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Abstract: In response to the need for a supportive on-orbit platform for future Mars exploration missions， this paper 
proposes the design and implementation of an autonomous spacecraft formation flying system near the Martian 
synchronous orbit using fuzzy learning-based intelligent control. A detailed analysis of spacecraft relative motion in the 
Mars environment is conducted， deducing the necessary conditions to reach the Martian synchronous orbit constraints. 
The modified Clohessy-Wiltshire （C-W） equation with Martian J2 （Oblateness index） perturbation is used as a 
reference to design a fuzzy learning-based intelligent and robust nonlinear control approach， which helps to 
autonomously track the desired formation configuration and stabilizes it. An introduction to spacecraft propulsion 
mechanisms is provided to analyze the feasibility of using electrical thrusters for spacecraft formation configuration 
tracking and stabilization in Martian synchronous orbits. The simulations show the effectiveness of the proposed 
control system for long-term on-orbit operations and reveal its reliability for designing intelligent deep-space formation 
flying configurations， such as an autonomous Mars observatory， a Martian telescope， or an interferometer.
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0 Introduction 

Mars is the fourth planet from the Sun and the 
nearest planet to the Earth that meets some of the 
fundamental living requirements［1］. Implementing a 
spacecraft formation flying in Mars’s synchronous 
orbit is the key for designing a supportive deep 
space structure for Mars exploration and interplane‑
tary traveling［2-3］. The main challenges for develop‑
ing a formation flying near Mars’s synchronous or‑
bit are understanding the spacecraft dynamics in 
Martian orbits and implementing a reliable control 
strategy. Therefore， this paper uses the fuzzy-logic-

based learning method to implement an autonomous 

spacecraft formation flying system near Mars’s syn‑
chronous orbit， which can serve as an intelligent 
Martian space or surface observatory or a deep 
space station for future Mars landing missions.

The successful landing of a manned spacecraft 
on Mars will represent a new chapter in space explo‑
ration［1］， as well as a big step in interplanetary trav‑
eling accomplishment［4］. Since NASA’s Marner4 
visited Mars for the first time in 1965 and updated 
the human understanding of Mars’ composition and 
environment［1］， several missions have aimed to ex‑
plore and land on Mars. Notable examples include 
China’s Tianwen mission， NASA’s Curiosity Rov‑
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er， and NASA’s EscaPADE mission， among oth‑
ers.

In recent years， many researchers have present‑
ed feasible approaches to accomplish distinct Mars 
missions. To design and optimize the Earth-to-Mars 
transfer orbits， Liu et al.［3］ analyzed the feasibility 
of transferring from Earth to Mars or from the 
Moon to Mars using Lambert’s orbit transfer ap‑
proach. They considered the relative motion of the 
planets to decide the best transfer time window for 
each case， providing a great reference for interplane‑
tary traveling. For near-Mars orbit spacecraft design‑
ing and optimization， control， and engineering im ‑
plementation， many researchers［4-11］ used the classi‑
cal control， optimal control， and reinforcement 
learning to provide a conceptual design of autono‑
mous Mars spacecraft. For the successful landing 
and overall energy optimization of Mars’ probes and 
rovers， researchers［12-14］ presented a schematic algo‑
rithm to optimize the fuel consumption and analyzed 
the possibility of using a hybrid propulsion system 
for Mars exploration and landing. In summary， a 
successful Mars exploration depends on an accurate 
dynamical model and a robust control strategy. Al‑
though the design of Mars transfer orbits is extend‑
ed in the literature， relatively few studies have been 
conducted to design a feasible Mars space station［15］.

To address this particular gap， this paper devel‑
ops a fuzzy learning-aided intelligent， autonomous， 
and robust nonlinear control for spacecraft formation 
flying （SFF） implementation in the Mars synchro‑
nous orbit. The content of this paper is organized as 
follows. Section 1 provides a detailed analysis of 
SFF in Martian orbits. Section 2 introduces the ba‑
sic concepts regarding electrical propulsion. Section 
3 proposes a fuzzy learning-based robust nonlinear 
control for SFF control in Mars orbit， and its reli‑
ability is demonstrated through detailed fuzzy analy‑
sis. Section 4 uses two crafts to simulate the control 
system’s performance.

