applied system
innovation

Article

A Dual-Robot Digital Radiographic Inspection System for
Rocket Tank Welds

Guangbao Li 12, Changxing Shao 2, Zhiqi Wang *{J, Yong Lu !, Kenan Deng "* and Dong Gao !

check for
updates

Academic Editor: Abdelkader Sbihi

Received: 22 August 2025
Revised: 2 October 2025
Accepted: 7 October 2025
Published: 14 October 2025

Citation: Li, G.;Shao,C.; Wang, Z.;
Lu, Y.; Deng, K.; Gao, D. A Dual-Robot
Digital Radiographic Inspection
System for Rocket Tank Welds. Appl.
Syst. Innov. 2025, 8,151.
https://doi.org/10.3390/

asi8050151

Copyright: © 2025 by the authors.
Published by MDPI on behalf of the
International Institute of Knowledge
Innovation and Invention. Licensee
MDP], Basel, Switzerland. This article
is an open access article distributed
under the terms and conditions of the
Creative Commons Attribution (CC
BY) license (https:/ / creativecommons.
org/licenses/by/4.0/).

School of Mechatronics Engineering, Harbin Institute of Technology, Harbin 150001, China
Shanghai Spaceflight Precision Machinery Institute, Shanghai 201600, China
Correspondence: zhiqiwang7@163.com (Z.W.); kenandeng@hit.edu.cn (K.D.)

2

*

Abstract

At present, traditional X-ray inspection is used to inspect the welds of the bottom, barrel
section and short shell parts of the launch vehicle, which has the disadvantages of low
automation, complicated process and low efficiency, and cannot meet the fast-paced devel-
opment needs of multiple models at present. Moreover, the degree of digitization is low,
the test results are recorded in the form of negatives, data statistics, storage and access are
difficult, and the circulation efficiency is low, which is not conducive to product quality
control and traceability; At the same time, it cannot adapt to and meet the needs of digital
and intelligent transformation and development. In this paper, a dual-robot collaborative
digital radiographic inspection system for rocket tank welds is developed by combining
dual-robot control technology and digital radiographic inspection technology. The system
can be directly applied to digital radiographic inspection of tank bottom, barrel section
and short shell welds of multiple types of launch vehicles; meanwhile, the dual-robot path
planning technology based on the dual-mode is studied. Finally, the imaging software
platform based on VS and Twincat3.0 V52015 software combined with QT upper computer
is designed. Experiments show that compared with the existing traditional ray detection
methods, the detection efficiency of the system is improved by 5 times, the image sensitivity
reaches W14, the resolution reaches D10, and the standardized signal-to-noise ratio reaches
128, which far exceeds the requirements of process technology A, and meets the current
non-destructive detection work of multi-model rocket tank welds.

Keywords: rocket fuel tank; dual-robot collaboration; digital ray detection; imaging
software; Ethercat; automatic detection

1. Introduction

In recent years, to keep pace with the development trends of international aerospace
welding technology and meet the requirements of new-generation space launch vehicles,
aerospace manufacturing companies both domestically and internationally have actively
adopted friction stir welding (FSW) [1-3] for the welding of aerospace tank structures.
The fuel tanks of China’s currently operational launch vehicles are primarily fabricated
using aluminium alloy plates through conventional welding [4,5]. During the welding
process, factors such as temperature, air humidity, operator skills, and welding procedures
can influence the weld quality, inevitably leading to various types of defects in the weld
zone [6,7]. Weld defects are categorised into five types: cracks, incomplete penetration,
incomplete fusion, porosity, and slag inclusions. The presence of these welding defects
can adversely affect the safety and performance of the fuel tank, and in severe cases may
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even lead to fuel leakage, an explosion [8-10], or mission failure. Therefore, internal
defect detection of welds is essential during the manufacturing process of fuel tanks. For
Grade I welds, 100% non-destructive testing is required.

With the advancement of industrial robotics technology, automated inspection equip-
ment integrating non-destructive testing (NDT) with industrial robotics has emerged [11,12].
For instance, the University of Dayton in the United States developed a fully automated
ultrasonic inspection system for detecting embedded defects in turbine engine compo-
nents [13]. This system comprises a six-degree-of-freedom robotic arm, a rotating water tank
turntable, phased array ultrasonic instruments, an automatic probe changer, “intelligent”
probes, collision avoidance hardware, an industrial computer, a Windows-based operating
system, and a digital vision system. Compared to traditional three-degree-of-freedom ultra-
sonic inspection equipment, this device offers advantages such as high flexibility, precision,
wide motion range, high automation, and ease of maintenance. Its drawbacks include high
production costs and challenges in mass production. This system can inspect components
with large dimensions, complex structures, and highly curved planar surfaces. The robotic
ultrasonic inspection equipment developed by German Robotics Systems [14] features
an X-axis travel distance of 8.5 m, Y-axis travel distance of 2.2 m, Z-axis travel distance
of 3.5 m, maximum scanning speed of 0.6 m/s, and can accommodate £50° curvature
within the X-Y plane. It is suitable for inspecting components with large planar curvature
and substantial structural dimensions. The current workplace lacks compatible, efficient,
and intelligent process equipment [15-17], severely limiting the application of advanced
non-destructive testing technologies such as digital radiography [18,19]. This issue is
particularly pronounced when inspecting curved rocket fuel tank welds or confined spaces.
Without efficient, intelligent inspection equipment, reliance on manual operation often
significantly increases the skill requirements and workload for inspectors, sometimes ex-
ceeding the difficulty of traditional methods. This not only hinders the full utilization of
digital radiography’s advantages but also increases process complexity, labor intensity,
and accidental radiation risks [20,21]. Manual operation can even yield lower inspection
efficiency than traditional techniques. Furthermore, the upfront costs of these new tech-
nologies exceed those of conventional methods. Without cost-offsetting efficiency gains,
widespread market adoption remains challenging. Relying solely on traditional manual
inspection methods prevents the effective implementation of these novel NDT technologies.

