International Journal of Control, Automation and Systems 15(2) (2017) 815-826

http://dx.doi.org/10.1007/s12555-015-0455-7

ISSN:1598-6446 eISSN:2005-4092
http://www.springer.com/12555

Avoidance of Multiple Moving Obstacles during Active Debris Removal
Using a Redundant Space Manipulator

Zonggao Mu, Wenfu Xu*, and Bin Liang

Abstract: During the operation of space manipulators for debris removal, the obstacles moving in the workspace
must be avoided. We propose a unified modelling framework for multiple moving obstacles and a collision-free
trajectory planning method for a redundant space manipulator. The complete properties of an obstacle, including its
shape, dimension, pose (position and orientation), and velocity (linear and angular), are defined in the model. The
obstacle surface is represented by a super quadratic function whose parameters are adjusted to describe different
shapes and dimensions. Pseudo-distance is defined to evaluate the proximity extent between the manipulator and
an obstacle. Considering multiple different obstacles, we present an approach to normalize the pseudo-distances.
The self-motion of the redundant manipulator was used to optimize the normalized pseudo-distance by adaptive
redundancy resolution. By ensuring that the pseudo-distance was always larger than the safety threshold value,
collisions with the obstacles were avoided. The proposed method solved the problem for which the Euclidean
distance was difficult, or even impossible, to calculate for 3-D cases. When handling multiple different obstacles, the
proposed method was much easier and had higher computational efficiency than previous methods. The proposed
method was verified by the simulation of typical missions.

Keywords: Active debris removal, multiple moving obstacles, obstacle avoidance, redundant manipulator, space

robot.

1. INTRODUCTION

The growing amount of space debris poses a threat
to operational spacecraft and the long-term sustainabil-
ity of activities in outer space. Presently, many organ-
isations and scholars are studying active debris removal
technology [1-4]. A redundant space manipulator [5] has
great advantages in singularity handling, obstacle avoid-
ance, torque optimisation, and manipulability enhance-
ment. The well-known manipulators launched to the in-
ternational space station (ISS), including the Dexter ma-
nipulator , the European Robotic Arm (ERA), and the
Space Station Remote Manipulator System (SSRMS, also
called Canadarm?2) [6], are all 7-DOF serial manipulators.
Some free-flying space robots for future on-orbit servic-
ing, such as FREND and TECSAS/DEOS, are also redun-
dant. These space manipulators perform complex and di-
verse tasks such as target capturing, replacement of orbital
replaceable units (ORU), and payload transfer. To ensure
safety, the potential danger of collisions with nearby ob-

stacles or with the arm itself must be avoided.

Obstacle avoidance approaches can be divided into off-
line and on-line methods [7, 8]. Glass et al. [9] pro-
posed a real-time collision avoidance scheme for redun-
dant manipulators, which was implemented at the inverse
kinematics level using the damped-least-squares formu-
lation of the configuration control approach. Yoshida et
al. [10] proposed a practical planning framework for gen-
erating 3-D collision-free motions in complex environ-
ments that was based on an iterative two-stage planning
scheme. Perdereau et al. [11] proposed a method to rep-
resent obstacles using super-quadratic surface functions,
which handled the collision avoidance problem by itera-
tively solving the inverse geometric model.

Obstacle modelling is the key to real-time control al-
gorithms. To reduce computational load and improve ef-
ficiency, simple geometric primitives are generally used
to represent a manipulator and its working environment.
Colbaugh et al. [12] dealt with the case of a planar ma-
nipulator by representing the objects using circles sur-
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rounded by a surface of influence and modelling the links
by straight lines. Rahmanian-Shahri and Trocha [13] pre-
sented an on-line collision recognition method in which
every link of a redundant robot and every obstacle in the
workspace were modelled as a boundary ellipse. For 3-D
workspace, spheres, ellipsoids, convex polyhedrons, and
cylinders are generally used as the geometric primitives.
Bonner and Kelley [14] proposed the successive spheri-
cal approximation to represent 3-D objects, which facili-
tated the planning of collision-free paths. [15] represented
manipulator links with spheres and cylinders, and objects
with spheres. Choi and Kim [16] represented the obsta-
cles and links of a robot using spheres and ellipsoids,
respectively. Hwang and Ju [17] also modelled the ob-
jects in a workspace as ellipsoids to simplify the mathe-
matical representation and reduce the computational com-
plexity for collision detection. For some objects, such as
rods, a cylinder is a more appropriate representation of
the surface. Therefore, Patel ef al. [7] proposed a compact
method of cylinder-cylinder collision detection and dis-
tance calculations using the notion of dual vectors and an-
gles. For mobile obstacle avoidance, Saramago and Junior
[18] presented a methodology to plan an off-line optimal
trajectory by adding penalty functions.

