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ABSTRACT Proximate spacecraft formation flying has many applications in high accurate earth observation
and astronomy. In comparison to conventional or electronic thrust, Coulomb thrust has obvious advantages in
close-formation control, such as fast throttling, nearly propellantless features and no thruster plume impinge-
ment. This paper presents the concept of charged-spacecraft formation and deployment, also investigates the
Coulomb-force control for desired spacecraft formations. It is assumed that the charged chief spacecraft has
several controllable charged spheres distributed around it and deputies are charged spheres. The deputies are
deployed from the chief spacecraft to the desired formation orbits under the active charge control. In order to
deploy these deputies subject to the constraints on the limited controllable charges, the transition trajectories
are planned by using pseudo-spectral discretization method. Then a charge feedback controller is designed
to track the transition trajectories and the desired formation. Numerical simulation results show that one or
more deputies can be deployed by controlling the limited charge of the chief spacecraft.

INDEX TERMS Coulomb-force control, formation deployment, pseudo-spectral optimization, charged

formation flying.

I. INTRODUCTION

Electrostatic force used for spacecraft control was first pro-
posed by Cover et al. [1]. They considered the use of electro-
static force to inflate and maintain the shape of a large-scale
space reflector. King et al. [2] first put forward the concept
of Coulomb formation flying (CFF) that the Coulomb force
generated from a chief spacecraft and the deputies is used
to maintain or reconfigure the formation flying. Spacecraft
cluster form, close proximity spacecraft formation flying for
example, has obvious advantages compared with a single
large spacecraft, whose weight is reduced and configuration
is variable, and it can be deployed and repaired by multiple
launching [3]. However, conventional chemical or electric
propulsion systems are not suitable for the control of close
proximity and high-precision formation flying due to their
limited throttle-ability and thruster plume impingement [4].
Coulomb propulsion systems, different from the conven-
tional, can overcome these problems and the force can be
changed within few milliseconds. Besides, Coulomb propul-
sion system costs only several hundred milliwatts to generate
inter-spacecraft forces with specific impulse value as high
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as 10° seconds [5]. Based on these advantages, Coulomb
propulsion control can be applied to Coulomb tether Forma-
tion [6], which is similar to the concept of tethered satellites
but it does not have tether cables to connect crafts. There
are other potential applications in spacecraft flying formation
including autonomous inspection and contactless removal of
space debris [7], [8].

Basically, the research of Coulomb control for spacecraft is
in the stage of primary theoretical and applied in foundational
research. There are only a very few simulated or physical
experiments of Coulomb control for spacecraft on the ground
or in the space. Schaub ef al. studied the Coulomb induced
spacecraft attitude control and constrained Coulomb struc-
ture stabilization by building up one-dimensional testbed on
the ground [9], [10]. As for space experiments, many space
missions including SCATHA [11], ATS [12], and CLUSTER
[13] have primarily verified the ability of active spacecraft
potential control (ASPOC) [14], [15]. Although Coulomb
control for spacecraft has many advantages as shown in
theoretical and experimental researches, it cannot provide
full controllability for spacecraft because Coulomb force is
an internal force. Thus, the Coulomb formation should be
supplemented with inertial thrust such as electric propulsion
to realize full control over spacecraft. In addition, due to

VOLUME 8, 2020


https://orcid.org/0000-0001-7789-5402
https://orcid.org/0000-0001-6996-0577
https://orcid.org/0000-0002-8095-399X

M. Lin, M. Xu: Charged-Spacecraft Formation: Concept, Deployment and Coulomb-Force Control

IEEE Access

DES DIS

DIS DpES

FIGURE 1. Accommodation of ASPOC on the payload deck of the spacecraft and its instrument photo [15].

shielding effect of free plasma particles in space, the actual
electric field of charged spacecraft exponentially decays with
the distance increases.

