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Fig. 4 Processing operation of the upsetting module

(2) Spinning module
After the feeding device delivers the pipe material from the upsetting processing station
to the spinning processing station, the spinning positioning cylinder positions the pipe material.
Once positioning is complete, the cylinder controls the die to clamp the pipe, and the rotary
compression tool processes the pipe material to create grooves at the pipe end. After spinning
is complete, the cylinder is released. Fig. 5 shows the processing operation of the spinning
module.
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Fig. 5 Processing operation of the spinning module
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(3) Chamfering module

After the feeding device delivers the pipe material from the spinning processing station to
the chamfering processing station, the chamfering positioning cylinder positions the pipe material.
Once positioning is complete, the die clamps the pipe, and the high-speed rotating chamfering tool
disc chamfers and removes burrs from the pipe material. After chamfering is complete, the cylinder
is released. Fig. 6 shows the processing operation of the chamfering module.
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Fig. 6 Processing operation of the chamfering module

3.1.2  Upper computer instruction compilation

Because the software used for the virtual 3D model of the pipe end forming machine is
third-party software and there is no mature protocol for communication between the PLC and
this software, it is necessary to develop and compile the data transmission and reception of the
upper computer program on the basis of the developed logic instructions.

A custom communication protocol is adopted in this work for Mitsubishi serial
communication. Therefore, it is necessary to define the formats of the transmitted and received
messages. We choose to send values consisting of 8 bytes in four registers. The original
program is compiled using RS-2 instructions, and the output formats of the compiled messages
are shown in Table 1.

The data executed in accordance with the RS-2 instructions are transmitted in a round-
robin fashion, and the data to be output are placed in registers D1000, D1001, D1002, and
D1003. In steps in which there is no position movement or speed output, 0000 is used as the
output for registers D1002 and D1003. When the instruction reaches the current step, the key
data are stored in the registers to be sent.

Table 1 Message output formats

Bytes Data definition  Data type Scope Remarks
1-2 (Instructi tput ist
(Ins ru;llo Onogl)l pUt register Output position Signed 0-20 Corresponding to all outputs
3-4 (Instrucgolr(l)(())lu )tp ut register Instruction 1 Signed 2-byte signed integer Displacement
5-6 (Instruction output register Instruction 2 Signed 2-byte signed integer Speed
D1002)
7-8 (Instruc]t;(ir(l)(());)tput register Instruction 3 Signed 0and 1 State change
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The upper computer utilised in the semi-physical simulation system incorporates an FX5U-
64MR/ES PLC as the control core in this work. The input signals are digitised to simulate sensor
signals, and the output signals consist of action commands to be executed by various modules,
which are processed through Mitsubishi's nonsequential protocol. These output action commands
are used to control the motion of the virtual model of the pipe end forming machine.

3.2 Intermediate virtual communication interface design

Once the control instructions are in a form that can be used to control the virtual 3D
model, a communication interface is needed both to pass those instructions to the virtual model
and to return feedback data from the virtual 3D model to the PLC.

The intermediate virtual communication interface between the PLC and the virtual 3D
model of the pipe end forming machine uses serial communication. Given that the virtual 3D
model lacks available physical ports, an RS-485-to-USB converter is employed to connect the
PLC to the PC on which the virtual model is run, as shown in Fig. 7.

PLC RS-485

SG SDB SDA RDB RDA
h 4

RXD+ | RXD- ‘ T/R- | T/R+ ‘ GND

RS-485-to-USB
A

¥
PC USB

SG: signal grounding; SDB: send data (B-); SDA: send data (A+); RDB: receive data (B-); RDA: receive data
(A+); RXD+: receive data (+); RXD-: receive data (-); T/R-: send data (-); T/R+: send data (+); GND: ground

Fig. 7 Wiring diagram

To avoid system stalling caused by thread blocking and reduce the response time and
errors in execution, multithread programming is used in this work to develop a virtual serial
port. The steps are as follows:

(1) Basic parameter configuration and development of the virtual serial port

The basic parameters include the port number, baud rate, stop bit, data bit, check bit,
sending frame head and sending frame tail. The configuration of these parameters needs to
match that of the basic parameters of the physical port to ensure the fluency of data transmission
and establish realistic communication conditions.

