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Abstract—With the development of space exploration
technology and space commercial activities, the number of
spacecraft in space is sharp increasing, space resources and
environment is facing enormous challenges. Space
Autonomous Rendezvous (SAR) is a multidisciplinary
complex systems engineering, and has high demands on the
precision, reliability, security, and other state constraints. In
this paper, the pose synchronization control characteristics
are analyzed. Then, the sliding mode surface function and
control law are designed, and the feasibilities are proved.
After that, via the simulation, pose synchronization control
can be achieved with the sliding mode control law. Finally,
the control parameter impact on system is analyzed and the
result will help to the control system design.

Index Terms—space autonomous rendezvous, synchronous
control, sliding-mode control, relative pose

I.  INTRODUCTION

With the development of space exploration technology
and space commercial activities, the number of spacecraft
in space is sharp increasing, space resources and
environment is facing enormous challenges. Space
Autonomous Rendezvous, related to proximity operations
between service spacecraft and target spacecraft, is not
only a multi-dimensional state control problem including
relative  position relative attitude, but also a
multidisciplinary complex systems engineering which
contains mathematics, physics, mechanics and other basic
disciplines, and combined with control, computer
simulation and other technical disciplines. Space
Autonomous Rendezvous requires that the autonomous
rendezvous task is still able to carry out without relying on
ground support especially in the blind spot of ground
control stations. Thus, the precision, reliability, security,
and other state constraints are facing with very high
demands [1]-[4].

For spacecraft orbit and attitude control problem, the
traditional method is to put it into separated orbital and
attitude control. As humans’ demand for space continues
increasing, space missions become more and more
complex. Thus, the complex missions require that relative
pose can simultaneously and quickly meet the control
requirements. The traditional method is no longer able to
meet the needs of these tasks. In contrast, the pose
synchronous control takes position and attitude as a whole,
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adopts unified control strategy, from the perspective of the
global system, achieves position and attitude synchronous
control, and improves the control accuracy and
performance essentially.

In fact, each spacecraft has a strong coupling of
position and attitude. Thus, there are many researches on
synchronous control. Misra and Sanyal [5] make a study
on the relationship between the motion and angular
motion in asteroid mission. The simulation results show
that the position and the attitude have a strong coupling,
especially in approach phase. Pan et al. [6], [7] propose a
matrix nonlinear controller to determine the relative
velocity and angular velocity. Single et al. [8] propose a
output feedback controller for spacecraft rendezvous and
docking, and analyze the error. Komanduri et al. [9]
design a linear quadratic controller to track the relative
position and attitude of non-cooperative spacecraft. Lee et
al. [10] design a guidance and control system for the final
approach, and simulation results show the performance is
well. In [11], the dynamics and control problem of final
approach between the servicer spacecraft and target
spacecraft are studied. A variety of control laws are
proposed based on the detail analysis of relative position
and attitude in [12]. The coupling effect of orbit and
attitude is illustrated quantitatively in [13] based on dual
quaternion, same studied in [14]. Results show that
synchronous control not only meets the accuracy
requirement, but also saves the cost.

Il. CHARACTERISTICS OF POSE SYNCHRONOUS
CONTROL

During Space Autonomous Rendezvous, relative
position and attitude between service spacecraft and target
spacecraft is changing constantly, especially in close range
rendezvous and final approach which requires that the
relative position and relative attitude meet the
requirements at the same time. Therefore, the pose needs
to be adjusted quickly. On the other hand, due to the
different control actuator installation styles and errors, the
position and attitude will be coupled, pose synchronous
control is needed. Moreover, even in far range rendezvous,
the spacecraft needs to constantly modulate the attitude in
order to achieve the desired thrust. Pose synchronous
control can solve the above problems, and has the
following characteristics:

(1) High precision: Compared to the traditional control
strategies, pose synchronization control can solve the
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problems that position control and attitude control cannot
meet the high accuracy requirements at the same time, and
can achieve good balance between position control and
attitude control with high accuracy;

(2) High efficiency: the traditional pose control
separates the position control and attitude control. Thus,
two independent control systems need to be designed and
to be balanced with each other. But, using pose
synchronous control, which takes the position and attitude
control as a whole , can essentially save the design costs
and improve control efficiency;

(3) High mobility: During the maneuver, the space craft

often makes the orbital maneuvering before attitude
modulation. Synchronous control makes the position and
attitude modulated at the same time based on the desired
pose information. This integrity makes the spacecraft
mobility stronger, especially in small relative distance
where the advantage is more obvious.

