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SUMMARY
This paper presents a novel scheme for achieving attitude control of a tumbling combination
system in the post-capture phase of a tethered space robot (TSR). Given the combination rotation
characteristics, tether force is applied to provide greater control torques for stabilising the
attitude. The proposed control scheme involves two attitude controllers, which coordinate the
controller of the tether force and thruster force and the controller of single thruster force. The
numerical simulations include a comparison between this coordinated control and the traditional
thruster control and a sensitivity analysis on initial values of parameters. Simulation results
validate the feasibility of the attitude control scheme for a tumbling combination system, and
fuel consumption of the attitude control is efficiently reduced using the coordinated control strategies.

KEYWORDS: Tethered space robot; Post-capture; Combination system attitude control; Coordinated
control; Switching control.

1. Introduction
Tethered Space Robot (TSR) systems consist of a gripper, a space tether and a space platform (Fig. 1)
for future use in on-orbit services, including on-orbit maintenance, on-orbit refuelling, auxiliary orbit
transfer and space debris removal.1–3 Many problems may arise during the different phases of a TSR
capture mission, which is typically divided into the deployment, approach, capture and post-capture
phases. Research into the issues of deployment and capture control can be found in the literature.4–8

The attitude control of a tethered system in space has received extensive attention with several
papers published on the subject in recent years. Nohmi9–11 investigated the arm link to control the
TSR’s attitude during the deployment phase, and a microgravity experiment was conducted to validate
the feasibility of this scheme. Godard and Kumar12 designed a nonlinear optimal controller using an
inverse optimal technique to control the attitude of a satellite via tether-offset variations. The attitude
of the mother satellite is controlled by four tethers, which are connected with the sub-satellite as
described in the literature.13 Beda14 investigated how the attitude dynamics of a tethered satellite
can be controlled for eccentric orbits by simply using the feedback of a pitch angle. The tether
tension/length control law was designed to control the attitude of a tethered satellite formation as
described in the literature.15 Chang et al.16 analysed the attitude dynamics and control of a three-
inline tethered satellite flying formation, and the state-dependent Riccati equation controller was
used to regulate attitude errors. Menon and Bombardelli17 proposed a method to control the position
and attitude of two tethered units using two passive dampers placed at the tether attachment point.
Bergamaschi and Bonon18 studied the coupling between the tether taut string vibrations and the
satellite attitude motion.
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Fig. 1. TSR system.

The capture and post-capture control of a traditional space robot has been studied by many
researchers. Yoshida et al.19 proposed a possible control sequence that included the bias momentum
approach during the approaching phase, the impedance control during the impact phase and the
distributed momentum control during the post-impact phase for a successful capturing operation.
Flores-Abad and Ma20 proposed an optimal control strategy for a space manipulator to provide
minimal impact to the base satellite during a capturing operation. Liu et al.21 derived an impact model
to simulate the post-impact dynamics of the entire system and designed a proportional derivative (PD)
controller to maintain the stabilisation of the robot system after the capture of the object. Chau et al.22

presented a trajectory generation algorithm for a space manipulator after capturing an uncooperative
tumbling target. Aghili23,24 focused on controlling the space manipulator in the post-capture phase to
bring a tumbling satellite to rest. Xu et al.25 proposed a method for berthing a target and re-orientating
the base using manipulator motion only after the capture.

In addition, Nakamura et al.26 investigated the collaborative control of the tension and thruster
primarily during the approach phase to the target. Spencer et al.27 compared the dynamics and control
of a space robot subjected to a tether tension force with those for a free-floating space robot.

After a target is captured by a TSR, the gripper and target form a new combination system.
The dynamic characteristics of the combination system differ from those of a TSR in its
deployment, approach or capture phase. Due to the presence of the space tether, the post-capture
dynamic characteristics of the combination system can be distinguished from the aforementioned
characteristics of a traditional space robot. The collision during the capture and the original target
rotation lead to the tumbling of the combination, which could cause the tether to become tangled with
the combination and influence the security of the space platform.

The attitude control of the combination can hardly be achieved by the thrusters of the gripper
alone, because the control torque of the thrusters and the fuel of the gripper are limited. In the above-
mentioned existing literature, tether is usually used to provide tension to control relative positions
of satellite formation or the positions of space robots during the phase of release towards the target.
However, the space tether can also provide great control torques for the attitude control. Therefore,
this work aims to design an attitude-coordinated controller of the tether and the thrusters to stabilise
the TSR–target combination system and reduce the fuel consumption at the same time.

This paper consists of four main sections. Section 2 utilises the Euler formulation approach to
obtain the dynamics equations of motion for the combination system and analyses the dynamic
characteristics. In Section 3, the parameter identification is first used to acquire inertia matrix and
centroid position of the combination system. Tether force is applied to control the combination attitude
with thruster force, and two simple coordinated controllers are derived for the combination. These
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Fig. 2. Target capture of a TSR.

coordinated controllers are utilised according to the switching conditions, which are optimised via
genetic algorithm. In Section 4, the feasibility of the control scheme is validated using a numerical
simulation, and the results are presented and analysed. The conclusions are discussed in Section 5.

