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Abstract

Liquefied natural gas (LNG) is commonly transported by LNG carriers and stored in cargo containment systems. The
primary barrier of the MARK Il cargo containment system is welded to a closed space with corrugated stainless steel
plates. To meet the requirements of excellent sealing and thermal insulation for cargo containment, the welding process
of the corrugated plate need to be strictly controlled, which poses a challenge to the development of related welding
equipment. In this paper, we present a new five-axis automatic welding robot system used for plasma arc welding on cor-
rugated surfaces. The moment transfer scheme of the dual linkage mechanism makes the rotary movement of the robot
more accurate and stable which gives the system with simpler control algorithm and better overall force characteristics.
To ensure tracking accuracy, a novel sensing method based on a LASER sensor, two contact sensors, and an angle sensor
is proposed to implement multiple functions such as tracking the welding arc length, identifying corrugation shapes,
and detecting welding gun posture. Based on the devised tracking sensor system and welding robot, a servo-control
system with a surface-tracking welding control algorithm is established. The experimental results show that the robot
system’s welding speed is about 7 times that of hand welding and the welding qualification rate was 99%, significantly
improving welding efficiency and quality as a critical equipment technology in the process of corrugated plate welding.

Article Highlights

(1) Anew five-axis automatic welding robot system based on a surface tracking control algorithm is designed for plasma
arc welding on corrugated surfaces, which can realize flat, horizontal, vertical, and overhead automatic welding in
LNG liquid cargo containment.

(2) A novel tracking sensor system based on a laser sensor, two contact sensors, and an angle sensor is proposed to
implement multiple functions such as tracking the welding arc length, identifying corrugation shapes, and detect-
ing welding gun posture.

(3) The sensing system can cooperate with the robot servo-control system to complete welding seam tracking, adjust-
ment and control of welding gun spatial posture. The experimental results show that the robot system’s welding
speed is about 7 times that of hand welding and the welding qualification rate was 99%, which reflects that the
robot servo-control system can complete the welding of corrugated structures in the cargo containment with high
quality and high efficiency welding.
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1 Introduction

With the growing demand for clean environmental energy, the usage of natural gas has been increasing every year,
leading to an increase in liquefied natural gas (LNG) ship transportation [1, 2]. The MARKIII cargo containment system,
which stores liquid LNG at a temperature of — 163 °C, is a crucial technology for LNG ships [3-7]. The primary barrier
of the MARKIII cargo containment system, made of 304L corrugated stainless steel plates, is essential in withstanding
swaying loads [8]. The whole cabin is formed by completely continuous and dense 1.2 mm thick stainless steel films
with crisscrossing corrugations, in which the size of a single corrugated plate is 1 mx 3 m [9]. The corrugated plate of
the primary barrier is sealed by the lap of each part, and the lap is welded by plasma. The main technical difficulty of
the MARKIII cargo containment system is the welding and inspection of the corrugated area. Ultrasonic and other non-
destructive testing methods cannot detect the internal welding quality of the stainless steel film. Therefore, it is necessary
to strictly control the welding process to achieve good welding results. The welding quality of the corrugated plate is
crucial to the integrity of the main screen wall, which is key to the successful construction of the LNG ship containment
system. Thus, it is essential to study the welding technology of corrugated plates in MARK Ill cargo containment systems.
Because the shipyard welding task has the characteristics of non-standard, small batch, and large workpieces, robotic
welding systems are seldom studied [10-12]. Manual welding is not only inefficient and low-quality but also a safety
risk for workers [13, 14].

