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Abstract: The automotive industry has always held a pivotal position in the manufacturing sector. As the manufacturing
industry undergoes intelligent transformation and upgrading, flexible manufacturing technology has consistently played a
crucial role in the “smart” manufacturing upgrade of the automotive industry. This technology effectively adapts to changes
in both internal and external environments, promptly responds to and addresses various uncertainties, significantly reduces
production cycles and costs, while ensuring product quality and efficiency. This article conducts research and analysis on
the application of flexible technologies in the “smart” manufacturing upgrade of the automotive industry. It briefly explores
the fundamental characteristics of flexible manufacturing technology. Subsequently, it analyzes the core value of applying
flexible manufacturing technology in the “smart” manufacturing upgrade of the automotive industry. It investigates the
application of flexible manufacturing technology in the automotive industry’s “smart” manufacturing, focusing on flexible
production equipment, flexible material transfer systems, flexible measurement systems, and flexible production lines.
Through this research, this paper provides references and insights for the deep integration of China’s automotive industry

with flexible manufacturing technology.
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1. Characteristic analysis of flexible manufacturing technology

From the current perspective of automotive industry development, flexible manufacturing technology demonstrates
the following fundamental characteristics as follows:

(1) Production equipment can simultaneously perform multiple types of processing operations, enabling mass
production of automotive products. This effectively controls inventory costs and significantly improves
equipment utilization rates;

(2) During raw material transportation, the utilization efficiency and availability of machinery can be

comprehensively enhanced. When automotive processing techniques remain identical, various processing




operations can be employed. Even in cases of production machinery failures, flexible manufacturing
can dynamically adapt to maintain production continuity, effectively mitigating the significant impact of
mechanical failures on vehicle output and quality '";

(3) The professional competence of manufacturing personnel can continuously improve, allowing for
effective handling of various operational scenarios;

(4) Flexible manufacturing technology enables multi-line operations within processing spaces, maintaining
balanced equipment loads across production workshops and significantly enhancing production stability

and reliability.

2. Application value of flexible manufacturing in the upgrading of automobile
manufacturing

2.1. Improving the stability of industrial production

During the intelligent manufacturing upgrade in the automotive industry, flexible manufacturing can establish
a comprehensive automated processing system using one or several machine tools. When mechanical operation
failures occur, the automated system will directly bypass the faulty machinery and employ multiple processing
methods for materials, thereby avoiding production halts caused by equipment malfunctions. This enables efficient
scheduling of production resources and significantly enhances the stability of automotive manufacturing.

2.2. Improving the utilization efficiency of production equipment

In automotive manufacturing, flexible manufacturing systems have significantly boosted production efficiency
through computerized backend control of production workflows. When machine tool operations are interrupted,
the system instantly initiates new tasks through intelligent task allocation, ensuring sustained equipment utilization
and effective cost control. This approach reduces maintenance expenses compared to traditional equipment
purchases, thereby enhancing both operational efficiency and economic returns .,

2.3. Effective control of labor costs

The automotive production system built on flexible manufacturing technology features centralized control of
the entire production process through a computer backend system. The system requires only 1-2 management
personnel, who must be familiar with production workflows and proficient in system operation to ensure effective
implementation of the flexible product management system. Compared to traditional manual production methods,
flexible manufacturing technology significantly reduces labor costs in automotive production. Additionally, the
system’s high flexibility enables efficient equipment inspection and maintenance, reducing reliance on dedicated

mechanical maintenance personnel and further controlling operational costs.

3. Application of flexible manufacturing technology in the process of intelligent
manufacturing upgrade of automobile industry

3.1. Application of flexible production equipment

In modern automotive manufacturing, flexible production technology centers on adaptable equipment, with
multi-axis CNC machine tools being the most prevalent solution. These tools are extensively used in precision

machining of automotive components, particularly for new energy vehicle parts. Capable of performing complex

2 Volume 9, Issue 7



operations like milling, drilling, and cutting through pre-programmed control systems, multi-axis CNC machines
demonstrate superior efficiency and quality control when processing materials and complex-shaped components.
During production, they enable precise management of machining paths and depth, ensuring consistent quality
standards across automotive parts. Additionally, these machines feature rapid tool changes and programmable
adjustments, making them ideal for small-batch, diverse production needs . By requiring only backend system
control, multi-axis CNC machines effectively reduce human interference and enhance manufacturing efficiency.

3.2. Application of flexible material transfer system

In automotive manufacturing, ensuring production continuity and stability requires efficient material handling
and management. The logistics system in flexible manufacturing integrates automated conveyor belts, robotic
handling equipment, and smart storage systems, enabling automatic storage, transportation, and handling of
various workpieces and raw materials. This system automates material handling and storage during production,
significantly reducing manual labor time. Moreover, the flexible logistics system can dynamically adjust raw
material supply based on specific production needs, adapting to manufacturing requirements of products of
different scales and types. With support from advanced software systems, it also enables real-time tracking of

material flow status and dynamic optimization of inventory management and production planning.

3.3. Application of flexible measurement system

In the automotive industry’s transformation and upgrading process, introducing flexible measurement systems
centered on high-precision instruments and automated inspection equipment is essential for enhancing product
quality. These systems enable real-time monitoring and inspection of production processes by integrating modern
technologies like laser scanning and 3D coordinate measuring machines with sensors, ensuring precise detection
of dimensions and shapes in automotive components to meet quality standards. The flexible measurement
system also effectively reduces human intervention during inspections, significantly improving efficiency while
supporting 24/7 production line monitoring to promptly identify and correct quality issues. Additionally, the
system comprehensively records production and inspection data, providing accurate data support for subsequent
quality traceability and management.

3.4. Application of flexible production line

From the current perspective of automotive manufacturing, production lines must prioritize meeting diverse
product manufacturing needs while enhancing overall efficiency and controlling costs. With the adoption of
flexible manufacturing technologies, the automotive industry can establish adaptable production lines. These
lines feature significant automation capabilities that enable real-time adjustments to equipment and processes,
effectively accommodating various product specifications. A common practice involves using multiple production
methods simultaneously on the same line to manufacture different body structures. Furthermore, flexible
production lines maintain strong market responsiveness, allowing immediate adaptation to demand fluctuations
and enabling customized, personalized manufacturing. This diversified approach effectively avoids the limitations
of single-product production lines, significantly reducing operational costs, improving production line utilization

rates, and optimizing resource allocation during manufacturing processes to prevent waste.

