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Abstract: The spatial redundant robot model was established, its inverse kinematics solution was derived and

chaotic motion m zero space self-motion was analyzed, the potential function was constructed by artificial
potential field method for the chaotic motion in the zero space self-motion. Simulation results showed that

chaotic motion m zero space self-motion of the spatial redundant robot changed into regular motion after
joining the potential function in the inverse kinematics solutions of the spatial redundant robot,
therefore, the artificial potential field method as chaotic motion control of the spatial redundant robot algorithm

was effective.
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INTRODUCTIONS

Redundant robot is the number of degrees of freedom
more than the dimensions of the task space (L.u, 2007).
Such robots can realize the motion law of the end-effector
and can improve the dexterity, obstacle avoidance
capability and dynamic performance to avoid joint
overrun of the robot simultaneously by using of the self-
motion of the zero space (Xinfeng, 2012). Therefore, the
redundant robot has become a hot research in the field of
mechanical engineering and automatic control for its
great  potential advantage applications the
manufacturing industry. The self-motion of redundant
robot can lead to the chaotic motion generated
(Yin and Ge, 2011), the chaotic motion will bring great
difficulties to the robot control. Therefore, to make use of
the advantages while avoiding chaotic motion in the
redundant robot control process.

Controlling the chaotic motion means that the
added 1n

In actual industrial

in

additional performance optimization 1s

redundant robot zero space.
field, there will be many obstacles exist due to the
limitations of the workspace; the redundant robot
should avoid collision with the obstacles. The main
avolding robot obstacle methods are geometric method
(Nektarios and Aspragathos, 2010), genetic algorithms
(L1 et al., 2012) and artificial potential field method
(Klein, 1984), geometric method and genetic algorithm are
global planning, the search time 1s long, the hardware
requirements 1s high and the real-time control is difficult.
The artificial potential field method can not guarantee that
the conclusion 1s the global optimum, but the obstacle

avoidance potential function is easy to construct and the
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computing time 1s short, the real-time control is facilitated
to realize. Research on obstacle avoidance planning has
made many achievements based on artificial potential field
since the artificial potential field method is proposed for
the first time by Khatib (1986) and Ye and Wang (2012).

An obstacle avoidance potential function to avoid
the collision with multiple obstacles in the workspace is
constructed based on the study of Mohrn et al. (1995) in
this study, the obstacle avoidance potential function is
applied to solve the mverse kinematics problem of the
redundant robot, simulation results show that the chaotic
motion become a fixed periodic orbits motion that inverse
kinematics solution of redundant robot 1s optimized by the
obstacle avoidance potential function.

THE CHAOTIC MOTION ANALYSIS IN THE
SPATIAL REDUNDANT ROBOT SELF-MOTION

The spatial redundant robotic manipulator’s model:
Because of the spatial robotic body 1s not fixed, reaction
and torque to the robotic body will be generated by
motion of the robotic manipulator and caused position
and posture of the robotic body change, the position and
posture changes of the robotic body in twn affect
positioning of the robotic mamipulator, thus atfecting the
end-effector’s operational planning, so the free-floating
spatial  redundant maripulator’s
characteristics are very different from the fixed base
robotic manipulator’s (Vakakis and Burdick, 1990).
Establish inertial coordinate system I, which fixed on
center of mass of system, joint coordinate system X

robotic kinetic

which fixed on the ith jomt, D-H parameters of jomt
coordinate system according to D-H parameters method
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(Denavit and Hartenberg, 1993), body coordinate system
%, which fixed on center of mass of the body, the position
and posture which body coordinate system relative to
mertial coordinate system are expressed by the position
vector 1, and Z-Y-X BEuler angles «, B, v (Fig. 1):

Tnertial coordinate system that fixed on the system
centroid

Toint coordinate system that fixed on the ith joint
of the robotic mampulator

The mass and inertia moment of the basic body

= The mass and nertia moment of the ith link

The position vector from the origin of the inertial
coordinate system to the origin of the basic body
coordinate system

The position vector from the origin of the inertial
coordinate system to the ith link centroid
coordinate system

The position vector expressed in the ith link
coordinate system from the origmn of the ith link
coordinate system to the centroid

The position vector expressed in the (1-1)th link
coordinate system from the origin of the (i-1)th
link coordinate system to the origin of the 1th link
coordinate system

