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Abstract: Detumbling operation toward a rotating target with
nutation is meaningful for debris removal but challenging. In this
study, a deformable end-effector is first designed based on the
requirements for contacting the nutating target. A dual-arm
robotic system installed with the deformable end-effectors is
modeled and the movement of the end-tips is analyzed. The
complex operation of the contact toward a nutating target
places strict requirements on control accuracy and controller
robustness. Thus, an improvement of the tracking error transfor-
mation is proposed and an adaptive sliding mode controller with
prescribed performance is designed to guarantee the fast and
precise motion of the effector during the contact detumbling.
Finally, by employing the proposed effector and the controller,
numerical simulations are carried out to verify the effectiveness
and efficiency of the contact detumbling toward a nutating tar-
get.
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1. Introduction

Operations dealing with space debris are of great concern
[1-3] since space debris is increasing year after year. For
fast-rotating targets, the detumbling process of the target
is an effective means to reduce the risks of on-orbit cap-
ture and removal. Thus, a variety of contactless [4,5] and
contact detumbling [6,7] technologies have been studied.
Contact detumbling through robotic arms has a stronger
contact effect and better controllability than the contact-
less methods, which makes it an attractive research area.
In a previous study [8], an ideal contact detumbling si-
tuation toward a sphere rotating target was proposed to
demonstrate the feasibility of continuous contact detum-
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bling and the effectiveness of restricting the displace-
ment of the target. However, space debris like failed
satellites is commonly not a sphere target but has an
irregular structure with attachments, such as solar panels.
In addition, inspired by the complex disturbance in space,
the target motion may exhibit nutation rather than rota-
tion along one axis. These factors make the already com-
plex detumbling operation more challenging.

To detumble a target considering its nutation motion,
Liu et al. [9] modeled a detumbling system that consists
of a service satellite and a cubic rotating target. They pro-
posed a discontinuous contact method using a soft rod
and verified the high efficiency of detumbling through
numerical simulations. Wang et al. [10] used a spring rod
contactor to touch the edge of the solar panel when the
target is rotating with nutation. Then, numerical simula-
tions verified that the developed optimal contact control
method is effective for detumbling and has certain robust-
ness to measurement and identification errors. However,
some problems, such as the selection of the touching area
and tackling the displacement of the target, are not con-
sidered in the above studies. In addition, rod actuators
have difficulty balancing contact detumbling and there-
after capture operations. Wu et al. [11] used an unde-
formable gripper to contact and capture a slow-tumbling
object. The gripper was modeled as an arm link with a
specific structure, and its operation capacity was not out-
standing. However, for contact detumbling toward a tar-
get rotating with nutation, the detumbling operation needs
to have higher accuracy, greater operational dexterity,
and faster motion response to make the contact steady
and effective. As the actuator of contact detumbling, the
end-effectors are expected to be more dexterous to coope-
rate with the robotic arms for accurate contact operation.

Compared with the above actuators, deformable actua-
tors increase the dexterity of the robotic system and are
capable of accurate operations such as industrial manu-
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facturing [12] and aerospace research [13]. Some actua-
tors deform through the material characteristics and are
more suitable for grabbing objects with different shapes,
such as multiple articulated grippers [14] and ionic poly-
mer-metal composite actuators [15]. Some actuators
deform through the mechanical drive and have greater
structural stiffness. Han et al. [13] designed and tested a
deformable claw for on-orbit docking of space mecha-
nisms, and the actuator operates powerfully and satisfies
the working requirements. Feng et al. [16] proposed a
similar three-claw end-effector for self-relocation and
payload handling, and its kinetic characteristics are
described in detail. For the contact detumbling toward a
target rotating with nutation, a large deformation range of
the actuator is needed to suit the movement of the con-
tact surfaces, a great structural strength is also needed to
maintain the contact strength. Thus, it is meaningful to
design a distinctive deformable end-effector for detum-
bling a target rotating with nutation.

Since the complex motion and shape of the target cause
the contact point jumping, the end-effector is required to
move and deform quickly to achieve safe and effective
contact detumbling. The motion performance of the end-
effector depends not only on the structure of the end-
effector but also on the characteristics of the controller.
The robot joints are considered capable of actuating the
controller ideally due to the advanced joint torque mea-
surement and motor technology [17]. Complex and pow-
erful controllers are designed for the robotic arm to per-
form more precise and complex on-orbit operations. In
existing studies, Wang et al. [10] designed an optimal
contact controller to eliminate the rotation and damp the
nutation for the spinning target object, and the control
method gains robustness to the measurement and identifi-
cation errors of the target object during the operation. Ge
et al. [18] controlled a dual-arm robot using an
impedance control method for contacting and capturing a
tumbling target, through which the contact forces can be
constrained to remain safe. In [19], a dual-arm robot was
used to detumble and capture a cylinder spinning target,
and the desired arm motion and contact detumbling are
realized by a hybrid control method combining com-
puted torque control and sliding mode control. Liu et al.
[20] used a position-based overdamping control method
to keep the contact continuously during detumbling. Zong
et al. [21] proposed a shortest-time detumbling trajectory
and generated the desired motion through a coordinated
controller designed by substituting both the motion of the
robot body and the arm joints.

