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ABSTRACT

This paper presents a strategy for collision-free robot tip
trajectory in space works. Obstacles present in the
workspace may collide with a space robotic system
engaged in on-orbital servicing missions. The resultant
collision may damage to the manipulator which
ultimately leads to the space mission failure. When a
space robot needs to perform in a limited volume with
obstacles present, the robot must possess some unique
capability to reach around obstacles during
maneuvering. The redundant robot can perform various
tasks in a limited workspace with obstacles. Hence, for
this, a 6DOF space robot has been proposed for
manipulation in the workspace with two static
obstacles.  Collision avoidance is based on
reconfiguration approach where the joints are made
active/passive to facilitate collision-free tip trajectory.
Before reconfiguration, collision detection has been
proposed to be done. The bond graph technique has
been used for the dynamic model of the system and to
formulate system equations.

Keywords: redundant space robot, collision avoidance,
trajectory planning, bond graph modeling.

1. INTRODUCTION

Redundant manipulator (Agrawal 1994; Sutar et al.
2015) refers to a kind of robot which possesses
additional degree of freedom than required to perform
the desired tasks. Among various task execution
capabilities (Sardana et al. 2013) of a redundant robot,
obstacle avoidance characteristics have its own
significant because if the robot collides with the
obstacles, both the robot and the obstacles may get
damages. The collision free trajectory has two folds:
robot tip motion planning known as main task and the
robot link collision avoidance known as sub-task. The
tip motion planning is needed when the obstacles are
located in the workspace. The dynamic motion planning
of the space robot is itself a complex task due to its
floating base and has been paying considerable attention
during the last years (Pathak et al. 2006; Saha 1996;
Shah et al. 2013). Obstacle avoidance (Dasgupta et al.
2009; Singla et al. 2010) is a further additional
difficulty.

Most of the previous researches have only focused on
industrial and mobile manipulators. Some of them are
discussed here as: Usually, strategies of collision free
trajectory are based on Artificial Potential Field
(Csiszar et al. 2012) by imposing repulsive and
attractive forces, where the sources are the obstacles
and the target, respectively. In which, the robot is
repulsed away from the obstacles (static and dynamic)
and is attracted to the target position. This method is
simple and has elegant mathematics. Some inherent
weaknesses are studied by (Koren and Borenstein
1999). (Bjerkeng et al. 2011) discussed a novel
approach for collision-free tip motion for industrial
manipulators based on the weighted pseudo inverse
kinematic redundancy resolution technique (Whitne
1969). To use the pseudo inverse control approach is a
big challenge due to the requirement of a well behaved
task parameterization. The inherent limitations of the
weighted pseudo inverse are discussed in (Klein et al.
1983). A nonholonomic mobile robot was presented for
trajectory tracking with obstacle avoidance based on an
analytical method (Korayem et al. 2014). The limitation
of this method is that the generated path solution was
parameterized to a limited fixed-order polynomial.

Most of the earlier works on collision avoidance are
based on an optimization approaches. These approaches
have their inherent limitations such as one does not
have any information about the manipulator
configuration after collision-avoidance. In a work (Shari
and Troch 1996), based on reconfiguration approach,
one can know the final configuration, i.e., configuration
after obstacles avoidance which can be influenced by
further requirements such as joint limit, singularity
avoidance, etc. For behavior based control strategy, a
fuzzy method has been developed for obstacle
avoidance of multi-link manipulator (Dassanayake et al.
1999). Using this method, there is no need to evaluate
inverse kinematics.

Still, a few literatures discuss about collision free
trajectories in space. A practical 3-D seven DOF
redundant manipulator was taken for collision-free
trajectory planning (Mu et al. 2014) based on pseudo-
distance. The natures of obstacles were both static and
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dynamics. To plan a 3-D trajectory planning with
collision avoidance, gradient projection was presented.
This method provides high computation efficiency and
good real time due to avoidance of complex
computation  of  Euclidean  distance.  These
aforementioned literatures motivated us to utilize
unconventional features of the redundant space robot
for collision-free trajectory planning.

