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Abstract: This paper proposes an intelligent low-thrust orbit phasing control method for multiple spacecraft by

simultaneously considering fuel optimization and collision avoidance. Firstly, the minimum-fuel orbit phasing control

database is generated by the indirect method associated with the homotopy technique. Then, a deep network

representing the minimum-fuel solution is trained. To avoid collision for multiple spacecraft, an artificial potential

function is introduced in the collision-avoidance controller. Finally, an intelligent orbit phasing control method by

combining the minimum-fuel neural network controller and the collision-avoidance controller is proposed. Numerical

results show that the proposed intelligent orbit phasing control is valid for the multi-satellite constellation initialization

without collision.
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0 Introduction

In recent years, the number of on orbit space-
craft increases rapidly, thus it is important to devel-
op the intelligent autonomous control scheme of
spacecraft. Due to high specific impulse and high
precision, low-thrust thrusters such as electric pro-
pulsion are important ways for orbit control. There-
fore, the low-thrust trajectory optimization problem
has attracted many attentions. The low-thrust trajec-
tory optimization methods mainly include the direct
method'"’, the indirect method®', and the shape-
based method®. Compared with the other two
methods, the indirect method can guarantee the
first-order optimality condition, but it is sensitive to
initial values. Generally speaking, the shape-based
method and the direct method can be used to pro-

]

vide the initial guess'*', and the homotopy tech-

nique'”™ can be used to reduce the difficulty for the
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initial guess. However, traditional methods need
complex numerical calculations, and they cannot be
used on board.

Recently, the intelligent technology represent-
ed by the deep neural network and the machine
learning provides a new way to solve the low-thrust
trajectory optimization problem. The powerful fit-
ting ability of the deep neural network is used to pro-
vide an initial guess for the costate variable in the in-
direct method™®’, but the exact value of the initial
costate variable also needs to be solved by numeri-
cal iterations. In addition, the neural network can be
directly used to obtain the optimal control'"". For
the training data in neural networks, Cheng et al.'"”
used an actor-indirect method to employ a network
learning architecture, and Izzo et al.""’ proposed a
new general methodology called “backward genera-
tion of optimal examples” to create the database.

Compared with the traditional methods, the preced-
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ing intelligent studies do not need complex numeri-
cal calculations, but they are not valid for multiple
spacecraft.

For the multi-spacecraft control, two impor-
tant objectives are fuel optimization and collision
avoidance. For the fuel optimal control problems,
the model predictive control method and the convex
optimization method are used for multiple space-
craft'”®’. However, the computational burden of this
method increases significantly for large number of
spacecraft and long transfer time. Therefore, it is
not suitable for on-board applications. For the colli-
sion avoidance problem, each spacecraft need to
have the autonomous control capability, thus the ar-
tificial potential function (APF) is widely used in

1314 " In addition, another idea is

the control design
to combine the sliding mode control with the APF
control to realize the closed-loop multi-satellite con-

15-17

trol under the collision constraint'>'"!. However, all

preceding methods are based on the relative dynamic
model. For the absolute dynamic model, Yu et al."®
proposed a quadratic APF controller to achieve the
spacecraft autonomous cluster without collision, but
they did not consider the fuel optimality in the con-
trol process. In summary, there is no control meth-
od considering both the fuel optimality and the colli-
sion constraint.

The main contribution of this paper is to pro-
vide an intelligent autonomous orbit phasing control
method by simultaneously considering the fuel opti-
mization and the collision avoidance. This paper is
structured as follows: In Section 1, the dynamic
model is introduced and the indirect optimal control
method is given; in Section 2, the database genera-
tion method with the homotopy technique, and the
design and training process of neural network are
proposed; then, the minimum-fuel neural network
controller is combined with the collision-avoidance
controller in Section 3; in Section 4, two numerical
examples are provided; finally, the conclusions are

given in Section 5.

