2 M processes

Article

Time-Optimal Trajectory Planning of Flexible Manipulator
Moving along Multi-Constraint Continuous Path and
Avoiding Obstacles

Quan Xiao

check for
updates

Citation: Xiao, Q.; Xiang, G.; Chen,
Y.; Zhu, Y; Dian, S. Time-Optimal
Trajectory Planning of Flexible
Manipulator Moving along
Multi-Constraint Continuous Path
and Avoiding Obstacles. Processes
2023,11,254. https://doi.org/
10.3390/pr11010254

Academic Editor: Raul D.S.G.
Campilho

Received: 22 November 2022
Revised: 6 January 2023
Accepted: 9 January 2023
Published: 12 January 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://

creativecommons.org/licenses /by /
4.0/).

, Guofei Xiang *'*, Yuanke Chen

, Yuqi Zhu ' and Songyi Dian

College of Electrical Engineering, Sichuan University, Chengdu 610065, China
* Correspondence: gfxiang@scu.edu.cn

Abstract: To solve the trajectory planning problem of the flexible manipulator under various con-
straints such as end-camera attitude, drive space, and obstacles during video inspection along a
continuous path in narrow three-dimensional space, this paper proposes a time-optimal trajectory
planning method from the initial configuration to the final configuration. The trajectory planning
problem is transformed into a multi-constraint optimization problem. First, to realize continuous
video inspection in an unstructured complex environment, by analyzing the geometric model of
the two-segment flexible manipulator with a camera at the end, the pose constraints between the
camera and the shooting surface are formulated by the space vector method, the driving constraints
are formulated based on kinematics, and the obstacle constraints are formulated by space mapping.
Then, a multi-constraint optimization model is constructed to generate the smooth trajectory of the
drive cable of the flexible manipulator by minimizing the total time of continuous path motion. Com-
pared with the conventional point-to-point collision avoidance planning solution method, this paper
starts from the global perspective and investigates the less considered continuous path trajectory
planning problem; also, the swarm intelligence algorithm artificial jellyfish search algorithm (JS) is
employed to optimize the solution and find the minimum time trajectory conforming to a variety of
complex constraints. Finally, a simulation is conducted with CoppeliaSim, and the continuous path
video inspection experiment is carried out in the 500KV GIS (Gas Insulated Switchgear) equipment,
the simulation and experimental results indicate that the planned drive cable trajectory is smooth
and effective. In addition, each path point is tracked and obstacles are avoided safely. When the
flexible manipulator moves along the whole path, the pose of the camera satisfies the relaxed attitude
constrain The proposed method can guide the two-segment flexible manipulator to complete the
continuous video inspection task of the GIS cavity wall and conductive column surface.

Keywords: flexible manipulator; video inspection; trajectory planning; multi-constraint; JS;
CoppeliaSim

1. Introduction

A flexible manipulator moves by the deformation of the body and has good bending
characteristics. Within the deformation range, it can flexibly change its shape in narrow
working spaces and unstructured complex environments, demonstrating strong adaptabil-
ity. The flexible manipulator is used to operate and maintain the equipment. At present,
it has excellent application prospects in the fields of nuclear energy [1,2], aerospace [3],
electric power energy [4], and medical [5,6].

For GIS (Gas Insulated Switchgear) cavity maintenance and operation tasks, due to
the environmental constraints, the common solution is to use a flexible manipulator driven
by cable/tendon. It has the characteristics of miniaturization, flexible operation, relatively
simple driving, and easy modular transplantation, and it has been used to detect a narrow
cavity in recent years [4,7]. In the above applications, besides the requirements for motor
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flexibility, the time to complete the operation or inspection is also critical. The redundant
degree of freedom of the flexible manipulator enables the flexible manipulator to have high
movement ability in the narrow space of the chaotic environment, but it also increases
the complexity of the motion planning problem. Therefore, it is important to establish a
trajectory planning method that comprehensively considers the structural characteristics
and constraints of the flexible manipulator.

In an environment with obstacles, for a given end-continuous path, there is an infinite
number of robot configurations, and as a result, the inverse kinematics and trajectory
planning of redundant operators all choose the best configurations from infinite sets of
configurations, thus formulating a problem of redundant solution. How to ensure the
shortest movement time of the robot and satisfy the attitude constraints of the end camera
and the driving constraints of the manipulator when moving between each path point is an
urgent problem to be solved.

