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Maneuverable Space Net
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JIAN GUO
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The autonomous maneuverable space net, which consists of a flexi-
ble net and several maneuverable units, is a promising solution for the
active removal of space debris. A novel dynamics model and a corre-
sponding controller are proposed in this paper to resolve the approach
control problem. Given that the net tethers cannot be elongated, in-
terval functions and corresponding constraint forces are exploited to
model the unilaterally constrained tethers. The proposed approach
dynamics model, which is based on the Hamilton principle, includes
distinctive velocity jump phenomena. A dual-loop control scheme with
double optimization pseudo-dynamics inversion and sliding mode con-
trol is also established. Simulation results validate the feasibility of the
proposed control scheme. The net can fly along the expected trajec-
tory without suffering unexpected net deformation or orbital radial
movement.
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I. INTRODUCTION

Space debris is a problem that has continually increased
in severity ever since Sputnik was launched on October 4,
1957; the growing orbital debris population has yet to be
effectively controlled. Without effective debris mitigation
solutions in the immediate future, the earth orbit will be
too dangerous to launch new man-made spacecraft [1], [2].
Noncooperative target capture technology has attracted a
great deal of research attention in recent years [3]–[5]. Pre-
vious studies [6], [7] have shown that the most effective
way to capture noncooperative space debris is through the
use of various types of space robots. Conventional rigid
space robots such as the ETS VII, Canadarm, and Orbital
Express [6], [8] can be used to capture cooperative targets,
but it is difficult and dangerous for rigid space robots to
capture noncooperative targets (i.e., targets with unknown
basic parameters and structures).

The autonomous maneuverable space net (AMSN),
which consists of several maneuverable units (MUs) and
a flexible net, is a promising solution for noncooperative
target capture. Compared to rigid space robots, the large
net converts the point-to-point capture to a surface-to-point
capture, which has several advantages in regards to nonco-
operative targets. First, AMSN can be applied to capture
targets with different sizes and states. Second, the large net
significantly reduces the requirements for control accuracy
during the approach process. Compared to the tether net
system (TNS) [9], the capture distance of the AMSN is
much longer and the operation is more flexible due to the
MUs. The typical structure and operational concept of the
AMSN are shown in Figs. 1 and 2.

In the orbit launch phase, the AMSN is fixed to a plat-
form which approaches the target from several hundred
meters and releases the AMSN at a certain initial velocity.
In the subsequent approach phase, the AMSN maintains
its shape and flies toward the target under the control of
thrusts on the MUs. Once the target enters the net mouth,
the tethers (among concomitant MUs) are retrieved by elec-
tric motors and the net mouth closes. The target is captured
by the AMSN and dragged to a graveyard orbit or into
the atmosphere where it incinerates. In the approach phase,
MU thrust is controlled in order to steer the deployed net
toward the target. The net trajectory and shape are crucial
for successful target capture.

The net is comprised of interwoven tethers, which come
with limitations on dynamics and control, especially in the
approach phase. The dynamics and control of a single tether
are already a difficult problem, in fact, and one which many
previous researchers have explored in regards to the teth-
ered satellite system (TSS). Kane and Levinson [10], for
example, completed fundamental research on TSS dynam-
ics. Beletsky and Levin [11] investigated tether dynamics
in the Newtonian field including stability and oscillatory
behavior. Mankala and Agrawal [12] explored dynamics
modeling using Newton’s laws and Hamilton’s principle.
Krupa et al. [13] proposed a dynamics model and stud-
ied control techniques for tether deployment and retrieval;
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Fig. 1. Autonomous maneuverable space net (AMSN).

Fig. 2. Operational concept of the AMSN.

Misra [14] studied tether dynamics and control schemes
to stabilize the tether retrieval; Williams [15] also studied
control schemes for tether deployment and retrieval. Fujii
et al. [16] studied the dynamics of a flexible space tether
equipped with a crawler mass and Aslanov et al. [17] stud-
ied the dynamics at work after tether rupture. Tang et al.
[18] studied the dynamics of variable-length tethers during
deployment. Other works on the TSS are discussed at length
in review articles by Kumar [19] and Cartmell and McKen-
zie [20]. In the space net field, the TNS is the most popular
research object. Mankala and Agrawal [21], for example,
investigated the deployment and retrieval of nets. Liu et al.
[22] studied the deorbiting dynamics of the TNS. Zhai et al.
[23], [24] developed dynamics equations for TNS in the or-
bital frame and studied the relationship between capture
error and initial capture conditions. It is impossible to sup-
press the vibration using tension only due to the instability
of in-plane vibration; and then a feed-forward controller
equipped with thrusters is used to account for this.