1 Mathematical Modeling 

Based on Mars’ rigid surface， the motion of a 
spacecraft in a Mars orbit is an ideal two-body prob‑
lem. Therefore， its assumptions are considered in 

this preliminary analysis.

1. 1 Relevant coordinate systems　

（1） Mars inertial frame Si( O M xi yi zi ). The cen‑
ter O M  is at Mars’ center of mass； the O M zi axis is 
perpendicular to Mars’ equatorial plane， pointing 
Mars-north. The O M xi axis is located in Mars’ 
equatorial plane， pointing to Mars’ vernal equinox， 
and the O M yi axis completes the right-hand coordi‑
nate system. The spacecraft’s relative motion in 
this frame can refer to the geometry presented in 
Fig.1.

（2） Co-linear frame SL( O E xL yL zL ). With the 
assumption of a two-body problem， this system can 
be considered as an inertial frame. Its center O E is 
defined at Mars’ center of mass. The O E xL axis lies 
within the target craft’s orbit plane （Fig.1）， point‑
ing to the Laplace constant vector. The O E zL axis is 
perpendicular to the spacecraft orbit plane， and the 
O E yL axis completes the right-hand system. The rel‑
ative motion of spacecraft near Mars orbit can be 
represented in this frames as shown in Fig.1.

（3） Target-craft system ST( O T xT yT zT ) is the 
equivalent of the well-known local vertical local hor‑
izontal （LVLH） frame in Earth missions. The cen‑
ter O T is defined at the target craft’s center of 
mass， the O T xT axis links Mars and the target craft. 
The O T yT axis is parallel to target craft’s tangential 
velocity. The O T zT axis is perpendicular to the tar‑
get craft’s orbit plane. The rotational angle θ de‑
scribes its relation with the co-linear frame.

1. 2 Relative motion modeling　

Considering the solid composition of Mars and 
applying Newtonian mechanics［15-18］， the dynamical 
motion of a spacecraft placed in near-Mars orbit can 

Fig.1　Spacecraft relative motion in near Mars orbit
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be described in Mars’ inertial frame Si( O M xi yi zi )
d2 r j

dt 2 = -μM
r j

r 3
j

+ a J2 j + aPj + u j (1)

where r j is the jth spacecraft position vector concern‑
ing the center of Mars， j=1，2，…， thus its norm is 
defined as rj = r j ； the vector a J2 j is the J2 perturba‑
tion term， i.e.

a J2 j = - 3J2 μM R 2
M
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For Mars， the constant J2=1.960 45×10-3. 
Furthermore， the vector aPj represents other pertur‑
bations that affect Mars’ spacecraft orbital motion. 
u j is the spacecraft orbit control acceleration. μM =
GM = 4.283 4 × 1013 m3 ·s-2 is Mars’ gravitational 
constant， i. e.， M = 6.421 9 × 1023 kg is Mars’ 
mass， and G = 6.67 × 10-11 N ⋅ kg-2 ⋅ m2 is the val‑
ue of the universal gravitational constant. RM is 
Mars’ radius.

Based on Fig. 1， the relative position vector of 
the chaser spacecraft concerning the target craft is 
r = r2 - r1， thus， the relative motion of the chaser 
with respect to the target is
d2 r
dt 2 = -μM

r1 + r

 r1 + r
3 + μM

r1

r 3
1

+ a J2 + aP12 + u12 (3)