With the continuous increase in routine high-intensity and high-density research,
development, and launch missions, the workload of rocket fuel tanks is constantly growing.
As the main structural component of a launch vehicle [22-24], the rocket fuel tank primarily
serves to store rocket fuel and is typically composed of three major structural components,
the tank bottom, short shell, and cylinder section, as shown in Figure 1. Currently, welds
in the tank bottom, cylinder section, and short shell components are primarily inspected
using traditional film photography [25-27]. This method has low automation, requires
manual inspection by multiple personnel, and is cumbersome and inefficient, failing to
meet the fast-paced development demands of multiple rocket models. Additionally, it
has low digitalisation, with inspection results recorded on film, making data statistics,
storage, retrieval, and circulation inefficient [28], which is unfavourable for quality con-
trol and traceability. It also cannot adapt to or meet the demands of digitalisation and
intelligent transformation.
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Figure 1. Rocket fuel tank structural components [29].

Compared with the traditional film-based X-ray radiography inspection and digital
X-ray imaging inspection, the digital X-ray inspection process is simpler, eliminating steps
such as film preparation, development, and waste liquid disposal. The X-ray inspection
process flow is shown in Figure 2. Additionally, this technology facilitates automated
inspection, real-time monitoring, data management, and subsequent data analysis and
sharing [30,31]. Therefore, the development of this technology provides an effective solution
to address the efficiency bottleneck in the inspection of welds in rocket fuel tanks. However,
due to the diverse structural characteristics of rocket fuel tank welds, existing digital
radiographic inspection technologies have not yet achieved automated image acquisition
of digital radiographic images of rocket fuel tank welds.

Digital

Tradition
al ray
detection

detection

- Common process - Onmitted process - Optimized process

Figure 2. Comparison of inspection processes.

This paper addresses the structural characteristics of rocket tank welds. To enhance
the efficiency and accuracy of radiographic testing for rocket tank welds, a dual-robot
collaborative digital radiographic inspection system for rocket tank welds was designed,
achieving an automated inspection process for rocket tank welds. For dual-robot path
trajectory planning, a dual-mode switching collaborative detection strategy is proposed.
The dual modes primarily encompass loose collaboration and tight collaboration with
full constraints. During loose collaboration, collision and interference issues are primarily
addressed, mainly utilizing an improved artificial potential field method for dual-robot path
planning. In tight collaboration with full constraints, detection consistency is the primary
consideration, with relevant constraints established based on the digital radiographic
inspection process. The robot detection paths generated by the dual-mode approach
are integrated to complete the dual-robot detection path trajectory planning. Finally,
an imaging software platform is designed based on the combination of VS and Twincat
software with a QT host computer interface.

This research innovatively employs dual-robot control technology integrated with
digital radiography to achieve automated non-destructive testing of rocket tank welds. A
dual-robot collaborative inspection strategy featuring dual-modality switching is proposed,
enabling path trajectory planning for both robots. An imaging software platform was
designed, integrating VS and Twincat software with a QT host computer interface. This
platform encompasses functional modules for detector control, X-ray machine control,
mechanical motion control, image acquisition, image processing, and information display.
Ultimately, it forms an intelligent imaging software platform integrating imaging, image
processing, and mechanical motion into a unified detection and control system. The
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designed dual-robot collaborative digital radiographic inspection system for rocket tank
welds enables defect detection across multiple product weld types, including arc welds,
circumferential welds, longitudinal welds on cylindrical sections, and butt welds on semi-
tanks. This enhances inspection efficiency for rocket tank welds while reducing manual
labour intensity.

2. Overall Scheme Design of the Dual-Robot Digital Radiographic
Inspection System

2.1. Scheme Design

The rocket fuel tank weld seam digital X-ray inspection system based on dual-robot
collaboration consists of an X-ray imaging system, a mechanical motion system, a control
system, and related accessories, as shown in Figure 3. Among these: The X-ray imaging
system comprises a PC, an X-ray machine, an X-ray machine controller, a high-voltage
generator, an imaging plate, and imaging software, primarily responsible for imaging and
defect detection of rocket fuel tank weld seams; The mechanical motion system comprises
an X-ray machine robot, an imaging plate robot, a synchronous lifting mechanism, a
seventh-axis track, and a turntable. The turntable is mounted on the lifting mechanism
and can move vertically and rotate 360 degrees. The X-ray machine robot and the imaging
plate robot are installed on the same seventh-axis track and move via the robot’s seventh-
axis control; The control system primarily includes a Beckhoff PLC controller, electrical
control cabinet, operator console, limit switches, upper-level display screen, servo drives,
servo motors, rotary encoders, and robot control cabinet. The robot is optionally equipped
with Beckhoff EK1100 EtherCAT communication couplers for communication with the
Beckhoff controller; The X-ray machine controller and imaging software use the ADS multi-
threaded communication protocol, with Beckhoff control as the core, programmed using
TWINCAT software. This integrates the operation of the X-ray machine controller, imaging
software, lifting mechanism, turntable, and the robot body and seventh-axis movements,
with logically designed timing sequences to achieve the automatic inspection process for
rocket fuel tank welds.