In recent years, several welding robots have been proposed to improve the automation level of ship welding [15-17].
A plasma welded spider robot automatic transfer system for membrane corrugated plates of LNG Carrier (LNGC) was
proposed [18]. However, the spider robot has low stiffness, large weight, easy torsion of the robot body, and is unable to
carry out high-position welding tests. A series—parallel-series hybrid mobile welding robot was proposed for membrane
tank welding in LNG ships [19]. An autonomous mobile welding robot based on an embedded industrial computer was
designed and developed for discontinuous weld seams in shipbuilding [20]. A small robot composed of a 6-axis modular
controller, a 3P3R serial manipulator, and an auxiliary transport device is proposed for welding U-shaped trajectories in
enclosed space [21]. A welding robot system based on visual servo control was designed to realize the automatic welding
of box steel girders in all spatial positions [22]. The welding robot is composed of left and right wheels, vertical sliding
blocks, horizontal sliding blocks, rotating joints, arc guns with rotating arc sensors, ultrasonic sensors, photoelectric
position sensors, and universal wheels, capable of achieving rectangular fillet weld tracking in shipyards and steel struc-
ture workshops [23]. However, the existing robots are complex in structure and lack a welding quality index. Moreover,
the welding speed and efficiency of some welding robots are not high. Therefore, it is necessary to develop automatic
welding equipment for adapting various corrugated shapes, which should have a high welding qualification rate, high
welding efficiency, and meet the welding of all spatial positions [24].

We designed a welding robot system based on a LASER sensor, contact sensors, and an angle sensor to meet high-
quality requirements for welding corrugated structures in cabin conditions. The structure of the welding robot is designed
with a dual linkage mechanism to form a virtual rotating shaft, enabling the welding gun to rotate around the welding
gun’s fire point. In the welding robot control system, a surface tracking control algorithm is used to realize real-time path
planning. This equipment can be flexibly adjusted according to different radians of large and small corrugations in the
welding process. Ultimately, the welding robot system can automatically track the corrugated plate welding, and realize
the improvement of welding quality and efficiency.

2 Structural design of welding robot

The design objective of the five-axis welding robot is to enable the welding gun to move precisely along the corrugated
welding seam path. Figure 1aillustrates the three-dimensional design model (SolidWorks) of the plasma welding robot.
The welding robot is mainly composed of a rack guide rail, a supporting mechanism, and a machine body. The upper
end of the supporting mechanism is affixed with the rack guide rail, on which the machine body is placed. The machine
body’s gear and the rack on the support work together to drive the machine body’s motion along the X direction. The
rack guide rail and the supporting mechanism not only play the role of limiting and guiding the machine body moving
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along the X direction but also act as load-bearing capacity to avoid damage to the corrugated plates. Nylon limit blocks
are positioned at either end of the support to prevent the machine body from falling off.

The welding robot system utilizes a software programmable logic controller (PLC) to control five motor servo drivers that
drive the robot’s brushless DC electric motor. These motors are responsible for linear motion, rotation motion, and motion
compensation. Table 1 provides the parameters of each motor. The machine body is divided into two parts: the box and
the head, which contains the welding gun. The X, Z, and R axes motor are located in the box part, which is connected to
a guide rail that can be tightened or separated by a buckle (Fig. 1b). The guide rail is positioned along the X direction. The
X-axis motor is installed on the bottom and connected to the guide rail by a gear rack mechanism. This motor drives the
entire robot to move along the guide rail using a gear drive. A vertical lead screw is provided in the box, and the Z-axis motor
provides power to the synchronous belt wheel and synchronous belt to drive the lead screw. The slide rail slider acts as a
fine guide to control the robot’s Z-direction movement. This controls the vertical distance between the welding gun and
the corrugated plate. The R-axis is responsible for the rotation and uses a harmonic drive reducer to achieve precise angle
control. To transfer the R-axis’s rotation center to the welding gun’s fire point, a dual linkage mechanism is used, as shown in