2. Dynamics Model

2.1. Task description
As shown in Fig. 2, due to the spinning of the target and the collision between the gripper and the
target, the gripper rotates along with the target after the capture, and the combination system consists
of gripper and target. The origin of the platform orbital frame, Oxpypzp, is located at the centroid
of the space platform. The axes of the coordinate are oriented as follows: The x-axis is in the orbital
plane in the local horizontal direction, the y-axis is along the orbital normal and the z-axis is collinear
with the line that extends from the centre of the Earth to the centroid of the space platform and
completes a right-handed triad. Given flying-around distance for the platform observing the target
before the capturing mission and the limited fuel of the gripper for the capturing mission, the tether is
assumed to be a few hundred metres long in this paper. Therefore, Oxtytzt denotes the combination
orbital frame that is approximately parallel with Oxpypzp; Oxlylzl is the tether frame with its x-axis
along the tether direction, and Ox ′

t y
′
t z

′
t is the combination body frame.

The following assumptions are made:

1. The tether is inelastic and massless. Compared with space platform or robot–target combination
at hundreds or thousands of kilograms level, the mass of the tether at a hundred-metre level is
relatively small and could be neglected. For example, the density of the Kevlar tether28 (1-mm
diameter) used for European Space Agency’s (ESA) ROGER project is 4.5 kg/km, and the mass
of 1-km tether here is only 4.5 kg. Therefore, the influence of tether to the issue discussed herein
can be neglected and the tether is assumed to be massless.

2. No time delay exists in the tension transmission along the space tether and force feedback of tether
reel, and the vibration of the space tether is neglected. Moreover, no tension exists when the space
tether is slack.
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3. The target is firmly captured with no sway of solar paddle or other unstable phenomena occurring
during the attitude control.

4. The platform can endure the influence of tether tension from its own thrusters, and its position
and attitude can be maintained during the coordinated attitude control of the combination system.

2.2. Attitude dynamics model
Assuming the combination system is a rigid body, its attitude dynamics equation can be given by the
following equation:

J ω̇ = −ω×Jω + Tc + Tl + Td, (1)

where ω = [ω1 ω2 ω3 ]T ∈ R3 denotes the absolute angular velocity of the combination expressed
in the body frame Ox ′

t y
′
t z

′
t , J ∈ R3×3 is the inertia matrix of the combination and J = J0 + �J

with J0 as the nominal value and �J is the bounded uncertainty due to the thruster consumption;
Tc ∈ R3denotes the control torque of the gripper and is equivalently realized via pulse-width-
modulation (PWM) thrusters.

Tl ∈ R3 denotes the control torque of the tether, and ω× is the skew-symmetric matrix of ω defined
as follows:

ω× =
⎛
⎝ 0 −ω3 ω2

ω3 0 −ω1

−ω2 ω1 0

⎞
⎠ .

Td ∈ R3 is the attitude disturbance torque, which is caused by the thruster force of the gripper. The
target is assumed to have no capacity for orbit control, and the gripper’s thrusters are utilised to
control the combination orbit. The gripper is not located in the centroid of the combination and the
vector of the control force does not extend through the centroid of the combination, therefore Td is
generated.

The Modified Rodrigues Parameter (MRP)29 is adopted to describe the kinematics model of the
combination attitude as follows:

σ̇ = G(σ )ω, (2)

where σ = [σ1 σ2 σ3 ]T ∈ R3, and G(σ ) is defined as follows:

G(σ ) = 1

4

[
(1 − σT σ )I + 2σ× + 2σσT

]
, (3)

where I is a 3 × 3 unit matrix.
The transformation matrix from the platform orbital frame to the combination body frame is:

R = I3 − 4(1 − σ 2)

(1 + σ 2)2

[
σ×]+ 8

(1 + σ 2)2

[
σ×]2 . (4)

Assuming that the transformation matrix from the platform orbital frame to the tether frame isRlp,
the transformation matrix Rbl from the tether frame Oxlylzl to the combination body frame Ox ′

t y
′
t z

′
t

is given by:

Rbl = RR−1
lp . (5)

For convenience, the relative attitude angles from the tether frame Oxlylzl to the combination body
frame Ox ′

t y
′
t z

′
t are defined by the Euler angle, the roll angle φ, the pitch angle θ and the yaw angle ψ

of the 1-2-3 Euler rotation sequence. The term Rbl can be expressed by φ, θ and ψ as follows:

Rbl =
⎡
⎣ cos ψ cos θ cos ψ sin θ sin φ + sin ψ cos φ − cos ψ sin θ cos φ + sin ψ sin φ

− sin ψ cos θ − sin ψ sin θ sin φ + cos ψ cos φ sin ψ sin θ cos φ + cos ψ sin φ

sin θ − cos θ sin φ cos θ cos φ

⎤
⎦ . (6)
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By combining Eqs. (5) and (6), the three Euler angles φ, θ and ψ can be obtained as

⎧⎪⎪⎨
⎪⎪⎩

θ = arcsin(Rbl(3, 1)),

φ = arctan
(
−Rbl (3,2)

Rbl (3,3)

)
,

ψ = arctan
(
−Rbl (2,1)

Rbl (1,1)

)
.

