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Abstract

:

This paper proposes a robotic system that automatically identifies and removes spatters generated while removing the back-bead left after the electric resistance welding of the outer and inner surfaces during pipe production. Traditionally, to remove internal spatters on the front and rear of small pipes with diameters of 18–25 cm and lengths of up to 12 m, first, the spatter locations (direction and length) are determined using a camera that is inserted into the pipe, and then a manual grinder is introduced up to the point where spatters were detected. To optimize this process, the proposed robotic system automatically detects spatters by analyzing the images from a front camera and removes them, using a grinder module, based on the spatter location and the circumferential coordinates provided by the detection step. The proposed robot can save work time by reducing the required manual work from two points (the front and back of the pipe) to a single point. Image recognition enables the detection of spatters with sizes between 0.1 and 10 cm with 94% accuracy. The internal average roughness, Ra, of the pipe was confirmed to be 1 µm or less after the spatters were finally removed.
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1. Introduction


Various automation and robotic systems have been implemented to improve the efficiency of pipe production. This study focuses on the manufacturing of small electric-resistance-welded (ERW) pipes with thicknesses of 10–20 mm and outer diameters of 10–60 cm. Owing to the nature of the process, spatters occur during ERW due to changes in the current and material composition. Thus, residual beads and weld seams generated by ERW exist inside pipes and must be removed by inserting a tool [1,2]. During the removal process, the roller of the tool presses the spatters against the inner surface of the pipe, causing them to adhere. After a subsequent tube expansion process, such as the one performed in a stretch-reducing mill, eye-shaped tears or eye-ball defects may occur.



Ge et al. [3] utilized a KUKA robot to perform weld seam tracking and polishing on the outside of pipes using a polishing machine and laser vision equipment. Pan-diyan et al. [4] performed grinding through a robotic abrasive belt to remove weld seams. These can remove weld seams on the outer surface of a pipe using a manipulator and have relatively no restriction on space. However, in the case of the insides of pipes, the space is narrow, and a small robot must be fused with its own driving force, grinding equipment, and vision systems. Zi-Li et al. [5] developed a wheel-drive-based polishing robot to polish weld beads inside medium-sized pipes (550–714 mm).



To remove spatters at the production site, workers attach a camera to a long rod and use it to inspect the inside of the pipe on a monitor. After visually checking the spatters and marking the corresponding distance on the rod, they move a manual grinder up to the marked distance and operate it to remove the spatters. Because the maximum length of the pipe is 12 m, the operator must inspect up to 6 m from either the front or rear ends before finishing production.



A method that is adaptable to multiple pipe diameters has been suggested for robotic systems that inspect and clean the insides of pipes [5,6,7,8], especially in the case of actual industrial sites, where various obstacles, such as horizontal, vertical, and branching obstacles, appear in the piping configuration, urging a solution to interconnect multiple modules and overcome the obstacles [9].



In this paper, a spiral mechanism for the configuration of the driving wheel and a slider crank with a spring link that can adjust to the internal diameters of small pipes with diameters of 18–25 cm were proposed. The mechanisms were designed as part of a structure that can control speed and torque. Image recognition technology was applied to detect spatters inside a pipe. The proposed robot automatically grinds spatters after checking their distance and circumferential position inside the pipe.



Spatters are granules are generated when the combination of current and voltage is not appropriate during welding or when the molten metal in the welding rod or wire is not fused to the base material of the welding part. This is typically due to poor contact with the earth or to the melting and adherence of the granules around the weld. Spatters must be removed because they can cause defects.



This study presents a spatter-grinding robot (SGR) that automatically detects spatters in a small pipe while moving inside it, records the detected position in a database, moves to the end of the pipe, and then moves back to automatically grind the detected spatters.




