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Abstract 

Owing to the complex structures of welding materials, special welding conditions, and challenges 

during the automatic welding of the liquefied natural gas (LNG) ship Mark III’s membrane tank, a 

series–parallel–series hybrid structure mobile welding robot having sufficient adaptability for 

welding corrugated plates in membrane tanks was designed in this study. The configuration of the 

hybrid robot had good workspace characteristics, and it could always maintain a certain distance 

and angle between the end of the welding torch and the weld line because of its detection and 

control system coordination. In this study, degrees of freedom, kinematic characteristics, 

workspace, and adaptability analyses were conducted for the hybrid mechanism. A simulation 

verification was performed, and a ripple-trajectory-following experiment was conducted using 

real objects. The simulation and experimental results showed that the welding robot had a 

reasonable mechanism design, smooth motion, and good terminal distance and angle control, thus 

meeting the requirements for automatic welding of corrugated plates in membrane tanks. 

Keywords Welding robot for membrane tank • Series–parallel hybrid • Screw theory • Kinematic 

analysis • Working space 

  



3 

1 Introduction 

Liquid cargo enclosure technology is the core technology in liquefied natural gas (LNG) ships, and 

membrane cargo tanks have increasingly been used because of their advantageous characteristics, 

including their strong shock resistance ability, high space utilization rate, low evaporation, and low 

maintenance costs. 

A membrane cargo tank is a large, fully enclosed structure with a height of up to 15 meters. 

The bulkhead is a sandwich-type multi-layer structure. The main barrier wall film consists of 

welded 304L corrugated austenitic stainless-steel plates with thicknesses of 1.2 mm. There are 

latticed grooves of different sizes on the film, which are folded at the intersections and have special 

shapes [1]. In addition, membrane cargo tanks have high product welding quality requirements for 

the sake of security [2]. As the main way of corrugated plate welding for membrane tank at this 

stage, the manual tungsten inert gas welding (TIG) does not perform well. It is also necessary to 

build an aerial platform during the manual TIG process for LNG membrane tanks. This is not only 

complicated but also inefficient; it introduces a high-risk factor, and ensuring quality becomes a 

challenge. 

Conventional robotic welding systems are seldom used because shipyard welding tasks are 

characterized by non-standard, large workpieces that come in small batches [3]. At present, studies 

investigating automatic robotic welding primarily focus on weld-track recognition and tracking. 

For example, Zhou et al. [4] proposed a welding seam sensing method based on a line-structured 

light sensor and constructed an intelligent guidance system for a welding robot. Li et al. [5] 

designed a dual-station intelligent welding strategy based on charge-coupled device (CCD) visual 

detection system. Zhang et al. [6] proposed a four-step welding seam tracking technology for 

complex welds based on laser sensors. Special automatic welding equipment [7, 8], particularly 
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the special equipment related to shipbuilding welding [9, 10], has rarely been studied. In addition, 

the welds in membrane tanks were always long and high above the ground, which was beyond the 

working space of the existing automatic welding equipment. Therefore, there is great significance 

and practical value in developing automatic welding equipment suitable for membrane chambers 

instead manual welding. 

Three problems should be solved for automatic welding of corrugated plates in membrane 

tanks: 

1. The end of the TIG welding torch should maintain a certain distance and angle with 

respect to the weld. 

2. The shape change of a corrugated plate should be accurately detected, and each motion 

pair must quickly follow the linkage with good stiffness and precision. 

3. Sufficient working space characteristics are required, and the length of a continuous weld 

should be greater than 1.5 m. 

For these three problems, a series–parallel–series hybrid mobile welding robot structure 

scheme with good adaptability is proposed in this paper for membrane tank welding. A kinematics 

analysis was conducted, the adaptability of the workspace to the working conditions was 

investigated, and simulations were performed. Additionally, a corrugated trajectory-following 

experiment was conducted that demonstrated the rationality and feasibility of the design. 

2 Robot structure 

The proposed structure of an automatic welding robot for membrane tanks [11] and its 

three-dimensional model are shown in Fig. 1. To adapt to work high above the ground and to 

promptly change the working position, an overall lightweight design was desirable. The 6061 

aluminum alloy was selected as the robot body material, the body base was 270 × 280 mm, the 
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total height was 350 mm, and the body mass was only 13 kg. These characteristics met the 

requirements for rapid assembly and disassembly and a lightweight design. 

