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Similar to a space flying net, the capture field of the space netted pocket system is large and it
can be applied to capture space non-cooperative targets flexibly. To maintain the stability of the space netted
pocket system, eight inflatable rods are used as the supporting structure of the net surface. In this paper, a space
netted pocket system is designed and modeled. Based on ANCF (absolute nodal coordinate formulation), a
dynamic model of the complex space rope net system is established, and then an accurate model of closing rope
considering the variable length is derived by introducing mass flow element. A double closed-loop sliding control
method is designed to maintain the stable attitude of the service spacecraft. An extended observer is applied to
estimate and compensate for the disturbances due to the uncertainty of the contact and flexibility in the system.
Finally, the dynamic model and control method is verified through the simulation of the virtual prototype. Results
show that the service spacecraft can maintain the attitude stability during target captured process and can track
the desired angle during attitude maneuver. The flexible deformation and collision cause great disturbance to the
service spacecraft, and the extended observer can improve the control accuracy from 1073 to 1074,

In recent years, with the increase of human space activi-
ties, threats to space activities from space debris are wors-
ening (Barmin et al., 2014; Chen, 2011). The contact capture
method is a simple and feasible way to capture space debris.
There are mainly two types of contact capture: rigid capture
and flexible capture (Nishida and Kawamoto, 2011; Shan et
al., 2016). Like space manipulator and capture claw, the rigid
capture methods will inevitably cause collision between the
capture target and operation platform. Therefore, the rigid
capture methods are more complicated and require high con-
trol accuracy. The space net as a typical flexible acquisition
method is more lightweight and simple (Zhang et al., 2017).
The capture domain of the space net is larger, which can re-
duce the control accuracy requirements and reduce the cost.
Therefore, the space net is an active space debris removal
method with broad application prospects.

The space fly net launches a flexible rope net to cover the
space debris in a large envelope and drags space debris to the

atmosphere burned or grave orbit. In recent years, a lot of
theoretical and experimental researches has been carried out
around the space fly net. In terms of large-scale experiments,
RemoveDEBRIS project has now completed the first space
rope net capture test in orbit (Forshaw et al., 2016, 2017) and
e.Deorbit project has carried out parabolic flight test (Bies-
broek et al., 2017). At the same time, many theories about
space net dynamics modeling, space net deployment control,
space net capture performance analysis and space net struc-
ture optimization design are deeply researched (Bonnal et al.,
2013; Ming et al., 2017; Xu et al., 2019). However, it is dif-
ficult for the fly net system to maintain the net shape fully
deployed for a long time. And the capture success rate will
be reduced due to the space fly net hardly maintaining the net
shape for a long time. Some scholars have proposed the mo-
torized fly net to control the net shape (Huang et al., 2015;
Meng et al., 2017), but multiple motorized devices around
the net will greatly increase the complexity and cost of the
system. The space rope netted pocket capture mechanism de-
scribed in this paper can inherit the advantages of lightness
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Space netted pocket capture mechanism.

and simplicity. Furthermore, the inflatable rods in the system
can maintain the net shape for a long time, which can im-
prove the success rate of capture. The rope net surface of the
netted pocket capture mechanism in Fig. 1 is supported in
an umbrella-like shape by eight flexible rods. First, the ser-
vice spacecraft approaches the captured target until the target
enters the net. Second, the closing devices at the end of in-
flatable rods are tightened to complete the closing. Finally,
with attitude maneuver of the service spacecraft, the space
netted pocket drags the captured target to change orbit.

Due to the strong nonlinearity dynamics of the net and the
large uncertainty of the target, the precise control of the rope
net spacecraft is more difficult. The traditional PD (propor-
tional differential) controller can hardly meet the accuracy
requirements of the mission. For the stability control of teth-
ered satellites, Huang et al. considered the effect of the flex-
ibility of rope, and designed an adaptive control method to
achieve attitude stability control of combinations with un-
known parameters (Huang et al., 2016); Wei et al. (2019)
designed a spacecraft attitude stability ADRC (active distur-
bance rejection control) controller which can estimate and
compensate uncertainties of system parameters in real time
(Wei et al., 2019).