2. SGR Design


The design elements, hardware configuration, and control systems required for the SGR design must be accurately analyzed. The main requirements for the SGR are as follows [10,11]:




	
It should be able to operate within small pipes with diameters of 15–25 cm;



	
It should have the ability to drive, detect spatters, and grind them in a narrow space;



	
Driving errors should be minimized when slip occurs inside a steel pipe;



	
The spatter position should be accurately recorded to prevent damage to the base material during grinding.








The design of the pipe robot for driving, inspection, and grinding work inside the pipe comprises a link structure that can maintain the center of the robot in the center of the pipe according to the required diameter via a driving wheel. In the case of a pipe robot with a large diameter, a system that transmits traction force directly by configuring a motor and a reducer on the driving wheel unit can be configured, but a pipe robot with a small diameter causes a space problem in the design of the driving wheel. Therefore, in the concept design of the pipe robot, the work head was configured on the front side and fixed, and a link was applied to the main driving module. A system is proposed that can control the driving speed by configuring a passive wheel on a spring-loaded rod in close contact with the pole and varying the pitch and rotational speed according to the spiral angle through the spiral rotation and steering of the passive wheel.



As shown in Figure 1, the proposed robot, which satisfies these conditions, comprises a work-head module with roll motion support for spatter detection and grinding, a head-driving module responsible for controlling the elevation drive, and a main driving module for spiral driving in the pipe.



Because the robot must perform spatter detection, grinding, and driving inside pipes with diameters as low as 18 cm, if the diameter of the robot exceeds 4 in, it would be difficult to secure enough space to work and move inside the pipe. This results in a minimum design requirement that the various components, such as the motor, reducer, controller, sensor, and camera, must be able to be installed inside an SGR with a maximum size of 4 in. Furthermore, it is important to design an optimal expansion link, motor, and reducer for horizontal and vertical driving within a pipe.



Driving inside a pipe can be largely divided into two types, wheel or caterpillar, depending, respectively, on whether a motor and reducer are applied directly to the driving wheels or the power is transmitted through a belt structure. There are limits to the overall mechanical size of the structure that constrain the design of many mechanical elements, motors, and reducers to transmit power as well as design limits for the optimization of the driving mechanism suitable for small pipes. Therefore, in this paper, a spiral-type driving mechanism was proposed and designed, and a passive-type link structure was selected to enable adjustment to different pipe diameters [12,13,14,15,16].



Figure 1 shows the proposed robot platform, which can detect and grind spatters inside pipes. It was designed to run horizontally and vertically inside a pipe. Detailed specifications are listed in Table 1.



2.1. Work-Head Module


Figure 2a shows the configuration of the work-head module, which contains a vision camera for spatter detection through image recognition, a grinding tool for spatter removal, a proximity sensor for accurate absolute positioning of the spatters, a controller in charge of the grinding tool’s rpm and head-elevation control, and a monitoring camera for estimating the final quality after grinding.



Because spatter detection through image recognition operates in dark conditions inside a small pipe, a high-resolution five-megapixel camera with a screen resolution of 2592 × 1944@15 fps was used. The captured images were processed by an image recognition algorithm, and spatter recognition and positioning were performed. The results of the image recognition include information on the direction and location of the spatters in terms of circumferential coordinates. The head is rotated to the corresponding coordinates to check the accuracy of the height information transmitted to the spatter-grinding tool. The correct height can be confirmed if the head elevation is lowered until the detection is completed by the proximity sensor. This removes spatters only during the grinding process and helps protect the base material on the pipe surface.



The components of the working head-driving mechanism are shown in Figure 2b. The working tool was designed to rotate because spatters may be attached to the inner surface of the pipe in the circumferential direction. The work-head module rotation axis serves to rotate the grinding tool based on the detected position and direction of the spatters. Moreover, the head-elevation axis was designed with a rack and pinion structure to move the grinding tool to the detected spatter position. Because rotation and elevation must be simultaneously performed during grinding, the head-elevation motor output and head-rotation axis were designed as an integrated structure using bearings on the same axis.