(2) Creation of a read thread

The functions of the read thread include opening the serial port, reading data from the
serial port buffer, exception handling, thread dormancy and thread destruction. Its purpose is to
receive data sent from the upper computer.

(3) Creation of a data analysis thread

The functions of the data analysis thread are to analyse the data received by the read
thread, to analyse and determine the frame head and frame tail of the received data, to determine
the correct format, and then to output the key data to a script for the virtual 3D model of the
pipe end forming machine.

(4) Creation of a data output thread

The functions of the data output thread include writing data to the buffer, exception
handling, thread dormancy and thread destruction. Its purpose is to feed back the execution
results to the upper computer.
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3.3 Design of the virtual 3D model simulation system for the lower computer

Once the control instructions have been passed to the virtual model via the
communication interface, the virtual model needs to be used to simulate the operation of the
pipe end forming machine in accordance with those control instructions.

The overall design of the simulation system for the virtual 3D model of the pipe end
forming machine is shown in Fig. 8. The system is divided into three parts: a view layer, a logic
control layer, and a management layer. These three layers perform their duties in parallel.
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Fig. 8 Virtual 3D model simulation system
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(1) The view layer is responsible for the interface through which the virtual 3D model of the
pipe end forming machine is presented to the user. Its main functions include the construction of
the environment of the virtual 3D model, the development of the motion process, texture
mapping, light source simulation, and the design of the human—computer interaction interface.

(2) The logic control layer is responsible for the logical analysis and matching of the data
transmitted from the PLC to control the movement of the virtual 3D model of the pipe end
forming machine.

(3) The management layer manages the data of the entire virtual 3D model, performing
functions such as abnormal state capture and maintenance of connection timeout records.

During the operation of the system, the operation status of each component of the pipe
end forming machine can be comprehensively observed, and the logical relationship between
the program under test and the actions of the machine can be tested.

3.3.1 Modelling process of the virtual 3D model

After the virtual 3D model of the pipe end forming machine is formed in SolidWorks to
ensure system fluency during the software operation and to prevent the model from being too
large, which could result in system jamming or motion control lag, the model is imported into
3ds Max for lightweight processing. A comparison of the number of surfaces and the memory
usage before and after lightweight processing is shown in Table 2. It can be seen from this table
that after lightweight processing, the number of surfaces and the amount of memory occupied
are reduced by 86% and 99.8%, respectively; thus, this processing greatly improves the running
speed of the virtual 3D model. The lightweight model is represented as a file in FBX format
and then imported into Unity 3D, as shown in Fig. 9 (a). To increase the authenticity of the
virtual 3D model, it is mapped to and integrated with models of other features of the factory
environment, such as shelves and forklifts. The complete system is shown in Fig. 9 (b), from
which it can be seen that the effect is relatively realistic.
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Table 2 Comparison before and after lightweight processing

Lightweight processing of model Before treatment After treatment Reduction ratio
Number of surfaces 1372.1K 192.1K 86%
Memory footprint 548.3 MB 1.5 MB 99.8%

(b) Diagram of the complete environment after mapping

Fig. 9 Simulation system for the virtual 3D model of the pipe end forming machine

3.3.2 Motion process and script development

To make the virtual 3D model of the pipe end forming machine move according to the
instructions of the upper computer, it is necessary to develop the motion process and script. In
this work, the motion state of the virtual 3D model of the pipe end forming machine is simulated
by an Animator state machine in Unity 3D. The Animator's interface development function
allows more abstract logical relationships to be repaired and combined so that the process of
logical control is more fluent and clearer, which is conducive to the integration of code and
motion processes and can enhance the realism of the system.

