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This work considers the optimization of fast path planning for spacecraft formation reconfiguration 
on libration point orbits. An adaptive surrogate model is proposed for solving the above optimization 
problem in abnormal conditions and/or emergency cases. First, a multi-layer optimization problem is 
established. In the outer loop of the multi-layer optimization, the nonlinear optimal control problem, 
taken as a dynamic optimization, is solved to obtain the optimal transfer paths of all spacecraft in 
the formation. In the inner loop of the multi-layer optimization, the parameter optimization problem, 
taken as a static optimization, is solved to obtain the states of all the spacecraft within the maximized 
area of the spacecraft formation. Then, an adaptive surrogate model is proposed. Because the multi-layer 
optimization problem is typically time-consuming and computationally expensive, the adaptive surrogate 
model is constructed using data drawn from the multi-layer optimization model and provides a fast 
approximation of the objective at new design points. Therefore, the adaptive surrogate model is feasible 
and cheap for spacecraft formation reconfiguration. Finally, numerical simulations show that the adaptive 
surrogate-based parameter optimization has advantages over the direct global optimization method. The 
accuracy, efficiency and robustness of the proposed adaptive surrogate model have also been compared 
between the different types of surrogate models.

© 2016 Elsevier Masson SAS. All rights reserved.

1. Introduction

The exploration of deep space, especially of a libration point 
space environment, is an important research topic that has at-
tracted much attention in recent years [1–10]. These positions are 
ideal for searching for habitable terrestrial exoplanets or situating 
a set of interferometer space telescopes or midway refueling space 
stations for large missions. Deep space formation flying technol-
ogy is essential to meet the increasing demand for deep space 
exploration. Thus far, both spacecraft formation keeping and recon-
figuration, potential applications that involve spacecraft formations 
flying on the libration points, have attracted great interest for for-
mation control strategies in a multibody regime.

Various strategies and approaches have been proposed for the 
reconfiguration of the spacecraft formation on libration point or-
bits. Reference [5] gives comparisons among the optimal nonlinear 
control, geometric control, linear quadratic regulators, and input 
state feedback linearization. Reference [6] proposes a finite ele-
ment method for solving for optimal control and applies it to 
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spacecraft formation reconfiguration in a libration point regime of 
the sun–earth system. Reference [7] develops a technique based 
on generating functions for designing spacecraft formation recon-
figuration in Hill three-body dynamics. Reference [8] presents an 
efficient parameter optimization algorithm for collision-free en-
ergy sub-optimal path planning of spacecraft flying in formation 
in deep space. Based on the characterization of requirements and 
constraints, different algorithms for centralized optimal formation 
planning and coordination have been developed in reference [9]. 
Reference [10] employs a finite-dimensional parameter optimiza-
tion method for spacecraft formation reconfiguration guidance.

Although the literature cited above has emphasized the prob-
lem of spacecraft formation reconfiguration near libration point 
orbits, particularly in path planning, avoiding collisions and bal-
ancing energy, etc., all the reconfiguration missions are planned 
based on known information in normal circumstances and can be 
evaluated off-line before the actual implementation of the space-
craft formation reconfiguration mission. However, an engine failure 
or other mechanical defect on a certain spacecraft in the forma-
tion will arise in abnormal conditions and/or emergency cases. In 
these extreme cases, all the information for the spacecraft can-
not be obtained in advance, and primary fast path planning for 
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spacecraft formation reconfiguration is particularly important for 
the follow-up normal missions. Therefore, the development of fast 
path planning for spacecraft formation reconfiguration in case of 
emergency is an active area of research.

From the point of view of dynamics and control, there are two 
primary scientific problems to be solved before the actual imple-
mentation of spacecraft formation reconfiguration: (1) the scien-
tific objective of the spacecraft formation; i.e., the new form taken 
by the spacecraft formation, based on the present state and num-
ber of spacecraft; (2) with the new form taken by the spacecraft 
formation known, the path planning for the spacecraft formation 
reconfiguration. Regarding the first scientific problem, the parame-
ter optimization method is usually employed to plan the new ge-
ometric configurations and to obtain the new states of the space-
craft in their new formation. In the second scientific problem, the 
nonlinear optimal control method is always used to design the op-
timal transfer paths of all spacecraft from the failure formation to 
the new formation. It is essentially a coupling system between 
the first and the second scientific problems, and neither of the 
above problems can be solved alone. This leads to complex non-
linear optimization problems, in which computational efficiency is 
a determining factor for successful implementation of spacecraft 
formation reconfiguration in extreme cases.