Due to the complexity of redundancy solving, some motion planning methods based
on instructional learning are favored by relevant scholars. For example, reference [8-10]
proposed a PTP motion planning framework of continuum manipulators based on instruc-
tional learning. In this framework, the two-segment continuum manipulator is guided by
teleoperation to conduct PTP motion instructional learning, and model reference adaptive
control is used to track and control the instructional motion path, thus achieving good
results. In reference [11], the PTP motion trajectory is obtained based on the established
interactive motion control framework, the PTP motion is reproduced by using the learning
algorithm, and the method is further extended to multi-point trajectory planning. The exper-
imental results verified the effectiveness of the framework based on instructional learning
for the PTP motion of the continuum manipulator. Other scholars also used numerical
solutions [12], geometric solutions [13], artificial neural networks [14], and other methods
to study the PTP planning of flexible manipulators. Reference [15] proposed a real-time
path planning method to solve the end path to the target position and the corresponding
joint variables. Although the method can plan the end in real-time, it has no constraints
on the attitude of the end. Reference [16] adopted the area clipping method to detect and
clean foreign bodies in aircraft fuel tanks, but this method did not make sufficient use of
space obstacle information, leading to a slow planning speed. In the work of reference [17],
a shape-fitting algorithm was proposed to plan the end trajectory of a snake robot with
multiple degrees of freedom, and the head-following strategy was adopted to realize the
end navigation. Although this method does not require any time-consuming calculations,
its accuracy is low due to the way of fitting. In the work of reference [18], a new method to
calculate the performance of the new permutation was proposed, which was taken as the
objective function of sequential quadratic programming (SQP), and then the optimization
process was realized in the snake arm. Although the method has no requirements for
environmental data and is in real-time, its terminal trajectory control precision is low; also,
it fails to consider global information, so the attitude of the terminal to reach the target
cannot be specified. After the study of the above reference, it is found that the above
solutions cannot satisfy the requirements of continuous video inspection of GIS cavity
walls and conductive column surfaces. Therefore, for the continuous inspection task, this
paper considers the attitude constraints and driving constraints between any two points
in a series of path points from a global perspective, thus ensuring that the normal line
of the camera at the end of the flexible manipulator is as perpendicular to the shooting
surface as possible. In this way, continuous video inspection of the surface to be detected
can be realized.

To improve the working efficiency of the manipulator or reduce the energy loss,
many scholars have investigated the optimization of some parameters in the robot motion
process to improve the motion trajectory performance [19], including the optimal motion
time [20], the optimal energy consumption [21], the optimal motion impact, and the optimal
mixing [22]. However, no matter which type of parameter target is optimized, the purpose
is to plan the optimal motion trajectory for the robot that satisfies various constraints, so
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that a specific task can be completed. To optimize the trajectory of the robot to achieve
the minimum energy [23] and minimum torque [24], reference [25] proposed a method
to optimize the torque at the joint and used a genetic algorithm to solve this problem.
To minimize the total energy consumption of the robot, a new scheme was proposed in the
reference [26] to realize the trajectory of the redundant manipulator. Generally, the motion
time of the manipulator needs to be considered in the planning problem. Based on the
optimization of energy consumption and motion time, a new trajectory planning method
for the manipulator was developed in reference [27]. Additionally, Ding et al. [28] used
neural networks to optimize the dynamics of redundant robots. Zhang et al. [29] proposed
a method to minimize the applied torque of redundant robots based on a unified quadratic
programming dynamic system. The above references indicates that few studies have
been conducted on optimizing the continuous video inspection efficiency of the flexible
manipulator in the narrow cavity. Therefore, to improve the complete video inspection
efficiency on the surface of the cylindrical cavity and conductive column, from a global
perspective, this paper optimizes the time of any PTP movement and takes the time
to complete the video inspection of the whole path as the optimization parameter for
trajectory planning. Compared with the PTP trajectory, the obtained continuous trajectory
has improved maintenance efficiency.

Some studies try to transform the motion planning problem of the flexible manipulator
into a constrained optimization problem, and then obtain the driver trajectory sequence sat-
isfying the conditions by solving the optimization problem [30]. For example, reference [31]
proposed a task space planning method based on an optimization solution. The method
represents the quasi-static motion model of the manipulator as a potential energy mini-
mization problem, represents the task space with inequality constraints, and calculates
the driving force that makes the end move in the direction of the target according to the
Jacobian matrix of the motion model. Experimental results indicate that this motion plan-
ning method can generate ideal terminal trajectories in the task space. Based on inverse
differential kinematics, reference [32] formulated a constrained optimization problem for
trajectory planning of flexible manipulators and solved the optimization problem with a
fast gradient algorithm and a quadratic programming method. The analysis of the above
references show that most planning methods based on optimization problems only consider
simple constraints such as differential kinematics or task space, and other constraints in
complex/congested non-structural environments are ignored, such as attitude constraints
and collision constraints in the GIS cavity.

