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Abstract: The dynamic obstacle avoidance of the five-axis redundant industrial manipulator is
studied; its trajectory planning is established and simulation analysis is conducted. The five-axis
redundant industrial manipulator is modelled first, and then its motion model is established by
Denavit-Hartenberg. Based on the motion logic, the joint motion orders are analysed, and the
motion model is made by algebraic method. Subsequently, the model is simplified and the obtained
trajectory should conform to the requirements. Meantime, the arm plane and obstacle avoidance
surface are introduced to parametrically express the zero-space motion of the redundant
manipulator. In terms of the predetermined detection target, the artificial potential field method is
used to detect the collision between the manipulator and the obstacle, and the motion process of
the virtual repulsion force in space can be detected, improving the previous control method for
inverse motion, which makes the dynamic performance of the manipulator have the similar
physical properties of quasi mass-damping system in obstacle avoidance. This method can not only
effectively control the end effector, but also realize the obstacle avoidance of the manipulator. To
test feasibility of the proposed method, the experiment is conducted through the rail self-
maintenance. Through the simulation of dynamic obstacle avoidance and trajectory planning, it is
found that the nearest distance between the manipulator and the obstacle is more than 40 mm, the
dynamic difference of the end effector is less than 9 mm, and the static difference is less than 3 mm.
The self-motion of the manipulator is studied to address the problem of obstacle avoidance. This
method has no effect on the end effector and provides a technical reference for the unmanned
system driving.

Keywords: Manipulator; Artificial potential field method; Dynamic obstacle avoidance; Trajectory

planning; Inverse dynamics.

1. Introduction

With the progress of science and technology, the
development of robots, especially bionic robots, is
particularly rapid. In some complex situations, when
the bionic robot manipulator works, the safety
problems caused by human-machine interaction
attract the public. In the past, when the manipulator
is about to collide with or has collided with
personnel, the emergency stop will be used to avoid
accidents. However, in the current complex
interactive environment, this method may cause
more harm to the manipulator and personnel [1,2].
Therefore, more advanced safety obstacle avoidance
(also known as collision avoidance) methods need to
be used to ensure the continuity of mechanical work.

Compared with other manipulators, redundant
manipulators have more advantages because they
can use redundant degrees of freedom to perform
obstacle avoidance without affecting the end
effector.

Global planning and local control are two kinds of
methods used by redundant manipulators in
obstacle avoidance. The first method is global
planning, that is, the robot arm and obstacles are
combined and projected into the C space
(Configuration Space) to determine the unoccupied
part of the space and find the collision-free route,
which is similar to the upper path planning [3,4].
However, this method also has some defects. For
example, the large amount of computation leads to
more response time than the general manipulator,
and the complexity shows that even if the algorithm
can be optimized to reduce the amount of
computation, it is difficult to apply to the actual
obstacle avoidance. The second method is local
control, which is different from global planning
obstacle avoidance in that it is based on the control
level and solves the obstacle avoidance problem
through the bottom control, which involves a small
amount of calculation and more flexible calculation
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[5]- The local control method is proposed for the
redundant manipulator to perform obstacle
avoidance, and the critical point in the obstacle
avoidance is kept away from the obstacles. Some
scholars use the method of the pseudo-inverse
matrix to calculate the real-time distance between
the arm and the obstacle. Based on the potential
function, the change of the interaction force between
the obstacle and the target position is calculated, and
the objective function is upgraded and optimized to
maximize the safe distance between the manipulator
and the obstacle [6]. Nowadays, many control
systems of manipulators still take obstacle avoidance
as the main task in constructing a manipulator. And
most methods are used to tackle the obstacle
avoidance problem of manipulators following the
kinematics. In fact, the problem can also be solved by
the acceleration of the manipulator and joint torque,
which can improve the performance of the
manipulator.

Since the manipulator is the simulation of a
human arm to realize movements, obstacle
avoidance of the manipulator should be studied from
the perspective of kinematics after the motion rule
and gravity torque of the manipulator are calculated;
and the problem of obstacle avoidance of the
manipulator should be tackled following the
dynamics, which can be combined with the control
method [7].