To achieve a satisfying contact detumbling upon a
rotating target with nutation, the controller is expected to
have a clear, preferably quantitative performance to gua-

rantee the contact effect. Prescribed performance con-
troller (PPC) [22] features in directly designing the per-
formances of the tracking error such as the error boun-
dary and convergence rate. Therefore, PPC can strongly
constrain the system even if the system meets with uncer-
tainties and disturbances such as the non-cooperative
spacecraft proximity [23] and safety flight of the
unmanned aerial vehicle [24]. Aiming to obtain great
tracking motion performance for a robotic system, Liu et
al. [25] combined PPC with the dynamic surface control
method for achieving an accurate trajectory tracking of a
free-flying flexible-joint space robot. Zheng et al. [26]
combined PPC with the super-twisting adaptive sliding
mode control and overcame the unknown disturbances
and structural uncertainties of the surgical robot manipu-
lator, the controlled system shows high operation preci-
sion and strong anti-disturbance ability. Dealing with the
problem of the unknown inertial properties and external
disturbance of a space robot-target combination, Wei et
al. [27] proposed a learning-based adaptive PPC and
obtained great performance on attitude takeover.

To satisfy both detumbling efficiency and operation
safety under the contact disturbance and tracking error of
the operation, the controller of the robotic system needs
to have not only the ability to directly design the perfor-
mances but also to adapt to the system parameters. There-
fore, an adaptive sliding mode controller with prescribed
performance is employed for detumbling a rotating target
with nutation. However, PPC with traditional error
boundaries is extremely strict about the tracking error and
has a high demand for control bandwidth. In addition, the
continuous disturbances of the contact require the con-
troller to be more robust for stable control outputs. Thus,
a new tracking error boundary is designed to improve the
robustness of the controller, and a prescribed perfor-
mance adaptive sliding mode controller (PPASMC) that
adapts to the robotic system in this paper is designed for
successfully and satisfactorily detumbling a rotating tar-
get with nutation.

In summary, this paper studies the features and perfor-
mance of the contact detumbling toward a cubic target
rotating with nutation that by employing a deformable
end-effector and a high-performance controller. First, the
end-effector is designed with a large deformation range to
suit the different contact areas and the motion require-
ments during the contact calculated from the target
motion. The end-effectors are modeled together with the
arms to better adapt to operation planning and control in
the following sections. Then, to overcome the uncer-
tainty and variation of the contact, a PPASMC is
designed to manage the whole robotic system for dissi-
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pating the target motion. Finally, according to the nume-
rical simulations, the effectiveness and efficiency of the
contact detumbling through the proposed deformable end-
effector and the controller are verified and analyzed.

The organization of this paper is as follows: Section 2
designs a deformable end-effector that can adapt to the
contact operation based on the analysis of the motion
characteristics of the target. Then, the complete robotic
system with the deformable end-effectors is modeled. In
addition, the deformation characteristics of the defor-
mable end-effectors are illustrated through a motion com-
parison with the undeformable end-effectors. Section 3
gives the control loop of the robotic system and the con-
troller requirements. Then, the PPASMC is designed and
its stability is proved. Then in Section 4, numerical simu-
lations of the contact detumbling are given employing the
designed end-effector and the controller and are analyzed.
Conclusions are drawn in Section 5.

2.Design and model of a hand-shaped
deformable end-effector

In this section, the requirements of the end-effectors for
safe and effective contact are obtained from the analysis
of the target motion, which directs the design of the
deformable end-effectors. Then, a dynamic model of the
robotic system installed with deformable end-effectors is
built, based on which the motion adjustment characteris-
tics are simulated.

2.1 Contact method toward a nutating target and
the functional requirements of the effectors

A cubic target rotating with nutation is waiting to get
detumbled in this paper. Similar to [8], a dual-arm robot
is employed to contact the target, as shown in Fig. 1. To
detumble the target safely and effectively, the require-
ments of the end-effectors for detumbling are analyzed
first.

End-effector

Fig. 1 Contact detumbling scene

The suitable touching surface of the target is deter-
mined by both the motion and the structure of the target.

When the cubic target rotates along one axis, the two sur-
face perpendicular to the rotating axis is steady in both
position and direction, so these areas are suitable to
touch. But the nutation of the target reduces the motion
stability of the prospective contact area. For example, a
cubic target rotates at [1, 20, —1] /s, its motion envelope
is larger than the target itself, as shown in Fig. 2.

Initial target position
(Black solid line)

Trajectory of vertices
(Colored circles)

Trajectory of target edges
(Red dotted line)

(a) 3D motion envelope of the target

Suitable contact
direction

0.8
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(b) Motion envelope of the target in X-Y plane
Fig.2 Motion envelope of the rotating targe

The direction of the prospective contact surface ranges
within 10°. The jumping height of points on the prospec-
tive contact surface along the main rotating axis ranges
from 2 cm to 8 cm. The greater the jumping height of the
contact point, the more dangerous and challenging it is to
implement the contact operation. To ensure contact
safety, the target whose nutation component accounts for
no more than 5% of the rotation is able to contact detum-
bling through the method of this paper.
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Considering the rotation of the target, the end tips of
the effectors generate circle trajectories on the touching
surface, as shown in Fig. 3.

Outer ring

Inner ring

Fig.3 Ideal contact configuration

When contacting the inner ring, the contact point jump
caused by nutation is small, so the collision is gentle, but
the detumbling torque generated is also small since the
lever arm is relatively short. In contrast, the collision
strengthens, and the contact is unstable when contacting
the outer ring, but the detumbling torque is enlarged.
Thus, the contact position needs a balance between the
collision risk and the detumbling efficiency, and the posi-
tion may adjust during the contact to adapt to different
requirements.

In addition to the adjustment of the contact position, in
order to further alleviate the relative motion between the
tips of the effector and the contact area of the target, the
end-effectors are expected to follow the nutation rotation
of the target at the same frequency. It is assumed that the
motion state of the target has been known through obser-
vation and other means and the details of the target obser-
vation will not be described in detail in this paper.