All of the researchers mentioned above assume a large
and flexible net to be a mass point while neglecting varia-
tions in the shape of the net. In a series of studies on net
dynamics, Gärdsback and Tibert [25], [26] developed a dy-
namics model of the spinning space net and studied its opti-
mal deployment control; the spinning net is modeled simply
as a hub with several straight arms. Liu et al. [27] studied
the orbit dynamics of the tethered combination system af-
ter net capture, where the net is modeled as four flexible
bridles. These models are too simple to reflect the net dy-
namics in the approach phase. Zhang and Huang [28], [29]
proposed a net dynamics model using Clohessy–Wiltshire
equations and Hooke’s law. Because the Young’s modulus
of the tether is more than 130 GPa, the vibration frequency

Fig. 3. Reference frames.

along the tether direction is very high. Thus, the simulation
step must be extremely small to ensure the model remains
stable throughout its solution; this is computationally bur-
densome and time-consuming. In a study by Huang et al.
[29], the influences of connected tethers are ignored during
the approach phase while MUs are controlled as separate
mass points. This requires large thrusts and cannot achieve
desired effects under actuator saturation. In an effort to re-
solve these problems, we developed a novel net description
and dynamics model for the approach phase; a dual-loop
flight control scheme is also proposed here under which the
net holds its shape as it approaches the target.

This paper is organized as follows: Section II pro-
posed a novel dynamics model with interval functions and
corresponding constraint forces. Section III describes the
flight controller in the target approach phase, which works
via pseudo-dynamic inversion and sliding mode control.
Section IV describes the simulations we ran to verify the
feasibility and effectiveness of the proposed scheme. Con-
clusions are made finally in Section V.

II. AMSN DYNAMICS MODEL WITH UNILATERAL
CONSTRAINTS

As shown in Fig. 3, two reference frames are defined in
the dynamics modeling. The Earth-centered inertial frame
(ECIF) is a nonrotating frame with its origin located at the
mass center of the earth; its x-axis and z-axis are aligned
with the equinox and spin axis of the earth, respectively.
The target orbital frame (TOF) is formed with its origin
in the mass center of the target. The z-axis is directed
from the center of Earth to the mass center of the target
and represents the system local vertical, the y-axis is the
orbital angular momentum unit vector, and the x-axis com-
pletes the frame following the right-hand principle.

Modeling assumption A: For simplicity, the target is
assumed to be in flight along a circular Keplerian orbit in
this paper. The orbital angular velocity is ω.
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Fig. 4. AMSN structure.

A. Description of the AMSN

The AMSN is comprised of a huge net and several small
MUs. The net can be up to hundreds of meters in size, while
the MU is less than 0.5 m in size.

Modeling assumption B: Since the sizes of MUs are
much smaller than the flexible net, the volumes of MUs
are ignored in this paper; they instead are simplified as
controllable mass points.

The structure of AMSN is similar to an isolated net,
which is quite different from the TSS or TNS. Then, its
structure can be represented by an undirected graph.

G = (Vn, Ec) (1)

where Vn is the nonempty vertex set and Ec is the edge
set. The vertices include all the tether knit points; n is the
number of vertices. The edges describe the connections of
all the vertices; the number of edges is c. In the dynam-
ics model, the adjacency matrix represents the undirected
graph. In the adjacency matrix, the element 1 is replaced by
the undeformed length of each edge.

The structure and dimensions of a representative system
are shown in Fig. 4. The system contains 17 tether knit
points and five MUs. Then, n is 17 and c is 32.

B. Tether Dynamics Model

In [30], Buckham studied the application of low tension
tethers and verified that the lumped-mass dynamics model
is suitable for low-tension tether simulation. In the approach
phase, the tether tension in the net is generally small.

Modeling assumption C: The lumped-mass method is
used here to concentrate tether mass at the knit points (while
torsion is ignored).