The obstacle avoidance control method is a local
control method combining dynamics and kinematics.
The purpose is to solve the problem of obstacle
avoidance and trajectory planning of redundant
manipulators in dynamic control. To achieve
obstacle avoidance, the manipulator can be regarded
as a parameterized mass-damping system. When the
external force is applied to the manipulator, it will
move [8]. Hence, a kind of virtual force acting on the
manipulator is needed to make the manipulator
move automatically to achieve obstacle avoidance. In
the process of completing the task, when the
manipulator is close to the obstacle, the obstacle will
send out a repulsive force, which makes the
manipulator move automatically to avoid contact or
collision with obstacles. However, the virtual
repulsive force must be calculated accurately.
Through the research on the model of the 7-DOF
(Degree of Freedom) redundant manipulator, the
second-order linear equation of the mass-damping
system is established to improve and optimize the
inverse kinematics control method. Thus, the
manipulator realizes obstacle avoidance and
trajectory planning in the process of executing the
task, and the positioning and tracking of the end
effector will not be affected [9-11].

2. Manipulator Design and Experimental
Platform Construction

2.1 Design of Redundant

Manipulator

Industrial

In most cases, the non-redundant DOF
Manipulator can meet the task requirements in the
workspace, but it cannot avoid the singular
positioning and obstacles in the task space. Because
of the self-motion of the redundant manipulator, the
singular configuration and obstacle avoidance in the
workspace can be avoided. In addition, the motion
flexibility of redundant manipulators can prevent
movement overrun and improve dynamics and
performance. Four standards for the structural
design of redundant manipulator are summarized:
(1) it can eliminate the singular position in the
workspace, which is also a basis for structural
design; (2) it optimizes the working space, that is,
the increased degree of freedom can solve the
obstacle avoidance problem as much as possible; (3)
it can make kinematics calculation easy; (4) it can
simplify the structure, that is, the increased joints
must be reduced to the minimum compared with the
original mechanism design [12].

The 7-DOF manipulator can meet the above four
design standards before the redundant degree is
selected. The super redundant manipulator with
more degrees of freedom not only makes the
kinematic calculation more complex, but also cannot
completely solve the problem of internal singular
configuration.

The design of the 7-DOF manipulator can be
considered as adding one joint on the basis of the 6-
DOF manipulator. And the most important geometric
configuration of the 6-DOF manipulator is the 7-axis
manipulator, as shown in Figure 1. Compared with
other 6-DOF manipulators, this kind of manipulator
can adapt to the workspace quickly.

)"

Az

Figure. 1 Structure of 7-axis manipulator

Based on the structure of the 7-axis manipulator,
the additional joint is finally cross-installed to the
seventh joint at the shoulder joint of the
manipulator, as shown in Figure 2.

This arrangement makes the shoulder joint have
7 DOF, and the joint arrangement of the whole
manipulator is similar to that of the human arm [13].
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This kind of degree of freedom can greatly
simplify the kinematic calculation, and the
mechanical design is relatively easy and popular.

Figure 2 Structure configuration of the 7-DOF
manipulator

2.2 Manipulator Control in position inner
loop

For a manipulator with n degrees of freedom, the
following dynamic equation is established for the
contact force between the manipulator and the
surroundings:

M@+ C@ Q@D+ E@ =7 +rue )

In the equation, 9 € R"is the joint angle vector,

4€R" s the joint angular velocity vector, 9 € R%js

the acceleration vector in the process of joint angular
motion, M € R™ s the positive inertia matrix,
G € R" js the Coriolis force and centrifugal force

vector, d € R" is the joint friction vector, G € R"

n
7, €R

is the gravity vector, is the joint driving

torque vector, and “ex < R" is the contact torque
vector of the manipulator in the process of
performing tasks. The simplified equation can be

expressed as:

T,=7+71 @

n2C(,q)+d(q,a) + G(q) )

Equation (1) can be considered as the implicit

n
feedforward and 7 € R is used as the input:

M@)q=1+7, @

Generally, the movement of the manipulator is
controlled by the end effector, and the specific work
is carried out in the operation space. Compared with
the three-dimensional space of the joint, the
research on the controller will become more
meaningful [14]. If the manipulator moves in the M-

dimensional space, the Cartesian pose can describe
the end effector as the M-dimensional vector about

its coordinate axis/angle. Cartesian velocity X can
be described as torsion and Cartesian acceleration

X as its derivative. Therefore, the relationship
between the manipulator with n degrees of freedom
and its M-dimensional space is as follows:

in(q)d,J(q)=@

q 5)
x =J(g) g+ h(g, ) )
h(g,q) £ J(q,9)q 7

. n m
In the above equations, k(.) ‘R"—>R is
positive kinematics and J € R™" is the Jacobian
matrix, which maps the joint velocity to the
Cartesian linear/angular velocity of the end of the
manipulator. For redundant manipulator, when n >
m and r = n-m, the r-dimensional vector is needed to
describe the zero space of Jacobian matrix ] [15]. The

velocity vector Xn = In@DQ i the r-dimensional
zero space can rewrite equation (5) with the

