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A plasma robot model with redundant freedom is proposed for the shortage of 
flexibility in the complex working environment of plasma robot. The existence of 
redundant degrees of freedom leads to the complex motion characteristics of the 
plasma robot joints. The trajectory of the end of the spray gun is difficult to de-
scribe. Therefore, a trajectory optimization algorithm based on fitness function is 
proposed. In the plasma robot joint space, a parabolic linear fitting is adopted. The 
error between the actual trajectory and the desired trajectory is taken as fitness 
function. Genetic algorithm is applied to find the optimal solution for the parame-
ters in trajectory planning. The orthogonal experimental model of the parameters 
of the plasma spray gun is set up. The optimum working parameters of the spray 
gun are obtained through the analysis and study of the power, atmospheric pres-
sure and the distance of the gun. Finally, the rationality of the proposed method is 
proved by simulation and test.
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Introduction

The plasma surface modification technology uses the plasma spray gun as the car-
rier, which does not require other low pressure vacuum equipment and high maintenance cost, 
and can simultaneously separate the production area and the application area. It is one of the 
hotspots in the current research field of plasma technology [1-3]. The surface of the plasma 
surface modification technology has a complex shape and a wide variety of types, and not all 
of the base surfaces need to be treated, such as large cavity walls, oral teeth, etc. [4]. Therefore, 
higher requirements are placed on the plasma spray gun in terms of flexibility and stability [5]. 
Although the traditional plasma surface modification robot can meet these requirements to a 
certain extent, it can handle some planes and simple curved surfaces, but it is difficult to meet 
the surface modification treatment requirements for complex shape and uneven material surface 
[6-9]. In view of the above problems, the flexibility and stability of the plasma robot can be 
increased by increasing the redundancy of the plasma robot, but the increase of the redundancy 
degree also increases the difficulty of controlling the motion trajectory of the plasma robot gun, 
so the plasma redundancy is the optimization of the robot’s end motion trajectory and gun pa-
rameters has become a hot issue in plasma technology research [10-12].
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During the working of the plasma robot, the desired trajectory on the working base 
of the lance is known. Therefore, the trajectory optimization of the plasma robot is mainly the 
trajectory control of the joint space of the redundant robot, so that the trajectory of the end of 
the lance and the desired trajectory of the working base are Match. Due to the redundant nature 
of the plasma robot, there are numerous optimization inverse solutions in the joint space, which 
makes the movement characteristics of the plasma robot in the joint space very complicated, 
which makes the end of the gun movement path difficult to describe [13-16]. In this paper, 
some reference points are selected based on the desired trajectory, and the inverse kinematics 
is solved to obtain the inverse solution of joint space optimization. Secondly, the parabolic line 
fitting is performed in the joint space of the plasma robot. The points on the fitted curve are 
selected. The kinematics of the plasma robot is used to obtain the end motion trajectory, which 
is compared with the expected trajectory to define the error of the desired trajectory and the 
actual trajectory. The degree function is used to realize the trajectory optimization processing of 
the plasma robot by using the genetic algorithm. At the same time, the parameters of the spray 
gun are optimized on the basis of the optimized trajectory. The optimal parameter combination 
of the surface modification treatment of the spray gun is obtained by orthogonalization test and 
water drop angle test [17-21].

In this paper, based on the optimization requirements of the plasma trajectory and the 
parameters of the spray gun in the process of plasma redundant robots [22], the fitness function 
optimization algorithm and the orthogonalization test scheme are proposed, and the optimized 
trajectory of the end gun is optimized and optimized. The optimized combination of the param-
eters of the trajectory of the trajectory finally verified the rationality of the method used in this 
paper through simulation and experiment.

Plasma redundant robot model and test equipment

Figure 1 shows the working model of a plasma redundant robot. The spray gun has 
seven degrees of freedom (DOF) and the rotating shell has one DOF. It consists of a six-DOF 

manipulator, a single-DOF slide, 
and a rotating housing. The guide 
rail, the six-DOF manipulator and 
the plasma spray gun form a plasma 
redundant robot model, and the 
working base is on the single-DOF 
rotating shell. When the working 
radii of the working base is deter-
mined, the rotational freedom will be 
in a constrained state. Therefore, the 
trajectory of the plasma spray gun is 
mainly determined by a redundant 
robot with seven DOF. 

