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Abstract: To address the technical challenges, production quality issues, and inefficiencies caused
by the heavy reliance on traditional manual processing of small assembly plates in the shipbuilding
industry, this paper presents the design and analysis of a track-based automatic welding device. This
equipment provides a solution for achieving batch and continuous welding in the field of automatic
welding technology. The design section includes the mechanical design of the equipment’s core
mechanisms, the design of the operating systems, the development of visual scanning strategies
under working conditions, and the formulation of multi-layer and multi-pass welding processes.
The analysis section comprises the static analysis of the equipment’s mechanical structure, kinematic
analysis of the robotic arm, and inspection analysis of the device. Compared with manual welding,
multi-layer and multi-pass welding experiments conducted using the equipment demonstrated
stabilized welding quality for small assembly plates. Under the conditions of single plates with
different groove positions and gaps, when the gap was 4 mm, processing efficiency increased by 7.35%,
and processing time was reduced by 10.2%; when the gap was 5 mm, processing efficiency increased
by 10.7%, and processing time decreased by 7.39%. The welding formation rate for the overall
processing of single plate panels and web grooves increased by 11.48%, total material consumption
decreased by 13.4%, and unit material consumption decreased by 13.5%. For mass production of
small assembly plates of the same specifications, processing time was reduced by 16.7%, and there
was a 41.4% reduction in costs. The equipment effectively addresses the low level of automation and
heavy dependence on traditional manual processing in the shipbuilding industry, contributing to
cost reduction and efficiency improvement.

Keywords: rail-mounted automatic welding equipment; small assembly plates; robotic arm; mechanical
design; simulation analysis

1. Introduction

With the development of intelligent technology, the manufacturing industry has
entered a stage of deep integration of informatization, automation, and intelligence,
and international research and application of automation equipment have become more
widespread [1-6]. To address the issue of insufficient demographic dividends, the man-
ufacturing industry urgently needs to develop corresponding automation equipment to
achieve the ultimate goal of enhancing production performance and reducing labor costs
in the technical field. So far, due to the advent of diversified transformation in the manufac-
turing industry and the proposal of Industry 4.0, the processes of intelligent manufacturing,
industrial internet, and equipment customization have accelerated. Automatic welding
equipment with different functions and application scenarios designed through various
methods is being initially applied [7-11]. For example, applications include the design and
development of automatic welding equipment for pipe welding [12], intelligent handheld
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welding devices [13], the design of fixtures for automatic welding equipment [14], and
robots developed and applied for automatic welding of box girders and construction steel
structures [15].

Small assembly plates serve as fundamental component units in the shipbuilding
process. Their simple structure and high demand make them highly suitable for mass
production using rail-mounted welding robotic arms equipped with automated welding
technology. Traditionally, the processing of small assembly plates relies on manual welding,
which results in high labor costs, significant challenges in quality control, prolonged
welding cycles, and low production efficiency. This reflects the current state of plate
processing in shipyards both domestically and internationally. As labor shortages and the
aforementioned technical challenges accelerate the manufacturing industry’s transition
to “machine substitution,” the era of automated welding has arrived. The traditional
production model of one person per workstation will gradually shift to an automated
production model of one person overseeing an entire production line.

Compared to traditional methods, equipment equipped with welding robotic arms
offers faster welding speeds and higher weld seam quality. The use of automated pro-
gramming technology also allows operators to stay away from harsh production environ-
ments. Therefore, in the context of manufacturing process transformation, designing a
rail-mounted automatic welding device capable of multi-layer and multi-pass welding
serves as a pioneer for intelligent, large-scale, and continuous production of structural
components, possessing significant application value.

This equipment integrates mechanical design technology, simulation analysis technol-
ogy, welding technology, robotics, and automatic processing technology, enabling efficient
and precise welding operations. It is a key piece of equipment in intelligent manufacturing
both domestically and internationally [16]. By moving along a predetermined track and
carrying the necessary functional modules to weld workpieces, the device achieves stable
welding quality and production efficiency. However, there are currently few comprehensive
studies or available design and analysis schemes for rail-mounted automatic welding equip-
ment utilizing welding robotic arms. Completing the design and analysis of this equipment
can provide a theoretical foundation and important data support for subsequent research
and production work. The mechanical structure of the rail-mounted automatic welding
equipment designed and developed in this paper includes specialized fixing mechanisms,
installation and bearing mechanisms, quick-plug mechanisms, and moving mechanisms.
The finite element analysis of these mechanisms and equipment testing presented in the
following sections provide a basis for further practical applications.

The remainder of this paper is organized as follows. Section 2 introduces the me-
chanical structure design and analysis of the rail-mounted automatic welding equipment,
including its working system and operational logic. Section 3 describes the debugging
methods for the welding robotic arm and the simulation analysis methods. Section 4
presents the testing of the automatic welding equipment, the formulation of processing
strategies, and the analysis of working conditions. Section 5 conducts comparative ex-
periments between manual and automated multi-layer and multi-pass welding. Finally,
in Sections 6 and 7, we provide conclusions and prospects for the future development of
this equipment.

2. Design and Analysis of Rail-Mounted Automatic Welding Equipment
2.1. Mechanical Design of the Equipment’s Core Mechanisms

As shown in Figure 1, the rail-mounted automatic welding equipment is installed
above the working area of small assembly plates. The overall structure includes a rail and
base moving mechanism, a fixing mechanism, a quick-plug mechanism, and welding fix-
tures. The rail is connected to the small assembly work area through the fixing mechanism,
and the base can move along the rail. Simultaneously, the base is equipped with a robotic
arm and a wire feeder. This part of the design includes the quick-plug mechanism at the
end of the robotic arm and a protective mechanism for the visual sensors. The quick-plug
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mechanism serves as a connection between the welding torch and the robotic arm, while
the protective mechanism provides automatic opening and closing to protect the fragile
sensors, enabling the robotic arm to drive the welding torch for automatic welding. Due to
the robotic arm’s compact structure, small size, and flexible movements, the equipment can
perform various types of automated welding in the confined spaces of small assemblies.

Robotic arm
connecting seat  Robotic arm

Wire feeder

Fixed mechanism
Pedestal

Sensor
protection box

Laser sensor

Small assembly Welding gun

Quick-insert
mechanism

Figure 1. Overview of track equipment.

2.1.1. Mechanical Design of the Rail and Base

As shown in Figure 2, the track consists of two parallel assembled guide rails. These
guide rails are constructed from multiple profiled supports and single-flanged guide
rails, mechanically installed across the small assembly workpiece. The profiled supports
and vertical supports within the guide rails form a ladder-shaped structure, enhancing
the track’s stability and strength to prevent deviation or deformation. The motor shaft
drives the end gear to mesh with the rack and, in coordination with the rollers, moves the
base mechanism along the single-flanged guide rail. The rollers have a circumferential
groove along the axial direction that matches the edge of the single-flanged guide rail.
The two engage with each other, providing precise guidance for the base and reducing
frictional losses.
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Figure 2. Partial diagram of the track and base.
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2.1.2. Mechanical Design of the Fixing Mechanism

As shown in Figure 3, the fixing mechanism mainly comprises a rail clamp and a small
assembly clamp. The rail clamp adopts a vise structure, clamping both sides of the rail from
below. Support plates and clamps are fixed at both ends of the upper surface of the base
plate, and a clamping block is placed between the fixed seat and the support plate. The
guide slot of the fixed seat engages with the clamping block, serving a guiding function. An
adjusting screw rod provides clamping force to the rail. The small assembly clamp utilizes a
flat-jaw clamp structure to clamp the small assembly panel from the side. Consequently, the
two clamps work together to quickly install and secure the rail in the working environment.
Parallel guide rods and adjusting sliders are arranged beneath the base plate. The plane
facing the small assembly is equipped with slider connecting plates and threaded holes,
where the small assembly clamp is fixedly connected on top via screws. An adjustable
positioning handle is provided on the side of the adjusting slider. By adjusting the slider
and the base plate, the height of the rail can be adjusted.

Adjusting

screw
Fixed
support
Clamping
= /T)lock

Clamp

Track
Bearing holder

handle

Slider
connecting

Adjusting
slide

Figure 3. Schematic of fixing mechanism.

2.1.3. Mechanical Design of the Quick-Plug Mechanism and Welding Fixtures

The quick-plug mechanism includes connector components, as shown in Figure 4.
This mechanism enables rapid coupling between the welding torch and the robotic arm,
facilitating disassembly, transportation, maintenance, and replacement. A connecting base
that can be flange-mounted is installed at the end of the robotic arm. A vertical plate is
set at the terminal of the robotic arm to mount a welding torch clamp for holding the
welding torch. A visual sensor is installed inside a protective box on the connecting base.
Locking screws press and secure the welding torch clamp and the connecting base together.
The mating surfaces of the connecting base and the welding torch clamp are equipped
with axially parallel and corresponding conical male and female positioning pins. Bosses
and corresponding matching grooves are arranged on the surface of the vertical plate;
the locking screw holes and through-holes penetrate the bosses and grooves, respectively.
These features work together to enhance the reliability of the connection. Three conical
male positioning pins are arranged on the vertical plate, corresponding and matching
with threaded sleeves and female positioning pins within threaded holes. This ensures
the installation precision of the vertical plate and the welding torch clamp, improving
the control accuracy of the robotic arm over the welding torch. An opening and closing
cover is installed at the end of the protective box, controlled by a spring hinge and a micro
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telescopic cylinder. Its movement direction is aligned along the torque arm of the cover,
providing protection for the visual sensor.

| Laser sensor
| Connecting Verticall protective case

flange

Spring  Sensor

Connecting hinge cover

— —,—r — Welding

Welding gun /<
holder

Tapered positioning
female

Locking
screw hole

Micro telescopic
cylinder

Protruding

platform
Tapered Laser

positioning male sensor

Notches Locking
screw

Figure 4. Schematic diagram of quick-insert mechanism.

By organizing the composition and material selection of the mechanical structure [17],
the overall mechanical components involved in this equipment and the materials selected
in the design are shown in Table 1. The materials listed in the table are the actual materials
chosen for the mechanical structures.

Table 1. Equipment composition and material selection details.