Imaging X ray
plate machine
elevating
Imaging
plate robot X-ray robot
revolving
stage
Seventh
axis orbit

Figure 3. Dual-robot collaborative digital X-ray inspection system for rocket fuel tank welds.

2.2. Dual-Robot Mechanical Motion System

Based on the structural design of rocket fuel tanks and the requirements for digital
radiographic testing, the dual-robot mechanical motion system consists of a turntable
assembly, a lifting assembly, robots, and a seventh axis. The robots selected are from the
KUKA KR50 R2500 series, with a motion range of 2501 mm. The specific working space is
shown in Figure 4. By employing relevant software combined with the Monte Carlo method
and robot models for simulation analysis and design, the working area of the dual-robots
can accommodate digital X-ray inspection of rocket fuel tanks of multiple models.
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Figure 4. KUKA KR50R2500 Working Space [32].

2.3. Control System

The control system primarily consists of the device layer, control layer, and operation
layer. The two robots are the X-ray machine robot and the imaging plate robot. X-ray
machines and imaging plates are installed at the ends of the dual-robots. After path and
trajectory planning, they achieve coordinated movements. Combined with the rotation
and elevation of the turntable, they complete the automatic detection process. The robot
controller and Beckhoff controller establish EtherCAT communication [33] to enable ex-
ternal startup and robot program path selection. The lifting mechanism and turntable are
remotely controlled via the upper-level computer display and remote controller. Robot con-
trol is performed using a teach pendant and the upper-level computer, with all information
ultimately displayed on the upper-level computer screen. The control system architecture
is shown in Figure 5. The imaging software communicates with the Beckhoff controller [34]
via the automation device specification communication protocol [35] to facilitate logical
signal interaction during the automated inspection process.
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Figure 5. Overall architecture of the control system.

2.4. Digital X-Ray Imaging System
2.4.1. Principles of Digital Radiography

When X-rays pass through an object being inspected, the regions with defects have
different absorption capabilities for X-rays compared to defect-free regions. The intensity
of X-rays passing through defect-free regions differs from that passing through defect-
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containing regions. Therefore, by analysing the intensity differences in X-rays after passing
through the object, defects within the object can be detected. Figure 6 illustrates the
principle of X-ray digital inspection. The main feature of digital radiography technology is
the use of imaging plates instead of film as the primary medium for receiving X-rays, and
the transmission of the received X-ray radiation information in the form of electrical signals.
These electrical signals are processed by imaging software to form digital images, which can
be directly observed and also provide the foundation for intelligent weld defect recognition.

X ray machine ray welding seam weld defect Imaging plate

X-ray machine Imaging plate
Z computer
controller controller

Figure 6. Principle of Digital Radiography [36].

2.4.2. Digital Radiography Imaging System Hardware

To ensure that all image performance metrics of the dual-robot digital radiographic
inspection system meet standard requirements and achieve the same level of detail detection
capability as the original weld inspection system, the inspection system was selected based
on a comprehensive evaluation of performance metrics, cost-effectiveness, and brand
reputation. The imaging system comprises the CF225 small-focus X-ray machine from
GULMY Company (Surrey, UK) and the 3025 imaging plate from Varex Company (Salt
Lake City, UT, USA), with specific parameters detailed in Table 1.

Table 1. X-ray machine and imaging plate parameters.

Brand Tube Voltage  Pipe Current Power Focus Size Type
X-Ray Single-Pole
Machine  gupmy — 5-225kV 8 mA 800 W/1800 W 04 mm/1.0mm  Directional
Metal Ceramic
X-Ray Tube
brand pixel size pixel matrix greyscale FPS interface
. . 55 fps (1 x 111 L
imaging plate . 100 pm 3008 x 2512 65,536 fps (2 x 2)20 ~ Cigabit Ethernet
interface
fps (4 x 4)

3. The Collaborative Control Method of the Dual-Robot System
3.1. Dual-Robot Cooperative Control Hardware Configuration Connection

The dual-robot collaborative control connection is shown in Figure 7. Industrial robots
are multi-jointed machine device designed for industrial applications, capable of free pro-
gramming and operation according to established programs. An industrial robot consists
of a robot body, control cabinet, connection cables, software, and peripheral devices. The
dual-robot collaborative control adopted in this paper uses Ethercat as the communication
protocol, with the ray-moving robot as the master station and the imaging board-moving
robot as the slave station. Control and motion can be operated by the Beckhoff controller
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| Beifu controller

ethercat

EK

1100

and teach pendant, with the program written on the teach pendant. The program can run
autonomously or be externally triggered via the Beckhoff controller. Additionally, a seventh
axis and a mobile track are added to each robot body to accommodate products of different
sizes, thereby achieving automated digital X-ray inspection of rocket fuel tank welds for
multiple models.

