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During normal operation of the on-orbit spacecraft, if some satellite in a nearby orbit suddenly breaks apart, its debris will threat
the safe operation of the on-orbit spacecraft. Therefore, it is necessary to study the active spacecraft’s avoidance of the space debris
group and returning to the original orbit. In this way, the safe operation of on-orbit spacecraft will be guaranteed. However, as the
geometric structure of the space debris group is constantly changing, it is hard to accurately demonstrate the changing shape of the
debris group, let alone determine the unreachable domain. Traditional obstacle avoidance problems involve low speed of the
vehicle; so, the application of artificial potential field and particle swarm algorithms is suitable for such problems. However,
these two methods are not applicable to the maneuver strategy of spacecraft with high initial velocity. Therefore, to help
spacecraft avoid the space debris group, a new method is required. This paper has established a simplified model to simulate
the unreachable domain of the space debris group. It has modified the artificial potential field (APF) method and particle
swarm optimization algorithm, with an aim to help spacecraft avoid the space debris group and return to the original orbit.
Based on the method, the paper has proposed a three-stage maneuver strategy for the spacecraft to avoid the debris. To show
the effectiveness of the method, this paper has simulated an on-orbit spacecraft’s avoidance of the space debris group nearby
and returning to its original orbit. Through simulation, the feasibility of the maneuver strategy for spacecraft in the
geosynchronous orbit is evaluated. The simulation results show that the method proposed in this paper can effectively

accomplish the task.

1. Introduction

With the rapid development of the space technology, the
number of space orbit debris keeps increasing. According
to the United States Space Surveillance Network, by the
end of December 2021, there were more than 36,500 space
debris with diameters larger than 10 cm littering space. More
than 630 dangerous events have happened due to collisions
or breakups of space debris [1]. As space debris fragments
are travelling at fast speed, once they crash into the on-
orbit spacecraft, the spacecraft will be severely damaged or
even shattered. In history, many space collisions happened.
For example, in 1991, Russian satellite COSMOS1934 col-
lided with debris No. 13475 [2]; in 1996, the French space-
craft “Cerise” and space debris No. 18208 hit each other
[3]; in 2005, THORBURNER 2A rocket collided with debris
No. 26207 [3], and in 2009, two communications satelli-

tes—the commercial Iridium 33 and the Russian military
Cosmos 2251—accidentally collided [4]. Every high-speed
collision will scatter a larger number of smaller debris and
form a vicious cycle. For example, the collision of Iridium
33 and Cosmos 2251 in 2009 generated 2,201 pieces of
debris in total [5]. The collision between space objects not
only poses a huge threat to the on-orbit spacecraft but also
becomes the biggest contributor to the increasing of space
debris [6, 7].

With the development of space technology, the number
of spacecrafts increases gradually. When the on-orbit space-
craft is working, if there is a sudden breakup of satellite near
the orbit, a debris group will be produced. The debris group
will severely threat the safe operation of on-orbit spacecraft.
To reduce the threat caused by the space debris from satellite
breakup, we need to study the maneuver strategy for the on-
orbit spacecraft to avoid the space debris group and return
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to its original orbit. This is an important precondition for
the safe operation of the spacecraft. Space debris and debris
group pose different threats to spacecraft in orbit. The prob-
lem of active spacecraft evading space debris is a point-to-
point problem. Only a fixed safety threshold needs to be
considered when the spacecraft avoids space debris. In con-
trast, the space debris group spreads over time; so, it is nec-
essary to consider the constantly changing geometry of the
space debris group to avoid them. Currently, many scholars
have studied the spacecraft avoidance strategy. Russell
focused on calculating the collision probability among space
objects, and he proposed to replace sphere colliders with
cylindrical colliders [8]. After considering the general thrust
and the control and maintenance of the spacecraft’s orbit
and location, Chan proposed a maneuvering speed expres-
sion. His expression was based on the collision probability
[9]. Alfano and Mueller proposed other appropriate strate-
gies to solve the collision avoidance problem [10, 11]. Alfano
analyzed the instantaneous maneuvering speed [10] while
Mueller et al. used the standard form of optimal control to
express the avoidance problem [11]. In Mueller’s study, the
problem was discretized and transformed from a control
problem into a nonlinear planning problem. Mueller et al.
proposed a method to control the spacecraft and avoid on-
orbit collision [12]. This method is applied to both situations
when the two objects had a high relative velocity or a low
one. It has a certain robustness. Besides, this method would
prevent a second collision for a long time after the first
maneuvering. Graziano et al. thoroughly introduced the
basic principle for detecting and estimating the risks of sat-
ellite collision. He analyzed the operating procedure of colli-
sion prevention and summarized the rules for the maneuver
strategy of avoidance [13]. Kelly and Piciotto adopted non-
linear optimization technology to study the optimal collision
avoidance maneuvering calculation [14]. Based on the state-
transition matrix, Gonzalo and Colombo designed an orbit
maneuver strategy under the pulse thrust and analyzed its
effectiveness [15]. They also analyzed the orbit maneuvering
design under constant thrust provided along the velocity
tangential direction [16] and added the results into a com-
puter program to calculate the orbit maneuver [17]. Zhang
et al. proposed an efficient method to calculate the diffusion
law of space debris groups over time [18]. Dharmarajan et al.
studied the method of satellite formation to avoid space
debris. He proposed that the time of applying correction
should be determined based on the capability of the satellite
performing the maneuver. Moreover, he offered a method to
solve eigenvalues in the optimization of maximum range
and minimum velocity [19]. Most scholars mainly concen-
trated on how spacecraft can avoid space debris or regular
space objects, but few of them studied how spacecraft can
avoid the space debris group from the breakup of satellites
in the neighboring orbit.