Mechanism Parts Material
Rack, Vertical profile bracket, Single-edge guideway Aluminum alloy (6061-T6, 6063-T5)
Track mechanism Single section track sugport bracket, Track roller Bearing steels (Gcrl5)
ear Stainless steels
meg\fr?ism Pedestal, Robotic arm connector Aluminum alloy (7075-T6)

Quick-insert mechanism

Connecting base, Tapered positioning head (male,
female), Notches
Locking screw hole, Protruding platform, Welding gun Aluminum alloy (7075-T6, 6061-T6)
holder, Locking screw
Laser sensor protective case, Sensor cover

Spring hinge Stainless steels

Micro telescopic cylinder, Welding gun 45# Steel
Adjusting slide, Slider connecting plate, . x K
Clamping block, Small assembly holder Aluminum alloy (7075-T6, 6061-T6)

i ; Adjusting screw 45# Steel

Fixing mechanism Guide bar Bearing steels (Gcr15)
Adjustable setting handle Rigid plastic

Base plate, Bearing plate, Fixed support Carbon structural steel (Q235-A, Q235-B)

2.2. Static Analysis of the Equipment’s Core Mechanisms

To prevent deformation and damage caused by excessive loads on parts or mechanisms
during operation, this section conducts a static analysis of the aforementioned mechanical
design modules and the simplified mechanisms under eccentric loading [18]. Specifically,
the analysis involves defining boundary conditions for the model, designing load analysis,
material property analysis, structural performance analysis, and result analysis, while also
examining high-stress regions and the deformation of the overall model. The mechanism
dimension parameter analysis is presented in Table 2, where the parameters exclude the
dimensions of external components. Before performing the static analysis, the interaction
relationships between mechanical mechanisms and components are practically integrated
and organized, fully considering their contact types. This approach clarifies the types and
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methods of simulation analysis and enhances the close connection between theoretical

analysis and actual conditions. The specific details are provided in Table 3.

Table 2. Mechanism dimension parameter.

Serial Number Name of Organisation Length/mm Breadth/mm Height/mm Weight/kg
1 Railcat 430 310 30 6.668
2 Track section 500 256 72.7 4.1255
3 Robotic arm connecting seat 140 140 150 1.3059
4 Fixing mechanism 407 120 272 5.3895
5 Bias load simplification mechanism 779 430 243 10.3635

Table 3. Detailed analysis of the interactivity of mechanical mechanisms and components.

Serial Number

Interaction Objects

Types of Mutual
Contact

Types of Interaction

1 Track roller and pedestal Surface contact Support bearing
2 Wire feeder and track Surface contact Support bearing
3 Track roller and single section track support bracket Surface contact Support bearing
4 Track holder and track Surface contact Support bearing
5 Track roller and single-edge guideway Line contact Meshing drive
6 Adjustable setting handle and adjusting slide Point contact Fixed clamping
7 Clamp and track Surface contact Fixed clamping
8 Connecting flange and vertical plate Surface contact Fixed clamping
9 Small assembly holder and small assembly Surface contact Fixed clamping
10 Pedestal and robot arm connecting seat Surface contact Fixed clamping
11 Roboic arm and robot arm connecting seat Surface contact Fixed clamping
12 Guide bar and adjusting slide Surface contact Coupling locking
13 Locking screw and welding gun holder Point contact Coupling locking
14 Tapered positioning male and tapered positioning female Surface contact Coupling locking
15 Notches and protruding platform Surface contact Coupling locking
16 Laser sensor and laser sensor protective case Surface contact Coupling locking
The length, width, and height of the finite element model of the simplified eccentrically
loaded mechanism correspond to the Z, X, and Y axes of the Cartesian coordinate system,
respectively. For the finite element models of the other analysis mechanisms, the length,
width, and height also correspond to the Z, X, and Y axes of the Cartesian coordinate
system. The static data analysis is presented in Table 4. Fixed constraints with six degrees
of freedom are applied to each mechanism. The mesh is divided using tetrahedral solid
elements, with both their size and quality adopting global average values. In the following,
the actual performance conditions of the mechanical mechanisms are combined with the
simulation analysis module of ANSYS 2023 software to derive the corresponding reliability
limit values for the analyzed mechanism types. This provides a reliable reference for
engineering applications.
Table 4. Statics analysis data.
Serial Name of Mesh Mesh Number of  Number of Constrained Position
Number Organisation Size/mm  Quality Nodes Units
1 Railcart 5 0.7 286,768 177,938 Bottom roller
2 Track section 6 0.6 512,882 146,523 Bottom of guide
3 Robotic arm 5 0.8 56,847 35403  Install base underside
Connecting seat
4 Fixing mechanism 5 0.6 223,900 124,038 Back mounting hole
5 Bias load simplification mechanism 5 0.4 322,139 144,224 Railcart underside
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The finite element model and mesh division of the rail cart are shown in Figure 5.
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Figure 5. Rail cart grid division model diagram. (a) Finite element module division diagram. (b) Finite

element mesh division diagram.

The analysis diagrams of the rail cart are illustrated in Figure 6. A pressure of
0.1876 MPa is applied to the surface of the rail cart, as shown in Figure 6a. The deformation
of the rail cart is depicted in Figure 6b, where the maximum deformation of the model is
0.856 mm, occurring on the upper surface of the rail cart. The local and overall equivalent
stresses are shown in Figures 6¢ and 6d, respectively. The maximum equivalent stress is
352.83 Mpa, occurring on the rollers, reaching the yield strength of bearing steel GCr15,
which is 353 Mpa. In the simulation analysis for the application conditions or the actual
engineering application of the mechanism, if the stress on the rollers approaches their
maximum allowable range, the material can be replaced according to the corresponding
performance requirements and safety demands, retaining a certain safety margin in the
selection of material properties. According to safety regulations, it is necessary to prevent
deformation and damage of the mechanism caused by overload on the surface of the rail
car to avoid causing simultaneous damage to the equipment mounted on the rail car.

(b) Railcar deformation diagram

39204
T enoouin

(¢) Local isostatic effect diagram of railcar (d) Isoeffect diagram of the whole railcar

Figure 6. Rail cart analysis diagram.

Since the equipment is mounted on a track, the carrier vehicle must operate while
maintaining the stability of the modules installed above the vehicle without interference.
The following layout is therefore adopted: The mounting center of the robotic arm instal-
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lation base is aligned with the center of the upper surface of the track vehicle. The wire
feeder mounting center is offset 66 mm along the Z-axis relative to the base, forming an
asymmetric layout. This off-center arrangement prevents interference between the wire
feeder and the communication and power cables of the robotic arm during the operation
of the track-based equipment, ensuring greater flexibility in the movement posture of the
welding robot and providing sufficient workspace. A load shift analysis is conducted
below. To reduce computational errors from excessive workload, the model is simplified
for analysis, with the finite element mesh model shown in Figure 7.

1%
w24

.

Average 07

Figure 7. Rail cart grid division model diagram. (a) Finite element module division diagram. (b) Finite
element mesh division diagram.

At one end of the robotic arm mounting base, the load includes its own body, the
robotic arm, the welding torch module, and the vision module, totaling 21 kg. At the wire
feeder end, the load includes its body and the supporting rail section, totaling 20.3 kg. The
loads at both ends are directed vertically downward, and the distance from the robotic arm’s
center of mass to the center of the rail cart is 682 mm. Therefore, an eccentric concentrated
load is applied to the model; as shown in Figure 8a, corresponding normal pressures and
gravitational loads are applied to both ends. The deformation results of the robotic arm
mounting base are shown in Figure 8b; the maximum deformation is 0.23 mm, occurring at
its upper end surface. The overall equivalent stress is depicted in Figure 8c; the maximum
equivalent stress is 37.285 MPa, occurring at the junction between the robotic arm mounting
base and the rail cart. The maximum equivalent stress at the rail is 26.747 MPa. Both values
are much lower than the material’s yield strength of 353 MPa, satisfying the structural
strength requirements. The overall deformation of the simplified eccentric load mechanism
is shown in Figure 8d. Experimental results confirm that this arrangement is reasonable
and operates stably.

The finite element mesh model of the rail section is shown in Figure 9. The rail section
has a length of 500 mm and is made entirely of aluminum alloy.

As illustrated in Figure 10a, a downward vertical pressure of 9.756 MPa is applied to
the aluminum alloy rack of the rail section. The deformation diagram of the rail section
is shown in Figure 10b, where the model’s maximum deformation is 0.09 mm. The local
and overall equivalent stresses are presented in Figures 10c and 10d, respectively. The
maximum equivalent stress is 269.96 MPa, located at the guide rail position of the rail
section, reaching the yield strength of 270 MPa for 6063-T5 aluminum alloy. At this point,
the maximum equivalent stress for aluminum alloy 6061-T6 is 50.086 MPa, which does
not reach its yield strength of 275 MPa. In the simulation analysis for the application
conditions or the actual engineering application of the mechanism, if the stress on the
rails approaches their maximum allowable range, the material can be replaced according
to the corresponding performance requirements and safety demands, retaining a certain
safety margin in the selection of material properties. According to safety regulations, it is
necessary to prevent deformation or even fracture of the rails caused by overload on their
surface to avoid derailing or the equipment running off the track due to rail deformation or
uneven stress, which could affect equipment operation and processing.



Appl. Sci. 2024, 14, 10878

9 of 42

(c)Equivalence stress diagram (d) Overall deformation diagram
of the simplification mechanism of the Simplify mechanism

Figure 8. Simplified mechanism bias load analysis diagram.
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Figure 9. Track section grid division model diagram. (a) Finite element module division diagram.
(b) Finite element mesh division diagram.
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(c) Local isostatic effect diagram of track section (d) Isoeffect diagram of the whole track section
Figure 10. Track section analysis diagram.

The robotic arm mounting base is made entirely of aluminum alloy, and its finite
element mesh model is shown in Figure 11.
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Figure 11. Robotic arm connecting seat grid division model diagram. (a) Finite element module
division diagram. (b) Finite element mesh division diagram.

As illustrated in Figure 12a, a pressure of 2.62 MPa is applied to the back surface of the
robotic arm mounting base, directed perpendicularly outward. The deformation diagram
of the robotic arm mounting base is obtained, as shown in Figure 12b, where the model’s
maximum deformation is 1.509 mm. The local and overall equivalent stress diagrams are
presented in Figures 12c and 12d, respectively; the maximum equivalent stress is 506.8 MPa,
reaching the yield strength of 505 MPa for 7075-T6 aluminum alloy.

(a) Robot arm connecting seat (b) Robot arm connecting seat
model load constraint diagram

(¢c)Robot arm connecting seat (d)Isoeffect diagram of the whole
deformation diagram robot arm connecting seat

Figure 12. Robotic arm connecting seat analysis diagram.

The finite element mesh model of the fixing mechanism is shown in Figure 13.
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Figure 13. Fixing mechanism grid division model diagram. (a) Finite element module division
diagram. (b) Finite element mesh division diagram.