 

Fig. 1 Working diagram of the robot in a flat welding condition 

The robot consisted of four detachable modules: a posture-adjustment mechanism, a terminal 

device, a walking mechanism, and a rapid assembly and disassembly mechanism. The first two 

modules constituted the robot body. The posture-adjustment mechanism could change the position 

and orientation of the robot terminal device. The walking mechanism was composed of a guide rail 

and a transmission mechanism, which could constrain the robot to the welding working surface 

and could move along the direction of the weld. The rapid assembly and disassembly mechanism 

enabled swift separation and combination of the body and the walking mechanism. 

The overall design of the robot orientation-adjustment mechanism’s motion chain had a 

series–parallel–series transmission form, as shown in Fig. 2. The fixed platform of the parallel 

mechanism (⑥) was mounted on the Y-axis slide block (⑦) and moved in the Y-direction through 

the guide screw. V-axis (②) and X-axis (①) screws were mounted in series on the parallel 

mechanism’s moving platform (⑨). The entire motion chain mechanism adjusted the position and 

orientation of the terminal device by the coordination of the Y-axis, fixed and moving platform of 

parallel mechanism, and the V- and X-axis screws (series–parallel–series). 

Posture 
adjustment 
mechanism

Fast assembly and 
disassembly mechanism

Walking 
mechanism

Terminal 
device Corrugated 

plate
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Fig. 2 Position and orientation-adjusting mechanism:1 X-axis guide screw, 2 V-axis guide screw, 3 

front connection plate, 4 Big arm, 5 A-axis driving motor,6 parallel fixed platform,7 Y-axis guide 

screw, 8 back connection plate, 9 parallel linkage platform, 10 crossed roller bearing 

The series–parallel–series hybrid design improved the stiffness and bearing capacity of the 

mechanism while ensuring its mobility and dexterity. In addition, a linear variable differential 

transformer (LVDT) sensor set placed at the end caused the welding torch end to maintain a certain 

distance from the workpiece and caused the welding torch axis and welding spot section to 

maintain a certain angle to meet the TIG welding process requirements. Problems 1 and 2 from 

Section 1 must be solved at the mechanism design level. 

To solve Problem 3, that is, that the robot had a small arm span, a limited working space, and 

could not perform long welds, and to account for the man–machine combination efficiency, the 

walking mechanism and the rapid assembly and disassembly mechanism were designed as shown 

in Fig. 3. A closed-loop stepping motor rack, a pinion drive mechanism (⑨, ⑥, ⑧), a roller 

(③), and a guide rail (⑦) cooperated with each other to position and guide the robot body. A 

self-locking rapid fixture (⑤) pushed the sliding roller baseplate (④), and drove the trapezoidal 
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groove roller to buckle the guide rail surface to achieve swift locking. After completing a long 

weld, the robot body must only be placed on the guide rail, which would be pre-clamped at the fold 

of the membrane corrugated plate, and the self-locking rapid fixture could quickly switch between 

flat welding, vertical welding, horizontal welding, and inverted welding. 

 

Fig. 3 Walking mechanism and rapid assembly and disassembly mechanism diagram:1 body 

baseplate, 2 fixed side roller baseplate, 3 trapezoidal groove roller, 4 sliding side roller baseplate, 

5 rapid fixture, 6 gear, 7 guide rail, 8 rack, 9 closed-loop stepper motor, 10 planet-gear speed 

reducer 

3 Kinematic analysis 

3.1 Degree-of-freedom analysis 

According to a further analysis of the requirements for Problem 1, to ensure sufficient welding 

quality during membrane tank corrugated plate welding, the welding torch must be adjustable in 

the length, width, and depth directions, and must be capable of adapting to the dynamic angle 
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between the welding torch and the welding surface curvature. Therefore, at least one rotational and 

three mobile degrees of freedom were required, and a mixed degree-of-freedom (DOF) analysis 

must be performed. 