For Coulomb formation flying research, many static or
dynamic configurations are usually proposed with respect to a
circular reference orbit. Hogan and Schaub [16], [17] studied
the equilibrium of Coulomb formation Equation in two cases
of no gravitational forces and libration points of circular
restricted three-body gravitational models [18], [19]. Schaub
and [20] analyzed the stability of these equilibria and devel-
oped continuous feedback controllers to formation-keeping.
Natarajan and Schaub [21] presented charge feedback con-
trollers for static 2-craft and N-craft formation reconfigu-
rations, respectively. Ref. [17] applied the pseudo-spectral
method to optimize the Coulomb formation shape with hybrid
control. Felicetti and Palmerini [22] presented and applied
a Lyapunov based global control strategy to perform three-
spacecraft formation acquisition and maintenance maneu-
vers. The researches above suggest no obvious difference
between chief and deputy spacecraft. However, because of the
incomplete controllability of the Coulomb control, it would
be more suitable for those situations such as deputy craft
deployment from a chief spacecraft, whose weight is far
greater than deputies and has its own active control system
for station and attitude keeping. Parker et al. [23] prelimi-
narily investigated these applications and designed a simple
feedback controller to deploy three deputy crafts from a chief
with multiple charged spheres to specify final states.

Inspired by their work in spacecraft deployment using
inter-spacecraft Coulomb forces, the concept of charged-
spacecraft deployment is presented in this paper. The dynam-
ics and control of one and multiple small deputies deployed
from chief large spacecraft to the desired formation configu-
ration at high Earth orbits (HEO) are discussed in this paper.
First, the hardware feasibility study for Coulomb force con-
trol is introduced. Second, the concept of coulomb formation
deployment, reconfiguration and station-keeping for charged
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spacecraft is discussed. Then, taking a case of Coulomb
deployment, the dynamical equation for Coulomb formations
is derived. The chief reference orbit is assumed to be circular
in formation flying and the mass of the chief spacecraft is
assumed up to several tons, far large than the weights of
deputies (about tens of kilograms). Thus, the centroid of
the chief can be regarded as the formation center of mass.
To achieve our goal, an active charge feedback controller
is designed to track the reference formation trajectory. In
order to avoid the deputies becoming unable to converge to
the desired formation trajectory under finite charge control
bounds, the transition trajectories from the chief to the desired
formation are planned using pseudo-spectral discretization
method. Simulation results validate that one or more deputies
can be deployed by controlling the limited charges on the
chief. Moreover, the peak value of the charge control includ-
ing the planning trajectory is greatly reduced compared to that
without planning trajectory.

Il. CONCEPT OF CHARGED-SPACECRAFT FORMATIONS
AND DEPLOYMENT

This paper is aimed to make a discussion about some new
applications of Coulomb forces such as deployment, recon-
figuration and station-keeping for spacecraft. To achieve that
goal, the hardware feasibility study for Coulomb force control
is introduced firstly. Coulomb control for formation-flying is
based on the technology of ASPOC. Fig. 1 shows the accom-
modation of ASPOC on the payload deck of the spacecraft
and its instrument photo [15]. It is primarily designed to
ensure the effective and complete measurement of the ambi-
ent plasma distribution functions. The spacecraft potential
can be changed actively by adding an electrical current from
the spacecraft into the plasma. ASPOC achieves this goal by
releasing charge produced by indium ion emitters [15]. It has
been successfully applied in the CLUSTER [13] and Double
Star [15] missions. According to the results calculated in the
Reference [2], the specific impulse value of Coulomb thrust
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FIGURE 2. Using Coulomb force to deploy deputies from the chief spacecraft to the desired formation trajectories: (a) finite
active charged spheres, (b) infinite active charged spheres (limited condition).

can range between 10° —10” s and the electric power less than
1 W, greater than conventional EP systems. In spite of these
obvious advantages, Coulomb force is effective only for close
formations within the distance of known as Debye length
of charged spacecraft because of the interaction between the
isolated charged spacecraft and the ambient plasma. For LEO
plasma environment, the lowest Debye length is only 0.02
m, where the Coulomb formation is meaningless. But for
GEO plasma environment, it is about 100-1400 m, which is
appropriate for formation-flying using Coulomb forces.

