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In order to improve the autonomy of a maneuvered GEO satellite which is a member of a navigation satellite system, an integrated
design method of autonomous orbit determination and autonomous control was proposed. A neural network state observer was
designed to estimate the state of the GEO satellite, with only the intersatellite ranging information as observations. The
controller is determined autonomously by another neural network based on the estimated state and the preset correction
trajectory. A gradient descent learning method with a forgetting factor was used to derive the weight updating strategy which
can satisfy the system’s stability and real-time performance. A Lyapunov method was used to prove the stability of both the
observer and the controller. The neural network observer can reduce the influence of control on autonomous orbit
determination. The neural network controller can improve the robustness of the maneuvered GEO satellite. The simulation
results show the effectiveness of this method.

1. Introduction

Autonomous orbit determination (AOD) of a navigation
satellite system can effectively enhance the operational
safety of the navigation system, which has attracted the
attention of many scholars. The rotation and translation
of the entire Earth navigation constellation relative to the
inertial reference frame can bring large error to AOD using
only interrange measurement. In order to improve the
AOD precision, a Lagrangian navigation constellation is
added to construct a joint navigation satellite system (JNSS),
which can also provide navigation information for interplan-
etary probe [1].

A special concern of this paper will focus on AOD of a
maneuvered GEO satellite which is a member of the JNSS.
The GEO satellite plays an important role in the JNSS
because of its special position [2]. However, the orbit drift
of GEO satellites is quite obvious, so orbit control needs to
be carried out about every half month to correct it to the
nominal position [3]. The traditional satellite orbit determi-
nation method is greatly affected by control. In the process

of satellite maneuvering, the modeling error of the traditional
thruster is large, which is several orders higher than the per-
turbation force. Moreover, the pulse control makes the sys-
tem state discontinuous. Those bring great challenges for
precise orbit determination of a maneuvered GEO. There-
fore, a maneuvering GEO satellite usually does not provide
navigation service until maneuvering is complete. After that,
it will take a day or two to resume its navigation function.
Generally speaking, maneuver of the GEO satellite greatly
reduced its navigation ability. Aiming at this issue, we pro-
posed an integrated design method of autonomous orbit
determination and autonomous control during the GEO sat-
ellite maneuver.

Some of the works that involved orbit determination of a
maneuvered GEO satellite attempted to estimate the thrust
acceleration. Song et al. used a first order Markov stochastic
process to construct the thrust acceleration model of a
maneuvered GEO satellite [4]. Cao et al. used equivalent
acceleration to model GEO satellite’s thrust acceleration.
They established a continuous increasing acceleration by
constructing a constant force which is equivalent to the pulse
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force. The maneuver acceleration was added to the dynamic
model as additional disturbance acceleration. Xu et al. pro-
posed a robustly adaptive Kalman filter to estimate the orbit
of a maneuvered GEO satellite [5]. Robust estimate is used to
resist the influence of measurement outliers. An adaptive fac-
tor is added to control the effect of dynamic model errors.

An intelligence observer can be used to estimate states
and system parameters without an accurate system model.
Furthermore, the neural network has an excellent ability of
self-learning and self-adaption [6]. Therefore, it can be used
in the AOD of a maneuvered GEO. There are two ways
to design an intelligence observer. One is to use a neural
network or fuzzifier as the nonlinear observer model; the
other is to combine an intelligence algorithm, such as the
genetic algorithm, with the conventional orbit determination
method to optimize the observer parameters. Vargas and
Hemerly presented a neural network-based self-adaptive
observer for a multi-input and multioutput system [7]. They
used two linear parameterized neural networks to capture the
unknown dynamics of the system. Harl et al. used neural
network technology to design a reduced-order modified state
observer to estimate the states of a satellite [8]. The neural
network is used to estimate the unknown perturbation
assuming that position can be measured. Gao et al. improve
the observer to estimate the state of the navigation satellite
with only intersatellite ranging [9]. However, the AOD and
control of a maneuvered satellite is not considered.