Imaging plate

Installation
and clamping

Imaging plate moving The seventh axis of
robot body imaging board robot

Power data

line
ethercat X11 wiring
Imaging plate mobile

External

emergency stop
protection door

robot control cabinet

Instructor
control line

dl.‘l'l'l onstrator
Instructor

control line

ethercat X-ray machine X-ray machine I
mobile robot mobile robot X ray machine
control cabinet body
Power data

line Installation
and clamping

machine robot

Seventh axis of X-ray ‘

Figure 7. Schematic diagram of dual-robot collaborative control connection.

3.2. Path and Trajectory Planning for Dual-Robot Collaborative Inspection

Currently, in the digital X-ray inspection process of rocket tank welds, the X-ray
machine and imaging plate in the digital X-ray inspection system are fixedly installed at
the end of two robots. Path planning for the two robots is then performed using online
teaching. However, due to the diverse models and types of rocket tanks, the online teaching
cycle is lengthy and prone to interference and collisions between the robots and the rocket
tank products. Based on these issues, this paper proposes a dual-mode switching dual-
robot collaborative inspection strategy. For the critical points in the digital ray inspection
process of rocket fuel tank welds by two robots, corresponding mode switching rules are
designed. The dual modes primarily include loose coordination and tight coordination
with full constraints. During loose coordination, collision and interference issues are
primarily considered, with the improved artificial potential field method applied to achieve
path planning for the two robots. In tight coordination with full constraints, detection
consistency issues are primarily considered, with relevant constraint conditions established
based on the digital radiography inspection process. Finally, the robot inspection paths
generated by the dual-mode system are integrated, and a process procedure is designed
for the dual-robot digital ray inspection system to achieve an automated and integrated
digital ray inspection process for rocket tank weld seams. The specific process is shown
in Figure 8.
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Figure 8. Path trajectory planning for dual-robot collaborative detection.

3.2.1. Dual-Robot Loose-Cooperative Mode

As shown in Figure 9, the flowchart of the path trajectory planning process for the dual-
robot loose coordination mode is presented. In this study, the sphere-cylinder enveloping
method is adopted to establish the enveloping model for obstacles, while the rectangular
prism enveloping method is used for obstacles. To meet the constraints of the mechanical
arm joints and linkages, as well as real-time requirements, a rapid collision detection
method for mechanical arms is proposed based on the enveloping model, and collision
analysis tests are conducted.

Additionally, as the angles of each joint change during motion, the collision detection
model must also adapt accordingly. Based on the actual task of the robotic arm, the specific
position information of the end-effector can be determined. After obtaining the position
information, the D-H algorithm and inverse kinematics formulas are applied to calculate
the angles of each joint. By substituting the pose into the previous inverse kinematics joint
formulas, the angles of all joints of the robotic arm at that position and pose can be obtained.
Select the joint rotation angle and the smallest set of inverse kinematics solutions, substitute
them into the forward kinematics equations to determine the positions of each joint, and
combine the joint positions with the joint angles to determine the positions of each link.
Update the robot arm’s pose and use collision detection algorithms with the obstacle model
to determine whether the robot arm collides with the obstacle model.
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Figure 9. Path trajectory planning for dual-robot loose coordination mode.

3.2.2. Dual-Robot Tight Cooperative Mode

According to the principle of optimal sensitivity in radiographic testing, a single-wall
transmission method is adopted with the X-ray machine inside and the imaging plate
outside. The center of the X-ray beam from the X-ray machine should be perpendicular to
the center of the welded joint. The distance f between the X-ray machine and the surface
of the rocket tank flange weld, the focal length d of the X-ray machine, and the distance
b between the product and the imaging plate should meet the following requirements [37]:

g > 15p%/3 1)

To ensure the safety of the rocket fuel tank product and the robot during the inspection
process, the distance b from the product to the imaging plate should be greater than
100 mm. The focal spot size d of the X-ray machine is 0.4 mm. Using the above formula,
the distance from the X-ray source to the product surface should be greater than 130 mm.
Since the cone angle of the directional X-ray tube is 40 degrees, to increase the single-pass
penetration length while ensuring adequate penetration thickness, the distance f from the
X-ray machine to the surface of the rocket fuel tank flange weld is set to 500 mm.

Dual-robot tight collaborative control is based on the KUKA Robot team software 8.6.2,
where multiple robots or robots with additional axis motion systems can collaborate.
The GEOLINK SLAVE command in Robot team is used to ensure that the trajectories of
the robots are coordinated in both time and geometry (time and/or geometric coupling)
during collaboration.

3.3. Dual-Robot Collaborative External Start

Due to the radioactive nature of X-rays, the entire inspection process must be con-
ducted in an unmanned lead-lined room. All operational procedures are performed outside
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the lead-lined room, with the dual-robots activated via an external control system. The
robot program is written on the robot teach pendant and communicated via the EtherCAT
bus to the Beckhoff controller for retrieval, start, and stop. The control system employs
dual-robot collaborative control, requiring separate program development for each robot.
The X-ray machine robot is designated as the master station, and the imaging plate robot
as the slave station. During collaborative motion, the imaging plate robot follows the
movements of the X-ray machine robot.

The robot program primarily consists of an external start-up program, a dual-robot
collaborative motion program, and individual path trajectory programs for each robot.