However, there is little literature dealing with the mod-
elling of multiple moving obstacles and avoidance in the
3-D workspace for serial manipulators. For different ob-
stacles, or the same obstacle with different poses (posi-
tion and orientation) relative to the manipulator links, the
computational equations of the Euclidean distance are dif-
ferent and cannot be formed in a unified manner. There-
fore, it will be much more complex, or even impossible,
to extend the previous methods to avoid multiple different
moving obstacles. In this paper, we propose both a unified
framework to model obstacles and a 3-D collision-free tra-
jectory planning method for redundant space manipulators
to avoid collisions with multiple moving obstacles. Unlike
the previous methods, the normalised pseudo-distance is
defined as the cost function for the redundancy resolution.

The remainder of this paper is organised as follows.
Section 2 introduces the configuration of a redundant ma-
nipulator for on-orbit servicing and derives two types
of kinematic equations for it. Section 3 analyses the
shape characteristics of typical spacecraft devices and
presents a general framework for modelling objects in a
3-D workspace. In Section 4, a collision-free trajectory
planning method is proposed to avoid multiple moving ob-
stacles through the optimisation of the objective function
constructed by the normalised pseudo-distances. Section
5 develops a 3-D simulation system with which the sim-
ulation of typical on-orbital tasks is performed. The last
section presents the summary and conclusion.
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Fig. 1. System components.

Table 1. Redundant manipulator D-H parameters.

link ; 6; ©) i () a; (m) d; (m)

1 0 -90 0 dy =1.177
2 0 90 0 0

3 0 -90 0 d; =2.93
4 0 90 0 dy =0.55
5 0 —90 0 ds =2.93
6 0 90 0 0

7 0 0 0 d; =1.177

2. MODELLING REDUNDANT SPACE
MANIPULATORS

The designed space robot consists of a redundant ma-
nipulator and a spacecraft platform. It is used to imple-
ment the space tasks, such as visual monitoring, target
capturing, and ORU replacement. The system compo-
nents are shown in Fig. 1.The redundant manipulator is
composed of seven revolute joints, which are arranged in
an S-R-S configuration, i.e., the shoulder and wrist have
three perpendicular joints forming spherical motion con-
straints and the elbow joint has a revolute joint. The D-H
parameters are shown in Table 1.

For spacecraft-referenced end-point motion control
[19], the motion of the space manipulator is controlled
with respect to its own base. Its differential kinematic
equation can then be written as:

{ e ] VAL )
Oa)e m )

where %, and ‘0., respectively, denote the linear and
angular velocities of the manipulator’s end-effector, @ =
(61,6, --,6] is a vector formed by all joint angles of the
manipulator, and °J,, € R®*7 is the Jacobian matrix, es-
tablishing the relationship between the joint rates and the
end-effector velocities. The left-superscript ‘0’ denotes
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the base frame of the manipulator, i.e., frame {xo, yo, 20}
is chosen as the reference frame. According to the defi-
nition of the Jacobian matrix, °J,, is independent on the
mass parameters, i.e., the singularities of 0J., are kine-
matic singularities.

When the motion of the end-effector is described in
the inertia frame, the differential kinematic equation of a
space robotic system can be written as [19]:

Ve _ Vo -
|: o, :l _Jb|: @ :|+-’m® (2)

where J, € R*¢ and J,, € R®7 are the Jacobian matri-
ces dependent on the base and the manipulator, respec-
tively. When no external forces and torques are acting on
the free-floating system, its linear momentum and angu-
lar momentum are conserved. With the assumption that
their initial values are zero, the kinematic equation of a
free-floating space robot is:

%]

where, J, (¥}, 0,m;,1;) € R®7 is the generalised Jacobian
matrix [20].