This paper uses a continuous low thrust control method
to control the satellite to the nominal position. The low
thrusters have been successfully applied in reality such as
pulsed plasma thrusters (PPT). Their working characteristics
are as follows: The thrust force is small; control (digital
and autonomous control) is convenient and flexible. It
can provide a single thrust pulse and can provide equivalent
steady-state thrust, which can achieve high-precision control.
Compared with traditional chemical thruster impulse con-
trol, low thrust control makes the satellite state continuous
so as to analyze the stability of the system using the Lyapunov
method. The neural network state observer is used to esti-
mate the state of the system. The observation residual will
be applied to the weight update law of the neural network,
and finally, the observer can be well fitted to the perturbation

term which is difficult to model (naturally, it also includes the
execution error of the controller). So, this observer will help
to recede the effects of model distortion. Furthermore, the
neural network controller can maintain strong robustness.

2. Program Overview of GEO Satellite
Autonomous Operation

The JNSS constructed by a near-Earth constellation and a
Lagrangian navigation constellation has been studied in detail
in Reference [1], and it points that joint autonomous naviga-
tion can suppress the rotational drift of the near-Earth constel-
lation. This paper considers AOD of a GEO satellite during
the process of maneuvering. Here, the GEO satellite is a
member of the JNSS, and it is controlled frequently. The
dynamic equation changes significantly when maneuvering
is considered. Whether there are still similar conclusions as
Ref. [9] needs further research. For the AOD of the GEO sat-
ellites, only the intersatellite range between the GEO satellite
and the Earth navigation satellites is used as observation, as
shown in Figure 1. The other Earth navigation satellite which
is not controlled frequently uses the interrange between the
Earth navigation satellite and the Lagrangian satellite to
determinate their orbits. For the acquisition of intersatellite
ranging, radio ranging is a good choice.

Since the observation frequency of the GEO satellite is
higher than the joint autonomous navigation frequency,
between the two updates of the linked navigation, the real-
time estimated position of the near-Earth satellites observed
by the GEO satellite can be directly solved by the satellite pre-
cision dynamic equation. Since the interval time is very short
(15min), the estimated position calculated by the dynamic
equation still has high accuracy. At the same time, the GEO
satellite uses the observed data to determine its own state
information and provides its own estimated state to the con-
troller to control itself to the target position.

The observer outputs an estimate of the state, and the
controller controls the GEO satellite to move along the nom-
inal controlled trajectory and eventually reach the target
point. The so-called nominal controlled trajectory is the tra-
jectory X∗ which was directly calculated by the initial states
and the satellite dynamic equation as well as a selected
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Figure 1: GEO satellite observation diagram.
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control law �U under the condition of ignoring the influence
of error. The sliding mode control is selected in this paper,
and the control law �U is selected as follows [10]:

s = ce + _e = s1, s2, s3½ �T ,
�U = −Umax sign sð Þ,

(
ð1Þ

where e is the difference between the current real states and
the nominal states of the satellite, Umax is the maximum
acceleration that ion thruster can provide, and c is the posi-
tion error scale coefficient, which is a 3 × 3 positive definite
diagonal matrix.

Due to the influence of ignored error on the real system,
the real controlled trajectory of the system controlled by �U
will gradually deviate from X∗ðtÞ, as shown in Figure 2.
The control output by which the real states of the satellite is
controlled near X∗ðtÞ and finally reaches the nominal state
is called the nominal control quantity U∗. U∗ is difficult to
be calculated directly, but it can be fitted through the neural
network by the difference between the current estimated state
and X∗ðtÞ and the difference between the actual observation
and the theoretical observation calculated by X∗ðtÞ.

3. System Equations for a Maneuvered Satellite

The dynamic equation of the maneuvered GEO satellite is
expressed as

€r = −
μ

r3
r + af + aU , ð2Þ

where μ is the gravitational constant of the celestial body, af
is the sum of perturbation accelerations, and aU is the maneu-
vering acceleration. For a GEO satellite, the drift position is
usually not very large, and the nominal orbit of the GEO sat-
ellite is a circular orbit. Therefore, we can use the relative
motion equation to describe the orbit variation. As shown
in Figure 3, C is the real position of the GEO satellite and S
is the target position. A local vertical local horizontal coordi-
nate S‐xyz is attached to S with x axis in the radial direction
of S, z axis is parallel to the Earth’s rotation angular momen-
tum, and y axis is established by the right-hand rule.