As shown in Figure 14a, a concentrated force of 39,053 N is applied to the surface of
the round rod of the fixing mechanism, directed vertically upward along the axial direction
of the rod. The deformation of the model and the ultimate friction load diagram within
the fixing mechanism are shown in Figure 14b, where the maximum deformation of the
connecting rod is 0.0093 mm. The overall equivalent stress diagram of the connecting rod
is presented in Figure 14c; the maximum equivalent stress is 505 MPa, occurring inside the
adjusting slider, reaching the yield strength of 505 MPa for its material, 7075-T6 aluminum
alloy. With the constraint conditions unchanged, an 8.81 MPa pressure is applied to the
upper and lower surfaces of the clamping block of the fixing mechanism in opposite
directions, as shown in the designed ultimate clamping force diagram in Figure 14d.
The deformation diagram and equivalent stress diagram of the vise base are shown in
Figures 14e and 14f, respectively. The maximum deformation of the vise base is 0.021 mm,
and the maximum equivalent stress is 205.98 MPa, occurring at the contact area between
the clamping block and the threads, reaching the yield strength of 205 MPa for its material,
6061-T6 aluminum alloy.

(a) Fixed mechanism linkage (b)Fixed mechanism linkage (c) Fixed mechanism linkage
load constraint diagram deformation diagram equivalent force diagram

&

«

(d)Fixed mechanism pliers (e) Fixed mechanism pliers (f)Fixed mechanism pliers
table load constraint diagram table deformation diagram table equivalent force diagram

Figure 14. Fixing mechanism analysis diagram.
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2.3. Operational Logic and Workflow of the Equipment
2.3.1. Operational Logic

The operational logic and workflow of the rail-mounted automatic welding equipment
include overall mechanical installation, power distribution and supply, load bearing, and
communication connections. The logical components of this operating system can be
understood in conjunction with Figure 15.

—_————— —— —_—_ Y — < =

Mechanical Installation Power supply and distribution Carrying and loading Communication protocols

Laser sensor Weldi H g
SEEN |Mot0r and reducer|4 )

7~

Welding power supply

shielding gas _ DeviceNet I——
i Robot: arm

Robot arm
:Bconnecting seat

p

»
g
»
»

electric control

cabinet Wire

feeder

Snqpoy

1

<

|
Carrier car J

master station(Server)

slave station(Client)

Figure 15. Overall working logic diagram of equipment.

The electric control cabinet supplies power to the welding machine and the main
station, which is a mobile control cabinet. The main station provides power to the motors
and servo drives, reducers, wire feeders, laser sensors, and the robotic arm body. The
software control adopts a client/server (C/S) architecture with modular implementation.
The slave station (client), namely the upper computer (HMI), connects wirelessly to the
main station to improve transmission efficiency and reduce unnecessary safety hazards
caused by cables. The upper computer achieves control over the welding machine, robotic
arm, laser sensor, and motor servo drives by invoking services and also handles overall
timing, algorithms, and strategies. The welding machine, laser sensor, and robotic arm
communicate with the main station using DeviceNet, ModbusTCP, and EtherCAT protocols,
respectively. The output and input ports of the motor servo drives are connected to the
motors and the main station, respectively; together with the main station and robotic
arm, they use the EtherCAT protocol, adding an external axis control system. The laser
sensor and welding torch are mounted on the robotic arm, which, along with the motor,
reducer, and wire feeder, is installed on the base of the rail cart. The carrier vehicle bears
the shielding gas, welding machine, electric control cabinet, and main station, with the type
of shielding gas selectable according to requirements.

2.3.2. Workflow

After the robotic arm is positioned at the origin, the upper computer controls the
robotic arm to perform scanning and welding. During scanning, the robotic arm adopts a
divide-and-conquer strategy: first obtaining the approximate outline of the entire fixture or
target, then performing detailed scanning based on the type of plate to be processed. The
upper computer conducts corresponding visual analysis of the entire fixture based on the
scanning results; the visual analysis system employs algorithms such as extremum strate-
gies, filtering, and cyclic verification. After processing, the upper computer statistically
summarizes and generates the welding paths and, in coordination with the correspond-
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ing welding processes, completes the actual welding of each path segment. The overall
operational equipment diagram is shown in Figure 16.

| Mobile controh

=
cabine EE. Welding Cable

electric con
cabinet

e I
| oo

elding power [}
supply

Figure 16. Overall operating equipment summary diagram.

The detailed workflow of the equipment is as follows: Before operation, the robotic
arm along with the external axis system can be set to manual, teach, or automatic modes. It
can also perform demonstrations using welding simulation or trajectory simulation. During
operation, the electric control cabinet remains powered on and is connected to the mobile
control cabinet. The mobile control cabinet is equipped with a main control board, 10
board, adapter board, laser module, switching power supply, network switch, power cables,
and data cables. The main control board, adapter board, and IO board are responsible for
receiving externally input discrete signals, analog signals, and digital signals. The network
switch connects the upper computer (HMI) to the adapter board; signals are transmitted to
the main control board via communication protocols, completing the overall information
transmission process. The equipment’s welding cables, communication cables, and sensors
adopt protective designs using auxiliary fixtures and protective covers. After welding, the
database can be updated and iterated according to different working condition types, and
new scanning strategies and welding processes can be formulated. In terms of technical
features, the working modes of the rail-mounted automatic welding equipment can be
divided into three types: upright installation, inverted installation, and side installation.
Due to the stability requirements of welding conditions and the need for specific welding
postures, this design adopts the upright installation arrangement. The specific type analysis
is shown in Table 5.

Table 5. Job type detail.

Working Method Applicable Scene Vantage Limitations
Installed above the track Specified range welding Stabilization Localised movement restricted
Installed under the track Automatic handling Wide operating range Load capacity limited

Installed on the side of the track Automated assembly ~ High working accuracy =~ Complex installation and maintenance
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3. Equipment Debugging and Simulation Analysis
3.1. Debugging of the Robotic Arm

Before commissioning, it must first be specified that the movement direction of the
external axis of the rail is the Z direction in the world coordinate system. The robotic
arm, wire feeder, tool flange, quick-plug mechanism, welding torch, and laser sensor are
installed onto the bearing mechanism. After the mechanical installation is completed, TCP
calibration and laser calibration of the robotic arm are performed. This study adopts the
hand-eye calibration method and recommends maintaining a unified calibration posture
reference before calibration to prevent precision issues and mechanical arm failures such
as lock-up. The starting point of calibration is the flange, which is the end part of the
robotic arm. The coordinate system relationships comply with the Cartesian right-hand
coordinate system rule shown in Figure 17. During calibration, the coordinate system
coincides with the earth coordinate system at the base of the robotic arm, placed at the
central position of the robotic arm base, and has the same orientation as the robotic arm’s
world coordinate system.

-Base coordinate system - Tool coordinate system
-Camera coordinate system -Calibration object coordinate system

| —>+U

\ g +C
————> z

Cartesian right-handed
coordinate system rule

Figure 17. Relative diagram of the coordinate system for the calibration process.

The upper computer processes the hand-eye coordinate system relationship through
calibration algorithms and the internal and external parameter matrices of the laser sensor.
It converts the relative relationship between the origin of the robotic arm’s Cartesian
coordinate system relative to the robotic arm flange into the relative spatial relationship
between the origin of the robotic arm base’s Cartesian coordinate system and the sensor’s
laser scanning point, as shown in Figure 17. The calibration process requires completing
the transformations among the four coordinate systems B, T, C, and CL to obtain the
coordinate conversion relationships between two-dimensional pixel coordinates and the
spatial coordinate system. The visual recognition results are transferred to the robotic
arm’s coordinate system, thereby achieving precise robotic arm motion control and visual
guidance. In Figure 17, {B} represents the robotic arm base coordinate system, {T} represents
the laser sensor coordinate system, {C} represents the laser sensor coordinate system, and
{Cl} represents the calibration object coordinate system.
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For the coordinates of the same point p in any two Cartesian coordinate systems {M}
and {My} in three-dimensional space, the transformation matrix (1) is a 4 x 4 matrix, which
can be represented as the combination H of rotation R and translation T.

rip ri 3 fx

R T rp1 Top I3
H= = y 1
{0 J r3; I3 I3z iy M)
0 0 0 1

In the Equation (1), the submatrix composed of R represents the rotation matrix,
and T(tx, ty, tz) represents the translation vector. The coordinates of point p in {M;},
(x1,y1,21) are transformed into homogeneous coordinates (x2 , 2 ,2z2,1), thereby obtain-
ing the coordinates of point p in {Mz}, (x2 ,y2 ,22).

X2 r1 ri2 3 ix| (X1
V2| _ |r1 12 13 by b1 @)
Z2 r31 tap 133 tz| (21

1 0 0 0 1 1

The following coordinate system transformation relationships are expressed as Eu-
clidean transformation matrices: BHCI represents the transformation from the base co-
ordinate system {B} to the calibration object coordinate system {Cl}. CHT represents the
transformation from the laser sensor coordinate system {C} to the TCP coordinate system
{T}. This is the “eye-in-hand” relationship; regardless of how many movements occur, the
positional relationship between the robotic arm base and the calibration board remains
unchanged, and the positional relationship between the laser sensor and the TCP remains
unchanged—that is, BHCI and CHT are constants. CHCl represents the transformation
from the laser sensor coordinate system {C} to the calibration object coordinate system
{Cl}, obtained through laser sensor calibration. BHT represents the transformation from
the base coordinate system {B} to the TCP coordinate system {T}, derived from the robotic
arm calibration system. When the robotic arm moves from position 1 to position 2, the
following transformation relationships hold:

{B} = BHT, - {T}, 3)
{1}, =CcHT'-{C}, 4)
{C}, = CHCI, - {CI} 5)

Based on Equations (3)—(5), we obtain (6):
{B} = BHT; -CHT . CHCI; - {CI} (6)
Similarly, after the robotic arm moves to position 2, we obtain (7):
{B} = BHT, - CHT - CHCl, - {Cl} )
Combining and rearranging Equations (6) and (7), we derive (8):
BHT,'-BHT,-CHT ' = CHT ' CHCl, - CHCI;'! (8)
If welet X = CHT !, A= BHT, ! - BHT;, B = CHCl, - CHCI;!, we deduce (9):
A-X=X-B )

To solve the problem in the form of Equation (9), we first need to complete the
transformation from the base coordinate system to the TCP coordinate system. The rotation
matrix is calculated based on the angles of the robotic arm. This paper adopts a specific
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ZYX Euler angle rotation matrix form to solve BHT. The rotation matrices of the three
angles are as shown in Equation (10), where a, b, and c correspond to the (yaw), (pitch),
and (roll) angles in the ZYX Euler angles.