Based on vectorial relative-derivation rules， 
the inertial acceleration or derivative term in 
Eq.（3） can be written in the LVLH system 
ST( O T xT yT zT ) as［18］

d2 r
dt 2 = d2

T r
dt 2 + 2ω × dT r

dt
- r × dT ω

dt
+ ω ×

( ω × r ) T
(4)

where ω is the rotational velocity of the LVLH coor‑
dinate system， i. e.， the inertial frame. The subin‑
dex “T” states that the vector is expressed in the 
LVLH frame. Eq.（4） shows how to transform the 
derivative terms of the spacecraft dynamics from the 
inertial frame （left side） to the rotational system 
（right side）. Therefore， Eq.（3） is described in the 
LVLH system as

d2
T r

dt 2 + 2ω × dT r
dt

- r × dT ω
dt

+

        ω × ( ω × r ) T
= -μM ( 1

 r1 + r
3 - 1

 r1
3 ) r1 -

        μM
r

 r1 + r
3 + a J2 + aP12 + u12 (5)

Hence， Eq.（5） provides a feasible reference for de‑
signing and analyzing the relative motion of two 
spacecraft when the target craft is moving in an ellip‑
tical orbit. Knowing that the operations between vec‑
tors should be referred to the same coordinate sys‑
tem， the sub-index “T” has been omitted in some 
terms of Eq.（5） for simplicity.

1. 3 Modified C‑W approach　

Since the Mars-spacecraft system is considered 
as an ideal two-body problem. Thus， without loss 
of generality， in the preliminary analysis， it is reli‑
able to co-nsider the colinear system SL( O E xL yL zL ) 
as an inertial frame. Then， the orbital angular veloc‑
ity is described in the LVLH frame as

d
dt
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SFF is a particular case of close-proximity rela‑
tive motion， i.e.，  r ≪ r1 . Thus， using the C-W 
approach， Eq.（5） is simplified into
ì

í

î

ïïïï

ïïïï

ẍ - 2ωẏ - ω2 x - ω̇y - 2μM x/r 3
1 = +aJ2 x + ux

ÿ + 2ωẋ - ω2 y + ω̇x + μM y/r 3
1 = +aJ2 y + uy

z̈ + μM z/r 3
1 = +aJ2 z + uz

(7)

where u = [ ux uy uz ] T is the control on the chas‑
er. Eq.（7） describes the motion of the chaser craft 
with respect to the target spacecraft in the LVLH 
coordinate system. Hence， assuming a cooperative 
relative motion， the orbital parameters of the target 
spacecraft can be calculated using the Kepler equa‑
tion， i.e.

r1 = p
1 + e cos θ

(8)

where p = a ( 1 - e2 ) is defined as the semi-latus rec‑
tum of the target craft orbit； a is the semi-major ax‑
is； e is the orbit eccentricity； and θ is the true anom ‑
aly angle， as shown in Fig.1.

1. 4 Mars synchronous orbit approach　

A Mars synchronous orbit （MSO） is defined 
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as a circular orbit around Mars， in which the space‑
craft’s orbital angular velocity is synchronized 
with Mars’ rotational angular velocity. Based on 
Eq.（6）， there is a constraint

dR ω
dt

= 0 (9)

Using Eq.（9）， Eq.（7） becomes
ì

í

î

ïïïï

ïïïï

ẍ - 2ωẏ - 3ω2 x = aJ2 x + ux

ÿ + 2ωẋ = aJ2 y + uy

z̈ + ω2 z = aJ2 z + uz

(10)

Eq.（10） describes the motion of the chaser 
craft concerning the target craft， assuming that the 
target craft is moving in circular orbits. Thus， the 
angular velocity’s norm satisfies

ω2 = μM

r 3
1

= 4π2

T 2 (11)

For Mars’ synchronous orbits， the target space‑
craft’s orbital period should be T=24 h 40 min=
88 642 s，thus

r1 = μMT 2

4π2

3

= 20 428 km (12)

Since r1 = rM + h， i. e.， the “Mars to the tar‑
get” radius is the sum of Mars’ radius and the space‑
craft altitude from Mars’ surface. Therefore， the 
Mars synchronous orbit altitude is about h =
17 053 km from Mars’ surface.