Through the development of multiple key frames on the timeline of a model, Unity3D
forms a continuous and smooth motion process according to the motion position of the object
on the key frame. The development, management, and switching of the motion process are
managed through the Animator Controller panel. The development process of the system
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involves the movement of multiple parts, so there will be different motion processes of different
parts. If all the motion actions are developed using the parent objects for the key frame, this
increases the complexity and difficulty of system development. To solve this problem, this
paper develops the motion process of the subobject on the basis of sorting out the parent—child
relationship. In addition, because the system also requires a fast response time and precise
control, it is necessary to set the parameters in the transition layer, the most important of which
are the exit time, transition duration, and loop time.

The exit time is the ratio of the time transition between the previous motion process and
the next one, which is affected by the transition duration. The transition duration involves the
synchronous execution of two motion processes. Loop time is present in the initial definition
of each motion process. After the script is executed by Animator, the virtual 3D model is
controlled by default to move continuously. With this function, the motion will be stopped at
the end of the last frame of the motion until the motion state of the virtual 3D model is switched
through Animator. To improve the response time, this paper sets the exit time to 1 and cancels
the transition duration and loop time. The motion process development and parameter
configuration are shown in Fig. 10.

Transitions Solo

~m |

- Q

acl ack
wss back3 -> Chamflering positioning move
Has Exit Time 4
C# C# C# ¥ Settings
chamfer bacl ic posit.. ic posit.. teing.ani setting.hack

Exit Time 1
Fixed Duration LJ
Transition Duratiol O
Transition Offset O
Interruption Sourc [ None
Ordered Interrupti [y
:00 i 00

move(speei.. mavel moved maved New Animato..

goQgg -

Conditions

original pos,.. rotation stop tinae judgme.,. spinning.anin... ( gl
= |_condition | (Greater ¢] |9

Fig. 10 Motion process development and parameter configuration

After completing the development of the motion process and parameter configuration, the
logic analysis of the state transformation is carried out. The motion process is developed
according to the motion process of the pipe end forming machine controlled by the upper
computer. Diagrams illustrating the motion process control development of the upsetting,
spinning, and chamfering modules are presented in Fig. 11 (a), Fig. 11 (b) and Fig. 11 (¢),
respectively.

In Fig. 11, each box represents every motion process of the virtual 3D model of the pipe
end forming machine. The indicator arrows depict the logical relationship between the current
motion state and the subsequent motion state. This logical relationship corresponds directly to
the one programmed in the upper computer. The conditions for transitioning between motion
states are determined by scripts and calculations utilising data transmitted from the upper
computer to the virtual 3D model of the pipe end forming machine.
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Fig. 11 Motion process control development diagrams of each module

A logical analysis of the RS-2 instructions of the Mitsubishi series PLC reveals that for each
instruction sent by the PLC, the 8-byte data from the four continuous registers, which form a
complete set of data, are sent to Unity 3D through the virtual communication serial port. After a
set of data is received, the received data are processed and analysed in accordance with the custom
communication format, and the data are parsed through the developed script. After the analysis
is complete, the virtual model of the pipe forming machine is controlled as specified by the data.
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In the semi-physical simulation system, the upper computer program corresponds closely
with the script development in the Unity 3D system. To ensure clarity in the script development
process, it is essential to analyse and set each message and feedback data transmitted from the
upper computer to Unity 3D. The returned data rely on the current number of instruction steps
executed by the upper computer. Once the movement process is complete, the data are sent to
the upper computer's register D2003. Furthermore, by comparing the returned data, constraints
can be placed on the messages sent by the upper computer, ensuring that only messages
pertinent to the current step are transmitted. This approach guarantees a clearer operational
process for the entire system, facilitating easier debugging and troubleshooting during the
development phase.