1 0 0

Ry(a)= |0 cosa —sina
|0 sina cosa |
[ cosb 0 sinb]|

R)=| 0 1 0 (10)
|—sinb 0 cosb]|
[cosc —sinc 0

R;(c) = |sinc cosc O
L0 0 1

Following the sequence of ZYX Euler angles to complete the rotations, multiplying
the three matrices yields (11), which expands into (12):

R = Rx(a)Ry(b)Rz(c) (11)
cosbcosc —cosasinc-+sinasinbcosc  sinasinc + cosasinb cosc
R = |cosbsinc cosacosc+sinasinbsinc —sinacosb + cosasinbsinc (12)
—sinb sinacosb cosacosb

A schematic diagram of the ZYX Euler angle rotation is shown in Figure 18.

z
N z
5
4} , y
Y TE_ » N
= P
: g L /
X Z < Y
Primary coordinate system Frist rotation oy —__)
Y \
_r \
- of
Second rotation Third rotation Euler angular coordinate system

Figure 18. Schematic of Euler angle rotation.

The homogeneous matrix BHT 7 is calculated based on R:

-1
t()x ttx Tx
R to t T,
T — Yy |l = |Y 13
toz e, Tz ( )
0 0 0 1 1 1

In Equation (13), (tox , toy, to.) are the origin of the base coordinate system, (ttx , tty, tt;)
are the origin of the TCP, and (T , Ty, T) record the values of T, denoted as BHT — T, which
will be used for the calculation of the orthogonal vectors of {C}. In the actual calibration,
the eight-point calibration method shown in Figure 19 is adopted for the TCP. These eight
points are non-colinear and uniformly distributed within the working space of the robotic
arm. The calibration postures need to be manually set, leaving a margin under rotational
limit conditions to prevent the robotic arm from locking up or generating singularities.
Under the world coordinate system, the robotic arm is operated to sequentially collect and
record the position and posture information of the TCP relative to the calibration object.
This calibration algorithm uses the J5 axis as the main control axis. In Figure 19a, the TCP
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of the robotic arm needs to be perpendicular to the calibration object when taking points.
In Figure 19b-h, A and B represent the rotational directions around the X and Y axes in the
robotic arm’s world coordinate system, and the new posture changes are made as large as
possible compared to the previous ones. After point acquisition is completed, calculate the
errors. Once they are within the allowable range, operate the robotic arm under the world
coordinate system to make its TCP perpendicular to the calibration object and rotate the
robotic arm around the A, B, and C axes to check the degree of alignment. Upon passing
the verification, the TCP calibration is completed. The smaller the calibration error, the
higher the working efficiency and precision of the robotic arm, except when there are errors
in the robotic arm itself.

(e) J5<<0, —A (FJI5>0 (g)JI5=>0,+A (h)J5>0, A

Figure 19. Robotic arm TCP eight-point calibration diagram.

In automatic welding technology, visual sensors are an important component driving
the development of intelligent welding [19]. As the “eyes” of robotic arms, visual sensors
are also a necessary means of assisting operations [20,21]. Next, we will complete the
solution and calibration of the transformation relationship of the laser sensor to achieve
precise perception of position and orientation, ensuring the accuracy and stability of
scanning recognition. First, we introduce the laser sensor model and use its intrinsic and
extrinsic parameter matrices for solving. Both map points from the 3D world to the 2D
image plane, i.e., conversion between dimensions. The intrinsic parameters [P, related to
the internal characteristics of the laser sensor, can be represented as follows (14):

f 0 x
IP= [0 f yo (14)
00 1

The extrinsic parameters describe the position and orientation of the laser sensor in
the world coordinate system, allowing for the transformation from world coordinates
to laser sensor coordinates. That is, the extrinsic parameters are EP = H. Based on the
derivation of the relationship between intrinsic and extrinsic parameters, after performing
homogenization operations on the point p( , vg) from the 2D image plane and its spatial
coordinates p(xo , Yo ,z0), we obtain the model of the laser sensor, represented as (15).

Ug X0 ug F 0 x M 2 s x| |Xo

t
Ol=mpep- | or 2|2 = {0 £ yo|.|" ™2 ™ by |%| g5
Vo Z Vo 00 1 r31 T3 133 tz| |20
1

1 1 0O 0 0 1 1

A
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Ry = M+

In (15), A refers to degrees of freedom. During the process of moving from 3D space
(laser sensor coordinates) to 2D space (captured image coordinates), one degree of freedom
is reduced, particularly depth. The intrinsic parameters focal length (A) and principal point
co(x0,yo) are provided by the laser sensor. Subsequently, combining the above matrices
to solve for the extrinsic parameters, this paper obtains CHT by utilizing the projection
information of five different calibration points. The calibration transformation relationship
is shown in Figure 20.

@ @p,
@ Based. "
P. coordinate
@ ‘P3 o 400 ° system
o
Calibration Po ° P, ®
object f‘ @ (B}

coordinate
system

Laser
sensor
coordinate
system

<
N

)

Figure 20. Calibration conversion relationship diagram.

Using the laser five-point calibration method, a calibration starting center point u, v,
and four calibration points at different positions with coordinates u;, v; on the target plane
are selected, along with the pose parameters of the base coordinate system, with coordinates
(xi,yi,z;) and angles (a; ,b; ,c;), wherei = 1,2,3,4,5. Then the offset matrix M is prepared.

up 01 1
Uy 0p 1
M = uz 03 1 (16)
Uy 0y 1
Us Us 1

Calculation of BHT — T is performed five times according to Equation (13) to obtain
Ti(Tix Ty, T;.). Based on M and T, the rotation and translation information is extracted
from their product. Then, according to the required orthogonality, the three orthogonal

vectors are computed (17).

Tl,x _Tl,y Tl,z
T 1 Toy 121 Ty, 131
Tax| = 113 Ry=M*' Tz, | = |r23 R3=M*" T3, | = |r33 17
T4,x Xy T4,y Yr T4,z Zr (17)
Ts,x L T5,y Ts,
Mt = MM MmT
11| 13 11 13 12
Vi= |ra| Va= |r3| Vo= |ra| X |r3| = |12 (18)
731 | 33 r31 733 723

In (17), M represents the pseudoinverse (Moore-Penrose inverse) of M. Based on the
properties of rotation matrices, we determine that the cross products of the row vectors
conform to the right-hand rule, thereby obtaining the relationships among V1, V2, and V3
in (18). Through precise calculations using five calibration points, we derive the optimal
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approximate solution. In (19), ri]'(i, j=1,2,3) and x,y,z, are variables used to record the
results. Subsequently, the variables are normalized.

R rij

1’1']‘ = —
3

2

1/ Y ri]‘
i=1

The calibration result matrix X is constructed, which is the required CH T-1.

(j=1,23) (19)

1tz M3 by

X= |2 2 sl (20)
31 132 133t
0 0 0 1

For any measurement point P with coordinates p(ug, vg), it is homogenized to obtain
Equation (21).

Z00] X0

_ 1, 0] _ (v
psy=BHT - CHT ':p=R-X- I (21)

1 1

The sensor performs repeated emission scanning of laser beams, calculates the time
difference and angles of the round trip, and integrates the data to form a more comprehen-
sive two-dimensional data image. Using Equation (21), any two-dimensional coordinate
p(up ,vp) can be converted into a three-dimensional coordinate p(xg , yo , zo), facilitating
further point cloud construction.

In practical operation, the calibration object is placed under the robotic arm’s world
coordinate system within the working conditions. A central point and marking points in
the four quadrants at different positions within the sensor’s visual range are specified and
extracted. As shown in Figure 21a, when adjusting the central point, the laser locator is
activated to initiate origin position calibration. The laser beam is superimposed with the
positioning beam along the Z and Y axes to obtain the central positioning point. When
selecting the four quadrant marking points, refer to the visual range in Figure 21b. The
sensor’s field of view divisions and values are as follows: AB is the sensor’s blind zone,
BC is the sensor’s positive range, CD is the sensor’s negative range, BD is the sensor’s
effective range, C is the sensor’s zero point, W1 is the near measurement end, and W is the
far measurement end. All dimensions are in millimeters (mm).

4444

Figure 21. Vision sensor calibration diagram. (a) Laser origin positioning calibration diagram.
(b) Laser field distance dimensions.
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During the process of selecting calibration point data, the four quadrant points should
be chosen at optimal distances within the Z/Y axis data intervals specified by the laser’s
visual range. Based on the above processing rules, the calibration object is sequentially
scanned at the four marking points. The calibration results are then subjected to precision
estimation and comprehensive evaluation, and the data are recorded. The calibration result
is shown in Figure 22.

- 3 R
) . B =

(a)First quadrant (b)Second quadrant

[}

e
[}
-

dlx I i

(¢)Third quadrant (d)Fourth quadrant

Figure 22. Calibration result graph.

3.2. Simulation Analysis of the Robotic Arm
3.2.1. Kinematic Analysis of the Robotic Arm

This six-degree-of-freedom robotic arm satisfies the Pieper criterion; this configuration
has a closed-form solution. The main components of this robotic arm include the base,
the upper and lower arms, the degrees-of-freedom joint modules (J1-J6), the tool flange,
and communication and power cables. Each joint axis of the robotic arm is equipped with
an independent servo motor and encoder, as shown in Figure 23, which illustrates the
structural composition of the robotic arm body.

End flange

——————

Joint module

[ ey
/‘_}\V (5,6-axis)
Upper arm <

Q‘\» ‘Joint module
' > (Bd-axis)
4

Lower arm

Joint module
(1,2-axis)

Robotic arm

base Communication cables

and power cables

(|
Figure 23. Structural diagram of the robotic arm body.

The kinematic model of the robotic arm is established using the standard D-H mod-
eling method (standard Denavit-Hartenberg) [22]. The D-H parameters of this six-axis
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welding robotic arm are shown in Table 6, and the coordinate system model established is
depicted in Figure 24.

Table 6. Six-axis welding robotic arm D-H parameters.