The above contact method toward a nutating target
requires that the end-effector can deform to adjust the
contact position and the joint linking to the effector can
rotate nimbly and accurately. Consequently, a hand-
shaped deformable end-effector is designed in this paper.
And the joint linking to the effector is designed to have
multi degrees of freedom.

2.2 Design of a hand-shaped deformable
end-effector

Referring to the synchronous motion mode of the parallel
drive mechanism, a hand-shaped deformable end-effec-
tor with a simple structure and driving method is pro-
posed.

As shown in Fig. 4(a), the deformable end-effector
consists of a palm, three fingers, and a drive mechanism.
The drive mechanism, enlarged in Fig. 4(b), drives the
manipulator to deform through a ball screw. The wheel

and connectors translate the linear motion of the drive
mechanism to the synchronous opening and closing of the
fingers. Each cylinder finger has a dovetail groove to suit
the connector. Three fingers are evenly distributed around
a palm and are linked by column hinges. When the driv-
ing mechanism moves toward the palm, the finger opens,
and when it moves backward, the finger closes.

Drive mechanism

\. Palm

(a) Structure of the end-effector

2 ﬂ Wheel

/. Connector
| ma—
B)

Ball screw

(b) Enlarged structure of the drive mechanism

Fig. 4 Structure of the hand-shaped deformable end-effector

As shown in Fig. 5, f} represents the coordinate sys-
tem of the end-effector installed on the ith arm. The coor-
dinate system is fixed to the effector, and its x-axis points
from the palm to the center of the driving wheel. The
coordinate system of the pth finger fi , has the same ori-
gin as f;. fi  is fixed to the finger, its x-axis coincides
with the finger and points to the end tip.

Z,
A

i
> X,

Drive mechanism

(a) Kinematic diagram of the end-effector
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i
X p

pth finger

Zin'p
Drive mechanism
(b) Kinematic diagram of one finger

Fig.5 Structure diagram of the end-effector

The drive mechanism moves along the X] only, and its
scalar position is defined as x_. Written as a vector in f;,
the drive mechanism position is

X = [ x

T
¢ .

0 0] (1)
Correspondingly, the velocity and acceleration of the
drive mechanism are

=[x 0 o0]
o : 2)
=% 0 0]

where X' and ¥ are the scalar values of the velocity and
acceleration along the X .

As shown in Fig. 5(b), the radius of the wheel is
defined as R,. The angle between the pth finger and X] is
defined as the opening angle ¢,. The finger rotates
around Z; ,» S0 the vector of the opening angle written in

féu is

L

< »-
<t »

¢ max

(a) Closed state

g~ =[0 0 @]. 3)

The rotation of the pth finger can be represented by the
movement of the drive mechanism

i, R\ |
0p‘/’””’ =[ 0 0 arctan( 0) }
X
O
ify 0 .
w"=]0 0 —-——=i ] NG
' [ X2+ R;
i 2R %2 Ry ) |
w," =0 ) 2 o2
X2+
(x2+R})” X +Rg

According to the kinematics of the end-effector, fin-
gers move synchronously resulting from the movement of
the drive mechanism, and all the opening angles of fin-
gers are equal. Thus, the effector can be regarded as a one
degree of freedom (1-DOF) mechanism, although all
three fingers can move and can be described through x!
of the driving mechanism. In addition, the state of the end-
effector changes within a certain range since the motion
of the driving mechanism is restricted.

In this study, the driving wheel is 0.8 kg, R=0.2 m,
and rotary inertia matrix I expressed in f] is
diag([0.017; 0.017; 0.033]) kg'mz. Each finger of the end-
effector is 2.5 kg and 0.5 m long, and the rotary inertia
matrix Iy, expressed in fi  is diag([7.65e-4; 0.208;
0.208]) kg-mz. The two extreme states of the effector are
shown in Fig. 6(a)—Fig. 6(b), the positions of the end tip
projected in a plane are shown in Fig. 6(c).

End tips
L
-~
: \y
(b) Opened state (c) Projected view

Fig. 6 Two extreme states of the effector
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The deformation range of the end-effector is listed in

Table 1.

Table 1 Deformation range of the end-effector

Parameter

Closed Opened
x/m 0.350 0.050
0,/(°) 30.000 75.964
L/m 0.433 0.121
rJ/m 0.250 0.485

2.3 Dynamic model of the robotic system with the
hand-shaped deformable end-effector

When the effector is not modeled together with the arm,
the operation design and the control of the effectors are
usually independent of the arm. This may hide some of
the overall capabilities and characteristics of the robot
system, which influences the operation design and effect.
Therefore, the proposed deformable end-effector is mo-
deled together with the arm as a complete robotic system
here.

The imaginary scene of the dual-arm robot and the tar-
get is shown in Fig. 7. The coordinate system of the robot
body is defined as f; and the coordinate system of the jth
link is defined as f. Each robotic arm consists of four
conventional links and a deformable end-effector. The
joint linked to the end-effector is combined with three
short and mutually perpendicular revolute joints and is
simplified as a spherical hinge with 3-DOF when model-
ing. All other joints are column hinges with 1-DOF.
Combined with a 1-DOF deformable end-effector, each
arm owns 8-DOFs.