The determination of actions for the upsetting, spinning, and chamfering modules in the
pipe end forming machine is contingent upon the object requiring control. Precise invocation is
achieved through a well-organised hierarchical structure. The script diagram of the logical
analysis and determination is shown in Fig. 12. The logic analysis and determination method
presented in this paper is used in the update process. Data can be obtained promptly through
system frame calls, thereby enabling efficient and timely data analysis.

void DecisionmethoddD1()[...| // Upsetting clamping die
void DecisionmethoddD2()[...| // Upsetting stamping die
void DecisionmethoddD3()[...| // Spinningclamping die

void DecisionmethoddD4()|...| // Chamfering clamping die
void DecisionmethoddDS()|...| // Pressure plate cylinder

void DecisionmethodD6(). .. // Spinning positioning cylinder
void DecisionmethodD7()|...| // Chamfering positioning cylinder
void DecisionmethodD8()|...| // Upsetting station moving
void DecisionmethodD9()|... // Spinning station moving
void DecisionmethodD1@()|...| // Spinning station rotation
void DecisionmethodD11()|...| // Chamfering station moving

Fig. 12 Script diagram of logical analysis and determination

3.4 System parameter settings

To ensure the normal operation and real-time data transmission of the semi-physical
simulation system, it is necessary to add a pair of virtual serial ports to both the device manager
and Unity 3D and ensure consistency in the serial port parameters. In this work, a virtual serial
port assistant is used to add a pair of virtual serial ports to the PC. COM1 is used as the virtual
serial port for Unity 3D. For the device manager port, COM2 is added through the split function
and matched with COM1, and the serial port parameters are set to be consistent.

The input signal is sent through the I/O port, and the output signal is used to control the
movement of the virtual 3D model of the pipe end forming machine. When the virtual 3D model
reaches the specified position, the corresponding data are sent back, and the returned data are
placed in the specified register. The returned data are compared with the data of the specified
register to verify whether they are correct; if so, then the next data are sent. In accordance with
the above method, testing of the whole system can be completed.

The operation interface of the developed semi-physical simulation system for a pipe end
forming machine is shown in Fig. 13. The upper part is the visual window, and the lower part
is the camera visual window. The control interface of the system is shown on the left-hand side
of the camera visual window and displays the basic parameters, the input and output data and
the serial port communication status.
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Fig. 13 System operation interface

To achieve personalised customisation and meet the different needs of customers for pipe
parameters, it is necessary to change the processing program and working condition parameters
of the upper computer. This paper tests the operation of the semi-physical simulation system
under two working conditions, the parameters of which are shown in Table 3.

Table 3 Test conditions

Working  Nymber of pipe Pipe Pipe length  Spinning stroke Chamfer angle Chamfered edge length  Nymber of consecutive
condition fittings diameter/mm /mm J/mm /° /mm upsetting processes

1 10 $#30 300 2 45 1 1

2 10 $#60 300 6 45 2 2

4. Construction of the semi-physical simulation system

Taking the running time, real-time performance and stability of the system as indexes, the
semi-physical simulation system of the pipe end forming machine was tested, and the test
results were analysed.

4.1 System running time

Fig. 14, Fig. 15 and Fig. 16 show images of the virtual 3D model during the machining
processes of the upsetting module, the spinning module, and the chamfering module under the
two working conditions. These images illustrate that the developed semi-physical simulation
system can simulate the operation of the pipe end forming machine under different working
conditions.
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Fig. 16 State of the virtual model during processing with the chamfering module

The processing times for the three modules under the two working conditions are
presented in Table 4. The data show that an increase in the pipe diameter increases the
complexity of machining, particularly in the upsetting module, which is highly sensitive to such
changes. The processing time increases from 15 s to 45 s, a 200% rise, due to the greater
resistance of larger pipes. This requires more frequent and precise adjustments in the simulation

TRANSACTIONS OF FAMENA XLIX-2 (2025) 69



Q. Zhang, L. Zhang, Y. Shen, Development and Testing of a Semi-physical Simulation
Y. Fu, L. Li, P. Zhang, Y. Wei System for a Pipe End Forming Machine

to accurately model the increased forces and deformation. The processing time of the spinning
module is notably affected by the stroke length, increasing from 33 s to 46 s, a 39.4% increase,
reflecting the added complexity of simulating larger displacements and stress factors in the
material. Although the chamfering module is less sensitive to parameter changes, it still shows
a slight increase in processing time, from 25 s to 26 s, which impacts the overall system
performance. Furthermore, multiple consecutive upsetting processes significantly increase the
system load, causing the processing time to increase exponentially, particularly with the
increasing pipe diameter.