This paper focuses on the maneuver strategy of space-
craft to avoid the space debris group, which are generated
by the breakup of objects in neighboring orbit, and then
return to its original orbit. It proposes a simplified method
of the unreachable domain for the space debris group.
Through the modification of artificial potential field (APF)
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and particle swarm optimization (PSO) algorithms, the
spacecraft will complete the maneuvering process through
three stages: the stage of avoidance, the stage of returning
from a distant proximity, and the stage of returning from a
close proximity. Next, the paper verifies the effectiveness of
this method through a simulation experiment.

2. Dynamic Modeling

2.1. Selection of the Coordinate System. To accurately dem-
onstrate the orbital motion of the active spacecraft and the
space debris group, the earth-centered inertial (ECI) coordi-
nate system OXYZ is defined as can be shown in Figure 1:
the coordinate system has its origin O at the center of the
Earth, the OX axis is aligned with the mean equinox at
epoch J2000, the OZ axis is aligned with the Earth’s North
Pole, the OY axis is established by the right-hand rule, and
P is an on-orbit spacecraft.

To describe the orbital motion of an active spacecraft
during the close return stage (Figure 1), the CW coordinate
system O'X'Y'Z' is defined (Figure 2): the coordinate sys-
tem has its origin O’ at the center of the mass of the target
point, the O'X" axis is aligned with the center of mass of
the target along the center of the earth, the O'Y' axis is
aligned with the direction of motion of the target point,
which is in the orbital plane of the target point and perpen-
dicular to the O'X" axis, and the O'Z" axis is established by
the right-hand rule.

2.2. The Dynamic Equation of the Active Spacecraft and the
Space Debris Group. If the spacecraft can complete its task
within a short period, it is reasonable to suppose that the
influence of the perturbation term can be ignored. As the
spacecraft needs to urgently avoid a close debris group, it
is assumed that the spacecraft and space debris group are
not affected by perturbation forces during their motion.

The ECI system is selected to illustrate the orbital
motion of the active spacecraft and space debris. The
dynamic equation is

i=-Yp (1)

where ¥ is the acceleration vector of the space goal, 4 denotes
the geocentric gravitational constant, r means the geocentric
distance of the space goal, and r represents the distance vec-
tor from the space goal to the center of Earth.

2.3. Discretization of the Relative Dynamic Equation. When
the spacecraft is relatively close to the goal, the CW equation
of the goal relative to the spacecraft is usually established
under the CW coordinate system.

X-2ny-3n’x=f,
y+2nx=f, (2)

Z+n*z=f,

where X, ¥, and Z are the relative accelerations of the
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F1GURE 1: Diagram of the Earth-Centered Inertial (ECI) coordinate
system.

FIGURE 2: Diagram of the CW coordinate system.

spacecraft to the goal in three directions of the CW coordi-
nate system; x and y are the relative velocities of the space-
craft to the goal; x and z are the relative location of the
spacecraft to the goal in the directions of O'X' and O'Z’
under the CW coordinate system; f, f,, and f, are the
thrust accelerations of the spacecraft relative to the goal in
the three directions of the CW coordinate system; and # is
the mean angular velocity.

"= \/E (3)

where ¢ denotes the geocentric gravitational constant, and r,
is the goal’s geocentric distance.

Based on linear systems theory, formula (2) is discretized
[20], and the state-transition matrix of the spacecraft is
obtained.

X(t) =T(t - t5)X(ty) + Jt I'(t - 7)Bu(7)dr, (4)

ty

where

. (a) ] JAt=t—t,, (5)

3
4—3cosnAt 0 0
T, (At)= | 6(sin nt —nAt) 1 0 , (6)
0 0 cos nAt
l sin nAt E(1 - cos nAt) 0
n n
2 r, .
I, (At)= - (cos nAt —1) - (4 sin nAt - 3nAt) 0 ,
0 0 — sin nAt
(7)
3n sin nAt 0 0
T, (At)= | 6n(cos nAt—1) 0 0 , (8)
L 0 0 —nsin nAt
cos nAt 2 sin nAt 0
I, (At)= | -2nsin nAt 4 cos nAt -3 0 .09
0 0 cos nAt

Considering that when the spacecraft returns to the goal,
it will control the velocity impulse for many times, and this
paper discretized the system’s continuous time into T time
intervals. The formula (4) can be shown as

Xp1 =Xy + Gy, (10)

where k indicates the k™ interval, w = [uy,, 1y, u,)"
denotes the accelerations generated by the spacecraft in
three directions under the CW coordinate system, and T
and G are the discretized state-space matrix. Their defini-
tions are as follows:

I', =T(T) = const,

G, =G(T)= JZF(T)BdT 2 const. ()

As the time interval T is fixed, when the spacecraft is
maneuvered for the N ™ times, the state quantity of the
spacecraft is

Xy =TVX, + T, (12)
where

r=[""'G,r"?G, G|, (13)

u=[ug, up,uy )

Formula (12) is the dynamic model of the relative
motion after the discretization of the average time. Using
formula (12), we can obtain the motion state of the space-
craft relative to the goal at the time of ¢ =¢t;+ NT under
the influence of the velocity impulse. Likewise, if the space-
craft wants to reach a certain state X,,; at the time of # +



T, formula (13) can also generate the amplitude and direc-
tion of the velocity impulse u, that is exerted by the space-
craft at the time of .

3. Generative Model of the Space Debris Group

To simulate the space debris group in the orbit near the
active spacecraft, this paper adopts the model of NASA
EVOLVE 4.0 [21] as an analog simulator to get information
about the space debris fragments, including lengths, areas,
mass, and speed increments.

The breakup model of NASA EVOLVE 4.0 can be
divided into two parts: the explosion breakup and the colli-
sion breakup. As they will not affect the application of the
proposed algorithm of rapid orbital evolution, the two parts
will be considered as one natural breakup, ie., explosion
breakup, without a loss of generality. Formula (14) calculates
the size of every debris fragment:

(14)
N(L

c c="1

{N(LCEL,-):T-6-LI-1'6,1'= 1,2 n,
=L;)=N(Lc2L;) = N(L; 2 Lipy),

where 7 is the constant coefficient, 4.5 is the usually adopted
value, L, is the characteristic length, which is derived by tak-
ing the average number of the debris lengths in three direc-
tions, namely, L. = (I, +1,+1,)/3, and N(L. > L;) indicates
the number of debris fragments with characteristic length
longer than L;. The shorter the interval of L; is, the closer
it is to the reality.