3 Volume 9, Issue 7



4. Conclusion

In summary, as the automotive industry advances toward intelligent manufacturing, flexible production
technologies have become increasingly prevalent. These technologies play a vital role in enhancing production line
efficiency, stability, and reducing labor costs, fully meeting the demands of China’s automotive sector’s intelligent
transformation. Currently, flexible production lines, measurement systems, equipment, and material handling
systems are widely adopted in automotive manufacturing. They enable continuous production while preventing
downtime caused by minor malfunctions, thereby continuously improving both production efficiency and product
quality. With ongoing refinements in flexible manufacturing technologies, the automotive industry’s intelligence

and automation levels will continue to rise.
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Abstract: This article focuses on the manufacturing of refrigeration products and elaborates on the introduction and
application of visual inspection equipment and electrical management systems. It introduces the principles of visual
inspection technology, analyzes existing difficulties and corresponding solutions, and proposes measures for optimizing the
architecture of electrical management systems. The practical effectiveness is verified through multidimensional indicators,
operational data comparison, and testing. The current research still has limitations in adapting to low-temperature
environments, and the integration of the industrial Internet of Things (IoT) and digital twin technology may become an

important direction for future development.
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1. Introduction

The “14th Five-Year Plan for Intelligent Manufacturing Development” issued in 2021 highlights the need to
continuously enhance the level of intelligence in the manufacturing industry. In the field of refrigeration product
manufacturing, visual inspection technology that integrates image recognition algorithms, optical imaging systems,
and deep learning can effectively identify defects in components. However, the application of such equipment
still faces challenges, including installation and positioning deviation control, the influence of optical component
performance under low-temperature conditions, and the need for synchronous triggering during image acquisition.
By optimizing the architecture of electrical management systems, implementing IP protection standards, and
carrying out energy-saving retrofits based on frequency converter parameter optimization, production stability
and energy efficiency can be improved. Nevertheless, existing studies remain limited in their adaptability to low-
temperature environments. In the future, the deep integration of the industrial IoT and digital twin technology is




expected to further promote intelligent and efficient development in this industry.

2. Analysis of the application of visual inspection equipment in refrigeration
product manufacturing

2.1. Basic principles of visual inspection technology

Visual inspection technology in refrigeration component surface inspection integrates principles such as image
recognition algorithms, optical imaging systems, and deep learning. The optical imaging system converts surface
information of refrigeration components into image information through lenses, light sources, and other equipment,
clearly capturing detailed features on the component surface . The image recognition algorithm processes the
acquired images, extracting key features such as shape, size, and texture based on edge detection, morphological
operations, etc., and compares them with preset standard models to determine whether the component has defects.
Deep learning utilizes models such as convolutional neural networks, trained on a large amount of annotated
refrigeration component image data, to enable the model to automatically learn component surface features and
defect patterns, thus achieving more accurate and intelligent defect recognition. For example, in a compressor
housing inspection project, technical parameters were selected based on the above principles, enabling the visual
inspection equipment to effectively detect defects such as scratches and air holes on the housing surface, ensuring
product quality.

2.2. Key technical difficulties in equipment introduction

Introducing visual inspection equipment into the manufacturing of refrigeration products presents numerous key
technical challenges. Installation and positioning deviation control is a major challenge. The layout of equipment
in the refrigeration product production line is complex, and even slight deviations in the installation of visual
inspection equipment can affect detection accuracy. Therefore, high-precision positioning technology and
advanced calibration methods must be employed to ensure accurate equipment installation *'. In low-temperature
environments, the performance of optical components is easily affected, such as frosting on lenses and changes
in light refraction. This requires the selection of suitable low-temperature optical compensation devices to
ensure imaging quality. Additionally, the synchronous triggering mechanism for image acquisition is crucial.
The production speed of refrigeration products is fast, and if the image acquisition is not synchronized with the
production pace, it can lead to missing or duplicate detection data. Therefore, a precise synchronous triggering
system must be designed to ensure that image acquisition closely matches the pace of product production, thereby

achieving efficient and accurate visual inspection.

3. Construction of electrical management system for production equipment
3.1. System architecture design optimization strategy

To optimize the electrical management system architecture of refrigeration product manufacturing equipment,
multiple approaches can be taken. In terms of PLC controllers, a deep analysis of the complex start-stop logic
of refrigeration equipment can be conducted, and combined with the characteristics of production line takt time,
the program can be refined to enhance control accuracy and response speed, ensuring that equipment start-stop
operations closely align with the production line rhythm and avoiding energy waste and production delays caused
by improper control "', For industrial communication networks, high-speed and stable communication protocols
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are adopted to enhance the real-time and reliability of data transmission between devices at all levels, achieving
efficient collaboration among various parts of the electrical system. For energy consumption monitoring modules,
the data acquisition algorithm is optimized to accurately capture energy consumption information of refrigeration
equipment during different operating stages, providing accurate basis for energy consumption analysis and energy-
saving strategy formulation, and helping enterprises achieve cost reduction, efficiency improvement, and green
production goals.

3.2. Safety protection and energy efficiency improvement measures

In the manufacturing of refrigeration products, it is crucial to strictly implement IP protection standards for high-
humidity production environments. It is necessary to select the appropriate IP protection level based on the actual
usage scenario and humidity conditions of the equipment, and to perform sealing and moisture-proof treatment on
visual inspection equipment and related electrical components to ensure stable operation of the equipment in harsh

. 4]
environments

. At the same time, energy-saving retrofits of injection molding machine power systems based
on frequency converter parameter optimization can effectively improve energy efficiency. By precisely adjusting
key parameters such as frequency and voltage of the frequency converter, the operation of the injection molding
machine motor can be better matched to production needs, avoiding waste of electrical energy. For example, in
a refrigeration product manufacturing workshop, optimizing the parameters of the injection molding machine’s
frequency converter reduced the overall energy consumption of the equipment and improved production efficiency.
This dual approach of safety protection and energy efficiency improvement lays a solid foundation for efficient

and stable production in refrigeration product manufacturing.

4. Equipment integration and system integration solutions

4.1. Equipment collaborative control technology

4.1.1. Visual signal triggering mechanism

In the manufacturing of refrigeration products, a visual signal triggering mechanism is crucial for the automatic
sorting of defective parts in evaporator pipelines. A linkage control system between visual inspection results and
assembly robots, built on the OPC UA protocol, acquires image information of evaporator pipeline parts through
visual inspection equipment. The visual inspection system analyzes and processes the images based on preset
defect determination criteria, and generates a visual signal when a defective part is detected . This signal serves
as a triggering command and is transmitted in real-time to the assembly robot control system through the OPC
UA protocol. Upon receiving the signal, the assembly robot responds quickly and accurately grasps and sorts out
the defective part according to a pre-set action program, thus achieving automated collaborative operation of the
entire system. This effectively improves the efficiency and accuracy of sorting defective parts in the manufacturing

process of refrigeration products, ensuring product quality.