1 Low-Thrust Trajectory Optimi-

zation

1.1 Dynamic model

The cylindrical coordinate system is shown in
Fig.1, where r, 0 and z are the radial distance, the
azimuth angle, and the altitude of the spacecraft, re-

spectively.

Spacecraft

=
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Fig.1 Cylindrical coordinates

The motion of spacecraft can be described as

the following differential equation'"”’
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and x=[r,0,z,v,, v, v.]", here v,, v, and v. are
the derivatives of r, 0 and z, respectively; a=
[a,, ay, a.]is the thrust direction; m is the mass; I,
is the specific impulse of thruster; pg=
398 600.441 5km?®/s* is the gravitational constant;
g0=9.806 65m / s” is the gravitational acceleration
at sea level; u=T/Tu, and «€[0,1] is the en-
gine thrust ratio, here T and T, are the current and

maximum thrust magnitudes, respectively; R =

v r* 4+ 2% is the distance from the center of the space-
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craft to the Earth.

This paper mainly stuides the orbit phasing con-
trol in the phase initialization and phase reconfigura-
tion missions for the multi-satellite constellation.
For different satellites in the same orbit (with the
same semi-major axis, eccentricity and inclination) ,
the right ascension of the ascending node (RAAN)
change rates caused by J2 perturbation are almost
the same. Thus, the J2 perturbation is ignored in

the orbit phasing control here.
1.2 Optimal control problem

For the fuel optimal orbit phasing control prob-
lem with free transfer time ¢, the performance index

can be expressed as

Tmax fl
J= J wdt (3)
I,g070

To overcome the difficulty arising from solving
the bang-bang control, the homotopic approach is

adopted in the performance index, so we have

Tn]ax [1
— — 1—u)lds 4
Tsl)gojo[u eul w)]ds (4)

J:

where e €[ 0, 1] is the homotopy parameter. As the
e decreases from 1 to 0, the problem changes {rom
the easily solved energy optimal problem into the fu-
el optimal control problem. When e =0, the prob-

lem is the fuel optimal problem.

Since the transfer time of the spacecraft is free,
there are two additional boundary conditions, i.e.

H(t)=0, 2,(t)=0 (11)

Then, the two-point boundary value problem

in the cylindrical coordinate system with the homoto-

py parameter is obtained, and the corresponding

shooting equation is

O (A)=[|z.(t)—a. (1) A, H ()] =0 (12)

For the performance index in Eq.(4), the fol-
lowing Hamiltonian function is constructed by intro-

ducing the costate variable A.

T[ll?IX
Zf[u* eu(l—u)]+2aID+
Sng
T Tmaxu Tmaxu
A,|——Ba|— 1A, (5)
m Lpgo

where A; =[2,,4,, 1., 4,,2,,A4, ] In order to mini-
mize the Hamiltonian function H, the optimal thrust

direction a” is

__[uB]
a'=— (6)
28]
and the optimal thrust magnitude ratio " is
0 0 >¢€

0.5—p/2€ ‘p‘ée
where p is the switching function, shown as

=1 H AIB HI-‘5>g0 o

m

A (8)

The differential equation of the costate variable

Ais
) OH
A, =———=M(x)A,
dx
9)
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where
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where A, =[2,,25,A.,A,,A,, 4., A,, t]is the vari-
able needs to be solved, and x. and x, are the states

of the chaser and the target, respectively.

2 Network Training

This section describes the methods for the data
generation, the neural network architecture and the

training method. The purpose is to obtain a mini-
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mum-fuel neural network controller for the autono-

mous fuel-optimal control in real time.
2.1 Training data generation

In order to realize the minimum-fuel neural net-
work controller, the input of the network includes
the current state x.;, the current mass m, and the ex-
pected state x;. The output is the optimal control
U =(u,0,0.), 0,€l—mn,x],
f.€[—n/2,7/2] are the thrust direction angles.

variable where

The thrust direction angles can be expressed as

ay
f,= arctan| —

a, (13)
0.= arcsin (a.)

In this way, we can combine the spacecraft
state and the control to construct a set of training da-
ta(xe, me,xq, U).