Gradient-based methods and intelligent algorithms are usu-
ally employed to solve the above complex nonlinear optimizations 
problems. However, the gradient-based methods have a high effi-
ciency but will obtain locally optimal results [11]. Moreover, the 
optimization problem proposed in this paper has strongly im-
plicit relationship between the design variables and the objective 
function, so the analytic gradient information cannot be obtained 
from the above complex nonlinear optimization. The intelligent 
algorithms are convenient to implement and can obtain globally 
optimal results. However, they require thousands of function eval-
uations [12], and this process may require unacceptable computa-
tional cost.

Motivated by the requirements for high computational effi-
ciency for spacecraft formation reconfiguration in extreme cases, 
an efficient adaptive surrogate model-based fast path planning 
strategy for spacecraft formation reconfiguration on libration orbits 
will be investigated in this paper. Surrogate-based optimization 
(SBO) is an important and efficient way to quickly access the op-
timal results [13]. Because the surrogate model uses an explicit 
and approximate expression to replace the true complex model, 
the optimization based on the surrogate model has a very high 
efficiency. As a result, SBO has been shown to be an effective ap-
proach for the design of computationally expensive models, such 
as many optimizations in aerospace systems [14–16]. In this pa-
per, for the first scientific problem, the present geometric con-
figuration of spacecraft can be measured in abnormal conditions 
and/or emergency cases. The desired new geometric configuration 
of spacecraft should be designed according to the requirement of 
different space mission. One requirement of these different space 
mission is to obtain high-resolution for deep space explorations 
and studies of outer space. In particular, a larger area that is sur-
rounded by the spacecraft formation can obtain a higher resolu-
tion. Thus, maximum area of the spacecraft formation under some 
geometric constraint should be a key objective. For the second 
scientific problem, the fuel consumption should be minimized in 
path planning for spacecraft formation reconfiguration. Sufficient 
remaining fuel is a prerequisite for the follow-up normal missions. 
Based on the above analysis, a multi-layer optimization model is 
first formalized for the fast spacecraft formation reconfiguration 
problem. Then, the adaptive surrogate model is proposed for fast 
solving of the above multi-layer optimization problem. Finally, the 
numerical simulations are implemented to test the effectiveness of 

the proposed fast path planning strategy for the spacecraft forma-
tion reconfiguration problems.

The paper is organized as follows: in section 2, a brief review 
of spacecraft formation reconfiguration is introduced, including the 
dynamic model and the nonlinear optimal control problem. In sec-
tion 3, the programming and design of the fast spacecraft forma-
tion reconfiguration problem is taken as a multi-layer optimization 
problem. An adaptive surrogate model is proposed for solving the 
multi-layer optimization problem in section 4. In section 5, the 
accuracy, efficiency and robustness of the proposed adaptive sur-
rogate model are verified through the numerical simulations of 
spacecraft formation reconfiguration.

2. Background

In this section, we shall give a brief introduction to some ba-
sic knowledge used for constructing fast path planning models for 
spacecraft formation reconfiguration on libration point orbits. First, 
the dynamic model for the spacecraft formation will be introduced. 
Then, the path planning problem of spacecraft formation reconfig-
uration will be formulated as a nonlinear optimal control problem.

2.1. Dynamic model

The primary concern in this paper is the spacecraft forma-
tion reconfiguration problem on libration point orbits in the sun–
earth system. Therefore, the circular restricted three-body problem 
(CRTBP) model is used to construct the dynamical equations for 
the spacecraft formation reconfiguration problem. In the CRTBP 
model, there are two massive bodies (i.e., the sun and the earth) 
and a spacecraft. The sun and the earth are assumed to be in cir-
cular orbit around the barycenter of the sun–earth system because 
their masses are far larger than that of the spacecraft and the mo-
tion of the two primary bodies is not affected by the spacecraft. 
Because we mainly discuss the orbits around the second libration 
(L2) point, we set the origin of the reference coordinate system at 
the L2 point. The x vector of the reference coordinate is extended 
from the sun to the earth, the y vector is normal to the x vec-
tor and in the rotation plane, and the z vector complies with the 
rule of right-handed frames. Furthermore, continuous low thrust 
(typically electrically powered spacecraft propulsion) has been de-
veloped and employed as a novel propulsion system for deep space 
exploration in recent years. The present study also employs contin-
uous low thrust for spacecraft formation reconfiguration.

Therefore, according to the above assumptions and statements, 
we can obtain the controlled dynamic equations for the ith space-
craft in the following dimensionless form [1]:
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where the dot represents the time derivative in the rotating frame, 
i = 1, 2, · · · , n, n is the number of spacecraft in the geometric for-
mation, μ is the ratio of the earth’s mass to the sum of the masses 
of both the earth and the sun,

d1 =
√

(xi + 1 + 1/γ )2 + (yi)2 + (zi)2,
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