Je(@) = R™™

extended Jacobian matrix included:

X . (3] .
. =Jqu=( “’jq

Xy J N (q)
(8)
Iy €R™T is the zero space Jacobian matrix.
X is used to rewrite equation (6):
q:J+(X—h)+NT/1 )

J*ERm*m
NeR™

is the pseudo inverse matrix of J, and
is the zero-space basis matrix of J.
T _ m*m

The equation is J(@N(@) =0,1eR ,
which is a vector whose value does not affect the
Cartesian space motion, but can be used to achieve
zero space motion as expected. It can be put into
equation (4), and the expression is as follows:

r=MJI“[x—h]+MN" 21—z, o)

_ T
The force Jacobian relation %e = I T s used in
the equation, and f is the contact force acting on the
end effector:
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M1 v T g 4T

r=MJI*[x=h]+MN" 1-J" f (1)
The main purpose of introducing the Cartesian
position inner loop is to improve the execution
precision and anti-interference ability of the actuator

as much as possible:
X =X+k, x+k, X
° P (12)
X €R"™ s the difference between the desired
position and the actual position in Cartesian space,

and X€ Rmis the difference between the desired
velocity and the actual velocity in Cartesian space,
and kp and kp are the gain of the inner position loop.
They are put into equation (12), and the expression
is as follows:

*

r=MI[X —h]+MN" A-J" f 13)

For the 7-DOF redundant manipulator (n = 7 and
M = 6, i.e,, the redundant degree of freedom is 1), the
control method uses the position inner loop to
realize the Cartesian space motion control of the end
effector. Compared with the general inverse
dynamics control method, it has higher position
tracking accuracy of the end effector [16]. The input
A is used to ensure the normal self-motion of the
manipulator without being affected by the end
effector [17].

2.3 Self-motion Obstacle Avoidance of 7-DOF
Redundant Manipulator

A. Collision detection

When the closed arm plane composed of the
shoulder joint, elbow and wrist is tangent to the
obstacle, there are only two cases between the robot
arm and the obstacle, one is a collision, and the other
is no collision. And then the artificial potential field
method is introduced to further detect the robot
arm, obstacles, and the virtual repulsion force acting
on the vertical direction of the robot arm plane [18].

The normal number dssfe represents the safe
distance to be kept from the obstacle when the
manipulator is moving, and dim is the limit distance,
which should meet the requirements of dsafe > diim.
And the data in the space where the manipulator is
located can be obtained by the camera.
Subsequently, the surrounding shell can be obtained,
which is composed of two equipotential surfaces of
the potential field of obstacles [19]. D is the
minimum safe distance between the plane of the
manipulator and the surface of the obstacle. The
distance between the manipulator and the obstacle
is shown in Figure 3:

Brachial
surface

Obstacle
Brachial

surface
Diim

Dsare

v

Figure 3 Distance between plane and obstacle

The virtual repulsive force is calculated based on
D, and dsafe and dim are used to calculate virtual
repulsion force:

0 d>dsafe
fv: K l_i dlim<d<dsafe
d dsafe
fmax d<dIim
(14)

In the above equation, Fmax is the maximum value
of virtual repulsion force and K is the proportional
coefficient:

K=f dsafe _dlim
dsafedlim (15)

Equation (20) is used to protect the manipulator
in two ways. First, when the manipulator is close to
the obstacles during the movement and D is less than
the safe distance dsafe, the value of virtual repulsion
force is continuously changed between 0 and Fmax.
Second, when the manipulator is further close to the
obstacle and D is less than the limit distance diim, the
virtual rejection force and Fv value are constantly
equal to Fmax. In this case, the system is considered in
an emergency state, and the movement speed of the
actuator of the manipulator needs to slow down and
even stop until the manipulator is out of danger [20].
In view of more than one obstacle in the workspace,
virtual repulsion is studied, and v is expressed as the
sum of repulsive forces required by all obstacles,
namely:

1:v = Z fvn

n is the total number of all obstacles in the
operation of the manipulator and fyn is the virtual
repulsive force required by the n-th obstacle.