Based on the optimal solution by the homotopy
technique, a database can be generated. By perturb-
ing the initial state of the nominal trajectory, the un-
disturbed state can provide a good initial guess for
the disturbed state. For the nominal optimal trajecto-
ry, the initial and terminal states are x., and xg,, re-
spectively, and the optimal costate variable is A". A

new

new set of values of the initial state x2" and the ex-
pected state x " 1s
X = Xy T 0T, = x4, T 0z, (14)
where x5, x5, i and &y, are all states given in
the form of orbital elements. The orbital elements
include the semimajor axis of the nominal orbit a,
the eccentricity e, the inclination 7, the RAAN (2,
the argument of perigee w and the true anomaly ¢.
In addition, dx. and dx, represent small enough
disturbances, so that the shooting equation solution
A’ in the original states can be used as the initial
guess to solve the solution A™ of the shooting
equation in the new states. Since dx., and dx,, are
small, the initial guess is close to the optimal value,
and the shooting method can converge quickly.
In the above process, firstly the true anomaly
¢ in the range [0, 360°) is divided into 500 equal
values, and the homotopy method is used to solve

the optimal orbits at different phases, which are

viewed as the nominal orbits with different phases.
Then, for these nominal orbits, the other five orbit
elements are disturbed to obtain many optimal solu-
tions. Finally, all the obtained optimal orbits are

combined to establish the optimal control database.
2.2 Network structure selection

In this paper, two kinds of neural networks are
established. The first one is the thrustratio net
work, which predicts the thrust ratio «. Note that u
of the fuel optimal control is only 0 or 1, and we es-
tablish a classified neural network to fit the thrust
magnitude term in the control. The second one is
the thrust-direction-angle network, which is to pre-
dict the thrust direction angles ¢, and 0..

Due to the strong nonlinearity of the optimal
control, the network needs to have a certain com-
plexity to capture the relationship between the opti-
mal control and the state. Therefore, to avoid under
fitting and over fitting for the thrust ratio, a neural
network is designed with three hidden layers and
128 neurons in each layer for the control magnitude
network. To realize the fitting of the thrust direction
angles, a neural network is designed with nine hid-
den layers and 128 neurons in each layer. The specif-

ic structure of the network is Fig.2.
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Fig.2 Minimum-fuel neural network architecture
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2.3 Selection of activation function and loss

function

This subsection mainly introduces the architec-
ture design of neural network and the selection of ac-
tivation-function.

Firstly, the fully connected feedforward net-
work is selected. The activation function of the out-
put layer is determined according to the range of the
output. For the thrust-ratio network, the Sigmoid
function is used as the activation function of the out-
put layer. For the thrust-direction-angle network,
the Tanh function is selected as the activation func-
tion of the output layer. For the hidden layer of the
network, the ReL U function is selected as the acti-
vation function.

Then, the mean square error (MSE) between
the training data and the network prediction results

is adopted as the loss function, shown as

(15)

1Y A2
L(w,b):N;H Net(X|w,6)— Y,

where the Net function is the neural network to be
trained, and N represents the total number of sam-
ples used for training. The input vector X, is com-
posed of the states, the target vector Y, contains the
optimal control to be learned, and the symbols @
and & denote the weight and bias of network, re-
spectively. In addition, to avoid system memory ex-
plosion caused by all data input into the network,

the batch size 1s set to be 500.

3 Collision Avoidance

When multiple spacecraft are controlled simul-
taneously, the collision risk increases. To avoid col-
lision, this section proposes a collision-avoidance
method based on the APF.

3.1 Control process

In order to avoid collision, the repulsive field is
introduced to prevent spacecraft collision during ma-
neuvers. Assume that the collision between space-
craft is given in the form of distance. In this way,

when there is no collision risk between spacecraft, it

uses the optimal control obtained by neural net-
work; however, when there is collision risk, the
APF is used to avoid collision. The control process
of spacecraft i1s shown in Fig.3, and the steps are
given as follows.