2.2. Head-Driving Module


The driving module comprises the head-driving and main driving modules, as shown in Figure 1. The head-driving module consists of a passive mechanism provided with passive wheels, links, and springs appropriate for small pipe diameters. The links for supporting the center of the robot inside the pipe were placed at intervals of 120°. When the link is pressed by the pipe, the spring rod inside the suspension is pulled, and the spring between the spring rod and stopper is compressed. Furthermore, the module was manufactured in a structure that fits within the diameter of the pipe, thanks to the force that the link exerts in trying to expand in the radial direction.



The mechanical configuration required for the head-driving module to support the operation of the work-head module is shown in Figure 3. It includes a motor, a reducer, and a controller for the rotation and elevation of the work head. The motor output torque is transmitted to the elevation shaft using a hollow shaft, and a free odometer was installed to monitor the exact robot position. Because there may be errors in the position of the robot due to slipping of the driving wheels in the pipe or other reasons, the design includes the capability to check the current position of the robot and the exact position of the spatter using a free odometer.




2.3. Main Driving Module


The main driving module is responsible for driving the robot. In this study, a method was devised to drive the robot in a spiral fashion inside the target pipes. The driving distance (pitch) and speed increase or decrease according to the inclination of the driving wheel, as shown in Figure 4.



Since the driving distance changes according to the steering angle of the driving wheel, the driving distance can be confirmed by determining the driving steering angle, as shown in Figure 4. Furthermore, since the speed of the robot is proportional to the distance, the driving steering angle affects the speed of the robot as well. If the driving-rotation speed is adjusted according to the change in the driving distance, the robot’s driving speed can be controlled, allowing for effective driving in a small pipe. However, compared to the conventional method, with the proposed design, torque can be distributed equally to all wheels grounded inside the pipe because rotation is generated and driven inside the module.



Figure 5 shows the steering-angle and driving-rotation motors in the main driving module. The power and speed when moving forward and backward inside the pipe can be controlled using the steering angle and driving rotation.





3. Spatter Image Recognition


The spatters generated by welding are shaped like droplets and are also known in the field as eye balls because they exhibit the shape of a human eye. An image recognition method based on the consideration of this geometry was applied.



The image processing captures real-time stream image input with the IP camera through ethernet cables connected to the robot and integrates with user programs via the user task teaching pendant to a C#-based algorithm to store coordinate values through image processing in DB.



As shown in Figure 6, the images captured by the robot’s front camera undergo various steps: image acquisition, preprocessing, region-of-interest (ROI) setting, and spatter detection. The input is quantized by the image sensor and transformed into a two-dimensional pixel array and a three-channel RGB additive mixture. Color-based algorithms cannot be used because the colors inside the pipes vary depending on the pipe material. Therefore, a one-channel gray conversion is performed on the input image to improve efficiency and processing speed [16,17,18]. Various gray-conversion algorithms are used for this purpose. However, because the inside of the pipe is dark, when the robot approaches the pipe outlet, light-altered pixels appear in the input image in the areas corresponding to the pipe opening and the edges of the picture. Therefore, in the gray-conversion process, the following gray-level transformation function was applied to improve spatter detection and convert the image into a one-channel gray image:


  H  (  i , j  )  = M  (  i , j  )  + α   i f    t 1    ≤ M  (  i , j  )  a n d    t 2    ≥ M  (  i , j  )   



(1)






  i = 1 , 2 ,   … . .   R ,   j = 1 , 2 … .   C  



(2)




where M and H are the gray levels before and after conversion, respectively;    t 1    and    t 2    represent the start and end points of each conversion section, respectively;  α  is the conversion constant; R and C are the sizes of the input image; and  i  and  j  are the pixel indices.