To prevent the very small plasma Debye length at LEO,
the study of Coulomb formation deployments is at HEO and
the chief spacecraft is in a circular orbit. Different from the
previous research [16], [17], [20]-[22], it is assumed that
the mass of chief spacecraft is far larger than the deputy
spacecraft and the weights of them are at different orders of
magnitude. Besides, the chief spacecraft has its own propul-
sion control system and several controllable charged spheres
used to actively control deputy craft as shown in Fig. 2.
Every deputy is assumed to be a charged sphere and without
their own propulsion system. When the number of active
charges is finite as shown in Fig. 2 (a), the number of con-
trollable deputies and their trajectories is highly restricted.
If we increase the number of active charges to infinity in
theory, they will form a continuous charged surface as shown
in Fig. 2 (b) and gain maximum control benefits for deputies.

Deployment means that one or more deputies are simul-
taneously released from an initial position near the chief to
one or more desired relative orbits in formation flying with
an initial speed (see Fig. 2). The desired relative orbits can
be natural only under the effect of gravity of the earth. In
this case, only the small charge control can keep deputies on
the desired orbits. Besides, it can also be unnatural relative
orbit by applying larger active charge control. In order to
avoid the deputies becoming unable to converge to the desired
formation trajectory under limited Coulomb force, the transi-
tion trajectories from the initial position to the desired orbits
should be programmed.
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FIGURE 3. Appling Coulomb force for equilibria reconfigurations with
three deputies.

In the mission of spacecraft formation, the configuration
often should be changed for on-orbit serving, i.e., formation
reconfigurations. The Coulomb force can also be exploited
to reconfigure deputies’ formation between two equilibria
charged configuration as shown in Fig. 3.

During this reconfiguration, three charged deputy crafts
form an initial equilibria configuration. Then under the active
charge control of the chief spacecraft, the deputies are manip-
ulated to form a new configuration along a planned transfer
trajectory. Without the thrust system, the deputies can be
designed to be smaller and more powerful. Analogously,
Coulomb force can be applied for the active station-keeping.

Ill. CONTROLLED DEPLOYMENT FOR COULOMB
FORMATIONS AND TRAJECTORY PLANNING

Commonly, the Clohessy-Wiltshire (CW) equation is used
for Coulomb formation dynamics [6]. The rotating Hill orbit
frame is defined to describe the relative motion of the deputies
with respect to the chief. For the present discussion, the
centroid of the chief can be regarded as the formation center
of mass. Thus, the chief location can be set as the origin of
coordinate system. Then Cartesian unit vector x is directed
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radially outward from the center of the Earth, vector z is
normal to the orbit plane and positive in the direction of
the angular momentum vector, and y is completed by the
right-hand triad. Assuming that the chief has N controllable
charged spheres, the CW equation of deputy with respect to
the chief spacecraft can be formulated as [6]

F=Ar+Bv+Cu €))

where r = [x yz ]T is the position vector of deputy satellite
in Hill frame. The matrix A and B are defined as

(302 0 0
A=| 0 0 0
0 0 —o?
- ()
0 20 0
B=| 20 0 0
0 0 0

v = i and the j - th column of the matrix C is given by

kg (1+4)
Ci=——7"%

mrlserd

r—R) 3

and the control variables u is a N x 1 vector as
! “

R; is the position vector of i-th charged sphere of the chief
satellite. The constant orbital angular rate of the chief is w =
N / rf. , i is the gravitational coefficient of the Earth, r, is
the geocentric radius of the chief. m is the deputy mass. k. =
8.99 x 10° Nm2/C? is the Coulomb’s constant and A, is the
Debye length. g is the deputy charge and ¢; is the i-th charge
of the chief.

In equation (1), the last item Cu on the right represents
the total Coulomb force, while equation (3) shows that C is
the coefficient matrix related to the position vector r and R;.
Thus, equation (1) is strongly nonlinear and it is a challenge
to controllably manipulate deputies from an initial position
near the chief to desired relative orbits in formation flying.
Besides, if || R;|| < ||r||, then we have r —R| =~ r —R, ~

..~r—Ryand C; = C; = ...~ Cy. In this case, the total
Coulomb force Cu is

u=[q @ ... av]

Cu~Ci(qr+q2+ - -+qy) )

Eq. (5) means that if [|R;|| is too short, the charge control
force will fail, which will greatly affect the orbit accu-
racy. Therefore, ||R;|| should be carefully selected for high-
precision trajectory control. The detailed value of ||R;|| will
be numerically analyzed in Section I'V.