The extant literature suggests that two models are ap-
plicable here: The rigid rod model [31], [32], in which the
elasticity and flexibility of tether are ignored, and the bead
model [14]–[16], in which the tether tension–strain relation
is

N =
{

EA (ε + αε̇) ε ≥ 0

0 ε < 0
(2)

where N is the tether tension, ε is the tether strain, α is the
damping coefficient, A is the sectional area of the tether,
and E is the Young’s modulus.

The bead model is higher fidelity in contrast to the
rigid rod model. However, the tether is woven by Kevlar
or other synthetic fibers with extremely high stiffness and
its Young’s modulus can reach or exceed 130 GPa. The vi-
bration frequency along the tether direction is very high.
Thus, the simulation step is extremely small to ensure sta-
bilization as the bead model is solved. On the other hand,
the movement of the AMSN is rather smooth and the tether
tension is small in the approach phase. Then, the tether
strain is so small that it can be neglected.

Modeling assumption D: In order to further simplify
the dynamics model, it is assumed that EA is infinite. The
tether cannot be elongated and the tether strain ε is zero, in
other words.

Equation (2) cannot be used for the tether dynamics
description. The interval function and corresponding con-
straint forces can be applied to this unilateral constraint
problem [33], [34].

The interval function is

gij = Lij − ∥∥Ri − Rj

∥∥ ≥ 0 (3)

where Lij is the undeformed tether length between vertex
i and vertex j , Ri and Rj are the positions of vertex i and
vertex j in the ECIF, respectively.

The corresponding constraint force is

λij

⎧⎪⎪⎨
⎪⎪⎩

= 0 when gij > 0 ∪ gij = 0 and ġij > 0

= 0 when gij = 0, ġij = 0 and g̈ij > 0

≥ 0 when gij = 0, ġij = 0 and g̈ij = 0

. (4)

The constraint force is an approximate version of the
tension along the corresponding tether. Generally, when
dynamic equations are solved by numerical integration al-
gorithms, the zero-order item gij and first-order item ġij are
known while the second-order item g̈ij is unknown. If the
constraint belongs to the first case, the solution is obtained
without the unilateral constraint. If it belongs to the latter
two cases, g̈ij and λij must be solved first. (This is discussed
in detail below, where the overall dynamics equations are
derived.)

The interval functions and corresponding constraint
forces of the AMSN can be represented as vectors gC and
λC . The dimensions of both vectors are c.

C. AMSN Dynamics Model

According to modeling assumptions B and C, the MUs
and tether knit points in the net are modeled as mass points.
The Lagrange function of the AMSN includes the kinetic
energy and potential energy of all knit points and control-
lable mass points:

L =
n∑

i=1

mi

[
1

2
RT

i Ri − GM

‖Ri‖
]

(5)
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where G is the universal gravitational constant, M is the
Earth’s mass, mi and Ri are the mass and position of point i
in the ECIF, respectively. All the mi values are kept constant
by ignoring the propellant expenditures of MUs.

The virtual work of nonconventional forces acting on
the AMSN is

δ′W =
n∑

i=1

δRT
i Fi + δgCλC (6)

where Fi is the thrust on the point i. The thrusters are
configured on the MUs, so thrusts of the other points are
zero.

According to the extended Hamilton’s principle∫ t1

t0

(
δL + δ′W

)
dt = 0 (7)

the dynamics model of the AMSN is∫ t1

t0

[
n∑

i=1

miδ

(
1

2
RT

i Ri − GM

‖Ri‖
)

+
n∑

i=1

δRT
i Fi + δgCλC

]
dt = 0. (8)

Equation (8) is difficult to simplify enough to reflect the
AMSN orbit motion. Define the target position in the ECIF
as R0 and the position of point i in the TOF as r i , then

Ri = R0 + r i . (9)

Under modeling assumption A and the C-W equation,
(8) is simplified to

Mr̈N + CṙN + K rN = F +
(

∂ gC

∂ rN

)T

λC (10)

where⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

M = diag (m1, m2, . . . , mn) ⊗ diag (1, 1, 1)
C = diag (m1, m2, . . . , mn) ⊗ M ṙ

K = diag (m1, m2, . . . , mn) ⊗ Mr ,

rN = [
rT

1 , rT
2 , . . . , rT

i , . . . rT
n

]T

F = [
FT

1 , FT
2 , . . . , FT

i , . . . , FT
n

]T

M ṙ =
⎡
⎣ 0 0 −2ω

0 0 0
2ω 0 0

⎤
⎦ , Mr =

⎡
⎣ 0 0 0

0 ω2 0
0 0 −3ω2

⎤
⎦ .