2 Deep Space Propulsion 

The propulsion system plays a key role in 
space mission design and implementation， enabling 
crucial maneuvers. The spacecraft’s thrust is related 
to the propulsion system by

F = ṁv ex = ( ṁ d + ṁ p ) v ex = ṁ p v ex = ṁ p
IS

g
(13)

where v ex is the propellant exhaust velocity； ṁ p the 
propellant mass flow rate； m d the dry mass， IS the 
propulsion system’s specific impulse； and g the 
equivalent gravitational acceleration at the consid‑
ered near-Mars orbit altitude. In general cases， the 
specific impulse is a predefined parameter dependent 
on the properties of the propellant. The mass flow 
rate becomes the main control parameter to achieve 
the desired thrust.

For space exploration， electrical propulsion has 

become a reliable option. Compared to the combus‑
tion-based chemical propulsion systems， the electri‑
cal propulsion systems use an electromagnetic field 
to accelerate particles and generate the required or 
command thrust. The thrust produced by an electro‑
static propulsion system can be calculated as

F = ṁ p v ex ≈ ṁ i v i = ṁ p ηm v i (14)
where ṁ i is the ions’ flow rate； v i is the ions’ ex‑
haust velocity； ηm = ṁ i /ṁ p is defined as the propel‑
lant ionization efficiency or ionization rate. Further‑
more， by conservation of energy applied to electro‑
static and ionization， there is

qV b = 1
2 Mv2

i (15)

where V b is the system’s required voltage intensity 
to accelerate the ions. Therefore， the ionization rate 
becomes

ηm = ṁ i

ṁ p
= Ib

ṁ p

M
e

(16)

where Ib is the system’s required current intensity to 
accelerate the ions.

Therefore， the electrostatic thrust or force is

F = γ
2M

e
Ib V b (17)

Thus， the electrostatic thruster’s specific im ‑
pulse is

IS = F
ṁ p g

= γηm 2V b e/M
g

= 1.65 × 10-3 γIb V b

ṁ p g

(18)
The efficiency can be calculated as

ηF = P jet

P in
= F 2

2ṁ p P in
= P jet

IbV
⋅ IbV b

P in
= γ2 ηm ηe (19)

where P jet is the jet or propellant’s power； P in the 
system’s input power； and η e the electric system’s 
efficiency. For Xe （Xenon） propellant， there is

F = 1.65 × 10-3 γIb V b (20)
Thus， its specific impulse is

IS = 1.65 × 10-3 γIb V b

ṁ p g
(21)

The main disadvantage of electrical propulsion 
is that the produced thrust is relatively smaller com ‑
pared to the thrust produced by the chemical propel‑
lant.
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3 Fuzzy Control Design 

Fig. 2 shows the conceptual implementation of 
a fuzzy-logic-based intelligent control to implement 
an autonomous formation flying system. The main 
advantage of this method is that it provides intelli‑
gence and autonomy to the system to make intelli‑
gent decisions under random inputs［19-21］.

The challenge of the fuzzy-logic-based control 
strategy is that it is a learning-based control， in 
which the system control command is computed in 
three main steps： （1）Reference or input signals’ 
fuzzification； （2）compute the best control action us‑
ing the rules base； （3） control output’s defuzzifica‑
tion to transform the fuzzy output into a determinis‑
tic signal that is sent to the actuator. The adopted 
fuzzy-logic-based control scheme is shown in Fig.3.

From the above description， it is evident that 
to use this controller for formation flying control in 
Mars synchronous orbit， it is required to train it pre‑
viously using some reliable data or feasible “ input-
output” pairs. Thereby， this research assumes that 
some position error （e）， velocity error （ec）， and 
the respective control outputs （u） are previously 
known.

3. 1 System analysis　

Without loss of generality， the chaser space‑
craft’s tracking state or reference state is defined as 
xRef， and the sensor’s measured state is x， i.e.

xRef = [ r Ref vRef ] T ,  x = [ r v ] T

Therefore， the position error can be defined as
e = r Ref - r (22)

The velocity error or position error rate is de‑

fined as
ec = ė = ṙ Ref - ṙ =

ṙ Ref - lim
Δt → 0

r ( )t + Δt - r ( )t
Δt

(23)

For a more representative approach， the veloci‑
ty error has been written using the definition of dif‑
ferentiation. Based on the one-dimensional motion 
approach （Fig. 4）［21］， the possible configurations of 
a two-craft formation are analyzed， and then a more 
general control strategy is provided for the forma‑
tion system control along the three axes.