:Jg (qlba®7miali)® (3)

3. UNIFIED FRAME FOR MODELLING
MULTIPLE MOVING OBSTACLES

3.1. Multiple moving obstacles environment

The working environment of a space manipulator with
multiple moving obstacles is shown in Fig. 2, in which the
obstacles are respectively denoted as Obstacle 1, Obstacle

., Obstacle V.

The ith obstacle (denoted as Obstacle i) moves with
a linear velocity v; and angular velocity @;. The ma-
nipulator is commanded to make its end-effector frame
{0.X.Y.Z,} attain the target frame {O,X,Y;Z,} without
colliding with any of the obstacles. To model the envi-
ronment, the following properties of each obstacle should
be considered:

(i) The geometries, including the (a) shape, which can
be spherical, cylindrical, conical, combined, or others; and
the (b) dimension, which is the geometric size of the ob-
stacle;

(ii) The position and orientation with respect to the ref-
erence frame; and

(ii1) The linear and angular velocities with respect to the
reference frame.

3.2. Geometry modelling of typical devices on space-
craft
3.2.1 Shape characteristics of typical devices
It is well known that most spacecraft, such as the In-
ternational Space Station, Hubble Space Telescope, and
other artificial satellites, are composed of modular and
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Fig. 2. Working environment with multiple obstacles.

standardised devices. Modularisation and standardisation
are very important for long-life satellites and especially
future serviceable spacecraft. The typical devices of a
spacecraft have the following shape characteristics:

(1) The fuel tank’s exterior contour is generally spheri-
cal;

(i1) The optical camera’s shape comprises a cylinder and
cube;

(iii) The star sensors’ combined shape comprises a cone
and cuboid;

(iv) The ORU’s shape is cuboid,;

(v) The communication antenna’s shape is cylindrical;

(vi) The reaction thruster’s its shape is conical;

(vii) Other devices’ shapes combine one or more regu-
lar shapes.

After intensive investigation and analysis of space
robots and their working environment, the characteristic
of the objects in its workspace can be summarised as fol-
lows. The shape of a device can be described as one or
several simple geometric primitives, such as cuboid (ORU
devices), cylindrical (manipulator links, optical cameras,
equipment brackets), conical (thruster nozzles, star track-
ers), and spherical or ellipsoid (fuel tanks). These 3-D ge-
ometric primitives can be defined to represent the shapes
of general object, which are spheres or ellipsoids, cylin-
ders or cones, and cuboids.

3.2.2 Surface functions of the geometric primitives

As the envelope of an obstacle can be represented by
geometric primitives, the function to describe a single ge-
ometry primitive is defined first. Inspired by the work of



818 Zonggao Mu, Wenfu Xu, and Bin Liang
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(a) Cylindrical object.
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Fig. 3. Definition of the surface of an object with respect
to its body-fixed frame.

[21], we use super-quadric surface functions to describe
an object with an arbitrary geometry in 3-D space [22].
The definition of the surface of an object is shown in Fig.
3, in which {O0,X,Y,Z,} denotes the body-fixed frame of
the object and represent the coordinates of the geometry
centre Cp.

If the coordinates of an arbitrary point P on the surface
with respect to {0,X,Y,Z,} are denoted by (x,y,z), the
surface function of an object has the following form:

®S(x,y,2) =0, 4

where the left-superscript ‘b’ denotes the body-fixed
frame of the obstacle. The following super-quadric func-
tion can be used to define the surface of a geometric prim-
itive:

_ 2p
+ <(Z h310)> —1. ©)

In (5), hy, hy, and hs are the parameters determining the
volume of the objectand m > 1, n > 1, and p > 1 are the
powers of the exponents defining the shape of the object.

If the geometry centre Cy is chosen as the origin of the
body-fixed frame, xo = yp = zo = 0, then equation (5) can
be simplified as:

x 2m y 2n z 2p
bS(x,y,z)Z(hl> +(hz) +(h3> —1. (6)

Using different values of these parameters, we can de-
fine various types of geometric primitives with different
sizes.