However, the current research generally only focuses on
the attitude control during capture or maneuver, and the pro-
cess of capture and maneuver is not continuous. Moreover,
the dynamic model and simulation prototype for controller
verification is imperfect, which cannot simulate the nonlinear
properties and contact collision of the rope accurately. So, it
is untrue to verify controllers using the imperfect dynamic
model for the space netted pocket system.

To solve these problems, this paper designs an extended
observer to compensate the uncertainty and disturbance of
the model based on the principle of active disturbance re-
jection control (ADRC). Combined with the robust sliding
mode control method, the attitude controller of the service
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spacecraft is constructed. At the same time, a complex dy-
namic model of the net pocket system is established based on
the dynamic theories such as variable flexible cable, ANCF
(absolute nodal coordinate formulation) and collision theory.
The closed-loop simulation of dynamics and control can be
completed through the virtual simulation prototype.

As shown in Fig. 2, the netted pocket system consists of eight
flexible support inflatable rods, which are connected by rope
net. The inflatable rods are evenly distributed in a positive
octagonal shape, with a single rod diameter of 0.1 m. The
rope-retracting mechanism at the end of each rod pulls the
rope to close the net. The size and braided shape of the sin-
gle net piece between support rods are designed as shown
in Fig. 3. The upper part of the square rope net is 14 x 12
(row x column) configuration and the lower part of the trian-
gular rope net is 10 x 12 (row x column) configuration. The
maximum diameter of the net pocket is 15.12 m and the max-
imum depth is 12 m.

A rope retractor is installed at the end of each inflatable rod,
and the diameter of the opened net is adjusted by controlling
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the length of the closing rope. Due to the rope retractor, the
system structure is complex, and it is difficult to simulate
the ropes inside and outside the retractor at the same time.
In this case, the simulation takes a long time, and the rope
inside the retractor has little impact on the rope net capture
system. Therefore, in order to simplify the dynamic model
of the rope net capture device and improve the simulation
speed, this paper establishes the dynamic model of closing
ropes based on the ANCF flexible cable dynamics model.
Using v; as the mass flow velocity at the element boundary
node, the variable length flexible cable element model of the
closing rope is established in Fig. 4.

Based on ANCEF, the generalized coordinates of flexible
cable element /¢ can be expressed as

lg=[7q, ‘q, ]
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where /rT(0) and /rT(L) are the position vector of nodes
at both ends of the element; and /r[(0) and /r[ (L) are the
gradient vector nodes at both ends of the element. And the
position vector /r(I) of any node on the central axis of the
element can be written as

Iry=SW)’q ()
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where S(/) is the shape function; £ can be written as follows:

fy=2O-LO @

L)
The length of the rope element L(¢) and the position of the
particle /(¢) are time variables, so the variable length element
shape function S(/, ¢) is a function of time. Then the velocity
and acceleration of any point are expressed as

TF1,0 =SSN0 +S1)7q (1) (5)
¥, r):sa)fei(r)+zs<l>fq<r>+s<l>fq(r> (6)
S=%E S=aBP+GE. )

In the case of varying element length, the Lagrange method
is no longer applicable with the assumption of the mass flow
at the boundary. The dynamical equations are derived using
D’ Alembert’s principle, which states that the sum of virtual
work done by inertial force and acting force on any virtual
displacement is 0.

Zi (F; —m#;)-8r; = 0. (8)

dr; is the particle i in any moment to meet the constraints
of the virtual displacement. The force on the rope element
can be decomposed into elastic force Fg and external force
F, then the dynamics equation of the cable element can be
written as

L)
/ 5/ rT (Ff + Fp— p-/f) dl =0. 9)
0(t)

Considering only the axial and bending deformation of the
cable, the expression of the virtual work of each part can be
written as
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where / SéK are axial strain and curvature, and E is elasticity
modulus. A is the cross-sectional area and J is the moment
of inertia of the flexible cable element. c is the damping co-
efficient and 3¢ di L(')

Comblmng Eqs (10) (11) and (12), the dynamic equation
of the variable flexible cable element can be written as

ijij+jM{;q+jMéq+jQ=0, (13)



where

1 1
. L(t . L(t .
M= %/,oSTSdfva = %/,oSTSdEJMq

-1 -1
1
_ % / STSde (14)
—1
Q=7Q:+7Q}Q.
L)y [ ({7
t &0 . .
—1

0N L e
+ <W> EJ( P K)>ds (15)

1
Qs = _¥/5deg. (16)
-1

Considering a long cable with N — 1 flexible elements, only
the lengths of the flexible elements at the ends can be var-
ied, while the lengths of the other elements remain constant.
The equation for a variable length cable can be obtained by
combining the dynamic equations of all the elements.

