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Abstract

:

The paper presents issues associated with the experimental study of the vibration of a spot welding gun mounted on a robotic arm. The main aim of the study was to assess the vibration of the robot flange and the vibration of the mounted tool. Because of the tools’ large size and weight (up to 150 kg), manipulating it in a limited space is a challenge for programmers when defining trajectories. The article presents the results of inertial measurements of the KUKA KR120 R2500 industrial robot equipped with a pneumatic welding tool, paying particular attention to the vibrations occurring at the process points. Inertial tests on the robotic station were made using triaxial accelerometers and a high-speed camera. The methodology developed by the authors confirmed the existence of structural vibrations and allowed for defining the relationship between the robot’s motion parameters (notably velocity and acceleration) and the size of the vibrations present. The paper presents selected test results for various parameters of robot motion (speeds from 2000 mm/s to 500 mm/s and acceleration ramps ranging from 100% to 25%). In the course of the study, a disturbance was noticed in the form of a reduction in the value of maximum acceleration. This could be attributed to the appearance of the structure’s natural vibrations. Their character is not constant, and they are damped.
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1. Introduction


Due to their high accuracy and repeatability of movements (approximately 0.1 mm), industrial robots are often used in the automotive industry [1], performing processes such as arc welding, painting and spot welding. Among the main advantages of six-axis robotic systems, we can include: working in conditions unfavorable for humans (standard welders on overhead cranes, moved by workers), access to hard-to-reach places (unlike stationary welders), due to the heating of the material spot welding must be performed in different places, too many points next to each other can lead to loss of material properties, do not require downtime [2]. These advantages make the robotization of the car body welding process, for which it is necessary to perform several thousand welds, an effective and profitable investment [3,4].



To meet the needs of the market, the largest robot manufacturers offer specialized equipment to support the process of robotized welding. Due to the large weight of the tool (around 90 kg), six-axis robots with a lifting capacity of more than 100 kg are most often used, their advantage is a wide range and the ability to approach hard-to-reach parts of the workpiece. In addition, manufacturers provide, among other things:




	
Specialized software to support programming (RobotWare Spot from ABB, KUKA. SpotTech from KUKA, Spot Tool from FANUC);



	
DressPacks-channels protecting the wires, tailored in shape to the type of robot;



	
Specialized HMIs for programmers and operators;



	
Advanced controllers that allow direct communication with the welding machine controller;



	
Automatic recalculation of the tool’s TCP after tip dressing.








Due to the comparatively low cost, simplicity of the process and the possibility of joining complex parts, resistance welding is a very attractive process for manufacturers. The possibility of relatively simple robotization of the welding process and its reliability causes the continuous development of dedicated solutions (Figure 1). Given the high demand for robotic welding workstations, global market leaders are also providing libraries and software to support offline programming and simulation.



Inertial tests were carried out using triaxial accelerometers and a high speed camera. The work resulted in the acquisition of acceleration values appearing on the robot’s flange and mounted tool, and the impact of the robot’s trajectory parameters on the occurrence of construction vibrations on the robot was investigated. Despite the fact that the problem of tool vibration is important and often addressed by engineers integrating robots at real production workstations, there is a lack of scientific publications addressing implemented production stations. According to the authors, the best effect is given by experimental determination of tool vibrations on a specific production station [5]. The development of a measuring test bench provides an opportunity to support industrial robot developers in the preparation of robot motion trajectories with optimal motion parameters, allowing for shortening production cycles. Reducing production cycles by even a few percent in high-volume production can lead to significant savings.
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Figure 1. General view of KUKA robots in the spot welding process [6]. 
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The premise and novelty of the presented approach is how to use IMU and high-speed camera equipment and developed software to analyze robot vibrations at specific production stations equipped with specific tools. The idea of the authors is to use the proprietary measurement station to optimize the production process and then remove the sensory elements from the test object. This approach has the following advantages:




	
Multiple use of the measuring station reduces the cost of the proposed vibration reduction method-no need to purchase sensory elements for each robot to be optimized;



	
No interference with the design and software of the existing production stand;



	
Possibility to apply the stand to robots from different manufacturers and different generations of robot operating systems;



	
Taking into account the harsh working conditions of industrial robots, if fixed sensing elements are used, there is a risk of deterioration of the conditions of realization of the production process.