4.1.2. Development of data interaction interface

In the equipment integration and system integration solution for the introduction of visual inspection equipment
and electrical management in refrigeration product manufacturing, the development of data interaction interfaces
is crucial. Designing an intelligent gateway device compatible with Modbus TCP and Profinet protocols can
effectively solve the data interaction problem between visual inspection equipment and MES systems. The Modbus

TCP protocol has a wide application base and is easy to implement for simple and fast data communication

7 Volume 9, Issue 7



between devices; the Profinet protocol excels in the field of industrial Ethernet and is suitable for data transmission
scenarios with high real-time requirements. Through the intelligent gateway, the detection data collected by the
visual inspection equipment can be accurately and real-time transmitted to the MES system for analysis and
processing, ensuring efficient monitoring and management of the production process, and realizing the intelligence
and informatization of the refrigeration product manufacturing process .

4.2. Application of intelligent surveillance technology

4.2.1. Construction of fault prediction model

In the manufacturing of refrigeration products, establishing a compressor motor bearing life prediction model
based on vibration spectrum analysis is a crucial step in achieving fault prediction. The vibration spectrum can
reflect rich information about the operating state of the motor bearing, and through in-depth analysis, potential
fault signs of the bearing can be accurately captured. By collecting a large amount of vibration spectrum data of
compressor motors under different operating conditions and utilizing machine learning algorithms for feature
extraction and model training, a prediction model that fits the actual operating conditions can be constructed. In
the meantime, combined with edge computing units, the model can be deployed on the device side close to the
data source to achieve real-time data analysis. In this way, early warnings can be given quickly when faults occur,
avoiding the expansion of faults and causing greater losses . This integration of equipment and technology
provides an effective approach for intelligent monitoring and fault prevention in the manufacturing of refrigeration
products.

4.2.2. Development of digital twin system

In the manufacturing of refrigeration products, taking the refrigerator foam production line as an example, the
development of digital twin systems achieves the application of intelligent monitoring technology by constructing
a virtual-to-real mapping model. Advanced sensor technology is utilized to collect real-time operational data and
process parameters of the refrigerator foam production line, such as temperature, pressure, and flow rate. These
data are transmitted to the cloud via the IoT, and modeling and simulation techniques are employed to create
virtual models that closely match the physical entities. Through virtual-to-real mapping, the operational status of
equipment can be visually presented, potential issues can be identified in a timely manner, and equipment failures
can be predicted "*'. Simultaneously, based on the virtual model, process parameters are simulated and optimized,
and parameters such as the amount of foam agent and foaming time are adjusted to enhance product quality
and production efficiency. This achieves the dual goals of equipment status monitoring and process parameter
optimization, providing a more efficient and precise intelligent management solution for refrigeration product

manufacturing.

5. Empirical research and effect verification

5.1. Test platform setup

5.1.1. Experimental environment configuration

In the construction of the test platform for a refrigeration valve production line renovation project, the experimental
environment configuration needs to be comprehensive and precise. In terms of equipment layout, visual inspection
equipment and related electrical management devices are reasonably arranged according to the production line

process to ensure efficient collaboration between devices. For example, the visual inspection equipment is placed
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at key nodes of valve assembly to capture production defects in a timely manner. In terms of sensor network
deployment, suitable sensors such as pressure sensors and temperature sensors are selected according to the
production characteristics of refrigeration valves, distributed across various production links, accurately collecting
temperature, pressure, and other data, and ensuring stable sensor communication . The data acquisition system
architecture adopts a layered design, with the bottom layer responsible for data collection from various sensors,
the middle layer responsible for data preprocessing and transmission, and the upper layer responsible for data
storage and analysis. Each layer is connected through a high-speed network to ensure real-time and accurate data
collection and transmission, laying a solid foundation for subsequent empirical research and effect verification.

5.1.2. Evaluation index system

In the evaluation index system for the introduction and electrical management of visual inspection equipment in
refrigeration product manufacturing, Overall Equipment Effectiveness (OEE) measures the overall efficiency of
equipment from three aspects: time utilization, performance efficiency, and quality pass rate. A high OEE indicates
stable and efficient operation of the equipment. Detection accuracy is related to the visual inspection equipment’s
ability to accurately identify defects and electrical parameters of refrigeration products, directly affecting product
quality. Energy consumption per unit of product reflects the effectiveness of electrical management, indicating
the relationship between the energy consumed by the visual inspection equipment and the quantity of products
produced during the manufacturing process of refrigeration products. Through these multi-dimensional verification
standards, the actual effects of introducing visual inspection equipment and electrical management in refrigeration
product manufacturing can be comprehensively and objectively evaluated, providing a quantitative basis for
subsequent optimization and improvement """, This helps enterprises enhance production efficiency, ensure

product quality, and reduce energy consumption.

5.2. Comparative analysis of operational data

5.2.1. Improvement in quality inspection efficiency

After the introduction of visual inspection equipment in the manufacturing of refrigeration products, the efficiency
of quality inspection has been significantly improved. Through comparative analysis of operational data before
and after implementation, it can be seen that before the introduction of visual inspection equipment, the detection
rate of condenser fin defects through manual inspection was only 92.3%, and the inspection speed was slow and
susceptible to human factors. After the introduction of visual inspection equipment, its high-resolution image
acquisition and accurate algorithm recognition significantly increased the detection rate of condenser fin defects
to 99.6%. This not only greatly reduces the probability of defective products entering the market, but also enables
the equipment to perform inspection quickly and continuously. Compared to manual inspection, it significantly
shortens the inspection time for individual products and improves overall production efficiency. This quantitative
effect intuitively reflects the excellent role of visual inspection equipment in the quality inspection process of
refrigeration product manufacturing, effectively verifying the positive impact of introducing this equipment on
improving quality inspection efficiency.

5.2.2. Comparison of energy consumption
In the manufacturing of refrigeration products, to verify the impact of the introduction of visual inspection

equipment and electrical management optimization on energy consumption, an in-depth analysis was conducted
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based on quarterly data recorded by the SCADA system. It is clearly evident from the data that after the
introduction of visual inspection equipment and the implementation of electrical optimization schemes, there was
a significant change in energy consumption at the compressor testing station. Specifically, compared to before the
optimization was implemented, energy consumption at the compressor testing station decreased by 18.7%. This
data strongly demonstrates that the electrical optimization scheme achieved considerable energy-saving results
at the compressor testing station. Through such comparative analysis of operational data, the positive effects of
the introduction of visual inspection equipment and electrical management strategies on energy consumption are
visually presented, providing a reliable practical basis and data support for the refrigeration product manufacturing

industry in energy management.

