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Abstract

The accelerator vacuum monitoring system constitutes a critical subsystem
within the accelerator control system, playing a vital role in maintaining normal
accelerator operation. Traditional large-scale control system design, develop-
ment, and manufacturing processes are highly dependent on physical entities,
with functional testing and performance verification concentrated entirely in
the later project phases, leading to extended development cycles, elevated risks,
and constrained on-site commissioning time in the final stages. To address these
challenges, industrial virtual commissioning and virtual machine technologies
have been introduced to establish a full-hierarchy virtual simulation commis-
sioning platform for the accelerator vacuum monitoring system. This enables
parallel collaborative development of the accelerator vacuum monitoring system
from the early development stages, full-hierarchy virtualized commissioning and
logic rehearsal, and ultimately, the application of commissioning results to the
field through on-site configuration. This approach significantly reduces on-site
commissioning time, minimizes equipment wear and commissioning risks, and
enhances both project implementation efficiency and engineering design reliabil-

ity.
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Abstract

The accelerator vacuum monitoring system is a critical subsystem within the ac-
celerator control system that plays a vital role in maintaining normal accelerator
operation. Traditional design and development of large-scale control systems are
heavily dependent on physical entities, with functional testing and performance
verification concentrated in the final project stages. This approach results in
lengthy development cycles, elevated risks, and constrained on-site debugging
time. To address these challenges, we have integrated industrial virtual commis-
sioning and virtualization technologies to construct a comprehensive multi-level
virtual simulation and debugging platform for accelerator vacuum monitoring
systems. This enables parallel collaborative development, full-level virtual com-
missioning, and logic rehearsal to begin in the early development stages. The
debugging results are then applied to the physical system through field configura-
tion, significantly reducing on-site debugging time, minimizing equipment wear
and commissioning risks, and enhancing both project implementation efficiency
and engineering design reliability.

Keywords: virtual commissioning; accelerator vacuum monitoring system; vir-
tual simulation platform

1. Accelerator Vacuum Monitoring System

Large-scale experimental physics accelerator facilities are characterized by their
massive scale and diverse equipment types, making accelerator control systems
exceptionally complex. These systems integrate computer technology, network
communications, electronics, and digital signal processing, rendering their de-
sign and development a sophisticated systems engineering challenge. The vac-
uum system represents a crucial subsystem that provides a stable and reliable
vacuum environment for particle beams. For decades, the design and devel-
opment of accelerator vacuum monitoring systems have faced inherent depen-
dencies on physical equipment. The complexity of accelerators themselves de-
mands higher standards for project development cycles, reliability, and safety.
In conventional project implementation workflows, system-level verification and
debugging are deferred to late project stages, where discovering systemic defects
incurs substantial costs for remediation. Furthermore, current design practices
are fragmented and localized, resulting in program code with short lifespans and
poor readability and portability, which undermines the reliability of control sys-
tem design.

Virtual commissioning technology, a key enabling technology within the Indus-
try 4.0 framework, has found widespread application in automated production
lines, automotive manufacturing, and aerospace industries in recent years. This
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technology offers a novel approach to accelerator control system design and de-
velopment. Virtual commissioning is a digital simulation-based technique that
enables offline testing during equipment development, installation, commission-
ing, and maintenance phases, allowing equipment to be optimized before the
actual operational environment is ready. The conventional accelerator devel-
opment workflow proceeds from conceptual design to sequential mechanical,
electrical, and control system design. Since control system debugging requires
input/output interfaces, most commissioning must be performed on-site. When
defects requiring improvement are discovered during debugging, the process
must revert to the design phase, potentially extending development cycles and
jeopardizing timely delivery. Virtual commissioning technology addresses this
by migrating field operating parameters into a virtual environment, enabling
subsystem development and virtual commissioning before on-site work begins,
with results subsequently applied to physical commissioning. This approach can
reduce design-phase debugging time by approximately 75%. A comparison be-
tween traditional and virtual commissioning workflows is illustrated in [Figure
1: see original paper].

Virtual commissioning technology significantly reduces subsequent on-site de-
bugging time, decreases equipment wear, lowers commissioning risks, and im-
proves project implementation efficiency and engineering design reliability. By
constructing digital models, it facilitates standardized and modular control sys-
tem research and enables iterative optimization of control system models. Be-
yond engineering design and development, virtual commissioning can also be
applied to personnel training and operational rehearsal, contributing to control
system optimization and improvement.