Section 2 of the article explores the current state of knowledge related to robotization of the spot welding process and the occurrence of undesirable phenomena (e.g., vibration) of tools at process points. Section 3 presents the kinematic model of the robot being tested, its digital twin and the test stand used in the work carried out. Section 4 includes the results of the conducted tests and their analysis. In Section 5, the authors have included conclusions.




2. Related Work


The welding process is associated with the simultaneous interaction of two types of energy-thermal and mechanical-on the materials being welded together. For welding, i.e., inseparable joining with the application of pressure, various physical phenomena are used, which are most often the source of heat. The following types of welding can be distinguished: resistance (resistive), frictional, explosive, ultrasonic, impact and crush welding. Spot welding is one of the most popular methods of resistance welding, and it involves joining parts at separate locations called spots. The high efficiency of the process, the low manufacturing costs, the possibility of robotizing the work, and the ongoing correction of welding parameters make spot welding a competitive welding and mechanical joining. However, it is not without drawbacks; the need to press the parts to be joined, high current densities, and ensuring high surface cleanliness limit the efficiency of spot welding [7,8,9,10].



The design and commissioning of robotic production workstations is a complex issue and requires a great deal of effort on the part of engineers. In the past, this was carried out without the use of high-tech software environments (e.g., RobotStudio, RoboGuide, KUKA Sim), which usually caused delays in the deployment schedule of the workstations. The development of programming environments and hardware has meant that some tasks are implemented in virtual environments using digital twins. This allows the project to be implemented in a hybrid manner, where some activities are carried out online and some offline (also in virtual reality) [11,12]. The biggest advantage of such an approach is that it reduces the start-up time of the workstations, as a lot of work can be carried out in parallel (e.g.,: robot programming, workstation construction) [13]. Manufacturers of offline robot programming environments assure that simulations conducted in the environments are able to almost 100% replicate the real conditions of a robotic workstation. One of the most important advantages of the environments is the ability to easily generate motion trajectories, which allows the determination of production cycle times. However, it is worth noting here that it remains a problem to conduct analyses related to real accelerations, torques and forces acting on cooperating devices. A comprehensive picture of these quantities can only be obtained by conducting experimental studies. The use of triaxial IMUs makes it possible to measure the vibrations of the robot, these data allow analysis and optimization of the manipulator [14]. With the use of IMUs [15], it is possible to acquire data across the entire production.



A significant area of the robotic application research literature is the studies of the dynamic parameters and motion control of robotic manipulators [16]. When it comes to controlling the movement of mechanisms and its parameterization, one of the most important issues is to examine the moment of acceleration, deceleration and the accuracy of achieving set positions. The nature of the dynamics of the robot’s movements can significantly influence the forces that affect kinematic joints [17]. As presented in [18], the optimal time trajectory is extremely important for palletizing robots.During the operation of the workstation, the robot can execute complex motion, featuring sudden deceleration and acceleration episodes. These episodes (particularly during the change of direction) affect the longevity of the robot and the accuracy of the execution of the movement path, and their parameterization can accelerate the process of movement direction change and lower the vibrations of the robotic unit [19]. The dynamic studies of the robot workstation must take into account sensitive systems, especially those that are stressed during the robot’s operation. These may involve, for instance, the robot wrist, the tool mounting and the tool itself [20]. Hence, the analysis of dynamics in the flange and tool area is essential, as it provides insights into the impact of loads and tool design on the robot-tool system’s dynamic lifespan. This kind of study can allow for minimizing power consumption. Doing so is one of the postulates of Industry 4.0, which sees the decrease of energy consumption and the growth of smart production being taken into consideration in the designing of state-of-the-art production systems [21]. Improvements in the efficiency of resource usage can be achieved by analyzing energy consumption, equipment reliability, maintenance frequency and operating costs, in addition to life cycle evaluation [22,23].