5.3. System stability verification

5.3.1. Equipment joint debugging and testing

In the manufacturing of refrigeration products, equipment joint debugging tests were conducted to verify the
system stability after the introduction of visual inspection equipment. Through a 72-hour continuous operation
test, the focus was on verifying the synchronous control stability between the visual inspection equipment and
the injection molding machine. This test simulated continuous operation scenarios in actual production, closely
monitoring various operating parameters and synchronous control conditions of the equipment. The test results
showed that the mean time between failures (MTBF) of the equipment reached 1500 hours. This indicates that
the visual inspection equipment and the injection molding machine exhibit high stability in synchronous control,
meeting the requirement for long-term stable operation in the manufacturing process of refrigeration products.
This provides a strong empirical basis for subsequent large-scale production applications, ensuring that the visual
inspection equipment and the injection molding machine can work stably and efficiently after joint debugging in

actual production.

5.3.2. Simulation of abnormal operating conditions

In the manufacturing of refrigeration products, to verify the stability of the system under the introduction of visual
inspection equipment and electrical management, abnormal operating conditions are simulated. A simulated grid
fluctuation scenario is set up, with a voltage sag of 15%, to observe whether the inspection equipment can operate
normally. This tests the system’s anti-interference capability during abnormal voltage changes, ensuring that even
in the event of significant fluctuations in grid voltage, the inspection equipment can still operate stably without
misjudgment or missed inspections. Simultaneously, a simulated mechanical impact scenario is conducted,
replicating the mechanical vibrations, collisions, and other situations that may be encountered during the
manufacturing process of refrigeration products. This tests whether the system’s detection accuracy and stability
are affected by mechanical impacts, and determines whether the visual inspection equipment and electrical
management system can maintain normal operation under complex operating conditions, thereby ensuring the
reliability and accuracy of visual inspection during the manufacturing process of refrigeration products.

6. Conclusion

In the manufacturing of refrigeration products, the introduction of visual inspection equipment and electrical
management are crucial. By refining the key points of visual inspection equipment selection and configuration,
as well as the methodology for optimizing electrical systems, this provides key guidance for industry practice.

However, current research has limitations in terms of adaptability to low temperature environments, which means
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that under extreme low temperature conditions, the stable operation and accurate detection of equipment still face
challenges. In the future, the deep integration of industrial IoT and digital twin technology will be an important
development direction. With the help of industrial IoT to achieve real-time monitoring and remote operation and
maintenance of equipment, combined with digital twins to construct virtual models for optimizing design and
predictive maintenance, it is expected to break through existing limitations, improve the performance and electrical
management efficiency of visual inspection equipment in refrigeration product manufacturing, and promote the

refrigeration product manufacturing industry to a new stage of intelligent and efficient development.
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Abstract: For the multi-objective scheduling problem of smart microgrids, a collaborative optimization framework based
on deep reinforcement learning (DRL) and digital twins is proposed to achieve synergistic optimization of economic
efficiency (cost reduction of 18%), environmental protection (carbon emissions of 0.33 kgCO,kwh), and reliability (power
supply reliability rate > 99.99%). Through empirical validation with a 200 mw microgrid, the model increased renewable
energy consumption by 12% and reduced frequency excursion events by 80%. The study reveals technical bottlenecks
such as storage response time (200 ms) and prediction error (RMSE 12-15%) under high renewable energy integration,

providing solutions for the implementation of the “Blue Book on the Development of New Power Systems™ (2023).
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1. Introduction

Aiming at the integrated power scheduling problem in smart microgrid, a collaborative regulation strategy based
on battery management system (BMS) high-precision monitoring (SOC error <= 1%) and multi-objective dynamic
optimization is proposed. Through the construction of economic environmental protection reliable optimization
model, the collaborative optimization of average daily cost reduction of 18% and carbon emission intensity of
0.33 kgCO a/kwh can be achieved in the industrial park microgrid. The research reveals the technical bottlenecks
such as inertia loss and heterogeneous communication protocols under the high proportion of renewable energy
access, and puts forward the future directions such as Al drive control and solid-state battery application. The
empirical data verify the key role of digital twin technology in improving the prediction accuracy (error < 8%) and
scheduling timeliness (response < 50ms), and provide technical support for the implementation of the “14th Five
Year Plan” For the development of new energy storage.
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2. Analysis of smart microgrid system architecture and energy storage system

2.1. Composition and operation characteristics of smart microgrid
As an important part of the new power system, the typical architecture of smart microgrid includes four core
modules: Distributed renewable energy (photovoltaic, wind power, etc.), energy storage system, flexible load and
intelligent control system ",
In terms of operating characteristics, examples include:
(1) Distributed energy access and multi-source collaborative operation mode, using standardized power
electronic interface (such as communication protocol based on IEC 61850) to achieve plug and play;
(2) Energy management system (EMS) is used to realize the coordinated dispatching of wind, solar and
energy storage;
(3) Typical operation modes include grid connected operation, island operation and mixed mode switching ..
The dynamic load demand and power quality control requirements includes as follows:
(1) The necessity to deal with the nonlinear load impact such as electric vehicle charging pile and frequency
conversion equipment;
(2) Voltage/frequency regulation shall meet IEEE 1547-2018 standard;
(3) Virtual synchronous machine (VSG) technology is used to provide inertia support;
(4) Harmonic suppression and three-phase balance compensation through hierarchical control.

2.2. Function positioning of energy storage system in microgrid
As the core regulation unit of smart microgrid, energy storage system undertakes three key functions. It is the
hub of power balance, the support of renewable energy and the guarantee of system stability. In terms of power
balance, its core positioning is reflected in the following aspects:

(1) Realizing peak valley arbitrage through the strategy of “Low storage and high amplification”;

(2) Provide second level (< 200 ms) power response capability;

(3) The VSG technology is used to simulate the characteristics of synchronous generator;

(4) Maintain the system frequency deviation within = 0.1 hz (gb/t 33593-2017).

In terms of renewable energy consumption and power grid stability guarantee, the core positioning is reflected
in as follows:

(1) Stabilizing the fluctuation of wind and solar output (the fluctuation rate is reduced by more than 30%);

(2) Provide n-1 emergency reserve capacity (> 10% rated power);

(3) Support black start function (recovery time < 1 minute);

(4) Improve the reliability of power supply to more than 99.98% (microgrid management measures 2023).

3. Key technologies of battery management and safety monitoring in energy
storage system

3.1. The importance of BMS in battery safety and life management

BMS is the core technology to ensure the safe and efficient operation of energy storage system. Its key functions
include as outlined.