In our work, 6 DOF space robot has been proposed for
safe trajectory tracking with static environments. The
static environments include two obstacles in the
workspace. This work is based on reconfiguration
approach. Among 6 joints only two joints are supposed
to be actuated at a time, whereas others are kept passive.
However, every joint can be actuated but some of them
will not for the kinematic control purpose. When a link
comes close to the obstacles, the joint of the
respective/influencing link is made passive and in
between other passive is released to be actuated and
then the manipulator is reconfigured. In this way, by
exploiting redundancy, a collision-free trajectory can be
achieved. It is worth mentioning that each joint is
controlled independently by using Proportional-
Derivative controller. The end-effector trajectory
tracking is taken care by using Proportional-Integral-
Derivative controller.

This paper is organized in 6 sections. Section 2 presents
a physical model of 6 DOF planar space robots. Section
3 discusses about recognition of obstacles present in the
workspace. Section 4 deals the simulation and the
animation results. Finally, section 6 presents
conclusions.

2. MODEL OF ©6DOF PLANAR SPACE
ROBOTIC SYSTEM

This section discusses about the entire procedure of
development of a dynamic model of 6 DOF planar
space robot. Modeling of the 6DOF planar space robot
involves translational and rotational dynamics of the
links. The basis of modeling depends upon assumptions
that the robot base and all the links are rigid body. Also,
the joints are assumed to be revolute joints and the
robot has a single arm and it is an open kinematic chain.
Figure 1 represents a schematic sketch of the 6 DOF
planar space robot. In this Figure, {A} is the inertial or
absolute frame and {V} is the vehicle frame located at
the center of mass (CM) of the space robot. A frame {0}
is located on space robot base at the root of the
manipulator of space robot. Frame {1} is also located at
the root of manipulator at the first joint. Frames {2} to
{6} are attached at the joints 2 to 6 of the manipulator,
respectively. Frame {7} is located at the tip of the
manipulator or at the end effector of the space robot.
Let, r is the distance between the vehicle frame and the
root of the robot frame. Let, I; to I are the length of the
links 1 to 6 of the manipulator, respectively.

Figure 1. Schematic Sketch of 6DOF Planar Space
Robot System

Let ¢ represents the rotation of the frame {V} with
respect to the frame {A}. Let 6, to s show 1st to 6th
joint angles of the manipulator, respectively. Let Xcm,
and Yy denote the center of mass (CM) of the robot
base with respect to the absolute frame {A}. Kinematic
relations are expressed in terms of the tip position and
orientation as:

Xip = Xewm +16(8) +1,6(0y) +1,6(0y1,) +15¢(6,13) 1)
+ |4C(‘9¢1234) + Isc(9¢12345) + Isc(9¢123455)
Yip = You +78(9)+1; 5(9,;51) + |25(9¢12) + |35(9¢123)

)

+ |45(9¢1234 )+ I5S(9¢12345) + Iss('9¢123456 )

9¢1 =¢+4, ‘9¢12 = 9¢1 +0,, 9¢123 = 9¢12 +6,
Where, 9(/;1234 =0po3 T ‘94!9¢12345 = Uproz T Os,

9¢123456 = Ohom5 T 96-
Oip = Op1o3056 = P+ O, + 0, + O, + 0, + 6 + 6, 3)

Here, s( ) and c( ) represent sin( ) and cos( ),
respectively. The tip translational and the angular
velocities can be evaluated with help of Equations 1, 2
and 3 as,

Xtip = XCM - I’¢S(¢) - |1 (é¢1)5(0¢1) - |2 (9¢12)5(0¢2)
_Is (é¢123 )S (9¢123) - |4 (é¢1z34 ) S(9¢1234 ) (4)
_Is (é¢12345 )5(9¢12345) - Ie (é¢123456 )S(6¢123456)
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Yoo = Xew +19c($) +1,(0,,)c(6,1) +1,(6,1,)c(6,,)
+3(0,105)C(0,105) + 14 (011254 ) (154 ®)

+l; (é¢12345 )C(0)12305) + I (é¢123456 )€(0,123456)
e.lip = é¢123456 = é"' él + éz + és + é4 + és + ée (6)

Since we will not actuate all joints simultaneously for
the kinematic control purpose, the robot needs to be
reconfigured. Suppose, initially joints 1 and 4 are active
and the rest are passive joints. Figure 2 consists of the
original configuration of 6DOF robot and the
reconfigured robot. In this case, where, joint 1 and joint
4 are actuated, the kinematic relations for the tip
displacements X*;, and Y*4, in X and Y directions can
be derived as,