Using the lengths of space debris, we can further deter-
mine the area-to-mass ratio (AMR) of each debris with
binormal distribution (15):

X =aN(u;0,) + (1 - a)N(py, 0,),

N(pp01) = ——=—

where « is the weight coeflicient, and y; and o; are the mean
and variance of the normal distribution, respectively. The
characteristic lengths of the three parameters are obtained
through the logarithm of the characteristic lengths log,, (L,
) [19], and x denotes the logarithm of the AMR with y £
log,,(A/M).

The mass of space debris is obtained by formula (16).

A
M="x, (16)
n

where A, is the average cross-sectional area. The average
cross-sectional area of each piece of the space debris is deter-
mined by its characteristic length [19] and acquired through
formula (17): # = 10%.

0.540424L 2, L.<0.00167m,
A, = ‘ ‘ (17)
0.556945L *%*%77 L >0.00167m.
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After the explosion and breakup, space debris will pick
up a speed increment, which is obtained by formula (9):

¥ 1 (X’l;)z (18)
=— ¢ 2%,
V2no

where Y is the logarithm of the speed increment, ie., ¥ =
log,,(Av); u is determined by y, the logarithm of the
AMR, ie, u=0.2x+1.85 and o is the constant of 0.4.
The direction of the speed increment satisfies three dimen-
sional random uniform distribution [22].

4. Maneuver Strategy of the Active Spacecraft’s
Avoidance and Return

This section will establish a simplified model to simulate the
unreachable domain of the space debris group. It will intro-
duce the spacecraft maneuver strategy at the stage of avoid-
ance, the stage of returning from a distant proximity, and the
stage of returning from a proximity.

4.1. Modeling of the Unreachable Domain. For the space
debris group, the state of every space debris Q,(¢) can be
simulated with a four-dimensional vector:

Q(t)=f(xpypzit) CR, (19)

where Q,(t) can be obtained through numerical integration
of formula (1). Q,(t) represents the state of the i space
debris at the time of #; x;, y;, and z; indicate the components
of location vectors of the i ™ space debris during its entire
motion at the ECI coordinate system, respectively, and R
shows the state space consisting of all the space debris states
during the entire motion.

The orbital plane of the on-orbit spacecraft is defined as
space Z. Thus, the intersection of each space debris Q; and
the orbital plane is

Q=0,n7, (20)

where Q; = {x;, y,, z;} indicates the intersection of the i ™
space debris and the spacecraft’s orbital plane, and x;, y,, and
z; are the three coordinates of the intersection.

The problem of active spacecraft’s avoidance of the space
debris group is a four-dimensional problem; so, the active
spacecraft needs to stay away from the space debris Q; at
the time of t. However, in reality, the calculation costs are
high, as there are a large number of space debris in a debris
group, which are hard to be analyzed one by one. Besides,
the geometry of the space debris group will considerably
change with the altering initial value. It is difficult to simu-
late using a unified mathematic rule. Therefore, dimension
reduction is used in the model to present the threat of the
space debris group. In other words, the two-dimensional
space avoidance problem is transformed into an avoidance
problem on a four-dimensional plane.

According to formula (20), if Q;=Q,NZ =&, there is
no threat from the space debris to collide with the spacecraft;
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if Q;=Q;NZ # &, then Q; serves as the dangerous point for
turther discussion of modeling the unreachable domain.

The set of coordinates for all dangerous points can be
expressed as

Zs_d:{Ql’ QZ"")Qi)"'aQN}:]RnZ. (21)

It should be noted that Z_ ; shows the set space of all the
dangerous points. All the points inside the space are on the
orbital plane Z:

Z, ;C7Z.. (22)

A circular envelope is used to encompass all the danger-
ous points Z_ ; to form an unreachable domain Z ;. Thus,
this unreachable domain is a circular no-fly zone on the
orbital plane Z. The centre of the circle Q4 is as follows:

N
Q= 29% 3

As for the i ™ dangerous point Q,, which is the distance
from Q; to the center of the unreachable circle, Q4 can be
derived as follows:

= =)+ 0h =2+ (@ -z (24)
Thus, the radius of the unreachable domain is
Tug =MAax {7y, 1y, b (25)

Thus, the no-fly zone of the space debris group on the
spacecraft’s orbital plane is obtained. If the active spacecraft
can avoid the unreachable domain, of which the center of
the circle is Q,; and the radius is r,;, the danger from the
space debris group can be avoided.

4.2. The Stages of the Spacecraft’s Task. Based on the require-
ment of the problem, the task of the spacecraft can be
divided into the stage of avoidance, the stage of returning
from a distant proximity, and the stage of returning from a
close distance. To enable the spacecraft’s avoidance of the
space debris group, an unreachable domain is established
as the no-fly zone in Section 3.1; to enable the spacecraft’s
return to the original orbit, the goal is that the spacecraft
should move back to the initial orbit. In other words, reach-
ing back to the location and state of the spacecraft when it
has not maneuvered is the goal.

Suppose that the distance from the spacecraft to the no-
fly zone at the time of ¢ is ||d,., | P the distance at the time of

ol T gl > Nl
should be considered as moving closer to the no-fly zone.
At this time, the task of the spacecraft is to avoid the no-
fly zone, and this period can be regarded as the stage of
avoidance; conversely, if ||d,,, || e [[drep l for the spacecraft

is considered to be flying away from the no-fly zone, and this

try is ||d then the spacecraft

rep |

period can be regarded as the stage of returning from a dis-
tant proximity.

