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CHARGING STRATEGIES FOR ELECTROSTATIC CONTROL OF
SPACECRAFT FORMATIONS

Leonard Felicetti" and Giovanni B. Palmerini®

Formation control by means ofeetrostatic forcesgenerating attractive oer

pul sive actions by c¢haslpénmegently preposedat el | i t esd sur
for high altitude orbits to precisely maintain the configuration withisk of

plume impingementThis paperfocus on electrostatic control and switching

strategies for charge distribution spacecrafformations taking into accont

the limits on the power requirementsTwo nonlinear global contra@pproaches

are presented and applied to twoi- and three sate
mized charge distribution process among the satellites is discussed and applied

to the three sgcecraft formation case. Numerical simulations are performed in

order to evaluate the advantages and drawbacks of this configuration control

technique.

INTRODUCTION

The use of electrostatic forces (Coulomb forces) has been recently proposed for foroiation a
quisition, maintenance and reconfigurafiofihis new concept of formation control is based on
the idea of generating attractive or repulsive
surfaces, in order to control their mutual distances.

Sometheoretical and numerical studies were carried on by important space agencies (NASA
and ESA? through their advanced concept teams, in order to analyze the systermpaces
and needs. The results of such studies were encouraging because they baqvessibility of
achieving high specific impulsesth limited power requirement#\ surprising result of the Go
lomb interaction study was that the magnitude of the-spearcecraft forces is commable with-
and mayactuallyexceed the one providedyomicro-propulsion systems proposed forrfation
keeping.New missions involving two or more spacecraft flying in very strict formatom &
lowed with very limited propellant consumption and lamountof required powr. Applica-
tions which can benefirom this control technique can be optical interferometry missions like
large fieldof-view planetarydetectorsor distributed remote sensingssym observing the Earth
in the visible band from higher orbits (MEO and GEO)

With respect to the classical formation control the most suitable advantaggg)ane risk of
thruster plume impingement or contamination of neighboring spacecraft, which is espeeially i
portant for optical payload, (b) high equivalespecific impulse, despite limited electrical power
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requirements and (c) very high precision in cont@ssic chemical propulsion systemsicat
provide so fine and continuous thrugdn the other hand, electric thrustedow for strictfor-
mation pogion tolerances, but thgenerated ion fluxgsollute the avironment in a way which is
especially dangerous in case of optical payloadgead, the Coulomb force based contrai-co
cept allows for continuous, firesolution maneaverability, which will geatly improve formation
acquisition and maintenance maneuvers, because oapidity at which the Coulomb forces can
be continuously wéed’.

A limit of the techniques represented by the effectivenesshef electrostatic action that is-r
lated to the Bbye length parameter, quantifying the shielding effect generated by space plasma.
As a esult, electrostatic control seems better suitable for high altitude orbits.

All formations present an unstable babaif controlled by means of electrostatic forces a
plied in an opetioop straégy. Therefore, a feedback law is ded to gain a suitable behavior.
The extensive research effdoly Schaubet al. produced significant advances ormdelling and
control formations oftwo®"®, thre€'®* and moré& spacecraftThesestudiesclearly demonstita
ed the possibility to acquire and to precisely maintain desired disthetecen spaceaft

In thecase oftwo spacecraft formatiothe strategyrovides the value of hie product of the
chargego becommanded to the two spacecraft, and its square root is clearly the dn@oog
and preferred sation for each individual charg&Vhen the number of spacecraft belonging to
the formation increases, the problem becomes rante more complicated. There is indeed a
larger number of parameters, but also a richer set of constraints imposed by the desired geometric
configuration of the formatioil not necessarily easy to apply at the same time on the existing
orbital dynamicsFeaible ®lutions different from the square root of the charge products a&re lik
ly to appear, and the continuity in the required forces should not be given as grantedi-An add
tional, operational constraint to limit the variations in time of the currentg taduced on the
platformsshould be included to handle sudden variations in required forces. Overall, the switc
ing law for the charging of different spacecraft becomes a far from trivial problem. This paper is
then focused on the strategies to distrilihe charges in fonations involvingthree platforms,
with the goal to attain the desired configuration in a fast and efficient way, and a constraint on the
currents to be generated on the spacecraft surfaces, that have to be kept as low as®ppissible.
liminary selection of the equations to design the cdleirovas performed in™*2. In this work a
nonlinear global control stratgy is computed beforegiving as output three desired product
charges which cannot alwaps satisfied togethefThe selection of what charge product must be
followed is accomplished following the control contggtion.