2. Virtual Commissioning-Based Debugging Scheme for
Vacuum Monitoring System

Typically, control system design, development, and debugging must wait until
field equipment procurement and installation are complete, resulting in long de-
velopment cycles and significant project delay risks. With virtual commissioning
technology, the entire development cycle is compressed, enabling faster delivery
of control systems to the field. The field control layer is primarily responsible
for real-time data acquisition and equipment control, demanding high real-time
performance and exhibiting strong hardware dependencies. Virtual commission-
ing is introduced into this layer by using software on a PC to simulate real PLC
controllers, enabling hardware configuration, programming, and logic verifica-
tion through configuration software. Meanwhile, IOC and OPI components are
designed and developed using various EPICS development tools in Linux en-
vironments, making them less dependent on physical hardware. Drawing from
virtualization technology, the room-temperature front-end linear accelerator vir-
tual simulation platform virtualizes multiple OPI and IOC servers on a single
physical machine, employing virtual network card technology to simulate real
network communications. The operating systems, software development envi-
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ronments, and network configurations in the virtual machines are identical to
those in the actual system, ensuring consistency between the virtual commis-
sioning system and the real control system while reducing upfront investment
in physical equipment.

Finally, the OPI and IOC virtual machine systems are connected to the virtual
PLC PC via a local area network to enable inter-layer communication, logic
testing, and verification. After validation, only minimal on-site debugging is
required to adapt the virtual commissioning results to physical equipment. The
vacuum monitoring system commissioning scheme is shown in [Figure 3: see
original paper].

The virtual simulation platform hardware composition is depicted in [Figure 4:
see original paper], utilizing two physical machines. On Physical Machine 1,
virtualization software simulates one OPI, one IOC, and an engineering station.
The engineering station performs equipment configuration and program design,
using virtual PLC for commissioning. The OPI runs the main vacuum monitor-
ing system interface along with two sub-interfaces for gate valves and molecular
pumps. The IOC implements equipment integration, protocol conversion, and
PV wvariable publication. Physical Machine 2 uses software to simulate the
PLC. After completing full-level logic rehearsal, system integration, and regres-
sion testing in the virtual simulation environment, all programs are deployed
or downloaded to the physical server equipment and hardware PLC for final
on-site debugging.

3.1.1 System Software and Hardware Configuration

Virtual commissioning technology has recently been applied in industrial con-
trol system design and debugging, enabling vacuum monitoring system control
layer development to become independent of physical entities. Through PC-
based emulation technology, designers can rapidly perform control system con-
figuration, programming, and testing on simulated systems. Since this system
employs Siemens S7-1500 series CPUs, remote I/0O modules, and communica-
tion modules for remote vacuum equipment monitoring and control, Siemens
TIA Portal is selected for hardware/software configuration and programming,
while Siemens PLCSIM Advanced is used for S7-1500 PLC control system sim-
ulation. PLCSIM Advanced is an advanced simulator based on TIA Portal that
can simulate and verify not only PLC code but also communication, intellectual
property function blocks, safety functions, and OPC servers, ensuring functional
consistency between the virtual simulation system and the real control system.

PLCSIM Advanced provides Ethernet connectivity supporting both local and
distributed communication, enabling virtual PLCs to communicate with real
PLCs and HMIs while offering third-party interfaces for data exchange with
user programs or third-party software. Virtual PLCs created with PLCSIM Ad-
vanced can communicate with objects within the same PC or virtual machine, as
well as with objects on different PCs or virtual machines, supporting multiple
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communication protocols including TCP/IP, Siemens S7 communication, and
OPC UA. The control layer hardware configuration is shown in [Figure 5: see
original paper], employing CPU1513-PN as the master station and three ET-
200SP distributed I/O modules as slave stations. Slave Station 1 uses three Al
4xRTD/TC analog input modules to read vacuum gauge values. Slave Station
2 uses three DI 16x24VDC digital input modules and one DQ 16x24VDC/0.5A
digital output module for gate valve status monitoring, plus 19 CM PtP commu-
nication modules for communication between vacuum pumps, vacuum gauges,
and the master station. Slave Station 3 uses 28 Al 4xI analog input modules to
acquire operating status data from molecular pumps and vacuum gauges.

3.1.2 PLC Control Program

As shown in [Figure 6: see original paper], the PLC control program enables
automatic equipment control and monitoring. By reading device parameters,
executing control commands, monitoring status, implementing interlock protec-
tion, and transmitting data, the PLC can obtain real-time operating parameters
from pneumatic valves, molecular pumps, vacuum gauges, and other equipment.
Based on preset logic, it performs judgments and calculations to achieve auto-
matic equipment control. Simultaneously, the PLC monitors device commu-
nication status, triggers alarm mechanisms, and provides interlock protection
functions to ensure safe equipment operation. Through real-time data transmis-
sion, the PLC conveys equipment status information to the accelerator vacuum
monitoring system, enabling centralized equipment management and monitor-
ing that enhances operational safety, reliability, and efficiency.