In summary, the pipe diameter, spinning stroke length, chamfer length, and the number
of upsetting processes significantly affect system performance, with larger diameters and longer
strokes leading to increased processing time and system load. This indicates that specific
process parameters directly influence the system's performance, leading to longer processing
times under more demanding conditions.

Table 4 Processing time

Time/s
Condition
Upsetting module Spinning module Chamfering module
1 15 33 25
2 45 46 26

4.2 System real-time and stability tests

In these experiments, the same data used in the running time tests were selected as the
instructions to send. The response delay time of the system and the proportion of effective data
transmission were tested in a round-robin manner. Separate tests were run with the virtual serial
port assistant connected to the virtual 3D model of the pipe end forming machine, with the PLC
connected to that virtual 3D model, and with the PLC connected to the virtual serial port
assistant. The receiving and sending processes of the serial port assistant are similar to the
operation mode of the nonsequential communication protocol. A message is sent first, the data
are sent back after reception is completed, and the returned data are sent the next time after
being received. The response delay time of the system is calculated by comparing the measured
number of transmissions (#;), the measured number of receptions (#:), and the theoretical
number of transmissions (V).

The calculation formula for the theoretical number of transmissions is as follows:
tx1000

N:T (1

where N is the theoretical number of transmissions; 7 is the testing time, in s; and # is the
transceiving time, in ms. The calculation formula for the response delay time is as follows:

tx1000
L=—"7-1 (2)

n,

where 7, is the response delay time, in ms; and #; is the measured number of transmissions.
The calculation formula for the proportion of effective data transmission is as follows:

R="1x100% 3)
N
where R is the proportion of effective data transmission, expressed as a percentage.
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The test time # was 360 s, the baud rate was 9600, and three transceiving times #1 of 250 ms,
500 ms and 750 ms were tested, each repeated ten times with the average values taken as the
results. The resulting test data for the 250 ms, 500 ms and 750 ms system transmit and receive
frames are shown in Table 5, Table 6 and Table 7, respectively.

Since the number of transmissions during the test is the number sent by the upper computer
and the number of receptions is the number sent by the lower computer, the measured number
of transmissions of the PLC and the virtual serial assistant, the virtual serial assistant and the
virtual 3D model of the pipe end forming machine, and the PLC and the virtual 3D model of
the pipe end forming machine in Table 5, Table 6 and Table 7 is one more than the number of
transmissions received.

Table 5 Test data for #1=250 ms transmit and receive frames

Virtual serial assistant and virtual

PLC and virtual serial . . PLC and virtual 3D model of
Data . 3D model of pipe end forming . . .
assistant . pipe end forming machine
machine
I 1278 1437 1277
ny 1279 1438 1278
N 1440 1440 1440

Table 6 Test data for 1 =500 ms transmit and receive frames

Virtual serial assistant and virtual

PLC and virtual serial . . PLC and virtual 3D model of
Data . 3D model of pipe end forming . . .
assistant . pipe end forming machine
machine
Py 676 718 676
ny 677 719 677
N 720 720 720

Table 7 Test data for £ =750 ms transmit and receive frames

Virtual serial assistant and virtual

PLC and virtual serial . . PLC and virtual 3D model of
Data . 3D model of pipe end forming . . .
assistant . pipe end forming machine
machine
I 459 479 458
ny 460 480 459
N 480 480 480