End-effector 1

G Targg
Space|robot gf_

-

End-effector 2

Fig. 7 Imaginary scene of the robot and its operation target

Based on [28,29], the velocity of the robot in each
DOF is selected as the generalized velocity. For the robot
body, generalized velocities are displacement velocity
(R e R*") and angular velocity (w € R*"); for the arm,
they are the angular velocities of each joint (@) € R™").
Here, the deformable end-effector owns 1-DOF, so the

whole robotic system owns 22-DOFs, and its generalized
velocity matrix is defined as

X=[ R o |

o T T, IT Ll
X —[ 0w, ;X ] )
. T
_ oT i T .2
X —[ w0y W ;X ]

x=| x5 & x|
The dynamic equation of the system [30] can be writ-
ten in the following compact form:

MX = Q - Fnonlinear (6)

where M € R**?* represents the symmetric mass matrix
of the system:

M, M! M! M? M?

cpl_arm cpl_hand cpl_arm cpl_hand
My My My, Oy 0
M = Mc]plihandT MllmndT I}]mnd 0 1x7 0
M fpl_armT 0,7 07 M, M,
L 1‘4§plihandT 07><7 0 M}21andT Ikzland

(7

where M, reflects the dynamic characteristics of the robot
body. M, ., suggests the dynamic coupling between the
ith arm and the body. M:_ reflects the dynamic charac-
teristics of the ith arm. In addition to the inherent physi-
cal properties, they are also related to the current state of
the robot and are time-varying. Mipumnd represents the
coupling between the ith end-effector and the body. M| _,
and I, reflect the dynamic characteristics of the ith
effector. These variables are calculated according to the
mass, static moments, inertia moments, the structure and
state of each satellite component.

On the right side of (6), Q € R***! represents the forces
and torques acting on the robot, such as the contact
forces. Fooninear € R*! reflects the nonlinear coupling
terms of the robot whose amplitude is directly propor-
tional to the intensity of robot motion.

There are some assumptions of the robotic system in
the mathematical model:

(1) All the joints of the robotic system are ideal;

(i1) The motors of the driving mechanism are not con-

sidered when modeling.

2.4 Motion adjustment using deformable
end-effector

The movement of the end tips along its axis of symmetry
is one of the most likely motion adjustments of the
robotic system during contact since it changes the con-
tact strength in the most efficient direction. In this sub-
section, this movement is generated through the deforma-
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tion of the end-effectors and the robotic arms respec-
tively. Benefiting from the deformation ability of the end-
effector, the movement can easily be obtained through the
configuration changing of the end-effector itself rather
than the adjustment of all joints.

As is shown in Fig. 8. the end tips are expected to
retreat by 0.2 m along their axis of symmetry, and the
task is carried out respectively by the deformation of the
end-effector and the motion of the arm joints. The physi-
cal parameters of the robot arm are listed in Table 2.

.-
.
’
'

(a) Deformation of the end-effector (b) Motion of all the joints

Fig. 8 End tip motion carried out in two ways

Table 2 Parameters of the robotic arm links

Item Linear density/(kg/m) Length/m S/ (kg'mz) I/ (kg'mz)
/,=0.8 §,=[1.6;0;0] I'=diag([0.0012 0.853 0.853])
1=2.5 85,=[15.625;0,0] L=diag([0.003 8 26.042 26.042])
Value 5
=2 S§5:=[10,0;0] I,=diag([0.003 1 13.33 13.33])
=1 85,=[2.5;0;0] I,=diag([0.0015 1.667 1.667])

The task requirements of the effector and the arm joints
are listed in Table 3. The largest change among the joint
angles is less than 2°, which requires a much higher con-
trol precision to guarantee the accuracy of the joint
motion response. However, the deformation Ax, =—0.24 m
of the end-effector is much easier to achieve through rec-

tilinear motion. In addition to the improvement of the
motion precision, the deformable effectors greatly sim-
plify the control requirements and reduce the distur-
bances acting on the robotic system generated from the
adjustment of the end tips since the arm joints are
avoided from the motion.

Table 3 Deformation task requirement of the effector and the arm joints

Item Value
Initial position of the geometric center of the end tips/m [61.50]
Final position of the geometric center of the end tips/m [61.70]

Initial joints configuration/(°)
Initial x,/m
Demand deformation of x./m

Demand deformation of joints/(°)

[16.95 2.28 =37.15 —12.24 —5.07 8.18 —64.26]
0.3464 (,0=30.29 °)
~0.241 (Ar, =0.192 m)
[1.9 -0.02 0.06 0.07 —0.27 —0.32 —1.93]

3. Control requirement analysis and
high-performance controller design

As is described in Section 2, contact detumbling toward a
cubic target with nutation requires a complex operation
process. To satisfy the requirements of detumbling, the
impedance control method is employed as the theoretical
basis for constraining the contact forces. Then, for
improving the controller robustness, the error transforma-
tion is redesigned. A PPASMC is proposed and employed
for the robotic system to achieve the required perfor-
mances during the operation.

3.1 Impedance control strategy and the controller
requirements

For contact detumbling, to avoid consuming too much
time caused by weak contact and not to damage the

robotic system caused by strong contact, an impedance
control strategy [31] is adopted to restrict the contact
strength by adjusting the position of the end-effector
along the rotating axis of the target. For a certain detum-
bling process, the contact strength can be estimated from
the target motion, target structure and operating capabi-
lity of the robotic system.

The required adjustment is calculated based on the vir-
tual compliance model of the effector. The mass M,,
damping C,, and spring K, of the compliance model are
designed based on the real parameters of the effector and
the required compliance characteristics. For the ith end-
effector, the value of the total force perpendicular to the
contact surface is defined as F,. It directly reflects the
strength of the contact. Assuming that the difference
between the real-time contact force F, and its ideal value
F! is AF'

pr
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AF =Fi —F'. 8)

The expected position movement of the end-effector Ax’
and its time derivative can be calculated reffering to [32]
as follows:

M,A¥ +C,A% + K,AxX = AF". 9)

Trajectory
planning

Desired

Based on the above description, the loop of the detum-
bling system is shown in Fig. 9. The trajectory planning
module includes an open-loop arm approaching before
the contact and the closed-loop end-effector movement
during the contact. Then, the robotic system contacts the
target under control and generates detumbling with the
designed contact strength.