Connecting Rod Torsional Angle Connecting Rod Length Articular Angle Offset Distance Range of Joint Variables
i o;l° a;/mm 0;/° d;/mm il°
1 90 0 61(0°) 192.5 —360°~360°
2 0 266 62(90°) 0 —135°~135°
3 90 0 65(90°) 0 —150°~150°
4 —90 0 604(0°) 324 —360°~360°
5 90 0 05(0°) 0 —147°~147°
6 0 0 06(0°) 156.5 —360°~360°
Y1 T Lz b
r '! Y3 X3
—— — — — —
Zi | Xl“ y A X2
| | Z3
|
| di | |da
Zo : l
' |
0 Xo | Z4) - Xa Ys Xs
S 4 y yan
ds
|
I v
LT““}/() X
Zs

Figure 24. D-H coordinate system model diagram.

This experiment employs both analytical and iterative methods for analysis and
solution. The analytical method combines algebraic and geometric approaches. The overall
process of kinematic analysis is illustrated in Figure 25.

@reating the D-H model-Robot CD

¥ 2
Forward Inverse
kinematics Kkinematics
solution solution
C ' te th v
ompute the Iterative versus
homogeneous .
- . analytical
transformation .
2 solution
mafrlx

Solve the end
pose matrix

Robotgc arm
position and
attitude
vel’ifi?ation

¥

Gel‘ification of model co 1‘rectne59

Figure 25. Kinematic analysis flow chart.
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The forward kinematics equations express the transformation process between the
base coordinate system at the origin of the robotic arm and the end-effector coordinate
system using matrix T;

i=1T = Rot(z,0;) x Trans(z,d;) x Trans(x,a;) x Rot(x,a;) (22)

By expanding Equation (22), we obtain (23):

cost; —sinf;cosx; —sinf;cosa; a;cosb;
17 _ sinf; cos Qi cosw; —cosf;sing; a;sinb; (23)
: 0 sin &; COS i; d;
0 0 0 1
The homogeneous transformation matrix is shown in (24):
[ C1 0 Sl 0 [ C2 —Sz 0 a2C2
OT _ 51 0 —C1 0 1T _ 52 Cz 0 61252
1 0 10 dq 2 0 o0 1 0
L0 0 0 1 L0 0 01
[ C3 0 S3 0 [ C4 O -S4 0
S3 0 —C; O Sy 0 C 0
27 _ 3 3 37 _ 4 4
3T = 0 10 0 al = 0O -1 0 dy (24)
L0 0 0 1 | 10 0 0 1
[ Cs 0 Ss 0 [ C¢ —S¢ 0 O
4T _ Ss 0 -Cs 0 57 — S¢ Cs 00
5 0 10 0 6 0 -1 0 dg
L0 0 0 1 | L0 0 01

By sequentially multiplying the homogeneous transformation matrices, we obtain the
following end-effector pose matrix (25):

Ny Ox dx Px

0p _ 0 17 .27 37 47 57 _ |y Oy Ay Py
61 =11 -T-3T 4T 5T -¢T ne 0 ar p (25)
O 0 0 1

In Equation (22), Rot(z, 6;) and Rot(x, «;) represent the transformation matrices for
rotations about the Z and X axes by certain joint angles, respectively. Trans(z,d;) and
Trans(x, a;) represent the transformation matrices for translations along the Z and X axes
by certain distances, respectively. In Equation (25), px, py, and p; are spatial vectors that
indicate the position of the robotic arm along the X, Y, and Z axes in space, forming spatial
coordinate points. By expanding and solving the above analytical equations, we obtain the
unique solution (26):

-1 0 0 O
0 -10 0

0

oT=10 o0 1 93 (26)
0 0 0 1

To solve the inverse kinematics, the method of separating variables is employed.
Both sides of the equation are multiplied by the inverses of the corresponding matrices to
compute the solutions. The solved joint angles 8; — 8¢ are (30°, 30°, 45°, 45°, 60°, 60°), and
the solutions are shown in Table 7.
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Table 7. Inverse kinematics solution details.

Serial Number 01/° 0,/° 03/° 04/° 05/° 0¢/°
1 30 30 45 45 60 60
2 30 —60 —45 —135 —60 —120
3 30 —109.6 45 76.84 38.96 13.29
4 30 —109.6 45 —103.16 —38.96 —166.7
5 —150 —250.3 —45 76.84 —38.96 —166.7
6 —150 —250.3 —45 —103.16 —38.96 13.29
7 —150 60 45 45 —60 —120
8 —150 60 45 —135 60 60

Discarding inaccurate solutions, we select the optimal solution that best fits the robotic
arm’s pose, which is the first set of solutions.

Another method for obtaining the inverse solution is the Newton-Raphson iterative
method. First, we establish the nonlinear kinematic equations as shown in (27):

F(x) = f(x) = P4 =0 (27)

In Equation (27), f(x) represents the forward kinematics of the robotic arm, and P
represents the desired pose of the end effector. Let r be the root of F(x) = 0, and x is
chosen as the initial approximation of r. By drawing the tangent line L to the curve y = f(x)
at the point (xg, f(xg)), which intersects the x-axis, we obtain the tangent Equation (28):

y = f(xo) + f'(x0)(x — x0) (28)

The intersection point x; with the x-axis is calculated, and then subsequent intersection
points are iteratively found until the value approaches zero. The iterative formula for the
k-th iteration is given by the following Equation (29):

F(xy)
Xk+1 = Xk — F/(xk)

(29)

In Equation (29), F’(xy) represents the Jacobian matrix of the equation. In MATLAB
2022a, the maximum number of iteration steps and the error threshold are defined, and
the current joint angles are set as the initial iteration angles to obtain a nonlinear twelve-
dimensional error equation set. Running the iteration of Equation (29) computes the
next joint angles and updates the nonlinear equations; the while loop exits when the
maximum number of iterations is reached. The transformed Equation (25) is expressed as
Equation (30):

07 — Olp2 73 45T — 6R gP
6_23456_(0 1) (30)

In Equation (30), R, and JP represent the rotational component and positional compo-
nent of the robotic arm’s end-effector pose relative to the base, respectively. They are used
to construct twelve-dimensional nonlinear equations of forward kinematics. The Jacobian
matrix is constructed as shown in Equation (31):

[opx  Opx .. Opx]
56, 36, 50,
opy  dpy . by
56, 36, 50,
00 00 00
Jaco=\sn o1 . on (31)
56, 36, 20,
L 061 60, 60
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The above method uses the Newton iterative formula to solve the inverse kinematics
of the robotic arm; alternatively, it can be solved using the SVD method, which is a
computational method for finding the pseudoinverse of a non-square matrix, as shown in
Equation (32):

T
de = [de/ Pyd, Pzd/ (rlr 12,73,74,75,76,77,78, r9)d]
_ T (32)
fen,l - [Pxn,lr Pyu_1/Pzy_1/ (rll 12,13,V4,75,76,77,78, r9)n7]}
0n = 0,1+ SVD(Jaco(0,-1))(fo, — fo, ,)

After the kinematic solution of the robotic arm is completed, MATLAB Robotics
Toolbox 10.4 is used to verify the robotic arm’s postures. Four sets of experimental
postures are selected. The joint variable values are [pi/4, pi/4,pi/3,pi/3,pi/6,pi/6],
(pi/2,pi/4,pi/2,pi/4,pi/3,pi/3],[0,pi/2,pi/6,0,pi/2,pi/6]. The corresponding forward
kinematic end-effector pose matrices T1, T2, T3, T4 and the inverse kinematic solutions
with corresponding joint angle values and pose matrices Ta, Tb, Tc, Td are obtained as
shown below, where the fourth set of posture is the DH model diagram of the initial posture
when the rail-mounted robotic arm starts, as seen in Figure 26.
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Figure 26. Robotic arm attitude verification diagram.

At this point, the calculation of experimental data within the effective variable ranges
of joint angles for four sets of six-axis welding robotic arms has been completed. The
output corresponding postures and joint angles have been verified, further confirming the
correctness of the model and calculations, providing support for subsequent simulation
work [23].
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3.2.2. Trajectory Planning of the Robotic Arm

Many scholars at home and abroad have proposed path planning methods [24] and
trajectory optimization methods [25] for welding robotic arms, but comparative analyses
are rare. This experiment conducts comparative analyses of unoptimized trajectories,
uniform speed processing, cubic interpolation, and quintic interpolation trajectory planning
algorithms, applying constraints on the joint axis velocities and accelerations of the robotic
arm during the planning process. The specific flowchart is shown in Figure 27.

F— Generate
Enter space point i straight lines,
o g o constraints on [~
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Whether the
conditions for the
use of the robot
arm are met

Output motion
parameter curve

—~—

analysis comparative ad justment

End of flowchart

The simulation time is 2 s, with initial and terminal angular velocities of 0. The
starting point is (—200, 200, —50), the guiding point is (—150, 100, —100), and the terminal
point is (=200, —50, 75). The number of sampling points is 50. The initial joint radian
values are (2.3171, 2.3171, 2.4888, —1.6219, —2.2184, 0), and the terminal joint radian values
are (—0.2202, —0.2202, 2.0665, —0.1613, 2.7961, 0). The expressions for cubic and quintic
polynomial interpolation functions are shown in Equations (34) and (36):

Figure 27. Trajectory planning flow chart.

Q(t) :a0+a1(t_t0) +a2(t_t0>2+ﬂ3(t—t0)3 (34)

Equation (35) is the calculation formula for the four constant parameters in the cubic
interpolation polynomial:

a| = vg, a3 = %[—Zh + (Ul + U())T]

{ ag = qo,ay = %[3]1 - ("01 +200)T] (35)

0 = 0+ a1(t — to) + ax(t — to)* + az(t — to)® + ag(t — to)* + as(t — to)° (36)
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Equation (37) is the calculation formula for the six constant parameters in the quintic
interpolation polynomial:

ag = 6,43 = 573 [20h — (801 + 1200) T — (3ap — a1) T?]

a1 = 0,4y = 5[—30h + (1401 + 1609) T — (3ag — 2a1) T?] (37)

ap, = %ao,ﬂ5 = #[12]’1 —6(v1 +v9)T + (a1 — {lo)Tz}

In Equations (35) and (37), vy represents the initial joint velocity, v is the final joint
velocity, ag is the initial joint acceleration, a; is the final joint acceleration, T = t; — to,
h = g1 — 6p, Oy is the initial joint angle, and g; is the final joint angle. After running
the analysis and comparison, the trajectory planning effects are contrasted as shown in
Figure 28.
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Figure 28. Comparative analysis chart for trajectory planning.