Mg +Q=0, a7

where g represents the generalized coordinates of the sys-
tem, consisting of the generalized coordinates of each node.
M and Q represent the relative generalized mass matrix and
generalized forces of the cable.

In Gerstmayr and Shabana (2006), the ANCF equations for
the dynamics of the space rope netted system can be ex-
pressed as

M +Clr= 0, + 0,
{ C=0 ’ (19

where M is the mass matrix, ¢ is the generalized coordinates,
Q. generalized force vector, C is constraint equation, Q; =

oq
also be obtained by taking v; = 0 from the variable length
flexible cable model.

T
<3—U> and U is strain energy. The details in Eq. (17) can

According to the Hertz contact model, the contact force at
the collision point consists of the normal collision force F,
and the tangential friction force F,.

F=F,+F,. (19)

Using the nonlinear spring damping model, the normal colli-
sion force is calculated as

F, =k,6,n — gyvy, (20)

where n is the normal unit vector and v is the normal relative
velocity. The expressions of k, and g, are as follows:

4 5
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where reft is the radius of curvature of the contact point, 111
and m> are the mass of the contact pair, E is the elastic mod-
ulus of the material, and other unknown quantities are as fol-
lows:

B = In(regr) /y/ [In(reg)]* + 728,
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Coulomb friction is used in the tangential direction as fol-
lows:

Fi = p(lo)Fy, (23)

where u is the coefficient of friction, which is determined by
the tangential relative velocity vy.

In the process of catching and towing target, the cable ele-
ment collides with the target. Based on the principle of virtual
work, the contact force can be transformed to a generalized
nodal force.

The attitude Euler angle of the service spacecraft can be se-
lectedas@ =[ y ¢ ¢ ]7, then the spacecraft attitude dy-
namic equation can be written as

Iew=—-Qlew—d; +M;
{ 6 = R(O)w 24
1 tang¢gsiny tangcosy
RO =]| O cosy —siny , (25)
0 siny cosy
cos ¢ cos ¢

where M. is the control torque of the service spacecraft. I €
R3*3 is the rotational inertia of the service spacecraft and
® is the angular velocity of the service spacecraft. d is the
system uncertainty terms such as the interference generated
by the mutual collision and the large deformation of flexible
netted pocket. € is the skew—symmetric matrix of the form
as follows:

0 —w; —wy

Q= w; 0 —wy |. (26)
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In this paper, the spacecraft attitude controller uses an ex-
tended observer to estimate d;, and a two-loop sliding mode
control method to design the attitude control torque M,
which can ensure the service spacecraft attitude 6 tracking
the desired attitude angle 64. The outer-loop sliding mode
control law calculates the attitude angular velocity wq and
transmits wq to the inner loop; the inner-loop sliding mode
control law tracks the attitude angle wq. The entire two-loop
control system is shown in Fig. 5.

Based on Eq. (23), the system state equation can be written
as

6 =—17'QLo+ROI; M. +d
=RO)I;'d; +RO)o. @7

Referring to Freidovich and Khalil (2008), the spacecraft at-
titude extended observer is designed as

Y =y2+o§—1(9—3’1)
J» =33+ RO 'u

RO 'QLw+ 2 0—3))
y3=53(0-31),

(28)

where ¥ is the state estimation of @, J, is the state estimation
of 6 and y; is the state estimation of d. § is taken as follows:

3
1 { 100t 29)

5 ] 100

The integral sliding mode (Liu and Wang, 2011) is adopted to
realize the sliding mode surface design. Taking eg = 0, — ¥,
the sliding mode surface of the outer loop can be written as
follows:

t

sy =¢e9+Ky / eqdr, (30)
0

where Ky, > 0 is 3 x 3 diagonal matrix.