(7)

2.3. Error attitude dynamics model
The error attitude MRP σe and the error attitude angular velocity ωe of the body frame are defined as
follows30:

{
σe = σ ⊗ σ−1

d ,

ωe = ω − ωd,
(8)

where ωd denotes the desired angular velocity in the body frame, and σd is the desired attitude. The
symbol ⊗ denotes the MRP multiplication, which can be defined as follows:

σ1 ⊗ σ−1
2 = (1 − σT

2 σ2)σ + (σT
1 σ1 − 1)σ2 − 2σ2 × σ1

1 + (σT
2 σ2)(σT

1 σ1) + 2σT
2 σ1

. (9)

By substituting Eq. (8) into Eq. (1), the error attitude dynamics equation and the kinematics
equation can be obtained:

{
σ̇e = G(σe)ωe,

J ω̇e = −ω×Jω − JRω̇d + Tc + Tl + Td.
(10)

2.4. Orbit dynamics model
The Hill equation is adopted to represent the orbit motion of the combination system:

⎧⎨
⎩

ẍ − 2nż = ax + atx − n2εx

ÿ + n2y = ay + aty − n2εy

z̈ + 2nẋ − 3n2z = az + atz − n2εz

, (11)

where [x y z ]T ∈ R3 is the centroid position of the combination in the platform orbital frame
Oxpypzp, n denotes the mean orbital angular velocity, [ax ay az ]T ∈ R3 denotes the linear
acceleration of the gripper’s thruster force and [atx aty atz ]T ∈ R3 denotes the linear acceleration
due to tether tension. Assuming the target has no orbital control capacity, the orbit of the combination
system can only be controlled by the thrusters of the gripper or possibly by the thrusters and the tether
tension together.

Define the position vector of the capture position in the combination body frame as d, and
the tether tension as Fl . A tether tension that is too great can strongly influence the space
platform and even cause instability throughout the system; therefore, Fl should satisfy the following
constraint:

Fl ≤ Fl max, (12)

Hence, the tether tension vector in the platform frame Oxpypzp can be written as:

F = − [x, y, z]T + R−1d∥∥[x, y, z]T + R−1d
∥∥Fl. (13)
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The linear accelerations caused by the tether tension are given by:

[atx aty atz ]T = − [x, y, z]T + R−1d∥∥[x, y, z]T + R−1d
∥∥ · Fl

m
, (14)

where m is the mass of the combination system.
Multiplying by the transformation matrixR, the tether force in the combination body frame can be

obtained, and the tether control torque can be acquired:

Tl = d × (RF ). (15)

2.5. Dynamics analysis
The gripper rotates together with the target after the capture. The thruster force and the tether tension
are utilised to control the combination attitude. By setting the left side of Eq. (15) Tl to be zero yields
the following:

(RF ) × d = 0.

The tether torque has no influence on the combination attitude when the tether vector is collinear
with d; the tether vector goes through the centroid of the combination. The corresponding attitude is
chosen as the desired attitude, σd = [σd1 σd2 σd3 ]T . This definition has remarkable advantages; if
the desired states are not σd , the combination will sway and even become unstable when retrieved due
to the tether tension torque or deorbited to another orbit after the combination attitude is stabilised.
The value of σd changes with the position of the combination system and can be deduced as follows.

The unit vector of the tether vector in the platform orbital frame is [x,y,z]+R−1d

‖[x,y,z]+R−1d‖ . When the desired
attitude is obtained, the tether frame Oxlylzl is parallel to the combination body frame Ox ′

t y
′
t z

′
t , and

the orientation of the tether follows the Ox ′
t axis. The unit vector of the tether in the tether frame

is [1, 0, 0]T , and the transformation matrix from the platform to the tether frame is Rlp, then the
following relationship is satisfied:

[1, 0, 0]T = Rlp

[x, y, z]T + R−1d∥∥[x, y, z]T + R−1d
∥∥ . (16)

Equating Eq. (16) yields

Rlp = [1, 0, 0]T (
[x, y, z]T + R−1d∥∥[x, y, z]T + R−1d

∥∥ )+, (17)

where ()+ is the Moore–Penrose inverse.
From the transformation matrix Rlp, the rotating angle α and the Euler axis e = ( ex ey ez )T are

given by:

⎧⎪⎨
⎪⎩

cos α = (Rlp11 + Rlp22 + Rlp33 − 1)/2
ex = (Rlp23 − Rlp32)/(2 sin α)
ey = (Rlp31 − Rlp13)/(2 sin α)
ez = (Rlp12 − Rlp21)/(2 sin α)

. (18)

According to the MRP definition, σd is obtained as follows:

σd = tan
α

4
e. (19)

In addition, the desired angular velocity is defined as: ωd = [ 0 0 0 ]T .
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3. Coordinated Control Strategies
When capture of the target is complete, the traditional thruster control to the combination attitude
alone can lead to the following cases:

1. The combination attitude cannot be stabilised quickly because the control torque of the gripper
is limited, and the tether may eventually become intertwined with the combination. This serious
situation is very dangerous and the platform could even be threatened for the existence of space
tether.

2. The combination attitude can be stabilised by the thruster control; however, the fuel consumption
is too high.

As a result, the attitude control of the TSR–target combination can hardly be achieved by the
traditional thruster control alone as the fuel consumption of the thruster control alone is too high.
Considering that the tether could provide considerable control torque, the design of the attitude-
coordinated controller using the tether tension and the thruster force is discussed in this study. The
tether tension could lead to a change in the combination position; however, the attitude control is
more urgent and important than the position control because the spinning of the combination will
cause the tether to become intertwined and can even cause instabilities of the platform and the entire
system, whereas a change in the position of the combination does not have a great influence.

The chosen desired attitude σd varies with the combination position, but the position control will
not be discussed here. Furthermore, the combination position is assumed to be without control for
simplicity and convenience of the attitude controller design; therefore, Td and [atx aty atz ]T are set
to zero.

The inertial matrix and the centroid position of the combination system are as yet unknown.
Therefore, the parameters are identified prior to the controller design. Considering the attitude
characteristics of the combination, the coordinated controller is designed to consist of two attitude
controllers, which are used according to the switching conditions. During the initial stage of the
attitude control, the pitch and yaw motion of the combination are controlled via tether because it
can provide greater torque of these two axes than gripper thrusters. Meanwhile, the roll motion
is controlled by the thruster. The attitudes of the three axes are primarily controlled by the tether
tension and the thruster. When the pitch and yaw attitude are stabilised within a certain range, the
controller is switched to the thruster control only because the smaller pitch and yaw angles lead to
a smaller torque arm, and greater tether tension is necessary to obtain the required torque. Greater
tether tension will obviously cause a greater influence over the position of the combination; thus, an
increased tether tension is unfeasible and should be avoided. Moreover, the thruster control could
achieve high accuracy attitude control, which is preferred. In addition, the switching conditions are
optimised using the genetic algorithm to ensure the stability and convergence of controller and reduce
fuel consumption. The exact design steps of coordinated controllers are described in the following
section.

3.1. Parameter identification
The inertia matrix and centroid position of the post-capture combination system are unknown, but
these are necessary for the design of attitude controller. Therefore, these parameters are identified
according to the following steps.

Combining Eqs. (10) and (15) yields

J ω̇e = −ω×Jω − JRω̇d + Tc + (RF ) × d, (20)

where F = − [x,y,z]T +R−1d

‖[x,y,z]T +R−1d‖Fl is the tether tension vector, the tether tension Fl is measurable, and

[x, y, z]T + R−1d denotes the capture position, which can be computed from gripper’s measurable
centroid position. Assume the relative position between the platform and the gripper can be measured
to very high accuracy, which is at least a few centimeters for the case of a hundred-metre distance.

Assuming that the centroid position and the capture position in the combination body frame are
�d and d0, respectively, the following relation can be obtained:

d = d0 − �d. (21)
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Equation (20) can be written as:

J ω̇e + ω×Jω + JRω̇d + (RF )×�d = Tc + (RF )×d0. (22)

The parameters to be identified are:

θ = (J11 J12 J13 J21 J22 J23 J31 J32 J33 �d1 �d2 �d3
)T

.

Equation (22) could be rearranged in the following form:

T = 
θ, (23)

where

T = Tc + (RF )×d0, 
 =
(


1


2

)T

, 
1 =

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝


11 ω1ω3 −ω1ω2


21 ω2ω3 −ω2
2


31 ω2
3 −ω2ω3

−ω1ω3 
24 ω2
1−ω2ω3 
25 ω1ω2

−ω2
3 
26 ω1ω3

ω1ω2 −ω2
1 
37

ω2
2 −ω1ω2 
38

ω2ω3 −ω1ω3 
39

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

T

, 
2 = ((RF )×
)T

.