Trajectory optimization control

Establish a plasma redundant robot co-ordinate system as shown in fig. 2.
The kinematics positive solution of the plasma redundant robot is calculated in the 

co-ordinate system shown in fig. 2, and the end pose equation after fitting can be obtained:

Figure 1. Model of plasma redundant robot

6-DOF manipulator

Plasma spray gunRotating shell

Single degree  slide
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At the same time, there is a desired pose on the desired trajectory at the end of the gun:
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Figure 2. Plasma redundant robot co-ordinate system
   

The difference between the desired pose and the fitted pose is defined as the evaluation 
function. The smaller the difference between the two, the higher the fitness, which means that 
the fitting of the joint space of the plasma robot is more reasonable. In this paper, the position 
vector and attitude vector in the pose matrix are used as the target, and the fitness function con-
structed by the linear stretch evaluation function is used to study the error between the desired 
pose and the fitted pose.

	 avg max avg
avg

max avg max avg

( 1)
( )

c fit fit cfit
F fit fit

fit fit fit fit
θ

− −
= +

− −
 	 (3)

where F  is a fitness function constructed by a linear tensile evaluation function, ( )fit θ  – an 
evaluation function that reflects the pose deviation, as shown in eq. (4). The maxfit  represents the 
maximum value of ( )fit θ , avgfit  represents the average value of ( )fit θ , c indicates the optimal 
number of individual copies, the value is determined according to the size of the group, in this 
article c = 2. According to the characteristics of the linear stretching algorithm, the evaluation 
function ( )fit θ  must be non-negative, otherwise the correlation transformation needs to be 
performed, and the evaluation function ( )fit θ  defined in this paper can guarantee non-negative-
ness, so the fitness function defined in this paper is suitable.
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Since the requirements of the trajectory control of the plasma robot are to achieve 
basic control functions for motion such as speed and acceleration. In order to achieve contin-
uous control of joint variables such as displacement, velocity and acceleration, the detection 
sensor is continuously measured with relevant parameters in the robot control system, and 
real-time feedback constitutes a closed-loop servo control system.

This control method requires the plasma redundant robot end gun to complete the task 
within a certain control accuracy requirement according to the predetermined trajectory, speed 
and acceleration. This requires that the fitness function needs to converge rapidly as the number 
of iterations increases. The simulation diagram is shown in fig. 3. As the number of iterations 
increases, the fitness function will be more accurate.

The joint velocity and acceleration of the medium ion robot are coupled to the fitness 
function. As the number of iterations increases, the fitness function begins to converge rapidly, 
which proves that the joint velocity and acceleration meet the trajectory control requirements 
of the plasma robot.

At the same time, in order to verify the correctness of the obtained simulation trajec-
tory, this paper takes the S-shaped inlet of a certain type of aircraft as an example to simulate the 
approximation degree of the fitted trajectory and the desired trajectory. The simulation trajec-
tory of the end is formed by surface fitting. As shown in fig. 4, the simulation results prove the 
simulated trajectory and the desired trajectory. Highly consistent, so it proves the correctness of 
the method used in this paper.

Figure 4. Simulation verification of aircraft S inletFigure 3. Iterative graph of fitness function
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For plasma redundant robots, the stability of joint space motion and the accuracy of 
end effector motion have a large impact on surface modification quality and efficiency. In this 
paper, the trajectory planning is carried out in the joint space of the plasma robot to ensure the 
stability of the joint operation of the plasma robot. At the same time, the genetic algorithm is 
used to optimize the parameters in the trajectory planning, so that the joint space is positively 
resolved to the end Cartesian co-ordinate system, the characteristic time of the plasma robot. 
The difference between the trajectory on the point and the desired trajectory on the base is 
small. It can be seen from the simulation results that the end movement of the plasma redundant 
robot is very consistent with the requirements of the desired trajectory.
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Optimization of spray gun parameters

In this paper, under the premise that the trajectory control accuracy of the plasma re-
dundant robot meets the requirements, the power supply, gas pressure and spray gun distance 
of the plasma spray gun are optimized. The indicator for measuring the quality of surface 
modification is the water drop angle test. The smaller the angle measured, the better the quality 
of the plasma surface modification. Based on the test of the inlet surface, the water drop angle 
tester is used to detect the water droplet angle between the liquid and the solid. The wettability 
between the liquid and the solid can be detected by this method. The better the wettability, 
the smaller the water drop angle and the infiltration. The worse the sex, the larger the water 
droplet angle.