Based on existing research, the relative motion equation
can be written as [11, 12]

€x − 2n _y − 3n2x = f x + ux,
€y + 2n _x = f y + uy ,

€z + n2z = f z + uz ,

8>><>>: ð3Þ

where f x, f y , and f z are the projections of af in the three axes
of the S‐xyz coordinate system and ux, uy, and uz are the pro-
jections of aU .

We define X = ½x, y, z, vx, vy, vz�T , f = f x f y f z
� �T ,

and U = ux uy uz
� �T , then Equation (3) can be expressed

as

_X = A ⋅ X + B f +Uð Þ, ð4Þ

where

A =

0 0 0 1 0 0
0 0 0 0 1 0
0 0 0 0 0 1
3n2 0 0 0 2n 0
0 0 0 −2n 0 0
0 0 −n2 0 0 0

2666666666664

3777777777775
,

B =

0 0 0
0 0 0
0 0 0
1 0 0
0 1 0
0 0 1

2666666666664

3777777777775
,

ð5Þ

and n is the magnitude of S angular velocity.

* : real initial state

• : nominal state
: nominal controlled trajectory
: real controlled trajectory
: estimated trajectory

⁎ : estimation of initial state

⁎
*

•

Figure 2: The nominal and real controlled trajectories by �U .
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Figure 3: The relative motion coordinate system and the Earth’s
inertial coordinate system.
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4. Design of Observer and Controller Based on
Neural Networks

As we defined earlier, X∗ðtÞ is the nominal controlled trajec-
tory of the GEO satellite, and in the relative motion coordi-
nate system, it satisfies

_X
∗ = A ⋅ X∗ + B f +U∗ð Þ: ð6Þ

The controller’s task is to control the satellite to reach the
target point along the trajectory of Equation (6). X∗ can be
easily obtained by early calculation, but the states of the sat-
ellite X cannot be directly observed; we can directly obtain
only the intersatellite ranging information Y , so it is neces-
sary to establish a state observer based on the actual observa-
tion. We defined X̂ as the estimated state of a maneuvered
GEO satellite, and a more common form of the Lemberger
state observer is shown in Equation (7) [8]:

_̂X = A ⋅ X̂ + B Û + f̂
� �

+ K Yt − Ŷ t

� �
, Ŷ t = C ⋅ X̂, ð7Þ

where f̂ is an estimated value of f , Û is an estimated value of
U∗, K is a feedback gain matrix, and A‐KC is a Hurwitz
matrix. Yt = CX.

Our true observations are intersatellite ranging which can
be expressed as [13, 14]

Y = ρ X, tð Þ =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x − xið Þ2 + y − yið Þ2 + z − zið Þ2

q
, ð8Þ

where ½x, y, z� and ½xi, yi, zi� are the position variable of the
GEO satellite and satellite i in a JNSS [8]. Expanding
Equation (8) in a Taylor series with respect to estimated state
X̂ and neglecting high-order components, we get the linear-
ized relation between ~Y = ðY − ŶÞ and Eo = ðX − X̂Þ as

~Yo = Co ⋅ Eo, Co =
∂Y
∂XT

				
X=X̂

: ð9Þ

Due to the universal function approximation character-
istics of neural networks [7], U∗ and f can be expressed in
the form of Equation (10), where εcðX∗Þ and εoðXÞ repre-
sent the fitting errors, εcmax and εomax are the upper bounds
of the allowed error, Wc and Wo represent the ideal neural
network weights, and ϕcðX∗Þ and ϕoðXÞ are bounded basis
functions:

U∗ =Wc ⋅ ϕc X
∗ð Þ + εc X

∗ð Þ,  εc X
∗ð Þk k ≤ εcmax,

f =Wo ⋅ ϕo Xð Þ + εo Xð Þ,  εo Xð Þk k ≤ εomax:
ð10Þ

Û and f̂ can be expressed in the form of Equation (11),
where Ŵc and Ŵo represent estimates of the weights of the
two ideal neural networks, respectively:

Û = Ŵc ⋅ ϕc X̂
� �

,

f̂ = Ŵo ⋅ ϕo X̂
� �

:
ð11Þ

In order to eliminate the influence of the initial estima-
tion error, Û also needs to add an output feedback term in
Equation (11); that is, the actual output of the controller is
Equation (12), where H is the feedback matrix which makes
matrix (A‐BCH) a Hurwitz matrix:

Û = Ŵc ⋅ ϕc X̂
� �

−H Y − Y∗ð Þ: ð12Þ

The estimation error of the observer neural network
weight will increase the observation error ~Y , and the esti-
mation error of the controller neural network weight will
cause ~Yc = Y − Y∗ to increase. Design the cost function of

the weight update as Jo = ð1/2Þ~YT
o
~Yo and Jc = ð1/2Þ~YT

c
~Yc.

The neural network weight update law is obtained by
using the gradient descent algorithm with correction term
[15, 16]:

_̂W = −η
∂J
∂Ŵ


 �
− κ ~Y

�� ��Ŵ, ð13Þ

where η is the learning rate constant and κ is the forgetting
factor.

According to derivation rule of compound function,

∂Jo
∂ŴT

o

= ∂Jo
∂~Yo

⋅
∂~Yo

∂X̂
⋅
∂X̂
∂ f̂

⋅
∂ f̂

∂ŴT
o

= −~YT
o ⋅ Co ⋅

∂X̂
∂ f̂

⋅ ϕo X̂
� �

:

ð14Þ

We assume ∂ _̂X/∂ f̂ = Ackð∂ _̂X/∂ f̂ Þ + B ≈ 0 [17]; then, we
can get

∂Jo
∂ŴT

o

= −~YT
o ⋅ Co ⋅

∂X̂
∂ f̂

⋅ bϕo

= −~YT
o ⋅ Co ⋅ −BA−1

ck

� �
⋅ bϕo

= ET
o ⋅ CT

o CoBA
−1
ck ⋅ bϕo,

ð15Þ

where bϕo = ϕoðX̂Þ.
Substituting Equation (15) into Equation (13),

_̂Wo = −ηo ET
o ⋅ CT

o CoBA
−1
ck ⋅ bϕo

� �T
− κo CoEok kŴo: ð16Þ

It should be noted that since the ideal weight Wo is con-

stant, _~Wo = _Wo −
_̂Wo = − _̂Wo.
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The weight update law in the controller can be obtained
in the same way:

_̂Wc = −ηc ET
c ⋅ CT

c CcBA
−1
BH ⋅ bϕc

� �T
− κc CcEck kŴc, ð17Þ

where bϕc = ϕcðX̂Þ and Ec = X − X∗ representative control
error.

After establishing two neural networks and giving the
weight update law, the system structure diagram can be
established as shown in Figure 4, where “NN” is an abbrevi-
ation for the neural network.

Suppose the time interval for GEO satellites to obtain
intersatellite observations is Δt. Figure 5 shows the workflow
of the observer and controller in the system.

5. System Stability Proof Based on
Lyapunov Method

Refer to Reference [13], if only intersatellite range is chosen
as observation, three intersatellite ranges are required for
AOD: Y = ρ1 ρ2 ρ3½ �T .

If define ~ϕc = ϕcðX∗Þ − ϕcðX̂Þ, ~W
T
c =WT

c − Ŵ
T
c . Subtrac-

tion of Equations (4) and (6) can be obtained:

_Ec = A ⋅ Ec + B Û −U∗� �
= A ⋅ Ec + B Ŵ

T
c ⋅ ϕc X̂

� �
−H Y − Y∗ð Þ −WT

c ⋅ ϕc X
∗ð Þ − εc

� �
= A ⋅ Ec − B ⋅HCEc + B ⋅ εc

+ B WT
c ϕc X

∗ð Þ − ϕc X̂
� �� �

+ WT
c − Ŵ

T
c

� �
ϕc X̂
� �h i

= ABHEc + B ~W
T
c
bϕc +wc tð Þ,

~Yc = CcEc,
ð18Þ

wherewcðtÞ = B ⋅ ðWT
c
~ϕc + εcÞ. Cc is similar to Co in Equation

(10) and can be obtained by the samemethod. Since the com-
pression function is bounded, kwoðtÞkF ≤ �wo.