Next, a control law for the simultaneous deployment of
one and multiple deputies is studied. Considering the deputies
with only simple structures and limited controllability, we
assume the deputy charges are uncontrollable and constant.
The deputy deployment is implemented by actively con-
trolling the charge of the chief g;. Firstly, the controllable
deployment of one deputy is investigated. From a practical
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perspective, it is assumed that the position and velocity vector
of deputy craft can be measured. There are many control laws
that can be applied to track the desired trajectories. Here a
simple feedback controller is presented to deploy the deputy
from the initial position to the desired formation orbits. f;
denote as the right side of equation (1). Then it is a second-
order system as

F=fy, (6)
The desired formation orbit is denoted r; (¢) and it can be
given by
Xq40 + Ay sin (ot + o)
ydo + Ay cos (ot + a) @)
240 + Az sin (ot + B)

rq () =

where rq0 = [ x40 Yao zdo ]T is the center of the desired rela-
tive orbit. Ay, Ay and A, are the amplitude of bounded relative
motion of the deputy with respect to the chief along radial, in-
track, and cross-track directions, respectively, while « and
are its phases. Eq. (7) constitute a parametric representation
of the desired relative orbit. Then the tracking error is

Ar=ry—r (8)

Deriving equation (8) with time twice and noticing the equa-
tion (6), we have

AF =¥ —fq ©))
Now a simple feedback control law is applied as
fa =K, Ar + KgAi-+ 7y (10)

where K, and K are 3 x 3 diagonal gain matrices. Substitut-
ing equation (10) into equation (6), the second-order system
of trajectory tracking error can be obtained as

AF 4 K, Ar + Kq AF = 0, (11)

and the real control law can be obtained by solving the
following equation:

Ar+Bv+Cu=f, (12)

Before the real control law solution is given, the rela-
tionship between its controllability and the number of chief
charged spheres is briefly discussed. First, at least the rank
of the matrix C is 3, then the deputy can be completely
controlled, or N > 3. However, if N = 3, the three charged
spheres form a plane, beyond which the rank of the matrix
is C < 3 and results in the deputy cannot be controlled [23].
Thus, the number of the charged spheres N must be > 4. Then
the dimension of control variables N is greater than control
freedom of equation (1) so the solution of u is not unique.
Here the optimization criteria J = %uTu is employed then
we obtain the minimum pseudo-inverse solution

u=cCT (CCT)_1 (fa — Ar + B) (13)

For the deployment of multiple deputies, the similar con-
troller can be designed. Assuming the number of deputies
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is M, then their equation can be formulated as

A B C
X = X+ X + U (14)
A B Cu
where X = [r1 Lo Ty ]T, and r; is the position vector

of i-th deputy satellite. If tracking trajectory of i-th deputy
is ry;, then similar the above discussion, the dimension of
control variables N must be greater than control freedom of
equation (13): N > 3 xM. And the solution of U is

-1

1
U=[C1...CM] [Cl...CM]
Cu
A B
x | Fy — L x+ .| X a5
A B

where F; = K,AX + K4AX + X4, AX = X — Xy, and
X; = [rdl R TR #1174 ]T. Although the above close-
loop feedback control law tracks the desired trajectories well,
the control law may provide excessive control force/charges
at initial time because the initial position is too far from
the target trajectory. However, the control force generated
by chief charges is limited. Thus, the transition trajectories
from the chief to the desired formation trajectory are planned
using pseudo-spectral method to avoid the deputies becoming
unable to converge to the desired trajectory under limited
control force.