Currently, the common optimization algorithms include the gradient optimization
algorithm and heuristic optimization algorithm. However, the optimization problem
considered in this paper has many complex constraints, and the conventional solving
methods cannot work effectively. Therefore, a more efficient swarm intelligence algorithm
is needed to solve the optimization problem. Jui-Sheng Chou et al. [33], inspired by the
foraging behavior of jellyfish in the ocean, proposed the artificial jellyfish search algorithm
(JS algorithm). Meanwhile, references [33,34] shows that compared with other heuristic
swarm intelligence algorithms, the artificial JS algorithm has faster search speed and solving
accuracy when solving different optimization problems. Therefore, the JS algorithm is
selected in this paper to solve the optimal trajectory optimization problem of the PTP
movement time of a two-segment flexible manipulator with attitude constraints.

This paper proposes a time-optimal trajectory planning method for flexible manipula-
tors moving along a multi-constraint continuous path and avoiding obstacles. Under the
condition that the end of the flexible manipulators maintains the attitude constraint, the flex-
ible manipulators can move from the initial configuration to the final configuration in the
complex GIS cavity Then, the motion planning problem is presented as a global optimiza-
tion problem, and the artificial JS algorithm is adopted to solve the optimization problem.
The main innovations and contributions of this paper are as follows: (1) For the first time,
a variety of constraints in the complex unstructured environment such as actuator con-
straints, obstacle constraints, and attitude constraints are considered to solve the trajectory.
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(2) Most scholars only focus on PTP trajectory planning. Considering the optimal con-
tinuous path time, this paper extends PTP collision avoidance planning to continuous
path planning to improve the continuous video inspection efficiency of the manipulator.
(3) A simulation model with dynamic property is established, and the flexible manipulator
experiment platform is constructed. Meanwhile, Matlab, CoppeliaSim, and the prototype
are used to conduct real experiments under the actual working conditions to verify the
effectiveness of the proposed algorithm.

The rest of this paper is organized as follows: In Section 2, the task description and
requirements, and the geometric model of the flexible manipulator prototype are presented.
In Section 3, a kinematic model with multiple constraints is established. In Section 4,
the time optimal trajectory planning algorithm is proposed. In Section 5, simulation and
experimental verification are conducted, and the effectiveness of the method is discussed.
Finally, Section 6 summarizes the contribution of this paper.

2. Problem Description
2.1. Task Description

In a narrow and unstructured environment such as GIS, a four-wheel omnidirectional
mobile robot equipped with a two-segment flexible manipulator is used to perform video
inspection inside the cavity. In the inspection and maintenance of the GIS equipment,
continuous video inspection tasks are conducted on the inner wall of the GIS cavity and
the surface of the conductive cylinder. Such tasks require that the center line of the
camera at the end of the flexible manipulator should be as perpendicular as possible to the
photographed surface (i.e., attitude constraints), thus obtaining the clearest actual situation
of the photographed surface. Essentially, the continuous video inspection of the inner wall
of the GIS cavity is a continuous path motion problem for the manipulator. For such a
problem, besides the start and end poses, several path points need to be given. When the
flexible manipulator moves, it needs to start from the starting point and then pass through
the necessary points successively to reach the end pose and avoid obstacles.

As shown in Figure 1, in the continuous video inspection task of the inner wall of
the GIS cavity, to accurately obtain the actual situation of the inner wall, it is required
that the end camera of the arm of the GIS maintenance robot should move continuously
along the circular arc of the inner wall of the GIS cavity, and the arm should not collide
with the conductive column and wall. Due to the narrow and complex GIS environment,
the problem of continuous video inspection with attitude constraints in this environment is
transformed into an optimization problem, and the trajectory planning under the optimal
time is considered.

Inner wall
of GIS
metal shell

Safe area

Internal
conductive

Figure 1. The diagram of the intracavitary overhaul.

2.2. Geometric Model of the Flexible Manipulator

A GIS cavity is characterized by narrow and limited space, a complex assembly
structure, many obstacles, and different layouts of phase lines in and out. Besides, GIS is a
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high-voltage device, and the inner wall is not allowed to be scratched. Therefore, operation
and maintenance tools are required to not cause damage to the power equipment. Thus,
the flexible manipulator adopts the rigid-flexible coupled composite structure, as shown in
Figure 2. It is driven by six NITI alloy wires that are evenly distributed in each universal
joint. The motion of the flexible manipulator is controlled by the action of the ball screw
sliding table mechanism. The new flexible manipulator has the characteristics of a small
volume, lightweight, and flexible movement.

Flexible Manipulator Flexible Manipulator
segment 1 segment 2

Eas o Universal Flexible Intermediate End universal
joint unit support body  connective body joint
(a)Overall structure and components of flexible manipulator
120° .
b% Drive cable
Hook hinge—%;\+, &~  hole
Hook hinge ¥ /O\i/
g . /C/Z . c\
— d
Axis B (ﬂ ® The second segment drive cable hole (d,e,f)
4N e The first segment drive cable hole(a,b,¢)
kY 100
(b)Universal joint unit (c)Drive cable hole distribution
T-type ~ Mounting  Shaft coupling
screw frame —

Flexible
manipulator

3 Drive cable linear
Drive cable Ball bearing slide  connection block ~ guideway
(d)Composition of driving mechanism

Figure 2. The structure of the flexible manipulator.