3.1.1. Battery condition monitoring and fault diagnosis

The improved Kalman filter algorithm is used to realize SOC estimation (error <+ 3%); SOH evaluation based on
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capacity decay curve and internal resistance analysis (accuracy + 5%); SOP real-time calculation through multi-
parameter fusion (refresh rate 1 hz); fault early warning with integrated voltage/temperature gradient detection
(response time < 100ms).

3.1.2. Thermal management and safety protection
The liquid cooling system maintains the temperature difference of the cell < 2 °C (gb/t 36276-2018); active
equalization circuit improves energy efficiency to more than 92%; three level protection system (electrical/

thermal/chemical isolation); perfluorohexanone fire extinguishing system (trigger delay < 30s).

3.2. Key technical requirements of information data communication

The data communication architecture of smart microgrid energy storage system needs to meet the requirements
of high real-time, high reliability and strong security. Use can fd+tsn protocol to realizeps device layer
communication, support edge cloud collaboration based on 5g urlle (delay < 1ms), and deploy lightweight Al
model (TensorRT acceleration) to realize local SOC dynamic calibration (10 ms) ”'. In terms of security protection,
a hybrid encryption system of sm9-+quantum key is built to achieve dynamic authority control through a zero-trust
architecture. Experiments show that the packet loss rate of this architecture is less than 0.001% at the scale of 200
nodes, which fully conforms to IEC 62351-3 standard, and provides a technical paradigm for the implementation

of the provisions on safety protection of power monitoring system */.

4. Integrated power dispatching strategy in smart microgrid environment
4.1. Construction of multi objective optimal scheduling model

The multi-objective optimal dispatching model of smart microgrid aims to achieve the goals of economy,
environmental protection and reliability. Its core architecture includes three key dimensions as listed.

4.1.1. Economic optimization

With the objective of minimizing the operation cost, a mixed integer linear programming (MILP) model is
constructed, covering the grid interaction cost (time of use price mechanism), distributed generation fuel cost,
energy storage loss cost (based on SOH degradation model) and demand side response compensation cost.
Through DRL to dynamically adapt to electricity price fluctuations, the case of an industrial park shows that the
average daily cost is reduced by 18% .

4.1.2. Environmental protection constraint

Introduce carbon emission intensity index (< 0.35 kgCO a/kwh) and renewable energy penetration constraint (>
70%), and use NSGA-iii algorithm to coordinate economic environmental protection conflict. The carbon flow
tracking technology realizes the accurate responsibility sharing between the power generation side and the load
side, and the wind and light rejection rate is reduced to less than 5% in the empirical study.

4.1.3. Reliability assurance
The n-1 safety criterion and reserve capacity of energy storage (> 15% of rated power) are embedded, and the
uncertainty of wind and solar output is addressed through robust optimization. Fault reconstruction supported by

digital twin technology reduces the recovery time to 30 seconds and improves power supply reliability to 99.99%
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(SAIDI < 0.5 hours/year).

For model innovation, multi-time-scale optimization is adopted, ranging from second-level frequency
regulation to hour-level peak shaving. 5G edge computing enables real-time response at the 50 ms level. The
model strictly complies with the requirements of “security, economy, and low carbon” coordination proposed in
the Blue Book on New Power System Development (2023). The model has been verified in a 200 mw microgrid
and provides an extensible scheduling framework for high proportions of renewable energy integration.

4.2. Dynamic control technology and real time response mechanism

4.2.1. Prediction based distributed cooperative control method

The distributed collaborative control of smart microgrid adopts a three-level architecture of “Prediction
optimization execution” To achieve dynamic regulation. In the ultra-short-term forecasting layer, the attention
LSTM hybrid model is used to forecast the wind and solar output for 5-15 minutes (error < 8%), and the deep
clustering algorithm is used for load forecasting (accuracy > 90%). The local control layer deploys model
predictive control (MPC) to achieve second-level adjustment, and the regional coordination layer reduces the
communication bandwidth requirements by 60% based on ADMM algorithm. The system integrates the digital
twin platform, compensates the prediction error through the VSG technology, and the key indicators show that the
frequency regulation response is < 200 ms, the voltage recovery is < 500 ms, and the islanding switching is <2 s.
The empirical results of a 200 mw microgrid show that this method improves the renewable energy consumption
rate by 12%, reduces the frequency out of limit events by 80%, and fully meets the requirements of the technical
specification for multi-level dispatching and collaborative control of power system (2023), providing a control

paradigm of millisecond level response for a high proportion of new energy systems ',

4.2.2. Demand side response and dynamic pricing strategy

In this study, a dynamic pricing platform for smart microgrid based on blockchain is constructed, which uses a
15 minute granularity real-time electricity price update mechanism and uses a two-stage auction model to match
users’ demand for flexible load regulation. An asymmetric incentive mechanism was innovatively designed
to implement peak shaving compensation of 0.15 yuan/kwh for industrial users and step-by-step subsidies for
residential users. The virtual power plant (VPP) aggregates adjustable resources such as electric vehicles and
intelligent air conditioners, and combines fuzzy logic algorithm to optimize the charging and discharging timing,
so as to achieve accurate load regulation under the premise of ensuring user comfort.

The empirical data show that the strategy successfully reduced the peak to valley load ratio of the microgrid
in an industrial park from 1.8 to 1.3, reduced the peak load by 22%, and increased the user participation rate
to more than 75%, fully meeting the requirements of the Power Demand Side Management Measures (2023),
verifying the effectiveness of the market mechanism in promoting the interaction between sources and loads, and

providing a scalable implementation example for the demand response of new power systems .

5. Case analysis and strategy verification

5.1. Application cases in typical microgrid scenarios

5.1.1. Configuration of micro-grid energy storage system in 1 industrial park

Based on a 20 mw/100 mwh smart microgrid demonstration platform in a coastal industrial park, this study
innovatively constructs a “lithium iron phosphate battery + super capacitor” hybrid energy storage system. Among
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them, 15 mw/90 mwh lithium battery unit adopts digital twin BMS technology to achieve SOC estimation error
+ 1% accuracy and 20 minute thermal runaway warning. 5 mw/10 mwh super capacitor has 50 ms rapid response
capability. The system integrates SIC converter (conversion efficiency 98.5%) and 5g-mec edge control platform
(command delay < 10 ms). The empirical data show that through the time-sharing arbitrage strategy, the daily
energy consumption cost can be saved by 236000 yuan, the power supply reliability rate can reach 99.991% (saidi
0.3 hours/year), the renewable energy penetration rate can be increased to 85%, and the carbon emission intensity
can be reduced to 0.28 kgCO a/kwh, which fully meets the standard of gb/t 36547-2023. It verifies the technical
advantages of multi-time scale coordinated control of hybrid energy storage in industrial scenarios, and provides

an effective solution for high proportion of renewable energy consumption.