(16)

International Journal of Mechatronics and Applied Mechanics, 2021, Issue 10, Vol. 11 175



Dynamic Obstacle Avoidance and Trajectory Planning of a Five Axis Redundant Industrial Manipulator

B. Self-motion obstacle avoidance

To smoothly control the self-motion of the
manipulator under the action of a virtual repulsive
force, the following second-order linear differential
equation is defined:

My Xy +Dy Xy =1, (17)

In the above equation, My is the inertia
coefficient, Dy is the damping coefficient, and, they

are positive. The virtual repulsive force XN and its

derivative XN can be obtained by integrating the

virtual repulsive force fv. The equation similar to

equation (8) can be obtained by following XN :

Oy = NT[MKIl(fv_DN XN)_hN] (18)

The Equation below is obtained:

hNé‘JN qN (19)

Then, equation (19) is put into equation (9) to
obtain the new expected angular acceleration:

G=3"(=h)+N'IM(E,~Dy %) =hy] 5,
Finally, the above equation is used to modify
equation (13), the followings are obtained:

r=MJI"[X-h]-J" f+

MN'[M ' (f,—Dy x,)—h,] 1)

It should be specially pointed out that in case of
emergency, when D is less than the limit distance
dim, Kp and Kp of the position inner loop can be set
smaller or 0 to reduce the stiffness of the end
effector and the moving speed of the manipulator.

2.4 Design of Experiment Platform

To test the method of avoiding obstacles for
manipulators in self-motion, the self-maintenance
platform on orbit is established to complete the
experimental research. The research object is five-
axis redundant industrial manipulator. The data of
the specific joint parts are shown in Table 1:

Table 1 Arm parameters of 7-DOF redundant

manipulator
CR L/m M/kg & J/(kg.m?)
number

A 0.09 3.44 (0.011, 0.010, 0.110)
B 0.18 2.26 (0.018, 0.023, 0.025)
C 0.18 2.28(0.002, 0.006, 0.008)
D 0.15 1.82 (0.002, 0.046, 0.046)
E 0.15 1.75 (0.004, 0.003, 0.004)
F 0.15 1.91 (0.003, 0.006, 0.008)

The other important control parameters of the
manipulator are k = 6.00N/m, dsale = 0.05m and diim =
0.01M.

The mechanical and electrical integration method
is adopted for the design of the mechanical arm joint.
The brushless motor drives the mechanical arm, and
transmits the information of the accurate position
and rotation angle of each joint continuously. A
PCIlI04 computer communicates with the FPGA
controller integrated into the joint through the
PPSeCo bus, and the communication cycle is 1ms.
The computer with the dual-core processor is used
to complete the closed-loop control of the
manipulator and a series of calculations, and the data
transportation is realized through PCI bus [21, 22].
The most advanced NIOS processor is used for the
joint controller. The computer sends instructions to
control the motor, thereby realizing system control.
Meantime, the data received from the sensor are
returned to the computer again, as shown in Figure
4:

Upper
computer

Master Bus
controller controller

Figure 4 Construction of experimental platform

3. Experimental Analysis and Simulation
Research
3.1 Motion Simulation of Manipulator

The above methods are adopted to obtain the
motion data of the manipulator, which are
calculated, analysed and transmitted to the control
processor, helping control the servo mechanism for
accurate motion.
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The trajectory planning of the manipulator’s joint
in three-dimensional space mainly includes cubic
and quintic polynomial interpolation planning and
spline  function planning. The polynomial
interpolation method is used to confirm the
trajectory between the manipulator and the
destination, from the starting point to the end point.
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The quintic polynomial interpolation function
step5 built in ADAMS software is used for trajectory
planning.

The data are imported into ADAMS software to
simulate the trajectory of the manipulator. The first
simulation steps are 90. The simulation results are
shown in Figure 5-7:
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Figure 5: Joint displacement curve (a-c is the displacement and angle change curve of joints 1-6)
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Figure 6: Joint speed curve (Figure (a) and (b) show angular velocity and angle change curve of joints 1-6
respectively)
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Figure 7: Joint acceleration curve ((a) and (b) are the
time angular velocity curve of 1-6 joints)

Figure 5 is the displacement curve of each joint of
the manipulator, from which the change of each joint
can be observed. 1, 2, 5 and 6 belong to rotational
joints, which rotate around the Z-axis in three-
dimensional space, and 3 and 4 are horizontal
moving joints, which mainly show plane movement.
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Figure 5 shows the angular velocity curves of
rotating joints 1, 2, 5 and 6, and the velocity curves
of moving joints 3 and 4. Figure 6 indicates the
angular acceleration curves of the rotating joints 1, 2,
5 and 6, and the acceleration curves of moving joints
3 and 4. There is no obvious mutation point in each
joint.