(1) For a spherical surface

R ORTORTC I

(ii) For a cylindrical surface

s (VGG o

(iii) For a cuboid surface

sexg- ()4 Q)@ o

c

(iv) For a conical surface

2 2 g
®S(x,y,2) = (Zid> +<Zid) +(§) —1 (10)

3.2.3 Envelope representation of general objects using
combined geometric primitives

The shape of typical spacecraft equipment, which gener-
ally comprises one or more regular geometric primitives,
approximately, can be represented using one or several ge-
ometric primitives. Taking the star sensor and the optical
camera as examples, we can represent their envelopes us-
ing one or two geometric primitives:

(i) A single spherical envelope: The device is enveloped
by a single spherical primitive. It is the simplest form, re-
quires the least computing time, and is suitable for equip-
ment with an approximately spherical shape. For the star
sensor or the optical camera, however, two additional ar-
eas, which do not belong to the device, will be sacrificed.

(ii) A single cylinder envelope: The device is enveloped
by a single cylinder primitive. It is suitable for equipment
with an approximately cylindrical shape. The computa-
tional load is larger than that of a single spherical enve-
lope, but the workspace sacrificed is smaller.

(iii) A single cuboid envelope: The device is enveloped
by a single cuboid primitive. It is suitable for equipment
with an approximately cuboid shape. The computational
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load is larger than that of a cylinder envelope, but the
workspace sacrificed is smaller.

(iv) An envelope with combined geometric primitives:
The device is enveloped by a cuboid primitive and a cylin-
der primitive. The workspace sacrificed is the least, but
the computational load is larger than that of the other
shapes. In this case, the surface can be defined with the
following functions:

() () ()" -1,
lz—z01| <c,
°s (.X )Y Z) =
(=) + (=) + (52)" - 1,
c<z—z01 <c+2H,
(1)

where Co; (xo1,01,201) and Coz(Xo2,Y02,202) are the re-
spective coordinates of the geometry centres of the cuboid
and cylinder primitives, described in the body-fixed frame.
For practical applications, two main factors, ‘computa-
tional efficiency’ and ‘representation accuracy’, are com-
prehensively considered to determine whether to use one,
several, or even many geometric primitives to define the
envelope of a device.

3.3. Defining pose and velocity for an obstacle

In the previous section, the surface of an object is de-
scribed by a super-quadric function. Moreover, each ob-
stacle can possibly move with respect to the base of the
manipulator. Therefore, the multiple moving obstacles in
the working environment should be described in a unified
reference frame, such as the base frame of the space ma-
nipulator.

For the ith obstacle, whose body-fixed frame is denoted
as {0y XpiYpiZpi }, the position and orientation are

Xbi Olpj
i = | Vi Ty = By |, (12)
Zpi Yoi

where "/ py,; is the origin position of {0y Xy ¥siZpi} With
respect t0 { OyerXetYrerZrer } and "/ yy,; represents the Eu-
ler angles of the orientation of {0y X, Y5iZsi}. An alter-
native means to represent the pose is the homogeneous
transformation matrix "/ T,;. The motion of each obstacle
can be determined by the linear and angular velocities as
follows:

"I =" P (13)
refmbi =N (refllfbi) ref']’bi? (14)
where N (’ef I[Ib,-) is the matrix mapping the time deriva-

tive of the Euler angles to the angular velocity. For the
representation of the X-Y-Z Euler angles,

1 0 Sﬁ
NW¥)=|0 ca —sacp |, (15)
0 sq¢ cacp

Sq, Sg and cq, cg are the sinusoidal/cosine of & and B.

4. TRAJIECTORY PLANNING TO AVOID
MULTIPLE MOVING OBSTACLES

4.1. Pseudo-distance and normalized pseudo-distance

It is obvious that the Euclidean distance between the
closest points, one belonging to the arm and the other to
the obstacle, is the most intuitive criterion to evaluate the
proximity extent between the manipulator and the obsta-
cle. However, it is very difficult to express this in an ana-
lytical form.

4.1.1 Pseudo-distance of a point to an obstacle

For an arbitrary point P, whose coordinates are °P =
(x,y,z) with respect to the body-fixed frame of an obsta-
cle, we can determine whether it lies on the surface of the
obstacle by substituting (x,y,z) in the super-quadric sur-
face function (5). The results are as follows:

S(x,y,z) <0, if pointP is inside the body
S(x,y,z) =0, if point P is on its surface (16)
S(x,y,z) >0, if point P is outside the body.