Completing this comparative analysis study can provide practical assistance for the
formulation of subsequent processing strategies. As seen from Figure 28, cubic interpola-
tion achieves smooth operation of the joint axes, while quintic interpolation yields even
better results. In the future, multi-robot-arm cooperative trajectory planning and obstacle
avoidance can be developed to further enhance the automation and intelligence levels of
welding robotic arms [26].

3.2.3. Workspace Analysis of the Robotic Arm

In this section, the Monte Carlo method is used to calculate the robotic arm’s global
workspace and the constrained workspace analysis that fits the actual working conditions
and processing requirements, respectively. The specific workflow is shown in Figure 29.
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Figure 29. Workspace solution analysis diagram.

First, the spatial position vector of the end effector is obtained from the forward
kinematics equations, and the position vector (38) is derived from the end pose matrix in
Equation (30).

Px D3(S5(5154 + C4(C1Cp3)) + C5(C1S23) + D2(C1S23) — AC1Co
p=|pry| = D25153(Ca + C4(Ca3)) — C551(5:3)) — A2C251 (38)
Pz Dy — D3(C5C3) — C4S5(S23) — D2Coz — AsSy

The number of sample points is set to N = 5000. In the MATLAB environment, the
Rand function is used to define uniform random numbers in (0, 1), generating random step
sizes L:

L = (g™ — g") x Rand(N,1) (39)
The random variable is (40):
g = q"" 4 (q;””x — q?””) X Rand(N,1) (40)

max

In Equation (40), 7 and ¢!"" represent the maximum and minimum rotation limits
of joint i of the robotic arm, respectively, where i = 1 ~ 6. The iterative execution steps are
repeated according to the number of samples until the maximum number of random sam-
ples is reached. MATLAB outputs the point cloud diagram of the robotic arm’s workspace
based on the collected points. Figure 30a is the DH model of the initial working posture of
the robotic arm; in Figure 30b, the coordinate system is the reference coordinate system,
and the center point of the robotic arm base is the origin coordinate system. Figure 30c,d

are the robotic arm welding posture diagrams.
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Figure 30. Working condition and robotic arm posture information diagram.

The global experimental parameters for the robotic arm workspace analysis and
the experimental parameters for the constrained welding postures within the working
conditions are shown in Tables 8 and 9, respectively. The dimensions of the workspace point
clouds for both are listed in Table 10. The output two-dimensional and three-dimensional
point cloud views are shown in Figure 31.

Table 8. Global experimental parameters of robotic arm.

Serial Number Experimental Information Unit/(mm)
1 Working arm span (Robotic arm) 590 mm
2 Erection height (Track) 540 mm
3 Erection length (Track) 2030 mm
4 Welding posture (panel) (0°,22.14°,114°, —180°, —71.1°, 58.26°)
5 Welding position (panel) (—185.77, —54.39, 535.38, 86.18, 77.88, —85.64, U(316.43))
6 Welding posture (vertical plate) (—156°, —78.1°,42.8°, —257.7°, —98.4°, —148.4°)
7 Welding position (vertical plate) (—440.76, 299.82, 582.54, 20.14, 128.22, 106.42, U(—96.96))

Table 9. Experimental parameters of the confined robotic arm welding attitude.

Serial Number Working Position Position and Attitude Information (World Coordinates)
1 Robotic arm base position (540, —425, 675)
Initial working position —712.22. —81.86, 370.22
2 . ~ . o __ e} o _ o o no elalny .00, v
and attitude J1 ~J6;(0°,—120°120% —180°,90°,0°%) <—123.o3, 1123, 29.8,U(—93.69)>
o\ . . —187.82, -52.18, 536.091
Initial coordinate: (85.17, 77.78, —84.21, U(314.69))
. 0°,—121.1°, 113.5°,
3 Panel Initial posture: J1 ~ J6; (—1800, —70.7°, -300.2° )

—185, 45.05,538.1, 85.18
,80.95, —84.47,U(314.69)

Termination coordinate: (
20°,—-126°,114°, )

Discontinuance posture: J1 ~ J6; (—161.50, —71.15°, —295.85°




Appl. Sci. 2024, 14, 10878

29 of 42
Table 9. Cont.
Serial Number Working Position Position and Attitude Information (World Coordinates)
Initial coordinate: —520.04, 408.88, 548.67,
" \9.77, 64.46, —83.27,U(—96.95)
-, —172.6°,-91.8°, -77.1°
Initial posture: J1 ~ J6; ( d ¢ '>
4 Vertical plate —273.7°,-75°,44.5°
Termination coordinate: —191.72, 399.52, 535.9,
"\ —2.64,68.1, —63.66, U(—96.95)
. . 121.58°, —80.86°,116.47°,
Discontinuance posture: J1 ~ J6; (7239.830, _54.49°, 7109'53())
Table 10. Point cloud data in the workspace.
Analysis Type Position Articular Angle: i(;.¢) Orientations Point Cloud(niinzs: Min~Max:
. on on o X-axis —896.48~458.34
global analysis panel .11(_120~159 112(_130~_%0 ) i3(60~120 2) Y-axis —735.09~739.48
i4(~360~360°) i5(—130~150°) i5(—230~360°) 7-ois ORI a8
. o oy : o X-axis —730.31~134.75
global analysis vertical plate . i(~170~110 ) 12(7135N7§0 ) 13(5~90%) Y-axis —615.09~620.32
i4(—270~—105°) i5(—150~—75°) ig(—285~—65°) 7 s 0> 6604 16
locality confined ) i1(0~20°) ip(—126~—115°) i3(106~114°) Xads —47781~—432.33
. pane . D 43 o -axis 46.72~65.53
analysis i4(—180~—161°) i5(—71~—68°) ig(—300~—290°) 7-axis 97.93-216.65
. - . on o o X-axis —676.08~—486.34
locality confined a1 plate i1(Z174~~120°) ip(-92~—75°) i3(73~117°) Y-axis 394,99~ 43.88
analysis ig(—275~—238°) i5(—75~—54°) ig(—110~113°) 7-axis _339.70~121.07

Figure 31. Work space point cloud data map.

Through the analysis of experimental results, it can be seen that this scheme can
completely cover the welding parts required for this working condition.

4. Equipment Operation Testing and Visual Scanning Simulation
4.1. Analysis of Small Assembly Working Conditions

The material of the small assembly working condition is Q235-B steel, with length
units in millimeters. The length and width of the bottom plate of the small assembly are
both 1800 mm. The assembly, from left to right, has bottom edge lengths of 1200 mm,
1350 mm, and 1350 mm. The thicknesses of the panel, web, and bottom plate are all 13 mm.
The height of the web is 360 mm, and the width of the panel is 100 mm. The distances
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between the assembly plates are 720 mm and 960 mm, respectively. The lug thickness is
13 mm, the chamfer is 20 mm, the empty ring radius is 40 mm, the length is 130 mm, and
the width is 120 mm. Height 1 is 176.5 mm, which is the distance from the bottom surface
of the lug to the upper surface of the bottom plate. Height 2 is 147.5 mm, which is the
distance from the upper edge of the lug to the lower surface of the panel. The width of the
web ceramic gasket is 30 mm, and the length is 360 mm. The panel ceramic gasket has a
length of 360 mm and a width of 30 mm. Specific details are shown in Figure 32.

Panel thickness !
13mm

Figure 32. Small assembly plates working conditions.

4.2. Analysis of Groove Working Conditions

This section plans and analyzes the processing of the V-shaped butt groove of this
plate. The specific groove sectional view and simulation diagram are shown in Figure 33a,b.

s Line 1 s Line 2 s Line 3 s Line 4
©Bevel contour poinl.Apical center point OBottom center point(_) Physical center point

Pia) Li PZ(Al ___________ I;' P3a) Li p, B)

(a)Panel bevel structure drawing (b)Panel bevel dimension drawing

RO IALLIT)

(c)Web bevel structure drawing (d)Web bevel dimension drawing

Figure 33. Cutaway view of plate butt bevel.

In Figure 33a, Py, Py, and P, are the vertex of the center line of the plate groove, the
midpoint of the division, and the bottom endpoint, respectively. P1-P4 are the endpoints
of each plane; P(A) and P(B) are the left and right endpoints of the corresponding slope
line segments. L1, L2, L3, and L4 are the sectional widths of planes 1 to 4; « is the angle
of the butt groove; w is the distance range value between the left and right edge points
at the bottom end of the groove; T is the overall thickness of the groove; the dashed line
represents the division line between the butt groove and the ceramic backing. The groove
parameters of the panel and web are shown in Table 11.

Welding is performed in the plane where L1 is located at the midline distance between
L2 and L3. Both the panel and the web adopt multi-layer and multi-pass welding. The
welding procedures include root welding, fill welding, and cap welding. The panel’s
welding preparation process consists of five layers and seven passes, while the web’s
welding preparation process consists of three layers and five passes. The welding method
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uses FCAW-GA, and CO; is employed as the shielding gas. The start and end welding
positions are set with run-on and run-off plates according to processing requirements.

Table 11. Plate butt bevel parameters.

Serial Number Symbols Numerical Values (Panel) Numerical Values (Vertical Plate)
1 L1 6 mm 5mm
2 L2 8 mm 10 mm
3 L3 8 mm 10 mm
4 L4 5mm 4 mm
5 « 45° 45°
6 T 11 mm 13 mm

4.3. Equipment Operation Testing

In this section, the equipment was operated to perform working condition scanning
tests, yielding the average operating speed of the equipment, the rated power errors of
the robotic arm joints, TCP, and U-axis rail, and the positioning errors under full power.
The specific experimental power range for the rail motor and robotic arm is (1500-6000) W.
The robotic arm joint axes and TCP operate using world coordinates, with the robotic arm
joint axes corresponding to their respective encoder values. When the external U-axis runs
along the rail, the movement distance is recorded based on servo motor feedback. Through
error analysis and operating speed analysis, the equipment test results meet the processing
requirements for small assemblies, as shown in Figure 34. Figure 34a shows the equipment
positioning error under the full power range; Figure 34b shows the equipment positioning
error under the rated power range; Figure 34c shows the rail operating speed under rated
power; and Figure 34d shows the robotic arm TCP operating speed under rated power.
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0.7 0.7 TCp
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Number of experiments
(d)Rail speed at rated power

Figure 34. Equipment operation test chart.

4.4. Equipment Scanning Strategy
4.4.1. Scanning Trajectory and Spatial Poses

In terms of weld groove scanning strategies, some studies have proposed the multi-
step method [27] and the smooth spline curve planning method [28] to extract weld
features. Although these methods ensure operational precision, they can introduce a series
of unpredictability for rail operations. This paper formulates a rail-based scanning strategy
for the web and panel in small assembly working conditions, including the equipment’s
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scanning path, motion posture, weld groove information extraction, and point cloud
processing. The technical parameters in the scanning strategy are detailed in Appendix A.