Table 1 Motor parameters

Motor Velocity Maximum Rotational Reduction ratio
speed

X-axis traveling motor 0-6 mm/s 4000 RPM 415:1

Z-axis traveling motor 3-6 mm/s 4000 RPM 66: 1

R-axis rotating motor 0-11/6 rad/s 4000 RPM 1120:1

Y-axis adjustment motor 0-5mm/s 12,000 RPM 43:1

AVC-axis adjustment motor 0-5mm/s 12,000 RPM 43:1
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Fig. 1c—e. The design advantages of the dual linkage mechanism are mainly embodied in two aspects. (i) Transfer the R-axis
rotation center to the welding gun fire point to complete the replication of motion. (i) By controlling the rotation of the R-axis
to control the rotation of the welding gun, the complexity of the control code of the robot system in the corrugated plate
welding can be effectively reduced, and the welding reliability can be improved. This mechanism utilizes two T-plates and
two vertical connecting plates to form two parallelogram structures. The R-axis's rotation center O; and the virtual rotation
center O, are located on the rotation center line formed by connecting the ends of two T-plates. The rotation radius O30, of
the R-axis is equal in length to the rotation radius O, 0, of the virtual rotation center O,. The tails of the two vertical connect-
ing plates are connected to the head part, transferring torque to the welding torch on the head part and completing the
duplication of motion. The virtual axis O,0, rotates around the center of rotation O, to ensure that the welding gun always
points to the center of the circle O,.

The X, Z, and R axes control the entire head part, including all sensors and a welding gun. The welding gun is fixed to the
front of the head part and driven to the desired position and posture for welding through the robot’s movement. The box
part of the robot provides the X-direction displacement, Z-direction displacement, and the R-axis rotation for the welding
gun.The welding robot head is equipped with motion mechanisms for the Y-axis and AVC axis. These mechanisms are used
to fine-tune the position of the welding gun in the Y and welding gun directions during welding. The aim is to compensate
for any discrepancy between the theoretical and actual displacement of the welding gun. The AVC axis is responsible for
compensating for any displacement along the welding gun, therefore ensure that the welding gun is always perpendicular
to the surface of the corrugated surface, while the Y axis is connected to the AVC axis motor. The Y axis compensates for
the displacement of the welding gun in the Y direction, which is the horizontal direction of the weld seam. Additionally, the
welding robot head features a range-ranging LASER sensor that detects changes on the plate surface to determine the type
of corrugated plate. Two contact displacement sensors are positioned on the fixed bracket of the welding gun adjusting
mechanism, one is installed 2 mm behind the other. Table 2 shows the specification of sensors and welding gun.

3 Welding robot sensing system

The sensor system comprises an angle sensor, two contact sensors, a LASER displacement sensor, and seven proximity
switches. The angle sensor is connected to the R-axis for measuring the rotation angle of the welding gun (Fig. 1d). The con-
tact sensors provide a resolution of 1 um and are used for automatically tracking the welding gun position and welding arc
length. Each contact sensor includes a contact sensor head (ruby probe) and tail amplifiers (tactile sensor body). To ensure
tracking accuracy, two ruby sensor probes are used near the welding gun’s end, and two tactile sensors are placed far away
from the welding gun’s end, preventing damage from welding sparks. The two contact sensors, namely Sensor No. 1 and
Sensor No. 2, are located 2 mm apart in the x direction. Sensor No. 1 is positioned at the head of the welding gun in the x
direction, while Sensor No. 2 is situated ahead of Sensor No. 1 in the x direction. By measuring the change in the height of the
ruby head in contact with the corrugated plate, the system can detect corrugations and plane irregularities, which can then
be used to determine tracking errors. The contact displacement sensors serve three specific functions. Firstly, they are used
to detect the distance between the welding gun and the weld seam, and provide corresponding feedback when the plate
undergoes local deformation. The PLC control motor drives the welding gun to adjust the z-direction distance between the
welding gun and the weld seam, which effectively ensures the welding quality. Secondly, by comparing the height difference
detected by two contact sensors, they can judge the starting point of the trajectory of the corrugation plate shape. Thirdly,
the real-time trajectory of the welding gun is calculated by substituting the values of the contact sensors into the surface
tracking control algorithm. Accurate determination of the welding gun’s entry into the corrugation time is possible through
the relative value measured by the contact sensor. Therefore, the PLC sends the position instruction to the welding gun to
go over the corrugation trajectory, which in turn ensures welding quality stability. The contact sensor has a range of 10 mm.
After calibration, we set the midpoint of the range as the initial. The 0 um indicates that the welding gun has reached the
initial position, and the reference value of the sensors during the welding process may change with manual intervention.
The distance between the contact sensor and the LASER sensor in the x direction is approximately 15 mm. The main
functions of the LASER sensor are as follows: firstly, to determine the detection starting point of the contact sensor, and
secondly, to determine the size of corrugated plates. The LASER displacement sensor detects changes in the plate surface