Yij <56y A (x.2)

(x ‘,"L' )-: aaaaaaaaaaaaaaaaaa
3 ET
Reconfigured N
configured . A
v (x H V )
[1 4; 3:)3 g
s Original
. i0a configuration
A‘Imnﬂfa‘__\ (%.33) (Initial stage)
7 R
v _ oy
.Z.\ ¥ (xp.‘]) x, =X tp = X tip
v A aY e i
(A} L o 1 =Ty =Ty

Figure 2. Schematic Sketch of the Original
Configuration of 6DOF Robot and the Reconfigured
Robot

Xt?p = X +1¢(@) + hc(a) +14,¢(8) (7
Ytﬁ) =Youm +18(4) + ls5(a) + 1478(5) (8)

a=¢+6,+60,=9+0,,,
Where, ¢ 1 nl ¢ 1nl (9)
f=a—-0,-0,=a-6,,.

Here, 6,; and 6., are unknown, hence, « and S become
unknown.

by = \/(X4 - X1)2 +(Y, - Y1)2 )
(10)

ly; = \/(X7 =X+ (Y7 = Y,)?

The variables used in the Equation 10 can be evaluated
from the original configuration (Fig. 2) as,

¥ = Xey +rc(4) (11)

Y1 =Youm +15(¢) 12)
X, = Xew +16(8) +1(04) +1,6(0,1,) +1,6(6,155) (13)
Yo =Yom +1S(@)+15(6y) +1,8(0,1,) +155(0,155) (14)

X, = Xyips ¥7 = Yy Where, Xy, and Yy, are evaluated from

Equations 1 and 2.

Now, the unknown joint variables « and £ of Equations
7 and 8, need to be calculated.

For reconfigured robot, x, and y, of Equations 13 and
14 can also be expressed as,

Xq = Xew +1¢(9) + h,c(a) (15)

Y =Yem +15(4) +1,5(@) (16)

By equating Equation 13 with 15 and 14 with 16 and
simplifying them, a is calculated as,

a =tan"'[(l; 5(6,1) + 1,5(612) +155(6,125)) /

17)
(hC(Gy1) +1,6(612) +15¢(6,123))]

Similarly, g can be found by equating and simplifying

the tips of 6DOF robot (original robot) and reconfigured

robot (Fig. 2), i.e., Equation (7) with (1) and (8) with

(2).

B =tan"[{l, S$(Gp) +1,5(412) +155(6103)
+148(Gj1234) +155(Gy1345) + 155(G103456)
—l, (@)} {hC(6,1) +1,6(015) +15C(y15) (18)
+1,6(61254) + 15C(G12345) + 16C(F123456)

—l,c(a)}]

The tip velocity can be found by differentiating
Equations 7 and 8 as,

X5 = Xow = 1(B)s(@) - L, (@)s(@) -1, (B)s(B)  (19)

Vi =You +1(@)c(@) + 1, (@)c(e) +1,(B)e(B)  (20)

Equations 19 and 20 help in evaluating transformer
moduli (Table 1) for drawing bond graph model of the
reconfigured space robot as shown in Figure 3. In
Figure 3, | elements are used to model translational and
rotational inertia of the space robot system. The R
element represents the damping present at joints. The
inertial element in the controller (Figure 4) is
differentially causalled which is removed by adding a
Soft Pad. The dynamic consequence of the Soft Pad
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Table 1: TransformerModuli used in Bond Graph
Model of the Reconfigured Space Robot

Description | X -Direction Y -Direction
Robot base Hp' - sing My - r COSg
Reconfigured ) . _

link 1-tip Ho: -l sina 152114 COS
Reconfigured .

link 1-C?\/I 14:-0.5 1348ina | 3:0.5114C080
Reconfigured .

link 2-tig laz sing l47 cosp
Reconfigured .

link 2-(;?\4 -0.5 l47 sing 0.5 l47 cosp

(SP) can be nullified by adopting high values of the
corresponding C and R elements. Transformer moduli
are represented as MTF (modulated transformer
moduli).