The same method as above, subtraction of Equations (4)

and (7), and define ~ϕo = ϕoðXÞ − ϕoðX̂Þ, ~W
T
o =WT

o − Ŵ
T
o . We

can obtain

_Eo = AEo + B f − f̂
� �

− K Y − Ŷ
� �

= A − KCð ÞEo + B WT
o ⋅ ϕo Xð Þ + εo − Ŵ

T
o ⋅ ϕo X̂

� �
+ vo

h i
= AckEo + B ⋅ ~WT

o
bϕo +wo tð Þ,

~Yo = CoEo,
ð19Þ

where woðtÞ = B ⋅ ðWT
o
~ϕo + εoÞ, kwoðtÞkF ≤ �wo.

We define the Lyapunov function as follows:

Vo =
1
2 E

T
o PoEo +

1
2 E

T
c PcEc +

1
2 tr

~W
T
o
~Wo

h i
+ 1
2 tr

~W
T
c
~Wc

h i
,

ð20Þ

Neural network  
adaptation rate NN controller Controlled

satellite 
C

C

NN observer

Neural network
adaptation rate

X̂

Ŵc

Ŷ

YXUŴoX
⁎

Figure 4: The structure of the system.

Start

ˆ ˆ ˆX (t0), X
⁎
 (t0), Wo (t0), Wc (t0)

Load Y (t0 + Δt), Y
⁎
 (t0 + Δt)

ˆ
Solve Equation (12) to get

the control U (t0) 

ˆ
Solve Equation (11) to get

the perturbation f (t0) 

ˆ

Use RKF 7 (8) to solve the
differential Equation (7)

and the integration interval
is [t0 t0 + Δt]. Get

X (t0 + Δt).

ˆ
Solve Equation (8) to get the 

estimated observation Y (t0 + Δt)

ˆ ˆ

Use RKF 7(8) to solve the
differential Equations
(16) and (17) and the
integration interval is
[t0 t0 + Δt]. Obtain 
Wo (t0 + Δt) and  Wc 

(t0 + Δt).

t0 = t0 + Δt

Figure 5: The flow chart of system operation.
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where Po and Pc are positive definite matrices that satisfy

−Qo = PoAck + AT
ckPo, Qo > 0,

−Qc = PcABH + AT
BHPc, Qo > 0:

ð21Þ

The time derivative of (20) is given by

_Vo = ET
o Po

_Eo + ET
c Pc

_Ec + tr ~W
T
o
_~Wo

h i
+ tr ~W

T
c
_~Wc

h i
= −

1
2 E

T
o QoEo −

1
2 E

T
c QcEc + ET

o PoB ⋅ ~WT
o
bϕo

+ ET
o Powo tð Þ + ET

c PcB ⋅ ~WT
c
bϕc + ET

c Pcwc tð Þ
+ tr ηo ~W

T
o ET

o ⋅ CT
o CoBA

−1
ck ⋅ bϕo

� �T
 �

+ tr ηc ~W
T
c ET

c ⋅ CT
c CcBA

−1
BH ⋅ bϕc

� �T
 �

+ tr κo CoEok k ~W
T
o Ŵo

h i
+ tr κc CcEck k ~W

T
c Ŵc

h i
:

ð22Þ

The following relations are reliable:

−
1
2 E

T
o QoEo ≤ −

1
2 λmin Qoð Þ Eok k2,

−
1
2 E

T
c QcEc ≤ −

1
2 λmin Qcð Þ Eck k2,

tr ~W
T
o Ŵo

h i
≤Wo

max ~Wo

�� ��
F
− ~Wo

�� ��2
F
,

tr ~W
T
c Ŵc

h i
≤Wc

max ~Wc

�� ��
F
− ~Wc

�� ��2
F
:

ð23Þ

Substituting Equation (23) into Equation (22), it yields

_V ≤ −
1
2 λmax Qoð Þ E0k k2 + E0k k ⋅

h
P0k k ⋅ δ ~Wo

�� �� + �wo

� �
+ ~Wo

�� �� ⋅ δ lok k + κo Cok k ⋅ Wo
max ⋅ ~Wo

�� �� − ~Wo

�� ��2� �i
−
1
2 λmax Qcð Þ Eck k2 + Eck k ⋅

h
Pck k ⋅ δ ~Wc

�� �� + �wc

� �
+ ~Wc

�� �� ⋅ δ lck k + κc Cck k ⋅ Wo
max ⋅ ~Wc

�� �� − ~Wc

�� ��2� �i
= −

1
2 λmax Qoð Þ E0k k2 − 1

2 λmax Qcð Þ Eck k2 + E0k k

⋅
h
−κo Cok k ⋅ ~Wo

�� ��2 + δ ⋅ P0k k + δ lok k + κo Cok kWo
maxð Þ

⋅ ~Wo

�� �� + P0k k ⋅ �wo

i
+ Eck k ⋅

h
−κc Cck k ⋅ ~Wc

�� ��2
+ δ ⋅ Pck k + δ lck k + κc Cck kWc

maxð Þ ⋅ ~Wc

�� �� + Pck k ⋅ �wc

i
:

ð24Þ

δ is a positive constant, and ϕoð⋅Þ ≤ δ, ϕcð⋅Þ ≤ δ. lo = CT
o

CoBA
−1
ck , lc = CT

c CcBA
−1
BH .

Further simplification (24) is available:

_V ≤ −
1
2 λmax Qoð Þ E0k k2 + E0k k

⋅
δ ⋅ P0k k + δ lok k + κo Cok kWo

maxð Þ2
4κo Cok k + P0k k ⋅ �wo

" #

−
1
2 λmax Qcð Þ Eck k2 + Eck k

⋅
δ ⋅ Pck k + δ lck k + κc Cck kWc

maxð Þ2
4κc Cck k + Pck k ⋅ �wc

" #
:

ð25Þ

Table 1: Initial state of each satellite.

X (m) Y (m) Z (m) VX (ms-1) VY (ms-1) VZ (ms-1)

GEO 42240618.92 -184065.36 -79979.923 13.385657 3071.8300 0.011524

PRN1 9852071.558 -24629399.99 1064965.918 2100.5759 724.5559 -3175.7033

PRN8 -15037328.43 -11415774.61 18486885.74 3195.1517 -1507.9377 1636.9601

PRN31 15116130.71 -18972585.47 10208754.56 1194.7484 2468.0586 2786.5419

Table 2: Comparison of three different trajectories.

Real trajectory Estimated trajectory Nominal trajectory

Equations to be used
(1) €r = − μ/r3

� �
r

(2) €r = − μ/r3
� �

r + af + aU
_̂X = A ⋅ X̂ + B Û + f̂

� �
+ K Yt − Ŷ t

� �
_X
∗ = A ⋅ X∗ + B�U

Solving steps

Solve Eq (1), determine the
motion coordinate S‐xyz
from the result; solve Eq (2),
transform the result into S‐xyz

Solve the equation online
according to the flowchart

shown in Figure 5

Substitute the initial
state values on the
coordinate system
S‐xyz and solve the
equation offline

6 International Journal of Aerospace Engineering



Let M1 = ðδ ⋅ kP0k + δklok + κokCokWo
maxÞ2/4κokCok,

M2 = ðδ ⋅ kPck + δklck + κckCckWc
maxÞ2/4κckCck.

Obviously, if

_V is negative. So, it can be proved that Eo and Ec are bounded.
The results of the above derivation show that the control

error Ec and state estimation error Eo of the system are
bounded. The system is a stable system. The bounds of Ec
andEo are related to the parameters we define which can be
chosen appropriately to minimize the error.

6. Simulation and Analysis

In order to verify the feasibility and specific effects of the
method, the following three sets of experiments were designed.
Experiment 1 shows the GEO satellite drift when uncon-
trolled. The second experiment is the traditional UKF filtering
method, and the third experiment is the neural network
method proposed in this paper. Table 1 gives the initial values
of the GEO satellites and the observed GPS satellites. Before
the three sets of experiments, the author used STK software
to simulate the intersatellite link, and the link between the sat-

ellites did not appear to be occluded by the Earth. Therefore, it
can be considered that in these experiments, intersatellite
ranging can always be achieved. For the controller, to achieve
forward and reverse outputs in three directions, the six
thrusters should be divided into three groups and mounted
on three axes perpendicular to each other of the satellite. In
order not to affect the satellite attitude, the thrust direction
of each controller must pass through the mass center.