Table 2 Specification of

. Element Contact sensor LASER sensor Welding gun
sensors and welding gun

Specification PETER HIRT GmbH T502F KEYENCE LR-X100 NSC 51KWH
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to determine the type of corrugation and controls the light flicker through the signal transmission to notify the operator
that the robot is entering the corrugation area for welding. Two LASER values, 16 mm and 30 mm, are used to determine
the presence of corrugations. The flowchart in Fig. 2 illustrates the process of corrugation detection. During the welding
process, when the LASER displacement value exceeds 16 mm, the contact sensor feedback signals to PLC. At this point,
the difference between the two contact sensors in the z direction is denoted by A.When the No. 1 contact sensor is at
the corrugation origin, according to the shape of the corrugation, the height of the No. 2 contact sensor at the position of
2 mm forward on the corrugation is about 0.285 mm. In order to prevent the 0.285 mm caused by welding jitter and other
reasons, it is necessary to predict the appearance time of corrugation in advance by the LASER sensing value. When the
contact sensor reaches the corrugation origin, the LASER sensor measures the height of the corrugation at the position
15 mm away from the corrugation origin. At this time, the height of the large corrugation is about 32 mm, and the height
of the small corrugation is about 28 mm. The average height of the large corrugation and small corrugation measured
by the LASER sensor is 30 mm. Take 16 mm, half of the height of the large corrugation, as a pre-judgment, the contact
sensor is about to enter the corrugation section and start the measurement. The corrugation origin is detected when
the difference between the two contact sensors in the z direction is A +0.285 mm. At this point, the second set value of
the LASER displacement sensor is read to determine the corrugation size. If the return value of the LASER displacement
sensor is greater than 30 mm, the robot judges a large corrugated plate in front; otherwise, it judges a small corrugated
plate in front. A proximity switch is provided on the welding robot, and a detected block is placed at one end of the
bracket to signal the PLC to stop the motor when the robot reaches the end of the bracket. The proximity switch and
nylon limit block work together to prevent the welding robot from falling off when it reaches the limit.

4 Control system

The control system for the corrugated plate welding process is mainly integrated into a control cabinet. The control
cabinet serves as the main interface for managing the system’s functionality, such as setting and modifying welding
parameters for each arc of the corrugated plate, controlling input/output for the welding robot, and transmitting or
receiving data with the welding robot. In addition, the control cabinet facilitates welding speed conversion and auto-
matic arc length tracking. The cabinet consists of a touch screen, ethernet switch, communication module, wireless
remote receiver, digital and analog input/output (I/0) module, and an industrial computer (IPC). The communication
modaule is responsible for collecting data from both digital and analog I/0 modules, and transmitting it to an industrial
computer. The digital and analog I/0 modules receive signals from various sensors. With a cycle time of 1 ms, the PLC
acquires and processes sensor data in real-time, thereby minimizing errors in contact sensor and LASER sensor values.
This ensures that any errors are immediately detected and addressed. The CODESYS (V3.55P17) soft PLCin IPCis used to
control a servo motor that drives a welding robot. The PLC is responsible for controlling the motor to adjust the distance
between the welding gun and the weld seam, which helps to ensure high-quality welding. The software PLC includes
several different modules, such as Control RTE (real-time control), SoftMotion (single-axis and master—slave axis motion

Fig.2 The flowchart of cor-
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control, electronic CAM), CNC + Robotics (interpolation numerical control and robot motion control), TargetVisu (local
visualization), and other related modules.