Let now discuss how the net force acts on the
manipulator. Let X, and Y, denote the body-fixed
coordinates and the modeling of space robot is done in a
non-inertial frame. The base of robot rotates about Z-
axis. For a planar case, where, o, =0, @ =0 and v, =
0, the net force acting on manipulator can be given as

(Merzouki et al. 2013; Pathak et al. 2006; Kumar et al.
2011)

ko= MVXCM - MV¢.YCM ) (21)
Fy = I\/lv yCM + MV¢XCM ) (22)
F, =0. (23)

Here, M, is the mass of the vehicle (robot base) and ¢ is
the attitude or orientation of the space manipulator base.

The role of the Jacobian in velocity transformation and
the PD controllers for joint control and the PID
controllers for end-effector pose control are explained
in the subsequent sub-sections.

2.1. Mapping of Joint Velocity into Cartesian
Velocity

Jacobian maps the joint velocity into tip velocity. It is

represented in figure 4 in the signal form (Kumar et al.

2013). The gains required to model Jacobian can be

found from Equations 19 and 20 as,

1: My Yoeum

! 91;11 Sensor / 95 Xtip= I“thp Ytlp-PI—PYtlp !
LS P+ 06, ;r W"' 0_.19[;,6.—— Llnk 6 :
: A {RR Il l_ ) I, |
|ﬁ G—(0,+ Gn) mﬂlgi,.o_qgﬂ,._, Link 5 47
]

|' Torque T R'R| I:15 h_ A 1
| ) .
I Link 3 !
&2 1
|2 1 ha
= Link 2 !
1| = 1
il g VNN [
2 Link1 /1!
1= S
: 5 I M': 1
| _é ) —=0—=1 1 1
| - oy |
[ N D R A i | o B W ass !
! Jz5 } § SE._.____I: :
| DR NLTF'_'O [\1-—“) Mv:
| '¢ N0 =l T
I \ GY Floatmg,;: :
: i llv Xew le{Mv qj Base 1
| 1
I .

Figure 3: Bond Graph Model of 6 Links Space Robot System

Proceedings of the Int. Conf. on Integrated Modeling and Analysis in Applied Control and Automation, 2015
ISBN 978-88-97999-63-8; Bruzzone, Dauphin-Tanguy, Junco and Longo Eds.

108



X'ﬁp _ XCM_r¢;S¢ +

Yio | LYo +rdos
=l,s(@)=1,5(8) —l;8(B) || &
L,c(a)+1,,¢(8)  1,c(8) |:i|

B
=l,s(@)=1,5(8) |,
+[mum+mum}wj

The above Equation 24 can be rewritten in compact
form as,

X, { b K, KT1eal K-
o[l e KTl e e e
Ytip You + 4 K, K LB Kse
Where, gains Ky, K, Kz, K4 Ks and Kg are used for the
Jacobian of the space robot.

(24)

2.2. PD Controllers

PD controllers are used herein at each joint to control
the joint motion, i.e., to make joints active and passive.
As shown in Figure 3, initially joints 1 and 4 are made
active while others are kept passive. The actuated
(active) joints are regulated by the PID controllers.
Redundancy of the proposed robot system facilitates to
choose joint as active/passive as per requirement. To
control joint motion, PD control is used as shown in
Fig. 4. The control law for the actuator at the joint is
given as,

r=K, (0, -6,)-K,0, (26)

Where, 7 is the joint torque, 6, is the desired position of

Controller;

Error Sy
d) PID
Error Controller

1

! (Reference 4 (Actual

1 velocity velocity

, signal) (Z) signal)

: Xref + - Xtip

(Actual
velocity
signal)

(Reference

Sx = Xref — Xtip
Sy =Yref —Yiip

joint and 6, is the actual position of joint, @, is the
actual joint angular velocity. K and Ky are the

proportional and the derivative gain parameters,
respectively.

2.3. PID Controllers

PID controllers are used herewith in X and Y tip of the
space robot as shown in figure 4. The aim of using it is
to compare the actual velocity signal to the reference
velocity signal and to correct it in case of error
presence. The corrected signals are then sent to the each
actuated joint of the manipulator through the Jacobian.
Hence, one can get a close trajectory tracking during the
task. The PID controllers are represented in the form of
signal block diagrams in figure 4. In these block
diagrams, K,, K; and Ky represent proportional gain,
integral gain and derivative gain, respectively.

XgandY, are the actual velocity signals and

X ref and Y.ref

are the reference velocity signals in X and Y

directions, respectively. 6x and sy are the trajectory
error in X and Y directions, respectively.