To achieve this goal, the General Pseudospectral
Optimization Software (GPOPS) [24], based on an hp-
adaptive Pseudospectral method, is employed. Firstly, the
transition trajectory planning problem should be reformu-
lated as an optimal control problem that can be solved by
pseudo-spectral method. Here takes the situation with one
deputy for example, the state vector x is defined as x =
[r v ]T. The optimum trajectory planning problem is that
the deputy is released from its initial position given by
x (tp) = xo at the initial time #; to the terminal position given
by x (1r) = xy at free final time #r, while minimizing control
charges, or objective function

iy
s = [ wia (16)
100]
Subject to the dynamical constraint
. v
x_f(x’u)_[Ar‘I-BV—}—Cu} (17)

where the control charges u is limited by the actual electric
equipment. Denote the maximum charge g4, then the con-
trol constriants are given by

—Gmax < < Gmax (18)

Besides, the terminal state is constrained to the desired
formation orbits, ¢(x) by

¢ (xr) =xr—[ra () va ()] =0 (19)
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TABLE 1. Simulation parameters used for deploy deputy spacecraft.

Parameter Value Units
m 50 kg
k. 8.99x10° Nm?/C?
q -1.11235 uC
® 7.2593%10° rad/s
Ay 180 m
q; (i=1,...N) <l.12 uC
l 5 m
N 6 1

_— N\

desired formation orbit

— — — - unplanning intermediate trajectory ‘

z [m]

z [m]

100

[

g 3
44

a [nC]

-100

150

200 \

time [h]

(b)

FIGURE 4. Deployment the deputy with unplanning transition trajectory:
(a) trajectory form the initial position near the chief to the desired
relative orbits, (b) the charged spheres voltage time histories.

IV. SIMULATION SCENARIOS FOR FORMATION
DEPLOYMENT

In this section, the validity of control strategy and planning
transition trajectory is illustrated in following two numerical
simulation examples. Table 1 lists the simulation parame-
ters and their constant values. All deputies’ charges g are
—1.11235 pC, each with a mass of 50 kg and all the con-
trollable maximum charges of the chief spacecraft ¢; (i =
l,...N) are 1.11235 pC. The Debye length is assumed to

VOLUME 8, 2020



M. Lin, M. Xu: Charged-Spacecraft Formation: Concept, Deployment and Coulomb-Force Control

IEEE Access

K [m]

x [m] y [m]

i

¢ [C]

0 1 2 3 4 5 6 7

time [h] 10t
(b)

FIGURE 5. Planning trajectory and open-loop control: (a) transition
trajectory, (b) optimal open-loop control charges resuits.

TABLE 2. Initial position of deputy and the coordinates of charged
spheres.

Position vector x(m) y(m) z(m)

Initial position ! 0 0
To

R l ! l ! l

! V3 V6

R l ! l ! l

2 V3 V6

R 0 2 l ! l

3 V3 '3
3

R, 0 0 ﬁl

be 180 m [4]. The chief orbit radius is 4.227 x 107 m and
its orbital angular rate  is 7.2593 x 107> rad/s. It should
be noted that / in Table 1 means the distance between the
charged spheres and the center of mass of the deputies, i.e.
|| R; ||. For the acquired trajectories are bounded the space
with || r;|| < 100 m in this paper, our simulations show the
charged spheres can obtain a good control ability for acquired
trajectory (error < 0.01 m) only when / > 2 m. Besides, the
actual attainable length of the boom is limited and thus, a
practically reasonable length, = 5 m, is selected for high-
precision trajectory control.
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-_

z [m]

q

a5

FIGURE 6. Deployment the deputy with planning transition trajectory
with closed-loop control: (a) trajectory form the initial position near the
chief to the desired relative orbits, (b) the charged spheres voltage time
histories.

A. SCENARIO I: DEPLOYING ONE DEPUTY FLYING
AROUND CHIEF

Firstly, the case of only a deputy deployment is considered,
with 4 charged spheres, N = 4. Their coordinates are given
in Table 2, where [ = 5 m. Besides, the desired formation
orbits are given by equation (7), which are the solution of CW
equation if we set xz0 = yq0 = 240 = 0, and the amplitude is
Ay, =2A, = 2A; = 60 m. In this case, the desired formation
orbits are natural and stable, which can be maintained almost
without control.

The deployment trajectory is obtained as shown in the
Fig. 4 (a). The dotted line is unplanned transition trajectory
and solid line is the desired orbit. As expected, the deputy
entries the desired orbit finally. Fig. 4 (b) shows the charged
sphere voltage time histories.