Taking the surface of the air intake of the aircraft as an example, the orthogonal test 
method is designed to study the influence of the main process parameters on the water drop 
angle test. Table 1 shows the variation range of 
the spray gun parameters.

The orthogonal test was designed ac-
cording to the range of variation of each param-
eter as shown in tab. 2. The water drop angles 
measured in the test are shown in tab. 3.

It can be seen that when the pres-
sure is 0.3 MPa, the distance is 12 mm, 
and the power supply power is between 
1700 W and 1900 W, the water drop 
angle takes a small value. In order to 
obtain a set of effective parameter 
values, the orthogonalization test anal-
ysis is further performed on the power 
supply power, as shown in tabs. 4 and 
5, respectively. The smaller the droplet 
angle test value, the better the selected 
parameter value. The minimum value 
of the droplet angle test is the optimal 
parameter selected.

Droplet angle test is carried out 
by special instruments. The principle is 
that the smaller the value of water drop 
angle, the more optimized the selected 
parameters are. At this time, the min-
imum value of the water drop angle 

Table 1. Range of parameter 
variation of spray gun

Gun parameters Variable Range
Power supply [W] x1 1000-2000
Gas pressure [MPa] x2 0.2-0.4
Gun distance [mm] x3 8-16

Table 2. Orthogonal design test

Numbering Power 
supply [W]

Gas pressure 
[MPa]

Gun distance 
[mm]

1 900 0.2 12
2 900 0.3 8
3 900 0.4 16
4 1150 0.3 8
5 1150 0.4 16
6 1150 0.2 12
7 1400 0.4 16
8 1400 0.2 12
9 1400 0.3 8

10 1650 0.2 16
11 1650 0.3 12
12 1650 0.4 8
13 2000 0.3 12
14 2000 0.4 8
15 2000 0.2 16

Table 3. Water drop angle test value

Numbering Water 
drop angle Numbering Water 

drop angle Numbering Water 
drop angle

1 48.2 6 49.0 11 10.5
2 46.7 7 42.0 12 18.4
3 43.6 8 42.9 13 19.8
4 44.8 9 37.0 14 25.4
5 46.9 10 29.8 15 29.5
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measured is 8.0°. At this time, a set of optimized plasma spray gun combination parameters 
are obtained. The power supply power is 1825 W, the atmospheric pressure is 0.3 MPa, and the 
spray gun distance is 12 mm. The water droplet angle optimization test chart is shown in fig. 5.

Table 4. Power supply power optimization test

Numbering Power 
supply [W]

Gas pressure 
[MPa]

Gun distance 
[mm]

16 1700 0.3 12
17 1725 0.3 12
18 1750 0.3 12
19 1775 0.3 12
20 1800 0.3 12
21 1825 0.3 12
22 1850 0.3 12
23 1875 0.3 12
24 1900 0.3 12

Table 5. Numerical test of 
water drop angle optimization

Numbering Water drop 
angle

16 20.5
17 16.8
18 13.7
19 9.5
20 8.0
21 9.5
22 10.0
23 15.5
24 20.4

Figure 5. Diagram of water drop angle optimization test

Conclusion

Firstly, a plasma robot model with redundant DOF is established, which increases the 
flexibility of the plasma surface modification task. Secondly, the surface modification trajectory 
of the plasma robot is optimized, which makes the surface modification work have higher pro-
cessing precision. Finally, it is orthogonal. The optimized test parameters of the plasma spray 
gun were obtained by the test, and the correctness of the conclusions obtained in this paper was 
verified by the water drop angle test.
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