In Fig. 4， it is assumed that the target craft is 
placed at the origin of the coordinate system. Thus， 
considering a one-dimensional case along the O T xT 
direction， the chaser can be in three possible posi‑
tions， at the desired position xRef， at the left of the 
desired position xLeft， and at the right side of the de‑
sired position xRight. Thus， the control objective is to 
push the spacecraft to the desired position.

Therefore， for e ∈ E， ec ∈ E c， and u ∈ U， the 
signs of the control action are defined and analyzed， 
i. e.， the positive control ux > 0 to push the chaser 
craft from left to right （i.e.， from the left side to the 
desired position）， and the negative control action 
ux < 0 to push the chaser craft from right to left 
（i. e.， from the right side to the desired position）. 
Based on that analysis， the state signals are de‑
fined， as shown in Table 1.

Based on state-error interpretation and the de‑
fined control signs， a preliminary control is pro‑
posed in Table 2.

Fig.2　Conceptual implementation of intelligent formation 
flying

Fig.3　Fuzzy control strategy for two-craft state tracking

Fig.4　Formation flying one-dimensional state representa‑
tion

Table 1　One‑dimensional state error interpretation

Error
e > 0

e < 0

ec > 0

ec < 0

Interpretation
The chaser is at the left, i.e., x = xLeft

The chaser is at the right, i.e., x = xRight

The chaser is moving to the left
The chaser is moving to the right
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This analysis is feasible and general for the oth‑
er three axes and any considered position vector， be‑
cause if the chaser spacecraft position is a random 
vector r， it is always feasible to compute its projec‑
tion along each axis and then proceed with the same 
analysis.

3. 2 Fuzzification and control law　

Although Table 2 provides a primary idea of 
how to implement the control action， it is still not 
accurate for training the two-craft formation flying 
to become intelligent and autonomous. Thus， for 
the state error e and the state error rate ec along each 
axis， five-level linguistic values are defined， i. e.， 
NB （Negative big）， NS （Negative small）， Z （Ze‑
ro）， PS （Positive small）， and PB （Positive big）. 
Thus， the following linguistic vectors are proposed

ì
í
î

ïï
ïï

e = [ ]NB NS Z PS PB
ec = [ ]NB NS Z PS PB

(24)

This research considers the membership func‑
tions， as shown in Fig.5， for the fuzzification of the 
relative motion state on each axis， i.e.， position and 
velocity error.

Furthermore， for each axis control action μ， 
seven-level linguistic values are defined： NB （Nega‑
tive big）， NM （Negative middle）， NS （Negative 
small）， Z （Zero）， PS （Positive small）， PM （Posi‑

tive middle）， and PB （Positive big）. Thus， the lin‑
guistic vector is

u = [ NB NM NS Z PS PM PB ]  (25)
This research considers the membership func‑

tions， as shown in Fig.6， for each axis control’s 
fuzzification

Therefore， based on the above analysis， a 
more accurate control strategy is defined， as shown 
in Table 3， to train the formation flying system to 
be intelligent and autonomous in terms of tracking 
the required relative motion state.

Therefore， the accuracy of the control decision 
and the system’s robustness depend on each of the 
defined trials or combination of e， ec， u defined in 
Table 3.