5.1.2. Dispatching scheme of off grid microgrid in remote areas

For a plateau off-grid microgrid (10 mw wind power + 3 mw/12 mwh flow battery), this study proposes a
“Prediction optimization correction” Dynamic scheduling framework. The ultra-short-term prediction of wind
power output (error < 10%) is achieved by LSTM algorithm. Combined with the deep charging and discharging
characteristics of liquid flow battery (SOC working range 20-90%), the robust optimization model is used to
coordinate the operation of source and storage. The system is configured with VSG technology, the frequency
deviation is stable within + 0.2 hz, and the black start time is < 45 seconds. The actual operation data show that
the renewable energy power supply accounts for 93%, the annual operation time of diesel engine is reduced by
68%, and the carbon emission intensity is reduced to 0.18kgCO a/kwh, which fully meets the requirements of the
technical specification for off grid microgrid (nb/t 10679-2021), and verifies the applicability of the scheme in
high altitude and harsh environment.

5.2. Simulation experiment and result analysis

5.2.1. Comparison of multi-objective optimization algorithms

This study systematically compares the optimization performance of particle swarm optimization (PSO), improved
non-dominated sorting genetic algorithm (NSGA-iii) and DRL for the industrial park microgrid scenario.
Experimental data show that PSO algorithm has fast convergence speed (50 iterations), but it is easy to fall into
local optimization, with an average daily cost of 87000 yuan; NSGA-iii achieves a better solution set distribution
through the elite strategy, and the cost is reduced to 82000 yuan; DRL (MADDPG framework) performed best,
achieving an average daily cost of 79000 yuan and a second level response, and reducing carbon emission intensity
by 26.7% (0.33 vs 0.45 kgCO a/kwh) compared with PSO. The results show that the comprehensive performance
of DRL is outstanding in dynamic scenarios, but its high requirements for data quality and computing power still
need to be broken through, which provides an important basis for the algorithm selection of the implementation
plan for the development of new energy storage in the “14th Five Year Plan”.

5.2.2. System performance indicators under different control strategies

This study reveals the key performance differences by comparing the traditional centralized, single economy
and multi-objective coordination control strategies. The average daily cost of the traditional strategy is 95000
yuan, and the peak valley margin is 1.8. Although the cost of single economic optimization (PSO) was reduced
to 87000 yuan, it resulted in 12% light rejection rate and 0.45kgCO a/kwh carbon emissions; the multi-objective
collaborative strategy (DRL + NSGA-iii) achieves the optimal balance: The cost is 79000 yuan, the light rejection
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rate is 5%, the carbon emission is 0.33kgCO a/kwh, and the frequency deviation is stable within + 0.1 hz. It is
particularly noteworthy that this strategy improves the energy storage cycle efficiency to 93% and the source load
matching degree to 22%, fully meeting the triple objective coordination requirements of the guidelines for power
system security and stability (2023), and providing an empirical optimization model for a high proportion of
renewable energy microgrids "*.

5.3. Empirical research and technical challenges

5.3.1. Verification and deviation analysis of actual operation data

This study reveals the key performance differences by comparing the traditional centralized, single economy
and multi-objective coordination control strategies. The average daily cost of the traditional strategy is 95000
yuan, and the peak valley margin is 1.8. Although the cost of single economic optimization (PSO) was reduced
to 87000 yuan, it resulted in 12% light rejection rate and 0.45kgCO a/kwh carbon emissions; the multi-objective
collaborative strategy (DRL + NSGA-iii) achieves the optimal balance: The cost is 79000 yuan, the light rejection
rate is 5%, the carbon emission is 0.33kgCO a/kwh, and the frequency deviation is stable within = 0.1 hz. It is
particularly noteworthy that this strategy improves the energy storage cycle efficiency to 93% and the source load
matching degree to 22%, which fully meets the triple objective coordination requirements of the guidelines for
power system security and stability (2023), and provides an empirical optimization paradigm for a high proportion
of renewable energy micro grid .

5.3.2. Technical bottleneck under the high proportion of renewable energy access

This study reveals three major technical bottlenecks faced by microgrids with a high proportion of renewable
energy (penetration rate > 80%): The 200 ms response speed of existing lithium battery energy storage is difficult
to meet the second level frequency regulation requirements, resulting in an increased risk of frequency instability;
the prediction error of wind and solar output (short-term RMSE 12—-15%) caused 20% spare capacity redundancy,
which significantly increased the operation cost; the conversion efficiency of heterogeneous protocols such as
Modbus and IEC 61850 is low, which restricts the timeliness of multi-source collaboration. It is particularly
noteworthy that the current cost of long-term energy storage technology of flow battery (>3000 yuan/kwh) has not
reached the commercialization threshold, which directly limits the progress in achieving the goal of “Renewable
energy penetration rate > 80%” Proposed in the blue book for the development of new power systems (2023),
and it is urgent to break through the key technologies such as wide frequency-domain inertia support and cross

. . 10
protocol communication "

6. Conclusion

This study verifies the effectiveness of the multi-objective optimal scheduling model for smart microgrid, and
realizes the collaborative optimization of economy (cost reduction of 18%), environmental protection (0.33kgCO
a/kwh) and reliability (power supply reliability > 99.99%). However, a high proportion of renewable energy access
still faces technical bottlenecks such as insufficient inertia support and heterogeneous communication protocols.
Future research will focus on solid-state battery and wide-band gap semiconductor technology to improve the
response speed of energy storage; quantum communication enhances data security, promotes the realization of the
objectives of the implementation plan for the development of new energy storage during the 14th Five Year Plan
Period, and supports the low-carbon transformation of the new power system.
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Abstract: This paper addresses the stringent requirements for sealing technology in high-temperature and high-pressure
petrochemical equipment, and introduces the key technologies and performance studies for the domestication of bimetallic
self-sealing composite gaskets. The gasket features a composite structure of a double-layer metal framework and flexible
graphite, relying on the “pressure self-sealing” mechanism to maintain excellent sealing performance even under high-
temperature conditions. The article systematically elaborates on its material process innovations, thermomechanical
coupling experiments, and methods for verifying sealing integrity, and establishes a life prediction and engineering risk
management system, providing a technical route and theoretical support for the reliable application of high-end sealing

components in the petrochemical field in China.