A geometric model based on the piecewise constant curvature hypothesis is established
in this paper for the cable-driven flexible manipulator, and virtual joint space variables
(a, B) are introduced to represent the rotation angle and the bending angle of the single

segment joint, respectively. Alf represents the length change of the drive cable, where i
represents the number of current segment, and j represents the number of drive cable. In
this case, the kinematic model of the linear drive flexible manipulator consists of two parts:
one is the mutual mapping between the drive space composed of all the drive cables and
the artificially introduced virtual joint space; the other is the mutual mapping between the
artificially introduced virtual joint space and the working space of the manipulator end.
Then, the forward kinematics relationship (FK) can be summarized as the mapping (FKj)
from the manipulator drive space to the virtual joint space and the mapping (FK5) from the
virtual joint space to the working space of the manipulator end. Meanwhile, the inverse
kinematic relationship (IK) is the mapping (1K) from the end workspace of the manipulator
to the virtual joint space and the mapping (IK;) from the virtual joint space to the drive
space of the manipulator, as shown in Figure 3. In the first two spaces, the subscript i
represents the continuous joint of the first segment; the superscript j represents the number
of drive cables required by the joint of this segment, and its value can be 3 or 4.
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- Forward FK, Forward F
/ |nematlcs \mematlc / \
{(Al ~all) Pose
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/" Inverse \\
kmematlcs

Dr1ve space Vlrtual Jomt space Work space

lnverse
mematlcs K,

Figure 3. Kinematic relation.

To establish the constraint model, the geometric model of the flexible manipulator is
analyzed first. The manipulator body consists of two continuous joints and two translation
segments. The base coordinate system O is established at the center of the bottom of the
first continuous joint, the coordinate system O is established at the center of the end of the
first continuous joint, the second continuous joint base coordinate system O; is established
at the end of the first continuous joint, the second continuous joint end coordinate system
O3 is established at the end of the second continuous joint, and the robot workspace
coordinate system Oy is established at the center of the second continuous joint. Specifically,
the positive direction of the X-axis of the base coordinate system Oy points to the direction
of the first drive cable hole, the positive direction of the Z-axis is the upward direction
of the x-y plane of the vertical base coordinate system, and the positive direction of the
Y-axis is determined following the right-hand rule. All other coordinate axes x — y — z are
the same as those in the base coordinate system Og. In Figure 4, 1, B2 are the bending
angles of the first segment and the second segment with respect to the plane of their base
coordinate systems, and the rotation angles &y, a, are the rotation angles with respect to the
X-axis of their base coordinate systems. Each segment of the designed two-segment flexible
manipulator is driven by three driving lines. Therefore, in the base coordinate system Oy of
the first segment, a through hole is designed every 60° in the counterclockwise direction
from the X-axis, with a total of six through holes to drive the movement of the two-segment
flexible manipulator. The hole number I1~I3 is the drive cable through hole of the first
continuous joint, I3~13 is the drive cable through hole of the second continuous joint, and r
is the distance from the center of the base coordinate system to the drive cable through hole.

Figure 4. The geometric model of the two-segment flexible manipulator.

3. Model of Constraints

When the two-segment flexible manipulator is used for video inspection of the contin-
uous path of the inner wall surface of the GIS cavity, there are many constraints, such as
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relaxed attitude constraint, collision-free constraint, and driving constraint. The attitude
constraint model of the center line and the photographed surface of the flexible manipulator
is established by using the spatial vector representation method. Based on continuous path
planning and aiming at time optimization, the trajectory optimization of PTP motion time
with the attitude constraint in the GIS environment is presented in this paper. The optimal
driving trajectory is provided for the continuous manipulator to perform a continuous
video inspection of the inner wall of the GIS cavity, thus improving the working efficiency
of the manipulator.

3.1. Relaxed Attitude Constraint

In continuous video inspection of the inner wall of the GIS cavity or the surface of
the internal conductive column by using the flexible manipulator, the center line of the
camera at the end of the flexible manipulator is always perpendicular to the positive
section of the photographed surface under ideal conditions (the angle between the normal
vector of the camera center line and the positive section of the photographed surface is
0°), i.e., the strict attitude constraints are satisfied. However, the actual situation is that the
two-segment flexible manipulator is difficult to satisfy the strict attitude constraints in real
motion. Therefore, this paper considers further relaxing the strict attitude constraint so
that the center line of the camera at the end of the manipulator is always within a certain
angle 6 with the normal vector of the positive section of the photographed surface, i.e., the
relaxed attitude constraint conditions are satisfied. The comparison of the strict attitude
constraint model and the relaxed attitude constraint model is shown in Figure 5. Each of
these constraints is described mathematically below.