Suppose that the distance from the spacecraft to the goal
at the time of £, is ||d ||, and at the time of £, its distance
to the goal becomes |[dylii- I l[duellic > ldgullyrys the
spacecraft is considered to be closer to the goal. This is when
the spacecraft is at the stage of returning from a distant
proximity; conversely, if ||d.,|/; < ||duyllc.,> the adopted
method fails, and the spacecraft enters the stage of returning
from a close proximity.

4.3. The Maneuver Strategy of the Spacecraft at the Stage of
Avoidance. At the stage of avoidance, an artificial repulsive
potential function is adopted to analyze the maneuver strat-
egy for active spacecraft to avoid the space debris group.
However, traditional repulsive potential functions are
designed to solve problems such as the motion of robots
with relatively small initial velocities or the rendezvous and
docking of spacecrafts with a small relative velocity. For an
active spacecraft to avoid the space debris group, there are
some difficulties that have never occurred in traditional
scenarios.

The spacecraft itself is running at a fast speed and has a
relatively high inertia, and the artificial repulsive potential
field is only effective when the two objects are close to each
other. Thus, if the spacecraft only receives notable impact
from the repulsive potential field when it is close to the
no-fly zone, it needs a thrust higher than its upper limit to
overcome its inertia and avoid the no-fly zone.

To solve these problems, the artificial potential field
function needs to be modified. First, the distance values in
the traditional repulsive potential are mapped to minimize
the impact of the distance on the repulsive force; second,
in contrast to the traditional repulsive potential field, the
new method calculates the total force (thrust) instead of
the repulsive potential field; third, the thrusts of the space-
craft at very moment are divided into the spacecraft velocity
in the normal line direction [16].

To help the spacecraft stay away the no-fly zone, an arti-
ficial repulsive force field is established. Its repulsive poten-

tial function U,,(q) to the spacecraft is

2.5
2 1
_'kre N\ T > dre Sd’
5 Hr <q<|<dmp||)> Il <o

0 ey > o

Urep(q) =

(26)

where k., is the gain coefficient, and [|d,, | indicates the

re; |
p
Euclidean distance from the active spacecraft to the no-fly
zone. The specific definition is shown in formula (27), and
q(||d,ep|l) denotes the mapping of the distance ||d,., || within
the interval of [1,2]. The detailed definition is in formula
(28), and d,, is the influence distance from the no-fly zone’s
repulsive force field to the active spacecraft. If the distance
between the spacecraft and the no-fly zone is smaller than

this value, namely, ||d,,, || < d,, the spacecraft will be affected



by the repulsive force. Conversely, the spacecraft will not be
affected by the repulsive force.

>

HdrepH = H\/(x_xud)2 + (y_yud)z + (Z— Zud)2 ~Tud

(27)

where x, y, and z are spacecraft’s location components under
the three axes of the ECI system; x4, ¥,4> and z,4 indicate
the coordinates of the center of the no-fly zone under the
three axes of the ECI system; and r 4 represents the radius
of the no-fly zone.

ol = 12l 1. 28)

Due to the special condition of the spacecraft’s motion,
when it is close to the no-fly zone, it is not able to maneuver
and avoid the zone. Therefore, exerting distance from the
repulsive force field needs to be projected to increase the
influence of the field on the spacecraft when it enters the
range of the repulsive force field.

The negative gradient of the repulsive potential field is
the repulsive force received by the active spacecraft, namely,

U, (q
Frep(q) = _VUrep(q) = _aZU
35
1
kre N\ Yy > dre <d (29)
o (i) etz
0, ||dyep | > do

Particularly, in formula (29), as g(||d,e|) < [1, 2], we get

(1/q(||drep|\))3‘ssl; so, the gain coefficient of repulsive
potential field k,,

from the spacecraft. In this way, the thrust of the spacecraft
will be less than its upper limit.

For further description, we define two concepts. At time
ty, if the spacecraft is not maneuvering, the geocentric dis-
tance of spacecraft at the next moment ¢, is D,,. If the space-
craft maneuvers, the geocentric distance of spacecraft at the
next moment t; is D,,. If D,, is longer than D,, e the altered
orbit of spacecraft at time ¢, is defined as the ascending
orbit. If D,, is shorter than D, the altered orbit of spacecraft
at time t, is defined as descending orbit.

After the thrust is derived by formula (29), the direction
of the thrust’s distribution is to be determined. As can be
shown in Figure 3, when the center P of the unreachable
domain is located at the original orbit (the initial orbit),
where the spacecraft has not maneuvered to change orbit,
the altered orbit of spacecraft should be the descending orbit
(orbit 1); when the center P of the unreachable domain is
inside the initial orbit (orbit 2), the altered orbit of spacecraft
should be the ascending orbit. Next, the distribution direc-
tion of the thrust is to be determined based on whether the

can obtain the upper limit of the thrust
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Orbit 2

Unreachable
domain

Y

X
FiGure 3: Illustration of thrust distribution.

altered orbit of spacecraft is the ascending or descending
orbit.

Furthermore, the distribution of the thrust is illustrated
in detail.

Three nonlinear points on the orbital plane of the space-
craft are obtained. They are P (x> Vo> Zeet ) Pocr (Xs2s Voo
2 Zg)> and P 5 (X, 3, V.30 Z43)> Tespectively. The normal vec-
tor of the spacecraft is

n—s; = (‘Xn’ JBn’ Yn) =Lsalse XPsc1P5c3' (30)

The velocity vector of the active spacecraft at a certain time

is v, = (,, B,,7,)- It is assumed that the direction of the

—
exerted thrust is F:ep = (oc:ep, ﬁ;ep, y:ep). The thrust direction

at this moment and the velocity vector v, are perpendicular
to the normal vector 71, of the orbital plane. Suppose that
—_—

Vrep = 1, then the dot product of v/ and 71, with F,, is

I ﬁv'()}v_av'yn) e

rep_av'(av‘ﬂn_ﬁv) “_v’
Yy =&Y
ﬁ;e == n'
P ‘xv'ﬁn_ﬁv

(31)

Formula (31) is further processed by normalizing the
—_—

thrust direction vector F :ep

! ! ! .