Several research studies have analyzed the effect of vibrations on the dynamic performance of robotics manipulators. Among the topics is the modal analysis of robot manipulators; in [24], the effect of flexibility on the dynamics of a two-arm planar manipulator with two revolute joints is considered, while, in [25], authors focus on robotic manipulators with rigid links and flexible joints. Researchers are also expanding issues related to the control of robot manipulators with flexible elements [26,27,28,29,30,31]. Another solution, as shown in [32,33,34], is trajectory optimization, which leads to a reduction in robot vibration. Such research is being conducted not only by researchers [35,36], but also by robot manufacturers, as exemplified by FANUC. They are proposing a solution, based on removable sensors that allow for optimization of the welding process through vibration analysis. A potential solution to the problem presented could be the use of trajectory smoothing through trajectory planning methods. An example of such a solution can be the S-curve method, based on a segmented sigmoidal function [37]. According to the author of [38], a method to reduce residual vibrations by up to 90% is to shape the input signal. The publication [39] also confirms the desirability of conducting this type of research. The problem of vibrations of industrial robot manipulators exists (despite the efforts of manufacturers), and ongoing research work shows that it is possible to improve the quality of technological processes by reducing them. Most scientific publications focus on machining processes (cutting, deburring). Optimization of the robot’s path of motion in a given technological process is essential for productivity, and it is necessary to carry it out in every new application. Due to the nature of the problem, publications tend to focus on one of the mentioned aspects and deal with different processes. Although the number of publications on the welding process is limited, the problem exists as confirmed by the robot manufacturers and integrators responsible for installing new robotic stations.




3. Materials and Methods


Tool vibration is a common and unfavorable phenomenon occurring in the operation of mechanical equipment. During the programming and commissioning of robotic production workstations, the occurrence of tool vibrations at process points has been noted, which can lead to a decrease in the repeatability of tasks performed by the robot (thus, for example, to a decrease in the quality of manufactured products). The phenomenon of vibration appears especially when the robot is handling large masses or when manipulating objects whose masses are close to the robot’s payload. The first step of the work was the preparation of a virtual station, based on digital twin technology.



3.1. Virtual Station


This task was carried out in the KUKA.Sim Pro software environment. This environment allows for planning and simulating the operation of robotic stations equipped with KUKA machines and equipment. Thanks to the use of a rich libraries, including robots and their tools, conveyors and protective fences, among others, the software is an excellent tool for designing and simulating solutions under development. KUKA.Sim Pro uses virtual robot control (VRC), allowing robots to be programmed in the KUKA Robot Language (KRL). Simulations of the operation of the developed workstations can be performed according to accepted standards (including: collision detection, program code generation-in this case in KRL language, and real-time timing analysis). KUKA.Sim Pro software was used to prepare a model of the test stand, equipped with a KUKA KR 120 R2500 PRO robot, a pneumatic welding gun and a robot positioner manufactured by ABB.



The components used and their layout correspond to the real stand (Figure 2) available at the Robotics Laboratory of the Military University of Technology (MUoT). The developed simulation in the KUKA.SIM Pro environment allows for planning the trajectory of the tool’s movement and plotting it using the tool’s position tracking option-Tool Center Point (TCP). According to the manufacturer’s declaration, the station, prepared on the basis of Digital Twin technology, reflects the operation of the real machine in 99%. As a result, it is a solution that speeds up the commissioning of the real station and helps to avoid potential collisions during robot operation. Figure 3 shows a general view of the test stand developed in the KUKA.SIM Pro environment. To improve visibility, components not used in this study have been hidden.




3.2. Test Stand


The tool was mounted on a KUKA KR 120 R2500 PRO robot. XSENS sensors were placed on the tool and the flange of the robot (Figure 4).



Figure 5 shows the diagram for connecting a PC to MTi XSENS sensors (MTi-300 and MTi-680). The MT Manager program was used to configure the sensors. The program allowed for tracking the acceleration of the robot tool in real time. However, the main objective of the research carried out with this measurement setup was to verify the influence of changes in the robot’s motion parameters (TCP velocity; acceleration and deceleration) on the welding gun’s vibration at the process point.



In addition, the test stand was equipped with a PHANTOM V210 high-speed camera. A computer with the PCC program made it possible to configure the PHANTOM V210 camera and capture video. The recorded videos made it possible to carry out analyses of the change in the position of the welding gun in workspace at the process point (the robot’s stopping point).