Keywords: Double-layer metal skeleton self-sealing gasket; High-temperature petrochemical equipment; Graphite

composite layer

Online publication: December 31, 2025

1. Introduction

As the petrochemical industry evolves towards high-temperature and high-pressure conditions, the sealing
performance of equipment faces increasingly severe challenges. The petrochemical industry policy released in
2023 explicitly lists enhancing the reliability of key equipment as a key development direction. High-temperature
environments impose stringent requirements on sealing materials. For instance, they need to possess excellent
thermal stability, creep resistance, and corrosion resistance. Traditional sealing materials often struggle to meet
these comprehensive performance indicators. The self-sealing composite gasket based on a double-layer metal
skeleton structure effectively addresses this challenge through innovative design. It utilizes a double-layer metal-
formed skeleton to establish rigid contact with the flange, and simultaneously fills micro-gaps with surface-
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compounded graphite material, achieving a durable and reliable seal under high-temperature conditions. From
skeleton structure optimization, graphite compounding process, to performance verification system, relevant
research provides a complete technical path for enhancing the performance of domestic seals, which is of great
strategic significance for ensuring the safe operation of petrochemical equipment.

2. Technical basis of bimetallic self-sealing composite gasket

2.1. Analysis of demand for high-temperature petrochemical sealing technology

Under high-temperature and high-pressure conditions, petrochemical equipment has stringent requirements
for sealing materials. In terms of thermal stability, due to the high operating temperature of the equipment, the
sealing material must maintain stable performance at high temperatures to avoid structural damage or degradation
of sealing performance caused by temperature changes ''!. Creep resistance is also crucial. When subjected to
long-term pressure, the material should prevent slow deformation to ensure the durability of the sealing effect.
Regarding corrosion resistance, the petrochemical environment is complex, with various corrosive media present.
The sealing material must be able to resist corrosion and prevent leakage. Traditional sealing materials fall short
in these aspects. Their failure mechanisms include structural changes in the material at high temperatures, creep
due to inability to withstand long-term pressure, and susceptibility to corrosion, which cannot meet the sealing

requirements of high-temperature petrochemical equipment.

2.2. Innovative features of bimetallic composite structure

The design of the double-layer metal skeleton structure is innovative. In principle, it adopts a double-layer skeleton
design composed of the same metal material, ensuring structural consistency through precision molding processes.
Simultaneously, it utilizes the synergistic effects of temperature rise, internal pressure, elastic deformation, and
plastic deformation to achieve self-sealing functionality *'. The surface composite graphite layer closely adheres to
the flange metal surface. The high-temperature stability and flexibility of graphite material effectively fill micro-
gaps, maintaining long-lasting sealing under high-temperature and high-pressure conditions. Elastic deformation
allows the gasket to quickly adapt to the unevenness of the flange surface when pressed, forming an initial seal.
Plastic deformation further strengthens the sealing interface through local material flow, ensuring stable sealing
performance even under long-term thermal cycling or stress fluctuations. This “double-layer metal skeleton-
graphite layer” composite structure is one of the key innovative features of the gasket in adapting to complex
working conditions in high-temperature petrochemical equipment.

3. Path to breakthroughs in key localization technologies

3.1. Innovation in material composite manufacturing process

The precision forming process of the double-layer metal skeleton is a crucial step in the manufacturing process.
During the forming process, it is necessary to strictly control parameters such as mold precision, rotational speed,
and temperature to ensure the consistency of the skeleton structure and dimensional stability *. To address the
issue of residual stress, by optimizing annealing process parameters, such as temperature curve, holding time,
etc., and combining mechanical sizing technology, the internal stress generated during processing is effectively
eliminated, avoiding deformation or performance degradation caused by stress concentration. At the same time,
advanced online detection methods are used to monitor the quality of the formed skeleton, ensuring that its
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geometric accuracy and mechanical properties meet the stringent requirements of high-temperature petrochemical
equipment. This precision forming process provides an important guarantee for the reliability and durability of the
bimetallic self-sealing composite gasket.

3.2. Surface modification technology

Graphite composite layer coating technology is a key aspect of surface modification treatment. By optimizing
coating process parameters, such as coating pressure, temperature profile, and curing time, this technology
can significantly enhance the bonding strength between the graphite layer and the metal skeleton . The use
of precisely controlled coating equipment ensures that the graphite layer is uniformly and densely coated on
the surface of the metal skeleton, forming a stable interfacial bond. This graphite-metal composite structure
exhibits excellent adaptability under high-temperature conditions. The graphite layer not only effectively fills the
micro-defects on the flange contact surface, but its unique thermal stability and self-lubricating properties also
significantly reduce thermal stress concentration. By optimizing the formulation of graphite materials and coating
processes, the sealing reliability and service life of composite gaskets in high-temperature and high-pressure
environments can be further improved, meeting the stringent requirements of petrochemical equipment.

4. Experimental study on performance under high-temperature conditions

4.1. Thermal-mechanical coupling test

4.1.1. Thermal cycle load test

A thermal shock cycle experimental model was established to test the double-layer metal skeleton self-sealing
composite gasket. This model simulates the actual thermal cycling conditions in high-temperature petrochemical
equipment, focusing on investigating the performance evolution of the graphite layer under repeated thermal
shocks. During the experiment, the stability of the graphite layer at high temperatures was evaluated by
monitoring the compression-rebound performance of the gasket and the changes in sealing interface contact stress.
Microstructural analysis showed that the graphite layer can effectively buffer the thermal stress between the metal
skeleton and the flange during thermal cycling, and its unique layered structure helps maintain tight contact at
the interface. This design significantly improves the sealing reliability of the gasket under severe temperature

fluctuations, providing important performance data support for domestic applications ©.

4.1.2. Creep relaxation behavior test

The high-temperature creep characteristics of double-layer metal skeleton gaskets were studied using a stepwise
loading method, with a focus on the regulating effect of the metal skeleton and graphite layer on stress relaxation
behavior. The experimental system simulated the complex stress-temperature coupling conditions in petrochemical
equipment, and stress decay curves at different temperatures were obtained through precise control of the loading
process. The results showed that the plastic flow characteristics of the graphite layer could effectively compensate
for the creep deformation of the metal skeleton, maintaining stable sealing contact pressure. The constitutive
model established based on experimental data accurately described the mechanical response law of the graphite-
metal composite structure at high temperatures, providing a theoretical basis for predicting the long-term service

performance of the gasket !
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4.2. Verification of sealing integrity

4.2.1. Helium mass spectrometer leak detection experiment

A novel combined sealing surface testing device was designed for assessing the sealing performance of double-
layer metal-framed self-sealing gaskets under high-temperature conditions. The experiment utilized 99.9%
high-purity nitrogen as the medium and combined it with helium mass spectrometer leak detection technology
to precisely measure the leakage rate under varying compressive stress conditions. The relationship between
leakage rate and sealing performance was systematically analyzed. During the experiment, key parameters such
as temperature and pressure were strictly controlled to simulate the actual high-temperature and high-pressure
conditions of petrochemical equipment. The focus was on investigating the behavior of the graphite layer under
thermal cycling and creep conditions. It was found that the graphite layer could effectively fill micro-gaps at high
temperatures, significantly enhancing the sealing effect. By recording the leakage rate data and corresponding
changes in compressive stress, a relationship curve was plotted, providing a reliable basis for evaluating the
sealing integrity of the gasket under high-temperature conditions. This research offers important technical support

for the localization and engineering risk management of such gaskets'”.