Fig. 17 shows the response delay time between the PLC and the virtual serial assistant,
the virtual serial assistant and the virtual 3D model of the pipe end forming machine, and the
PLC and the virtual 3D model of the pipe end forming machine when the transceiving times
are 250 ms, 500 ms and 750 ms. The results show that for the different transceiving times, the
response delay times between the PLC and the virtual serial assistant range from 31.47 ms to
32.61 ms, whereas those between the virtual serial assistant and the virtual 3D model of the
pipe end forming machine range from 0 ms to 0.70 ms. Accordingly, the response delay times
between the PLC and the virtual 3D model are similar to those between the PLC and the virtual
serial assistant, ranging from 31.69 ms to 34.31 ms. This delay is attributed primarily to the
scanning time of the PLC and the initial setting delay timer for the physical serial port. In this
system, the delay timer for physical serial port initialisation is set at 20 ms. By minimising this
delay timer, the overall response time delay of the system can be reduced to approximately
14 ms. The PLC response time, as stated in the Mitsubishi series user manual, ranges from
0.5 ms to 100 ms. Consequently, a response delay of 14 ms is within acceptable operational
parameters, indicating that the semi-physical simulation system developed in this study exhibits
good real-time performance.
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Fig. 17 Response delay time

Table 8 shows the proportion of effective data transmission between the PLC and the virtual
serial assistant, the virtual serial assistant and the virtual 3D model of the pipe end forming machine,
and the PLC and the virtual 3D model of the pipe end forming machine when the transceiving times
are 250 ms, 500 ms and 750 ms. The results show that when the transceiving times are 250 ms,
500 ms and 750 ms, compared with the theoretical number of transmissions, the virtual serial
assistant and virtual 3D model of the pipe end forming machine basically have no data loss, so the
proportion of effective data transmission between the PLC and the virtual 3D model of the pipe end
forming machine is similar to the proportion of effective data transmission between the PLC and
the virtual serial assistant, ranging from 88.75% to 95.63%, which proves that the developed semi-
physical simulation system has good stability. Furthermore, the data show that as the number of
transmissions increases, the proportion of effective data transmissions also increases. When the
transceiving times are 500 ms and 750 ms, the proportion of effective data transmission obtained
by the two methods is almost the same, but it is greater than that when the transceiving time is
250 ms. When the transceiving time is 750 ms, the proportion of effective data transmission is
7.75% greater than that when the transceiving time is 250 ms. The results of the T-test analysis
indicate that the significance probability p <0.05, proving that the results are statistically significant.

Table 8 Proportion of effective data transmission

Virtual serial assistant and virtual

3D model of pipe end forming PLC and virtual 3D model of

pipe end forming machine

Transceiving PLC and virtual serial
time/ms assistant

machine
250 88.82% 99.86% 88.75%
500 94.03% 99.86% 94.03%
750 95.83% 100% 95.63%

In sectors where latency, real-time data integrity, and system responsiveness are critical,
even small percentage gains can lead to significant enhancements in overall system
performance. These gains may manifest as reduced downtime, faster machine operation, and
fewer data transmission errors. By significantly reducing latency, a 7.75% improvement in
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transmission performance enables the system to respond more swiftly and accurately to real-
time commands. This is particularly beneficial in semi-physical simulations or industrial
automation systems, such as the pipe end forming machine. Additionally, this also provides a
basis for setting the transceiving time when the semi-physical simulation system developed in
this study is applied to the actual machine.

The above results shows that when the transceiving time is set to 750 ms, the system achieves
the highest levels of latency and data transmission efficiency. To comprehensively evaluate the
system's performance, a series of rigorous tests were conducted, aimed at assessing its reliability
under extended periods of continuous use. The experiments specifically focused on evaluating
the system's performance with a 750 ms transceiving time over a continuous 24-hour period. The
key metrics analysed during this evaluation were data transmission efficiency and latency.