Taking a cylindrical object as an example, the above rela-
tionship is shown in Fig. 4.

It is very clear that the value of S(x,y,z) is directly re-
lated to the proximity of point P to the obstacle. The larger
the value of |S(x,y,z)|, the greater the distance from point
P to the surface. From this point, S(x,y,z) can be used
to evaluate the proximity, similar to the Euclidean dis-
tance. Therefore, S(x,y,z) is called the ‘pseudo-distance’
of point P. It is denoted by:

dp(P) :S(-x,y,Z) (17)
zZ
b ‘ S(X, ¥, Z)<O S(}', s Z):U S(x, Vs Z)>0
!/
/
/
Inside the
surface ¥ :
. Onthe Qutside the
P(x,v,z) surface surface
3
o
b

Xb

Fig. 4. The pseudo-distance concept.
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4.1.2 Practical method to calculate the pseudo-
distance of a link

The pseudo-distance from a link to an obstacle is defined
as the minimum value of the pseudo-distance from any
point on the link to its surface:

diy(AB) = min d, (P), (18)
where dj;«(AB) is the pseudo-distance from link AB to
the given surface. It is generally very complex to ana-
lytically calculate the real minimum value by submitting
the coordinates of all of the points on the link AB. We can
simplify the calculation with the dichotomy method. After
considering a sufficient safety margin, it is only required
to calculate a few key points, such as the end points and
the middle point.

Below is a practical method to calculate the pseudo-
distance of a link whose end points and middle point of
its central axis are respectively denoted as A, B, and M. If
a security margin is used, the pseudo-distance of a link is
approximately calculated as:

djink(AB) = min (d,(°P4), d,(‘Pg), d,(“Py)) . (19)

This practical method is illustrated in Fig. 5. If more
points on line AB are used, the result will be more accu-
rate. For practical applications, the readers can determine
which points should be used according to the compromise
requirement.

On the basis of the pseudo-distances between all of the
links of the manipulator to the object, we can define the
pseudo-distance between the manipulator and the object
as:

d~arm = min(tilinkl7d~liﬂk27 T ad‘}ink11>7 (20)
where dj;,; is the pseudo-distance of the ith link.

4.1.3 Normalised pseudo-distance

When there are multiple obstacles, the pseudo-distance
between the manipulator and the ith obstacle is de-
noted as ?%id,,,,. If there are N obstacles, the ‘pseudo-
distances’ between the manipulator and all of the obsta-
cles, ' d s P2dos ooy PV, can be determined
sequentially. However, these pseudo-distances have dif-
ferent scales for different surface functions. To com-
pare them, they must be scaled to the same level. This
process is called normalisation (or weighting) and the
corresponding pseudo-distance is called the normalised
pseudo-distance (or weighted pseudo-distance). For the
ith obstacle,

Ob‘wd,\arm = obsi Jarm/wi7 (21)

where w; is the scale factor of the ith obstacle (or so-
called weighted coefficient) and °**id,,,, is the normalised
pseudo-distance.

S('CPB) /_,' P ~'-..\

obstacle

Fi

(0]

.5. A practical method to calculate the pseudo-
distance of a link.

4.2. Optimized algorithm to avoid multiple moving
obstacles
4.2.1 Objective function for avoidance of multiple
moving obstacles

Observing the space manipulator studied in this paper, the
following key points should be chosen to calculate the
pseudo-distance:

(i) Point O: The origin of the base frame of the manip-
ulator, i.e. {OyX0Y0Zo};

(i1) Point S: The centre of the shoulder, i.e., the intersec-
tion point of the first joint axes (the first to third joints);

(iii) Points E;, E;: The elbow points of the manipulator.
El is the intersection point of the third and fourth joint
axes, and E2 is the intersection point of the fourth and
fifth joint axes;

(iv) Point W: The centre of the wrist, i.e., the intersec-
tion point of the final joint axes (the fifth to seventh joints);

(v) Point T: The origin of the end-effector frame of the
manipulator, {0;X7Y7Z7}; and

(vi) Points My, M|, M,, M3: The middle points of lines
0OS, SE;, E;W, and WT, respectively.

These key points of the space manipulator are shown in
Fig. 6.

