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Abstract: For path planning of two welding robots, intelligent robot path optimization with obstacle
avoidance is introduced first, where the optimization objective is the shortest time. In the
optimization process, grid method is used for modeling. Then, ant colony algorithm is applied as
search strategy to realize obstacle avoidance between welding gun and workpiece. For obstacle
avoidance of robot joints, the robot is modeled using the sphere and the capsule. Besides, two-level
collision detection and geometrical collision avoidance are used to obtain collision free robots’ path.
At last, an improved particle swarm optimization algorithm is used to realize global path planning.
Simulation results show that the proposed strategy could improve the effectiveness of the path
planning. It can be used to shorten the teaching time and strengthen offline programming ability.
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1. Introduction

In recent years, welding robots are widely used in research and industrial production [1].
Sometimes, a single robot system can’t quickly complete some complex tasks such as car body
welding. Hence, double-robot welding systems are developed for efficiency improvement. Some
research works were done to study robot path planning and obstacle avoidance. All the welding joints
are divided into two groups by using the elite particle swarm algorithm, and the double-robot path
planning is treated as the welding path planning of the two individual robots [2]. The virtual point is
introduced to convert the multi-traveling salesman problem into a single traveling salesman problem.
And the shortest welding time is set as the optimization purpose [3]. Both methods determine the
obstacle avoidance path of the two robots by the separation of the welding joints before the path
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planning of the dual robots. Besides, task sequencing and path planning for remote laser welding was
studied based on TSP and meta-heuristic algorithm [4], and genetic algorithm was used to minimize
the cycle time of the robotic spot welding operations [5]. For industrial welding robot task planning,
manual planning is still widely used. It is time-consuming when there are large-scale weld joints.
Hence, it is necessary to use automatic and efficient path optimization method.

As a widely used intelligent optimization algorithm, PSO [6] is used to solve path planning
problem due to its simple structure, fast convergence speed and easy implementation. At the same
time, many improvements were conducted for the PSO algorithm to solve the premature problem of
PSO algorithm and accelerate the convergence rate of the algorithm. Algorithm improvements were
studied on parameters [7], the position and velocity of PSO [8], local search PSO algorithm [9],
fusion of different intelligent optimization algorithms [10], and updating strategy [11]. Improved
PSO algorithm shows its advantages, such as fast convergence and global optimization. Therefore,
an improved particle swarm optimization algorithm based on grouping and competition strategy is
proposed to realize the welding robot path optimization.

In this paper, the welding time is set as the optimization objective first, and the collision test is
realized based on welding gun pose consideration. Then, path optimization for two robots is
conducted. Following above introduction, welding robot path optimization problem description is
introduced in Section 2. Section 3 describes robots obstacle avoidance based on three-dimensional
grid method modeling, and section 4 presents obstacle avoidance for robot joints. The dual-robot
path optimization is given in Section 5 followed by conclusion.

2. Optimization problem description
A part of the white car is selected as work piece in this paper. The shape of the work piece and

position of the welding joints are shown in Figure 1. The robot used here is ABB R2400 and the
welding gun is GTAW10.

Figure 1. Welding workpiece.

The time-optimal path planning for the dual-welding robot requires that the welding gun walks
through all the welding joints and the welding time is the shortest. Suppose the number of the
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welding joints is M, number of the welding joints and transition points are N, and the order of the
welding joints is (i), (i = 1,2, ...,n). Then, the time optimal path planning problem can be regarded
as a constraint TSP problem.

MinT = Z?’:_ll L) m(i+1) /V @

where Y131 Loy e+ 1S the sum of the distances between all welding joints. If the pose of welding

gun need to be changed or there is obstacle between some welding joints, Y.X7" Ly zq+1) includes

the distance between the welding joint and the intermediate joint where the welding gun changes its
pose or conduct obstacle avoidance, v is the welding speed which is set as 2m/s. The methods to
define obstacles will be presented in Section3 and Section 4.