4.1 Control interface

The industrial computer contains a welding process parameter database, which enables the PLC to send a group of pro-
cess parameters to the welding power in order to change parameters at any time via serial communication. These welding
process parameters include travel angle, peak current, base current, pulse frequency, duty ratio, pilot gas velocity, and
welding speed. The industrial computer can control the operation of arc starting, clear the welding gun, and emergency
stop. In addition, the robot is also equipped with a touch screen which is convenient for operators to modify welding
parameters and monitor equipment status. The touch screen of the welding system is equipped with two switchable
interfaces. The first interface, depicted in Fig. 3a, is used to display and adjust the process parameters that are sent to
the welding power source. The second interface, shown in Fig. 3b, is dedicated to setting and displaying the welding
robot-related parameters. To ensure accurate measurements during the welding process, it is necessary to set the initial
position of the contact sensor and the return value of the angle sensor measured by the calibration block. The difference
between the two contact sensors (A+285 um) is used as the starting point for the corrugation judgment. If the value of
contact sensor 2 reaches 750 um before triggering the set value of A +285 um, the incoming wave protection value of
750 um is activated to start the emergency stop. Furthermore, the touch screen displays the real-time motor positions of
the five axes, which are fed back by Hall sensors inside the servo motor. The automatic compensation values of the AVC
axis and Y axis in different corrugation sections are also shown. The operating status of the welding robot is displayed
through indicator lights.
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4.2 Motion trajectory control

The thin-film LNG cargo containment system’s primary layer screen wall consists of a 1.2 mm thick 304 stainless steel
plate with corrugated squares in vertical and horizontal directions. These squares have a length of 340 mm and are made
up of multiple vertical large and small corrugations intersecting with one another. The corrugated plate profile model
is composed of lines and arcs. Figure 4 shows that the welding equipment uses the output signal of the contact sensor
No. 1 to determine the actual position of the welding gun on the corrugated plate surface. The servo motor adopts the
PID control algorithm, among which cyclic synchronous position mode (CSP) is used for position control. The industrial
computer transmits the position on a theoretical waveform to the DC motor every 1 ms, controlling the X, Z, and R axes’
motion.

Figure 5 illustrates the real-time compensation closed-loop control system. During welding, the difference between
the real-time contact sensor No.1 height and the initial position height is calculated. The welding trajectory comprises
both flat and corrugated sections. In the flat section, the welding robot mainly controls the movement of the X-axis. The
PLC controls the Z-axis motor to compensate welding height difference. The Z-axis motor’s target position is calculated as
the sum of its real-time position and the sensor height difference. During corrugation section welding, the LASER sensor
and contact sensor determine the corrugation’s initial position and size. The contact sensor No. 1 tracks the welding arc
length in real time and applies the linear change value between its real-time height and the set position to the AVC axis
of the robot head to achieve accurate tracking of the welding position. The target position of the AVC-axis motor is cal-
culated as the sum of its real-time position and the sensor height difference. The AVC-axis compensates for displacement
in the direction of the welding gun. The return value of contact sensor No. 1 (t1) should be close to 0 um, otherwise the
AVC axis automatically compensates for the difference between the actual value of contact sensor No. 1 and 0. The AVC
axis boasts an impressive tracking accuracy of £ 0.1 mm, which guarantees precise and consistent welding performance.