3. 3 Fuzzy rules and defuzzification　

For computing the required control action， this 
paper uses the Mamdani［20］ inference， which uses 
the known control system’s input and output to 
train the controller to be able to autonomously gen‑
erate a feasible and reliable control output for any 
random input using “ if inputs， then outputs”［20］ rule 
base or inference. As mentioned previously， this re‑
search considers the fuzzy learning-based control 
scheme （Fig.3）， and its control rule base is pro‑
posed in Table 3

Thereby， for the considered two-craft case， it 
is feasible to assume that some position and velocity 

Table 2　One‑dimensional control rules

Condition
e > 0 and ec > 0

e > 0 and ec < 0

e > 0 and ec = 0

e < 0 and ec > 0

e < 0 and ec < 0

e < 0 and ec = 0

e = 0 and ec > 0

e = 0 and ec < 0

e = 0 and ec = 0

Action
ux > 0 and push to the right
ux ≥ 0 and push to the right
ux > 0 and push to the right
ux ≤ 0 and push to the left
ux < 0 and push to the left
ux < 0 and push to the left

ux > 0 and push to the right
ux < 0 and push to the left

ux = 0 and no action

Fig.5　Membership functions of e and ec

Fig.6　Membership functions of u

Table 3　Fuzzy control rules

ec

NB
NS
Z

PS
PB

e
NB
NB
NB
NM
NM
NS

NS
NB
NM
NM
NM
NS

Z
NB
NM

Z
PM
PB

PS
PS
PM
PM
PB
PB

PB
PB
PB
PB
PB
PB
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error inputs and the respective control outputs are 
known. Thus， suppose the trial ek， eck and u k be‑
longs to the feasible state and control space， then 
ek ∧ eck → u k corresponds to the related Mamdani in‑
ference［20］， i.e.， the rule is

R k = ( ek × eck )T1 × u k    k = 1,2,⋯ (26)
where T 1 is a vectorization operator that denotes the 
vectorization［20］ of the computed cartesian product 
ek × eck by concatenating its rows to form a column 
vector. Thereby， the resultant inference is defined 
as the composition product of all independent infer‑
ences， i.e.，

R = R 1 ∘ R 2 ∘ R 3 ∘ R 4 ∘ ⋯ ∘ R k ∘ ⋯ (27)
where “∘” stands for the fuzzy compound calcula‑
tion［20］. Thus， for any newly defined inputs enew and 
ecnew， the corresponding control output is

unew = ( enew × ecnew )T2 × R (28)
where T 2 is a vectorization［20］ operator that denotes 
the vectorization of the Cartesian product enew × ecnew 
by concatenating its columns to form a row vector.

Furthermore， the Mamdani inference can be 
computed by the known input and output member‑
ship functions. Thus， instead of computing 
Eq.（28）， it is reliable to just compute the equiva‑
lent membership written form［20］， i.e.

μunew ( U )= ∨ E,E c
é
ëμ( )( enew × ecnew )T2 ( E,E c ) ∧

μR ( E,E c,U )ùû (29)

The control output computed by Eqs.（28，29） 
is a fuzzy vector， and its defuzzification into a deter‑
ministic signal that can be input to the actuator is re‑
quired. In this research， the value corresponding to 
the centroid［20］ of the fuzzy output vector is consid‑
ered as the deterministic control action.

4 Simulation and Analysis 

Fig.7 shows the simulation step of the control 
procedure for a hypothetical mission implementa‑
tion.

The following state-space variables are defined
x1 = x, x2 = y, x3 = z

x4 = dx
dt

, x5 = dy
dt

, x6 = dz
dt

Thus， Eq.（10） can be rewritten in state-space 

form as
ì
í
î

ïïïï

ïïïï

dx
dt

= Ax + Ba J2 ( x )+ v + Bu

y = Cx + w
(30)

In the preliminary analysis， it is assumed that 
the dynamics and the output noise can be neglected， 
i.e.，v = 0， w = 0， and

x =
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, u =
é

ë

ê

ê
êê
ê
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ú

úú
ú
ú

úu1

u2

u3

Consequently， the system matrix becomes

A =

é

ë

ê

ê

ê

ê

ê

ê

ê
êê
ê
ê

ê

ê

ê

ê

ê ù

û

ú

ú

ú

ú

ú

ú
úú
ú

ú

ú

ú

ú

ú0 0 0 1 0 0
0 0 0 0 1 0
0 0 0 0 0 1

3ω2 0 0 0 2ω 0
0 0 0 -2ω 0 0
0 0 -ω2 0 0 0

Furthermore， the parameters of the considered 
spacecraft for this simulation and analysis are shown 
in Table 4.