= (ep> Brep» Vrep)- The unit vector

. . e .

of the thrust direction F,, = kprep, * (Oreps Brep> Viep) 18

! !

o = ‘xrep _ arep
rep 2 2 2 2 z

V(@) + (Be) + () (i) + () 1

/—;rep _ ﬁ:ep - /3 ;ep ,
V(o) (o) (i) () + (B) 1

~ Vrep ~ 1

Viep = 2 2 2 2 2

V(o) (B () (o) (Bre) 1.
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In Equation (32), kg, is 1 or -1, representing two-unit
vectors with different directions.

As shown in Figure 4, when the spacecraft moves to a
random point S, the thrust calculated based on the repulsive

potential function is either I*T; or IT; , determined by the value
of Kpyep-

To further specify the thrust direction, take k,, > k,, >0,
and the coordinates of A is (k, &, k,B,,k,y,) and B is (
ke, kB, k,y,), while kg, =1, the coordinates of point
Cis ((xrep’ ﬁrep’ Yrep)'

To figure out whether the point C’s relative position to
the vector AB on the orbital plane, project the points A, B,
and C onto the xoy plane of the ECI coordinate system.
Upon the projection, the coordinates of points A, B, and C
are

Frep

A’ = (kvlav’ kvlﬁv)’
BI = (kvz(xv’ kvzﬁv)’ (33)

!
C = (‘xrep’ ﬁrep) :

Connecting A', B',andC’ on the plane in the sequence
to form an area which is defined as

S(A1B'.C") = (K, ~ ) - (i, ~ Bry)

_ (kvl B, - ﬂrep) - (katy — ). (34)

When A’,-B’, and -C' are connected in a counterclock-
wise order, S(A/,B', C') is positive. When A',-B’, and -C’
are connected in a clockwise order, S(A", B, C') is negative.
In other words, if the vector starts from A’ and ends at B',
then the C' is on the right side of the vector A'B’ when
Equation (33) is greater than 0, and the thrust in this direc-
tion will push the altered orbit of spacecraft ascend. If the C’
is on the left side of the vector A'B" when Equation (34) is
less than 0, the thrust in this direction will make the altered
orbit of spacecraft descend.

In summary, when the spacecraft needs to avoid colli-
sion by ascending it orbit, if kg, = 1, the thrust makes the
altered orbit of spacecraft ascend. Based on Equations
(29)and (32), the thrust in the three directions of the space-
craft is

Qrep Frep(q)’
ﬁrep : Frep (q)’ (35)

Yrep : Frep(q)’

Fx
FJ’
Fz

and vice versa.

4.4. Analysis on the Maneuver Strategy of Spacecraft at the
Stage of Returning from a Distant Proximity. To design the
orbit of the spacecraft returning from a distant proximity
with artificial gravitational potential function, the center of

N
B VSC
A
C
—
F

FIGURE 4: Diagram of the selection of the unit vector direction of
the thrust direction.

the gravitational potential field will be set as the goal of the
spacecraft when returning from a distant proximity. In order
to keep a stable motion state for the spacecraft, the gravita-
tional potential field center is designed to move along the
initial orbit of the spacecraft. In other words, the position
state of the nonmaneuvering spacecraft is considered as the
center of the gravitational potential field.

If the state vector at the initial moment of the spacecraft
is xy = (%> Yo» 20> VXg> VY V2 )» the initial state vector of the
gravitational potential field center will be x,,. By substituting
the initial state vector x, into Equation (1), the state vector
of the center of the gravitational potential field at the time
of t7 will be x,¢ = (Xy5 Vo> Zag> VXaf> VYags VZaf )-

The gravitational potential function U, (q) is

2
Uatt(datt) = g ' katt ' ||dattH2l5 (36)

where k,,, is the gain coefficient of the gravitational potential
field, d, is the Euclidean distance between the spacecraft
and the center of the gravitational potential field, as defined
in Equation (37).

t= (=5 () + () @)

! ! ! .
where x/, y, and z; represent the location of the spacecraft

at the moment of ¢;.

Therefore, the gravitation F,,(d,,) on the spacecraft is
the negative gradient of the repulsive potential field function
U, (dy), denoted as

Fatt(datt) = _VUatt(datt) = _katt : dattl's' (38)

The result of Equation (38) represents the combined
gravitational force on the spacecraft, whose components in
the three directions in the ECI coordinate system are distrib-
uted according to the unit vector from the spacecraft to the
center of the gravitational potential field.



Accordingly, the vector from the spacecraft to the gravi-

tational potential field center is the gravitational direction
—

/! . .
vector F,,,, which is denoted as

= ' ' / ’ / /
Fatt = (‘xatt’ﬂatt’)/att) = ('xaf _xf’yaf _yf’zaf _Zf>' (39)

—_—
After normalizing the gravitational direction vector F.,,

—_—
the unit vector along the gravitational direction is F,, = (
Kate> ﬁatp )/m), where

Oy = '
() ()« ()
B = P ,
ey sy o)
- Var .
() () ()

According to Equations (38) and (40), the gravitational
forces in the three directions of the spacecraft are

Fx = Qatt Fatt(d)’
Fy = ﬁatt : Fatt(d)’ (41)
Fz = Yatt Fatt(d)'

4.5. Analysis on the Maneuvering Strategy of the Spacecraft at
the Stage of Returning from a Close Proximity. Limited by the
artificial gravitational potential function, the gravitational
force of the spacecraft calculated when approaching the goal
may be small, not accurate enough to guarantee the space-
craft return exactly to goal. Therefore, the study on the
maneuvering strategy of spacecraft in the close proximity
collision avoidance phase uses the PSO algorithm.