Table 9 indicates that with a 750 ms transceiving time, the system maintains a high level of
reliability and stability over a continuous 24-hour period. The response time shows a slight but
steady increase, increasing from 13.9 ms at the start to 14.4 ms after 24 hours, reflecting a total
increase of 3.60%. Similarly, the proportion of effective data transmission begins at 94.5% and
gradually decreases to 90.2%, indicating a 4.3% decline in efficiency. These changes, though
moderate, suggest that the system experiences minor latency and a gradual reduction in data
transmission efficiency over time. However, the overall performance remains within acceptable
limits, indicating that the system is well suited for extended use in industrial applications where
continuous operation is essential, with minimal performance degradation observed.

These observations prove that the semi-physical simulation system developed in this study
has good real-time performance and stability.

Table 9 Key performance metrics during a 24-hour continuous operation test

Time/hours Response time/ms Percentage ig:;z%sz in response Propoﬁi;lr; I;)lti“sesfiie;/tj/:le data

0 13.9 0 94.5

14.0 0.72 94.1
8 14.1 1.44 93.8
12 143 2.88 92.9
16 14.3 2.88 91.7
20 14.4 3.60 90.8
24 14.4 3.60 90.2

5. Conclusion

To address the problems of insufficient debugging time and difficulties in the debugging
process for pipe end forming machines due to the increasingly prevalent development mode of
personalised customisation and rapid delivery, a pipe end forming machine is taken as the
research object in this study to develop a semi-physical simulation system.

(1) In accordance with the processing flow of a pipe end forming machine, PLC logic
instructions are developed for the upsetting module, the spinning module, and the chamfering
module. The Mitsubishi nonsequential communication protocol is used, and the data output
format is defined. On the basis of the developed logic instructions, an upper computer program
is developed and compiled for data transmission and reception.

(2) A virtual communication interface is developed for establishing the connection
between the PLC upper computer and the virtual 3D model of the pipe end forming machine.
This virtual 3D model is imported into 3ds Max for lightweight processing and subsequently
imported into Unity 3D in FBX format. In Unity 3D, the virtual model of the pipe end forming
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machine is employed for system functions such as environment construction, texture mapping,
motion processing, and script execution.

(3) The results of experimental tests of the developed semi-physical simulation system
show that the system can successfully simulate different working conditions. For different
transceiving times, the response delay times between the PLC and the virtual 3D model range
from 31.69 ms to 34.31 ms. By minimising the delay timer, the overall response time delay of
the system can be reduced to approximately 14 ms. Compared with the theoretical number of
transmissions, there is almost no data loss between the virtual serial assistant and the virtual 3D
model of the pipe end forming machine. The proportion of effective data transmission between
the PLC and the virtual 3D model of the pipe end forming machine varies from 88.75% to
95.63%, indicating that the system exhibits excellent real-time performance and stability.
Extended 24-hour testing further confirmed the system's reliability, with only slight
performance degradation over time. These findings indicate that the system is well suited for
continuous industrial applications, offering reliable real-time monitoring and control.

(4) While the system was designed specifically for pipe end forming machines, its modular
design suggests potential scalability. With necessary modifications to the PLC logic and virtual
models, the system could be adapted to other types of machinery. However, the extent to which
the system can scale up to larger industrial operations or different machines requires further
research. For example, in larger-scale manufacturing environments, issues such as
communication bandwidth, system processing capacity, and the handling of more complex
machine geometries need to be addressed to ensure the system's continued efficiency.

(5) In this paper, the main processing modules of the pipe end forming machine are
studied. In future work, the feeding device will be incorporated, and the semi-physical
simulation system will undergo further development. The subsequent step is to apply the
developed system in a real manufacturing facility for a pipe end forming machine to assess its
actual impact on the production cycle.

The semi-physical simulation system developed in this paper can be used to test and verify
the programming of a pipe end forming machine to ensure its quality and reliability. This
approach enhances the safety factor for developers during equipment debugging, aids in
preventing equipment damage caused by development or debugging errors, and reduces
development costs. Consequently, the developed system can significantly shorten the
development and debugging time for pipe end forming machines, solve the problems of
debugging difficulties and insufficient debugging safety during the development process, and
assist engineers who are unfamiliar with pipe end forming machines to swiftly acquire a
profound understanding of this equipment.
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