The robot designed had a hybrid configuration, and the DOF total was equal to the DOF sum 

for the series and parallel portions. There were four degrees of freedom for the four translational 

axes in the series portion. The parallel structure was relatively complex; to determine its degrees of 

freedom, an equivalent analysis was first done by observing its structural characteristics, as shown 

in Fig. 4a. 
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Fig. 4. Equivalent mechanism diagram. a Equivalent diagram; b parallelogram mechanism; c 

Expander graph 

The DOF analysis after equivalence was performed based on screw theory, and the modified 

Kutzbach–Gubler formula [12] was adopted for the analysis: 

 1

6( 1) +
g

i

i

M n g f 


   
. (1) 

Due to the common motion pairs on the two branch chains of the mechanism, the coupling 

strength was relatively high, and consequently, a direct analysis was difficult. For this reason, the 

simple four-bar mechanism shown in Fig. 4b was analyzed first. The mechanism was regarded as a 

parallel mechanism composed of the AiBi (i = 1, 2) branch and the output rod, B1B2. The A1B1 

branch chain motion screw system could be represented by Eq. 2: 
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Its constraint screw system is given by Eq. 3: 
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The A2B2 branch chain motion screw system can be expressed by Eq. 4: 
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Its constraint screw system is given by Eq. 5: 
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The mechanism in Fig. 4b had eight constraints, among which three were over-constraints; 

therefore, the screw system of the mechanism constraint is given by Eq. 6: 
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The output rod, B1B2, of the mechanism had a single degree of freedom, and the motion 

direction was always perpendicular to A1B1. For further analysis, the mechanism shown in Fig. 4c 

added a parallel rod, C1C2, above the mechanism shown in Fig. 4b. It is worth noting that C1 and C2 

were located on A1B1 and A2B2, respectively, and therefore, the motion pattern C1 and C2 was 
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consistent with A1B1 and A2B2, respectively. Considering the influence of C1C2 on the overall 

constraint, the motion spiral system at C1C2 can be expressed by Eq. 7: 
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Taking the inverse helix resulted in Eq. 8: 
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Thus, the addition of C1C2 brought no additional independent constraints, but only four 

over-constraints. Similarly, as the mechanism in Fig. 4a was equivalent to adding a rod, DE, 

parallel to B2C2 on the mechanism in Fig. 4c, and because ΔC1C2D ≌ ΔB1B2E, the rod brought 

four over-constraints. Therefore, the mechanism had a total of 11 over-constraints, and according 

to Eq. 1: 

 1

6( 1) + =6 (6 8 1) 8 11 1
g

i

i

M n g f 


         
.  

Therefore, the parallel mechanism had one degree of freedom, which was the motion of B1B2 

perpendicular to A1B1, i.e., the rotations of DE and A1C1 were consistent. Including the series 

portion, the hybrid mechanism had a total of five degrees of freedom with four translational shifts 

and one rotation, which met the DOF welding requirements. 

3.2 Motion law analysis of the parallel mechanism 

The DOF analysis of the mechanism from Section 3.1 indicated that the parallel mechanism 

achieved the rotational degree of freedom of the moving platform, DE. However, in general, if 

there is an uncertain rotational center when a mechanism rotates, points on the moving platform 
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will move in non-DOF directions during rotation [13, 14]. This motion in the non-DOF directions 

affects the motion flexibility during welding and thus is not conducive to weld control and 

formation. Therefore, it was necessary to analyze the motion law of the parallel mechanism. Since 

the parallel mechanism was compact in structure and had few degrees of freedom, the spatial 

geometry method was used for analysis. 

To study a more general rule, a more general situation was considered. The parallel 

mechanism could be represented as an equivalent structure, as shown in Fig. 5a. ΔC1C2D and 

ΔB1B2E were regarded as rigid connections, A1C1 and A2C2 as rigid bars, and C2D ≠ B2E. The 

coordinate system A1xyz was established at A1 and the parallel part of the mechanism was 

projected onto the xA1z plane, as shown in Fig. 5b. 
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Fig. 5 Diagram of the parallel mechanism. a Brief diagram of the parallel mechanism; b Projection 

onto the xA1z plane 

In Fig. 5, A1B1 = A2B2 = a, B1C1 = B2C2 = b, DF = e, EG = f, C1F = g, B1G = h, 

=
uuur uuuuur r

1 2
DF C C 0

, and 
=

uuur uuuuur r
1 2

EG B B 0
. For convenience, A1C1 was initially in a vertical orientation 

and the driving force was around the y-axis of coordinate system {A1}, so that A1C1 and x had the 

angle θ between them. As the C1 coordinate was set as (xC1, zC1), the trajectory of C1 could be 

expressed by Eq. 9: 
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 xC1
2 + zC1