Inside the pipe, pixels that are affected by robot lighting and changes in illuminance that occur near the pipe exit appear in the input images, as shown in Figure 7. To mitigate this problem, the central part of the input image corresponding to the pipe outlet and the surrounding edges, which are affected by the lighting problem, are masked. Then, the remaining region is designated as the ROI. This method is advantageous in designating the ROI because the inner diameter of the pipe is known in advance, so the detection algorithm can be performed only on the designated area. In addition, because not all the pixels are processed using this ROI-limiting technique, the processing speed is improved by at least 20%.



Finally, an algorithm is utilized to detect spatters via edge detection on the binarized image [19]. Various algorithms have been used for edge detection; in this study, the Canny [20], Sobel [21], Scharr [22], Laplacian [23], and Prewitt [24] models were analyzed and compared, as shown in Figure 8 and Table 2. The image quality of the results was evaluated based on the mean squared error (MSE) to select one of the compared models.



Various edge-detection models were tested to determine which of them provides the fastest arithmetic processing for removing noise from the input image and minimizing the candidate group to be analyzed because it is necessary to rapidly detect spatters while moving through the pipe.



In the final preprocessed image, spatter detection is confirmed using the spatter-model-based image algorithm. Then, the position and circumferential angle for the spatters are calculated and returned to the robot database. These images are saved as a file only for future result confirmation and user convenience because the actual robot only converts and utilizes information, such as the current position, through the free odometer, and the angle in the circumferential direction at the spatter position, into the form of a structure.




4. Velocity Control


4.1. Velocity Control Method


Transmitting the rotational force of the motor directly and indirectly to the driving wheels to configure the SGR driving mechanism is limited. Instead, a spiral driving method is proposed in this study. As explained in Section 2, the robot’s acceleration/deceleration and driving speed can be controlled by adjusting the steering angle and driving-rotation motor. The motor specifications used in this study are summarized in Table 3.



To calculate the driving speed of the SGR, it is necessary to understand spiral driving. As shown in Figure 9, the driving speed is based on the steering angle and changes according to the lead.



Thus, the robot’s driving velocity, according to the steering angle and rotation speed of the target pipe, can be expressed as follows:


  v e l o c i t y = π ×  (   (  D × 2.54  )  × 10  )  × tan θ ×  S  100   ,  



(3)




where θ is the steering angle of the driving wheel, the lead is the spiral travel interval according to θ, D is the inner diameter of the pipe, and S is the rotation speed.



Table 4 exemplifies the spiral driving control method. For large pipe diameters, a high driving speed is possible with a small steering rotation. The torque of the steering-angle rotation motor has a proportional relationship with the pipe diameter; therefore, it is necessary to select a motor considering the required torque according to the pipe diameter.




4.2. Dimensionless PID Control


When controlling the speed inside the pipe, there is a difference between the speed expected from the control input and the one that is actually achieved by the robot. This occurs because the link used to run the robot inside the pipe is grounded to the pipe surface by means of a strong force, which significantly affects the driving torque, thereby causing the mentioned difference between the input and actual speeds. Considering this, a closed-loop control algorithm is used to control the error by feeding back the current speed in real time [25,26].



However, there are other disturbances that may impact speed, such as mechanical errors and environmental factors inside the pipe. When such disturbances exist, controller design becomes difficult, and the design must consider various environments. Moreover, it is necessary to set the optimal gain through extensive time and experimentation. The driving characteristics of the proposed SGR require speed control based on a large external force and torque during spiral driving. Consequently, we adopted a standard proportional–integral–differential (PID) controller, assuming a primary time-delay system control target, as follows:


   G p   ( s )  =   Y  ( s )    U  ( s )    =   K  e  − L s     1 + τ s   ,  



(4)




where  K  is the normal gain,  τ  is the time constant, and  L  is the time delay.



The performance of Equation (4) can improve if a higher-order model is used, which is currently a widely used option in industrial sites, and it can be approximated to a higher-order processor by appropriately adjusting its three parameters (  K ,   τ ,   and   L  ).