In order to clearly express the simulation ideas, Table 2
compares the generation methods of the real trajectory, esti-
mated trajectory, and nominal trajectory in detail.

In the simulation, controller error and unknown pertur-
bation are uniformly represented by trigonometric functions,
because perturbations of satellites often do not meet the
Gaussian distribution while their changes are generally con-
tinuous or near continuous.

The calculated value of u will be used in the dynamical
model of the observer, and the real dynamical model contains
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Figure 6: Schematic diagram of the position change of GEO satellites near the nominal position without control.

E0k k ≥
− M1 + P0k k ⋅ �woð Þ +

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M1 + P0k k ⋅ �woð Þ2 + λmax Qoð Þ M2 + Pck k ⋅ �wcð Þ2/λmax Qcð Þ� �q

λmax Qoð Þ , ð26Þ

or Eck k ≥
− M2 + Pck k ⋅ �wcð Þ +

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2 + Pck k ⋅ �wcð Þ2 + λmax Qcð Þ M1 + Pok k ⋅ �woð Þ2/λmax Qoð Þ� �q

λmax Qcð Þ , ð27Þ
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the controller error and other unknown perturbations. In
other words, the calculated control amount can be consid-
ered to be known, and the control error and other unknown
perturbations are modeling errors of the filter equation.

In the relative motion coordinate system, the GEO
satellite initial deviation error is set to X0 = 100m½ 200m
−20m 0:01m/s 0m/s 0m/s�.

Experiment 1. The drift experiment of GEO satellite without
control. Twomethods are used: the first is to integrate the rel-
ative motion Equation (3) directly in the relative motion
coordinate system, while the second is to solve equation (2)

and convert the result to the relative motion coordinate sys-
tem by means of coordinate transformation. The results
obtained are shown in Figure 6. It can be seen from the figure
that the GEO satellite will continue to move away from the
target position without control, and the relative motion equa-
tion can precisely show its deviation from the target point.

Experiment 2. The UKF filter used for orbit determination.
In the experiment, obtain an observation every 10 seconds.
Calculate the control amount after each step of filtering, given
by Equation (1). The initial estimated value of the filter is
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X̂0 = 100:5m 199:89m −20:18m 0:015m/s 0:0001m/s 0:0001m/s½ �T : ð28Þ

8 International Journal of Aerospace Engineering



–1.5

–1

–0.5

0

0.5

Er
ro

r-
x

0 1 2 3 4 5 6 7 8 9
× 104

–0.5

0

0.5

1

1.5

Er
ro

r-
y

0 1 2 3 4 5 6 7 8 9
× 104

0 1 2 3 4 5 6 7 8 9
Time (s)

–0.5

0

0.5

1

Er
ro

r-
z

× 104

Figure 9: Position estimation error (neural network).

–5

0

5

10

Er
rr

or
-v

x

0 1 2 3 4 5 6 7 8 9
× 104

× 10–3

Er
rr

or
-v

y

–10

–5

0

5

0 1 2 3 4 5 6 7 8 9
× 104

× 10–3

Er
rr

or
-v

z

0 1 2 3 4 5 6 7 8 9
Time (s)

–10

–5

0

5

× 104

× 10–3

Figure 10: Velocity estimation error (neural network).

9International Journal of Aerospace Engineering



The initial covariance matrix is

P0 = diag 12 12 12 0:022 0:022 0:022
� �T� �

:

ð29Þ

The model error covariance matrix is selected as

Q = diag 10−6 10−6 10−6 10−6 10−6 10−6
� �T� �

:

ð30Þ

The observation error is introduced in the simulation,
and the assumption of the observation error is a random
error with a variance of 1m2. Therefore, the observation
error covariance matrix is R = diag ð 0:25 0:25 0:25½ �TÞ.

The filtering results of UKF are shown in Figures 7 and 8.
As we can see, the three axis position errors are under 1
meter, and the speed error is under the level of 10-2m/s. It
can be seen from the result graph that both the position error
and the speed error have a certain degree of overall fluctua-
tion. It can be seen that if the modeling error is large and does
not meet the Gaussian distribution at all, the UKF filter is not
very effective.