The derivation of Eq. (29) can be obtained as follows:

Sw==¢€p+ Kyep =éd—é+Kwee
=0, —R(O)wg + RO, + Ky ep, 31)

where w, = w; — y2 and outer loop control law is
@a =R (0)04+ Kueo) +R ™' O)pusu, (32)

where p, > 0. Taking Lyapunov function V,, = %sgsw
(Pham et al., 2019), it can be proved that

Vw = —,0w||Sw||2+sg)R(9)we, (33)

when the inner loop converges quickly and w, is sufficiently
small. There is V,, < and the error ey is asymptotically sta-
ble.

The sliding surface of the inner loop is designed as
t
Sp = W, +Kn[a)edt, (34)
0

where K, > 0 is 3 x 3 diagonal matrix. The derivation of
Eq. (33) can be obtained as follows:

$n = e+ Ky, = 04+ (Qew+d, —Mo) + K, 0. (35)
The control law of the inner loop is designed as

M. =ROI;'QLw+ IR (0) (@,
+ K@, — y3 + ppsat(s,) + Asy,) , (36)

A

where p, > max|d ()|, A = > 0. To further elim-

A
inate the “chattering”, the saturation function sat(s) is used
as the switching function.

Taking Lyapunov function, V,, = %sZICs n, it can be proved
(Slotine and Sastry, 1983) that

Va=—pn ) _lsal=spd = Aispll> < =Alsu|* < =V, 37)

The Eq. (36) proves that V), is exponential convergence.

This paper utilizes the multi-body dynamic simulation soft-
ware (MBDyn) developed by the author’s laboratory to per-
form dynamic simulation. The dynamic parameters of the
service spacecraft and captured target are in Table 1.

The material parameters of the inflatable deployment rod
and rope net are in Table 2.
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Figure 6. Capturing and attitude maneuver process.

Table 1. The dynamic parameters of the service spacecraft and cap-
tured target.

Parameter name  Service spacecraft  Captured target
Mass (kg) 1210 200
I (kgm?) 4282 1210
Iy (kgm?) 12736 1210
I (kgm?) 14498 1210

Table 2. The material parameters of the inflatable deployment rod
and rope net.

Parameter name Nets Inflatable rods
Diameter (m) 0.004 0.01
Density (kgm™3) 1430 164
Poisson ratio 0.3 0.3
Modulus of elasticity (GPa) 12 0.75

4.1 Service spacecraft attitude maneuvering process
simulation

The process of the service spacecraft capture target and atti-
tude maneuver is designed as follows: 0-20s is the process
of net retraction during which the service spacecraft remains
stationary; 20-60s is the process of service spacecraft atti-
tude maneuvering 90° around x axis; and 60-100s is the pro-
cess of service spacecraft attitude maintenance. In order to
ensure the smooth and continuous motion process, the rope
retrieval length in the 0-20s and the spacecraft attitude ma-
neuvering in 20-60s are planned using the 5 times interpo-
lation, and then the angular velocity and angular acceleration
are 0 at 20 and 60 s can be determined.

Mech. Sci., 13, 751-760, 2022

Set the parameters of the sliding mode controller k,, =1,
k, =10, p, =0.01, the parameters in the saturation func-
tion A = 0.5, and the parameters of the expansion observer
R = 100. The dynamics and control closed-loop simulation
of the attitude maneuvering process is performed, and the
calculation results are in Fig. 6.

The estimates of the attitude motion state and disturbance
by the expansion observer are shown in Fig. 8. Comparing
Figs. 8 and 7, it can be seen that the estimates of the observer
are consistent with the motion process, which illustrates the
validity of the observations.

As shown in Fig. 9, compared with ordinary sliding mode
control, the error of extended observer controller is reduced
by 1 order of magnitude. Therefore, the control accuracy of
the double-loop sliding mode attitude controller based on
the extended observer is significantly higher than the ordi-
nary sliding mode control. It indicates that the extended ob-
server compensates the disturbance effectively, and the ser-
vice spacecraft attitude controller designed in this paper can
meet the stability requirements of the attitude maneuvering
process.