3. RECOGNITION OF OBSTACLES

The obstacles present in the workspace are recognized
by providing a barrier encircling the obstacles as shown
in Figure 5. Assuming that obstacle 1 has a hexagonal
shape and obstacle 2 is of a square shaped. The
mathematical expression for obstacle detection (Mu et
al. 2014; Shari and Troch 1996) can be given as,

dio = (%, %) (27)

base in X direction .,
- 3 - %o

Velocity of robot base in .

Y direction

|TL X-Direction

Y-Direction ;

. Rotational
. velocity

Jacobian

. from space

. robot

Figure 4. Jacobian and PID Controllers Interfacing with Space Robot System.
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Where, d,, denotes the pseudo-distance between the
manipulator link and i number of the obstacles.

and, f(x,¥)=(%=%;)"+(%i—Ya)’ —&° (28)

The co-ordinates, x; and y; represent the tip position
near the obstacles. The co-ordinates x¢ and y,; are the
centre of mass coordinates of the obstacles’s barrier and
a; is the radius of the barrier.

If, d; o >0, there is no collision
=0, there is possibility of collision
<0, there is possibility of serious collision.

To avoid obstacles, we need to maintain d; o>0. This
condition can be satisfied completely by arresting the
tip motions when it comes close to the obstacles. This
can be done through locking the respective or
influencing joint variable. Then, one of the passive
joints needs to be made active simultaneously and hence
the robot needs to be reconfigured to continue the
desired motion planning. Now the question may arise
that at what positive value of the pseudo-distance, the
robot need to be reconfigured. This should be done at a
minimum positive value of the pseudo-distance.
However, it’s as much as positive value can provide
safest motion planning.

This concept can be extended for the proposed robot
system as follows:

Stage I: This stage is schematically represented in
Figure 5. The circumstance when both the obstacles
collide with the manipulator is shown in this figure.
Let's divide the whole manipulator into two sections for
simplicity as shown in figure 5. In the first section of
the manipulator only joint 1 is active and in the second
section, only joint 4 is active. At this stage, let we get
dy 0 < 0O for obstacle 1 and dy o < O for obstacle 2 in
section 1 and 2 of the manipulator, respectively. These
mean that the robot system suffers a serious collision
from both the obstacles.

i Section 1. Section2

. S

Obstaclel | :
. i\, | Barrier )
Barrier .l arnet
) 3
i A ok 2 Obstacle 2
i *:;\ B Desired
I

A Trajectory

A L Link1

L.
>

(a) K| Xewxon

Figure 5: Stage |

Let us now assume that the space robot system avoids
both the obstacles one by one.

Stage Il: This stage is schematically represented in
Figure 6. This figure shows the circumstance
(assuming) when the robot avoids obstacle 1 but unable
to avoid obstacle 2. Let us now discuss the occurrence
of this situation. Suppose link 2 tip comes close to the
obstacle 1 during the task. If it continues, first section of
the manipulator will collide to the obstacle 1. To avoid
this collision, let joint 1 is made passive during
manipulation at minimum positive value of djo
ensuring safe margin between the barrier and the
surrounding links. This act will restrict motion of its
influencing link tip, i.e., tip of link 2 as joints 2 and 3
are already passive. At this moment, however, the first
section of the manipulator will not collide to the
obstacle 1 but the robot tip will not trace the designated
path due to lacking of the necessary and required two
active joints.

To avoid this problem let joint 6 is made active. Hence,
joints 4 and 6 are now active. A selection of which joint
to be actuated while manipulation depends upon instant
manipulator’s configuration ensuring collision free-
trajectory. By doing this, condition, i.e., dy o > 0 will
be satisfied. But it does not guarantee about the
avoidance of manipulator from the obstacle 2. This
means that d, o < 0. At this stage, only one condition is
satisfied while the other is not satisfied. For, a collision-
free trajectory both conditions must be fully satisfied.
This will be addressed in stage I1l.