2 = (a + b)2. (9) 

The quadrilateral A1A2C2C1 formed a parallelogram, hence at any time 
=

uuuuur uuuuur
1 2 1 2

C C A A
. Eq. 10 

was true for coordinate system {A1}: 

 (xD, zD)T = (xC1 + g, zC1 − e)T. (10) 

Then, Eq. 11 could be obtained from Eqs. 9 and 10: 

 (xD − g)2 + (zD + e) 2 = (a + b)2. (11) 

According to Eq. 11, while the mechanism was moving, the rotation pair D moved in a circle 

around a fixed axis in space. If the projection of the axis in the A1xz plane was H(g, -e), Eq. 5 could 

be generated using Eq. 11: 

 DH = a + b = A1C1. (12) 

The distance from H to coordinate system {A1} could be expressed by Eq. 13: 

 A1H2 = g2 + e2. (13) 

For the right triangle C1DF, Eq. 14 was true: 

 C1D2 = g2 + e2. (14) 

According to Eqs. 12–14, the quadrilateral A1C1DH was a parallelogram, and therefore 

HD∥A1C1, that is, the rotational pair D had the same angular velocity as the rigid rod A1C1 when 

rotating around the axis. Therefore, the coordinates of D were (g + (a + b)·cosθ, e + (a + b) ·sinθ). 

Similarly, the rotational pair E rotated about a fixed axis in space and had the same angular 

velocity as rod A1C1. The projection of the axis in the A1xy plane was I(h, -f), and the trajectory 

equation for the rotational pair E about the axis was (xE − h)2+(zE + f)2 = a2. Similarly, for the 

rotational pair E, the coordinates of E were (h + a·cosθ, f + a·sinθ). When A1C1 was at any angle θ 

with respect to x, the moving platform ED was at an angle α with respect to x, and Eqs. 15 and 16 

were true: 
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  1/22 2ED= cos ( sin )g h b e f b     
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( ) sin
=arctan
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e f b

g h b




 
  . (16) 

According to Eqs. 15 and 16, the moving platform rotated with the rotation of A1C1, and the 

distance between joints D and E changed accordingly. 

3.3 Forward and inverse kinematics analyses 

This section presents further analyses of the requirements for Problem (2). Although an LVDT 

sensor group was used to detect the instantaneous position and orientation of the welding gun, it 

was still necessary to conduct kinematics forward and inverse solution analyses to cause each 

motion pair to quickly follow the linkage and achieve the desired position and orientation. 

Kinematics analyses are not only the basis of robot motion control, but also the basis of subsequent 

workspace analysis [15]. 

According to the analysis in Section 3.2, the rotation angle and length of ED on the moving 

platform changed nonlinearly with the rotation of A1C1. Such a change increased the complexity of 

the mechanism and control algorithm. Eqs. 15 and 16 indicate that if e = f and g = h, then α = θ and 

the length of ED was a constant value. At this point, the parallel mechanism was considered 

equivalent to a virtual revolute joint existing outside the mechanism. The motion of the parallel 

mechanism’s moving platform was regarded as circular motion around the revolute joint, and the 

motion law was consistent with that of the big arm A1C1, which caused the system complexity to 

decrease. The results and analyses in the rest of the paper were based on e = f and g = h. 

First, the direct kinematics were studied, that is, the mapping between the robot joint space 

and the Cartesian coordinate space. To facilitate the analysis, each joint in the mechanism was 
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adjusted to a special horizontal or vertical position, and the coordinate system was established 

according to the D–H model criterion [16]. The equivalent hybrid mechanism and coordinate 

system are shown in Fig. 6, and the values of each parameter in the D–H model are listed in Table 

1. 