Following materiabeginswith the description of the governing equasaf spacecraft chgw
ing (section 1) and of the formation dynamics forced by electrostatic actseatioh 2). The
overall control scheme adopted in this paper is presented in section 3, where also tenwot diffe
global control strategies (Lyapunov basatd SDREcontrolg are described. Then a selection
criteria and the switching strategy for the case of three spacecraft formstjmesentedn sec-
tion 4, while in section 5 optimal charge distribution laws are dersatidfying a part othe
charge poducts obtained from the global controllEhe numerical result§or both twe and
threespacecraft formationeeported in thdast sectionbefore the conclusiongven if prelint
nary, proof the interest of the proposed technique, suggestimdapth aalysis taking into e
count technological gstraints.

SPACECRAFT CHARGING MODEL

The charging technology isurrentlyused for controlling the spacecraft potential with respect to
the surroundingplasma environmengpecificdevices(as the plasma contactosed on the Inte
nationalSpace Statidfi or ion and electron emitters used in electric proput§jare canmonly

used for neutralizing the electrostatic charge of the spacecraft with respect the neighbar enviro



ment, in order to avoid breakdowns which clamageon board electronic hardwark.is worth
to notice that the space plasma, interacting with the spacecraft surfaces, naturally charges the
spacecraft negativelyThe phenomem depends upon the localesma density of etérons/ions,
the local temperature of electrons/ions and the reached spacecraft charge. Tihg spmdecraft
charge dynamics is the resultant of an equilibrium between fast electrons wad islos fluxes
from/to the spacecraft aritie neighbor space plasma: if the spacecraft is charged with positive
charges, it will attract electrons coming from the neighbor plasmayveisa a flux of positive
ions from the plasma will occtf the spacecraft charge is negativ&he possibility to actiely
control the charge of the spacecraft with respect to the neighbor plasma potential was experime
tally demonstrated by SCATHAand ATS® missions. Hollow cathodggmitting flows of ele-
trons throughelectron gunsandion thrustergemiting positive charges to the spaare can-
monly used for this ppose®*.

These flows can be consideredpasitive (for electrons)or asnegative(for ions) currentgi,

andi, respectivelywhich modify the spacecratharge status,. through the retion®

d :
=i M

wherei, =i, +, is the resulting electric current. Inetiollowing the currentswill be consdered

as positive when the electrons go from the spacecraft to the external envircanmdéimé natural
charging due to theurroundingplasmawill be neglected by assuming that currentsdorced by
the actuators are higher than natural election/ion fl@kescontribution otharging devicewiill
be actuallyimited by theon boardpower and # the dimensions of the hollow taides/anodgs
Under these hypotheses we can assumdhbatharging and discharging phasesraked by the
following relation:
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wherei,, is the regquested cuent (which will be calculated by a dedicated comgrdland the,,

andig are saturation currents of the electron and ion emitters respectively.

The resulting spacecraft potentdl. with respect to theurrounding environmermian beeval-
ated as

q
V. =—=¢
= @

sc

where C_, is the resulting electric capacitance of éx¢ernalspacecraft surfaces.

In order to avoicbreakdowns between the spacecraft and the outer plasma, a conditiom-concer
ing the differences between the two potentials must be satisfied during all the electrastatic m
neuvers. In particulathe resulting condition can beughly written asV, - V,; < \B,, where

V, is the potential of the plasma am,, is the maximum admissible potenteisuringthatno

breakdown current occurs between spacecraft and plésmeder to take into accountishprdo-
lem, a saturation limit on spacecraft charge is inclufjedssuming the folleing relation:

4 ¢q. %, 4
where g, and g, are the lower and upper limits of theaspcraft chargesalculated by taking
into account E@3) and he breakdowns potential limits.



The required power and the total energgderwill be taken into accouras indexes of the pe
formance of the maneuvels particula the required power to charge the spacecraft caniioe co
puted by the fidowing relatior:

F’SC = ISé/SC (5)

and a estimation of the required energy can be obtained by thedticiegf Eq(5), leading to:
t t;

Esc = nPsc t = Iﬁscdt (6)

tCl 0

DYNAMICS OF CHARGED SATELLITE FORMATIONS

Let us consider a formation &§ satellites in a circular orbit and let us associdteeal Ver-
tical Local Horizontal (LVLH) reference frame whose origin is coincident with the center of mass
of the formationF , as @picted inFigurel.