Step 1 Judge whether the current state of the
spacecraft meets the terminal constraints. If no, use
the intelligent controller generated in Section 2.

Step 2 If the spacecraft meets the terminal
constraints or is being controlled by the artificial in-
telligence controller, judge whether there is a colli-
sion risk. If yes, it needs to use the APF to avoid
collision.

Step 3 If the spacecraft has no collision risk
or execute the collision-avoidance maneuver, it is
necessary to judge whether it meets the terminal
constraint again. If yes, the control is completed. If
no, return to Step 1 and repeat the above process.

Until all spacecraft meet the terminal constraints

and there is no collision risk, the control is over.

Orbit state

Minimum-fuel

neural network
controller
N
Collision N Terminal
avoidance constraint
Y Y

Artificial potential
function

End control '

Fig.3 Flow chart of the controller

3.2 Artificial potential function design

In the terminal constraints in Fig.3, the safety
constraints of spacecraft are expressed as

>L (16)

H Tnin
where r,;, represents the nearest distance among all
spacecraft and L the allowable minimum distance be-

tween spacecraft. The APF of the spacecraft from
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the nearest spacecraft is

1 1
05/€ - min
(| | do) I~

O H T nin
where d, 1s the radius of the APF. When the dis-

S

" (17)
‘> do

U (x,x,)=

tance between spacecraft is less than d,, there is a

risk of collision between them. Then, the repulsion

force magnitude to the spacecraft is
F(x,x;,)=—VU,(x,x,)=

k 1 1
2 ( o d) H T min < dﬂ
H rm;n H rmin 0 (].8)

0 H T in >d0

where k£ is the gain coefficient. The influence of
APF on energy consumption in the whole control
process can be changed by adjusting the gain coeffi-
cient k. Because the spacecraft will fly by other
spacecraft during the whole period, the safe dis-
tance between spacecraft can be ensured by chang-
ing the semi-major axis.

Note that the semi-major axis does not change
under the acceleration component perpendicular to
the tangential direction in the orbit plane. Then, this
paper mainly uses the tangential acceleration compo-
nent to change the semi-major axis to achieve the
purpose of collision avoidance. Assume that the tan-
gential acceleration direction of spacecraft S, is a,.
Thus, a, can be expressed as
—1 (a;— a;)>da,

1 (a;— a;)>da, (19)
0 —da,<(a;,— a;)< da,

Qi —

where a; is the semi-major axis of the spacecraft S,,
and da, represents the deviation limit of the semi-
major axis to prevent the thrust direction oscillation
caused by the small difference of semi-major axis.
The tangential acceleration vector can be written in
the coordinate system [S, T, W], which denotes
the radial, transverse and normal directions, respec-

tively. Then, we have

S=Aa,
T= Ba,, (20)
W=0

where

esing

1+ 2ecosg + ¢

1+ ecose
1+ 2ecosg + ¢
(21)

Then, the next step is to transform the frame

A:

aB:

[S, T, W] into the geocentric inertial coordinate

system, shown as

a, S
a, :R:;(_-Q)Rl(_i)R:;(_w_gD) T [(22)
a. w

where R, () and R, (&) represent rotation matrices
that rotate vectors by the angle ¢ about the X- and Z-

[20] " The acceleration direction in

axes, respectively
the cylindrical coordinate system @.= [ ., @5, a. "
can be obtained as

a,=a,cosd+ a,sinld
a,=—a,sinfd+ a,cosl (23)
a.=a,

The outputs of the neural network are
[ 4y, 0,, 0.]. Thus, the acceleration direction vector
of the spacecraft is @, =[ @pes ey e > and
@y, = €O 0. cos d,
@y, = €OS 0, 8in 0, (24)
Q. = SIN 0,
By combining this acceleration and that by the
minimum-fuel neural network controller, the final
normalized acceleration u to avoid collision is