End
translation —{|f% " ¢
segment  #

Camera cente
line Internal wall

model v ———_ Front section of the — 7=~ of GIS cavity

surface

A
1
Camera !
!
i

(a)Strict attitude constraint (b)Relaxed attitude constraint

Figure 5. The attitude constraint model.

The above attitude constraint problem can be expressed in mathematics by a space
vector method. Since the camera is fixed on the central axis of the translation segment at
the end of the two-segment flexible manipulator, two points P,; and P, on the central axis

—
at the end of the translation segment in Figure 5 can form a vector P, P, to represent the
center line of the camera. The normal vector of the tangent face of the photographed surface
—> .
can be represented by the vector OP,, composed of the center O of the GIS equipment
and the endpoint Py, of the manipulator. Then, the angle 6 between the vector P, Py of

——
the center line of the camera and the normal vector OP,, of the positive section of the
photographed surface can be obtained by the following formula:

—

6 = arccos Pe1 PaOPea
= ———
‘ cch2 HOPC2

@)
P,

—
Note that when calculating the space coordinates of the vector OP,, it should be
ensured that points O and P, are on the same circular section, i.e., the two points in the
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manipulator base coordinate system have the same Z-axis values. When the surface of the
conductive cylinder needs to be checked, the normal vector of the positive section of the
photographed surface should be PC?

Therefore, in the trajectory optimization problem of PTP motion of any two adjacent

points in a continuous path, the angle 6 between the center line vector P, P, of the camera

g
at the end of the manipulator and the normal vector OP,; of the positive section of the
photographed surface should satisfy the relaxation pose constraint at any time f, namely:

|9(t) ‘ < 9Threshold )
where 07y,es1014 15 the angle threshold, and it can be adjusted according to the actual situation.

3.2. Collision-Free Constraint

In the optimization of the PTP trajectory of any two adjacent points in the continuous
path, it is necessary to ensure that the forward kinematics arm corresponding to the trajec-
tory L(t) planned by the drive cable at time f cannot collide with the obstacle environment.
In this paper, the joint space to three-dimensional space mapping is used to solve the
collision-free constraint problem. Firstly, the forward kinematic relation FK(L(t)) is ex-
ploited to obtain the discrete point { Py, P», P3, ..., P;} of the arm shape of the two-segment
flexible manipulator in three-dimensional space, as shown in Equation (3):

FK(L(t)) — {Py,P,,P;,..., P} ®)

Then, the distance between each discrete point { Py, P, Ps, ..., P;} and the GIS center
O is calculated, and the maximum distance and minimum distance are determined so that
the following requirements are met:
{ Rmin S dmin(t) S Rmax (4)
Rmin < dmax(t) < Rmax

3.3. Driving Constraint

Due to the limitation of T-type screw length, in addition to the above constraints, it
is also necessary to satisfy the constraint for the position of the drive cable of the two-
segment cable-driven flexible manipulator. In addition to the position constraint, due to the
limitations of motor speed and acceleration length, velocity and acceleration constraints
of the drive cable should also be satisfied at any time in the trajectory planning results,
as shown below.

The constraint of position:

0 < |L(#)| < Lmax ©)

where L(t) = (ALL(t), A3 (t), A3 (t), Al (t), Al3(t), Al3(t)) is the change value of the length
of the six drive wires over time, and they can be obtained from Equations (A1)-(A3) in the
Appendix A.

The constraint of velocity:

0 < |L(H)] < Lmax ©)

where L(t) = (AI}(#), A2 (t), A3 (t), A3 (t), A3 (), Al3(t)) is the change value of the speed
of the six drive cables over time, and they can be obtained from Equation (A4) in the
Appendix A.

The constraint of acceleration:

0 < [L(H)] < Limax @)
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where, L(t) = (AI}(t), AI3(t), A3 (t), ALY (t), Al3(t), AI3(t)) is the change value of the accel-
eration of the six driving lines with time, and they can be calculated by the time derivative
of Equation (A4) in the Appendix A.

4. Time Optimization Programming Algorithm

In the continuous video inspection task of a two-segment flexible manipulator, the con-
tinuous path can be decomposed into several groups of PTP motion. Thus, the study of PTP
trajectory optimization with attitude constraints can guide the motion control of continuous
video inspection tasks. Assume that the continuous path of the video inspection task of
the flexible manipulator is Path = {p1, p2, ..., Pu—1, Pn}, take any two adjacent points p,,
and py,1 in the path as examples, and select the path point p;, as the starting point and
the path point p;,41 as the target point. The interpolation time of the motion of the flexible
manipulator from the starting point to the target point is t;, and the end attitude, collision,
and drive constraints must be satisfied in the intermediate process. For the PTP movement
from p;, and p,,41, the optimization problem is formulated with time optimization as
the goal:

i=k
min f(£;) = ) t; ®)
i=0
10(t)| < OThreshold (Attitude constraint)
Rumin < d(t;) < Rmax (Collision free constraint)
s.t.q 0 < |L(#)| < Lmax (Constraint of position)
0 < |L(t)| < Liax (Constraint of velocity)
0 < |L(t)| < Lmax (Constrainto facceleration)

where, f(t;) represents the total motion time from the starting point to the target point,
and t; represents the time interpolation sequence of the intermediate process from the
starting point to the target point. d(¢;) in the collision constraint includes the minimum
distance dmin (f;) and maximum distance dmax (f;).