Controller —

Relative motion with
the target and
interaction calculation

Dual-arm space
robot dynamic
and kinematics

Robot states

Contact forces

Fig. 9 Loop of the detumbling system

Obviously, to generate the desired detumbling, the
robotic system, especially the end-effectors, needs a fast
reaction speed and high operation accuracy to withstand
the disturbance. At the same time, the coupling characte-
ristics of the designed robotic system installed with the
deformable end-effectors make it more difficult to obtain
great control performance. Thus, a kind of controller with
prescribed performance is suitable for the detumbling
operation. In addition, the controller ought to adapt to the
unknown inertia parameters of the controlled system and
be robust to disturbances during operation.

3.2 Improvement of the error transformation
based on prescribed performance

PPC can explicitly define the performances, including the
overshoot boundary of the tracking error and its conver-
gence rate through designing the controller parameters.
However, in the controller, the existing error boundary is
strict on the convergence rate at the beginning and is
more useful for rest-to-rest motion. For contact detum-
bling, the disturbance upon the robotic system is conti-
nuous, and the robustness and residual tracking error are
more important. Therefore, the boundary of the tracking
error is redesigned to improve the performance of the
controller.

In a PPC, the tracking error constrained by the boun-
dary is transformed into an unconstrained error through a
time-varying function called a. The transformation makes
the system more sensitive to the error. Then, the effec-
tive controller utilizing the transformed error ensures the
performance of the original tracking error.

The value of the original tracking error is defined as e =
x.—x, where x, is the expected generalized state and x is
the real state. o is a time-varying monotonically decreas-
ing function, and the value is always positive. Constants
0, and ¢, represent the scaling factor of the lower and

upper overshoot boundaries. The tracking error e satisfies:

(10)
Define h=e/a, it yields h €(d;, dy). Then, a smooth
and strictly increasing mapping function [24] is proposed
o,+h
oy—h

—(SLCV <e< 61](1.

1
Doy =Y = Eln( )

where ¢, takes h as the argument, J, € R represents the
performance tracking error.

Property 1 i, inherits the definition domain of the
original function and extends the initial value domain to
R Jim iy ==, Jim by =

The error transformation process is shown in Fig. 10.

Error of real
e(t)
state e(?) h(t)=
a(f) [ Bounded _ | Boundless
Bound error A(f) =y, error 9(7)
oundary s N ' —
function a(t) Ou<h(ty<dy o<yt

Fig. 10 Error transformation diagram

The transformation function determines that once the
original tracking error exceeds the boundary, the transfor-
mation process will fail. The characteristic of the boun-
dary function a determines the effect of the error transfor-
mation. A commonly used boundary function [24] is as
follows:

(12)

where the parameters «,, ., and / are constants of the
overshoot boundary and convergence rate that satisfy
@y > o > 0, [ > 0; e is the base of the natural logarithm.
Parameter adjustment of the controller is necessary to
obtain willing performance. As shown in Fig. 11, for tra-
ditional controllers, the adjustment of the controller per-

ay = (ap— a.)e " + .



ZANG Yue et al.: Contact detumbling toward a nutating target through deformable effectors and ... 9

formance through changing the parameters needs itera-
tion and is experience-dependent. However, according to
the time-varying boundary o, the performances of the
error are directly defined without iteration and tests.

Expected | Subtract - |[Engineering experience/ Parameter
performance theoretical analysis adjustment
Actual system| Numerical
performance | simulations
Fig. 11 Design process of the controller parameters

For a strong coupling system such as a space robotic
arm, the motion and operation may involve continuous
disturbances and may overstep the boundary, as shown in
the enlarged figure in Fig. 12.

1.0
0.5F /\
1 2
) 0F ~
—0.5+¢
71.0 1 1 1
0 5 10 15 20
t/s
1@y —mmmmmee- : o,-traditional boundary;

,,,,,, : a,-proposed boundary.

Fig. 12 Time-varying boundary

This risks the effectiveness of the controller. Therefore,
a new boundary function is proposed here in which the
exponential term is quadratically correlated with time:

@y = pie P 4 p, (13)

where p,, p,, p;, and p, are all positive const that influent
the boundary performance.

In Fig. 12, the expressions of the traditional boundary
are @,=0.7¢%%+0.01, and the proposed boundary is
@,=0.7¢7095¢-0"+0.01. The boundary proposed here libe-
ralizes the restrictions of the system initial values and
improves the robustness of the error transformation pro-
cess.

As shown in Fig. 13, for the determined time, the
tracking error after the transformation has the same sign
as the error before conversion, and 9, >, when
e > e,. In addition, the proportion of the error transfor-
mation increases with time. This requires great controller
frequency and actuator bandwidth. Additionally, the sys-
tem is sensitive to the input signal. When the system suf-

fers from disturbances, the controller is weak to deal with
the disturbances.

0-1.0
—: =0, —:=2; — 4.

Fig. 13  Characters of transformation error

3.3 Design of the adaptive sliding mode controller
with prescribed performance

Aiming to obtain robustness and rapidity of the response
of the sliding mode controller and to adapt to the
unknown system parameters, a distributed adaptive slid-
ing mode controller with prescribed performance for
robotic arms and end-effectors is designed in this section.