The unelongated tether also has distinct velocity jump
dynamic phenomena. A relevant scenario is depicted in
Fig. 5. At time t−, the distance between point i and point j

reaches the undeformed tether length Lij while the relative
velocity along the tether between the two points is not zero,
and they have a tendency to move away from each other.
The tether becomes taut at time t and the tightening force is
transferred through the tether, which is similar to an impact
process. Due to the high damping of the braided structure
and the stiffness of the tether, at time t+, the two points
have the same velocity along the tether.

Fig. 5. Velocity jump scenarios.

Equation (10) can be integrated with the time interval
[t−, t+] and simplified as follows:

M
(

ṙN |t+ − ṙN |t−
) =

(
∂ gC

∂ rN

)T

�C (11)

where �C is the integration of λC over [t−, t+].
Given the interval function vector of tethers has the

velocity jump gCT , then

ġCT

∣∣
t+ = 0. (12)

Solving (11) and (12) together yields the velocity vector
at time t+.

Compared to the bead model, the main difference in this
model is that the tether is assumed to be unelongated and
the velocity jump is used to describe the elongation trend.
This is similar to the collision of two bodies, in which it
is typically assumed that the bodies are rigid. The tensile
strength of the space tether is extremely high. The Young’s
modulus of steel, copper, and aluminum is 200, 110, and
69 GPa, respectively. The Young’s modulus of the tether,
by contrast, is more than 130 GPa. Generally, the tether
tension is less than 10 N . The actual elongation length is
less than 0.08 mm, which is ignored here.

D. Numerical Treatment

In numerical treatment, the problem is to solve λC . As
shown in (4), if gij = 0 and ġij = 0, λij should be calculated
first. All the items in interval function vector gC , which
satisfies gij = 0 and ġij = 0, are taken out and represented
as ḡC . The corresponding constraint force vector is λ̄C .
Constraint forces (except λ̄C in λC) are zero:{

gC = MR ḡC

λC = MRλ̄C

(13)

where MR is the transformation matrix, which is composed
of 0 and 1.

The second derivative of ḡC is calculated as follows:

¨̄gC = ∂ ḡC

∂ rN

r̈N + ∂2 ḡC

∂ r2
N

ṙN · ṙN. (14)

Inserting (10) and (13) into (14) yields

¨̄gC = Aλ̄C + B (15)
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Fig. 6. Controller structure.

where

A = ∂ ḡC

∂ rN

M−1

(
∂ gC

∂ rN

)T

MR

B = ∂ ḡC

∂ rN

M−1 (F − CṙN − K rN ) + ∂2 ḡC

∂ r2
N

ṙN · ṙN.

Considering the constraints conformed by ḡC , the con-
straint forces are solved as follows:⎧⎪⎨

⎪⎩
ḡC = 0, ˙̄gC = 0
¨̄gC = Aλ̄C + B

¨̄gT
C λ̄C = 0, ¨̄gC ≥ 0, λ̄C ≥ 0

. (16)

This is a typical linear complementarity problem. It can
be solved using the Lemke algorithm [35].

With a time t and an integral step �t , the step-wise
model solution process of the AMSN is as follows:

1) At time t , the interval functions of all connecting tethers
in Ec are calculated and ḡC is separated.

2) The corresponding λ̄C is calculated by solving (16).
3) r̈N is calculated by

r̈N = M−1
[

F +
(∂ gC

∂ rN

)T

λC − CṙN − K rN

]
.

4) The Runge Kutta method is used to calculate rN and ṙN

of the time (t + �t).
5) The velocity jump is probed: If it exists, the actual ve-

locity vector of time (t + �t) is calculated by solving
(11) and (12).

6) Return to Step 1 and solve the dynamic states of the next
integral time.

