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Propulsion, path planning and control of spacecraft formations in Geostationary Earth Orbit (GEO) and
other high Earth orbits present significant challenges to engineers. An innovative hybrid propulsion
system for close-proximity (<50 m) formation flying is presented using electrostatic forces and standard
electric/ion thrusters. The Sliding Mode Control (SMC) strategy generates the required inter-spacecraft

forces based on the equivalent product of spacecraft surface charges. Collision-free aggregation and
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formation is realized using the Artificial Potential Field (APF) method. Simulation is performed to prove
the efficacy of the proposed control, path planning and hybrid actuation schemes for close-proximity
spacecraft formation flying in GEO and other high Earth orbits.
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1. Introduction

In GEO and other high Earth orbits, spacecraft surface charg-
ing due to interaction with the plasma environment poses a major
challenge. The literature on spacecraft charging is extensive, pre-
sented in [4,13,8,5,29]. Garett [4] reviewed the field of spacecraft
surface charging in 1981. A detailed discussion of the space plasma
environment can be found in the work of Hasting and Garret [13].
Although plasma physics has been studied for decades, formation
flying is a relatively recent concept for space applications. Walker
[31] explored the formation-flying concept in early 1980’s. A few
examples of successful real missions are: EO-1 in formation with
LandSat-7, Cluster and ST-5. The main advantage of formation fly-
ing is that the functionality of one big spacecraft can be distributed
among several small, low cost spacecraft working in co-operation
thereby reducing the total mission cost.

Spacecraft in formation require propulsion systems in the range
of micro-Newton to milli-Newton thrust levels. A range of propul-
sion technologies has been proposed with some emphasis on elec-
tric propulsion such as Pulsed Plasma Thrusters (PPT) and Field
Emission Electric Propulsion [10,27,19]. A disadvantage for most
propulsion techniques in close-proximity missions is the possibility
that the propellant emitted will impinge upon neighboring space-
craft and damage or contaminate payloads.

In recent years, there has been much interest in close-proximity
spacecraft formation flying. The spacecraft formation-flying con-
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cept exploiting the inter-spacecraft electrostatic force can be found
in [16,26]. By generating different charges on spacecraft in close
proximity, each spacecraft exerts a force on all the other spacecraft.
This force can potentially be exploited to control the relative mo-
tion of the spacecraft [28]. More details on the concept of Coulomb
Spacecraft Formations (CSF) can be found in [14,2,22,25,17]. In
[14], Joe et al. used the principle of electrostatic forces to con-
trol the relative motion of a spacecraft formation. Berryman and
Schaub [2] developed an algorithm to determine the steady state
equilibrium in which the sum of acceleration on each spacecraft in
the formation is zero. With Coulomb control, all forces are internal
to the system, which means that the inertial linear and rotational
momentum cannot be altered by Coulomb forces [22,25]. Use of
Coulomb forces can allow the relative motion of spacecraft to be
controlled without any contaminations which is a significant ad-
vantage compared to other propulsion techniques especially when
one considers docking and close proximity maneuvers [17]. Ac-
cording to Garrett and Whittlesey [5], Coulomb forces of the order
of 10-1000 pN can be produced on short timescales with less than
1 Watt of on-board power which is comparable with that produced
by conventional electric thrusters. This makes Coulomb forces an
attractive means of propulsion for small satellites where mass and
power are significantly constrained.

Formation flying requires an intelligent path planning strategy
in order to avoid spacecraft collisions. Many collision avoidance
and path planning techniques have been researched for space and
terrestrial applications. A well-known approach to collision-free
path planning of terrestrial robots is using the APF method pre-
sented by Khatib [15]. Gazi [6] implemented an APF method for
a multi-agent system or swarms. An artificial potential field based
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approach for autonomous spacecraft navigation and self-assembly
in space can be found in [20,21]. Kong [18] considered the opera-
tion of multi-spacecraft systems in three different potential fields
such that spacecraft formation can be held with as little effort as
possible.