When Equation (8) obtains the minimum value, the minimum time #* of the PTP
motion satisfying the constraint can be obtained, namely:

t* = min f(t;) )

In this case, the trajectory L(t*) of the drive cable corresponding to the shortest motion
time t* between the starting point and the target point is the optimal trajectory of the
flexible manipulator satisfying the attitude constraint, namely:

L(£) = (A(£), AB(#), A (1), M), ABB(£), AB () ) (10)

where L(#*) represents the trajectory change sequence of the six drive cables.

According to the above method, when the motion time between any two adjacent
points in the continuous path of video inspection is the shortest, the whole moving process
of continuous video inspection can be guaranteed to be the shortest. In the trajectory
optimization problem of this paper, quintic polynomial trajectory planning is conducted be-
tween any two adjacent points in the continuous path according to the motion time. The tra-
jectory planning results must satisfy the constraints of attitude, no collision, and drive at
any time.

The JS algorithm is adopted to solve the optimal trajectory optimization problem of
the continuous path motion time of the two-segment flexible manipulator with attitude
constraints in this paper. The flow chart of the solution is as follows:

To solve the above optimization problem, the JS algorithm is used to solve the time-
optimal trajectory optimization problem under the attitude constraint for any two adjacent
path points in the continuous path of the inner wall video inspection task. Assume that the
motion time between any two adjacent waypoints is . To minimize the total motion time,
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the motion time ¢ of any two adjacent waypoints should be as small as possible. Therefore,
the exercise time ¢t is taken as the optimization parameter, and the fitness function is
established as follows:

F(t) =t (11

When the motion time between two adjacent path points is known, the quintic poly-
nomial method is employed for trajectory planning. The specific method is as follows: the
continuous path is checked by the video on the inner wall of the GIS cavity to determine
the positions of two adjacent path points. Assuming that both the velocity and acceleration
of the two points are 0 and the movement time is ¢, the planned polynomial trajectory can
be obtained by substituting these parameters into Equation (A5) in the Appendix A. Then,
whether the planned trajectory satisfies all constraints is determined. If all constraints are
satisfied, the planned trajectory is regarded as a feasible solution, and then the motion
time is optimized until the iterative process is removed. When the iteration is completed,
the trajectory with the shortest time is output.

In Figure 6, it should be noted that the position with the lowest fitness value is not
selected as the best position when initializing the JS and the optimal position. Since the
trajectory planning results of the location with the smallest fitness value may not satisfy
all the constraints, this paper selects the location with the largest fitness value as the

best location.

Set algorithm parameters and
constraint parameters

Initialize the population and
calculate the optimal position

—b{ Number of iterations K=K+1 }4—
v

Update individual position of jellyfish
according to time control mechanism

Trajectory planning for the new position
(movement time)

Yes <Qatisfy all the constraints

Yes
\ 4
Calculate the fitness value, update the
optimal position,
Saving Plan Results

K < maximum number of
iterations Max;q,,

Output optimal position
and the result of trajectory

End

Figure 6. The flow chart of the solution process.

5. Analysis of Simulation and Experiment Results

The simulation is conducted on a desktop computer running the 64-bit Windows10
operating system. The processor is Inter(R) Core(TM) i7-9700@3.00GHz 8, the graphics card



Processes 2023, 11, 254 11 of 19

is NVIDIA GeForce GTX1660Ti, the simulation software is MATLAB R2021a, and robot
simulation software is CoppeliaSim 4.0.0.

To verify the actual effect of the JS algorithm in solving the trajectory optimization
problem of a flexible manipulator with attitude constraints, the JS algorithm is used to
solve the problem following the optimization solution process presented in Figure 6. Firstly,
the continuous path points that the two-segment flexible manipulator needs to pass through
during the video inspection of the inner wall of the GIS cavity are illustrated, and the
continuous path is presented in the form of terminal pose, where the first three numbers
represent the x — y — z in the base coordinate system, and the last three numbers represent
the RPY Angle., as shown in Table 1.

Table 1. The video inspection of the internal wall continuous path point sequence in the GIS cavity.