For double robot system, some other criteria should be considered in addition to the shortest
time. First, the difference between the welding times for the two robots should be as small as
possible to make sure the two welding robots finish the welding work at the same time nearly.

|T1 - T2| < Tc (2)

Second, the paths need be monitored in real-time to make sure that the two welding guns will
not influence each other. Hence, a safe distance between the two welding guns should be defined.
The two welding guns will not influence each other as long as they keep a distance bigger than the
safe distance. When the distance is smaller than the safe distance, the welding robot with a shorter
welding distance will wait for a while to make sure the distance between the two welding guns is
larger than the safe distance.

D(Rl'RZ) - dsafe =0 (3)

Where Ry, R,, represent robotl, robot2 respectively, and d,,r. represents safe distance to avoid
collision. Besides, the distance between the welding gun and the workpiece should be also larger
than the safe distance.

D(R; W) - dsafe =0 (4)

Where W denotes workpiece. Then, the two welding robots global path planning problem can be
described as:

MinT; = X050 Luaynen /V + T2 = Zieert Ly nen) /Y %)

Subject to the constrains (2)—(4)

Based on the optimization problem description, the flow chart of dual-robot trajectory planning
is presented in Figure 2. The two-robot path optimization is carried out to obtain the welding path
using particle swarm optimization based on work piece modeling, local obstacle avoidance, and
obstacle avoidance for robot joints. Local obstacle avoidance will be studied to obtain collision free
path between the robot gun and the work piece in Section 3. Collision free path for the robot joints
with work piece and fixture is studied in Section 4.
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Figure 2. Flow chart of dual-robot path optimization.
3. Grid modeling and local obstacle avoidance
3.1. Three-dimensional grid method modeling

The first step to solve the robot path planning problem is robot working environment modeling.
As the grid method is simple, the generated path is more intuitive and easier to judge the local
environment, the three-dimensional grid method is selected in this paper for environmental modeling.
After the work piece is simplified to a combination of multiple triangles, the grid matrix is
established. Considering the searching time and path searching accuracy, this paper divides the
whole space into cubes with a side length of 5 mm. The center of each cube is used as the starting
point of the search path, and the center points are projected to the plane. If the projection point is
outside the triangle which means that the triangle is not an obstacle to the point. If the projection
point is inside the triangle and the length of the perpendicular is less than 6 mm that means the
triangle is the obstacle of the point. As a result, the free grid and obstacle grid can be obtained. If
there is an obstacle in the center point, it means that the point is an obstacle, otherwise it means that
the point is a free point. Based on the established environment model, the obstacle between the robot
end and the work piece will de identified in section 3.2.

3.2. Obstacle avoidance between robot and work piece
Obstacle avoidance is very important for robot safety operation. Ant colony algorithm is applied
to realize local obstacle avoidance path planning in this paper. Local search starts from initial

solution, and begin to search the vicinity field. If particle can find a better solution, then replace the
initial solution.
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The parameters of ACO are initialized as follows. Based on the empirical value, the weight of
the pheromone o is set as 1, the weight of heuristic pheromone f is set as 11, the evaporation
coefficient of pheromone p is set as 0.9, and the pheromone quality coefficient Q is set as 5. The
iteration number N is set as 50, and the population quantity M is set as 50. Initialize the
coordinates of the starting point and the terminal point. Initialize the pheromone matrix, and the
pheromones for all points are set as 0.5. Iterator is defined as n. The number of ant is k.

Then, the probability of each node is calculated. The step length unit for adjacent node is set as
1, the maximum number of nodes which can be selected is set as 6. When the adjacent node is
obstacle, it can’t be chose. Then, the number of optional nodes is less than 6. The ant will move to
the next node according to the roulette method, and the selected node is added to the taboo table. If
the ant arrives at the end point or the optional node number is O, the path is cleared from the taboo
table. And the next node direction is selected again until all directions are taken. If the optional node
number is 0, then this path won’t be recorded in the taboo table. When the ant reaches the end point,
the path length L is calculated until the iteration ends. The final obtained shortest path is selected as
the welding robot obstacle avoidance path.