Satl

Figure 1. LVLH reference frame and d; vector definition

The position of each spacecraft, with respect to the LVLH reference fragieefisby di, whose
components are aligned along t@eﬁ and IE axesrepresentingthe radial, the in track and the

orbit normal unit vetors respectively
The dynamics of each satellite can be represented by the CleWékskiire equations of ro-

tion'":
d=2n(Bk -JFEdO farr M E d, (7
where n, =afng /r.? is the reference orbit mean motjan is the reference orbit radiasd f,

is the sgcific control force applied to thieth spacecraft.
For electrostatic actuated spacecraft, the modeling of the control force is given by the follo
ing relatiorf:

a, g
= . 4G 7 E
fi :ﬁ #e /q - 8
ma e s (8
Cl.i
where m is the spacecraft ass,q and q; are respectively the charges of thh and thej-th

spacecraft and, is the Debye lengthakinginto account the shielding effects due to the space
plasmaThe vestor 6” (seeFigure2):

_h = qjéf :ia a 9)

o



defines he distance between the spaceg:lv&lilthcf—j the relevant unit vector joininghe i-th and
j-th satellites

Satl

Figure 2. Distances among the spacecraft

Note that the specific forces defined By(8) are internal oneandcannot produce variations in
the center of mass of the formation: only change®lative position among spacecraft are poss
ble by using electrostatic forces

Equation(7) can be rearranged by taking into account(8cgand considering all the possible
spacecraft pairs in the fortian. The resulting equations are regentative of thelynamics of
the N(N- 1)/ 2 virtual links, connecting all thespaceraft of the formationand can be wtien

as

&;=2%(E~E -»Aﬁ?é@ e EEnfd, o «

di - d\k - dl ¢ (10)
1 q qj /d q< 4 1 q q d é
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Theforcesrullng the dynamics oachvirtual link'®'® can bedivided betweert h e riia tnd e

the link (electrostiic action between thieth andj-th spacecraft) and the external ones, which
involve a spacecrafbf the selected pair and @ther spacecraft in the fornian. Figure3 shows

the virtual link between thést and the2nd spacecraftthe internal actiorfin green)acts only

along the joining direction between the two spacecrafjuyming a variation of the length of the
virtual link.On t he ot her han {nrdd}an also@mduc a rotatioroor 8@ ¢c e s
lation of the virtual linkby their componentsormalto the virtual link diretion.

r d
h[‘»A q; 92 6’_7]"—2‘112

Figure 3. Electrostatic forces acting to the virtual Ink joining Sat 1 and Sat 2



In fact wecan be projecEq(10) along the(f— direction the only one which the electrostatic

force can acbn, to obtain the following scalar equation of motion representiegaxial dynen-
ics of a virtual link connecting theth spacecraft with thgth spaecraft:

d, —n,q,g(ﬁ B) (4Fp)E2 +
& 4 A 6 G ¢ (11)
@l 1.9 1Q y 1 Q E

& Rk S R R
where Q, =q ¢ is the product between two satellite charges.

The N(N - 1) / 2 equations of motiorresultingby iteration ofEq.(11), can be represéad in the
state space form aslfows™;

X=AX)X BX)U (12)
with the statevectoris defined as
N . . . T . T
X=gd, - d - digpnd, - d o dy GEG Xgf (13
Theplant matrk and the control distribution matroan bedetailedas:
e 0 E e 0
A(X) = ;. B(X)= 14
§A() 0 %(X) 19

where the term of theubmatrix A(X) and ofthe submatrix B(X) aredirectly obtained by ta

ing into accountEq(11), and E is the identity matrix.Finally, the control vectoincludesall the
charge products:

U=5le Qe Quy Tf (15)

FORMATION CONTROL STRATEGIES BY MEANS OF ELECTROSTATIC FORCES

One of the most peculiar aspectstloé systemof equation of motion in E(L1) is that the
control actios dependon the producof the chargebetweentwo interactingspacecraft and not
on ther individual values. It is alsglearthatit would be impossible to act on a single suaaft
without affecting the othersa global guidance and control strateigythereforethe prefered q-
tion with respecttp | a t fimglividud gudance.