4.3 Surface tracking control

To realize the adaptive welding of arbitrary surfaces, the surface tracking welding control algorithm is proposed. Using
the real-time values of the contact sensors and the 3-axis synchronized motion control system, the moving path of the
welding gun in the (x, z) plane is calculated. The welding gun and contact sensor No. 1 are located in the same x and z
position and have the same motion trajectory. Therefore, the forward trajectory of contact sensor No. 1 is the forward
direction of the welding gun. As shown in Fig. 6, T1 and T2 represent contact sensor No.1 and contact sensor No.2, respec-
tively. Along the welding direction, the welding gun goes from the T1 position to the T2 position, and the actual distance
traveled is L. The distance L is projected into the x and z directions to calculate change values in the two directions.
Since the welding gun must always be perpendicular to the corrugated surface, the welding gun will have to rotate the
a angle perpendicular to the corrugated surface once it reaches T2. The position analysis of the welding gun for surface
tracking welding indicated that the moving path of the welding gun can be calculated in real time through the sensors
and the angle of the welding gun. The end trajectory of the welding gun in the (x, z) plane could be expressed by Eq. 1:
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dx = L * sin@
dz =L % cosf (M
a = arctan(A /h)

where L = 1/ A2 + h2is the distance between the end of contact sensor No. 1 and contact sensor No. 2. Ais the difference
between the two contact sensors in the direction of the welding gun. h is the distance between parallel lines of contact
sensor No. 1 and contact sensor No. 2.0 = g —a— % x 7 is the angle between the connecting line of the contact sen-
sors and the Z-axis. R is the angle of the welding gun. dx is the calculated target displacement of the welding gun in the
X-direction. dz is the calculated target displacement of the welding gun in the Z-direction. « is the calculated R-axis target
angle of the welding gun. The tracking error is the difference (t,) between the actual value of contact sensor No. 1 and
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the set value (0 um), which is compensated by the Z-axis. The compensation value of the Z-axis can be expressed as
ty* cos(% * 7).

The displacement of the welding gun in the (x, z) plane is controlled by X and Z axes motors, while the other direction
displacement in the three-dimensional space is controlled by the Y-axis motor. In order to realize Y-direction weld track-
ing, an S-axis motor parallel to the Y-axis motor and a point LASER sensor connected to the S-axis motor are installed.
Besides, the AVC axis motor is removed from the robot head. During the welding process, the S-axis motor drives the
point LASER sensor to move reciprocally along the Y-direction to find the weld position. Figure 7 depicts the flow chart
of the S-axis motor tracking weld. The LASER sensor returns the height value of its distance from the workpiece. After the
S-axis motor moves forward, it determines whether there is a step change in the height of the workpiece by comparing
the current LASER sensor return value with the LASER sensor return value of the previous step. If the step change of the
workpiece height is regular, record the position of the S-axis motor as the position of the lap weld. The upper and lower
limits displacement of S-axis motor operation is updated based on the position of the lap weld. Then, the S-axis motor
runs in reverse. Until the S-axis motor exceeds the set lower limit of operation, the S-axis motor starts forward again.
If the workpiece height has no step change and the S-axis motor exceeds the upper limit position, then the count is
increased by 1. If the count is less than three times, the S-axis motor moves in reverse. If the count exceeds 3, the manual
weld is identified and the welding is finished. During this time, the PLC receives the positions of the lap weld from the
S-axis motor and then transmits the weld position information to the Y-axis. Then, the Y-axis motor moves along the weld
positions and ultimately drives the movement of the welding gun in the Y direction.

As shown in Fig. 6, the robot path is usually defined by a series of discrete welding poses, {w,|w; = (P, R;) € SE@3),i € {1,...,N}},
where P; € R®and R; € SO(3) denote the tungsten electrode tip position and the welding gun orientation in the Cartesian
coordinate system. Surface welding requires the robot to carry out precise contour motion, which requires the robot to
move continuously and accurately along the contour defined in Cartesian space. In the robot controller, continuous linear
segments of discrete reference commands are used to approximate the original curve contour. The generated surface
welding path algorithm ensures that the welding gun position path and the welding gun direction path simultaneously
execute discrete reference commands to achieve the smooth motion of the robot.
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5 Experiment and application
5.1 Experiment of weld seam tracking

The whole system of welding seam recognition and tracking mainly includes the operating system, integrated control
system, and welding system. The operator sets welding parameters on the touchscreen. The control system transmits
current parameters to the welding power. The welding power supplies power to the welding gun and provides plasma
gas and shield gas for welding. The sensors transmit the collected weld position information to the communication
module of the control system. The control system transmits the error value between the sensor and the actual posi-
tion of the welding gun to the motor driver in the operating system. The motor driver controls the rotation of the
motor and ultimately the movement of the welding gun. The relationship diagram of each part of the welding robot
system is shown in Fig. 8.