 

Fig. 6 Equivalent simplified model of the five-DOF hybrid mechanism 

Table 1 D–H matrix parameter list 

Joint number 

i 

Link length ai-1 

(mm) 

Twist angle αi-1 

(°) 

Link offset di 

(mm) 

Link angle θi 

(°) 

1 0 0 d1 0 

2 0 90 d2 90 

3 m 90 n 180+θ3 

4 0 90 d4 180 

5 0 90 d5 0 

In the D–H model modified based on Craig’s rule, the general transformation matrix 

expression for the coordinate system {i-1} relative to the coordinate system {i} is given in Eq. 17: 
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The matrix transformation of the robot end actuator relative to the base system could be 

expressed by Eq. 18: 

 

0 1

1

n
i

n i

i

T T





. (18) 

The forward kinematics problem was to find the position and orientation of the manipulator 

relative to the base robot system, namely, to find the homogeneous transformation matrix 0T5. By 

substituting the D–H parameters from Table 1 into Eq. 17, the homogeneous transformation matrix 

i-1Ti for each joint was obtained. According to Eq. 18, the forward kinematics solution could be 

expressed by Eq. 19: 

 

0
5 =

0 0 0 1

x x x x

y y y y

z z z z

n o a p

n o a p
T

n o a p

 
 
 
 
 
  . (19) 

In Eq. 19, ax = 1, ny = -s3, oy = -c3, nz = c3, oz = s3, px = d5 + n, py = - d2 - d4c3, pz = d4s3 + d1 + m, 

nx = ox = ay = az = 0. 

Then the inverse kinematics solution was studied, that is, the mapping relationship between 

the Cartesian coordinate system and the joint coordinate system. According to the above analysis, 

the walking mechanism expanded the welding working space of the robot and introduced a 

redundant degree of freedom. Therefore, countless sets of solutions must exist for each end 

actuator orientation. Since the orientation-adjustment mechanism of the robot body had the 

required four-DOF orientation-adjustment capability, the displacement of the walking mechanism 
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could be regarded as the translation expansion of the robot’s motion space in practical applications. 

Therefore, the robot motion was decoupled from the motion of the four-DOF robot along the 

walking axis. This study analyzed the inverse solution for the robot when walking to any position, 

that is, it assumed that any d1 was a constant and d1
 ∈ (d1min, d1max). According to the kinematics 

analysis of the parallel mechanism, θ3 was the actual orientation angle of the end actuator, that is, α 

= θ3. The inverse kinematics equation was then obtained according to Eq. 19: 

 

cot
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2 y x 1 3

z 1
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5 x

3
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θ

d = p - n
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   (20) 

3.4 Workspace analysis 

This section presents further analysis of the requirements of Problem 3. Although the walking 

mechanism met the working space requirements in the weld length direction, one of the difficulties 

in welding membrane corrugated stainless-steel is that stamping and corrugated size errors are 

always present. Additionally, the film surfaces are highly reflective, which causes difficulty in 

conducting real-time welding trajectory detection and compensation using optical means. In this 

case, to achieve high welding accuracy, it is very important to adequately match the workspace 

characteristics of the welding robot and the thin-film corrugated surface structure. 

The robot workspace is an important kinematic index reflecting the robot’s working 

characteristics and the applicability of the working conditions; it also verifies the rationality of the 

mechanism design to a certain extent [17]. The ripple position is the key welding position. The 

Monte Carlo method [18] was used to investigate the motion space of the welding robot with the 

ripple position as the reference. The implementation process consisted of four primary steps: 
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(a) The range of values for each joint variable were determined (θimin, θimax). 

(b) N groups of random value sequences of joint variables were generated by random 

functions {θi| θi = θimin+ (θimax-θimin)*RAND}, where i = 1, 2, 3, 4, 5 and RAND is a random number 

between 0 and 1. 

(c) By substituting the joint variables, θi(i = 1, 2, 3, 4, 5), into the orientation transformation 

matrix, 0T5, the position vectors of the mechanism’s end actuator, P = [PX, PY, PZ], were obtained. 

(d) A three-dimensional scatter diagram was drawn using MATLAB, and the spatial point 

cloud of the robot’s terminal motion was obtained. 

The walking axis, Z1, was set to be stationary, and the workspace distribution of the robot 

body was studied. Within the value range of each joint variable, the robot workspace obtained 

using the Monte Carlo method is shown in Fig. 7. 