The elements of 
1 are as follows:

⎧⎨
⎩


11 = 
24 = 
37 = ω̇e1 + R11ω̇d1 + R12ω̇d2 + R13ω̇d3


21 = 
25 = 
38 = ω̇e2 + R21ω̇d1 + R22ω̇d2 + R23ω̇d3


31 = 
26 = 
39 = ω̇e3 + R31ω̇d1 + R32ω̇d2 + R33ω̇d3

.

Assuming that the angular velocity ω and the angular acceleration ω̇e of the parameter matrix can
be measured using a gyro compass, the value of σe can be obtained visually; therefore, Rlp, Rbl and R

can be acquired indirectly via computation. In addition, the inputs Tc and Tl are known and available.
The formulations of the identification based on the least-squares method are:

⎧⎨
⎩

θ̂ (k) = θ̂ (k − 1) + K(k)[y(k) − 
(k)θ̂ (k − 1)]
K(k) = P (k − 1)
T (k)[I + 
(k)P (k − 1)
T (k)]−1

P (k) = [I − K(k)
(k)]P (k − 1)
. (24)

The identification algorithm is implemented according to the following steps:

1. Set the initial values of θ̂ (k) andP (k − 1).
2. Obtain the required sampled data, including ω, ω̇e, Tc, Tl etc.
3. Calculate K(k), θ̂ (k) and P (k) using Eq. (32).
4. Set k = k + 1 and return to step (2) until the simulation is terminated.

3.2. Coordinated controller of tether and thrusters
The tether tension could provide two axes of torque to control the pitch angle θe and the yaw angle ψe.
However, only the variable Fl is available for the controller design. Hence, for a convenient controller
design, we must find a single variable to denote both pitch and yaw angles. As shown in Fig. 1, to
eliminate the attitude errors, θe and ψe, is actually to control the capture position vector d and the
tether tension vector F so that the tether vector goes through the centroid of the combination. In this
case, d and F are collinear. Therefore, the variable corresponding to the pitch and yaw angles could
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be the angle between d and F , which is defined as η and given by:

η = arccos

(
FT (R−1d)

|F | ∣∣R−1d
∣∣
)

. (25)

The PD controller is adopted to control pitch and yaw motions via η. The tether tension vector F

could be measured, R could be computed from the attitude and the value of d could be determined
as identified in Section 3.4; therefore, the value of η is available. The tether tension is given by

Fl =
{

(kpl + kdlS)η (kpl + kdlS)η ≥ 0
0 (kpl + kdlS)η < 0 , (26)

where kpl denotes the proportional coefficient, and kdl is the damping coefficient. The tether tension
Fl must be positive.

By combining Eqs. (13) and (15), the control torque Tl can be obtained:

Tl =
[
R

(
[x, y, z]T + R−1d∥∥[x, y, z]T + R−1d

∥∥Fl

)]
× d. (27)

The tether could only provide two axes of attitude torque, and the roll motion could only be
controlled by the thruster force. In addition, the roll motion exerts too great an influence on the other
two motions, so the PD controller is adopted to stabilise the roll motion,

Tc(1) = kpcφe + kdcωex. (28)

The terms θeand ψe can be obtained from Eqs. (7) and (8), and kpc and kdc denote the proportional
coefficient and the damping coefficient respectively.

As a result, the coordinated controller of the tether tension and thruster force is composed by Eqs.
(22) and (23).

3.3. Thruster controller design
When the pitch and yaw error attitudes are controlled within a certain range, the controller is switched
to the thruster control only. Although an inertia matrix is acquired by the parameter identification,
errors in the identified and actual values still exist, which can lead to instability in the control system.
The sliding mode control approach is recognised as an efficient tool for designing robust controllers
for nonlinear dynamic plants under uncertainty conditions. Therefore, sliding mode control is adopted
to reduce the influence of uncertainty in the inertial matrix and other disturbances.

The error attitude dynamics equation is given by Eq. (10). The sliding surface is defined as
s = ωe + cσe, where c > 0. The sliding mode controller is designed as

Tc = ω×Jω + J ω̇d − cJG(σe)ωe − λsgn(s) (29)

with λ > 0.
Choosing V = 1

2 sT Js as the Lyapunov function, the time derivative of V is

V̇ = sT J ṡ

= sT J (ω̇e + cσ̇e).
(30)

By substituting Eq. (10) into Eq. (14), one can obtain

V̇ = sT (Tc − ω×Jω − J ω̇d + cJG(σe)ωe) = sT [−λsgn(s) + f (�J )],

where f (�J ) = −ω×�Jω − �Jω̇d + �JG(σe)ωe. The term �J , which is due to fuel consumption,
is bounded, implying that f (�J ) is also bounded. Assuming { �max = ‖f (�J )‖∞

f (�J ) = [ �1 �2 �3 ]T and setting λ =
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�max + δ, in which δ is an arbitrary positive number, one can derive:

V̇ =
3∑

i=1

sT
i [−(�max + δ)sgn(si) + �i]

=
3∑

i=1

sT
i [−δsgn(si) − �maxsgn(si) + �i]

= −
3∑

i=1

sT
i δsgn(si) +

3∑
i=1

[−�maxs
T
i sgn(si) + �is

T
i ]

≤ −
3∑

i=1

sT
i δsgn(si)

≤ 0.