Experiment 3. Neural network learning rate ηc = 10‐4, ηo =
10‐5. κc = κo = 1. And basis function ϕoðXÞ = ϕcðXÞ = 1½ x/r
y/r z/r xy/r2 yz/r2 xz/r2 xyz/r3�, r = ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x2 + y2 + z2
p

. The
initial state estimation and observation error settings are
the same as in Experiment 2. Obtain an observation every
10 seconds. Between one observation and the next, RKF7(8)
is used to solve Equation (7) to update state estimation, with
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the assumption that observation residual is not changed.
Obviously, the smaller the time interval between observation,
the higher the accuracy of state estimation. The observer
gain matrix K and the control feedback gain matrix H are
chosen as

K =

0:0152
0:0152

0:0152
0:00019

0:00019
0:00019

2666666666664

3777777777775
,

H =
0:0006 0:00047
0:00047 0:0006

0:0006

2664
3775:

ð31Þ

Figures 9 and 10 show the error between the estimated
state and the real state; Figure 9 is the estimated position
error in the three axes. Figure 10 is the estimation error
of the speed in three axes. We can see that the state esti-
mate of the neural network observer converges to the true
value quickly. The estimation error of the position state is
less than 0.5m, and the estimation error of the velocity is

less than 0.005m/s. Compared with the results of UKF, it
can be found that the neural network method compensates
the kinetic model error by estimating the perturbation, and
the obtained result is relatively better. Since the perturba-
tion equation is estimated, the prediction for the next step
can be more accurate, so the smoothness of the orbit deter-
mination result is also better.

Figure 11 shows the approximation of the nonlinear term
by the neural network. It can be seen from the figure that the
estimation of perturbation is not a progressive approxima-
tion and eventually tends to zero, which is also consistent
with the analysis in our proof of stability: the derivative of
the Lyapunov function is less than 0 only when the error
exceeds a certain limit. Therefore, the estimation error for
perturbation is first reduced, then increased, then reduced,
and then increased, but in general, the error is bounded.

Figure 12 shows the real state. It can be seen that the
neural network controller can make the real state reach the
target point along the designed trajectory, and the position
error is within 1m. Figure 13 shows the control output of
the neural network controller. As we can see, the output
value of the neural network controller does not exceed 5 ×
10−4 m/s2. This is due to the fact that this constraint has
been taken into account when designing the nominal orbit.
In fact, traditional controllers are often more difficult to han-
dle when output is limited. Therefore, the neural network
controller can avoid this problem by designing a reasonable
nominal trajectory.
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7. Conclusions

Aiming at the characteristics of small maneuvering range,
short duration, and difficult to accurately model for GEO
satellite orbit maintenance, an integrated design method
for satellite autonomous observation and control is proposed.
Based on the distance between the GEO satellite and the
other three satellites, the neural network state observer is
designed to approximate the nonlinear term in the model
and output an estimated state. Using the estimated state,
the neural network controller can control the GEO satellite
to the nominal position.

In the process of derivation, we assume that the small
thrust controller outputs continuous and accurate thrust
and that the intersatellite observations are also continuously
performed and introduced into the state observer. This
assumption brings convenience to our work. In order to ver-
ify the impact of these assumptions in the actual application
process, we designed a numerical simulation test. In the sim-
ulation, the observations are obtained at a certain frequency,

the controller output is also updated at the same frequency,
and the controller execution error is added. Through the sim-
ulation results, it can be found that at the sampling frequency
which is feasible under realistic conditions, the neural net-
work observer and controller of the GEO satellite realize its
functions of autonomous navigation and orbit maintenance.
This proves to some extent that our observer and controller
design has certain robustness and practicability. What is
more, when compared to traditional UKF filter methods
under the same conditions, the neural network strategy we
used get better results. This is because the neural network
compensates well for the error of the model. In summary, I
believe that the method studied in this paper has certain
practical value.

Data Availability

The data used to support the findings of this study are
included within the article. We add a data availability state-
ment in the manuscript.
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