The external startup program primarily fulfils the functions of retrieving, starting,
and stopping the robot program through trigger signals and program numbers sent by the
Beckhoff controller Figure 10 shows the signal interaction points between the robot control
system and the Beckhoff PLC. The external startup method for the robot in the rocket fuel
tank weld seam digital X-ray inspection system based on dual-robot collaboration designed
in this paper includes the following steps:

(1) In robot T1 mode, enter CELL.SRC (the program number is defined by SWITCH
CASE) and run until reaching the EXT_AUT mode;

(2) The PLC sends a signal to MOVE_ENABLE upon power-on;

(3) After sending the signal to MOVE_ENABLE for 0.5 s, the PLC sends the signal to
DRIVERS_OFF on the robot;

(4) After sending the signal to DRIVERS_OFF for 0.5 s, the PLC sends the signal to
DRIVERS_ON, and the robot then sends the PERI_RDY signal back to the PLC, after
which the PLC disconnects the DRIVERS_ON signal;

(5) The PLC sends an EXT_STAR (pulse signal) to the robot to start it;

(6) When the PLC receives the PGNO_REQ signal from the robot, the PLC sends the
program number to the robot;

(7)  After sending the program number for 0.5 s, the PLC sends a PGNO_VAILD pulse
signal to the robot, at which point the program number becomes active.

$STOPMESS
PGNO_REQ
APPL_RUN »
SPERI_RDY
SALARM_STOP
SUSER_SAF
$I_O_ACTCONF(EXT)
i ; SON_PATH
s $PRO_ACT
$IN_HOME
PGNO / PGNO_PARITY
PGNO_VALID
$EXT START
SMOVE_ENABLE
SCONF_MESS

$DRIVES_ON
$DRIVES_OFF

OUTPUTS

OUTPUTS | |

Figure 10. Robot Control and PLC Signal Interaction Points [38].

To stop the robot: Disconnect the DRIVERS_OFF signal.

External robot startup: Repeat steps (3), (4), and (5).

Reset fault: Send a pulse signal to CONF_MESS (pulse signal).

The dual-robot collaborative control program is based on KUKA’s Robot team software
to enable multiple robots to work together in the system. When robots collaborate, their
trajectory movements are coordinated in both time and geometry (time and/or geometric
coupling). The robot path trajectory programs are written using common control commands
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such as point-to-point, linear motion, and circular motion available on the teach pendant to
achieve the respective path trajectories.

4. Inspection Process and Imaging Software Design
4.1. Inspection Process Design

The workflow for digital X-ray inspection of rocket tank welds primarily includes
three stages: inspection preparation, inspection implementation, and post-processing. The
specific steps are shown in Figure 11.

‘ Begin ‘

The product is loaded and hoisted to the
detection platform, and the operator
arranges signs such as lead ruler and
image quality meter on the product;

Using laser collimator and hand-held
remote controller to locate product zero

Preparatory stage point
I

Select the corresponding robot program
number according to the product type
and drawing number.

Start the X-ray source, start the imaging
software and make it enter the PLC
signal receiving state.

Start the motion control program, and
the equipment will be automatically
detected. After the detection, the

equipment will return to the initial state.

Turn off the X-ray source and the
acquisition function of imaging
software.

Detection phase

Image evaluation

Post-treatment stage +
‘ Defect location mark ‘

v

‘ The product is lifted off the shelf. ‘

v

‘ End ‘

Figure 11. Product Inspection Process Flow.

According to the detection process flow, the motion control program flow is as follows:
First, the turntable moves up to a height of 1500 mm. Once in position, the X-ray machine
robot begins operation and continues until it reaches the inspection point of the product
being tested. Once the X-ray machine robot is in position, the turntable descends according
to the product being inspected. After descending to the correct position, the imaging plate
robot moves into action, travelling to the inspection point of the product being tested. It
then sends a signal to the imaging software via the PLC, which initiates the data acquisition
process. After image acquisition is complete, the imaging software sends a signal to the
PLC controller. Upon receiving the signal, the PLC controller directs the robot to move to
the next inspection position. Once both robots have reached their respective inspection
positions, the PLC sends a signal to the imaging software, which begins image acquisition.
This process repeats in a loop until all inspection positions have been inspected. After all
inspections are complete, the imaging plate robot first moves back to the HOME position.
Once the imaging plate robot is in position, it sends a signal to the PLC controller, The PLC
controller controls the turntable to rise to 1500 mm. Once the turntable reaches the position,
it sends a signal to the PLC controller. The PLC controller then controls the X-ray machine
robot to perform its actions until it returns to the HOME point. Once the X-ray machine
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robot is in position, it sends a signal to the PLC controller. The PLC controller controls
the turntable to descend until it reaches the loading/unloading height of the product to
be tested, at which point the entire motion control program sequence is complete. The
following is the entire inspection motion sequence.

(1) Before inspection, rotate the turntable to the pre-set starting position with the
turntable approximately 100 mm above the ground. As shown in Figure 12. The inspection
personnel use a crane to lift the product to be inspected and place it on the turntable.

Figure 12. Product Preparation.

(2) The lifting platform raises the turntable to the designated position. The product is
approximately 1500 mm above the ground. As shown in Figure 13.

Figure 13. Turntable Rising.

(3) The X-ray machine robot moves to the position directly below the turntable, and
the imaging plate robot moves to the outer side of the turntable. As shown in Figure 14.