The analysis performed the followingis based on the architecture illustrate@igure4.The
sy st e md s ism@presentatiy thheClohessyWiltshire equations of mtion with the electo-
static force (Egs. (7)-(8)) andby an additionalequationfor each spacecraft of the formatide-
scribingthe charge dynamid&q(1)), with the relevantsaturation limits on the curren{Eq.(2))
and the maximum and minimum allowable charges(@g)g.The contrdler takes into account
only the rangand range ratemmong the spacecrafhd,by means othereduced set of equations
of motion expressed by K@2), computeghe charge products ededto appropriatelynaneiver
the spacecraftThe charge distribubn functiontakes into account these products and select
which one amog themmust beimplemented firstavoiding impossible contrekalizations The
selectionprocesss continuously reconsidereth order to track the evolution of the formation and
to give the priorityto largererrors with respect to the desired configunat The charge distrilp-
tion provides as outpuhe desired charges each spagraft.

A low level controller, adhg oneach spacecraft, takes the desired charge value andubk act
charge status of the satellite and computes the required clinerdharging actuators witkradk
the current commanded by the charge controllers and produce the ion or electrorthituxes
charges anthe electrostatic forcas accomplish the maneger.
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Due to the higly nortlinear dynamis which characterize the systetmjo nontlinear fa-
mation control strategies will be investigated ie flollowing Specificallya Lyapunov based
control scheme and the SDRE techniquecaresideredThetwo global control stratgies will be
describedfirst, thema switching strategy will be presented for the three spacdorafiation
case.
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Figure 4. Architecture of the control strategy
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Lyapunov based control stratey

This control strategy, which can be applied to the system of equation of motieseei@d by
the Eq(11), is based on the definition dfe following Lyapunov functioti®**2:

des)? 1. :
L= a_;ng_,Eklp(qj -q ) 42’92 go‘ (16)

which is positive serilefinite and vanishes when the desired configuration is atteesiding
Eq.(12) with respect to timeszers

(=4 ad & (d -9=) # (17

i=1j %
J,i

to be negative sentefinite in order to ensurhne asymptotic stability of the system. It is possible
to substitute E@11) leading to the following expression:

L:;a,j‘lj,\éd”{lﬁp(q _qdes) rﬂjgs(ﬁ 15)5 (.ﬂE$)2E€cké£%+ L %ﬂ#d

e\ a o, & i (18)
~ N 1 - 1 l =\ ..
+k € ae——e 'k Eqlod
Kgfgan : (& af e (d 9)0%
The stability is granted by means bétposition:
N N .
L= 4 aKq (19

i=1 ]2
IR
which provides the following condition for eadhilg, j-th) couple of spacecraft:
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The set 0oEq.(20) iteratedfor all the N ( N - 1) [ 2pairs in the formatlon can hesefully recollet
edthe following matrix expression:

Ko (Xq- X&) Ko(Xy %45 160X, BYU 0 (21)
whereK ; and K, is the gain matx containing theky and KJF’ in their diagonals.

(20

('D\ -

Starting from the E@21), the resulting control actioreadsas, ifthe matrix B(X) can beinvert-
ed

U= B "8, (X, X5) KXy X8 X (22)
It is worth to notice that E(R2) contains feedbacterms The stability of such etrol scheme
will be proved by numerical simulations in next sectidnsthat section, it will be also shown
that thiscontrol strategy cannot cegl the steady state errgrsvhile ensuring the ability of the

system.In order to correct this probleran integrative term is added to &%), leading to the
following control strategy

U= B, f(x XNt Ke(X, X&) K8, X 100X+, (23
e

where the matriX< | is dlagonal and contains the gains related to the idtegras.

State dependent Riccati equation based control strategies

A different, sitable methodology of control is based on the minimization of the following
cost function:

J:}gx X QX)X % *) UFRX)U & (24)
f

where Q(X) is the matrix weighting the reachability of the desired state of the systdm a
R(X) is the matrix weighting the control effort

The solution of the optimization problem is granted if the system is linear, which is notrthe cu

rent case as all the matrices are state dependesgnRadvances in control resdailed to the

development of the so calldiist at e de pende napprdifée, adentifying@ uat i ono
suboptimal solution of the problem provided that the system ofteans of motion could be

written in afifst at e depende n(SDCcfan. fEd(L2cdearly satisfies thisee
guirementtherefore leading to the following control law

U= RIBX)TPX) (X %) (25)
where theP(X) matrix is the solution of thé imevariable state dependent Riccagquatioro:
PX)=PX) AX) AX) TRX) RX) BX) R'BX) "BX) Q (26)

to be solved iteratively by using the Taylor series méthtite solutionP(X) of Eq.(22) is found
as sum oh matrices(Po(X), R(X), ... Pn(X)), which can be calculated by the following prec
duré®:



- to solve the algebraic Riccati equation by using the state depending matrices @t the sy
tem dynanics:

PO AX) +AX) TPYX)  -P(X) BX) R'EBX) "RX) @0 (27)
- to refine the solution by solving the asgted algebraic Lyapunov equation for the first
order slution:

P.(X) (A(X) - B(X) R'B(X) "P{X) ) (A(X) BX) R “BX) TRX) )T RX)
+Py(X) B(X) +AD)P(X) 0 =

- to solve then-th order associated algebraic Lyapunov equation until the convergence of
the solition:

P00 (AM) - BOORBX) TR(X) ) {AX) BX) R*BX) "AX) )  AX)

(29)

n-1 (29)
+P.(X) B(X) +AR) P, (X) a-P(X)BX) R'EBX) 'P,(X) 0 =
j=1
TheresultingSDRE control can bfinally found as follows:
N
U(X)= RBX)TQ PX) (X %) (30)
n=0

SWITCHING STRATEGIES FOR THREE SPACECRAFT FORMATIONS

The global strategy returns as output the prog@t among the spacecraft chargegquired to

perform the maneuveanddoes not solveompletelythe guidance problem. A charge distrb
tion law is necessaryo uniquelyidentify a charge valuey, , which satisfesthe product barges
Q, obtained by the higir level controllersolves forthe possible ambiguities on diguiting the
charges, and avaichot implementable adestabilizing caseswith the lastissues adang when the

number of the spacecraftvolved is higher than twd.et us make an example by using three
spacecraftabeled as, j, k, and forming an equilateral triangésdepicted inFigure5.

k-sat /Zki
i-sat e
fix - 2,;7
Al 4
A
j-sat

Figure 5. Three spacecraft formation dimengn reduction

A simultaneous reduction of the sides of thartgle is not physically implementable. Indeid
we suppose the sign of the charge of the spacéasfiositive, the seconshatellite(j) will have
a negative chargend requireshe positve sign of the third spacecrdK) to reduce the two sides
ending inj. However,the first and the third satellite chargasds up to havihe very same sign
producing an increaxf the distance between theiirhe consideredcontrollersdo nottake into
accountthis impossibilityandprovidesasoutput a vectoimcludingthreenegativeproducts. Tk
problem can be solved by selecting only two of the three charge products as daraimgters



and by violating the remaining constrdiccordingly, the selected links will redudgeir length
but theremaining one will probably increase it order to assure a global convergetcehe
desired shapehe selection of the governing charge prosloatist chang@eriodically. Dending

as Dt,, the switching periodan evaluation of cost functiors timegt,, =t,+m B, m 4,2..)

will be required to iteratéhe selectiorof the active constraint§pecifically,the difference be-
tween actual red desired distances among the spacecraft can be adagpteelection criterialhe
cost functionsill conveniently read as
_1 des2 _1 des2 _l des2

E _E(qj i ) By —E(djk -0 ) Eq _E(dki T ) (31)
and thelink to excludewill be the one offering the minimum value of theactionsin Eq(31).
Theremainingtwo links will drive the charge distribution algorithwith their associated charge
producs which will beenforced hard constraintsjuring the charge distributionquess.

OPTIMAL CHARGE DISTRIBUTION TO THE SPACECRAFT

Both the previous contr@pproachegrovide as outputhe chargeproducts, but they do not
give any informationaboutthe distribuion of these charges to the spaedgtrDifferent distritu-
tion strategiedhave beerstudied in the past, satisfying differenfjprementsOne of the most
common requiremenis the minimization ofthe spacecraft charge order to avoid breakdowns
with the outer space plasnighis problem can be seen as a constrained optimizatig#’, which
can bearalytically solved only in some simpler cases. In the following the cases of two and three
spacecrafformation will beanalyzedin detail The two spacecraft distribution problamdis-
cussedand solved first. However, the distribution problem becomes more comgplictte for-
mationhasthree or more spacecraét:generabolution is notavailable and a reduced optimality
problem, respecting only twot of three) charge product constraiwill be therefore preseéad

Two spacecraft optimal charge distribution

Given the charge produ€®, between two spacecrafhe condition of minimunthargedis-
tribution can be obtained analytically loyinimizing the following cosindex:

1 1
V==q + 32
>4 54 (32
subject tahe product charge constraint obtained from the controller:
Qlj -qq 9 (33)

By introducing the Lagrange multipligf; , it is possible to write the following Hamiltonian ftin
tion:

1 1 .
H=Jd ©d 48Q a9 (34
The necessary condition for assuring the optimal choice of the charges can be written as follows:
HH H Hu
=q -/,q & = (g 0 = Hqg O 3
Hg j A g= { /i}1 Q 4 (39

This system of equations can be solved analytically \®iuatng /; from the first equation
and substituting jttogethemwith the third equationinto the second onas

/u:(;ij q % (¢ @)(d Q) o (36)

1C



Concerning the solution of H§6), thedriving parameter is thproductQ, which can asume

eitherpositive or negative valgeln boththe cases theightmost relation irEq. (36) hastwo real
and two imaginary rootReal valuesre clearly the only suitable ones the spacecraft chges,
leadingto two possilte sets

9 a=q g —ﬁﬂ st Q@ 4 sien,Q

n a= Q] a -% sot Q4 siorQ

where |Qij| represerd the absolte value of Q; and sign(Q) assumess output+1if Q, >0

(37)

and - 1if Q; <0. Theindeterminatiorbetween the two sets due to the selection of whichtsa

ellite must be charged positively or negativalilen an attractive force is requir(é@u. <O), or
whetherboth satellites must have positive or negative charges when a repulsive force is needed
(QIj >0). The charge distribittin functionmust selecbonce for allone of the options once and

then matain this choiceto avoid the jumpghat produe chattering ando limit the powerre-
quired to pgorm the naneuver.

Three spacecraft optima charge distribution

Let us consider a formation of threpasecraft, which will bdabeled ag, j, k. As in the two
spacecraft case, weok for the minimum charge distributionespectingtwo of the threecon-
straintsimposed by the conther.

The fdlowing cost function must be minimized

1., 1 1
=—q + =+ 38

>4 H4 34 (39)
together withtwo constrainton the chargesVithout loss of generality we select the following
two constraints:

Qu' - qu D; ij - qjq< 9; (39)

Such achoiceimposesconstrainton thevirtual links joining thei-th with thej-th spacecraft and
the j-th with the k-th spacecraftit is theappropriatechoiceif the cost functiong,, is the min-
mum amongdgheonesin Eq(31), i.e. if thei-th andk-th spacecraft arthe closest ones
By introducing the Lagrange multipliers; and /,, it is possible toadd the corstraintsto
Eq(38), obtainingthe fdlowing Hamiltonian function:

1 1 1 \ R
H=2d £4 3¢ /#8Q d9 g (*® 94" (40)
The necessary conditions for the optimality lead to the following system of equations:

E =q '/ij g & LH

Ha —=Q -qq €&

pH |~1/ij

E =q; /44 -q O UH (41
J — = ij -Q; q &

uH W g

EZQk -1, &

k

11



After some algebra, the solution of thgstem of equation in Ed.1) leads to the following ta-
tions

/ij=i /jk=i q=—" qkz_Jk
q q q q @2
q =9

that providethe following two real solutionsuitable for implementation

P Q Q
a) q = sz q q ;ﬁ d _:ZL
Q +Qx VQ 43
~ Qj Qi
b) g = s QZ Qﬁ q = 0 d =k
B Q + Qi VS Q.
As in the previous casthere is an indeterminaticaboutthe sgn of the charge to be associated

on thej-th spacecraftThe other two cases, which take int@@unt the other two combinatisnf
the constraints, can be obtained by following the saimeegdure

NUMERICAL RESULTS

Several numerical simulations have been performeatder to evaluate the effectiveness of the
proposedcontrol and charging strategi€Bhe case of a formation of satellites in a GEO orbit
(r, =4200&m) is the selectedscenarip because the Debye length in this orbit (whish

generallyincludedin the rangel0Om¢ /, ¢1000n, set to /, =100m in the testsallows the

success of formation acquisition and maintenance maneuvers laitkiely low efforts in term
of charge magnitudes.

The consideredormation is conposedby satelliteshaving equal mass(m :500kg). The

charge distribution is assumed to be unifoumger thehypothess that the spacecraft can beneo
sideed sphericdy-shape with aradiusR =1 m. The charging capability of each satellite ra-li

ited by the maximum allowable currenis, €1/7A and i, = 4/7A) and by the charge sa#tion
limits (q,,=507C and g, = 501€C), corresponding t@ spacecraft capacitanapproximagly
equal toC, =0.1pF. Only electrostatic actions among the spacecraftaken into account, and

thereforenot all the degreesf freedom of the systemre controlled, leaving to further analysis
the possibility to integrate this control methodology with other kind of psigu
The analysis involves the caseswb and three satellites formatioasd,starting from an i
tial inter-spacecraft distanc ,?, aims tothe fdlowing mission goals:
- formation acquisitionto reacha desired distancc@li;’es between the spacecraft a given
maneuvetime T, .
- formation maintenanceto maintain the desired distan(ml%,'@‘es between the spacecraft for

an additionaltime periodT_,,.