The focus of the authors was to develop a methodology to perform tests aimed at analyzing the characteristics of a robotic industrial process. Restrictions associated with the payload of the robot and the executed process were accounted for. The primary objective of the study was to verify the performance of the spot welding gun at the process points at which the maximum forces are applied to the robot tool. The assumption was made that, given the way spot welding is carried out, the instance for which the robot can run at the top speeds is motion at a fixed height with linear movement approaching the process point.



Accelerometers were attached to the spot gun. Of these, one sensor was installed at the flange of the robot, while the 2nd sensor was placed near the fixed electrode. In addition, the camera was placed in such a manner that image analysis could be carried out to evaluate the displacement of the marker located on the tool. Videos were recorded using a PHANTOM V210 high speed camera with a resolution of 800 × 600 [pix], at 2000 [frames/s]. Using PCC software, it was possible to analyze the nature of the tool’s vibration, including measuring its maximum displacement at the process point. Taking the values shown, a calibration was carried out to define the scale (the ratio between the 800 × 600 [pix] image resolution and the observed image in millimeters) before measuring the dislocations. As a result, the scale equaled 0.212 [mm/pix]. When calibrating the camera, an Edge Hipass 5 × 5 filter was applied. A control program was prepared on the test stand for the KUKA KR120 R2500 robot, taking into account its workspace and possible kinematic singularities. A linear movement TCP was prepared with a beginning point P1 with coordinates x = −220 [mm], y = 1500 [mm], z = 1455 [mm] and an ending point P2 with coordinates x = 1680 [mm], y = 1500 [mm], z = 1455 [mm]. Point P2 was used as a process point.





4. Tests


Vibration tests of the pneumatic welding gun in the process point were performed in the MUoT Mechatronics Laboratory.



4.1. Results


Despite displaying results of the motion study in one axis, it was crucial for data processing to analyze all axes. Only then can a complete picture of the behavior of the object under study during motion be obtained. The analysis was performed using software and scripts written in the MATLAB software environment. Prior to the analysis, the data were prepared for processing. As such, it involved the following steps:




	
Creation of Matlab structure from imported data;



	
Defining and picking a range of data for analysis;



	
Minimizing the constant bias component through analysis of the silence period (before the robot actually starts moving).








The results obtained for the axis in which the programmed movement of the robot took place are shown below (Figure 6, Figure 7, Figure 8 and Figure 9).



The results obtained during the tests are shown in the table below (Table 1). Included are the values of maximum accelerations of the tool and flange for the set motion parameters after stopping the robot at the process point. There, the vibrating robot tool moves back and forth from its normal stationary position. A full cycle of vibration occurs when the tool moves from one extreme position to the other extreme position and back again. The magnitude of acceleration (a measure of vibration intensity) varies from zero to a maximum during each vibration cycle. It increases as the vibrating tool moves away from its preset, stationary position. These values were read from processed XSENS MTi sensor data. Every test was performed 5 times each, reading selected parameters for the implementation of the robot’s motion trajectory. The table shows the average values calculated from 5 runs for each test.




4.2. Discussion


Analyzing the results of performed tests, it is possible to confirm the assumption of the influence of changes in motion parameters on the vibration of the welding gun at the process point. It is also noted that, for small values of acceleration (ACC25, ACC50), the maximum values of vibration do not differ significantly. Thus, it should be concluded that a large reduction in the value of the ACC parameter will not improve the quality of the robot’s stopping at the process point. Incorrect handling of acceleration and deceleration also causes the robot to fail to reach target speeds and may even prolong the production process cycle, which, in the case of welding applications, is an unfavorable phenomenon. It seems that a greater impact could be had by changing the speed target before the process point, while maintaining the value of the ACC parameter. For example, by adding an additional point, the position of which, depending on the tool used or the approach to the process point, could be dynamically selected (Figure 10).



Due to the great interest in the possibility of shortening production cycles in welding applications, especially in the automotive industry, this thesis will be the next step of the research conducted on the test bench.