However, it is shown that the controllable charges are
greater than the given maximum (g; < 1.12 uC) before its
entries the desired orbit in Fig. 4 (b). Thus, the transition
trajectory should be planned to satisfy constraint of the maxi-
mum charges using the trajectory planning strategy described
in Section III. Fig. 5 shows the transition planning trajec-
tory of the deputy and its open-loop control charged sphere
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z [m]
O\

20

30 —~
30

0.3

0
qz|
a3
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02

g [uC]
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-0.5
0 5 10 156 20 25 30 35 40 45

time [h]

(b)
FIGURE 7. Deployment of two deputies: (a) deployment trajectory to the
desired formation orbits, (b) the charged spheres voltage.

voltage time histories. Then tracking the transition trajectory
and the desired orbits by using the control law (1), the close-
loop trajectory and the corresponding control charges can be
shown in Fig. 6. It is observed that the deputy takes more time
to arrive at the desired orbits through the transition planning
trajectory but the constraints can be satisfied.

B. SCENARIO II: DEPLOYING MULTIPLE DEPUTIES FLYING
AROUND CHIEF

The simulation of subsection IV-A verifies the effectiveness
of charge feedback controller. Now it is extended for apply-
ing more deputies deployment, where two cases of two and
three deputies are simulated. In the first case, the number
of deputies is M = 2. From the analysis of complete
maneuverability of the deputy in Section III, the dimension
of control variables N must be N > M x 3 = 6. Besides,
considering the symmetry of the multiple charge distribution
of the chief, N = 8 is a better selection than N = 7. Similar
to the subsection IV-A, their coordinates are local at the eight
vertices of the cube with the length [ = 5 m as shown
in Fig. 2(a). The parameters of the initial positions and the
desired orbits of two deployed deputies are given in Table 3
(the third deputy is included).
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TABLE 3. The initial positions and the desired orbits of two deputies.

arameters Initial Center of Amplitude
P positions desired orbits P
Ay =30m
First deputy [1,0,0]" [0,0,0]7 Ay, =60m
Ay, =30m
Ay, =35m
Second deputy [-1,0,0]" [0,0,0]7 Ay, =70m
Ay, =30m
Ay, =40m
Third deputy [-1,0,0]" [5,5,0]7 Ay, =70m
Ay, =30m
TABLE 4. The coordinates of charged spheres.
Position vector x(m) y(m) z(m)
R, 0 l 0
V3 1
R, R — —=1 0
2, R3 + > l 2
R:, R 0 0 +!
15 5 5
Re, Ry, Rs, Ry i£l —£l i£l
5 5 5
25 5
Ru, Ry 0 25, 5,
5 5
\

first deputy

40 second deputy

third deputy

z [m]

100

20

x [m] y [m]

FIGURE 8. Deployment trajectories of three deputies.

Then the trajectories of these deputies are planned using
pseudo-spectral method as shown in Fig. 7 (a) and the corre-
sponding charged sphere voltage time histories are shown in
Fig. 7 (b). From Fig. 7 it is known that two deputies can be
successfully deployed into their own desired orbits under the
constraint of limited controllable charges.

As mentioned in Section II, multiple deputies can be
manipulated simultaneously to any desired formation con-
figuration as long as there is enough controllable charged
spheres in the chief. It can be imagined that the case of
three deputies marks a significant threshold in the formation
applications. Next, the case of three deputies, i.e. M = 3,
is simulated to demonstrate chief’s ability to actively control
multi deputies. N = 11 > M x 3 = 9 is determined for
greater control. Tables 3 and 4 give the relative orbit param-
eters of three deputies and the position vectors of 11 charged
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spheres, respectively. As expected, Fig. 8 shows that the
chief can actively control three deputies to entry the desired
orbits and maintain the formations. The result demonstrates
the powerful control ability of charged spacecraft to deploy
multiple deputies and maintain their desired formations.