For ease of analysis, the time delay can be defined as a dimensionless parameter (   T τ  )   by dividing the time, T, by the time constant,  τ . When this parameter is replaced by the Laplace transformation    T τ  =  t ′   , the relationship    s ′  = τ s   holds in the frequency domain. Hence, by setting   s =    s ′   τ   , the dimensionless transfer function of the PID controller and the control object can be defined as follows:


    G c   (  s ′  )  =  G c     ( s )    | s =   s ′  τ       =  K p  [ 1 +  1     τ i   τ   s ′    +    τ d   τ  s ′   



(5)






    G p   (  s ′  )  =  G p     ( s )    | s =   s ′  τ       =    K e     −  L τ   s ′      1 +  s ′    .   



(6)







Equation (5) represents the PID controller, and Equation (6) can be expressed in the time domain by the inverse Laplace transform on the control target as follows:


  u  (  t ′  )  =  K p  [ e  (  t ′  )  +  τ   τ i      ∫     e  (  t ′  )  d  t ′  +    τ d   τ    d e  (  t ′  )    d t ′    



(7)






   y ˙   (  t ′  )  + y  (  t ′  )  =  K u   (   t ′  −  T τ   )   



(8)






    Y  (  s ′  )     Y r   (  s ′  )    =    G c   (  s ′  )   G p   (  s ′  )    1 +  G c   (  s ′  )   G p   (  s ′  )    .  



(9)







The block diagram of the final PID design is shown in Figure 10, where the transfer function is given by Equation (9). The Ziegler–Nichols method was applied to the selected model to set the current PID gain and optimal gain values of the robot controller. After setting the initial values of I and D while increasing the P gain, an appropriate gain value was derived using a table based on the frequency response through the critical gain in the critical state and the critical period. As shown in Figure 11, compared to the case before applying the optimal gain, the result quickly and stably follows the target value [10].





5. Robotic System Verification


Pipes, each with a diameter of 15 cm and a length of 8 m, which are typically used for industrial applications, were selected to verify the capacity of the proposed robot to drive inside pipes. Additionally, transparent acrylic pipes with diameters and lengths of 15 cm in and 2 m, respectively, were used to monitor the robot driving status and work-head control. Furthermore, the actual detection of spatters inside a steel pipe was verified in real time. In the acrylic pipe, the driving velocity was varied by adjusting the steering angle to evaluate the spiral driving feature. To verify the grinding performance, the robot was inserted into the acrylic pipe, a spatter on a flat plate at the end of the pipe was polished, and the surface roughness was measured after grinding.



5.1. Verification of Spatter Detection in Real Pipes


Pipes produced at the actual production site were supplied and tested. Figure 12 shows the manufactured SGR prototype, where for user workability the status of the front and grinding operations mounted on the robot could be checked through the teaching pendant. The operator did not manually remove spatters from the pipe, and the test was conducted on a pipe with a lot of spatters inside it. Figure 13 shows one of the provided pipes with a 15 cm diameter. The following equipment was used in the test: a power supply for the robot and for general work, a manipulator that could remotely control and monitor the robot, and a prototype of the proposed spatter detection and grinding robot that was designed and manufactured.



As shown in Figure 14, the robot was inserted into the actual pipe, driving at a speed of 0.3 m/min, and the input image was analyzed in real time. A graphical user interface was designed so that the operator could intuitively check the location and information of the spatters identified using the proposed detection algorithm.



Table 5 summarizes the image processing test results obtained for four pipes with 15 cm diameters with spatters, including the locations of the spatters in the pipe. The recalls and errors were computed based on the actual distance output, according to the actual image processing result. The total recall was 87.5%, and the error ranged from 0.1 to 10 cm. The main sources of error were confirmed to be mathematical rounding and the conversion from pixels to actual distance.