5. Conclusions


This paper presents a study of the effect of altering the robot’s movement parameters on the vibration of the welding gun when stopped at a process point. This research was carried out using an industrial robot from KUKA, a pneumatic welder and a positioner from ABB. In order to verify the occurrence of the vibration phenomenon and its magnitude, the authors proposed testing using XSENS triaxial sensors and a high speed camera (such as the PHANTOM V210). The methodology of tests proposed by the authors makes it possible to verify the behavior of the tool when stopped at the process point.



The work also included the development of a theoretical model and a digital twin of the station, which allowed a preliminary study of the phenomenon and the planning of the studied motion trajectories. The paper presents selected test results for various parameters of robot motion (speeds from 2000 mm/s to 500 mm/s and acceleration ramps ranging from 100% to 25%). Presented in the form of tables, the test results confirmed the influence of changes in motion parameters on the value of tool vibration at the process point. Comparing the obtained results with [5], it can be concluded that the difference between the acceleration values on the flange and the robot tool is smaller for the welding robot. This is due to differences in the design of the robot (four-axis vs. six-axis) and the design of the tool—its dimensions, mass, stiffness and the position of the center of gravity. Nevertheless, in both cases, the problem occurs, and it is purposeful to try to eliminate it.This is a very unfavorable phenomenon, especially in high-volume production, where very short production cycle times are required. Such a situation is encountered in car production, where 3000 to 5000 welds are made on each car body. Given the number of cars produced on a single production line, even a slight shortening of the production cycle can lead to large economical savings and increased production.



The study proves that the use of triaxial sensors and high speed cameras makes it possible to effectively conduct analyses associated with the determination of vibration values at the process point. In a future work, the authors are going to focus on the possibility of applying the proposed test to reduce vibrations of chosen robotic industrial processes.
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Figure 2. Test stand: (a,b) real station; (c,d) simulation. 
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Figure 3. General view of test stand developed in KUKA.SIM Pro. 
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Figure 4. Elements of the test bench: 1—robot controller, 2—manipulator, 3—dress pack, 4—weld gun, 5—flange, 6—vMTi-680, 7—MTi-300. 
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Figure 5. Connection diagram of the computer with sensors (MTi XSENS) and camera (PHANTOM V210). 
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Figure 6. Acceleration plot obtained with MTi XSENS installed on robot flange and welding gun for V2000, ACC100. 
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Figure 7. Velocity plot obtained with MTi XSENS installed on robot flange and welding gun for V2000, ACC100. 
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Figure 8. Highlighted area of the velocity plot as the robot stops for V2000, ACC 100. 
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Figure 9. Graph of traveled distance calculated from data registered by the MTi XSENS installed on the robot flange and welding gun for the V2000, ACC 100. 
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Figure 10. Robot approach to process point. P1—start point, P2—process point, P3—additional point, V-linear speed of the robot, ACC-acceleration coefficient,   V d  -modified linear speed of the robot,   A C  C d   -modified acceleration coefficient. 
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Table 1. Maximum tool and flange acceleration values for the set motion parameters after stopping at the process point.
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Target

	
Target

	
Spotgun

	
Flange

	
Achieved




	
No.

	
Velocity (V)

	
Acceleration (ACC)

	
Acceleration

	
Acceleration

	
Velocity




	

	
[mm/s]

	
[%]

	
[m/s    2   ]

	
[m/s    2   ]

	
[mm/s]






	
1

	
2000

	
100

	
0.220

	
0.171

	
2000




	
2

	
2000

	
75

	
0.111

	
0.099

	
1754




	
3

	
2000

	
50

	
0.107

	
0.111

	
1439




	
4

	
2000

	
25

	
0.092

	
0.102

	
1033




	
5

	
1500

	
100

	
0.214

	
0.207

	
1510




	
6

	
1500

	
75

	
0.166

	
0.096

	
1500




	
7

	
1500

	
50

	
0.114

	
0.135

	
1459




	
8

	
1500

	
25

	
0.128

	
0.098

	
1038




	
9

	
1000

	
100

	
0.155

	
0.161

	
1016




	
10

	
1000

	
75

	
0.159

	
0.151

	
993




	
11

	
1000

	
50

	
0.129

	
0.081

	
1012




	
12

	
1000

	
25

	
0.113

	
0.116

	
1002




	
13

	
500

	
100

	
0.211

	
0.225

	
520
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