The homogeneous coordinates of these key points with
respect to the base frame can be determined according to
the direct kinematic. The coordinates of the key points

Yo i 31 &y 4 A * 4 A
4 2 = &5 A
Zo / )_]—I_| (/ \
X PR 3 9 M w M o7
/ 2} ~
0 M, s M E,

Fig. 6. The key points chosen on the manipulator.
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with respect to the corresponding link frames are as fol-
lows:

0 0 0
_ 0 _ 0 _ 0
o=\ | Bs =1 | =]y @
1 1 1
0 0 0
_ 0 _ 0 _ 0
3pE2 = d )4pW = 0 77pT = 0
1 1 1
(23)

The above vectors can be expressed in the base frame
(used as the reference frame) by coordinate transforma-
tion:

0I_’s = OT%I_’& OI_’E] = OTgI_)Elz OI_’EZ = OTgl_’m
0 Opds 05 _ OpTs (24
Pw = Tspw, Pr=Tipr
Correspondingly, the homogeneous coordinates of the
middle points can be calculated as:

0. "Po+°Ps .  ’Ps+°Pg
My, — 2 ’ M, — 2
05 05 05 . 0s (25)
0. _ Pe,tPwyo. _ Pwt Pr
M, — 2 ’ M; — 2 .

To calculate the pseudo-distance from each key point to
the ith obstacle, all of the key points should be described
in the body-fixed frame of the obstacle, {Op;Xp; Y piZpi}-
As the obstacle moves, we should predict the pose of the
obstacle at the next sample time with respect to the base
frame, according to the current pose °T; (¢), linear veloc-
ity Op,i(t), and angular velocity Owp(t).

The position and attitude of the obstacle at the next sam-
ple time can be estimated as:

Opyi (t +At) =py; (1) + vy (1) At (26)
Oy (t+Ar) =y (1) + W (1) A, (27

where At is the sample period of the controller, and can be
calculated using the following equation (see (14)):

W, (1) =N ("W (1)~ @y (1)] - (28)

0T, (t+At) can be constructed
Opyi (t + At)and Oy, (1 + At).

The coordinates of the key points with respect to the
obstacle frame at the next sample time are then calculated
as follows:

according to

Vip (t+ A1) = Ty (t4+A1)) " [°p,] . (29)

The subscript ‘x’ denotes the symbol of the key points,
GOQ’ ‘S’7 ‘E17’ 4E25’ GW” ‘T’, ‘MO” 4Ml’7 ‘Mz’, and ‘M39.

Correspondingly, the pseudo-distance of each key point
with respect to the ith obstacle is as follows:

ObSid’; =S (bipx (t +At>) , (30)

where p, is the position vector obtained by eliminating
the fourth element (‘1°) of the homogeneous coordinates
P,. The minimum value of these pseudo-distances is then
defined as the pseudo-distance between the manipulator
and the ith obstacle:

obs,-d"'arm _ min(ObsiJO70bSijS, . ,ObSiJT) o abs,'d;. (31)

In (31),”bsfd~a,mrepresents the pseudo-distance between
the manipulator and the ith obstacle, and "b"‘fd; is the se-
curity margin for the ith obstacle. If there are N obsta-
cles, the pseudo-distances between the manipulator and
all of the obstacles, *'d ., “*drmy s "bs’vd:”m, can be
determined sequentially. Then, the objective function for
avoiding all of the obstacles can be defined as the mini-
mum value of all of the normalised pseudo-distances, i.e.:

~

dmin (®) = min (Gbﬁd,\armyobszjarmy e 70bSN‘iarm) ) (32)

where dpin (@) is the minimum normalised pseudo-
distance. dy, (®) > 0 shows that the manipulator does
not collide with any obstacle. Therefore, the collision-
free trajectory can be generated by maximising din (©)
to ensure that dpi, (@) is always greater than 0, using the
manipulator redundancy.