The local obstacle avoidance path of the two robots can be obtained by the local searching
algorithm. However, the path obtained by ant colony algorithm is not a straight line, it can’t meet
requirement of the shortest welding path. To achieve the shortest and collision free welding path,
second optimization is conducted. Principles of the second optimization are presented as follows.
Some nodes are canceled and the left nodes are connected to obtain a shorter path. In the process,
collision detect is always conducted to promise a collision free path.

4. Robot joints obstacle avoidance

Based on the above work, the path is collision free for the robot end and the work piece.
However, in the actual industrial production process, it is not enough. The trajectory of the robot is
based on all joints movement, and it is necessary to promise collision free path for the robot joints
and work piece.

To meet the actual obstacle avoidance requirements, the obstacle avoidance trajectory for robot
joints is studied using geometric collision detection. According to the welding path in this paper,
there is no collision between the two robots. Hence, the collision detection in this paper focuses on
the detection between the robot joints and the work piece. Collision detection here includes rough
detection, accurate detection and path selection after collision.

4.1. Rough collision detection

The Bounding box technology and Spatial division method [12] are considered in this paper,
whereafter the spatial division was chose to realize rough detection, and the work piece area division
is shown in Figure 3.

In Figure 3, the work piece is divided into five regions. The distance between the center axis of
each joint of the robot and the plane of the different area of the work piece is calculated, and the area
with the shortest distance is selected as collision area in the rough detection phase, which is most
likely to collide with the robot.

Mathematical Biosciences and Engineering \Volume 16, Issue 5, 5697-5708.


javascript:void(0);
javascript:void(0);

5702

1300 —

1250 —

1200 —

£ 1150
£
N 1100 —|
-400
1050 <
3
1000 200 5
950 t t 1 t t o

2200 2100 2000 1900 1800 1700 1600
X/mm

Figure 3. Work piece area division.
4.2. Accurate collision detection

After bounding box [13], artificial Field [14], and geometric methods are analyzed, geometric
method is selected to realize accurate collision detection.

According to the results of rough detection, it can be seen that the area most likely collide is the
edge of each plane, which is also the key composition of the model. In geometric accurate detection,
the distance between each joint of the robot and the edge line where the collision area may occur is
calculated using the simplified robot model. In welding process, the robots are placed on the both
sides of the work piece. Hence, in the accurate collision detection process, the distance between the
robot model and work piece edge is calculated. And there are two situations for the calculation,
which are the shortest distance from the center of the ball to the edge of the work piece and the
shortest distance from the axis line of the cylinder to the edge of the work piece.

Figure 4. Distance from sphere to the edge line.

When the geometry is the ball or hemisphere, the shortest distance is the distance from the
center to the edge line, as shown in Figure 4. My(x,, o, 20), M;(x4,v4,2,) are the coordinates of
two endpoints of the segment, O(x,y,z) is the coordinates of center of the circle. When the
geometry is a cylinder, the shortest distance is the distance from the axis line to the edge line, it is
shown in Figure 5.
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Figure 5. Cylindrical axis line to edge line.
4.3. Collision avoidance method

After the collision is detected between the robot and the work piece in the welding process,
some obstacle avoidance strategy needs to be applied to avoid the collision and promise the
following weld joints welding procedure. In this case, Geometric method [15] is applied in this paper
to avoid collision, and the middle point is found to realize obstacle avoidance.

Geometric method is a mathematical method of calculating the distance from a robot to a work
piece. Based on the simplified robot model, the distance between the joints of the robot and the work
piece is calculated to avoid collision.

5. Dual-robot path optimization
5.1. Group competition particle swarm optimization (GC-PSO)

Because the traditional PSO algorithm is slow to converge and easy to fall into local optimum, a
group competition particle swarm optimization (GC-PSO) algorithm is proposed in this paper. The
algorithm divides the particle into two parts according to the fitness value of each particle. Particles
with fitness value in the top 20% of the total fitness value are regarded as leading particles, and the
remaining particles are set as the following particles. After all particles are divided into two parts, all
the particles are grouped randomly, each group consists of a leading particle and some following
particles where the following particles are randomly assigned to the leading particles and the number
of following particles in each group is not unique. When iteration number satisfies ¢ = 10, the
fitness value of the particle will be reordered. Then, the leading particle and following particle are
defined according to the fitness value. And all the particles are grouped randomly again.