Spacecraft path planning would be successful only if the system
is equipped with an efficient control system. Ayre et al. [1] devel-
oped a control scheme based on behavior-based control suitable
for self-assembly and formation flying applications. Variable struc-
ture control with a sliding mode, first described in [3], laid out a
well-described robust control method. Today, SMC is used as a gen-
eral control method and is being examined for a wide spectrum
of systems including nonlinear systems, multi-input/multi-output
systems, discrete-time models, large scale and infinite-dimensional
systems and stochastic systems. Numerous theoretical advances
and practical applications have been reported in [30,9,32,24]. The
methodology of using artificial potential field and sliding mode
control for swarm aggregation and formation acquisition can be
found in [6,7]. However, the benefit of sliding mode control has
not yet been fully utilized for space applications. 1zzo and Pet-
tazzi [11,12] have developed a technique for satellite path planning
that exploits a behavior-based approach to achieve an autonomous
and distributed control of identical spacecraft over their relative
geometry. Also it is proved that sliding mode control for satellite
formation control is an effective way of implementing distributed
architectures.

In this paper, a novel hybrid propulsion system is investigated
for spacecraft formation flying utilizing Coulomb forces and elec-
tric/ion thrusters. Charge control strategies to control the relative
motion of N satellites are still an active area of research. In par-
ticular, the required inter-spacecraft forces or equivalent product
of spacecraft charges needs to be determined. A critical element
in Coulomb forces is how to effectively map the charge products
into individual spacecraft charges which is still an open challenge.
To analyze the performance of the proposed hybrid approach, a
strategy is devised based on using the charge products themselves
to estimate the required power and resulting Coulomb forces. This
approach does not involve the use of challenging nonlinear, ana-
lytic formulations of multiple spacecraft charges.

Having established a framework to estimate charge products for
Coulomb forces, the path planning and control algorithm for space-
craft formation flying is designed based on the APF method and
sliding mode control developed by Gazi [6]. This method is com-
putationally less expensive than global approaches and provides a
simple but effective path planner for real-time applications. The
outline of the paper is as follows: A brief overview on Coulomb
spacecraft charging and artificial potential field method is pre-
sented in Section 2. The new hybrid propulsion system and the
proposed path planning and control architecture are explained in
Section 3. The results of a simulation study for a tetrahedron for-
mation are presented in Section 4, followed by the conclusions in
Section 5.

2. Fundamentals
2.1. Coulomb spacecraft charging

Consider a close formation with N spacecraft of individual mass
m; in GEO or high Earth orbits. A vector x; will denote the position
vector of ith spacecraft relative to the inertial center of the Earth.
The magnitude of the Coulomb force between two satellites (as-
sumed spheres) with charges g; and g; in a plasma field is given

by:
U . /x2 iy
Fij = kc(‘}h%/xﬁ) exp(—Xji/Ad),

where xj; = xj — x; is the relative position vector, A4 is the Debye
length and k. = (4r8,)~" = 8.99 x 10° Nm?/C? is a constant of
proportionality that depends on &,, the permittivity of free space.
Then the electric field E; experienced by the ith spacecraft having
charge q; is given by [31]:

N
E; =k Z CIj(in/Iin|3)eXp(—Iinl/?»d),
j=1, j#i

where i # j. The Coulomb force experienced by ith satellite is
F; = q;E;. At GEO, the average value of the Debye length is about
200 m and its effect is very small if the spacecraft fly dozens of
meters apart. Hence assuming a standard inverse square gravita-
tional attraction, the full nonlinear inertial equations of motion of
the ith spacecraft is given by:

N
Xi+ (/%)%= (1/mp) Y Fy. i ],

j=1

where p is the Earth’s gravitational constant.
2.2. Path planning using artificial potential field method

Let the formation consists of N individual agents (here space-
craft) in the n-dimensional Euclidean space [6]. The position of the
ith agent is described by x; € R". It is assumed that synchronous
motion exists and there is no time delay. The motion of each agent
in the formation is governed by the equation:

N
Xj = Z gxi—x;), i=1,...,N, (1)

j=1.j#i

where g(.) is an odd function which represents the sum of the
function of attraction and repulsion between the agents. The func-
tion g(.) can be represented by g(y) = —ylga(lylD — & yID]
where y € R" is arbitrary and |ly|| = sqrt(y"y) is the Euclidean
norm. Eq. (1) can be represented also by:

Xi=—-VyJx), i=1,...,N, (2)
where x" =[x] ... x&l] is the lumped vector of the positions of
all the agents and J: R™ — R is a potential function that repre-
sents the inter-agent interactions. The potential function J(x) de-
pends on the relative positions of the agents in the formation.
Under certain conditions, the above model results in aggregation
of the agents [6]. In particular, it is needed that the attraction
term gq(]ly|l) dominates on large distances (needed for aggrega-
tion) and the repulsion term g(|ly||) dominates on short distances
(needed to avoid collisions) and there is a distance § at which the
attraction and the repulsion balance and g,(8) = g;(8). Since there
are no stochastics in the above model, it is inferred that given the
initial positions of the agents x;(0),i =1,..., N, the final config-
uration to which the agents will converge is unique. However, in
general it is difficult to find a direct relation between x(0) and the
final position x(co). This is a shortcoming of the above model in
which all the agents interact with all the other agents in the same
manner and there are no pair-dependent relationships. Therefore,
the above model is more for general aggregation purposes instead
of formation control.

For formation control, one needs to achieve and maintain a pre-
defined geometrical shape (a formation) from possibly arbitrary
initial positions of the agents. For this reason, the above equation
needs to be modified for formation control. Using the assumptions
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on the potential function stated in [6,7], the equation of motion in
(1) with the pair-dependent attraction/repulsion becomes:

N
Xi: Z gij(Xi—Xj), i=1,...,N, (3)
j=1,j#

where the attraction/repulsion function g;j(.) for all pairs (i, j) are
odd functions and satisfy g;;(x; — X;) = —g;i(X; — X;). For forma-
tion control, the attraction and repulsion functions, and therefore
the equilibrium distances at which the attraction and the repul-
sion balance §;;, for different pairs of spacecraft can be different.
In other words, for each pair (i, j) there is a distance §;; such that
g%(&,-j) = girj(s,-j) (where gl?'j(~) represents the pair-dependent at-
traction and girj(~) represents the pair-dependent repulsion) and
depending on the formation requirements, it is possible to have
8ij # Sik for k # j.

The desired formation can be uniquely specified with respect to
rotation and translation by the formation constraints [|X; — X;|| =
djj for all (i, j), j #i. The idea is to choose each of the attrac-
tion/repulsion functions g;;(.) such that §;; =d;; for every pair of
spacecraft (i, j). Then the corresponding potential function (or ba-
sically the generalized Lyapunov function)

Jo0 =Y 32 B ] - ([ —x])] (@)

i=1 j=i+1

has its minimum at the desired formation and once the formation
is achieved x; = 0, Vi. One issue to note here is that this type of
potential suffers from local minima problem. However, the proce-
dure based on the sliding mode control method discussed in the
following section is not limited to this type of potentials only. In
particular, if J(X) is chosen such that it has a unique minimum at
the desired formation, then the desired formation will be asymp-
totically achieved for any initial condition. In the case of potentials
with multiple local minima it is still guaranteed that the desired
formation will be achieved, however this guarantee holds only lo-
cally.

3. Hybrid propulsion for spacecraft formation flying
3.1. Analysis of hybrid propulsion using electrostatic forces

This section presents the development of a strategy to investi-
gate the effectiveness of the novel hybrid propulsion system that
would take advantage of the naturally available electrostatic forces
and thereby minimize the use of electric or ion propulsion. For
example, the cluster internal Coulomb forces cannot change the
inertial momentum of the formation. Thus, any navigation strategy
that requires external forces on the formation cannot be imple-
mented with a purely Coulomb-based control concept. Of interest
is how well these APF-based control force can be implemented
with Coulomb thrusting, and what forces components must be
provided with Electric Propulsion (EP) systems. Some of the critical
questions to be answered for the Coulomb thrusting involve power,
charge management, sensing, and actuation strategies within the
physical constraints of a small satellite. To determine an upper
bound on the expected hybrid performance, it is assumed that the
charge products can be perfectly implemented into individual real
spacecraft charges. Future work will consider specific charge im-
plementation techniques such as pulse-width modulation methods,
or an integrated swarm navigation and charge selection technique.

Consider a formation of N spacecraft having p = (N(N — 1)/2)
charge products. For example, for N = 4 there are six charge prod-
ucts i.e.,

Q=[Q12 Qi3 Qua Q23 Q2 Qza]".