V > 0 and V ≤ 0, so it is believed that asymptotically stable system meets the sliding condition.
There must be chattering in the control system for the existence of a sign function in Eq. (29). To

solve this problem, the sign function can be modified into saturation functions:

sat(si, ε) =
⎧⎨
⎩

1 si > ε

si/ε −ε ≤ si ≤ ε

−1 si < −ε

, (31)

where i = 1, 2, 3, and ε is a positive number.

3.4. Switching conditions and parameter optimisation
When using the tether tension to control the pitch θ and yaw ψ angles, one expects to make full use of
the tether tension when both θ and ψ are relatively large, and to utilise the thruster force to stabilise
the angles and achieve high attitude control accuracy when these are relatively small. Therefore, the
pitch θ and yaw ψ angles are chosen as the switching conditions of a coordinated controller and a
thruster controller respectively. The switching conditions are given by

{ |ψ | ≤ ψs,

|θ | ≤ θs,
(32)

where ψs and θs are the switching angles, and both are subject to constants. When the conditions in
Eq. (32) are satisfied, Eq. (24) is utilised. In contrast, when any of these conditions is not satisfied,
Eqs. (22) and (23) are utilised.

Angles ψs and θs have remarkable effects on the coordinated control performance. Thus, one
expects to find the optimal values of ψs and θs , which can optimise performance of the control index.
The optimisation of ψs and θs is actually a problem of optimisation with constraints because the
optimal values should enable the system to work with the lowest possible fuel consumption, whereas
the constraints on the control input should always be satisfied. This parameter optimization problem
could not be solved in an analytical way, for it does not work with attitude tracking control problem
because of its complexity. The genetic algorithm should be resorted to solve this constraint-submitted
nonlinear parameter optimisation problem. In this case, an index for evaluating the performance of
the system is defined as follows:

J1 = k1

∫ tf

0
T T

c Tcdt + k2

∫ tf

0
FT Fdt + k3

∫ tf

0
σT

e σedt, (33)

where the first term on the right side is the weighted fuel consumption, the second is the weighted
position influence of the tether tension for the combination system and the third term is the penalty
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Fig. 3. Block diagram of coordinated controllers.

term, which can enhance the convergence speed and guarantee the stability of the combination system.
However, improper switch values of ψs and θs angles can lead to instability of the system. Terms k1,
k2 and k3 are their weights.

The genetic algorithm is implemented in the following steps31:

1. Choose search sets for both ψs and θs , encode them as n-bit binary strings and generate the initial
population with Np individuals.

2. Calculate the fitness value for each individual according to Eq. (28).
3. From the current population, select the strings with probabilities proportional to their fitness

values.
4. The single-point crossover operation is performed on the selected strings with a probability of

Px .
5. A mutation is then applied to new chromosomes with a set probability of Pm. The new generation

has now been completed.
6. Evaluate the new generation using Eq. (28), and repeat steps (3)–(6) until Ng generations are

achieved.

Figure 3 shows the block diagram of the coordinated attitude controller for the TSR–target
combination.

4. Numerical Simulation
Numerical simulations are first carried out to compare the performance of the coordinated controller
with that of the traditional thruster controller in Section 4.1. In order to further investigate the
feasibility of this coordinated control scheme, a simplified sensitivity analysis for different initial
conditions of the combination is conducted in Section 4.2.

4.1. Comparison of coordinated control and traditional thruster control
Table I shows the initial values of the parameters. Assuming that the -V-bar capture is adopted and
the initial position of the combination is (200, 0, 0) m, the initial angular velocities of the three axes
of the combination are 10◦ /s. Thrusters are assumed to have a constant control torque of 5 Nm when
corresponding thrusters are turned on and work in the PWM mode with a control cycle of 250 ms.
In addition to the simulation of the coordinated controller, the sliding mode controller of the thruster
force only (traditional thruster control) is also simulated, and the result is compared with the former.
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Table I. Initial value of the parameters.

Parameters Initial values

σe (0.0999, 0.2015, 0.1008)
ωe (10, 10, 10)◦ /s
c 1
[ x y z ]T (200, 0, 0) m
[ ẋ ẏ ż ]T (0, 0, 0) m/s
n 0.0011 rad/s

Table II. Optimal values of switching conditions.

Parameters Optimal values

ψs 29.23◦
θs 11.85◦

Fig. 4. Value of J1 with respect to the number of generations.