4.2.2 Obstacle avoidance based on adaptive redun-
dancy resolution
The primary task of the manipulator is to move its end-
effector along the desired trajectories. Thanks to its re-
dundancy, the arm can simultaneously accomplish a sec-
ondary task, which is taken here to be obstacle avoidance.
According to the determination of the objective function
(32) (the normalised pseudo-distance of the manipulator
with respect to all of the obstacles), the following perfor-
mance criterion function can be used to handle the colli-
sion avoidance problem:

H(®) = dpnin (0). (33)

The performance criterion H (®) represents the func-
tion of all seven of the joints. The self-motion can be used
to optimise the given performance criterion H (®). This
is the so-called ‘redundancy resolution’. For the gradient
projection method, the redundancy is resolved as follows:

O =J'% +k(I-J'J)VH (©), (34)

where J is the Jacobian matrix of the kinematic equations
J =01, for (1) and J = J, for (3), and J* is the Moore-
Penrose generalised inverse or pseudo-inverse of J. Ma-
trix I is an n X n identity matrix and (I —J#J) is the null



822 Zonggao Mu, Wenfu Xu, and Bin Liang

0.8

06

0.2

0 0.2 0.4 0.6 0.8 1 1.2
: A

m

Fig. 7. The coefficient k vs the threshold value A.

space projection. VH (0) is the gradient vector of H (®)
and is defined as:

0H 0H oH]"

VH(@): 8_91’8_62’...78_6’1

(35)

The gain k in (34) plays a great role in the gradient pro-
jection method. The selection of an unsuitable value will
result in the obtained joint rates not achieving either the
primary or the second task. Too large or too small values
of k will excessively strengthen or weaken, respectively,
the redundant motion (second task). If the distances be-
tween the manipulator and the obstacles are far enough,
we think that it is not necessary to use self-motion to
avoid the obstacles. However, the smaller the distance,
the greater the risk of collision. Therefore, a threshold
value A > 0 is chosen to determine the safety domain and
the value of k is adjusted adaptively, using the following
equation:

A

07 dmin (G) > A

k= 5 2 (36)
drnin (@) — 4 .
()L—z)k,,,, 0 < diin (@) <A,

where k,, > 0 is the maximum value of k. According to
(36), if dupin (®) > A, then the obstacles are outside the
safety domain and k = 0. When Aumin (@) < A, a collision
will occur. The self-motion of the redundant manipula-
tor should be used to avoid the collision, i.e., k should be
greater than 0. The smaller the din (@), the greater is k.
The relationship between k and A is shown in Fig. 7. The
two constants, k,, and A, largely affect the avoidance per-
formance. The adaptive redundancy resolution is realised
by applying a gain value according to (36).

5. CASE STUDY

5.1.  Avoidance of multiple moving obstacles

To verify the proposed approach, a 3-D simulation sys-
tem is developed in the Microsoft Visual Studio C++ en-
vironment embedded OSG (Open Scene Graph, an open-
source, high-performance 3-D graphics toolkit). To illus-
trate the applicability of the proposed obstacle model and
trajectory planning method.

The manipulator is commanded to perform an ORU re-
placement task. Initially, the joint angles of the space ma-
nipulator are respectively as follows:

@, = [0°, 66°, 0°, —84°, 0°, —50°, 90°]" . (37)

Correspondingly, the position and attitude of the end-
effector of the space manipulator are respectively as fol-
lows:

DPeo = [—0.3887 m, —0.2328 m, 4.1072 m]T, (38)
¥,, = [90.00°, 0.00°, 68.OO°]T, 39)
where p, is the position of the end-effector and ¥, repre-

sents the Z-Y-X Euler angles of the end-effector’s attitude.
The initial pose of the target is

pio=1[394m, 1.62m, 5.96m|", (40)
¥, = [~10.00°, 2.00°, —15.00°]" . “n

During the capturing mission, the target is assumed to
be moving at the following velocities:

v, =[-10.0, —2.0, =9.0]" mm/s,
o, =[0.01, 0.4, 0.3]" °/s. (42)
There are two moving obstacles in the workspace of

the space manipulator. The geometry shapes and mov-
ing velocities of the two obstacles are show in Fig. 8. The

Fig. 8. The initial condition for multiple obstacle avoid-
ance.
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Fig. 9. Joint rates planned by the collision-free planning
method.

workspace diameter is ryp = 1.0 m. The initial position of
its centre is (0,4.1,2.6) m with respect to the coordinate
system of linkO of the manipulator.