Reconfigured

(3t V¥
Obstacle ] -

Barrier >
,__/ '_];1.'-;"13} Obstacle 2
12 Link 2

Ao =

" x:‘.“M_, *. =
(A} X |You gb‘ J=lomt

Figure 6: Stage Il

The tip displacement expressions can be given as,

Xep = Xem +70(#) +16(8, 1) +1,0(6) 1)

. R (29)
+Isc(9(¢123)*) +15c(a ) +1gC(B°)

*

Y,

= You +15(8) +15(6,,) +1,5(6,

i g12)’ )

. . (30)
+5(6) 155y ) + 1S ) +175(8)

a = ‘9;123 ~0h4, B = =0y

Where, 1,6 = /(g — ;)2 + (Vs — ¥3)?, (31)

ley = 06 —%)2 +(¥) — V3)?
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It is notable that the superscript “*” with variables
denotes the parameter's values at d,, o >0 and t = 9s, are
known by the sensors used in model as shown in Figure
3. The joint variables «” and ° of the reconfigured
robot can be evaluated in the same way as Equations 15
to 18.

Stage Ill: This stage is schematically represented in
Figure 7. The circumstance when the manipulator could
avoid both the obstacles is shown in this figure. Now to
satisfy both the conditions as discussed in stage Il, let
joint 4 is made passive and joint 1 is again resumed
which was locked in stage Il. Hence, joints 1 and 6 are
now active. Now problem may arise by selecting the
joint 1 again as active (which was active in stage | and
then made passive in stage Il) if it causes collision of
the manipulator’s first section with the obstacle 1. To
resolve this problem, one must always be assure that
diy o > 0 and motion of the manipulator’s first section
must be away from that obstacle. If not then one must
select other joint as active imparting complete collision-
free trajectory.

.
(350 oy
R
=

e E~
@ [ /-710 @ Barrier
- /.7} Obstacle 2

(" Reconfigured
AL e
. v r/ﬂﬁ
T, ] (_JYQ
Xolgh 'y 7
(A} Ty 9{“ - J=lomt

Figure 7: Stage 111

The tip displacement expressions can be given as,

Xin = Xew +16(67) +hec@™) +1gc(8™) (32)

Yoo =Yom +13(67) +1gs(@™) +1gs(8”) (33)

a " =¢" -6, =a -0y,
Where, L =/0¢ = X" +(ys —yi")2, (34)
le7 =\/(X;*_X:)2+(Y;*_y:)2-

o and 5 of equations 32 and 33 can be found in the
similar way as equations 15 to 18. Here, variables with
superscript “**” are their values at d; o dyo>0andt=
175s.

The Jacobian for stages | and 1, can be evaluated in the
same fashion as mentioned in section 3 and bond graph
model can be drawn for the same.

How to choose which joint to be actuated can be
decided by adopting optimization criterion such as
energy optimum, smooth trajectory, etc. It is also worth
mentioning that the obstacle avoidance as discussed
above can be performed in a single attempt too.
However, it is presented in three stages for better
understanding and simplicity.

4. SIMULATION AND ANIMATION RESULTS
The proposed collision-free avoidance strategy has been
considered to be validated through simulation and
animation results. The bond graph model of the system
equation has been implemented by the Symbol Shakti
software (Mukherjee A. 2006). The simulation is
carried out for 60 seconds. The input parameters used
for simulation study are shown in Table 2.

Table 2: Input Parameters and their Value
Robot Base and Link Parameters

Space Robot Base Mass (M,)( kg) 200
Rotary Inertia of Base (l,) (kg m°) 40
Location of Base of Arm from Vehicle CM
0.5
()(m)
Length of each Link 0.5
Mass of each Link with Actuator (kg) 1
Rotary Inertia of each Link (kg m%) 0.5
Pad Parameters
Stiffness of Spring (K) (Nm/rad) 5x10*
Stiffness of Spring (Ky)( Nm/rad) 3x10"
Damping Resistance (Rq4)(Nms/rad) 1x10*
PID Gain Parameters PD Gain
Parameters
Proportional Gain (K,) | 3000 5x10°*
Integrative Gain (K;) 2500 -
Derivative Gain (Kg) 2000 5x10°*

Reference Trajectory: Control Points (m)
Px0=2.892, p , =1.115, p=1.572, p,1=0.8822,
pX2:3.655, py2 =0.54, px3= 2.35, Pys= 0.3674.