For a better description, this section discusses the rela-
tive motion model under the CW coordinate system, while
the selection of the goal remains the same as those in the
previous section. Assuming that the spacecraft enters the
stage of returning from a close proximity, the state quantity
of the goal and the spacecraft in the ECI coordinate system is
X, = [r4, V4] and X, = [rp, vi], respectively. The CW coordi-
nate system takes the coordinates of the target point r, as
the origin; so, the relative state of the spacecraft relevant to
the goal in the CW coordinate system is X, = [r,, V4], where

Yo =Tp — Iy,

TAXVa (42)
0-

Vo=Vp~ VoA~ 2
T

To obtain the current desired output U, based on the
current state quantity X, and the state quantity X, at the
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next moment, deform Equation (10) into
U, =G (X, - TX,) (43)

Similarly, the spacecraft’s pulse maneuver time interval
is T. For any state of the spacecraft at any t=1t,+kT
moment calculated through Equation (12), the output set
at each time interval is U,; so,

U=T" (Xk - rkxo>, (44)
- T

where &1 = [u, uy, - uy_;]
Assuming that the spacecraft needs a total of Npulses to
complete the mission, to reach the goal step-by-step, an opti-

mization model for the spacecraft reaching the goal will be
built as

st{0<u <wp. ) (45)

In the model, $*D, denotes the distance to the goal at the
Kt pulse of the spacecraft, u, denotes the 2-norm of the
pulse vector at the k™ maneuver of the spacecraft, u,,,
denotes the maximum input control that can be generated
by the spacecraft, and «; and «, are weighting factors.

To study the maneuver strategy of the spacecraft in
respect of returning to the goal, the particles in the PSO
algorithm are given actual physical meanings. Each particle
position represents a possible location where the spacecraft
might reach. Based on that, the solution of the particle after
PSO optimization will be a node along the maneuvering
path of the spacecraft. Through Equation (45), the optimal
value searched by each particle in the particle swarm
exchanges information, and the optimal value produced in
every search will be the end position of the motion path
for spacecraft at this moment. The search process will not
stop repeating until it reaches the goal. The Equation (43)
calculates the pulse velocity increment at each moment
while the spacecraft is moving to the goal.

To update the velocity and position of each particle in
the PSO algorithm, the equation is

kel _ ok ko ok k k
Vig = WVig Ty (Pi,d - xi,d) T 6, (pg,d - xi,d)’

k+1 _ _k k+1
Xid =XidtVid >

(46)

where the physical meaning of symbols in the equation is as
shown in Table 1.

The inertia weight w is important for particle conver-
gence and mitigating the contradiction between particle
swarm search and exploitation. A larger w is helpful to
increase the diversity of the swarm, while a smaller w is ben-
eficial for the exploitation of local optima. When planning
the return path of the spacecraft to the goal, the w requires
specifically settings: at the initial stage, a larger search range
is needed for spacecraft to quickly approach the goal; how-
ever, when the spacecraft is approximate to the goal, local
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optimum solution can be produced by searching in a smaller
range, thus reducing the repeated oscillations. To enhance
the search rate and accuracy, the study adopts the inertia
weights dynamically changing:

k
w=w— (47)
kmax (w mlnmax)min
where w,;, represents the minimum inertia weight, w_,, is
the maximum inertia weight, k is the number of current iter-
ations, and k,,, is the maximum times of iterations.

max

Suppose f(-) denotes the fitness function and 1,1, is the
number of particles in the particle swarm, to find the mini-
mal value, the individual optimal position pff dp:f ; for the first

k iterations of the i ™ particle is calculated in the equation:

Pt = A1) 21 (1) (48)
<t iff (<£1) < (o).

For the global optimal position p};)d in the first k itera-
tions of all particles, the equation is

PZ,d € {(plf,d’Plg,d’ ""Pﬁp,d) ‘f (P];,d)

=min {f (pha)of (ha)» S () } -

When the velocity of the particle swarm is updating, it
might be very large, even causing the particles to rush out
of the solution range or even diverge. In order to control
the search action of each particle, the particle flight speed
has to be controlled within a specific range. Therefore, the
particle velocity equation will be updated as

(49)

k+1 el k+1
Vi,d ’ if Vi,d < Vmax,d7
k+1
Vo = s k+l 50
id Vmax,d’ lf Vi,d > Vmax,d’ ( )

o k+1
_Vmax,d’ lfvi,d <_Vmax,d’

where V. ; is the maximum velocity that a particle can
have in the d ™ dimension.

Since the search distance of particle swarm is usually
restricted to certain constraints, for example, at the initial
search moment of the PSO algorithm, it is expected that a
larger search radius can motivate the random walk of parti-
cles. As the spacecraft approaches the goal, a larger search
radius may lead to a large computational cost caused by
the PSO algorithm when converging to the goal.

As a result, this paper constrains the initial values of
each particle in the swarm to a sphere region with radius
of Rpgo. The position of the sphere center is determined
by the position information of the spacecraft at the
moment, while the radius of the sphere is depending on
the distance between the spacecraft and the corresponding
goal. In this paper, the radius is proportional to the

distance between the spacecraft and the goal. The radius
of the particle swarm algorithm search sphere is Rpg; so,

B

——— + 51
1+ e*(l;z‘s'PDﬁﬁs) ﬁ4 ( )

Rpgo =

where ,XB,XB,XB, are coefficients.

It should be noted that the particles in the PSO algo-
rithm might move out of the search radius of the particle
swarm when performing random walk; so, boundary treat-
ment is also needed.

As shown in Figure 5, if the spacecraft is located at A, at
the time t, the sphere represents the search range of PSO
algorithm. If a location B is searched by particle i in the
swarm, it indicates that the particle has reached beyond the
search boundary of the particle swarm, requiring boundary
treatment. In order to reduce the influence of the treatment
on the iterations and evolutionary direction of the particle
swarm, this paper contracts the position of particle i along

the vector AB and corrects the location of particle i from
point B to point B'.