Fo(-rz'yx' ca ’r:_'_ unclanvl
1) O-1r0: (25)

u=ua

H Fo ( xi,‘rj ). QA)-rp: + Uner A et
3.3 State deviation and control limit

To describe whether the spacecraft reaches the
expected state, the subsection will give the calcula-
tion method of control limit, in which the state devi-
ations of the spacecraft are given in the form of cylin-

drical coordinates, and its expression is

|A7’|:|7’(*r, |Av,,:‘v,l*v,,|
|A5|:|1’em[(9f—5),2n] , A‘vo|=|vo{—v0’(26)
|Az|=|z—z|, |Av. :|v:f*v:|

Eq.(26) indicates the deviation between the

current state of the controlled spacecraft and the ex-

i1}

pected state, the subscript “f” indicates the expect-
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ed terminal state, and rem( p, ¢ ) returns the remain-
der after division of p by ¢.

In addition, after the spacecraft meets the ter-
minal constraints, it may deviate from the expected
state due to further collision avoidance control. In
this case, to avoid frequent switching of the control-
ler, it needs to design the start and stop control lim~-
its for each spacecraft, and the stop limit is less than
the start limit. If the any one of the state deviations
is greater than the starting limit, the controller is
switched on. When all state deviations are less than

the stop limit, the controller is cut off.

4 Simulation

This section provides two examples to verify
the proposed neural network for the fuel optimal so-
lution, and the proposed intelligent controller for
collision avoidance. Assume that the mass is m =
270 kg, the specific impulse of electric thrusters is
I,=3 000 s, and the maximum thrust magnitude is
T.x=100 m-N.
la, e, i, 2, w, ¢ ] = [7378km, 0.1, 0, 0, 0, 0.

Nominal orbit elements
The maximum transfer time is set to be 4.84X10° s.
Similar to Ref.[21], the parameters of APF and
control limits applied in this example are listed in
Table 1.

Table 1 Parameters of APF and control limits

Start limit Stop limit
APF parameter
parameter parameter
7aa = 200 m 7ao = 100 m
k=3.2X 10" Oga=1 Oo=1
L=1km 2o = 200 m Zgo = 100 m
d,= 20 km Ve =1.0m/s V4o =0.8m/s
da,=10m Vpe = 0.2(°) /s Upo = 0.15(") /s
V= 1.0m/s Voo = 0.8m/s

4.1 Neural network performance

In this subsection, the Monte Carlo tests with
100 satellites are used to verify the proposed neural
network controller. The deviations between initial
orbit and nominal orbit of each spacecraft are uni-

formly randomly distributed as Aa, €[ 0, 100 km ],

Ae,€[—0.1,0], Aw,€[0,360°], and Ag,&[0,
360" ]. The expected transfer phases are also uni-
formly randomly distributed as A €[ 0, 360" ].
When all state deviations are less than the stop con-
straint, the phasing control is stop. The stop limits
of the control are listed in Table 1.

The terminal phase error and the fuel error of
the proposed minimum-fuel neural network control-
ler in the 100 tests are shown in Table 2 and Fig.4.
Table 2 shows that the average terminal phase error
is 0.347 1°. Compared with the indirect method, the
increased fuel consumption of the proposed neural
network method is less than 1%. However, the
mean computational time of the minimum-fuel neu-
ral network controller is 0.009 5 s, which is suitable

for on-orbit autonomous control.

Table 2 Terminal phase error and fuel error of the pro-

posed neural network controller

4 Minimum  Maximum Average
Average terminal
" /) fuel fuel fuel
ase error
P error/ % error/ % error/ %
0.347 0.237 0.938 0.706

0
02 03 04 05 06 07 08 09 1.0
Fuel error / %

Fig.4 Fuel index error distribution

4.2 Constellation initialization simulation

In this subsection, a constellation initialization
control is considered for the multi-spacecraft orbit
phasing control method. A series of spacecraft are
distributed in series on the same orbit plane, and the
goal is to make the spacecraft realize phase uniform
distribution in a given order in orbit.