3.2 Virtual PLC and IOC Communication

Compared with PLCSIM, PLCSIM Advanced offers more powerful functionality
and greater flexibility, enabling not only program simulation but also local and
distributed communication simulation. After installation, PLCSIM Advanced
creates a virtual network adapter named “Siemens PLCSIM Virtual Ethernet
Adapter” and adds virtual switch (PLCSIM Virtual Switch) properties to both
physical and virtual network cards, enabling virtual PL.Cs to communicate with
other devices (such as computers, virtual PLCs, HMIs) within the LAN. Com-
munication between the virtual PLC and the IOC-running Virtual Machine 1
constitutes distributed communication requiring the virtual switch. Therefore,
during IOC-PLC communication, the virtual switch function must first be ac-
tivated in the network adapter properties. The PG/PC interface’s STONLINE
application access point is then set to the virtual network card. When enabling
distributed communication for virtual PLCs, PLCSIM Advanced requires set-
ting the online access to PLCSIM Virtual Eth. Adapter, selecting the Ethernet
card for virtual PLC communication, and configuring the virtual PLC’s instance
name, [P address, subnet mask, and PLC type. The virtual PLC’s IP address
must reside in the same subnet as the computer’s network card and virtual
network card. PG/PC interface and PLCSIM Advanced settings are shown in
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[Figure 7: see original paper].

After virtual PLC parameter configuration, the PLC simulation function can be
activated. The steps for downloading programs to the virtual PL.C in TTA Portal
are identical to those for physical PLC debugging. As shown in [Figure 8: see
original paper|, two physical machines form a LAN for TCP/IP communication.
Virtual Machine VM2’s network adapter bridges to the physical network card
and connects to the virtual switch, allowing the IOC to read variable values
from the virtual PLC’s DB blocks and write them to the real-time database.

3.3 EPICS IOC and OPI Design

Virtualization technology has been widely adopted across various scenarios due
to its flexibility, security, and rapid deployment capabilities, with common virtu-
alization software including VMware, KVM, and VirtualBox. This system uses
VMware Workstation on Physical Machine 1 to establish two virtual machines
for IOC and OPI design and development, with network settings and software
environments identical to field equipment, employing CentOS 64-bit Linux oper-
ating systems. Virtual Machine 1 establishes the IOC’s real-time database and
develops device support and driver modules. Since the virtual PLC uses the
same communication protocol as the physical PLC, the s7Tnodave component is
employed to add driver support for the virtual PLC. Virtual Machine 2 runs
the vacuum system monitoring main interface developed based on Phoebus, re-
sponsible for monitoring vacuum levels, pressures, and equipment status at each
node, with two sub-interfaces managing status display and on/off functions for
17 valves and 12 vacuum pumps, as shown in [Figure 9: see original paper].

Before completing field installation and cable laying for this vacuum monitoring
system, the entire system underwent full-level design, development, debugging,
and multiple regression tests in the virtual simulation environment. When field
conditions for power-on and system testing were established, system deploy-
ment was completed at the site in a short timeframe through virtual machine
migration and project file replication, passing system-powered integration test-
ing without logical errors or variable mapping inconsistencies. Field debugging
issues were primarily concentrated in wiring quality and installation craftsman-
ship. Engineering practice demonstrates that virtual commissioning-based sys-
tem design effectively reduces on-site debugging time, enables rapid short-term
deployment, and ensures all program issues are resolved in the virtual debugging
environment, thereby reducing field debugging pressure and risk. This approach
yields significant improvements in time and labor cost savings, ensuring stable
project implementation and on-time delivery.

This project marks the first application of integrated virtual commissioning and
virtualization technologies in accelerator vacuum control system design, provid-
ing a reference solution for control system design. Virtual simulation-based
control system design does have limitations: since simulation systems depend
on computer CPU performance, the single-cycle time of virtual PLC controllers
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differs from that of physical controllers. Nevertheless, the advantages of this
virtual simulation system in optimizing design processes and improving devel-
opment efficiency make it highly promising for practical applications. Future
research will continue exploring methods to enhance the performance similar-
ity between simulation and physical systems to better serve accelerator control
system design and development.

References

[1] Zhao J J. Accelerator control system and its progress[J]. Chinese Physics C,
2008(S1):139-141.

[2] Zhu G L. Application of virtual commissioning technology in digital
twins[J]. China Instrumentation, 2020(06):19-23.  doi:10.3969/j.issn.1005-
2852.2020.06.002

[3] Wang W J. Research on virtual commissioning environment[D]. Chongqing:
Chongqging University, 2012:7-9.