The linear velocities of the spherical obstacle are

Vobst = [1, =35, 5]" mm/s,

@51 = [0.5, 0.5, 0.5]" °/s. (43)

The other obstacle, called the hybrid-shaped obstacle, is
an obstacle comprising two geometric primitives, a cylin-
der and a truncated cone. Initially, the geometry centre of
the cylinder is (0.5,1.3,2.4) m with respect to the coordi-
nate system of link0Q. The linear velocities of this obstacle
are as follows:

Vons2 = [—15, 0.1, 5" mm/s,

@op2 = [-0.3, 0.1, —0.3]" °/s. (44)

The collision-free methods are used to plan the trajec-
tories of the space manipulator. The simulation studies is
detailed in the following comments.

5.2. Collision-free trajectory planning with normal
moving obstacles

The simulation conditions are the same as those used

above, but the collision-free trajectory planning method

is used to calculate the joint rates.

The simulation results are shown in Figs. 9-11. The
planned joint rates are shown in Fig. 9 and the pseudo-
distances between the manipulator and the two obstacles
are shown in Fig. 10. The pseudo-distances are always
greater than zero during the simulation, indicating that
collision with the obstacles is effectively avoided. Com-
paring them with the corresponding states of the tradi-
tional planning method, we can see that the use of the
collision-free trajectory planning method proposed here
can avoid multiple moving obstacles with different shapes.

dsph

0 n n n n n ‘
50 100 150 200 250 300
ts
(a) Pseudo-distance to the spherical obstacle.
14 T T : .

deyl

50 100 150 200 250 300
ts

(b) Pseudo-distance to the hybrid-shaped obstacle.

Fig. 10. The pseudo-distance between the manipulator
and two obstacles.

Fig. 11. Typical states during the simulation.

(d)t=320s B
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Fig. 12. Joint rates planned by the collision-free method.

5.3. Collision-free trajectory planning with a oscillat-
ing obstacle

The simulation conditions are the same as those used
above, but the sphere is supposed to be a oscillating obsta-
cle. During O s to 110 s the oscillating obstacle moves to
the manipulator; during 110s to 195s the oscillating obsta-
cle moves away from the manipulator; during 190 s to 320
s the oscillating obstacle moves to the manipulator again.
The collision-free trajectory planning method is used to
calculate the joint rates.

The simulation results are shown in Figs. 12-14. The
planned joint rates are shown in Fig. 12 and the pseudo-
distances between the manipulator and the two obstacles
are shown in Fig. 13. The pseudo-distances are always
greater than zero during the simulation, indicating that
collision with the obstacles is effectively avoided. We can
see that the use of the collision-free trajectory planning
method proposed here can avoid multiple moving obsta-
cles with a oscillating obstacle.

6. CONCLUSION

In this paper, we proposed a unified framework to
model a general obstacle and a trajectory planning method
for a redundant space manipulator to avoid multiple mov-
ing obstacles within its workspace. The geometries, pose,
and velocities are included in the model. Because a space-
craft is generally composed of both modular and standard
devices, the exterior contour of an obstacle can be approx-
imately represented by one or several regular shapes, such
as a cylinder, sphere, cone, or cube. A super-quadratic
function is used to define these geometric primitives, and
the pseudo-distance concept is extended to evaluate the
proximity of the manipulator to an obstacle. For differ-
ent types of obstacles, the pseudo-distances have differ-
ent scales. Therefore, the pseudo-distances should be nor-
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0 . . . . . \
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ts

(a) Pseudo-distance to the oscillating obstacle.

0 L . . L . .
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(b) Pseudo-distance to the hybrid-shaped obstacle.

Fig. 13. The pseudo-distance between the manipulator
and two obstacles.

(c)1=195s

(d) =320 s

Fig. 14. Typical states during the simulation.
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malised to the same level. Then, the objective function
for avoiding multiple obstacles can be defined as the min-
imum value of all of the normalised pseudo-distances. A
method based on gradient projection was then presented
to plan the 3-D collision-free trajectory.

The proposed model describes an obstacle in a unified
framework, which is easily realised as a structured type
in certain programming languages. The trajectory plan-
ning method has high computational efficiency and good
real-time performance because the complex computation
of Euclidean distances is avoided. The work described
here can be easily applied to other research fields such as
mobile or industrial robots and spacecraft formation fly-
ing.
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