Obstacle Parameters
Obstacle 1 | Obstacle 2
Length of side (m) 0.2 0.15

CM Coordinates from | X =0.90 | X =2.0
Absolute Frame{A} (m) | y4,=0.72 |y,=0.15
Radius of barrier (m) a;=0.24 a,=0.21

Initial configuration of the space manipulator is given
by the following joint coordinates in all cases:

0=[0 10" 30° 30" -30° -30" -30°]

As a reference tip trajectory input, a B-spline curve of
“S” shaped tip trajectory is taken. Let a B-spline curve
with four control points (polynomial’s third degree) is
constructed for tip trajectory tracking. The reference tip
displacement and velocity equations are as,

Xiip = Po@-t/t )’ +3p(t/t)(-t/t, )?

(35)
+3p,(t/t, )?@A-t/t )+ ps(t/t)’
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Yo = Pyo(L-t/t)° +3p, (t/t,)(A-t/t,)?
+3p,, (/1) (L-t/t, )+ pa(t/t,)’
Xy =[-3p,o(A-t/t;)*-6p,(t/t,)(A1-t/t,)
+3p, (L-t/t,)*-3p,(t/t,)? 37)
+6p,, (t/t)L-t/t,)+3p,5(t/t, )’ L/t

Yoo =[-8, (1-t/ ;)7 -6p,, (t/t,)(A-t/t;)
+3p,, (L-t/t,)?-3p,, (t/t,)? (38)
+6p,, (L7t )(A-t/t)+3p,(t/t, )’ TN/t

(36)

Where, (Pxo, Pyo) .- (Pxs: Py3) are four control points of
B-spline curve corresponding to X and Y directions and
tis time and t; is final travel time.

Let us now discuss the simulation and the animation
results.

4.1. Collision Recognition

To detect collisions, pseudo-distance (Mu et al. 2014)
criterion has been used. Figure 8 shows the pseudo-
distance between the manipulator and the obstacles
during the task. Figure 8 (a) depicts the pseudo-distance
for traditional trajectory planning (stage 1). From this
figure, one can observe that the pseudo-distance, dy o <
0 between the time interval of 12.6s and 17.1s. This is
the period when the manipulator collides critically with
the obstacle 1. Also, the pseudo-distance, d, o <0 after
t = 58.7s. This means that the whole manipulator suffers
a serious collision with the obstacle 2 after t = 58.7s.
Figure 8(b) exhibits the pseudo-distance for partial
collision-free trajectory. From this figure, it is seen that
the pseudo-distance, di; o > 0 throughout the
manipulation. This means that the first section of the
manipulator is now able to save itself from the obstacle
1. It is also seen that the pseudo-distance, dj o < 0
between the time interval of 25.7s and 54s which
illustrates the serious collision of the manipulator’s
second section as discussed with the obstacle 2. Hence,
from this figure one gets to know that the manipulator
could avoid the obstacle 1 but not the obstacle 2. Figure
8(c) shows the pseudo-distance for complete collision-
free trajectory. From this figure, it is seen that the
pseudo-distance, d; o and d, o > 0 throughout the
manipulation. This means that the whole manipulator
now completely avoids both the obstacles and provides
complete collision-free trajectory.

4.2. Trajectory Planning

This sub-section deals about the simulation results of
trajectory tracking planning in the presence of the
obstacles in the workspace for all three stages as
discussed.

Figure 9 shows the reference and the actual tip
trajectory in the presence of the two obstacles in the
workspace. Figure 9(a) depicts the tip trajectory when
both the obstacles collide with the whole manipulator
(stage | as discussed). This stage is expressed as

traditional trajectory planning in (Mu et al. 2014). From
figure 9 (a), it is observed that the tip closely follows
the designated path. In this figure, 1,4A denotes that
joints 1 and 4 are active joints. Figure 9(b) represents
the tip trajectory when the manipulator avoids obstacle
1 but collides with obstacle 2 (stage I1). This stage can
be expressed as partial collision-free trajectory. From
figure 9(b), it is seen that the robot closely track about
half of the designated path but does not the rest half.
This trajectory error occurs due to not to be sufficient
torque generation by the active joints 4 and 6. This
trajectory tracking is the resultant of the circumstance
when the active joint 1 is made passive and the passive
joint 6 is made active during manipulation. The joint 1
is made active to avoid collision to its influencing link
and joint 6 is made active to keep continue the desired
motion. Hence, joints 4 and 6 are now active which are
denoted by 4,6A in figure 9(b). From this figure, close
trajectory tracking is observed. Figure 9(c) shows the
tip trajectory when the whole manipulator avoids both
the obstacles completely (stage I11). This stage can be
expressed as complete collision-free trajectory. From
this figure, one can see that the robot closely trace the
given reference input. In this figure, other thanl,4A,
4,6A represents that joints 4 and 6 are now active and
1,6A represents that joints 1 and 6 are then now active.