V. CONCLUSION

The concept of Coulomb formations deployment is presented
in this paper. The controller is designed to actively release one
deputy from initial positions near the chief to the desired for-
mation orbits. The controller can also be extended to simul-
taneously release more deputies by adding more controllable
charged spheres in the chief. The transition trajectories from
the chief to the desired formation are planned using pseudo-
spectral discretization method to satisfy the constraint that
the controllable charge is limited in practice. Finally, the
simulation results illustrate that one or more deputies can
be deployed by controlling the limited charges of the chief.
The peak value of the charge control with planning trajec-
tory is greatly reduced compared with unplanned transition
trajectories from the chief to the desired formation orbit. To
verify the proposed Coulomb formation model, the test bed
for charge control experiments would be carried out in the
future work. Besides, the dynamics analysis and designed
controller with planning transition trajectories in the more
complicated dynamics model, such as the Sun-Earth-Moon
ephemeris system, is another work to be done.

REFERENCES

[1] J. H. Cover, Jr., W. Knauer, and H. A. Maurer, “Lightweight reflect-
ing structures utilizing electrostatic inflation,” U.S. Patent 3546706,
Dec. 8, 1970.

[2] L. B. King, G. G. Parker, S. Deshmukh, and J. H. Chong, “‘Spacecraft
formation-flying using inter-vehicle Coulomb forces,” NASA Inst. Adv.
Concepts, Washington, DC, USA, NIAC Phase I Final Rep., Jan. 2002.

[3] H. Schaub, G. G. Parker, and L. B. King, “Challenges and prospects of
Coulomb spacecraft formations,” in Proc. AAS John L. Junkins Symp., San
Diego, CA, USA, May 2003.

[4] D.R.Jones, “A dynamical systems theory analysis of Coulomb spacecraft
formations,” Ph.D. dissertation, Dept. Aerosp. Eng., Univ. Texas Austin,
Austin, TX, USA, 2013.

[5] L. B. King, G. G. Parker, S. Deshmukh, and J.-H. Chong, “Study of
interspacecraft Coulomb forces and implications for formation flying,”
J. Propuls. Power, vol. 19, no. 3, pp. 497-505, May 2003.

[6] A. Natarajan and H. Schaub, “Linear dynamics and stability analysis of
a two-craft Coulomb tether formation,” J. Guid., Control, Dyn., vol. 29,
no. 4, pp. 831-839, Jul. 2006.

[7]1 H. Schaub and D. F. Moorer, “Geosynchronous large debris reorbiter:
Challenges and prospects,” J. Astron. Sci., vol. 59, nos. 1-2, pp. 161-176,
2012.

[8] V. Aslanov and V. Yudintsev, ‘““Motion control of space tug during debris
removal by a Coulomb force,” J. Guid., Control, Dyn., vol. 41, no. 7,
pp. 1476-1484, 2018.

[9] S. Wang and H. Schaub, ““1-D constrained Coulomb structure stabilization
with charge saturation,” in Proc. AAS/AIAA Astrodynamics Spec. Conf.,
Mackinac Island, MI, USA, 2007, pp. 1-9.

[10] C.R. Seubert and H. Schaub, “Closed-loop charged relative motion exper-
iments simulating constrained orbital motion,” J. Guid., Control, Dyn.
vol. 33, no. 6, pp. 1856-1865, 2010.

[11] E.G.Mullen, M. S. Gussenhoven, D. A. Hardy, T. A. Aggson, B. G. Ledley,
and E. Whipple, “SCATHA survey of high-level spacecraft charging in
sunlight,” J. Geophys. Res., Space Phys., vol. 91, no. A2, pp. 1474-1490,
1986.

VOLUME 8, 2020

[12] E. C. Whipple and R. C. Olsen, “Importance of differential charging for
controlling both natural and induced vehicle potentials on ATS-5 and ATS-
6,” NASA, Washington, DC, USA, Tech. Rep. 82N14269, 1980.

[13] C. P. Escoubet, M. Fehringer, and M. Goldstein, ““Introduction the cluster
mission,” Ann. Geophys., vol. 19, nos. 10-12, pp. 1197-1200, 2001.

[14] K. Torkar er al., “Active spacecraft potential control for cluster—
Implementation and first results,” Ann. Geophys., vol. 19, pp. 1289-1302,
2001.

[15] K. Torkar, “Active spacecraft potential control investigation,” Space Sci.
Rev., vol. 199, nos. 1-4, pp. 515-544, 2016.