[4] Wang J J, Niu X T, Huang Z G, et al. Research on virtual commissioning
technology of CNC machine tools driven by digital twins[J]. Manufacturing
Technology & Machine Tool, 2022(10):127-132.  doi:10.19287/j.mtmt.1005-
2402.2022.10.018

[5] Liu X J. Research on accelerator process control based on EPICS[D].
Lanzhou: University of Chinese Academy of Sciences (Institute of Modern
Physics, Chinese Academy of Sciences), 2021, 18-19.

[6] Zhang D M, Jin X, Li M, et al. Application of EPICS in accelerator control
systems[J]. High Power Laser and Particle Beams, 2008(04):597-600.

[7] Zeng M Q, Yin L, Yin C C, et al. SHINE beamline timing equipment
control system based on EPICS[J]. Nuclear Techniques, 2023, 46(07):25-33.
doi:10.11889/j.0253-3219.2023.hjs.46.070102

[8] Cao F J, Li H, Wang J M, et al. Application of virtualization technology in
software testing of oil and gas pipeline SCADA systems[J]. Industrial Control
Computer, 2017, 30(12):7-8. doi:10.3969/j.issn.1001-182X.2017.12.003

[9] Liu Q, Dan W, Jiang J H, et al. Survey on network card vir-
tualization[J]. Computer Systems & Applications, 2021, 30(12):1-9.
doi:10.15888/j.cnki.csa.008245

[10] Zhao G P, Sun W F, Liao Z. Research on virtual commissioning system
of flipping manipulator based on MCD and TTA[J]. Mechanical Engineer,
2023(05):5-7+11.

[11] Siemens AG. S7-PLCSIM Advanced Function Manual[M], Germany,
Siemens AG, 2019:54-61. https://cache.industry.siemens.com/dl/files/484/109773484 /att_ {1004713}/v1/s7-
plesim_ {{{advanced}}{{function}} }{{{manual}}{{en}}}-US{en}-US.pdf

[12] Xu P. Simulation application of S7-PLCSIM software in control systems[J].
Light Metals, 2015(09):61-64. doi:10.13662/j.cnki.qjs.2015.09.015.

[13] Daynier Rolando Delgado Sobrino, Roman Ruzarovsky, Radovan Holubek,
et al. Into the early steps of Virtual Commissioning in Tecnomatix Plant

chinarxiv.org/items/chinaxiv-202312.00002 Machine Translation


https://chinarxiv.org/items/chinaxiv-202312.00002

ChinaRxiv [$X]

Simulation using S7-PLCSIM Advanced and STEP 7 TTA Portal[C]. Modern
Technologies in Manufacturing.  Cluj-Napoca, Romania: EDP Sciences.
2019:299. doi:10.1051/matecconf/201929902005

[14] Wang G H, He S Y, Gao G, et al. Design and implementation of
EAST poloidal field power supply monitoring based on EPICS[J]. Com-
puter Measurement & Control, 2018, 26(06):57-60. doi:10.16526/j.cnki.11-
4762/tp.2018.06.015

[15] Zhu H J, Tong J, He Z F, et al. SAPT injection and extraction remote
control system based on EPICS[J]. Automation & Instrumentation, 2019,
(06):1-3+11. doi:10.14016/j.cnki.1001-9227.2019.06.001

[16] Chen X. Research on accelerator alarm technology based on Phoe-
bus/Alarms[D]. Anhui: University of Science and Technology of China,
2020:11

Corresponding author: Cao Shiquan, E-mail: caosq@nuwnu.edu.cn

Author Contributions:

Li Jigang, Lu Yanhong: Conducted experiments, drafted the manuscript;

Yang Feng, Chen Youxin, Cao Shiquan: Proposed research ideas, designed re-
search methodology;

Liu Haitao, Li Jiaosai: Provided technical support for system design and devel-
opment

Note: Figure translations are in progress. See original paper for figures.

Source: ChinaXiv — Machine translation. Verify with original.

chinarxiv.org/items/chinaxiv-202312.00002 Machine Translation


https://chinarxiv.org/items/chinaxiv-202312.00002

	Design of Accelerator Vacuum Monitoring System Based on Virtual Commissioning Technology
	Abstract
	Full Text
	Design of Accelerator Vacuum Monitoring System Based on Virtual Commissioning Technology
	Abstract

	1. Accelerator Vacuum Monitoring System
	2. Virtual Commissioning-Based Debugging Scheme for Vacuum Monitoring System
	3.1.1 System Software and Hardware Configuration
	3.1.2 PLC Control Program
	3.2 Virtual PLC and IOC Communication
	3.3 EPICS IOC and OPI Design

	References