The angular velocity vector of the robotic
manipulator ith joint

The angular velocity of the robotic mampulator’s
ith joint expressed in the joint coordinate system
that fixed on the ith jomnt of the robotic
manipulator

v, The lLine velocity of the robotic manipulator ith
joint expressed in the joint coordinate system that
fixed on the ith joint of the robotic manipulator

P

1-11

ar

Fig. 1: The spatial redundant robotic manipulator model
of n joints
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. The angular velocity of the robotic manipulator’s
ith joint centroid expressed in the joint coordinate
system that fixed on the ith jeint of the robotic
manipulator

The line velocity of the robotic manipulator’s ith
joint centroid expressed in the joint coordinate
system that fixed on the ith joint of the robotic
manipulator

Inverse kinematics of the spatial redundant robot:
Kinematics mampulability W of the spatial redundant
robotic manipulator 1s select as optimal objective function
of avoiding singular, PD controller is designed to make
the end-effector track the closed curve of the robotic work
space repeatedly, joint acceleration expression can be
obtained based on the pseudo-inverse of Jacobian matrix:

(1

Q= ]*(j'(ad +Ke +K.e 7jq)+ (L(I—J:]e)u)

Therein, - vW(q)=v Jm 15 the gradient of
manipulability function, K, =k,*I, K, =k *L k,, k, are the
magnification times of the displacement error and velocity
error, respectively, I 15 umt matrix, X, 1s the deswed
acceleration of the end-effector, e, = p,-X,;, ¢, = p,-X,, are
the position deviation and velocity deviation of the
end-effector, respectively. Scalar magmfication coefficient
a=1.

In order to facilitate research, the state variables
defined as follows:

X=[X X (2)

Therfin, X=0Q-[QnQ,L QL QI X, =Q=[Qn Qs
Qo Q'

The original system equation can be expressed as:
X,

*= T(X) (B +K e, +K 8, 7J(x1)x2)+a(1713(x,)12(xl))m} 3)
The chaotic motion analysis: The 3 joints redundant
spatial robotic mampulator operated plane motion
which 13 taken as an example and computer nuruerical
simulation 1s made in this study. Simulation requires
the end-effector moving by desired trajectory. System
paranmeters are as follows: the body mass is m, = 1 kg,
each link mass are m, =m, =m, =1 kg, i, | kg m* the body
rotary inertia is i, = 200 kg m’, each link rotary inertia are
1,=03kgm’ i,=02kg’, i,=0.1 kgm®, the length of links
arel;=1,=1;=1 m, the distance from the body center
of mass to the first jomt 15 1; = 1 m, position vector of the
body center of mass in inertial coordinate system 1s
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Fig. 2(a-d): The time cowrse of g

;= (0,0.2), the desired trajectory, the desired velocity and

the desired acceleration of the end-effector are,
respectively:
py=[1+0.5cos(2mt) 2+0.3sin(2nt) |
pd=[—11:-sin(2‘n:t) J'E-cos(l:rtt)] (4)

By =[—2n*scos(2nt) —2n+cos(2nt) |

By simulation we can see that different initial shape
of the free-floating spatial redundant robotic manipulator
and coefficient k,, k, which make system closed-loop
stability can lead to chaotic motion of the spatial
redundant robotic system. Limited space, here only given
a set of values simulation results:

V:[:m 0:|=K {15 0} (5)
0 4077 |0 15
Tnitial shape:

q=[x, w272 =0, g g i (6)
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To further observe the system’s self-motion state,
the time course of the jomt figure, phase figure and
Poincare section are drawn and as shown in Fig. 2-4.

From the time course can be seen that the base angle
and joint angle changes over time showed the
characteristics of chaotic motion. During the experiment,
modify the initial value of the robotic system, the time
course of the robotic system has greatly changed which
indicates the mitial sensitivity of the robotic system.

From Fig. 3 can be seen that the phase trajectory 1s
randomly distributed, neither overlap nor intersect,
repeated folding in a certain area. There is chaotic
motion 1n redundant spatial robotic system at mitial
Judgments.

From Fig. 4 can be seen that Poincare section
composed by an infinite number of discrete points.
The self-motion of robotic system has characteristics
of chaotic motion for the nature of the Pomcare
section.