Figure. 5, Figure 6 and Figure 7 are compared,
and it can be found that there is little difference
between the changes of joints 5 and 6. This is

because % is determined by %2 and % together in the
calculation, while in the process of moving, the

change of % is much greater than that of %, and the

effect on 0, is much less than that of 95. As a result,

the change curves of joints 5 and 6 are the same.
Moving joints 3 and 4 change with their maximum
displacement. Therefore, the change of joints 3 and 4
is little, and the total change of the smallest joint in
all joints is reached.

3.2 Simulation Analysis of Obstacle

Avoidance of Manipulator

The change curve of the mass-damping
experiment (M: mass; D: damping) is shown in
Figure 8.
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Figure 8: Change curve of mass-damping experiment (a: distance change between manipulator and obstacles;
b: virtual repulsive force; c: arm angle; A: M=02,D=1; B:M=0.2,D=2; C: M=0,D=1)

The experimental results show that the safest
distance between the manipulator and the obstacle
is 71 mm. When the end actuator is started, the
manipulator will move to the obstacle. When the
manipulator is moving for four seconds, the
minimum safety distance between the manipulator
and the obstacle reaches 50 mm. The manipulator is
still moving and near the obstacles because of the
inertia of the mass-damping system of the

manipulator. And then the motion speed of the
manipulator is gradually driven by the virtual
rejection force, and slows down and even stops
before the obstacle with a safety distance of 39 mm
between the last arm and the obstacle (Figure 8 (a)).
When the whole system is within a safe distance, the
manipulator will generate a repulsive force on the
equipotential plane of the artificial potential field,
thus preventing it from approaching the obstacles.
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When the distance between the manipulator and the
obstacle is the closest, the relation between the
manipulator and the obstacle will be linear and
finally stabilized at 24N (Figure 8 (b)). With the help
of the repulsive force, the plane of the arm is twisted
towards the obstacle avoidance surface, producing
the self-motion of the manipulator. To avoid
obstacles, the plane of the arm is turned 39 ° during
the movement of the manipulator (Figure 8 (c)).

The dynamic difference of the end-effector
position is less than 9 mm, and the static difference
is less than 3 mm. The differences can be mainly
attributed to the following: the slight difference in
the setting of the parameters of the manipulator's
arm, and the flexibility of each joint itself.

4. Discussion

The manipulator has seven degrees of freedom, and
the kinematics model is established with reference
to the manipulator motion principle [23]. Based on
the established kinematics model, the forward and
inverse kinematics equations of the manipulator are
obtained, and the moving process of the manipulator
is simulated in Matlab software. Then, the rationality
of the equations is verified, and the optimal
trajectory of the manipulator is set. The virtual
model of the manipulator is established in Simulink,
and the simulation experiment and analysis of the
model are carried out. From the change curve
obtained from the simulation test, the motion path of
the manipulator tends to be smooth, and can avoid
obstacles completely [24].

During the working process, the manipulator
needs to avoid obstacles and large contact as far as
possible to complete the tasks. This experimental
study shows that the manipulator can fully realize
the expected goal [25]. The manipulator can perform
smooth self-motion and keep a certain safe distance
between the virtual repulsive force and the obstacle.
The change curve proves that the relation between
the virtual repulsive force and the motion
displacement is linear. Therefore, the conclusion can
be drawn: the manipulator always keeps a safe
distance from the obstacle and performs the tasks
successfully. In the completion of the task, the end
effector is not subjected to the influence of the
movement of the manipulator [26].

5. Conclusion

The study is carried out by applying to the designed
manipulator, which is composed of seven degrees of
freedom. Based on the characteristics of the
manipulator and the workspace, the motion model is
established to simplify the inverse motion solution
process, and meet the requirements of the motion
trajectory of the manipulator. The orbit simulation of
joints in three-dimensional space is conducted by

using the method of the quintic polynomial
Moreover, the curves of displacement, acceleration
and angular velocity of these joints are analyzed. The
changes of the curve show that the joints are moving
smoothly and there is no serious track offset.
Therefore, the control system used to operate the
joint based on the motion principle of the composite
manipulator is feasible. However, the study also has
some shortcomings: (D in the simulation collision
process of the manipulator, the measured object is
regarded as a whole, and the details are neglected,
leading to inaccurate measurement; @ the motion
curve shows that the area of the motion path is
smooth and there is no big fluctuation. However, the
arm angles of each joint of the manipulator are easy
to change with the surroundings; ® the real-time
online path planning test of the manipulator is not
completed. The simulation path tests for the
manipulator in the process of obstacle avoidance and
trajectory planning need to be studied further.
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