Figure 4 provides the optimisation result for J1, in which k1 = 0.7, k2 = 0.2, k3 = 0.1 × 100.
The multiplied coefficient 100 of k3 increases the influence of the third J1 term, and if k3 = 0.1,
the third term is too small to ensure the convergence of the system. At 567.5, J1 converges after 17
generations. As shown in Table II, the optimal values of the switching condition are ψs = 29.23◦,
θs = 11.85◦ .

Figure 5 shows the identification results of the inertial matrix J , and that the maximum identification
errors of J11, J22 and J33 are 7.10%, 8.79% and 2.54%, respectively, which are less than 10%. The
J21 has a maximum identification error of 12.1 kg m2. The actual value of �d is (0, 0, 0) m, and the
identified values are (−0.24, 0.06, 0.11) m as indicated in Fig. 6.

Figure 7 provides the simulation results of the three-axis attitude σe, and Fig. 8 provides the
corresponding Euler angles (1-2-3). From Figs. 7 and 8, one can see that the convergence time of
the coordinated controller is approximately 35 s, which is 10 s longer than that of the controller of
thrusters only. While the tether could provide greater torque control, the pitch θe and yaw ψe angles
could be controlled in a shorter time during the initial stage, and the maximum amplitudes of θe and
ψe of the coordinated controller are −43.5◦ and −15.8◦ respectively. However, the use of thruster
controller only yields the amplitude of 78.5◦ and −35.1◦ . An angle of 78.5◦ is too dangerous for the
TSR system, as such a high pitch angle can lead to an entanglement of tether with the combination
and cause instability in the space platform and the entire system. This result clearly demonstrates that
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Fig. 5. Identification value of J with respect to time.

Fig. 6. Identification value of �d with respect to time.

the use of a coordinated controller of tether and thrusters can yield smaller amplitudes of pitch θ and
yaw ψ angles and lower the possibility of entanglement of tether with the combination.

An entanglement of tether typically results from the pitch and yaw angles. However, this finding
does not mean that the roll motion can change freely without any control because the three-axis
attitudes are coupled, and the roll motion exerts an influence on the other two motions to a certain
extent. The results of a PD controller for the roll motion are provided in Fig. 8. Figure 9 shows the
three-axis angular velocities of a coordinated controller and thruster controller only. The maximum
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Fig. 7. Three-axis attitude, σe.

Fig. 8. Euler angles of three-axis attitude.

value of η in Fig. 10 is 58.6◦ , which is relatively safe for the combination system because the
entanglement of tether is more likely to occur when η > 90◦.

A comparison between the coordinated control of tether and thrusters and the thruster controls
can be observed in Figs. 11 and 12. The second and third elements of Tc become zero for two times,
and the overall control torques of the coordinated control are clearly smaller than that of the thruster
control. Figures 13 and 14 demonstrate that the tether tension is utilised for two times and that the
maximum torque control of the tether is approximately 18.3 Nm, which is three times bigger than
that of the thruster control and could effectively lower the attitude amplitudes of the combination as
shown in Figs. 7 and 8.

https://doi.org/10.1017/S0263574714000617 Published online by Cambridge University Press

https://doi.org/10.1017/S0263574714000617


912 Post-capture attitude control for a tethered space robot-target combination system

Fig. 9. Three-axis angular velocity.

Fig. 10. Angle of η.

The fuel consumption function is defined as follows:

M =
∫ tf

0
T T

c Tcdt. (34)

Figure 15 compares the fuel consumption of the coordinated control and the thruster control. The
fuel consumption of the coordinated control consists of two parts: one part is the fuel consumption
required to control the roll motion when coordinated controller is applied, and the other part is the
fuel consumption of thruster controller when the switching conditions (Eq. (19)) are satisfied. The
final fuel consumption of the coordinated control is 486 N2·m2·s, while that of the thruster control is
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Fig. 11. Control commands of thrusters for coordinated control.

Fig. 12. Control commands of thrusters for traditional thruster control.

approximately 61.5% higher at 785 N2·m2·s, which clearly demonstrates that the coordinated control
could efficiently reduce fuel consumption.

Figures 16 and 17 indicate the influence of tether tension on the combination position and linear
velocity. One can see that the displacement due to the tether tension is (2.300, 0.001, 0.100) m, and
the velocity change is (0.005, −0.018, 0) m/s, which are acceptable values for post-capture attitude
control.
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Fig. 13. Torques of tether tension.

Fig. 14. Tether tension.

Fig. 15. Comparison of fuel consumption.

https://doi.org/10.1017/S0263574714000617 Published online by Cambridge University Press

https://doi.org/10.1017/S0263574714000617


Post-capture attitude control for a tethered space robot-target combination system 915

Fig. 16. Position changes due to tension.

Fig. 17. Linear velocity changes due to tension.