For the ith spacecraft, consider all possible pairs of charge prod-
uct due to the remaining N — 1 spacecraft as Qj; = qiqj, j =

1,...,N,i# j. Then the commanded force acting on ith spacecraft
is:
N
Fi= Z (ke Qij/X?i)xij exp(—Xji/Aq). (5)
j=Lli#j

The commanded forces are obtained from the APF navigation strat-
egy. At present this control logic makes no consideration for what
forces are feasible with Coulomb thrusting and which are not.
Rewriting Eq. (5) gives: F.; = [A;][Q], where

[A] = [ (ke/x7) i1 €Xp(Xi1 /2q)
[Ql =[4qiq; qign 1" .

Then using the least-square inverse, Q = (ATA;)~'ATF; vector is
determined. This represents the smallest set of charge products,
which will come closest to producing the required commanded
force. Thus the charge product Q for ith spacecraft is derived from
its commanded force F;. The charge product thus derived is then

used for computing the actual thrust developed by Coulomb charg-
ing of ith spacecraft as:

Fesri = [A1[Q]. (6)

Note that this actual Coulomb force will generally not be equal to
the commanded force. The formation internal forces cannot change
the cluster momentum. Such force components are produced by
the Electric Propulsion (EP) system by computing:

Fepi = Fei — Fesrie (7)

From Eq. (7) it can be seen that the electric thrusters are
used only for compensating the difference between the com-
manded force and that generated by electrostatic forces. For sce-
narios where the Coulomb force is saturated due to large separa-
tion distances, or because the inertial cluster momentum must be
changed, the EP thrusting will smoothly compensate and guarantee
that the required navigation control force is always produced.

The performance of Coulomb spacecraft charging is analyzed
using the CSF parameters such as average power, peak power, spe-
cific impulse, mass flow rate, charge history and voltage on the
spacecraft. Let F;; denote the actual force available from the hy-
brid thrusters for the ith spacecraft for changing its maneuver. Due
to the actuator dynamics, Fy; will differ in magnitude from the
commanded thrust F;. For simulation purposes, first, the charge
product is determined from the commanded force F;, and then
Fcsei and Fgp; are determined according to Eqgs. (6) and (7) re-
spectively. To estimate an upper performance bound of this hybrid
control strategy, it is assumed that these charges can be perfectly
implemented into individual N spacecraft charges. Next a set of
formulae is developed based on the charge products to estimate
the various Coulomb thrusting performance parameters:

(ke /X2y ) Xin €xp(xin /Aa) ];

1. Average cluster charge history qpise = ZIN |gil/(N — 1), where
gi = sqrt(Q).

2. Using Gauss’s law and assuming that the spacecraft is spher-
ical with radius p, the surface potential is Vg = §i/ (47 £0X;)
and the average spacecraft voltage is estimated as:

N N
Vi = Z(Z Vil /(N - 1)>/<N>.
i=1 \i=1

3. CSF mass flow rate is m = I.Mjon/(Qion), Where I, is the emis-
sion current, mjo, is the mass of ions and qjo, is charge of the
ion. Then the average mass flow is gy = (3 _1i)/(p).
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Fig. 1. Schematic diagram of spacecraft path planning using APF.

Note that first, all the mass flow rates of individual spacecraft
for each pulse time, Aty is added and then averaged over t for
p charge products.

4. The specific impulse I = Fcsp/(Mag80), where g, =
9.81 m/s%.
5. Power generated due to Coulomb charging is P; = |Vcle|,

where |I.| = 47'[80,02|]p| is the emission current and ] is the
current density to the spacecraft from the plasma. The peak
power is Ppeqx = max(}_ P;/(N —1)) and the average power is

Payg = (Q_(Q_Pi/(N))/(N —1).

3.2. Propulsion, path planning and control for spacecraft formation
flying

In this section, the path planning and control algorithm for
spacecraft formation flying is discussed based on the analysis of
the APF method in Section 2.2 and Coulomb forces in Section 3.1.