Figure 14. Robots in Position.
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(4) The turntable descends to the predetermined height. As shown in Figure 15. The
X-ray machine robot and imaging plate robot execute their respective programs to begin
inspecting the product welds. The turntable moves up/down and rotates according to the
pre-set process sequence, sequentially completing the inspection of each weld. During this
process, the bottom of the box remains at a fixed height of approximately 2.2 m, while the
height of the cylinder section varies between approximately 0.7 m and 2.7 m.

Figure 15. Inspection Implementation.

(a) Box bottom circumferential weld: The robot remains stationary, and the turntable
performs stepwise rotation to complete the weld inspection.

(b) Circular ring longitudinal seam: The robot starts from the beginning of the lon-
gitudinal seam and moves along the seam at a step distance equal to the length of one
penetration. After completing the inspection of a single weld, the turntable rotates to
position the next weld for inspection. The robot repeats the above motion trajectory to
complete the inspection of the next weld. This cycle is repeated six times to complete the
inspection of the circular ring.

(c) Cylinder segment longitudinal seam: The robot remains stationary, and the work-
bench descends in steps equal to the length of one penetration from the starting point. After
completing the inspection of a single weld seam, the turntable rotates 90°, simultaneously
rising to the starting height to inspect the next weld seam. The above steps are repeated
until the inspection is complete.

(5) After inspection is complete, the turntable rises, and the X-ray machine robot and
imaging plate robot move to their initial positions outside the turntable. The turntable
descends. As shown in Figure 16. The operator removes the product from the turntable.

Figure 16. Inspection Completed.

4.2. Imaging Software Design
4.2.1. Overall Design of the Imaging Software Intelligent Platform

A digital X-ray inspection system for rocket fuel tank welds based on dual-robot
collaboration can effectively improve the inspection efficiency and quality of rocket fuel tank
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welds. However, integrated software platforms that can be applied to industrial production
and achieve dual-robot control and digital X-ray inspection are still rare. Therefore, based on
the developed dual-robot collaborative rocket fuel tank weld seam digital X-ray inspection
system, this paper designs an imaging software platform tailored for rocket fuel tank weld
seams, which is applied to rocket fuel tank weld seam inspection to achieve real-time image
acquisition of weld seams, dual-robot control, and online detection of weld seam defect
status during the inspection process. This paper designs the imaging software platform
using VS and Twincat software combined with a QT-based upper-level machine interface,
completing the development of functional modules such as detector control, X-ray machine
control, mechanical motion control, image acquisition, image processing, and information
display. Ultimately, an integrated intelligent detection and control platform combining
imaging, image processing, and mechanical motion is formed. Figure 17 shows the overall
architecture of the imaging software platform.
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Figure 17. Overall architecture of the imaging software platform.

The imaging software first divides the system into functional modules, which are
designed and tested independently. Modular design enhances the software’s scalability,
facilitates the addition of new features in the future, and improves maintainability. The
imaging software platform is divided into the following modules: detector module, image
display module, information display module, data storage and management module, mo-
tion control module, process teaching module, and system settings module. The functions
of each module are described below.

Detector Module: Establishes communication with the X-ray imaging detector to
control the detector, monitor its status, and acquire X-ray images.

Image Display Module: Performs transformations on the acquired X-ray images and
displays them in a window.

Information Display Module: Displays real-time coordinate information and grey-
scale values of the pixel where the mouse cursor is located, window width and position
information of the image, and the grey-scale histogram of the entire image.

Save and Management Module: Provides functions such as setting the save path and
folder hierarchy, file naming rules, and image watermark settings.

Motion Control Module: Connects to the device’s motion control system, monitors the
status of the motion system in real time, and receives commands from the motion control
system to achieve automatic acquisition functionality.

Process Teaching Module: During the process teaching process of the device, records
information about each teaching position, stores process teaching tables, and generates
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executable code programs for the motion control system based on the recorded teaching
information with a single click.

4.2.2. Imaging Software Intelligent Platform ADS Communication Design
(1) VS Software Program Setup

The ADS communication program design uses the C++ programming language to call
the TC ADS DLL library provided by Beckhoff to build communication functionality. The
TC ADS DLL provides the capability to communicate with other ADS devices through the
CAPI interface via the TwinCat router. To implement an ADS client, the following basic
steps are typically required: connecting to the PLC (i.e., connecting variables, refreshing
data, and releasing variables), and disconnecting from the PLC. The ADS communication
principle is illustrated in Figure 18, showing how VS software acts as a client to access
data variables in the memory of the Beckhoff master controller on the PC, performing data
exchange, processing, and decision-making to achieve system communication, control, and
monitoring. Additionally, it supports auxiliary parameter settings, manual operations, and
process status display.

Vs
adsportopen adssyncreadyrit adssyncreadre
p p ereq ! q
b Uppper-computer
software
\ 4
adsportclose adssyncwritereq
TeadsDIl.dll
TwinCAT
Amsnetid/port Yeciable Variable value
name/address

Figure 18. ADS Communication Principle.

The ADS program primarily includes configuration functions, communication port
opening functions, automatic address acquisition functions, data read /write functions, and
communication port closing functions. The program structure is shown in Figure 19.