5.2. Verification of PID Gain Tuning


Because it is difficult to observe the robot’s driving pattern inside one of the produced steel pipes, the steering-angle change in the spiral driving wheel as well as the spiral driving method and speed were tested using acrylic pipes. The change in the angle of the spiral driving wheel was confirmed based on the driving speed inside the pipe. An experiment was conducted in the acrylic pipe to investigate the change in speed according to the previously applied gain and the optimal gain using the Ziegler–Nichols method while varying the driving speed from 280 to 1200 mm/sec. Considering the change in velocity, it was confirmed that the optimized gain enabled approximately twice the precision in velocity control compared to the existing PID gain. Table 6 shows the RMS of the feedback for each speed value in a pipe with a diameter of 20 cm.



Figure 15 shows the velocity profiles for the forward and reverse directions based on the original and optimized gains during spiral driving with a 20° steering angle in an acrylic pipe with a diameter of 20 cm. The optimized gain exhibited a control speed that was most similar to the target speed.




5.3. Verification of Spatter Removal


It was not possible to confirm the grinding work inside the steel pipes with spatters used in the tests. Thus, an acrylic specimen of the same type was prepared to test the removal of a spatter at the entrance of the pipe.



In Figure 16, a spatter was recognized by artificially processing an image the same shape and size as the spatter on the flat plate at the end of the acrylic pipe. Based on information such as the length and angle of the work head, it was possible to confirm that the work head removed the spatter using the grinding tool after checking the correct working distance through the proximity sensor.



The spatter detected inside the pipe was removed, and after removal, the work head should not damage the base material of the pipe. Furthermore, the surface roughness after grinding is important. The surface roughness must be 1.5 Ra (roughness average) or less to ensure the quality required for the inner coating of the pipe in the additional post-processing.



As shown in Figure 17, after detecting and grinding the spatter using the robot, the measurement obtained using the surface-roughness measuring equipment and the measurement after the operator removed the spatter were compared and evaluated to confirm the efficiency of the work performed by the robot.



Using the five measurements summarized in Table 7, the average surface roughness was 0.81 Ra. This surface roughness was superior to the existing work results. This confirmed the high work efficiency of the SGR for spatter detection and grinding.





6. Conclusions


Due to the COVID-19 pandemic, the global demand for automated systems in production plants has rapidly increased since 2021. Robots are inevitably required in these automated systems. This study focused on the production of ERW pipes. In this study, it was confirmed that the process whereby workers at the piping production site visually check the internal state of the pipe and remove spatter can be automated using a robotic system. Uniform production quality may be ensured by quantitatively improving the surface roughness because of improved spatter detection by the robotic system.



Due to the complex structure that the robot system requires to enable its movement inside small pipes, it is difficult to mount its components to perform various missions inside the pipe. To overcome this issue, a spiral-pattern driving system was proposed and verified in this study. This aligned with the basic purpose of enabling the smooth movement of the SGR inside the pipe. Moreover, spatter detection and removal from inside the pipe were completed successfully.



This study investigated the detection and removal of spatters inside a pipe with a diameter of 15–25 cm. The robotic system comprises a very complex mechanical structure and control system because it is extremely difficult to design a robot that performs all missions inside a pipe with a diameter of just 15 cm or less. In the future, we plan to expand our research to add a driving module that can overcome vertical, horizontal, elbow, and T-branch obstacles in a pipe with a diameter of 15 cm or less as well as a small in-pipe robot that allows the use of detachable devices to perform various missions.
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Figure 1. Pipe spatter detection and grinding robot. 
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Figure 2. Components and structure of the work-head module mechanism. (a) Work-head module components, (b) Grinding tool driving mechanism. 
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Figure 3. Head-driving module design. 
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Figure 4. Driving-distance control based on wheel inclination. 
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Figure 5. Driving rotation and steering design. 
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Figure 6. Flowchart of the spatter detection algorithm. 
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Figure 7. Masked image with ROI. 
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Figure 8. Comparison of edge-detection models. 
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Figure 9. Relationship between steering angle and rotation speed (rpm). 
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Figure 10. Block diagram of the PID control system. 
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Figure 11. Tuning of the speed control PID gain. 
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Figure 12. SGR prototype. 
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Figure 13. Pipe spatter detection test. 
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Figure 14. Real-time spatter detection inside a test pipe. 
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Figure 15. Velocity profile based on gain. 
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Figure 16. Removal of spatter using the grinding tool. 
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Figure 17. Measuring the surface roughness after grinding. 
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Table 1. Robot specifications.
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Contents