Fig. 1 illustrates the force experienced by a spacecraft in a for-
mation of three spacecraft using the APF method. It is required
that ‘spacecraft-2’ moves towards the final target position. Initially,
‘spacecraft-1" exerts a repulsive force, and the target exerts an at-
tractive force on ‘spacecraft-2’. Then it moves to a new location in
the direction of the resultant force. At this position, ‘spacecraft-3’
exerts a repulsive force and target exerts an attractive force on
‘spacecraft-2’ and it moves towards the next intermittent location.
Here the target exerts the attractive force and ‘spacecraft-2’ finally
moves towards its target position, thereby achieving the desired
configuration. In this approach, the steering direction of a partic-
ular spacecraft undergoing reconfiguration within the formation is
determined by assuming that the other members of the formation
(obstacles) assert repulsive forces on the spacecraft and the goal
(desired terminal state) asserts attractive force. Consequently, the
spacecraft experiences a generalized force equal to the negative of
the total potential gradient that drives the spacecraft towards the
goal or the desired terminal state. In this way the APF provides a

constantly active navigation, offering a collision free trajectory for
the each of the individual spacecraft that form part of a constella-
tion or formation.

The schematic diagram of the proposed path planning, control
and propulsion architecture is shown in Fig. 2. It integrates various
sensory signals to achieve collision-free goal oriented aggregation
and formation. The sliding mode controller commands the hybrid
actuation system that is based on the electrostatic forces and elec-
tric/ion thrusters. The path-planning module is capable of avoiding
obstacles and provides a goal-oriented navigation in an optimal
time period. This approach has less computational load as com-
pared to other techniques that carry out extensive map building
from raw sensory data.

Consider the nonlinear inertial equation of motion of the space-
craft represented by:

M; (xi)X; + i (x;, X;) =Fg;, 1<i<N, (8)

where Xx; € R" is the position vector of spacecraft i, M; € R™*"
is the mass or inertia matrix and is assumed to be nonsingu-
lar, N is the number of spacecraft in the formation and F,;; € R"
is the control input. Here Fy; denote the actual force available
from the hybrid thrusters to ith satellite for changing its ma-
neuver. The additive term f;(X;,X;) € R" is assumed to be of the
form f;(x;., X;) = £(x;, ;) + ¥ (x;, X;), where f¥(x;, X;) represents the
known part and f}(x;, x;) is the unknown part of the system dy-
namics. In the APF method, corresponding to (8), the motion of the
individual spacecraft is governed by (3). For the sliding mode con-
trol method, the n-dimensional sliding manifold for ith spacecraft
is chosen as:

Si=X;+ VyJx)=0, i=1,...,N. (9)

Note that here the potential function J(x) is not static. It depends
on the relative positions of the individual spacecraft and need to
satisfy certain assumptions made in [6]. Once all the spacecraft
reach the respective sliding manifolds s; = 0, Eq. (9) reduces to



352 C.M. Sagj et al. / Aerospace Science and Technology 14 (2010) 348-355

Navigation and
Reconfiguration

Y

Artificial Potential
Field

Sliding Mode
Controller

CSF+EP | Spacecraft

Dynamics

r
1

1

1 .

| Scenarios
1

1

1

1

1

1

1

1

Path Planning

1

|

Actuator :

[ ! X
Hybrid Propulsion

Fig. 2. Schematic diagram of spacecraft path planning, propulsion and control.

X; = —VyxJ(X) which is same as the motion in (3). A sufficient con-
dition for sliding mode to occur given in [3] is satisfaction of:

s'$i<0, vi=1,....N. (10)

This guarantees that starting from any initial point in the state
space; the sliding manifold is reached asymptotically. Further, if
the condition sl.Té,- < —¢&|sill, Yi=1,...,N is satisfied, then it is
guaranteed that sliding mode will occur in finite time. In order to
achieve this objective, the sliding mode controller is given by:

Fei = —Foi sign(s;) + £ (x;, %;), (11)

where sign(s;) = [ sign(s) sign(sn) ]T_. The gain of the con-
trol input is chosen as Fy; > (1/M;)(M; fi + ] +¢;), for some &; > 0,
and (with this choice) it is guaranteed that sl.Té,' < —¢jlsill. In the
above controller, only the known part t’f (Xi, X;) of the disturbance

is considered. Here M; and M; are the known lower and upper
bounds of the inertia matrix/mass of the spacecraft respectively.
Note that individual agents with point mass dynamics with uncer-
tainties are considered for the sliding mode controller design in
[6].