Number Pose/(Location/mm, Posture/rad) Number Pose/(Location/mm, Posture/rad)
(1) (—133.84,—184.95,114.36,0.147,—0.83,1.48) @) (21.93,55.78,263.73, —0.91,1.00,—1.12)
(2) (—110.40,—185.61,115.60,0.55,—0.80,1.46) (8) (—2.83,100.17,248.47, —0.97,0.65,—1.23)
(3) (—63.95,—149.17,206.24,0.65,—0.17,1.41) (9) (—43.33,152.51,201.24, —0.84,—0.08,—1.51)
(4) (—14.40,—104.08,246.75,0.87,0.49,1.28) (10) (—95.34,193.85,110.14, —0.55,—0.79,—1.57)
(5) (15.53,—48.32,267.48,0.77,1.05,0.91) ® (—118.80,194.99,110.14, —0.16,—0.79,—1.57)
(6) (19.96,5.99,271.94,—0.24,1.24,—0.31)

Since the continuous path points of video inspection are given in the form of terminal
points, the trajectory planning needs to be conducted in the virtual joint space. Therefore,
before the trajectory optimization of two adjacent points in the continuous path, the inverse
kinematics solution based on particle swarm optimization should be exploited to obtain the
mapping K, from the workspace to the virtual joint space to solve the inverse kinematics.
In this way, the virtual joint sequence corresponding to the continuous path is obtained.

In the optimization calculation with the JS algorithm, the parameters are set as follows:
the population number is set to 20, the ocean current motion factor 6 = 3, the motion coeffi-
cient v = 0.1, the upper boundary of position Maxyx = 100, the lower boundary Miny =1,
and the maximum number of iterations Max;;,, = 100. Among the constraints, angle thresh-
old O7yyesnoia = 30°, the drive position constraint Lax = 22 mm, the velocity constraint
Lmax = 0.5 mm/s, and the acceleration constraint [ max = 0.2 mm/s2. After obtaining the
virtual joint sequence of the continuous path, the JS algorithm is used to optimize the
trajectory of the two adjacent path points in the path, and the shortest motion time and
solving time between the corresponding two points are obtained, as shown in Table 2.

Table 2. The JS algorithm to obtain the shortest motion time and solving time for two path points.

Number Motion Time (s) Solving Time (s) Number Motion Time (s) Solving Time (s)

OEX0) 12.60 0.191 (6) = (7) 13.28 0.269
—(3) 16.10 0.228 (7) = (8) 12.86 0.190

(3) = (4) 20.27 0.321 (8) = (9) 25.04 0.306

(4) = (5) 19.74 0.242 (9) = (10 19.03 0.240

(5) = (6) 14.82 0.171 (9 — Q) 12.60 0.238

It can be seen from Table 2 that according to the given continuous path for video
inspection of the inner wall of the GIS cavity, the minimum total motion time of the
trajectory satisfying all constraints is about 166 s. Meanwhile, the optimal drive cable
trajectory for continuous video inspection of the inner wall of the GIS cavity can be obtained
by connecting the drive cable trajectory from path point 1 to 11, as shown in Figure 7.
By taking the time-optimal trajectory as the control input of the flexible manipulator,
the two-segment flexible manipulator of the GIS maintenance robot can be controlled to
perform video inspection according to the given continuous path points.
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Figure 7. The trajectory planning results of the drive cable.

5.1. Verification by Experiment

To verify the effectiveness of the JS algorithm in solving the trajectory optimization
problem of the flexible manipulator with attitude constraints, the time-optimal drive cable
trajectory obtained in the previous section is used for the motion control simulation and
prototype experiment. The simulation involves two parts: Matlab numerical simulation
and CoppeliaSim virtual model simulation. The experiment is conducted in 500KV GIS
equipment by using the developed two-segment flexible manipulator prototype (Figure 8).

Flexible manipulator noumenon Drive mechanism
1

lectric control
module
Cavity
internal wall
GIS metal shell power Simulation platform Conductive cylinder

Figure 8. The prototype and experimental environment.

The time-optimal drive cable trajectory obtained by the optimization algorithm is
used as the input to control the two-segment flexible manipulator, and the experiment
is conducted according to the simulation and experimental schematic diagram shown
in Figure 9. In the process of simulation and experiment, when the target drive cable is
positive, the DC motor should draw the line towards the base of the flexible manipulator;
when the target drive cable is negative, the motor should release the line towards the end
of the manipulator. Since pure numerical simulation is conducted in Matlab, the Matlab
simulation results are taken as the reference target to compare the virtual simulation of the
manipulator motion control with the experimental results of the prototype. Meanwhile,
to test whether the camera at the end of the flexible manipulator arm can capture specific
conditions in the environment during its movement, small squares with different colors
are added to the surface of the GIS simulation body wall in CoppeliaSim to simulate small
foreign bodies in the actual environment.
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Figure 9. The scheme of the motion control simulation experiment.