  

(a) (b) 

Fig. 7 Cloud of points for the manipulator workspace. a Three-dimensional view of the robot 

workspace; b YOZ view 

In this figure, the x, y, and z directions correspond to the width, depth, and length directions, 

respectively, of the weld during the welding process. Fig. 7a shows that the contour of the robot’s 

working space was of a curved-roof type, and the motion range of the welding gun in the width 
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direction was 70 mm, which meets the welding requirements of the folded structure (40 mm). Fig. 

7b shows that the workspace section shape corresponded to the shape of the corrugated plate. 

When the wave peak of the corrugated plate and the virtual robot rotational center were at the same 

position along the z-axis, the allowable welding radius of the corrugated plate was larger than the 

standard corrugated size and had a large workspace redundancy. The workspace size and 

corrugated-curve structure were well matched. 

4. Kinematic simulations 

4.1 Degree-of-freedom verification 

The kinematic pair and drive were added to the robot model, and a mechanism model verification 

using Automatic Dynamic Analysis of Mechanical System (ADAMS) software showed that the 

parallel mechanism had one degree of freedom, while there were five degrees of freedom in total 

for the hybrid mechanism. The mechanism had 11 over-constraint equations, which were 

consistent with the screw theory analysis results. 

4.2 Forward kinematics verification 

To verify the correctness of the forward kinematics solution, the offset distance between the virtual 

rotational center and the symmetric center of the mechanism was set to m = 0, and n = 171 mm was 

also selected. Forward and backswing motions with 20-second periods and 10-second lengths 

were implemented, and the trajectory of each moving joint could be described by Eq. 21: 
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By substituting Eq. 21 into the kinematics forward solution model in Eq. 19, the theoretical 

calculated position data for the end mechanism in the X, Y, and Z-directions relative to the base 

coordinate system were obtained. Additionally, the drive shown in Eq. 21 was also applied to each 

joint in the ADAMS model to simulate the robot’s motion state. After unifying the post-simulation 

processing data and the theoretical calculation data, the results shown in Fig. 8 were obtained. 

These figures show that the simulation data and the data obtained by theoretical calculation had the 

same variation trends and that the error was very small, thus verifying the correctness of the 

kinematics forward solution model. 

  

(a) (b) 



20 

  

(c) (d) 

Fig. 8 Position and orientation curves for the end mechanism. a Curves for X-direction; b Curves 

for Y-direction; c Curves for Z-direction; d Curves for α-angle 

4.3 Inverse kinematics verification 

According to the above analysis, the displacement, d1, of the walking mechanism only affected the 

position of the robot body’s workspace, but not the shape of its workspace. Therefore, when 

verifying the inverse kinematics solution, {O1} was set at the origin of the base standard system, 

that is, d1 = 0. A parabolic motion in space with an interval of 10 seconds was planned for the 

mechanism’s end device, and the end trajectory of the mechanism could be expressed by Eq. 22: 
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  (22) 

In the ADAMS model, the driving function shown in Eq. 22 was applied at the centroid of the 

mechanism’s end device. The Z1 moving pair was changed to a fixed constraint for motion 

simulation, and the displacement data variation rule for the driving pair of each moving joint was 

output with respect to time through post-processing. Meanwhile, by substituting Eq. 22 into Eq. 20, 

the displacement variation rule for each moving joint was obtained with respect to time from 
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theoretical calculations. The curves generated using both methods are shown in Fig. 9. The figures 

show that the theoretical calculation results for the kinematic inverse solution had the same 

variation trend as the results from the software simulation, and the error was very small, thus 

verifying the correctness of the operational inverse solution model. The figure also shows that the 

displacement curves for each joint were continuous and smooth during motion, without a mutation 

phenomenon; in other words, the velocity changes were relatively uniform and the impact was 

relatively small, meaning that the mechanism had good stability during motion. 