ADS
program
Confi - Communicatio A . TR D 3 C TR
“onfiguration n port opening utomatic acquisition Jata read- ommunication port
function funiction of address function write function closing function

Figure 19. ADS Program Structure.

(2) Lower-level machine development
(1) Lower-level machine program architecture setup

In the TwinCAT software system architecture, the lower-level machine program is
developed within the TwinCAT System Manager and TwinCAT PLC environment. It
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primarily handles data acquisition, functional control, and information feedback. TwinCAT
can replace traditional programmable logic controllers (PLC) to perform real-time control
tasks. It features multi-task real-time control, enabling the system to schedule tasks for
various devices in an orderly manner. At the same time, it can send tasks to multiple logic
controllers and ensure they operate independently without interference. TwinCAT also
offers excellent compatibility, supporting common industrial communication protocols
such as Profibus, Ethernet, and Modbus RTU.

2 Lower-level machine program design

The VS software program communicates with the lower-level B&R master controller
PLC via ADS communication. The lower-level B&R master controller acts as an intermedi-
ary between the upper-level QT software 5.11 and various devices. When the corresponding
function button is pressed on the upper-level QT software interface, the corresponding
logic signals change. The lower-level B&R master controller then receives the changed
logic signals and executes the corresponding function program to complete the task. Task
priority settings Add tasks in the Task Configuration section, as shown in Figure 20, and
associate them with the corresponding programs. Set the priority and runtime cycle for

each task.
& @Task configuratic " [ ruuitures | & @Task configurati” | tuarisues |
g il b 2 —
&— @ Standard o o IE— i Standard Nane awTark
B maNn | B MAIN
Il Puiorit0. 3) 0o G Prioritf0. 3} 1
a8 © NewTask &8— O NewTask 2
B SENT | [Fom ¥ sENC o
. p
- Posaiar
P\,I:‘:‘:\‘:[:gl'lmﬂm:] THGns F \newalfeg t200ne) [TH0ms  [m]

Figure 20. Priority Settings.

4.2.3. Imaging Software Control Process Design

Based on the functional requirements, parameter acquisition, and safety settings in
the detection process, the imaging software control process flow is designed as shown
in Figure 21.

| $ ' 7 )

Read the detector
preparation signal

Reading the preparation
signal of the X-ray
machine

Read the safety door
status signal.

Read the motion
controller signal

Is the interpretation
detector Ready?

Is the X-ray machine
Ready?

door is closed?

udge whether the safety

udge that both robots ar
Ready?

Process start-up
Robot start
Process program
operation

Figure 21. Imaging Software Operation Flow.
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5. System Motion Simulation and Application Testing
5.1. System Motion Simulation

According to the requirements of the digital X-ray inspection process, the centre
of the X-ray source is 800 mm from the weld seam, the surface of the imaging plate is
200 mm from the weld seam, and the product weld seam is located between the X-ray
source and the imaging plate. The line connecting the centre of the X-ray source and the
centre of the imaging plate is always perpendicular to the weld seam. Motion simulation
was conducted for a typical product, and the simulation results are shown in Figure 22,
which demonstrate that the motion requirements for inspection are met.

(c) 3350 cylinder segment inspection

Figure 22. Typical product inspection motion simulation.
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5.2. System Application Testing Typical Product System Application Experiment

The designed dual-robot collaborative rocket tank weld seam digital X-ray inspection
system was applied to typical rocket tank products, as shown in Figure 23. The imaging
plate can be positioned at a certain distance from the weld seam and only needs to be
tangent to the weld seam to complete the inspection. Additionally, based on the inspected
product, the effective detection range of the imaging plate and the inspection process
parameters for different regions were determined to ensure consistent image quality and
detection sensitivity requirements. The use of a dual-robot collaborative approach ensures

consistency in inspection distance.

Figure 23. System application testing.

Digital radiographic testing was conducted on different products, welding methods,
and weld thicknesses using a detection system. The sensitivity, resolution, and normalised
signal-to-noise ratio of digital radiographic images were used as testing criteria. The
testing standards must meet the Grade A requirements of the process technology, which
specify that image sensitivity must reach W13, resolution must reach D10, and normalised
signal-to-noise ratio must reach 70. The testing parameters are shown in Table 2. The
image sensitivity, resolution, and normalised signal-to-noise ratio all meet or exceed the
Grade A process technology requirements. The quality indicators for the product’s digital
radiographic images are shown in Figure 24.

Table 2. Comparison of typical product inspection image quality.

- . Normalised
Sensitivity Resolution Sional-to-Noise Rati
Product Welding Weld ignal-to-Noise Ratio
Method Thickness Standard Actual Standard Actual Standard Actual
Grade A Measurement Grade A Measurement Grade A  Measurement
Cylinder  Fusion 8 W13 W15 D10 D10 70 >156
section Welding
Box Fusion 8 W13 W15 D10 D10 70 >132
weld
bottom Stir
. 6 W14 W16 D10 D10 70 >128
welding
Circular  Fusion 8 W13 W15 D10 D11 70 >168
ring welding
Halfb Fusion 8 W13 W15 D10 D10 70 >172
altbox welding 10 W13 W14 D9 D10 70 >177
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5.3. Comparison Test Between Digital Radiography and Film Radiography

Digital radiographic imaging inspection (DR) and film radiographic inspection (RT)
were performed on typical products. The inspection efficiency, calculated in person-minutes,

increased by more than five times compared to the values shown in Table 3. The single

inspection cycle time (the time from the completion of image acquisition for the previous

image to the completion of image acquisition for the next image) was approximately 20 s.