	
Size (cm)

	
Weight

(kg)

	
Speed

(m/min)

	
Vertical payload (kg)

	
Horizontal Payload (kg)

	
Driving Distance (m)




	
Length

	
Diameter






	
Dimensions

	
100

	
18–25

	
9.8

	
16

(wheel angle of 30°, 252 diameters)

	
6

	
10

	
90

(max)
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Table 2. Comparison of models based on MSE.
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	Canny
	Soble
	Scharr
	Laplacian
	Prewitt





	Canny
	0
	1.25
	2.74
	1.54
	0.95



	Soble
	1.25
	0
	1.15
	0.69
	0.67



	Scharr
	2.74
	1.15
	0
	2.33
	1.75



	Laplacian
	1.54
	0.69
	2.33
	0
	0.82



	Prewitt
	0.95
	0.67
	1.75
	0.82
	0
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Table 3. Motor parameters (steering and driving).
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	Parameter
	Steering
	Driving (Rotation)





	Nominal speed (rpm)
	3500
	3500



	Nominal torque (mN.m)
	318
	318



	Reduction
	100
	50



	Output torque (N.m)
	31.8
	15.9
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Table 4. Relation between driving angle and speed for different pipe diameters.






Table 4. Relation between driving angle and speed for different pipe diameters.





	
Pipe (cm)

	
Steering Angle

	
Driving Speed (m/min)






	
18

	
5

	
7




	
15

	
22




	
30

	
48




	
20

	
5

	
8




	
15

	
26




	
30

	
55




	
25

	
5

	
10




	
15

	
32




	
30

	
69
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Table 5. Image processing test results.
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Test

	
Spatters (cm)

	
Detected Spatters (cm)

	
Recall/Error

(cm)






	
Pipe 1

	
spatter 1: 20.2

	
spatter 1: 20.1

	
1/0.1–10




	
spatter 2: 150.1

	
spatter 2: 160.1




	
spatter 3: 217.7

	
spatter 3: 220




	
Pipe 2

	
spatter 1: 52.7

	
spatter 1: failed

	
0.5/about 3




	
spatter 2: 552.1

	
spatter 2: 555




	
Pipe 3

	
spatter 1: 90.5

	
spatter 1: 90.2

	
1/0.1–1




	
spatter 2: 95.1

	
spatter 2: 96.2




	
spatter 3: 250.1

	
spatter 3: 250




	
spatter 4: 570.2

	
spatter 4: 569.2




	
Pipe 4

	
spatter 1: 476.1

	
spatter 1: 473

	
1/2.2–3.1




	
spatter 2: 712.2

	
spatter 2: 714.4




	
Total

	
Recall: 0.945, Error: min 0.1, max 10
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Table 6. RMS comparison between original and tuned PID.
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	Speed (mm/sec)
	Original PID
	Tuned PID





	280
	2.19
	0.94



	562
	2.34
	0.33



	855
	2.22
	0.42



	1200
	3.07
	1.06
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Table 7. Results of measuring the surface roughness.
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Surface Roughness

	
Test Data






	
Roughness average

	
#1

	
#2

	
#3

	
#4

	
#5




	
0.92

	
0.87

	
0.90

	
0.73

	
0.63




	
Test Results




	
Maximum

	
Minimum

	
Average




	
0.63

	
0.92

	
0.81
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