In summary, compared to traditional control strategy,
pose synchronization control not only improves the
control efficiency and accuracy of spacecraft, but also
enhances spacecraft mobility. Fig. 1 illustrates the
traditional separate control and synchronous control.
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Figure 1. The traditional separated control and the synchronous control

I1l. PROBLEM DEFINITION

A. Relative Pose Dynamic Model
Relative pose dynamic model as follows [15]:
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Thus, the relative pose dynamic model can be illustrated
as
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So, state error can be defined as
X.=X—-X; (5)
where Xy denotes desired pose state.And
Xe=X-X;, X, =X-X;
B. Sliding Mode Surface Function Design
Design sliding mode surface function as
s=X.+KX, (6)

where K € R7*7,
When system is controlled to the sliding mode surface,

it yields
s=X,+KX,=0

Xe = —-KX, (7)

In order to validate stability of function, the candidate
Lyapunov function is defined as
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Vi =2X."X, ®8)
Computing the first-order derivative of V; yields
v, =X."X,=-Xx,"KX, <0 9)

According the Lyapunov stability theory [16], the

surface function is asymptotic convergence. Thus,
lim,e X, = 0and limeo, X = X;.
C. Feedback Control Law Design
Design feedback control law as follows:
§=—&esgns —K;s (120)

where &, K; € R”*7.
Computing the first-order derivative of (6) yields

$=X,+KX, (11)
Combining (10) and (11) yields
X.+(K+ KX, +KK.X, +esgns=0 (12)

Substituting X, into (12) yields
AX +BX +CU —X; + (K+ KX, + KK, X, + esgns =0 (13)
Hence the control law can be illustrated as
U=C'YX;,— AX - BX — (K + K,)X, - KK,X, — esgns) (14)
The candidate Lyapunov function is defined as
1.r

=-S'Ss

(15)
Computing the first-order derivative of V, yields

V, =sTs = sT(X, + KX,) = s"(-K,X, — KK, X, — esgns) =
—sTK,s — s"esgns < —s"Ks < 0(16)

According the Lyapunov stability theory, the system
state is asymptotic convergence via the control law.

IV. SIMULATION AND RESULT

In this section, different simulation cases are presented
to illustrate and validate the theoretical concepts
introduced above. Initialization conditions as follows.

Initial parameters

Servicer orbit parameters

{7000km 0.1 60° 100° 30° Os}

Inertia matrix
Initial relative position
Initial relative attitude
Initial relative angular velocity
Desired relative pose

Is = I = diag[100 110 120](kgm?)
R, =[300 —400 500]"(m)
qo=[-05 —05 05 —05]"
w, =[0.01 0.01 0.01])"(rad/s)
X, =[0 001 0 0 0

Simulation parameters

Simulation time

t =1000s

Simulation step size

h =0.01s

Control parameters

Parameter K

K = diag[0.02 0.02 0.02 0.02 0.02 0.02 0.02]

Parameter K,
Parameter &

K; = diag[0.01 0.01 0.01 0.01 0.01 0.01 0.01]
e=diag[4 4 4 4 4 4 4]x10°°
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Figure 2. Relative position curve
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Figure 3. Relative attitude curve
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The simulation results are illustrated in Fig. 2 and Fig.
3. In Fig. 2 and Fig. 3, relative pose converges on desired
pose at time 500s via control. Thus, the effectiveness of
control law is validated. In order to make a contribution to
the design of control system, the impact of the control
parameters are analyzed.

A. Parameter K
Parameter K is given as follows:

K = diag[0.01 0.01 0.01 0.01 0.01 0.01 0.01]
K = diag[0.04 0.04 0.04 0.04 0.04 0.04 0.04]

Other conditions are same as above. The simulation
results are illustrated in Fig. 4.

Comparing Fig. 4 and Fig. 2 yields that when K=0.01,
0.02 and 0.04, system state converges on desired pose at
time 800s, 500s and 300s. Thus, parameter K can
influence system convergence velocity. The larger Kis,
the faster system converges to desired state.

B. Parameter K,

Parameter K, is given as follows:

K, = diag[0.005 0.005 0.005 0.005 0.005 0.005 0.005]
K, = diag[0.02 0.02 0.02 0.02 0.02 0.02 0.02]

Other conditions are same as above. The simulation
results are illustrated in Fig. 5.
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Comparing Fig. 5 and Fig. 2 yields that Parameter K,
is same as the parameter K, which influences the system
convergence velocity.

C. Parameter ¢

Parameter ¢ is given as follows:
e=diag[4 4 4 4 4 4 4]x107*

500

400

<

e=diag[4 4 4 4 4 4 4]x1072

Other conditions are same as above. The simulation

results are illustrated in Fig. 6.

In Fig. 6, parameter € can also influence system

convergence velocity but not as strong as parameter
Kand K;.
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Figure 5. Variable parameter K, and its’ impact
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Figure 6. Variable parameter € and its’ impact

V. CONCLUSION

In this paper, the pose synchronization control
characteristics are analyzed. Then, the sliding mode
surface function and control law are designed, and the
feasibilities are proved. After that, via the simulation, pose
synchronization control can be achieved with the sliding
mode control law. Finally, the control parameter impact
on system is analyzed and the result will help to the
control system design.
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