5.2. Analysis of Experimental Results

After the completion of Matlab simulation, CoppeliaSim simulation, and GIS prototype
experiment, the simulation and experimental results are compared. Figure 10 shows
the comparison of the motion timing sequence obtained by simulation and prototype
experiment. The transparent arm shape in the motion timing sequence obtained by Matlab
represents continuous video inspection path points, and the arm shape of the camera field
marked with red at the end is the actual path in motion. It can be seen from the figure that
fromt=0stot=166.34 s, the two-segment continuous manipulator can pass through
the intermediate waypoint successively to complete the continuous video inspection of
the inner wall surface of the GIS cavity. During the whole process, there is no collision
between the manipulator and the environment. Meanwhile, in the whole process, the center
line of the camera at the end of the manipulator should be as perpendicular as possible
to the normal section of the inspected surface to satisfy the constraint of relaxed posture.
The upper right picture of the CoppeliaSim simulation sequence diagram in Figure 10
records the camera field of view at the end of the flexible manipulator during the moving
process, indicating that the trajectory obtained by the JS algorithm can be used for video
inspection tasks.

Besides the motion sequence diagram, the trajectory of the endpoint of the manipulator,
the spatial coordinates of the endpoint, the virtual joint variables, and the changes of the
drive cable are compared and analyzed. The experimental environment of the prototype is a
complex and narrow GIS cavity. The motion trajectories of the endpoints of the manipulator
and the changes of the virtual joint variables cannot be collected by appropriate external
equipment, but only the changes of the six driving wires with the movement time can
be collected by the prototype electronic control system. Figures 11 and 12 illustrate the
comparison of the end track and coordinate changes in the motion simulation of the
continuous video inspection trajectory of the inner wall of the GIS cavity. It can be seen
from the figures that the end trajectory of the virtual simulation is almost the same as the
target trajectory (the Matlab result).

The length of the whole flexible manipulator is 304 mm. Figure 12 shows that the
average error of the X-axis is 3.22 mm, the average error of the Y-axis is 1.45 mm, and the
average error of the Z-axis is 2.12 mm. Virtual joint variables play an indirect role in trajec-
tory optimization, and they can directly display the arm shape state of the two-segment
flexible manipulator. Therefore, the target joint is also compared with the CoppeliaSim
simulation results, as shown in Figures 13 and 14. Meanwhile, the change of drive cable is
the only data that can be collected from the prototype experiment, and it is compared with
the virtual simulation results and target values, as shown in Figures 15 and 16. It can be
seen from the figures that the simulation value, the experimental value, and the target drive
cable length exhibit the same variation trend, but there is an unknown error between them
and the target value. It is suggested that the error of the virtual simulation results comes
from the error of the virtual model and the error of the open loop control, while the error
of the prototype experiment may be caused by the mechanical error of the prototype and
the blockage of the DC motor. The simulation and experimental results indicate that the
proposed method can solve the trajectory optimization problem of the flexible manipulator
with attitude constraints.



Processes 2023, 11, 254 14 of 19

t=48.97s t=68.71s

t=96.81s t=109.67s t=134.71s
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Figure 10. Comparison of the motion sequence obtained by Matlab (top), CoppeliaSim (middle),
and simulation and prototype experiment (bottom).
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Figure 11. The trajectory of the end.
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6. Conclusions

This paper discusses the time-optimal trajectory planning problem of the flexible
manipulator moving along a multi-constraint continuous path and avoiding obstacles in
the maintenance task of the GIS cavity. The constrained optimization problem is formulated
to optimize the movement time of any two adjacent points in the continuous path. Then,
the JS algorithm is employed to solve the optimization problem. According to the solution
process, the optimal driving cable trajectory of the optimization problem satisfying the
constraints is obtained. Finally, the optimal drive cable trajectory is used as the input for the
motion control simulation and prototype experiment for verification. The simulation and
experimental results indicate that the proposed solution can guide the two-segment flexible
manipulator to complete the continuous video inspection task of the inner wall surface
of the GIS cavity. Moreover, when the flexible manipulator moves along the whole path,
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the pose of the camera satisfies the relaxed attitude constraint, and the average tracking
error of x — y — z in three-dimensional space is about 1% of the arm length. This method
can be well extended to other flexible manipulators. The main work in the future is to
extend its application to various complex surfaces.
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Appendix A

All = 1By cosay
AIZ = rBy cos(ay +47/3) (A1)
A3 = rBy cos(ay+27/3)

Al} = ALY +AlL,
=rBq cos(ay + 571/3) + rBy cos(ap + 571/3)
A3 = A3 +AI3,
=rBq cos(a1 + 371/3) + rBy cos(ap + 37/3)
A3 = A3 +AI3,
=rpqcos(ay + 7w/3) + rprcos(ay + 7w/3)

(A2)
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