During the welding process, the sensor feeds back the real-time distance between the welding gun and the
surface of the corrugated plate to the industrial computer. The industrial computer controls servo motors to com-
plete precision welding. Figure 9 shows the comparison of the actual tracking displacement and angle curves with
the theoretical displacement and angle curves when the robot welds large and small corrugated plates, and plots
the error curve formed by the actual and theoretical differences. By reading the position information of the motor
encoder, the actual tracked displacement curves of the Z-direction and X-direction can be obtained. By reading the
value of the angle sensor, the actual angle curves can be obtained. Figure 9a presents a comparison of the actual
and theoretical tracked displacement curves of the welding gun in the Z-direction. When the robot tracked the cor-
rugated section, the displacement of the vertical direction turned bigger, then smaller. The peak points of the large
and small corrugated displacement curves are 54 mm and 35 mm respectively. Figure 9b illustrates a comparison
of the actual and theoretical displacement curves for welding large and small corrugated plates in the X-direction.
Figure 9c compares the actual and theoretical angle curves for large and small corrugated plates in the R-rotation
angle direction. The figures show that the displacement curves for each direction of movement were continuous and
smooth during motion which reflects that the velocity changes were relatively uniform and the impact was relatively
small, meaning that the mechanism had good stability during motion. In Fig. 9d—f, we compare the tracking dynamic
precision of large and small corrugated plates. After lap weld seams are welded, calculate the error between the theo-
retical value and actual value in the Z-direction, X-direction, and R-rotation angle direction. The experiment results
are shown in Fig. 9, where X-direction displacement has the highest dynamic precision for whatever large or small
corrugated plate with automatic welding since its error fluctuation range [- 0.5, 0.5] is the smallest one. The experi-
mental results show that the welding angle error within £5° was smaller than the literature range [19]. The errors
were within+ 1 mm or +5°, so the robot tracked lap weld with high accuracy and good reliability. The figures show
that the actual welding results for the robot system had the same variation trend as the results from the theoretical
displacement. The position and orientation approximation errors with the two size schemes remain within the related
literature error tolerance limits, which verifies the error-controllable capability of the proposed control algorithm.
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Fig.9 Comparison of dynamic precision for large (L) and small (S) corrugations a the comparison of the actual and theoretical displace-
ment in the Z-direction, b the comparison of the actual and theoretical displacement in the X-direction, ¢ the comparison of the actual and
theoretical angle curves, d the displacement curves of the vertical error for large and small corrugations, e the displacement curves of the
horizontal error for large and small corrugations, f the angle deviation curves of the angle error for large and small corrugations

5.2 Experiment of quality stability

The welding qualification rate reflects the stability of welding quality. To calculate the welding qualified rate during ship
production, the weld length is typically taken into account. The qualified rate is determined using the following formula:

L N, x|
P=<1—L—d>x100%=<1— dxm)xmo% )

w Ny X Iy

where P is the welding qualified rate. L ; is the length of weld defect, L, is the total length of welds, N is the number of
welding defect locations, N, is the cumulative number of welded corrugated plates, /, is the total weld length of each
test plate, and |, is the repair length of each defect.

For this experiment, the total length and width of each test plate were 100 cm and 25 ¢cm (Fig. 10a). The repair length
of a defect was approximately 2 cm. The red dots appear at the defect by using the developer (Fig. 10b). A total of 254
corrugated plates were welded, resulting in 29 welding defects. Of these defects, 16 were attributed to gaps in the assem-
bly, which were unrelated to the performance of the welding robot. Based on these parameters, the welding qualified
rate was calculated to be 99%.