Two spacecraft formation case

Initial positions and velocities with respect to the LVLH refee frame  are
d® =[48.5,8.5,8.7in, d? =[ 48.5, 8.5, 8.7in, Vi’ =[0,0,0]m/ s and VY =[0,0,0]m/ s, ca-
responding to an initial distance, =100m, and the goal of the mission tis achievea relative
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distarce of d%¥°*=50m in T, =12h (half GEO orbit periojflandto maintain this ditancealong

acq

an additionalT_,, =12h. The Lyapunov based control in E2@) is adoptedirst, with the gains

k2 =3.0 @° and k%, =3.0 @07, which have beerselectedby a triakand-error procesgan -

timized procedureot gain selection is exposedif). The path of the trajestiesfollowed by the
two spacecraft are representedrigure 6, together with thelistance vectojoining them Stat-
ing from their initial positions, the spacecraft approach each othepily reducing their mut-
al distancdill the desired value is reachemhd then maintain the desired confation until the
end of the maneuver, asportedin Figure?. It is clearthat thevirtual link between therbegins
to oscillatearound the radial directiofas a rigid body under the gravity grant actions). This
specialmotion is due to the choice of particular initial condition andtrodier gains, which leads
the system to remain netlie stable position of the gravity gradient field.

The values of thecharges nededto perform this maneuver are reportedFigure 8. It is
worth to notice that the most demanding phase in terms of the spacecraft charge magnitudes is the
acquisition,whenthe spacecrathaveto be charged up to #ir saturation limits Once the inter
spacecraft distanagoalis almost ahieved the chargsreduce to abouR0n€ . The maintenance

phasestill needsa residual level of charges applied to the spacecraft (it ), because an

electrostatic forcevill be needed to keefhis configurationotherwiseunattainable in freeyd
namics

The required power, computed by means of(&gis surprising low: thdargestneeds in
terms of powerconsumption arassociated witlthe first hour of the maneuver when the gpac
craft will charge in few minutes up to their saturation limitstapidly dischargghemselvesater
as soon as thdistance igemarkély reduced. On the other hand, for theriation maingnance
phase the needs in power are very low, as shown in the bottom pigucé9, and related téhe
charge modulatiomlreadyvisible in Figure 8: only 23.5J energy are required to perform the

entire maneuver
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Figure 6. Path of trajectories of the two spacecraft librating formation

110 T T T T

-k

o

(=]
!

©
(=]
T
1

80 2

70 1

60 1

inter-spacecraft distance, m

50

4 1 1 1 1
00 5 10 15 20

time, hours

Figure 7 Inter -spacecraft distance for the two spacecraft librating formation
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The specific configuration obtained is onemongseveralpossililities for a two spacecraft
formation In fact,differentgains of the controllewill generate a different behaviavenstarting
from the same set of initial conditions and targeting the very same mission requirérhertis-
jectoriescorrespoding to the gainsk, =5.0 @° and k% =1.0 @ are represented fFigure10
with thetwo spaecraft that, after a sudden approadiggin to rotate with respect the center of
mass of the entire system. Tieevant behavior of the chargeshown inFigurell, where it is
possible to notice that after the saturation phase (which produces an attractive force) the second
satellite changes the sign of its chatgereatea repulsive etion. The steady state is reached b

fore the requiredl_, =12h and the chargeare slightly modulated toounteract the variable-

acq
ertial actions. The effects of the centrifugal actions are also presehiguare 12, where the di-
tance between the two spacecagiproachegapidly the desired valueithout actually reaching
it. The steady state erroan be explained as the controliemot designedo tacklecentrifugal
actions. The same rotating behavior denobtainedis an examplby the SDRE control, with the

following gain matrices (see EB4): Q =diag( F;,kfz]) and R=k}, with k’=10°%,
k%, =10°, k& =10"(plots not reportell The energyequired amounts t@9.7J for the SDRE
case and 4.7J for the Lyapunov based contr@lalues referred to each single spacegraft

In order to reduce the steady statror it is possible to add to the controller an inteigran,
as done in the E(@3) with the gairk;, =10 Such a choice is successfslghown irFigurel3,