[16] E. A. Hogan and H. Schaub, “Linear stability and shape analysis of
spinning three-craft Coulomb formations,” Celestial Mech. Dyn. Astron.
vol. 112, no. 2, pp. 131-148, 2012.

[17] R.K.Inampudi, “Two-craft Coulomb formation study about circular orbits
and libration points,” Ph.D. dissertation, Univ. Colorado Boulder, Boulder,
CO, USA, 2010.

[18] H.Pengand W. Wang, “Adaptive surrogate model-based fast path planning
for spacecraft formation reconfiguration on libration point orbits,” Aerosp.
Sci. Technol., vol. 54, pp. 151-163, Jul. 2016.

[19] M. Li, H. Peng, and W. Zhong, “Optimal control of loose spacecraft
formations near libration points with collision avoidance,” Nonlinear Dyn.,
vol. 83, no. 4, pp. 2241-2261, Mar. 2016.

[20] H. Schaub and I. I. Hussein, ““Stability and reconfiguration analysis of
a circularly spinning two-craft Coulomb tether,” IEEE Trans. Aerosp.
Electron. Syst., vol. 46, no. 4, pp. 1675-1686, Oct. 2010.

[21] A. Natarajan and H. Schaub, “Hybrid control of orbit normal and along-
track two-craft Coulomb tethers,” Aerosp. Sci. Technol., vol. 13, nos. 4-5,
pp. 183-191, Jun. 2009.

[22] L. Felicetti and G. B. Palmerini, “Three spacecraft formation control by
means of electrostatic forces,” Aerosp. Sci. Technol., vol. 48, pp. 261-271,
Jan. 2016.

[23] G. G. Parker, L. B. King, and H. Schaub, “Steered spacecraft deployment
using interspacecraft Coulomb forces,” in Proc. Amer. Control Conf., 2006,
pp. 1-6.

[24] M. A. Patterson and A. V. Rao, “GPOPS-II: A MATLAB software for solv-
ing multiple-phase optimal control problems using hp-adaptive Gaussian
quadrature collocation methods and sparse nonlinear programming,” ACM
Trans. Math. Softw., vol. 41, no. 1, pp. 1-37, Oct. 2014.

MINGPEI LIN received the B.S. degree from
the College of Mechatronics and Control Engi-
neering, Shenzhen University, Shenzhen, China,
in 2014, and the M.S. degree in aerospace engi-
neering from Beihang University, Beijing, China,
in 2017, where he is currently pursuing the Ph.D.
degree in spacecraft design and engineering. His
research interests include circular restricted three-
body problem, spacecraft trajectory design and
optimization, and Coulomb formation flying.

MING XU received the B.S. and Ph.D. degrees
in aerospace engineering from Beihang University,
Beijing, China, in 2003 and 2008, respectively. He
served as an Engineer of orbital design and oper-
ation at the China Academy of Space Technology,
DFH Satellite Co., Ltd., Beijing, until 2010. Then,
he joined in Beihang University as an Assistant
Professor and then was promoted as an Associate
Professor, in 2012. He has 50 publications in jour-
nals, books, and proceedings. His current research
interests include the applications of dynamical systems theory into astro-
dynamics and orbital control. He received the National Top 100 Excellent
Doctoral Dissertation Award nomination, in 2010, and the Third Class Prizes
of the National Defense Technology Invention Award, in 2016. He serves
as an Associate Editors for the journals of astrodynamics and Advances in
Aircraft and Spacecraft Science.

: i

59677



	INTRODUCTION
	CONCEPT OF CHARGED-SPACECRAFT FORMATIONS AND DEPLOYMENT
	CONTROLLED DEPLOYMENT FOR COULOMB FORMATIONS AND TRAJECTORY PLANNING
	SIMULATION SCENARIOS FOR FORMATION DEPLOYMENT
	SCENARIO I: DEPLOYING ONE DEPUTY FLYING AROUND CHIEF
	SCENARIO II: DEPLOYING MULTIPLE DEPUTIES FLYING AROUND CHIEF

	CONCLUSION
	REFERENCES
	Biographies
	MINGPEI LIN
	MING XU