III. AMSN APPROACH CONTROL

The net shape, which is controlled by the MUs, is crucial
in regards to target capture. The implicit λC with respect
to rN and ṙN is a problematic aspect of controller design.
Here, a dual-loop controller is designed with all measurable
vertex states by referring to the contact control of rigid
robots. The controller structure is shown in Fig. 6. The inner
loop is a double optimization pseudo-dynamic inversion
controller and the outer loop is a sliding mode controller.
The positions, velocities, and accelerations of MUs are rC ,

ṙC , and r̈C , respectively. The trajectory instructions are r∗
C

and velocity instructions and acceleration instructions are
ṙ∗

C and r̈∗
C , respectively. FC is the actual control vector

consisting of MU thrusts. By the transformation matrix
MF , F = MF FC .

A. Pseudo-Dynamic Inversion Controller

The goal of the Moor–Penrose pseudo-inverse method
is to search for a solution with minimal error. To this effect,
an inverse dynamics problem can be transformed into an
optimization problem. The goal of optimization is to solve
the control force and the acceleration which conform to the
dynamics constraints while minimizing the error between
the actual and expected accelerations.

Due to interval functions and corresponding constraint
forces, it is difficult to convert the dynamics inversion to
a traditional optimization problem. A double optimization
pseudo-dynamics inversion controller is proposed to re-
solve this problem.

First, the virtual control variable T converts the problem
to the traditional dynamic inversion:

T = F +
(

∂ gC

∂ rN

)T

λC. (17)

Then, the dynamic inversion problem is converted to an
optimization problem:⎧⎪⎨

⎪⎩
min J = 1

2

(
r̈C − r̈∗∗

C

)T (
r̈C − r̈∗∗

C

)
Constraint I: Mr̈N + CṙN + K rN = T

Constraint II: ¨̄gC ≥ 0

(18)

where ḡC includes all interval functions with corresponding
constraint forces that satisfy the last two cases described in
(4).

Next, actual control variables are optimized by the vir-
tual control variable T . The goal of this optimization is to
ensure minimum fuel consumption:⎧⎪⎪⎪⎨

⎪⎪⎪⎩
min J = 1

2 FT
C FC

Constraint I: MF FC +
(

∂ gN

∂ rN

)T

λN = T

Constraint II: λN ≥ 0

. (19)
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The optimizations represented by (18) and (19) are both
convex optimizations, so they can be readily solved math-
ematically. For example, the optimization problem can be
transformed into a sequential quadratic programming prob-
lem and solved via an interior-reflective Newton method
[36].

B. Sliding Mode Controller

An outer loop controller is necessary given the devia-
tion between the pseudo-inverse model and actual inverse
model. A sliding model controller is used here for this
purpose. After the pseudo-inverse controller, the system
dynamics model is written as follows:

Ẋ = AX + Bu (20)

where

X = [
rC ṙC

]T
, A =

[
0 I
0 0

]
, B = [

0 I
]T

.

Given the control instruction XD , the tracking error is
Xe = XD − X . The integral-type sliding mode surface is
designed [37]

s = C

[
Xe −

∫ t

0
(A + B K )Xedt

]
(21)

where K is the state feedback gain matrix and C is a matrix
composed of all positive numbers.

The sliding mode controller is

u = B+(ẊD − AXD) − K (XD − X) + f sgn(s) (22)

where B+ is the Moore–Penrose pseudo-inverse of the ma-
trix B and f is a positive coefficient.

The stability is expressed as follows:

sṡ = s[C(ẊD − Ẋ) − C(A + BK)(XD − X)]

= s[C(ẊD − AX − Bu) − C(A + B K )(XD − X)]

= −CBf s sgn(s)

= −CBf |s| ≤ 0.

Thus, the asymptotically stable system meets the slid-
ing condition. Besides, the saturation function is used to
replace the sign function for inhibiting the vibration of slid-
ing surface:

sat(si, ε) =
⎧⎨
⎩

1 si > ε

si/ε −ε ≤ si ≤ ε

−1 si < −ε

(23)

where ε is a small positive number.

IV. NUMERICAL EXAMPLES

The proposed control scheme and equations derived
above are verified through a series of simulations. The struc-
ture and generalized coordinates are shown in Figs. 3 and 4.
The orbital angle velocity of the target is 0.0011 rad/s, the
line density of the tether is 4.5 g/m, and the mass of MU1–
MU5 is 10 kg.