The orbital elements of the spacecraft are the

same as that of the nominal initial orbit except the
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initial phase. These spacecraft are initially numbered
from large to small according to their initial phase
¢, ranging from 1 to 60 with the interval phase
0.17°. At the initial time, the phase of the 1st space-
craft is 354.9°, and that of the 60th spacecraft is
5.1°

Note that the final distribution order of space-
craft is different from its initial order. The spacecraft
may collide with each other in the control process.
To avoid collision, the boundary of the APF is set
to be 20 km. When the distance between two space-
craft 1s less than 1 km, the collision is considered.
The parameters of APF and the control limit of
spacecraft are listed in Table 1. The expected final
order of spacecraft is Numg, i.e.

Num.=[1 16 54 40 38 41 11 10 55 8;---
35 56 32 28 44 17 50 59 37 46;---
51 31 34 22 24 47 29 45 39 25;---
4 6 36 14 15 58 33 27 26 13;---
23 20 43 5253 18 9 3 49 12;--
5730 2119 12 7 5 42 48 60]

where Numy is the row vector arranged from left to
right.

When the gain coefficient £= 3.2 X 10*, at dif-
ferent time instants in the control process, the posi-
tions of spacecraft are shown in the Fig.5. After
4.84 X 10°s, the constellation initialization is com-
pleted. The curve of the minimum distance among
all spacecraft in the whole control process is plotted
in Fig.6. The minimum distance 1s 1.520 km, which
is greater than the collision limit (i.e., 1 km). The
fuel consumption of each spacecraft with collision
avoidance is 0.025—0.233 kg, and the total fuel
consumption is 6.763 kg.

For different gain coefficients 4, the minimum
distance and the total fuel consumption are listed in
Table 3. When the gain coefficient # = 0, it is
equivalent to ignoring the APF in the whole control
process. The minimum distance and the fuel con-
sumption increases with increasing gain coefficient
k. For a small %, the minimum distance between

spacecraft may be less than the collision limit.

500

250

Y/km
o

Y/km

Y/km

Y/km

=250

=500

8000

4000

4 000

-8 000,

6 000

6500 7000
X/km

(a) Initial time

‘tenec @
I

5
-

-8 000

8000

4000

-4 000

-8 000

0 8000
X/km
(b) =1.61x10° s

-8 000

8000

4000

-4 000

0 8 000
X/km
(c) =3.23x10°s

0 8000
X/km

(d) Terminal time

Fig.5 Spacecraft positions at different time instants
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Distance / km
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._.
<

0 1 1 1 1 1
10 0 100 200 300 400 500 600
Time /s

Fig.6 Minimum distance among all spacecraft

Table 3 Minimum distance and total fuel consumption
for different %2

. . Minimum Totl fuel
Gain coefficient £

distance / m consumption / kg

0 0.313 6.205
3.2x10° 0.629 6.515
3.2X10* 1.520 6.753
3.2X10° 1.598 6.821

5 Conclusions

A new intelligent multi-spacecraft orbit phasing
control method is developed by simultaneously con-
sidering fuel optimization and collision avoidance.
Firstly, the indirect method associated with the ho-
motopy technique is used to generate the optimal
control database. Then, two neural networks are
constructed to obtain a minimum-fuel neural net-
work controller that can generate the fuel-optimal
control according to the current and expected state.
In addition, based on the APF, a collision avoid-
ance method by adjusting the semi-major axis is pro-
posed to handle the collision problem. Finally, the
intelligent control is obtained by combining the mini-
mum-fuel neural network and the collision-avoid-
ance method.

The numerical results show that the proposed
minimum-fuel neural network is able to predict the
optimal thrust magnitude and thrust direction. For
the phasing problem, the fuel consumption increas-
es by less than 1% compared with the optimal solu-
tion. For the constellation initialization, the increase
of fuel consumption of the proposed controller is al-
so reasonable compared with the optimal control

without the collision constraint. However, the mini-

mum distance of the proposed method can meet the

collision limit.
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