  

(a) (b) 

  

(c) (d) 

Fig. 9 Displacement curve for each joint. a Displacement of Z2; b Displacement of θ3; c 

Displacement of Z4; d Displacement of Z5 

5. Corrugation trajectory-following experiments 

The robot experimental platform was built according to the mechanism scheme previously 

described, as shown in Fig. 10. Additionally, ripple-trajectory motion experiments were conducted. 
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In the ripple-track motion experiments, the control strategy of uniformly varying the angle 

climbing the ripple side and the rotation of the ripple top around the virtual rotational center was 

adopted, and the specific implementation steps are as follows: Firstly, teaching key points in the 

trajectory and the encoder value of each joint of the teaching point were recorded, and by 

substituting the encoder values into Eq. 19, the Cartesian coordinates of the terminal device were 

obtained. Then, trajectory planning was carried out in the Cartesian coordinate space, and by 

substituting the dense trajectory points obtained after trajectory planning into Eq. 20, the position 

of each joint in the joint coordinate space was obtained. Finally, the joint motor moves according 

to the obtained joint space coordinates. The expected normal distance between the terminal device 

and the ripple surface was set to 0. The normal error for the whole motion process was dynamically 

compensated by using LVDT feedback data to fine-tune the w-axis guide screw relative to the 

original position. 

 

Fig. 10 Robot experimental platform 

Ripple-track-following experiments were conducted for two corrugated plates of different 

specifications, with ripple heights of 47 mm and 21 mm, respectively. By substituting LVDT data 

feedback and encoders of each joint into Eq. 19, the terminal device trajectories and axial vectors 

were drawn and are shown in Fig. 11. The actual trajectory points of the terminal device coincided 

with the ripple curve, and the vector arrows pointing at the welding gun changed smoothly with the 
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ripple curve and maintained a certain angle with respect to the normal direction of the curve. 

  

(a) (b) 

Fig. 11 End trajectory and axial vector diagrams. a Ripple heights of 47 mm; b Ripple heights of 

21 mm 

The normal distance deviations between the track points and the corrugated curve were also 

drawn, as were the angle deviations between the end point and the normal line at that point, as 

shown in Fig. 12. 

  

(a) (b) 

Fig. 12 Distance and angle deviation curves. a Ripple heights of 47 mm; b Ripple heights of 21 

mm 

Fig. 12 shows that the maximum distance deviation for the track points was approximately 

0 20 40 60 80
x axis   x/mm

10

20

30

40

50

z 
ax

is
  

 z/
m

m

Corrugated plate curve
End trajectory point

0 10 20 30 40

x axis   x/mm

5

10

15

20

25

30

z 
ax

is
  

 z
/m

m

Corrugated plate curve
End trajectory point

0 20 40 60 80

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

D
is

ta
n

ce
 e

rr
o

r 
δ 1

/m
m

4

6

8

10

12

14

16

18

20

A
n
g
le

 e
rr

o
r 

δ 2
/°

Distance error
Angle error

0 10 20 30 40

-0.5

0

0.5

1

D
is

ta
n
ce

 e
rr

o
r 

δ 1
/m

m

0

10

20

A
n
g
le

 e
rr

o
r 

δ 2
/°

Distance error
Angle error



24 

0.8 mm. The angle deviations had approximately symmetrical distributions along the midline of 

the ripple, and the angle deviation interval was ∈ (5°, 20°). The experimental results show that the 

welding angle could be controlled within the recommended literature range [19] by setting the 

initial position of the welding gun to simultaneously meet the welding distance and welding angle 

requirements for stainless-steel TIG welding. 

6. Conclusions 

Focusing on the problems of mechanism kinematics, workspace design, and welding-process 

matching during automatic welding of corrugated plates in membrane chambers, a 

series–parallel–series hybrid automatic welding robot with redundant degrees of freedom and 

rapid assembly and disassembly was designed. 

(1) The composition and configuration characteristics of the robot were analyzed, and the 

robot degrees of freedom were determined based on screw theory. The kinematics law for the 

parallel mechanism was analyzed, and forward and inverse solution models for the robot were 

established. The workspace characteristics of the robot were also analyzed. The results showed 

that the robot had sufficient adaptability for welding of corrugated plates in membrane tanks. 

(2) The simulation and experimental results showed that the robot mechanism was reasonably 

designed, the motion was smooth, the distance and angle of the end were well controlled, and that 

the robot mechanism met the requirements for automatic welding of corrugated plates in 

membrane tanks. 
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