Fig.7　System’s simulation step

Table 4　Mars orbit spacecraft parameters

Parameter
Spacecraft mass/kg
Propulsion system

Orbit type
Orbit inclination/(°)

Target craft’s orbit altitude/km
Orbit period/s

Value
50

Electrical
Mars synchronous (MSO)

0
20 428
88 642
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The desired or tracking state vector is

xRef = é
ë
êêêê ù

û
úúúúr Ref

vRef =

é
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ê

ê

ê

ê

ê

ê

ê
êê
ê
ê

ê

ê

ê

ê

ê ù
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ú

ú

ú

ú

ú

ú
úú
ú

ú

ú

ú

ú

ú0
-100

0
0
0
0

(31)

This means the main goal is to force the chaser 
craft to track a relative distance of 100 m behind the 
target craft. This has important implications in engi‑
neering， being key for the terminal rendezvous mo‑
tions. One can simulate the system for any initial 
state. This research assumes proximity relative mo‑
tion constraints and， therefore， defines the initial 
state

x Initial = é
ë
êêêê ù

û
úúúúr Initial

v Initial =

é

ë

ê

ê

ê

ê

ê

ê

ê
êê
ê
ê

ê

ê

ê

ê

ê ù

û

ú

ú

ú

ú

ú

ú
úú
ú

ú

ú

ú

ú

ú10
-200

10
0

10
1

(32)

Thereby， the next simulations show the perfor‑
mance of the system in tracking tangential formation 
configuration constraints given in Eq.（31）， when 
the chaser craft is departing from the arbitrary state 
defined in Eq.（32）. Table 5 provides the length of 
the considered domain for each of the membership 
functions in the three axes.

Based on the above constraints， the following 
results first simulate the designed fuzzy learning-

based controller’s performances （Fig.8）. As shown 
in the control surface， the minimal zero control ac‑
tion corresponds to the reference or steady state， 
and the extremal control corresponds to the cases in 
which the chaser craft tends to deviate too much 
from the tracking state. The direct interpretation of 
these results is that the defined control rules and the 
corresponding linguistic variables match the basic re‑
quirements of a reliable autonomous control system. 
In other words， the control rule base given in Table 

3 is reliable for implementing autonomous relative 
motions. Thus， this approach is feasible for long-

term formation flying control. Providing a reference 
rule base for the design and engineering implementa‑
tion of fuzzy learning-based cooperative relative mo‑
tion.

The performances of the formation flying sys‑
tem along each axis are shown in Figs. 9—17. The 
simulation results show that the designed fuzzy con‑
troller performs effectively， driving the chaser 
spacecraft to the desired state and simultaneously 
stabilizing the formation flying system autonomous‑
ly. The time response shows that the system re‑
quires nearly 1 min to achieve the required state， 
which is considered as a smooth performance given 
the case that the chaser has been driven from an arbi‑
trary initial state and the control action is also bound‑
ed within 1 m/s2.

Fig.8　Surface control of the designer fuzzy controller

Fig.10　Relative velocity response along x direction

Fig.9　Relative position response along x direction

Table 5　Membership function domain

Vector
e

ec

u

Min
-800 m
-80 m/s
-8 m/s2

Middle
0
0
0

Big
+800 m
+80 m/s
+8 m/s2

8
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Further observations on the control response on 
each axis reveal that it is within the range that can be 
achieved by low-thrust， such as the electrical propul‑
sion systems introduced in Section 2. Additionally， 
the simulations reveal that the control in the x direc‑
tion is more aggressive than in other axis directions， 
which is understandable regarding the defined initial 
state. Thus， these results demonstrate the reliability 
and effectiveness of the proposed control mechanism 
for an autonomous Mars space station design， prov‑
ing its potential for engineering applications.