The group competition PSO algorithm adopts different speed updating strategy for different
particles. In order to avoid the particle falling into local optimum, the group competition PSO
algorithm introduces the intra-group competition and inter-group competition in the speed update
formula.

The velocity update formulas for leading particles is described as follows:

vi* = w * vf + v * Randn(0,0?) ©
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1,if fi < fx
0% =1 ~fitfi , ke[1,N], k # i (7)
e fitel  otherwise

The location update formula for leading particles is described as follows:
xFtl = xk 4 pltt (8)

where Randn (0,02) is a Gaussian distribution function with mean 0 and variance o?. The

parameter Randn(0, 52) expands the searching range of particle and avoids particle falling into local

optimization. € is an infinitely small number which promise the denominator is not zero. k denotes

the subscript number of the other leading particles which will increasing the competition between the

particles. This strategy can make particle with the poor fitness move closer to the particle with better

fitness. f is the corresponding fitness value of each particle. N; is number of leading particles.
Speed update formulas for following particle are given as follows:

vi*t = w* vf + s, * Rand * (Ufl - Ult) + 53 * Rand * (vfz - vlt) ©)
fi—fj1
Sl =e |fi|+81 SZ — e(f]Z_fl) (10)

Location update formula for following particle is given as follows:

xfl = xk 4kt (11)

The velocity update formula of the following particle contains two parameters s;and s,. s; is
the intra-group competition coefficient, j, is the subscript number of leading particles in the group.
Following particle competes with the leading particle with probability s;. s, is the inter-group
competition coefficient, j, is the number of the leading particles in the other group. The following
particles in this group compete with the leading particles in other groups with the probability s,. ¢
is an infinitely small number which promise the denominator is not zero. f denotes the fitness value
of the particle.

5.2. GC-PSO algorithm discretization

Although the GC-PSO shows the ability of fast convergence and optimization, it can only solve
the continuous problem. To solve the problem of dual-robot path planning, the GC-PSO algorithm
needs to be discretized.

In the discrete particle swarm optimization algorithm, each particle represents a feasible
solution, and the population is a set of feasible solutions. Same to continuous PSO algorithm, x; in
discrete particle swarm algorithm also represents the ith sorting result, v; represents the velocity of
ith particle, py.s: represents the best individual, g,.s: represent the best population sort. Among
them, v; is a set of directions the particle can search, x;, ppes:» and gpes: are the results of
optimization. Then (6), (8), (9) and (11) are updated as follows. Velocity and position update
equation for leading particle are presented as:

vi*!t = w * vf + v} * Randn(0,0?) (12)
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X =% @u (13)

Velocity and position update equation for following particle are presented as:

vi*tt = w * vf + 51 * Rand * (vf; — v[) + s, * Rand * (v}, — v}) (14)
Xt =xi@v (15)
Where the operators +, —, and @ also have new definitions. The definitions include the rule of

particle crossover and combination with individual and global, which is important to transfer
continuous algorithm to the discrete algorithm. Subtraction operator (=) represents the difference set
of individual optimal position and the current position. For multiply operator (@), take x}@wvf*!
as example, vf*? is a set of particle exchange order, and @ operation refers to conduction
exchange order vf*! for x{. Addition operator (+) represents the union of two edge sets. The
above discretization method inherits the characteristics of continuous GC-PSO. The updating process

of GC-PSO is the process moving to the global optimal solution.
5.3. Algorithm validation

Convergence rate and accuracy between standard PSO, GA, GAPSO and GC-PSO algorithm
are compared based on four traveling salesman problems. Four algorithms run independently 30
times for each test function, the population size is set as 100, and the maximum number of iterations
for each run is set as 500. « decreases exponentially from 0.9 to 0.4 with the iteration increase.
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Figure 6. Convergence curves comparison of discretization GC-PSO.