Referring to (6), to decouple the controller and reduce
the number of estimated parameters of the 8-DOF mani-
pulator combined with a deformable end-effector, the

Inci : i —

principal elements of the mass matrix Mmanip =
i Mi

arm hand 8x8 i 8x1

M T I €R¥™ are defined as B, €R™.
hand hand

The dynamic model of the manipulator can be written as
follows:
diag(ﬂinanip)X:na.nip = Q:nanip +fri1anip (14)
where fr’;,anip represents the sum of nonlinear parts and the
elements at nonprincipal element positions in matrix
inanip'

Contact detumbling is an accurate operation that
requires the manipulator to be steady. When the motion
of the manipulators is slight and gentle, the system
parameters can be regarded as constant through the
frozen-coefficient theory. The B, and f, . in (14) can
fi . Equation (14)

i .
manip

be regarded as the const f3 and

1
manip manip *

can be rewritten as
R i _ i Fi
dlag(ﬁmanip)xmanip — X manip + fmanip . (1 5)

Set the expected value of the second-order generalized
state to zero, then
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émamp dlag(ﬂmamp (Qf'nanip + \f_r;anip) . (1 6)

According to the definition of the transformed error 9,
for each signal, the first time derivative of the perfor-
mance error is

. dY dh dd(oh 0h
(TR (ae ‘T oa “) a7
Since
o _1( 1 1
h 2\6,+h 6y—-h
1
de « '
0h e
oa a?
then
.1 1 1 e e
= ===
v 2(6L+h 6U—h)(a/ a2a) (18)

Based on (17), the second derivative of ¢ is sorted as

B=Cé+D (19)
where
L Y |
dh de 2a\6,+h 6Sy—h
Do a2 dh2+dﬁ aZh.+ 92h ,+8h& B
are\ar dedr dadr” da")”

1 1 1 e e
5((6U—h)2_<6L+h>2)(a_5“)+

l( 1 . 1 )(—2aa/e+2ae—ade)
2\, +h  Sy—h pe

e R¥' of an 8-DOF

Written as a vector, the o

manip

manipulator is

& =diag(C'

manip

é +D:

mamp mamp manip

(20)

where C:._. e R¥®! and D!

manip manip

tion of the C and D of each DOF.
The sliding surface of the controller is defined as

€ R¥!' are the combina-

= /1'0’ + 0inamp (2 1 )

mamp manip

Substituted by (16) and (20), the time derivative of

(21) can be written as
— i i
mamp /lﬂmamp + Dmamp

i

C . . =
diag [ﬁ’ . ] (@i + Fia)-

manip

(22)

The sliding mode controller consists of two parts:

Qinanip = Q;q + Qim (23)
The Q is derivated to obtain smamp =0in (22):
i B]i“al’llp i i l
Q = dlag C ] (/lﬂmamp + Dmamp) manip * (24)
manip

Let ,B
and f

manip *

and f

manip

represent the estimations of B

manip manip

The errors between the real parameters and
estimated ones are:

e, =p B
{ B~ [i;ndmp [f:namp ) (25)
ef = f;nanip ~ J manip
Equation (24) can be rewritten as
ﬁ inamp i i 2
Q - dlag C (/]'ﬂmdmp + Dmdmp) fmanip' (26)
]Tlal’llp

According to the theory of the exponential approach
law, Q' guarantees that

§ = —ks'

manip mamp 8 Sgn(s (27)

m.imp)

So
ni

i ﬂmam
0., —chag[c 21 (k- S + &+ 5@(SE)) . (28)

manip

According to the definition of C"

manip

in (19), its value
increases greatly over time, so it is not suitable to simp-
lify the coefficient in (28) into a constant.

The complete controller is written as

i . [3 fnam
Q:nanip = dlag [ C . (ﬂ'ﬂ:namp +D ;namp

manip
- f rixanip (29)

where £ is a unitless positive constant.
The update laws for estimated parameters of the sys-
tem are

k manip te- Sgn(smamp))

{eﬁ =r dlag(/wmElmp +D s (30)

manip
é; = —I',diag(C;}

manip )

where I',I", € R®® are unitless constant matrices.
Theorem 1 For the robotic arms described in (14),
the controller (29) and the parameter update laws in (30)
ensure that the tracking errors of the arms are within the
prescribed boundaries and asymptotic tracking is
achieved.
Proof Considering the following Lyapunov function:

1 .
V= 5 ( manip ) dlag (Bmamp )sinanip +

1)

1 1
Eeﬁ”Trl_leﬁm + Eeﬁ,Tl’;‘eﬁ,,

its first derivative is
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V= $1amip leag(ﬂmmp) Stanip €5, Ty'ép +e, T ey,
(32)
Define:
Vi = (5hanp ) diag By ) Sy
Vy=e; T "¢, (33)
Vi=e,'I'e,
Rewrite (32) as follows:
V=V, +V,+V,. (34)
Substituting (29) into V, leads that
. . T
Vl = (s:nanip ) [_dlag (/lﬂinanlp + Dinamp )eﬁn +
dlag (C:nanip )efn] ( manip ) d]ag( manip ) !
( ksmmlp +e- sgn( mdmp) ) (35)
Substituting (30) into V, and V; leads that
VZ = ( mamp) dlag (/h?:namp manip )eﬁm ( 3 6)

(S:namp ) dlag (Cinanip )eﬁt

Time varying

11
Therefore, it is clear that
V =—k- ( manip ) dlag (ﬂmamp )s:rlanip -
&S iy " G0Z (Bl ) 520 (S} ) (37)

,Bmamp is the estimation of the principal elements of the
arms’ mass matrix, which is positive. There are positive k
and ¢ satisfying

k(S ) i (B ) S —
s( manip ) diag (,Bmamp )sgn( manip ) <0.