Suppose the coordinates of points are (x;,y,,2;), (%,
¥5,2,), and B' = (a, b, ¢)(xy, y,, 2,), then the unit vector n

= [1,21,-1,] of vector AB is

7. = Xy =X
\/(x2 )2+ (=) (2 - 2)

0, = Vo=

y 52
\/(xz_x1)2+()’2_)’1)2+(22_Z1)2’ 52

_ 272

1= 2 2 I

V=5 + - n) + (2 - 2)

ey e
As OB = OA +AB',, the modified coordinates of the
particles are

a=x, +1, Rpso,
b=x,+1, Rpso, (53)

c=X3+1, Rpgo,

Figure 6 shows the PSO search path used by the space-
craft. In conclusion, at the moment of #,t,, the spacecraft
is at the initial position, which is taken as the sphere center.
In this sphere with the radius of Ry, n, particles are ran-
domly generated. The global optimal particle position will
be selected as the spacecraft position at t, + T after k,,,, iter-
ations. Based on this and repeat the computation, we can
plan the tracking and return path of the spacecraft to the
goal.

5. Simulation Analysis

The analysis first used the NASA EVOLVE 4.0 model to
simulate the generation of space debris group. Table 2 shows
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TaBLE 1: Physical meaning of symbols in Equation (46).

Symbol Meaning

i Particle number

k The times of current iterations

d The dimension of the solution

v{-fd Velocity information of the i_th particle on the d_th dimensional solution at the k_th iteration

xffd The position of the i,th particle on the d dimensional solution at the k,th iteration

pifd The individual optimal position of the i ™ particle for the previous k iterations

PS)d The global optimal positions of all particles for the previous k iterations

) Inertia weights

C 6y Nonnegative constants

STRS Any constants between [0,1]

X

FiGure 5: Diagram of modifying particles that are beyond the
search range.

FIGURE 6: Diagram of the Spacecraft Using PSO Algorithm to
Search the Path.

the six orbital elements of the active spacecraft at the initial
stage and of the spacecraft that are disintegrating.

The disintegrating spacecraft spawns space debris group
disintegration point, creating a total of 15,573 pieces of
debris, while debris less than 0.5g are not counted in the
analysis. The circle center of the unreachable domain is
(42014, 0, 0) km with a radius of 158 km.

The mass of the active spacecraft is 1000 kg, the space-
craft thrust is no more than 100N, the repulsive potential
field gain coefficient k., is 100, taken from the upper limit
of spacecraft thrust, and the repulsive potential field action
range is d, = 3000km.

At the stage of avoidance and the stage of returning from
the distant proximity, the thrust magnitude in the three
directions and total thrust of the spacecraft are as shown in
Figure 7. It should be noted that the thrust and the acceler-
ation are in different directions, indicating that the space-
craft is under the repulsive potential field from 173 to 1200
seconds and under the gravitational potential field from
1200 to 2446 seconds.

In Figure 7, the spacecraft is less than 3000 km away
from the unreachable domain at about 173 seconds when
entering the stage of avoidance. At this timestamp, the arti-
ficial repulsion function is used to make the spacecraft grad-
ually move away from the no-fly zone, during which the
spacecraft enters the stage of approaching from the distant
proximity from 1200 seconds to 2446 seconds. By then, the
artificial gravitational function enables the spacecraft to
obtain a gravity pointing at the target point, thus gradually
approaching the goal. Limited by the artificial potential
function, the distance between the spacecraft and the goal
is the shortest at 2446 seconds when the gravity provided
by the gravitational potential field is insufficient to pull the
spacecraft back to the goal in such a short distance. After
that, the spacecraft enters the stage of returning from the
stage of close proximity.

It is worth mentioning that when the active spacecraft
enters the stage of returning from the distant proximity,
the spacecraft’s initial velocity is too big for the gravity calcu-
lated with the gravitational potential field function to change
the spacecraft’s motion trend in a short period of time. As a
result, the distance between the spacecraft and the target
point will gradually extend at the beginning stage of avoid-
ing from a distant proximity. Until about 1679 seconds,
the gravity is sufficient to change the moving direction of
the spacecraft, leading the spacecraft to approach the goal.
Therefore, between 1200 and 1679 seconds, although the
spacecraft is provided with a thrust pointing towards the
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TaBLE 2: The six elements of initial moment active spacecraft and disintegrating spacecraft disintegrating moment orbit.

Active spacecraft

Disintegrating spacecraft

Semimajor axis/km 42164 42014
Eccentricity 0 0
Inclination/’ 15 60
Right ascension of the ascending node/’ 0 0
Argument of perigee/® 38 245
True anomaly/’ 316 142
100 2
50
z z 9
E B -2
_50 -
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FiGure 7: The thrust of the active spacecraft at the stage of avoidance and the stage of returning from the distant proximity: (a) thrust in the
X direction, (b) thrust in the Y direction, (c) thrust in the Z direction, and (d) total thrust (scalar).

goal (which is the gravity generated by the artificial gravita-
tional potential field), it moves away from the goal at a
decreasing speed until the 1679 seconds when the spacecraft
stops to approach the goal.

Figure 8 shows the schematic diagram of the active
spacecraft transferring orbit with modified artificial potential
field method. The diagram covers the stage of avoidance and
the stage of returning from a distant proximity.

Figure 9 shows how the distance between the active
spacecraft, and the unreachable domain varies during the
maneuver, while Figure 10 illustrates how the distance
between the active spacecraft and the goal changes.

In Figure 9, the closest distance between the active space-
craft and the unreachable domain is about 3.3 km; so, there
is no risk of collision. As shown in Figure 10, the active
spacecraft enters the stage of avoidance from 173 seconds
to 1200 seconds, but it gradually moves away from the goal
due to the impact of repulsive potential field. Following the
stage from 1200 to 2446 seconds, the active spacecraft is

under the gravitational potential field. However, during
1200 to 1679 seconds, the large inertia of the spacecraft pre-
vents its motion state from an instant change caused by the
gravitational potential field. As the spacecraft continues to
move towards the goal, the distance between the spacecraft
and the goal continues increasing. In spite of this, the
increasing speed gradually slows down. At the 1679 seconds,
the gravitational potential field has offset the inertia of the
original motion when the spacecraft stops moving away
from the goal but starts to approach the target. Afterwards,
the distance between the spacecraft and the target narrows
to the minimum at 2446 seconds when the spacecraft ends
its stage of returning from the distant proximity.