5.3 Welding procedure qualification test and endurance test

To enter the LNG carrier construction market, it is necessary to obtain the welding qualification certification of the French
company Gaztransport & Technigaz (GTT). According to the GTT file, the welding procedure qualification test was carried
out. The weld seam’s appearance was first checked, and it was observed that the width of the weld pass falls between
3 mm and 6.5 mm. The front weld is full, and there are no visible defects such as porosity or non-fusion. The back also did
not exhibit any burn-through. After the appearance check, Penetrant Testing (PT) was performed on the welds follow-
ing the GTT file’s procedures. The PT inspection of the weld seam involves three main steps: (i) Applying penetrant on
the surface of the weld seam. The penetrant will penetrate the surface opening defects via capillary action after a short
period. (ii) Cleaning the excess penetrant on the surface of the weld seam using detergent. (iii) Applying the developer,
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Fig. 10 Experiment of quality
stability and weld section
position diagram a Test plates,
b Red dots appearance in

the developer, c Weld section
position diagram of GTT met-
allographic inspection

(c)

M5 M3
VaN /

which attracts the penetrant in the defects and reveals the defects. The penetrant will be trapped in the defects to show
the pink morphology by the developer (Fig. 10b). After the PT is performed, the test plates are sliced at six designated
locations according to the GTT metallographic test documentation (Fig. 10c). The metallographic inspection process
goes through four main steps. Firstly, the trapezoidal shape slices are selected from six positions, as depicted in Fig. 11a.
Secondly, the cross-section is ground and polished as shown in Fig. 11b. Thirdly, an acid soak is applied to improve the
clarity of the resulting image, as illustrated in Fig. 11c. Finally, the width, throat, and depth of the weld seam are deter-
mined by examining microscope images, as demonstrated in Fig. 11d. Based on the analysis of metallographic inspection
results, the resulting weld pool width exceeded 2 mm, the weld throat was greater than 0.7 mm, the penetration depth
ranged between 0.4 mm and 1.2 mm, and the weld surface width was between 3.5 mm and 6 mm. These results confirm
that the metallographic results are in accordance with the requirements.

Based on the GTT document specifications, the simulated cabin’s durability test requires welding four large plates
of 1 mx3 m. These plates are used to conduct flat (Fig. 11e), horizontal (Fig. 11f), vertical, and overhead welding tests
(Fig. 11q). It takes an average of 3 min and 40 s to weld a 1 m seam, and each position takes approximately 40 min to weld.
Once the welding appearance is checked, six locations on each weld seam are selected for cutting and metallographic
testing, as required by the document. A total of 16 welds at four positions were tested, and the metallographic results
obtained from 96 small plates numbered M1 to M6 met the requirements of GTT, which means the endurance test has
been passed.

6 Conclusions

A novel five-axis welding robot based on a surface tracking control system is designed for welding various curvature
types of corrugated structures, which can realize flat, horizontal, vertical, and overhead automatic welding in LNG
cargo containment. A new tracking sensor system based on a LASER sensor, two contact sensors, and an angle sensor
is designed to realize multiple functions, including tracking the welding arc length, identifying corrugation shapes,
and detecting welding gun posture. The sensing system can cooperate with the robot control system to complete
welding seam tracking, adjustment and control of welding gun spatial posture. Based on the devised tracking sensor
system and welding robot, a robot servo-control system with a surface tracking welding control algorithm is con-
structed. The experimental results of weld seam tracking reflect the control effect of the robot servo-control system
on the position and posture of the welding gun. The control errors of the welding gun were within+1 mm or +5°,
The welding qualification rate reaches 99% and the standard workload of automatic welding is about 7 times that of
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manual welding, which reflects that the five-axis robotic tracking system can complete the welding of corrugated
structures in the cargo containment with high quality and high efficiency welding.
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