strategies are needed to accommodate the
complexity associated with the coupled nonlinear dynam-
ics of an N node Coulomb virtual structure. A direct ap-
proach would be to devise a coupled nonlinear strategy
that yields desired positioning performance while guar-
anteeing stability. Indirect methods may also prove ef-
fective where subsets of the structure are decoupled. The
idea being that the solution to several reduced order prob-
lems would likely be more tractable than designing a con-
trol system for one high order system.

Active reconfiguration is a potential benefit of Coulomb
virtual structures that has not been fully investigated.
While conceptually easy, this may prove to be quite chal-
lenging. It is likely that exploitation of orbital dynamics
will by beneficial. This may require development of tra-
jectory design strategies that guarantee the controllabil-
ity of the structure throughout its metamorphosis between
shapes.

Consideration of the analogous structural properties of a
Coulomb virtual structure may facilitate the use of ex-
isting space structure control techniques. This would re-
quire significant work beyond that described above for
the simple two-node system. If successful, it may be
possible to tailor the structure’s natural frequencies and
mode shapes to suit changing rigidity requirements. For
example, while vibration sensitive scientific instruments
are active, its host subsystem may be decoupled from the
rest of the structure, achieving true isolation.
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