Fig. 7. Approaching the target in Example 1.

Fig. 8. Velocities of MUs in Example 1.

Fig. 9. Approaching the target in Example 2.

A. Approaching the Target in a Noncontrolled Manner

EXAMPLE 1 The strains of the AMSN tethers are zero. The
initial positions of MUs are⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

r1 =
[
−700 + 50

√
2 0 50

√
2
]T

m

r2 =
[
−700 + 50

√
2 50

√
2 0

]T
m

r3 =
[
−700 + 50

√
2 0 −50

√
2
]T

m

r4 =
[
−700 + 50

√
2 −50

√
2 0

]T
m

r5 = [−700 0 0]Tm

.

The initial velocities of MUs in the TOF are
[1, 0, 0]Tm/s. Initial velocities of the other tether knit
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Fig. 10. Velocities of MUs in Example 2.

Fig. 11. Controlled motion in Example 3.

Fig. 12. Velocities of MUs in Example 3.

points are [0, 0, 0]T m/s, and the position of target debris is
[ 0 0 0 ]T m.

The target approach process without control is shown
in Figs. 7 and 8. The AMSN approaches the target along
the TOF x-axis, and during a 500 s flight, MUs 1–5 fly
about 432.81, 439.61, 443.63, 439.71, and 400.61 m along
the x-axis and about –250.09, –245.72, –240.59, –245.65,
and –265.74 m along the z-axis. MU 2 and MU 4 fly about
–37.94 and 37.97 m along the y-axis, respectively. The net
shrinks in the x–y plane view. At 0, 250, and 500 s, the
distances between MU 2 and MU 4 is about 141.42, 99.75,
and 65.52 m. The areas of the net mouth are 5924.3 m2 at
250 s and 4336.0 m2 at 500 s. The surrounding knit points
make an “M” shape at the net bottom.

The net falls rapidly in the x–z plane view at a rate
which increases with flight time. The MU velocities are
shown in Fig. 8. In MU 5, for example, the velocity changes
from [1, 0, 0]T to [0.4136, 0, −1.0075]T m/s. The AMSN
shrinks and falls due to the Coriolis force.

Fig. 13. Terminal shape in Example 3.

Fig. 14. Controlled motion in Example 4.

EXAMPLE 2 The strains of the AMSN tethers are zero. The
initial positions of MUs are⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

r1 =
[
−250 + 50

√
2 0 50

√
2
]T

m

r2 =
[
−250 + 50

√
2 50

√
2 0

]T
m

r3 =
[
−250 + 50

√
2 0 −50

√
2
]T

m

r4 =
[
−250 + 50

√
2 −50

√
2 0

]T
m

r5 = [−250 0 0]Tm

.
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Fig. 15. Velocities of MUs in Example 4.

The initial velocities of MUs in TOF are [1, 0, 0]T m/s.
Initial velocities of the other tether knit points are
[0, 0, 0]T m/s and the position of the target debris is
[ 0 0 0 ]T m. To simulate the impact of the net and the unde-
sirable debris, an [−10, −10, −10]T Ns impulse is imposed
on the tether knit point P10 at t = 5 s.

The target approach process without control is shown
in Figs. 9 and 10. The velocity of P10 increases due to
the impact of the debris while other tether knit points such
as P5, P11, and P17 increase in velocity due to the tether
tension. However, for the tether tensions are non-negative,
some tether knit points (e.g., P1, P2, P3, and P4) cannot
gain extra velocity. This is what forces the net into chaos
and makes it fail to capture the target.

These examples demonstrate that the space net is sensi-
tive to initial conditions and external disturbances. Trajec-
tory control and shape maintenance methods are required
to ensure successful target capture.