Furthermore， since the same control strategy 
is used to control the relative motion on each axis， 
the time response and the convergence of the simula‑
tion results confirm the reliability of the conducted 
analysis and the great learning performance of the 
designed fuzzy logic-aided intelligent control sys‑
tem. From a data-driven control perspective， these 
simulations assert the feasibility of using fuzzy-logic-

based intelligent control to implement an autono‑
mous formation flying system in Mars synchronous 
orbit. Therefore， this can be considered an effective 
nonlinear control approach for SFF control.

Since the proposed fuzzy aided control rule 
base does not depend on the system dynamics， and 
the J2 perturbation has been considered in the simula‑

Fig.12　Relative position response along y direction

Fig.13　Relative velocity response along y direction

Fig.14　Command control acceleration along y direction

Fig.15　Relative position response along z direction

Fig.16　Relative velocity response along z direction

Fig.17　Command control acceleration along z direction

Fig.11　Command control acceleration along x direction

9
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tions， it is concluded that this control strategy is ro‑
bust under uncertainties and satisfies the autono‑
mous control requirements.

5 Conclusions 

This paper conducts a comprehensive analysis 
on the design and engineering implementation of an 
autonomous SFF system in Mars synchronous or‑
bit， using a fuzzy learning-aided intelligent control 
system and low-thrust technology. This is a key 
idea for Mars space station design and deep space 
exploration. The simulation results reveal the feasi‑
bility， reliability， and effectiveness of the proposed 
control mechanism for long-term operations on Mar‑
tian orbits. providing a valuable reference for the use 
of data-driven controllers in deep space exploration. 
This research is conducted in three main steps.

（1） A detailed analysis of the spacecraft’s mo‑
tion in near-Mars orbit is conducted. The Martian 
synchronous orbit approach is derived， and the mod‑
ified C-W equation with Martian J2 perturbation is 
used to describe the spacecraft formation flying in 
Martian orbits.

（2） The basic idea behind fuzzy control is de‑
scribed， and then the fuzzy logic method is used to 
design an intelligent controller， and the formation 
flying is trained to be autonomously controllable un‑
der uncertainty.

（3） The basic space propulsion principles are 
introduced to analyze the feasibility of the idea for re‑
al mission design and implementation. The simula‑
tion results agree with the proposed theoretical de‑
sign. Therefore， this research satisfies the primary 
engineering needs of autonomous systems.

This research shows the potential of using a 
data‑driven control method to implement formation 
flying in Mars synchronous orbit. Thus， our next 
objective is to delve into the design of a 
multi‑spacecraft autonomous formation in Mars or‑
bit using data‑driven control.
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基于模糊逻辑控制的火星同步轨道附近自主航天器编队

飞行研究

BIYOGO NCHAMA Vicente Angel Obama1，2，

HASAN Mehedi3， MASUM Sajjad Hossain1，2， 师鹏 1，2

（1.北京航空航天大学宇航学院, 北京  100191，中国； 2.航天器设计优化与动态模拟技术教育部重点实验室，

北京 100191，中国； 3.大飞机科创中心/大飞机研究院，杭州 311115，中国）

摘要：针对火星探测任务的在轨支持平台需求，提出了一种基于模糊逻辑学习的火星同步轨道附近的自主航天

器编队飞行智能自适应控制方法。对火星环境中的航天器相对运动进行了详细分析，并推导出实现火星同步轨

道约束的必要条件。随后，采用考虑火星扁率指数（J2）摄动的修正 Clohessy‑Wiltshire（C‑W）方程作为参考模型，

设计了一种基于模糊学习的智能以及高鲁棒非线性控制器，该控制器能够自主跟踪期望的编队构型并使其稳

定。随后介绍了航天器推进机理，有助于分析在火星同步轨道上使用电推进器进行航天器编队构型跟踪与保持

的可行性。仿真结果展示了所提出控制系统在长期任务中的有效性，并验证了其在设计诸如自主火星观测站、

火星望远镜或干涉仪等智能深空编队飞行构型方面的可靠性。

关键词：火星空间站；航天器编队飞行；基于模糊逻辑的航天器编队控制；智能控制
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