For practical implementations, a major inherent drawback of
sliding mode controller is the chattering phenomenon. Finite high
frequency oscillations are generated due to the presence of un-
modeled fast dynamics of the sensors and actuators and due to
nonideal realization of the relay characteristics of the SMC. In or-
der to reduce the chattering phenomenon, the sign(s;) term in the
controller equation (11) can be replaced by a smooth approxima-
tion using tanh(gs;). Note that this smoothing function does not
guarantee full chatter elimination. It only ensures that the resulting
sliding motion will lie in a close vicinity of the sliding manifold.
An advanced chattering elimination techniques is using the higher
order sliding mode control. However, discussion on chatter elimi-
nation techniques is beyond of the scope of this paper. The sliding
mode controller used in this study is:

Fei = —Fo; tanh(Bs;) + £ (x;, X;). (12)

Note that this controller is designed following the procedure in [6]
and as if there is no actuator in the system. In other words, it is
designed as if the control variable F.; in (12) is the control input
F;i in Eq. (8). However, here the dynamics of the hybrid propul-
sion actuator are present as well and since they are not considered
during the design of the controller (basically they are unmodeled
dynamics) they may have negative effect on the performance of
the system. The proposed path planning and control strategy will
have all the benefits associated with the APF method and SMC
along with the added advantage of utilizing Coulomb forces.

4. Results and discussion
A 3-dimensional formation flying scenario is used to show-

case the benefits of the proposed hybrid propulsion system, col-
lision avoidance strategy and sliding mode controller. The Snecma

Table 1
Snecma PPS 1350 thruster specifications.

Features Value/units

Power (nominal) 1500 W

Thrust (peak) 88 mN

Specific Impulse 1650 sec

Mass 5.3 kg

Supply voltage 350 V

Efficiency 55%

Table 2
CSF simulation parameters.

Spacecraft parameter Value/units
Spacecraft mass 150 kg
Bounds on mass +50%
Radius 0.5 m
Debye length 200 m
Charge saturation limit 2 nC
Number of spacecraft 4
Maximum initial separation 5 km
Manoeuvre time 24 hrs
Peak magnitude of differential disturbance 2 uN
Final formation separation 50 m

PPS 1350 EP thruster was selected for the simulation study. The
Snecma PPS 1350 EP thruster was successfully flown on-board the
European Space Agency’s Smart-1 lunar probe. Moreover, this elec-
tric thruster is suitable for operating over 5000 hours and has
stable operation over a power range of 1200 W to 1600 W. More-
over, the starting power requirement is also low and it suits for
the applications considered in this work. The characteristics of the
thruster are shown in Table 1.

Consider the nonlinear inertial model in Eq. (8). The effect of
gravity and other orbit dynamics are neglected for simulation pur-
poses. The spacecraft is assumed to be floating freely in GEO. How-
ever, a representative and slowly time varying (24 hour period)
differential solar radiation perturbation with a 2 micro-Newton
magnitude is included in the simulation in order to make the
simulation more realistic. Such small disturbances for very close
cluster formation flying can cause a notable deviation over a 24-
hour time period.

The simulation parameters are shown in Table 2. The Coulomb
spacecraft formation is illustrated using four spacecraft forming
a tetrahedron formation, although the algorithm can be extended
for any number of spacecraft. The initial conditions of the space-
craft are randomly chosen such that the initial, average inter-
spacecraft separation is around 50 m and the initial velocity is
assumed to be zero. The worst case disturbance is modeled based
on the work of Romanelli et al. [23], who studied the effects
of worst-case differential orbital perturbations on the motion of
close flying spacecraft in GEO. For simulation purposes, choose
N=4,n=3,g=1,]=0.01 N and f; =2 pN. The differential so-
lar radiation perturbation force acting on the system is chosen as
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Fig. 3. Plot of the linear attraction and exponential repulsion function.