B. Approaching the Target Under the Controller

EXAMPLE 3 Due to the constrained MU thrusts, the ac-
tuator saturations in these examples are [−0.3 N, 0.3 N].
The initial states are the same as Example 1. Selecting con-
troller parameters in this example as K = −0.03[I15, 5I15],
C = 115×30, and f = 0.1. The ideal controlled motion is
shown in Fig. 11. Under the controller, the AMSN ap-
proaches the target along the TOF x-axis. Motions along
the y-axis and z-axis approximate to zero. Take MU 5 as
an example, its position is changed from [−1000, 0, 0]T

to [−400.19, 0.13, −0.02]T m while the net shape is ef-
fectively maintained. The distance between MUs 1 and 3
changes from 141.42 to 141.27 m while the distance be-
tween MUs 2 and 4 changes from 141.42 to 141.48 m. By
contrast to 10 000 m2 at 0 s, the area of the net mouth is
about 9989.0 m2 at 600 s.

The MU velocities are shown in Fig. 12. The maximum
velocity change is still below 0.05 m/s, suggesting that
the controller can effectively overcome Coriolis force. The
net also exhibits only slight deformation even though the
knit points are uncontrolled. The terminal shape of this
simulation is shown in Fig. 13.

EXAMPLE 4 An extra impulse is added to simulate the
impact of the net and the undesirable debris under the same
initial states as Example 2. The controlled motion is shown

Fig. 16. Terminal shape in Example 4.

Fig. 17. Radial maneuver of AMSN.

in Fig. 14. The AMSN approaches the target along the x-
axis in the TOF, while motions along the y-axis and z-axis
approximate to zero. The net shape varies considerably due
to the extra impulse but does regress to its initial shape
under the controller, which validates the effectiveness of
the controller.

The MU velocities in this example, as shown in Fig.
15, tend toward stabilization with maximal changes less
than 0.8 m/s. The terminal shape, as shown in Fig. 16, is
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Fig. 18. MU maneuver velocities.

Fig. 19. Terminal shape in Example 5.

similar to the shape shown in Fig. 14. By contrast to 10 000
m2 at 0 s, the area of the net mouth is about 9980.0 m2 at
150 s. The net shape under the controller proposed by Huang
in [27], by contrast, goes into chaos because the controller
necessitates large thrust and the thrust is constrained in our
example.

EXAMPLE 5 Due to the short flying time of the AMSN,
orbit perturbations are very small. However, there are still
other model errors necessary to consider, such as launch
synchronization, measurement errors, and thrust errors. In
this example, the initial velocities of MU1 and MU2 have
−5% and 5% deviations, respectively. Measurement errors
are random and the bound is assumed to be [−5 cm, 5 cm],
which is much larger than the actual elongation length of
the tether. The thrust errors of every MU are also random
and the max deviation is 5%.

In addition, given the AMSN needs a radial maneuver in
the approach phase, an ideal radial maneuvering trajectory
is established first. Broken black lines in Figs. 17 and 18
indicate instruction trajectories and velocities. Simulations
are then conducted to verify the controller’s effectiveness.
Under the controller, the AMSN performs the designed
radial maneuver while the net maintains its shape. In other
words, net deformation and orbital radial movement are
suppressed by the controller. Fig. 19 shows the terminal
shape, which is again similar to the shape shown in Fig. 13.

By contrast to 10 000 m2 at 0 s, the area of the net mouth is
about 9990.0 m2 at 200 s.

V. CONCLUSION

The necessity for removing undesirable space debris has
made noncooperative target capture technology an increas-
ingly popular research objective in recent years. Compared
to rigid space robots, the AMSN converts the point-to-point
capture to a surface-to-point capture, which is better suited
to noncooperative capture. A novel dynamics model based
on the Hamilton principle is derived above for the complex
rigid-flexible coupling system. The AMSN is described as
an undirected graph and adjacency matrix. Interval func-
tions and corresponding constraint forces are used to model
the unilateral constraint tethers, while the velocity jump
model is obtained by integrating the dynamic equations
over an infinitesimal period. A corresponding dual-loop
control scheme is designed in which the inner loop is a
double optimization pseudo-dynamic inversion controller
and the outer loop is a traditional sliding mode controller.
Simulation results indicated that the controller is effective
in overcoming Coriolis force while preventing net deforma-
tion and orbital radial movements. Besides, the controller’s
robustness is also validated in the simulation. Under ini-
tial state errors, measurement errors, and thrust errors, the
net can fly along the expected trajectory without losing its
shape.

In the future study, the dynamics and control scheme in
the actual capture of rotating space debris will be investi-
gated.
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