4.2. Sensitivity analysis of attitude coordinated controller
In Section 4.1, simulation is conducted to demonstrate the advantages of the proposed coordinated
control over the traditional thruster control. In this section, a simplified sensitivity analysis for different
initial conditions of the combination is carried out to further validate the feasibility of this coordinated
control scheme. Compared with other parameters in Table I, the initial values of attitude and angular
velocity exert more influence upon the performances of the coordinated controller. Therefore, σe

or ωe are changed to evaluate influence on the performance of coordinated controller while other
parameters involved are keep constant. Four different cases are studied as shown in Table III.

Table IV shows the simulation results of main parameters for different cases. �J11, �J22 and
�J33 are the parameter identification errors of J11, J22 and J33. Mc denotes the fuel consumption
of the coordinated control for each case, while Mt denotes the fuel consumption of the traditional
thruster control. (Mt−Mc)/Mc denotes the fuel saving rate of the coordinated controller compared
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Table III. Different cases for sensitivity analysis.

Initial values of σe Initial values of ωe(◦/s)

Case 1 (0.1, 0.3, 0.2) (10, 10, 10)
Case 2 (0.1, 0.1, 0) (10, 10, 10)
Case 3 (0.1, 0.2, 0.1) (5, 5, 5)
Case 4 (0.1, 0.2, 0.1) (15, 15, 15)

Table IV. Simulation results for different cases.

Parameters Case 1 Case 2 Case 3 Case 4

θs (◦) 46.1 35.7 44.5 26.1
ψs (◦) 17.4 34.1 19.7 30.3
�J11 (kg m2) −13.7 3.6 3.2 −5.2
�J22 (kg m2) −14.5 0.58 −12.5 −4.1
�J33 (kg m2) −2.2 5.3 5.4 3.0
�d1 (m) −0.32 0.39 −0.25 −0.19
�d2 (m) 0.066 0.04 0.03 −0.04
�d3 (m) 0.003 0.21 0.10 0.16
Mc 535.2 407.1 230.4 651.4
Mt 1028.5 610.3 423.2 1622.8
(Mt−Mc)/Mc 92.1% 49.9% 83.7% 149.1%

Fig. 18. Three-axis attitude σe of different cases.

with traditional thruster control. Parameters in Table IV are the final values of the simulations except
switching conditions θs and ψs , which are obtained via parameter optimisation.

The influence of initial attitude on the performance of the coordinated attitude control is investigated
via case 1, case 2 and the case in Section 4.1 with all angular velocities set as (10, 10, 10)◦/s. It can
be seen in Figs. 7, 8, 18 and 19 that greater initial attitude causes greater oscillation and leads to
greater identification errors, as shown in Table IV. However, attitude errors of the tethered robot–target
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Fig. 19. Euler angles of different cases.

Fig. 20. Three-axis angular velocities of different cases.
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combination for each case can be effectively stabilised within 30 s. Among these three cases, case
1 has the greatest fuel consumption,, reaching 1028.5. But its effect of saving fuel consumption is
most remarkable compared with the traditional thruster control, and the corresponding fuel saving
rate of (Mt−Mc)/Mc is 92%. It indicates that the space tether can be relatively more fully utilized
when initial attitude error is greater.

Case 3, case 4 and the case in Section 4.1 are used to assess the influence of the initial spinning
rate on the coordinated attitude control, and all initial attitudes are also set as constant values of (0.1,
0.2, 0.1). Figures 9 and 20 show that higher initial spinning rate of the combination leads to more
oscillations during the attitude control, which are consistent with the oscillations of the attitude in
Figs. 18 and 19 and 7 and 8. However, due to greater control torques provided by the space tether,
these oscillations can be remarkably suppressed after 38 s and attitude errors are effectively eliminated
by the coordinated controller. Compared with the thruster control of other two cases, the effect of
saving fuel consumption in case 4, (Mt–Mc)/Mc, is highest, about 149%, which demonstrates that
the performance of coordinated controller is more preferable in cases of higher spinning rates.

5. Conclusions
This paper presents a coordinated control scheme of the combination after a target is captured by a
TSR. First, the dynamics models of the combination system are established. The inertial matrix and
the centroid position are unknown, therefore the parameters are identified. Considering the tether can
provide greater control torque than the thruster of TSR, the coordinated controllers of combination
attitude are designed and the controllers are composed of two controllers that are utilised according
to the switching condition. The switching condition is optimised using the genetic algorithm to
ensure that the controller is stable and convergent, and to reduce fuel consumption. The numerical
simulations show that the amplitudes of the pitch and yaw angles of the coordinated control are
smaller than those of the traditional thruster control and could lower the possibility of entanglement
of tether with the combination. Moreover, the tumbling combination can be effectively stabilised
by the coordinated control. Compared with the traditional thruster control, the coordinated control
strategies could efficiently reduce the fuel consumption, and the effect of saving the fuel consumption
is more significant in the case of greater initial attitude or higher initial spinning rates.
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