At 2446 seconds, the spacecraft will enter the stage of
returning from a close proximity. The states of the spacecraft
and the goal under the ECI coordinate system at the time are
shown in Table 3.

The CW coordinate system is established with the goal
as the center of the circle. Substituting the initial values of
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FIGURE 8: Active spacecraft transfers orbit based on the modified artificial potential field method.
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FIGURE 9: The variation of distance between active spacecraft and unreachable domain.

the states in Table 3 into Equation (42), the initial states of
the spacecraft relative to the goal under the CW coordinate
system is shown in Table 4.

It should be noted that since the CW coordinate system
is established with the goal’s position as the circle center, the
state of the goal’s position is [0, 0, 0].

Subsequently, the PSO algorithm carries out the simula-
tion analysis on the path planning of the active spacecraft,
and parameter values used in the PSO algorithm are

n,=100,¢,=2,¢,=2, Vypp =10,d =3,

max

(54)

Kpax = 100, @, = 0.3, . = 0.75.

min

For the search radius of the particle swarm, given f3; =
80, 3, =0.02, 3,=0.02, B, =0 and B, =-39, the relation-

ship between spacecraft-goal distance and the particle
swarm search radius is as shown in Figure 11.

In Equation (45), for the function to be optimized, the
parameters are , =0.8 and «, =0.2. The maximum pulse
maneuvering volume for each maneuver of the spacecraft
is defined as Au < 20m/s. In the simulation, the spacecraft
performs pulse maneuvering at a time interval of 1 second.
It takes the calculation of pulse maneuvering size and direc-
tion for about 0.48 seconds per time on average, while the
maximum time is about 0.52 seconds, meeting the real-
time requirements of the mission.

The PSO algorithm also solves the maneuver mode and
movement trajectory of the spacecraft in each iteration,
and the results are shown in Figures 12-14. Figure 12 shows
the trajectory of the spacecraft to the goal, Figure 13 demon-
strates the variation curve of distance between the spacecraft
and the goal, and Figure 14 illustrates the spacecraft’s total
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FiGure 10: The variation of distance between the active spacecraft and the goal.

TaBLE 3: States of the spacecraft and the goal under the ECI coordinate system at the initial moment of the stage of returning from a close
proximity.

x/m ylm zlm vm-s! v,/m-s! v,/m-s!
Spacecraft 41990424.042 3692364.155 989081.845 -319.571 -319.571 -319.571
Goal 41990353.815 3692445.699 989387.824 -278.757 -278.757 -278.757

TABLE 4: The state of the spacecraft relative to the goal in the CW coordinate system at the initial moment of the stage of returning from the
close proximity.

x/m yim zlm v /m-s! v, /m-s! v,/m-s!
Relative state 70.227 -81.544 -305.978 -40.826 -0.680

-2.963
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FIGURE 11: Relationship between the spacecraft-goal distance and the particle swarm search radius.

pulse of the orbital maneuver at the stage of approaching
from the close proximity.

As shown in Figures 12 and 13, the PSO algorithm
searches radius with dynamic variation helping the space-
craft return to the goal in about 13 seconds, thus effectively

transferring the original orbit of returning from a close prox-
imity. It should be noted that as the initial velocity of the
spacecraft relative to the goal is too large, the motion curve
of the spacecraft might not be smooth at the initial stage.
The relative distance between the spacecraft and the goal
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F1GURE 13: The distance between the spacecraft and the goal: (a) distance in the X direction, (b) distance in the Y direction, (c) distance in

the Z direction, and (d) total distance.

in the O' X' direction of the CW coordinate system increases
before shrinking. However, in Figure 14, maneuver pulse
amount is always less than 20m/s during the process of
the spacecraft maneuvering.

As shown in Figure 13, both the spacecraft-goal distance
and velocity are close to 0 at about 13 seconds. Similarly in
Figure 14, the pulse amount required for orbital maneuvers
is around 0 after 13 seconds. Based on the two conditions
above, the improved PSO algorithm can successfully push
the spacecraft to back to its original orbit at about 13 sec-
onds; so, no further maneuvers will be needed afterwards.
As a result, the spacecraft is managed to continue its flight

along its original orbit while being successfully prevented
from the collision with the debris group.

To sum up, this paper proposes an effective maneuver
strategy for spacecraft to avoid space debris group and
return to the original orbit. In existing studies, studies on
how spacecraft evade space debris groups are not sufficient,
as most research focuses on space debris. The simulation
analysis effectively describes the unreachable domain of the
space debris group by reducing the dimensionality of the
changing geometry configuration of the space debris group.
To calculate the avoidance orbit and return orbit of space-
craft, the APF method and PSO algorithm are adopted in
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FIGURE 14: The time variation curve of the spacecraft’s total orbital maneuver pulse at the stage of approaching from a close proximity.

the analysis. During the process, the APF method and PSO
algorithm are improved. The APF method is suitable for
spacecraft with high velocity by distance projection, while
the calculation efficiency of the PSO algorithm is improved
by dynamic searching radius.

6. Conclusions

This paper proposes a method of orbital transfer for space-
craft to urgently avoid the debris group in the near space
and return to its original orbit. The method innovatively
highlights the following: (1) the changing geometry of the
space debris group is simplified by dimensionality reduction
while the mathematical method describes the space debris
group as an unreachable domain, (2) the method figures
out a maneuver strategy covering three stages from avoid-
ance to return, (3) the method suggests to use distance pro-
jection approach to break the limitations of the artificial
repulsive potential function based on the special features of
the spacecraft motion at the stage of avoidance, and (4) the
method proposes a modified function to search with
dynamic changing search radius and particle correction
approach for a spacecraft at the stage of returning from a
close proximity, which ensures the random walk of the
PSO algorithm in the initial phase and the computational
efficiency in the ending phase, to avoid local oscillation.
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