A large number of numerical simulations are exercised
by chaos analysis method such as direct observation,
time-course method, phase figure and Poincare section
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Fig. 3(a-d): Phase figure of g;
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method. The results show that: the free-floating
redundant spatial robotic manipulator’s self-motion is
chaotic when solving the robotic mampulator’s mverse
kinematics based on pseudo-inverse Jacobian matrix,
designing PD controller to make the end-effector track the

closed curve of the robotic work space repeatedly.

INVERSE KINEMATICS SOLUTIONS
BASED ON THE OBSTACLE
AVOIDANCE POTENTIAL FUNCTION

The artificial potential field method: Assumed the robotic
links are straight and each of the obstacles in the
workspace can be included in a sphere, as shown in
Fig. 5.

Obstacle avoidance potential function can be
constructed using the geometric relationship between the
robot and obstacle, the distance between link jth and
obstacle ith 1s as follow:

(o )(ma-m)|
) (B - B)

(7)

L =12k, j=12,.0

where, k is the number of obstacles; n is the number of
Joints; O1s the position vector of the obstacle ith; P, is the
position vector of the jomnt jth.

The distance between joint jth and obstacle
ith is:
d2; = [P0y ), 7= 2,3, tl (8
Obstacle avoidance potential function is:
W)= W ITRE) - HI TR ®)

where, when {dl;r-s}< O and D; lccate between P,
and Py, FYy (@) = (dlirs)’, otherwise F'y (q) = 0,
when (d2-r-s)<0, (d2i-r-5,)°, otherwise F'; (q) = 0,

W, and W, are positive constant; r, is the radius of

Link jth

Obstacle ith

Fig. 5: The relative position of the robot with the obstacle
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the sphere, s is safety factor, D; is the foot of a
perpendicular line from the center of the obstacle ith
to the link jth.

Assumed the robot task is tracking a plane round, the
desired trajectory of the end-effector is shown in
formula (4). W, and W, take as 2, s take as 0.1, the
obstacle avoidance potential function is:

(10)

h(a) = T (0)+ 285 (o)

¥ =2

Inverse kinematics solutions based on the obstacle
avoidance potential function: The redundant robotic
acceleration mverse solution based on the Jacobian
matrix pseudo-inverse under avoiding obstacles is
expressed as:

(1)

q= J:()'éed +E e, +Koe - J'eq) + m(I— ]:Je)n

where, n = Vh (q)cR™ is the gradient of the obstacle
avoidance potential function, substitute the formula (2)
and (10)into (11) and transformed the formula(11) into the
first-order differential equations, such as:

X,

X () (X, K e, + Ky, T, (0) X, )T ()0, (X))

}(12)

CHAOS MOTION CONTROL RESULTS
AND ANALYSIS

Chaos control algorithm procedure is as follows:

The first step, selected the obstacle avoidance
potential function, the second step, optimized the
redundant robotic manipulator inverse kinematics taking
use of the selected obstacle avoidance potential function
as a secondary task; the third step, simulated kinematics
according to the optimization results by added the
pertwrbation signal.

After adding perturbation control signal N(t) = n
[¥(t)-(t-t)], The formula (12) becomes:

XZ
X= [T (X + K e+ K e - (X)X
A (T T3, (X)) [ X, (0 - X, (- 1)

(13)

The relation between the largest Lyapunov exponent
Aums OF the system and the delayed feedback coefficient K
1s shown in Fig. 6. when 1.3<u2.3 and A,_.<0, the spatial
redundant robot system changed into regular motion
state.

The desired period of the spatial redundant robot is
T =2n/w =1 sec, take T = T =1 sec, a group disturbance
weighting value that can control the chaotic motion 1s
selected, the other parameters are the same as before. In
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Fig. 7(a-d): The time cowrse of g after mixed the delayed feedback control
order to obtain information of the original system fully, phase figure of g, the Poincare section figure of ¢, these
the delayed feedback control is mixed for further study figures confirmed that the system has been converted to
after 5 sec. Figure 7-9 are the time cowrse figure of g, the the periodic motion.
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CONCLUSIONS

The self-motion of the spatial redundant robot
system 1s studied n simulation; the results showed that
the self-motion state of the redundancy spatial robotic is
chaotic. the delay time T is used for the desired period
and the corresponding figure between the feedback
welghting coefficient k and its motion state i1s drawn
according to the characteristics of chaoctic motion. The
chaotic motion in self-motion of the spatial redundant
robot 13 converted to the periodic motion rapidly selecting
the appropriate control parameters.
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