ﬂ.‘(x,-, X)) =2 x 1078sin(2(27 /t)) N and it satisfies the assumption

on the bound [|f¥(x;, X;)|| = |12 x 10~65sin(0.20)[| <2 x 1076 £ f;.
The linear attraction and exponential repulsion type potential

function developed in Gazi [7] is considered here and is given by:

g(y)=—y(a—bexp(~lyl?/c)).

where a = bexp(—d?/c), b=5x 107>, c =100 and d = 10. The pa-
rameter a is computed in order to achieve the balance of attraction
and repulsion between any two agents at the desired distance d in
the final tetrahedron formation. By increasing the repulsive force
(i.e. by increasing b) it is possible to guarantee collision avoidance.

From the plot of this potential function in Fig. 3, it can be
seen that this function is attractive (i.e., a dominates) for large dis-
tances and repulsive (i.e., bexp(—(||y|?/c)) dominates) for small
distances. The co-ordinates (—10,0) m and (10, 0) m at which plot
crosses the horizontal axis (g(y) = 0) constitute the desired forma-
tion separation of 10 m. The distance at which the attraction force
balances the repulsion force is calculated as § = sqrt(c/In(b/a)) =
10 m.

The plots from the simulation for the tetrahedron formation are
shown in Fig. 4. Fig. 4a shows the trajectories of the spacecraft
from initial positions to the desired final positions. Circles repre-
sent the initial positions of the four spacecraft. The four space-
craft move to their desired inter-spacecraft separation of 10 m and
form the required tetrahedron formation while avoiding collisions.
Fig. 4b shows the final tetrahedron formation. Spheres represent
the final positions after 24 hrs and the center of the formation is
represented by ‘x’. The average distance of each spacecraft with
respect to the formation center is calculated as I, = 10sqrt(3/8).
During the transient phase, before the occurrence of the slid-
ing mode it is possible for the center x to move. However, once
the sliding mode occurs the center is expected to remain almost
stationary. For practical implementation, there could be small de-
viations even after transient phase, which are due to chattering
effects. Fig. 4c shows the minimum, average and the maximum
distances between the individual spacecraft in the formation. The
minimum, average and maximum inter-spacecraft distance after
24 hrs is 9.8 m, 10 m and 10.2 m respectively. It is observed
that the average distance between spacecraft in the tetrahedron
formation is equal to the side length of the tetrahedron or the
final inter-spacecraft separation of 10 m. Figs. 5a and 5b show
the average CSF power and potential respectively. The charge sat-
uration limit is taken as 2 pnC and the CSF specific impulse is
shown in Fig. 5c. The commanded force F; from the sliding mode
controller for all the four spacecraft in the formation is shown
in Fig. 5d. The generated Coulomb force Fcsr; and the EP thrust
Fgp are shown in Figs. 5e and 5f respectively. These results il-
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Fig. 4. Simulation plots for tetrahedron formation: Path planning (a)-(c).

lustrate that the thrust generated by Coulomb force reduces the
use of electric propulsion for close-proximity formation flying mis-
sions.

5. Conclusions

A novel hybrid propulsion system using Coulomb forces and
electric/ion propulsion is developed for spacecraft formation fly-
ing in GEO and other high Earth orbits. A tetrahedron formation
scenario is used to demonstrate the effectiveness of the hybrid
propulsion technique. The APF method guarantees collision-free
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Fig. 5. Simulation plots for tetrahedron formation: Hybrid propulsion parameters (a)-(f).

aggregation. Since Sliding Mode Control guarantees robust perfor-
mance, the impact of external perturbations like differential solar
radiation and internal perturbations like change in mass due to
fuel consumption will have negligible impact on the performance
of the spacecraft. For the tetrahedron formation scenario consid-
ered in this study, the control effort is less due to the inherent
robustness of the controller. This results in a fuel-efficient system
for close-proximity formation flying missions.

Coulomb forces are used to control the relative motion between
spacecraft when the separation distances are less than 50 m. For
larger separation distances or for control forces, which do not lie

along the line-of-sight vectors, electric thrusters are employed. The
analysis conducted proves the effectiveness of the strategy using
an estimate of the charge product with out having to use full
charge feedback control. The general charge control of N space-
craft is still an active and open area of research. The charging
product logic can be used for an N number of spacecraft without
going into the complexities and nonlinearities of calculating the
specific charges. This method, though still an estimate of charge
products, is effective and important to show the feasibility of CSF
and enables the system design of the overall hybrid propulsion sys-
tem.
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