4.3. Joint Rotation

This sub-section gives information about which joint is
whether actuated or not during the task. Figure 10
shows the joint rotation with respect to time. Figure
10(a), (b) and (c) represents the joint rotation for the
three stages I, 1l and Ill, respectively, as discussed in
sub-section 4.2. Figure 10(a) illustrates that only joints
1 and 4 are active, whereas others are passive. Figure
10(b) exhibits that joints 1 and 6 are made passive and
active, respectively, at t = 9s during the task. From
figure 10(c), it is seen that joint 4 is made passive and
instead of it, joint 1 is again made active at t = 17.5s
during the task. The reason behind making active/
passive to which joint and at what circumstances is well
addressed in sub-section 4.2.

4.4. Animated View of Trajectory Planning

This sub-section discusses about the animation results.
Animation is the other way of validation of the
proposed work in addition to the simulation. Figure 11
shows the animated view of the trajectory planning as
discussed in sub-section 4.2. Figure 11(a), (b) and (c)
represents the animation results for the three stages I, I
and 11, respectively, as discussed in sub-section 4.2.
From figure 11(a), it is seen that trajectory tracking is
successfully accomplished but both the static obstacles
collide with the space manipulator. From figure 11 (b),
one can see that the manipulator is able to avoid
obstacle 1 but at the same time it collides with the
obstacle 2. From figure 11(c), it is illustrated that the
manipulator is now able to avoid both the static
obstacles during its tip trajectory.

Proceedings of the Int. Conf. on Integrated Modeling and Analysis in Applied Control and Automation, 2015 112

ISBN 978-88-97999-63-8; Bruzzone, Dauphin-Tanguy, Junco and Longo Eds.



0.4

0.3 "

— d0<0
ro Uy 0<0

10 20 30 40 30 6
Time (s)

(a)

dr 0

— d;, >0
T d2L0<O

(b)

— >0
oo >0

20 30 40 50 60
Time (s)

(©)

Figure 8: The pseudo-distance between the manipulator and the obstacles, (a) stage | (b) stage Il and (c) stage IlI.

— Actual
1.2 - - Reference

Ytip (m)
= =
$ L T 1

|$|

=
=
1

P P P N PR
24 25 26 27 28 29
Xtip (m) A=Active Joint

(@)

® = e
T T

Ytip (m)

=
=
1

=
=
1

T T T T
5 2!6 2.'7 28 2.'9

)
Xtip (m)

(b)

— Actual
1.2— - - - Reference

| PR DAL IR PRI |
25 26 27 28 29
Xtip (m) A=Active Joint

(©)

Figure 9: The tip trajectory tracking of the 6 links space robot system, (a) stage | (b) stage Il and (c) stage III.

Time (s)

(@)

AAARANNS

Time (s)

(b)

O (radian)

£
w

'
—
=

1

'
-
in

" 20 30 40 50 6

Time (s)

(©)

Figure 10: The joint rotation of the 6 links space robot system, (a) stage | (b) stage Il and (c) stage III.

Obstacle 1

(a)

Obstacle 2

Obstacle 1

(©

Figure 11: Animated view of collision-free trajectory of the 6 links space robot, (a) stage | (b) stage Il and (c) stage III.

Proceedings of the Int. Conf. on Integrated Modeling and Analysis in Applied Control and Automation, 2015
ISBN 978-88-97999-63-8; Bruzzone, Dauphin-Tanguy, Junco and Longo Eds.



5. CONCLUSION

Based on the reconfiguration approach, we proposed
6DOF space manipulator for obstacle avoidance during
trajectory tracking in the presence of the two obstacles
in the workspace. For the kinematic control purpose,
only two joints are made active at a time during the
task. Reconfigurations have been done after detection of
the obstacles in the workspace based on the pseudo-
distance criterion. Each joint is controlled by employing
the PD controller, whereas for tip motion control, PID
controllers have been used. The simulation and the
animation results validated the successful execution of
the proposed approach for collision-free trajectory
planning. This work will be extended for dynamic
obstacles in the workspace. Also, a practical 3-D
collision-free trajectory planning will be done.
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