Consequently, V is guaranteed negative definite.
According to V =0, the invariant set of the system is

(38)

{(8tampr€5,1€7.) 1Shap = 0, €5, =0, &, =0}, which indi-
cates that the system is stable under the control shown in
(29) and the errors, shown in (25), converge to constant
values. a

Hence, the prescribed performance of the tracking
errors is satisfied through the proposed controller.
According to the above description, the controller struc-
ture is shown in Fig. 14.

> Performance errors
boundary g Error » Control outputs »| Control
Tracking errors and - _| transformation . calculation outputs
) T Generalized > Adaptive
their derivatives Ki
tracking errors Parameters | parameters
estimation

Fig. 14 Controller structure

4. Numerical simulations of the contact
detumbling and performance analysis

In this section, MATLAB/Simulink simulations are
developed to verify the effect of the contact detumbling
operation based on the proposed deformable end-effector
and the adaptive sliding mode controller with prescribed
performance. The employed robotic arm is described in
Table 2. According to the description in Section 2, dur-
ing contact detumbling, the end tips of the effector are

controlled to contact the surface of the target from two
sides. At the same time, the deformation of the end-effec-
tor and the rotation of the sphere joint linking to the end-
effector are designed to steady the contact and restrict the
contact strength. The expected contact force of one side is
0.4 N.

The first simulation compares the detumbling with
undeformable or deformable end-effectors when using
the same sliding mode controller. The parameters of the
controller and target are listed in Table 4.

Table 4 Simulation parameters

Item Value
Aarm = Aclaw =3
SMC karm = kclaw = 120
Earm = Eclaw = 0.01
Aarm = Aclaw = 3
=diag([ 20 20 20 20 20 20 20 0.05)
Iy=diag( 3 3 3 3 3 3 3 05)
PPASMC Pam=[ 02 05 5 01 ]

Paaw =] 02 02 20 01 |

karm

Earm

=10  keaw =5
= Eclaw = 0.001
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Continued

Item

Value

Initial state of the target

mr =500 kg,
Vr=1x1x1m?
wr=[1 20 -1]s
Rr=[6 0 0 ]m

Initial state of the end-effector

x=0.1 m
Desired state of the end-effector x=0.17 m
Impedance parameters of the deformable end-effectors [10 15 10]
When using undeformable end-effectors, the contact 05 y : ;
. .. . . . 1 i it
strength is not steady, and it is difficult to maintain long- zZ AL A A K i
o = I I 7 Wt I 2 NS e A I
term periodic contact. Three cycles of contact are figured i 1/ Y Y]
to show the operation results. -0.5 : - :

The contact forces of one contact point, shown in
Fig. 15, suggest that contact with undeformable end-
effectors is short-term and that the contact strength
changes quickly.

0.6
05}
04} i ]
031t i i i
0.2} il

i
i !
i [
0.1FL w i B
I 1) ;\H
it . \
0 I HERNY LN

—0.1

F/IN

30 40 50 60 70 80 90
t/s
----: F -undeformable;
-—--: F -undeformable;
-—--: F_-undeformable.

—: F -deformable;
—: F,-deformable;
——: F.-deformable;

Fig. 15 Contact forces of one contact point

Fig. 16 shows the contact torques and forces to the tar-
get resulting from the two end-effectors. The torques gen-
erated by the undeformable end-effectors have a higher
peak but cannot be maintained. The forces acting on the
target may push the target away from the operating space
of the robot and are undesired. However, in Fig. 16 (b),
the undeformable end-effectors generated more forces
and reduced the contact quality.

0.3

02+
0.1t

——: T,-deformable; ----: I -undeformable;
—: T,-deformable; ----: T,-undeformable;
——: T.-deformable; ~----: T.-undeformable.

(a) Contact torques

30 40 50 60 70 80 90
t/s
—=--: F -undeformable;
—: F,-deformable; ----: F,-undeformable;
——: F.-deformable; ----: F.-undeformable.
(b) Contact forces

—: F~-deformable;

Fig. 16 Contact torques and forces to the target

The above results show that the deformable end-
effectors improved contact stability. However, the con-
trol performance still needs improvements. Then, the se-
cond simulation is generated, which compares the
PPASMC and the SMC. The controller parameters are
listed in Table 4. To show the details of the controller
and robotic system performances, the results of 400—500 s
are selected and figured from the 900 s simulation.

Fig. 17 shows the tracking error and the control torques
of the sphere joint linked to the end-effector. The
required control amplitude is reduced and gentled when
using the PPASMC; at the same time, the tracking error
of the sphere joint is reduced by approximately two
times. The improvement of control performance does not
rely on the increase of the controller output amplitude,

which reflects the great performance of the PPASMC
controller itself.

ABI(°)

400 420 440 460 480 500
t/s
(a) Tracking error of the sphere joint
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0.4

T/Nm

4 - . : -
400 420 440 460 480 500
t/s
(b) Control of the sphere joint

—: 0-PPASMC; —: 0,-PPASMC; ——: 0.-PPASMC;
-==: 0-SMC; -==:0,-SMC; -==-:0-SMC.
Fig. 17 Control outputs of the sphere joint of arm 1

The tracking error and the control forces of the
end-effectors shown in Fig. 18 also reflect that the
PPASMC has greater performance. While the control
force of the PPASMC is slightly higher than that of the
SMC, the peak value of the tracking errors is reduced
more than two times when using the PPASMC. The error
changes gently when controlled by the PPASMC. Thus,
the operation accuracy of the end-effector has been
greatly improved.

e-x/em

400 420 440 460
t/s
(a) Tracking error of the end-effector

(b) Control of the end-effector

: x!-PPASMC;
- — 1 x-SMC;

: x2-PPASMC;
— - — 1 x2-SMC.