The average convergence curves of the four algorithms are shown in Figure 6. It can be
concluded that GC-PSO still shows excellent convergence speed and convergence accuracy with the
same parameters and discrete method. GC-PSO algorithm uses the intra-group and inter-group
competitions in the speed update formula to make each particle move toward the global optimal
particle. The group division strategy ensures that the algorithm will not fall into the local optimum.
The simulation results show that the GC-PSO algorithm is still feasible and efficient after
discretization.
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5.4. Time-optimal path planning for dual-welding robots

In this paper, it is assumed that the welding speed of the robot is 2 m/s, and the welding time
of each weld joint is 0.5s. In order to meet the requirement of the shortest welding time, welding
joints are divided considering the welding pose. This principle can reduce the welding pose change
in welding process. The welding gun reverses when it arrives at the transition point, and the
reversing time is set as 2 s to facilitate the calculation.

Based on the above-mentioned environmental modeling, the obstacle avoidance strategy
between robot and work piece, the GC-PSO algorithm is used to optimize the robot welding time,
and realizes the time optimal obstacle avoidance path planning. After parameters initialization, the
positions of two robots are placed on opposite sides of the work piece, and the coordinates for the
weld joints are determined. Then, the weld joints are divided for two robots according to the same
welding time principle. Besides, models for work piece and robot working space are established
according to the grid method. And the local path planning is realized using the ant colony algorithm,
which promise collision free path for the robot and work piece. At last, global path optimization is
conducted based on the particle swarm optimization algorithm.

The path planning results with obstacle avoidance for the dual-robot is shown in Figure 7. The
welding path length for two robots are 87.961 mm and 109.29004 mm respectively, and obstacle
avoidance path length for two robots are 21.23 mm and 57.5621 mm. The final optimal welding time
is 123.259072 s. The global path planning of the dual robot path order:
19-20-21-22-23-25-27-28-26-24-31-30-29 and 1-2-3-4-5-8-7-6-9-10-11-12-13-16-15-17—
14-18.

-700 -600 -500 -400 -300 -200 -100 0
Y/mm

Figure 7. Dual-robot welding path optimization result.
6. Discussion
The actual workpiece is used in this paper, and the welding path optimization studied in this
paper is similar to practical welding situations. Hence, the obtained welding path can help welding

engineering by shortening the teaching time based on the optimization strategy. And, the
optimization strategy can be used to improve the path planning ability for offline programming (OLP)
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after the optimization strategy is integrated with OLP software.

From Figure 8, it can be seen that there are several optimization objectives and influence facotrs
need to be studied in the welding robot path optimization. Hence, some works are necessary to be
considered for better optimization results. The future work will focus on the real welding robot
system optimization to test the effectiveness of the proposed strategy in practical industrial
application. Firstly, the model for the workpiece and the fixture should be more complex and
accurate. Secondly, cooperation between the two robots can be studied to obtain better optimization
results [16,17]. Thirdly, the optimization results will be tested using some offline programing
software. At last, calibration will be studied to realize path optimization for real welding robot
system.

Obstacle avoidance

Patt
e Path length

Trajector
? ¥ Welding time

Position .
Energy consumption

Robots cooperation

Welding deformation

Welding parameters :
Welding cost

Figure 8. Welding robots optimization objectives and influences factors.

7. Conclusion

Traditional teaching method for industrial robot is time-consuming and has difficulties in batch
production. The proposed strategy could improve the efficiency in welding process. The
environmental modeling and local obstacle avoidance was introduced firstly. Then, two-level
collision detection and geometrical collision avoidance, obstacle avoidance of robot joints was
studied based on the previous robot modeling. Finally, welding robot path optimization procedure
was realized using improved PSO algorithm. Simulation results show high efficiency and precision
of the path planning strategy, and it is suitable for welding robot path planning.
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