After completing the overall mechanical and communication connections of the equip-
ment, the robotic arm is debugged to connect with the external axis, and automatic opera-
tion is initiated. The equipment first reaches the initial scanning position and posture at
point 0 specified for the workpiece, then changes posture to reach point 1, which is located
390 mm in the Y-direction and 495 mm in the Z-direction from the Cartesian coordinate
origin at the center of the robotic arm base. After the automatic welding equipment moves
to the fixed position at point 2 via the external axis, the robotic arm adjusts its posture and
position to points 3 through 6. This adjustment aligns the laser beam perpendicular to the
Z-axis of the reference coordinate system, directing it onto the bottom plate of the workpiece
and initiating the laser swing scanning mode. At this point, the external axis is temporarily
fixed. This position and posture ensure that the robotic arm’s TCP (tool center point) is not
lower than the height of the base center point. Subsequently, the robotic arm moves along
the Z-axis via the external axis to the sub-assembly panel while adjusting its posture to
point 7. When the laser projects onto the panel, the operation stops, and the external axis is
temporarily fixed. Meanwhile, the robotic arm adjusts its posture through points 8 to 10 to
acquire the panel groove information and the plate height and dimension data.

After acquiring the information, the robotic arm moves back to the initial scanning
position at point 7, then moves along the Z-direction via the external axis to locate point
11. Carrying the laser sensor, the robotic arm moves to the position with the most accurate
viewing distance to obtain the bottom plate information of the workpiece and analyzes to
calculate the distance between the panel and the robotic arm base. The robotic arm adjusts
its posture and position to reach point 12, directing the laser sensor toward the side web of
the workpiece, and analyzes to calculate the distance information between the robotic arm
base and the sub-assembly side web. It then adjusts position and posture to make the laser
beam parallel to the Z-axis of the reference coordinate system while moving to point 13,
where it is completely parallel and coincides with the junction of the sub-assembly web and
the bottom plate base surface within the workpiece. Scanning in the positive X-direction
under the reference coordinate system, it extracts the entire sub-assembly groove web
information and plate width data. At this point, the scanning ends and returns to point 0.
For this workpiece, Figure 35 shows the TCP motion trajectory projection diagram of the
laser sensor scanning process. Under the world coordinate system, there is no interference
among the automatic welding equipment, robotic arm, external axis, and workpiece, and
the laser sensor scanning viewing distance is optimal.

—@—Space trajectory
—m—X-Plane projection

Y-Plane projection
A.—Z-Plane projection

520 i

480

440

400

570 -95
X 760 _190 Y

Figure 35. TCP motion trajectory projection.
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4.4.2. Visual Scanning Processing of Grooves

In Figure 36a,b, the conditions for filtering the point cloud include point cloud intensity
and size, variations in world coordinate positions, weld seam types and lap angles, and
changes in planar dimensions. The scanned point clouds undergo further optimization and
filtering. As shown in Figure 36b, each time the laser beam scans a groove, the acquired
information contains N two-dimensional points. The sensor collaborates with the host
computer to convert these two-dimensional pixel information points into three-dimensional
spatial points. Figure 36¢,d display the three-dimensional point clouds of the web and
panel after applying the filtering conditions, featuring fewer noise points and exhibiting
higher clarity and quality.
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Subsequently, the filtered three-dimensional point clouds are further processed. The
host computer generates Planel for the upper planes at both ends of the laser-scanned
groove. It creates Plane2 and Plane3 for the inclined planes formed by the normal vectors of
the two side slopes inside the groove. By analyzing the scanning information of the groove
and calculating the height difference between the upper and lower end planes, the bottom
plane Plane4 is generated. As shown in Figure 36e,{, the final processed three-dimensional
point clouds of the plate groove’s web and panel are output.

Next, boundary conditions are set. Using an extremum algorithm, the edge point
clouds at the intersections of Planes 1 to 4 are extracted. The point clouds are then fitted into
point-line diagrams utilizing the host computer’s Visual Studio environment, the RANSAC
(Random Sample Consensus) algorithm, and the least squares method. As illustrated in
Figure 36g,h, four fitted dashed lines—Fit linel to Fit line4—are generated based on the
extracted inner and outer contour lines Linel to Line4 of the web groove and panel groove.
Finally, the host computer evaluates the path line segments and computes the central value,
outputting the welding path located at the center of the groove. This provides more precise
operational assurance for the upcoming welding work, as shown in Figure 36i,].

)
N\ (b)lser projectionchart ¢ (030 pont cloud image o ventral phate / (03D point cloud of the rocesed panel_/ (8)eb point cloud point lne draing /
N e ’ | T —— 4 N ’ (T A —— 4

Figure 36. Bevel scanning and information processing flow chart.

5. Multi-Layer and Multi-Pass Welding Experiments
5.1. Multi-Layer and Multi-Pass Welding Processes

After the point cloud features are extracted and fitted through the vision module,
the development of multi-layer and multi-pass welding process strategies is immediately
undertaken. This module is particularly important for intelligent welding operations [29].
In the welding experiments of the sub-assembly plate’s web and panel using automatic
welding equipment, the entire welding process is divided into the following four stages:
welding preparation, pre-welding experiment, welding experiment, and post-welding ex-
periment. The experimental flowchart of the rail-type multi-layer and multi-pass automatic
welding equipment is shown in Figure 37.
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Figure 37. Welding experiment flow chart.

The experimental conditions for the rail-type automatic welding are listed in Table 12,
and the detailed parameters of the multi-layer and multi-pass welding process for the
plate’s panel and web are shown in Table 13.

Table 12. Welding test conditions.

Serial

Working Condition Panel Vertical Plate
Number
1 Plate material Q235 Q235
2 Sheet specification 350 mm X 11 mm (blunt edge ~ 1 mm) 100 mm x 18 mm (blunt edge ~ 1 mm)
. . Flux-Cored carbon steel welding wire ~ Flux-Cored carbon steel welding wire
3 Welding wire parameters
(¢1.2) mm (¢1.2) mm
4 Weld (layers, paths) Three-layer, Four-pass Five-layer, Seven-pass
5 Electrode connection mode DCEP DCEP
6 Welding position 1G 3G
7 Welding direction Flat welding Upward welding
8 Protective gas and flow CO, (100%), 15-20 L/min CO, (100%), 1520 L/min
9 Wire feed speed 170 mm/min 170 mm/min
10 Average working speed 120 mm/min 135 mm/min
Table 13. Detailed parameters of the multi-layer multi-pass welding process for panels and verti-
cal plates.
Position Working Layers  Passes Weldin Amps/A Voltage/V Welding Hosr:;(:lntal Corner
Procedure Yy Metho p & Speed/(mm/min) . P Delay/ms
Underfill welding 1 1 FCAW-GA  190~200  21.5~27.5 107 1 300
Filler welding 2 1 FCAW-GA  215~225 24.5~29 120 4 200
Filler welding 3 1 FCAW-GA  215~225 24.5~29 120 5 300
Panel Filler welding 4 1 FCAW-GA  215~225 24.5~29 120 8 300
Filler welding 4 2 FCAW-GA  215~225 24.5~29 120 8 300
Cover welding 5 1 FCAW-GA  205~215 23~28 126 6 150
Cover welding 5 2 FCAW-GA  205~215 23~28 126 6 150
Underfill welding 1 1 FCAW-GA  185~200  22.5~285 90 1~-3 300
vertical Filler welding 2 1 FCAW-GA  210~220 25~30 150 6 100
plate Filler welding 3 1 FCAW-GA  210~220  24.5~29.5 150 6 100
Cover welding 3 2 FCAW-GA  205~215  24.5~29.5 150 7 100
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(a)Experimental performance chart for manual welding

5.2. Comparison of Welding Experiment Results and Benefits

Taking a single plate’s web and panel multi-layer and multi-pass processing exper-
iment as an example, a comparison is made between the rail-type automatic welding
equipment and manual welding. The welding performance comparison analysis is shown
in Figure 38. The data in Figure 38a,b include the overall weld seam formation rate of the
sub-assembly plate’s panel and web groove, welding material consumption, and welding
efficiency. After ten experiments, the formation rate of the rail-type automatic welding
equipment is stably higher than that of manual welding by 11.48%, the total material
consumption is reduced by 13.4%, and the unit material consumption is reduced by 13.5%.

I Welding material Consumption - 1.10 2.3 Welding material Consumption - 0.880-1.90
Unit consumable - Unit consumable
—Q— Ratio of briquetting Ratio of briquetting
1105 422 0.864
1185
L]
/ 4100 421 0.848 | =
~ s
o—o g { e
1095 2.0 0.832
1175
1090 419 0.816
-1.8 i 0.800-'1.70

4 6 8 10 0 2 4 6 $ 10

(b)Automatic welding experimental performance diagram
Figure 38. Welding performance comparative analysis diagram.

The comparative analysis results of the overall efficiency, production efficiency under
working conditions, and processing costs between automatic welding and manual welding
are shown in Table 14.

Table 14. Comparative analysis of welding performance.

. Material Consumption Unit Consumable Ratio of Briquetting Number of
Welding Method (KG) (KG/M) (%) Experiments
Automatic welding 1.7765 0.845 98.699 10
Manual welding 2.052 0.977 87.219 10

Under the same production conditions, following the data in the previous table,
comparative experiments were conducted on sub-assembly panels and webs with different
gaps using automatic welding and manual welding. From Table 15, it can be seen that
when the gap is 4 mm, the efficiency increases by 7.35%, and time is saved by 10.2%; when
the gap is 5 mm, the efficiency increases by 10.7%, and time is saved by 7.39%. Therefore, it
can be concluded that automatic welding is more efficient than manual welding and also
saves time costs.

Table 15. Sheet production efficiency comparative analysis table.

Welding Number of Clearance Welding Time Re%;irirlrleess Al}r’gnﬁ:ry Total Time Igf&‘:g:g;
Method Welding Paths (P/mm) (t1/min) (ty/min) (t3/min) (t/min) (mm-min-1)
Automatic 7 4 9.33 30 115 50.83 17.14
weldin 4 5 12.37 28 9.15 49.52 33.75
Manua 7 4 13.28 22 21.3 56.58 15.91
welding 4 5 15.47 24 14 53.47 30.5
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Subsequently, as shown in Table 16, taking 1000 plates with the same specifications
and processing conditions as the above single-plate experiment as an example, an economic
benefit comparative analysis of the two processing methods was carried out. The total
weld seam length is 450 m. In the analysis conditions, both the rail-type automatic welding
equipment and manual welding are configured with two welders working in shifts, with a
daily working time of 12 hours. Among them, the workers operating the automatic welding
equipment are junior welders with a daily wage of 150 yuan, and the workers performing
manual welding are senior welders with a daily wage of 230 yuan. From the analysis
results in Table 16, it can be seen that the labor cost of automatic welding is reduced by
41.4% compared to manual welding, and 16.7% of the time cost is saved.