Fig. 18 Tracking error of the end-effectors

The different operation accuracies of the arm and the
end-effector lead to different contact states. Fig. 19 shows
the distance between the six end tips of the end-effectors
and the contact surface. The negative distance means the
contact occurred. The distance jumps because of the nuta-
tion of the target, and the three tips of one end-effector
take turns contacting the target. When controlled by the
PPASMC, the end tips jump lower, which means that the
state of the relative motion is steadier.

Distance/cm

Distance/cm

72 1 1 1 1 1 1 1 1 1
400 410 420 430 440 450 460 470 480 490 500
t/s

(b) Arm 2
——:d,-PPASMC; —: d,-PPASMC; ——: d;-PPASMC;
—-—:d,-SMC; - —:d,-SMC; ——:d-SMC.

Fig. 19 Distance between the contact points and the target surface

The contact torques generated by one end-effector and
the contact forces generated by one of the end tips are
shown in Fig. 20. For the contact torque of one end-effec-
tor, the results under the PPASMC have a larger ampli-
tude and smoother peak change, which means that the
contact state can be maintained for a longer time than that
controlled by the SMC. The contact forces of one end tip
are compared in Fig. 20(b). When controlled by the
PPASMC, the contact forces are approximately two times
greater and more steady than those controlled by the SMC.

0.10
0.05
]

Z 0
& 0,05 b

—-0.10 . -
400 420 440 460 480 500
t/s
——: T'-PPASMC; —: T,-PPASMC; ——: T.-PPASMC;
——: T.-SMC; ——: T,-SMC; —-—: T.-SMC.
(a) Contact torque of one end-effector
0.4
03 F \
0.2 F, Y
é 0.1} | i
o 4 A
70.1 1 1 1
400 440 460 480 500
t/s
—: F-PPASMC; —: F,-PPASMC; ——: F.-PPASMC;
- —: F-SMC; — —:F-SMC; - —: F.-SMC.

(b) Contact force of one end tip of a end-effector

Fig. 20 Contact forces and torques

The different contact states lead to different contact
detumbling effects. From the whole 900 s simulation,
Fig. 21 shows the angular velocity of the target in three
directions. When utilizing the PPASMC, the contact
strength is increased, and the angular velocity along the
y-axis decreases faster. In addition, the nutation of the tar-
get is weakened in both simulations.
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w./(°/3)

0 100 200 300 400 500 600 700 800 900
t/s

—: w,-PPASMC; —--:w-SMC;

—-:w,-SMC; ——: w-PPASMC;

—: w,-PPASMC;
— - w.-SMC.

Fig. 21 Angular velocity of the target

The contact forces continuously disturb the robotic sys-
tem. To overcome the disturbances and maintain the sys-
tem state, the robot arms are always under control. The
control outputs of the first four joints of arm1 are shown
in Fig. 22. The control outputs of the PPASMC are sig-
nificantly smoother than those of the SMC, which is good
for the stability of the robotic system.

2

Ob—-F A A A A

g
é 2~ T
_4 L L L L
400 420 440 460 480 500

t/s
(a) Arm control by PPASMC

400 420 440 460 480 500
t/s
(b) Arm control by SMC
——: Joint 1; ——: Joint2; ——: Joint 3; ——: Joint 4.

Fig. 22 Control outputs of joint 1—joint 4 of arm 1

In addition to the above simulation figures, some other
performances of the 900 s contact detumbling are sum-
marized and listed in Table 5. From the above results, the
effectiveness and efficiency of the proposed detumbling
method assisted by the deformable end-effector and the
PPASMC are verified. The rotation and nutation of the
target are reduced simultaneously. When controlled by
the PPASMC, even if the amplitude of the control output
is not multiplied, the detumbling efficiency increased by
nearly 70%. At the same time, the variation range of the
target displacement is reduced by approximately 65%,
and the variation range of the distance between the end
tips and the surface center is reduced by approximately
20%, which shows that the state of the contact detum-
bling is stabilized by the PPASMC.

Table 5 Simulation results of the approaching

Simulation 1

Simulation 2

Parameter
PPSMC SMC
Angular accerleration of target/(°/s) —-0.0177 —0.0101
Variation range of the target displacement/m 0.0083 0.0247
Average value of thg n?;mal (/:;ntact force of Fi= 822(1) Py :822? ] F= 8??; Py :8?‘7‘; ]
one end-etlector 0.010 0.031 0.012 0.029
—4 —4
Average Vah‘xe of thc}:‘l resultar;t Iror/I\?e and torque e 5X (1)0 e :gg;g } oo 7% (1)0 e :ggig }
acting on the target/(N/Nm) 6x107 0.052 21073 0.025
[0.026 0.022 0.014 0.007 [0.183 0.038 0.090 0.009

Average tracking error of the arm joints/(°)

0.003 0.093 0.093]

0.006 0.109 0.109]

Variation range of the distance between the
end tips and the surface center/m

0.062 0.075

5. Conclusions

Contact detumbling toward a cubic target rotating with
nutation is a great challenge and requires the effector and
controller of the system to have great performance.
According to the motion analysis of the contact area and
the contact requirements, a hand-shaped deformable end-
effector whose fingers can open and close is designed and
modeled to satisfy the detumbling operation. A PPASMC
is designed to ensure that the robotic arm and end-effec-

tor meet the required tracking error performances and
realize impedance contact. Then, the numerical simula-
tions of the contact detumbling using the proposed
deformable end-effector and the PPASMC are generated.
The simulation results show that contact detumbling is
regular and effective when using the proposed effectors
and the controller and the contact state is more steady.
The angular velocity of the target along all three axes is
reduced, which provides a reference for the research of
contactdetumbling operation toward a cubic nutating target.
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