14



even if it does involg several changes in the sign of the charge of the secoratgiag-igure
14).
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Three spacecraft formation case

The scenario consistd three spacecraft whose initial positions and velocities with regpect
the LVLH refgence frame  ared®=[ 50.0, 28.9,0.0ln, d?=[50.0, -28.9,0.0in,

d? =[0.0,57.7,0.0m, V,° =[0,0,0lm/ s, Vi’ =[0,0,0lm/ s and Vi’ =[0,0,0]m/ s, with starting
distances among thespaceraft d’, =d3, =d;, 30 m, corresponding to aaquilateral triangle
shape The goal of the mission iso reduce theselistances to d5°=d>° =d,* 50m in half
GEO orbit period(T,,=12h) and to maintain tlem during an additionaltime interval

T...=12h. As previously discussedt is impossibleto simultaneouslyeducethe lengtls of all
the links A sutable control strategy is representedrigure4: this scheme takes into accourd th
solutions given by the global controllers (LyapunavS8DRE) and select® chase by meansof
the evalation of the error functions in E@1), only twoout of the three producisf chargesThe
periodic switch among these ctmagnts ensures the convergencelhe switching timenterval
Dt,,, becomes the key parametén be selected in order toadeoff betweentwo oppositegoals:

Dt,, cannot be too small in order to limit the chattgrphenomenanor too largein order to

avoid that the ungaurolled virtual link of the formatiorremainsuncorrected during the next
switch phase. In partitar the effects of three different switching pesod
(Dtg, =1min, 10min,30mir) are aalyzed
In Figure 15 the evolution of the formation for thBt,, =30 mincase is representedith the
corresponding trends of the cost functions (&) reported inFigure16. A pseudesteadytrend
will be achievedafter about 6 houréeeFigure 17), approachinghe desired vlue of the inter
satellite distanceswith a remaininglimited chatter due to the contiousswitching. Theinver-
sionsin ¢ h a r gaesabily roficgahlén Figurel8t oget her wi th t He satura
fects Figurel19, wherespikesof ° 1rmAappear periodically at every switgblots the releant cu-
rents Asaresult, also the required power has an impulsivelepe, as shown ifigure20.
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Two otherswitchingintervals have &en consideredrigure 21 reportsthe trajectories during
the acquisitiormaneuvercorresponding tabt,, =10min. It is worth to mtice that the paths are

now smoother, athe uncatrolled side of the triangle hasshortertime to degenerate, and the
deviatiors from the nominalaluearetherefore smallein magnitude with respect to theegious

case. On the other hand the acquisition maneuver (obtained with the same gains) takes a time
longer than beforéseeFigure22), requiring all the 12 hours deted tothis phase. Ifrigure22 a
remarkablereduction of the chattering is also visible and the formatiamtains itselfclose to

the desiredconfiguration Thesebetter results are paid in terms of required rapidly in charge
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changing, leading to higher power/energgdsto perform the maneuver, asoofedby Figure
23.
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110 . T T T
—12
—23
—31

-
o
o

~ @ ©o
o o (=]

(=2}
o

inter-spacecraft distance, m

o
o

4G0

5 10 15 20 25
time, hours

Figure 22. Distances among the spacecraft during the acquisition maneer
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Figure 23. Charges during the acquisiton maneuver (Ot,, =10min)

The best result, in terms af smoothbehavior hasbeen obtained with the switch interval
Dt,, =1min. Relevant spacecraft trajectories are reporteBigure 24, where theedges which
characterized the previous cases disappear. The same regular behavior is piEigene &b,
where the intespacecraft distances are plotted, and the three sides of the triangle etiofigur
can be seen reducingnadst simultaneously their length. This performance is paid in terms in
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energy consumption, as reportedliable 1: the cost increases as the switching period decreases,
due to the frequent, sudden variation in currents.

The analgis shows how the electrostatic control can be applied nwdkonablesfforts in
terms of power and energy, especially if the requirements in distances are of the orderesf the m

ter. It is alsaclearthat if thestrategy easily fits strict requirementstbe inteks at el | it e di st an
accuracy
Figure 24. Paths of the trajectories for the three spacecraft maneuver ( )
Figure 25. Distances among the spacecraft during the acggition maneuver( )

Table 1 Energy consumptions

Switching time Satellite 1 Satellite 2 Satellite 3
30 min 685.9J 691.6J 707.8J
10 min 18014 J 17773 J 17399J
1 min 58360 J 57776 J 6091.9J