As shown in Fig. 10, the net is a centrosymmetric struc-
ture and the initial state of target is located in the center, so
the control torque M, in each direction is small during O to
20 s. Due to the collision increases at 20 and 60 s, the control
torque Mc_, M., produces buffeting. And during 20 to 60s,
the service spacecraft attitude maneuvers around the x axis,
so the control torque M, is much higher than M., Mc_. The
flexible structure of the system generates certain perturba-
tions. So, in the attitude holding process after 60 s, the con-
trol torque curve still fluctuates until the system stabilizes.

It can be seen from the collision force curve in Fig. 11a
that the collision force between the capture target and the
rope net is mainly concentrated in the y direction. During

https://doi.org/10.5194/ms-13-751-2022



1.
0. 081 X
L -y
L 0. 06 z
L @
- =
£0 B 0.041
D (. <
D
0. 0.02-
0.
0. 0.001 —————
-0.2 : ; , : , : : . , ‘
0 20 40 60 80 100 0 20 40 60 80 100
Times/s Times/s
(a) service spacecraft position vector & (b) service spacecraft velocity @
Service spacecraft attitude motion state.
161 ---x A 0.081 - - x
.44 /vy / N - v
] 4 /I Qq 5 // \ Sz
= 1.2 . 30.06 ; \
5 1.0 , g , \
2 , s / \
5 0.8 S 0.04 \
k=l / g h '
5 0.6 , 2 | \
A 0.4 / A 0.024 / \
0.2 / / \
/7 1 \
0.0 < 0.00 A
-0.2 : : : ; ; : . ; ; ,
20 40 60 80 100 0 20 40 60 80 100
Times/s . Times/s .
(a) Observer output ), (b) Observer output p,
0.087
0.06 N - Tox
I 7
. 0.044 P -z
2 0. 02 / |
1 4
8™ / \
g 0.00 Y
- T T
E v
£ 0.021 L
A i
0. 04+ !
\/
0. 061
-0.08 . : ; ; :
0 20 40 60 80 100
Times/s

(c) Observer output j73

Attitude extended observer results.

0 to 155, tensile force of closing rope is mainly caused by
the bending of the inflatable rod, and the value is small as
shown in Fig. 11b. During 15 to 20s, the collision force is
large, so the tensile force of closing rope is also with large
step. As shown in Fig. 11b, the tension force of the clos-
ing rope tends to be stable and non-zero after 20 s, indicating
that the rope net is tightly wrapped in the target and there
is no relative movement between them. It can also be seen
from the collision force curve that the close wrapping of the
rope net around the target significantly reduces the collision

in the maneuvering process. Thus, the interference is further
reduced, and the control torque of spacecraft is facilitated as
shown in Fig. 10.

In this paper, the dynamics and stability control of the space
net pocket capture and towing process are studied, and the
following conclusions are obtained.
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1. The dynamic model of the space netted pocket capture
system is carried out. Based on the ANCF method, the
dynamic model of the space rope system can respond to
the large deformation properties of the catching mecha-
nism. Based on the dynamic model of the closing rope
established from the ANCF flexible cable theory, the
simulation of the non-cooperative target capture process
is realized, and the dynamic response of the closing rope
recovery can be analyzed.

2. A sliding mode controller based on the extended ob-
server is designed with reference to the service space-
craft dynamic equations. Only the attitude of the space-
craft is needed to complete the maneuver control, as the
extended observer can observe the velocity angular ve-
locity of the spacecraft. Moreover, based on spacecraft
attitude extended observer, the sliding mode controller
can ensure the high accuracy and stable attitude control
of the service spacecraft.

3. Closed-loop dynamics and control simulations are per-
formed for the capture and towing process of the ser-
vice spacecraft. The simulation results can reflect the
large deformation of the net pocket and the contact col-
lision between the net pocket and the target during the
capture and towing process. The closed-loop simulation
results verify that the control accuracy is improved by 1
order of magnitude under the interference compensation
of the expansion observer, which is beneficial for realiz-
ing the stable attitude control of service spacecrafts with
large deformation structure.

The simulation software is jointly developed
with a third party. The other party is for commercial purposes and
does not want the software code to be disclosed.

In this paper, the simulation conditions and rel-
evant parameter data are listed in Tables 1 and 2. And the effective
data results are shown by curves in Figs. 7-11.
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