Table 16. Sheet production efficiency comparative analysis table.

. Gross Production Efficiency =~ Total Welding Time Welder’s Expense Welding Material Total Cost
Welding Method (mm/min) (to/Day (Yuan/Day 1) Cost (Yuan) (Yuan)
Automatic welding 11.45 55 8250 27,013 35,263
Manual welding 9.54 66 15,180 45,063 60,243

The schematic diagrams of the results for automatic welding and manual welding are
shown in Figure 39a,c,e and Figure 39b,d f, respectively. As seen in Figure 39, the weld
seam appearance welded by the orbital automatic welding equipment is more uniform,
with better consistency and minimal defects. The formation and coloration are aesthetically
pleasing and meet the required standards. Table 17 provides a detailed comparative
analysis of the welding effects between automatic and manual welding under the condition
of a single workpiece. The labor and material costs in Table 17 include the labor and
consumable costs for fully processing a single sheet of the test panel. Welding current
and voltage can be freely selected within the given range according to the actual welding
environment on site. Welding time includes both the welding operation time and the buffer
time between each welding layer or pass. Further, as summarized from the above Table 14
to Table 17, it can be inferred from the CO; gas shielded multi-layer, multi-pass welding
comparison experiments that automatic welding of the group-assembled plate will exhibit
higher fatigue life compared to manual welding [30]. At the same time, it achieves the
goals of reducing costs and improving efficiency. It also helps to some extent in relieving
manual labor and reducing labor costs, consumable costs, and time wastage.

&

web back forming  (e)Automatic welded web frontal forming

| §

-

(b)Manual welding panel forming (d)Manually welded web back forming  (f)Manually welded web frontal forming

Figure 39. Schematic diagram of automatic and manual welding results.
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Table 17. Detailed comparative analysis of welding effects for single sheet panels.
. Labor and Average . Welding
Welding Types . Average Average Weldin " Number of
Method of Welding C(?:tztf\r{ﬁgn) Current/A Vo/l{?ge Speed (mm/min ;1;111111115 Defects
Automatic CO, gas N N
welding shielded welding 152.7 205~215 24.5~29.5 126 23.78 0
Manual CO; gas
welding shielded welding 234.5 195~220 21~30.5 120 27.41 2

a2 R A

The final welding process effect diagrams of the sub-assembly panel and web welded
by the rail-type automatic welding equipment are shown in Figure 40. In Figure 40a, the
panel includes a total of five welding layers and seven welding passes. In Figure 40b, the
web includes a total of three welding layers and four welding passes. The processed plate
has clear passes without defects.

Second layer,First pass

<l A
\_First layerFirst pass
(a) (b)

Figure 40. Automatic welding equipment welding process renderings. (a) Panel multi-layer and

multi-pass welding process effect. (b) Web multi-layer and multi-pass welding process effect.

6. Discussion

As shown in Figure 41, a comprehensive evaluation and analysis of the track-based
automatic welding equipment for small assembly plates is conducted. Summarizing the
analysis, this equipment has played a role in reducing costs and increasing efficiency in
terms of practicality, specifically by reducing cost waste, shortening construction periods,
and stabilizing processing quality. In terms of optimizability, future work can be based
on this experimental method to verify and develop new applicable algorithms, working
systems, and more intelligent and flexible robotic arms. Furthermore, the development
of multiple robotic arms operating simultaneously on the track can be considered, and
through structural optimization, the equipment can be designed with a lightweight focus,
increasing productivity while enhancing equipment performance and extending service
life, thereby further improving economic benefits. In terms of flexible adaptability, the
equipment can adapt to various work scenarios by adjusting the installation height. After
installation and commissioning without manual handling, it can complete automated
continuous batch processing. According to the development trend in the field of automatic
welding, this equipment can further be custom-developed to include multi-weld type
recognition and tracking methods [31-33], automatic welding data models [34], real-time
control systems, and processing algorithms [35-37]. In terms of value, this paper provides
a certain reference significance for theoretical analysis and practical application in the
subsequent research and development of track-based automatic welding equipment.
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Figure 41. Comprehensive evaluation diagram.

7. Conclusions

This equipment eliminates the need for manual repetitive handling and enables rapid
equipment assembly. Based on rail operation, it offers a flexible working range, realizing
smooth, efficient, and continuous batch automatic welding in confined spaces. Addition-
ally, the equipment can be connected to external power sources and numerical control
operation boxes, supporting offline operations and function customization. The equipped
teach pendant includes remote control, start, and emergency stop functions. Using this
paper as an example, the following is a comparative analysis of other automatic welding
solutions in terms of processing accuracy, efficiency, and cost. Reference [9] utilized au-
tomatic welding equipment, achieving a final welding formation rate of 85%. Through
single-layer welding, the processing efficiency reached 600-800 plates per hour, enhancing
the processing speed for simple welding of small structural parts. However, compared
with this paper, that study requires manual handling and fixing of workpieces, which
introduces certain errors and results in some waste in labor and material processing costs.
Improvements are needed when dealing with slightly more complex welding processes and
workpiece tasks. Reference [5] completed the design of a six-DOF gantry welding robot.
However, compared with this paper, the track mechanical structure adopted in that design
can be further refined and improved to better align with actual working conditions, thereby
ensuring processing efficiency and accuracy during equipment operation and processing.
In reference [11], plates with specifications of 200 x 150 x 10 mm were processed, with
an average welding speed of 0.6-0.8 meters per hour. The weld seams were uniform with
good quality. However, compared with this paper, their continuous batch processing of
small plates could further optimize processing speed and efficiency while maintaining the
current processing quality. Reference [12] completed the design of automatic pipe welding
equipment, achieving good weld appearance and satisfactory welding speed. However,
compared with this paper, further considerations can be made in integrated equipment
selection and mechanical structure design to expand the specifications of processable pipes
and enhance the precision of automatic welding.

Focusing on typical application cases and design research of multi-layer multi-pass
welding equipment for small assembled plates, this paper addresses, to some extent, the low
automation level in processing small assembled plates in the shipbuilding industry, which
heavily relies on traditional manual processing. Compared with other automatic welding
solutions, this scheme avoids repetitive manual handling of equipment and intervention
operations. Through rapid installation and commissioning based on rails, continuous batch
welding of small assembled plates can be carried out without additional operations once
the setup is completed. Compared with other automated application schemes, this paper
demonstrates certain advantages in processing accuracy, efficiency, and cost when handling
plates of different batches and specifications.
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In the future, integrated equipment such as robotic arms can be selected and developed
according to technical requirements to meet different levels of processing and adapt to
different working conditions. From the perspective of future development directions and
potential industrial application environments, the end flange, mechanical structure, sensing
and control systems, power supply, and other integrated components of this equipment
can be flexibly selected and expanded to more application scenarios and technical fields,
such as grinding, handling, and spraying.

Finally, combined with Figure 42, the following three points are summarized and organized.

pesigh requirements

,Economy, Tecp,
AV ork Efficiency %8y

% Formulation of
processing strategies

£y, . EEEEER T 3
ticality, Opimizability N
Xibility and Adaptabiity

Summay, y and Evaluatio®

Figure 42. Summary diagram.

(1) This article completes the development of the rail-type multi-layer and multi-pass
welding equipment through the analysis of sub-assembly plate processing requirements,
equipment design, comparative processing experiments, and conclusion summaries. It
organizes the equipment’s working logic and workflow and summarizes the mechanical
design and static analysis methods of the equipment structure, robotic arm debugging
methods, research on spatial coordinate transformation methods in robotic arm simu-
lation analysis, robotic arm kinematics analysis and solutions, posture verification, and
quantitative and non-quantitative workspace analysis methods.

(2) The study includes equipment operation testing, analysis of group-assembled
working conditions in processing strategies, and visual scanning processing of plate bevels.

(3) The technical parameters and experimental process flow of the multi-layer and
multi-pass welding process for group-assembled plates were developed and validated.
Comparative experimental analysis of welding effects and benefits revealed that single
plates, bevel plates with different gaps, and large batches of uniformly specified plates in
group-assembled plates all achieved certain degrees of savings in consumable costs and
time costs, thereby improving economic benefits compared to manual welding.
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Appendix A

The detailed technical parameters in the visual scanning strategy of the automatic
welding equipment in this paper are provided here.

Serial Number World Coordinates (mm) External Axis Position (U/mm) Articular Angle J1~J6 (°)
0 (712.23, —81.79, 370.02) —93.689 (0°, —120°,120°, —180°,90°, 0°)
1 (—138.03, —81.82, 411.05) —93.689 (0°,—-120°,100°, —180°, —105°,0°)
2 (—138.07, —81.82, 411.02) 349.877 (0°,—120°,100°, —180°, —105°,0°)
3 (—138.06, —81.85, 411.02) 59.883 (0°,—120°,100°, —180°, —105°,0°)
4 (—315.64, —81.82, 489.02) 59.883 (0°,—90°,108°, —180°, —75°,0°)
5 (—350.32, —81.82,494.72) 59.883 (0°, —85°,110°, —180°, —68°,0°)
6 (—364.79, 123.12, 447 .57) 59.883 (—110°, —98°,90°, —223°, —100°,0°)
7 (—341.63, 301.42, 455.65) —35.729 (—150°, —118°,96°, —250°, —95°, —135°)
8 (—450.1, 300, 501.08) —35.729 (—156°, —95°,58°, —258°, —98°, —150°)
9 (—114.91, 300, 501.08) —35.729 (—130°,—108°,111°, —221°, —88°, —113°)
10 (—215.34, —81.87, 530.19) —35.729 (0°,—-90°,90°, —180°, —90°, 0°
11 (—115.89, 100, 421.11) 354.268 (21°,-90°,67°,—157°, —111°,77°)
12 (—123.76, —155.15, 485.91) 336.317 (—16°, —92°,72°,-197°,—101°,59°)
13 (712.23, —81.79, 370.17) —35.729 (0°, —120°,120°, —180°,90°, 0°)
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