As shown in Table 4, the products to be tested were inspected using the digital radiographic
imaging inspection method (DR) and film radiographic inspection method (RT) with this
system, and the inspection results were compared. The results obtained using the digital

radiographic imaging inspection method and the film radiographic inspection method were

consistent. Additionally, the image quality of the digital radiographic imaging inspection
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method (DR) was superior to that of the film radiographic inspection method (RT), with
the image quality being one order of magnitude higher. Partial defect images from the two
inspection methods are shown in Figures 25-27.

Table 3. Comparison of Inspection Efficiency.

; Time (Person-Minutes) ici
. Drawing Efficiency
Serial Model Product Number Part DR RT Improvement
1 CZ-4 RII 2CDB044-0B Rear bottom 30 180 6 times
2 CZ-2D RI 1XC0520-20 Front ring 30 160 5 times
3 CZ-2D YI 1XC0330-10 Cylinder section 25 150 6 times
4 CZ2D YO  2CBD02-0D Half box 30 180 6 times
Ring seam
5 CZ-2D YII 2CBD022-0B Front bottom 30 180 6 times
Table 4. Comparison of test results for detection images.
Normalised
Sensitivit Resolution . . .
Product Welding Method Weld ¥ Signal-to-Noise Ratio
Thickness
RT DR RT DR RT DR
Cylinder section Fusion Welding 8 W13 W15 D10 D11 124 156
Circular ring Fusion Welding 8 W13 W15 D10 D11 114 168
Bottom of thebox ~ Fusion Welding 8 W13 W15 D10 D11 120 159

(a) Digital X-ray image (b) Film scan image

Figure 25. Comparison of inspection results for unmerged welds on cylinder segments.

(a) Digital X-ray image (b) Film scan image

Figure 26. Comparison of tungsten-included defects in the longitudinal seam of the ring section.

(a) Digital X-ray image (b) Film scan image

Figure 27. Comparison of Arc Weld Defects in Cracked Box Bottoms.
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6. Conclusions

(1) To enhance the efficiency and accuracy of radiographic testing for rocket tank welds,
a dual-robot collaborative digital radiographic inspection system was designed, tailored to
the structural characteristics of rocket tank welds. The control system employs a Beckhoff
controller communicating with robots and servo motors via the EtherCAT protocol. The
X-ray machine controller and imaging inspection software utilize the ADS multithreaded
communication protocol. This integrates the operation of the X-ray machine controller,
imaging inspection software, lifting mechanism, and turntable with the robot body and
seventh-axis movements. Through rational design of logical timing sequences, the system
achieves an automated inspection process for rocket tank welds.

(2) A dual-robot collaborative inspection strategy with dual-mode switching is pro-
posed. Corresponding mode switching rules are designed for critical points during the
digital radiographic inspection of rocket tank welds by dual-robots. The dual-modes pri-
marily encompass loose coordination and tight coordination with full constraints. During
loose coordination, collision and interference issues are primarily addressed, mainly uti-
lizing an improved artificial potential field method for dual-robot path planning. In tight
coordination with full constraints, detection consistency issues are primarily considered,
establishing relevant constraints based on the digital radiography process. Finally, the robot
detection paths generated by the dual modes are combined to complete the dual-robot
detection path trajectory planning.

(3) An imaging software platform was designed integrating VS and Twincat software
with a QT-based host computer interface. This platform encompasses functional modules
for detector control, X-ray machine control, mechanical motion control, image acquisition,
image processing, and information display. Ultimately, it forms an intelligent imaging
software platform integrating imaging, image processing, and mechanical motion for
unified detection and control.

(4) The designed dual-robot collaborative digital radiographic inspection system
for rocket tank welds was applied to inspect typical components including arc welds,
circumferential welds, longitudinal welds on cylindrical sections, and butt welds on half-
tanks. Compared to existing traditional radiographic methods, this system achieves a
5-fold increase in inspection efficiency, achieving image sensitivity of W14, resolution of
D10, and a standardized signal-to-noise ratio of 128. These metrics significantly exceed
Grade A process requirements and fully meet current non-destructive testing demands for
multi-model rocket tank welds.

7. Discussion and Future Work

This paper integrates dual-robot control technology with digital X-ray inspection
technology to develop a dual-robot collaborative digital X-ray inspection system for de-
tecting internal defects in rocket tank welds. This system can be directly applied to digital
radiographic inspection of welds on the bottoms, cylindrical sections, and short shells of
multiple rocket tank models. However, the following limitations remain: robotic errors
and manual setting of digital radiographic inspection parameters constrain further im-
provements in inspection accuracy, while weld defect identification still relies on manual
evaluation, further impacting inspection time and accuracy. Future research will focus on
three key directions: (1) enhancing the precision of inspection actuators through robotic
error compensation methods to ensure image consistency; (2) developing neural network
models for adaptive adjustment of digital radiography parameters; (3) integrating deep
learning technology to achieve automated weld defect recognition, balancing efficiency
and accuracy in radiographic image analysis to enable precise and rapid defect detection
during rocket tank manufacturing.
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