4.2.2. Service life prediction model

A fatigue propagation rate calculation based on the Paris formula is used to construct a life assessment equation. By
studying the material fatigue propagation behavior of double-layer metal skeleton self-sealing gaskets under high-
temperature conditions, the Paris formula is accurately applied to calculate their fatigue propagation rate ™. Considering
the actual service conditions of the gaskets in petrochemical equipment, including the influence of temperature,
pressure, medium, and other factors on material fatigue behavior, the formula is appropriately modified. The
modified propagation rate is combined with parameters such as the initial defect size and critical defect size of the
gasket to construct a service life prediction model. This model can accurately predict the service life of the gasket

in high-temperature petrochemical equipment, providing an important basis for the safe operation and maintenance
of the equipment.

5. Engineering application risk management system

5.1. Risk identification and assessment

5.1.1. Design and material risks

In the risk assessment of double-layer metal skeleton self-sealing composite gaskets, graphite layer aging and
metal skeleton fatigue are the primary risk factors. Under high-temperature conditions, the graphite layer gradually
undergoes oxidation and structural loosening, leading to a decline in its sealing performance. Simultaneously, the
metal skeleton may develop fatigue cracks under long-term cyclic loading, affecting the overall structural integrity ©.
Therefore, it is necessary to establish a high-temperature aging evaluation system for graphite materials, quantifying
the performance degradation patterns through accelerated aging experiments. For the metal skeleton, fatigue life
testing should be conducted to analyze the characteristics of crack initiation and propagation. By constructing a
multidimensional evaluation matrix encompassing material, structure, and operating conditions, the failure risk of the

gasket under different service environments can be systematically assessed, providing a basis for optimal design.

5.1.2. Production and manufacturing risks
In the manufacturing process, it is crucial to utilize the FMEA (Failure Mode and Effects Analysis) method to
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analyze the impact of process parameter fluctuations on product quality. Fluctuations in process parameters
may arise from various factors, such as equipment accuracy, differences in raw materials, and the skill level
of operators. These fluctuations can lead to various failure modes in products, such as dimensional deviations
and decreased sealing performance, which in turn affect product quality. Through the FMEA method, these
potential failure modes can be systematically identified and their impact on product quality can be assessed. This
helps manufacturers take proactive measures, such as optimizing process parameters, strengthening equipment
maintenance, and personnel training, to reduce risks, ensure product quality meets requirements, and improve the

application reliability of products in high-temperature petrochemical equipment "’

5.2. Risk control measures

5.2.1. Potential directions for condition monitoring and intelligent early warning

For the application of bimetallic self-sealing composite gaskets in high-temperature petrochemical equipment, a
local state monitoring method based on fiber Bragg grating sensing can be explored. This technology utilizes the
sensitive characteristics of optical fibers to temperature and stress, embedding sensors at the gasket or key flange
connections to collect temperature and stress data in real time, thus achieving indirect perception of the sealing
state. Long-term data can be used to analyze the evolution trend of gasket performance and provide early warning
signals in case of abnormal temperature rise or stress mutation, providing a basis for regular maintenance and risk
prevention and control at key sealing points.

This type of monitoring method is particularly suitable for core sealing areas with high temperature, high
pressure, or frequent process fluctuations. Through limited deployment, it can achieve state visualization of
key areas. However, at present, this technology is still in the research and pilot application stage. For its actual
promotion, comprehensive considerations must be made regarding cost, reliability, and compatibility with existing
equipment management systems. In the future, with the reduction in the cost of sensing technology and the
promotion of intelligent operation and maintenance modes, this type of localized and refined monitoring approach

is expected to become a beneficial supplement to the management of key sealing points in petrochemical plants.

5.2.2. Standardized management process

In the domestic application of bimetallic self-sealing composite gaskets in high-temperature petrochemical
equipment, it is necessary to establish QHSE management system documents covering the entire cycle of design,
manufacturing, and installation. During the design phase, the gasket structure and materials must be precisely
designed based on the specific parameters and operating conditions of the high-temperature petrochemical
equipment to ensure its sealing performance and high-temperature resistance. The manufacturing process strictly
controls the quality of raw materials and adopts advanced processes to ensure the dimensional accuracy and
performance consistency of the gaskets. In the installation process, detailed operating procedures are formulated,
and professional training is provided to installation personnel to ensure correct installation. At the same time,
a quality supervision and inspection mechanism is established to strictly inspect products at each stage and
rectify non-conformities in a timely manner. Attention should also be paid to environmental, health, and safety

management to reduce environmental impact and ensure personnel health and safety.

5.3. Emergency management mechanism
5.3.1. Stability enhancement strategy based on self-sealing mechanism
Focusing on the special sealing mechanism of double-layer metal skeleton self-sealing composite gaskets
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under high-temperature conditions, the long-term sealing stability can be further enhanced by optimizing their
structural design and material system. The unique “pressure self-sealing” characteristic of this gasket enables it
to generate self-reinforced sealing stress under the action of medium pressure. This inherent advantage provides
a solid foundation for sealing reliability under complex high-temperature conditions. By improving the material
compatibility and structural morphology of the double-metal skeleton, its adaptive compensation ability under
temperature fluctuations can be significantly enhanced. The performance durability of the graphite sealing layer
has a decisive impact on the overall lifespan of the gasket.

Using specially treated flexible graphite materials and enhancing their anti-aging and anti-creep characteristics
through optimized composite processes can effectively maintain a long-term stable sealing state. Multiple
experiments have shown that the comprehensively optimized gasket can maintain excellent sealing performance
even after multiple thermal cycles under high-temperature conditions. This technical approach focuses on
improving the performance of the gasket itself by fully utilizing its self-sealing characteristics and optimizing the
durability of key materials, significantly enhancing its reliability and service life under high-temperature and high-
pressure environments. This deep optimization based on inherent mechanisms provides a more fundamental and

easily scalable solution for high-temperature flange sealing, with good engineering application prospects.

5.3.2. Quick replacement and emergency response plan

For the domestic application of bimetallic self-sealing composite gaskets in high-temperature petrochemical
equipment, it is crucial to establish an efficient rapid replacement and emergency response system. Since the
gasket will leak once damaged and cannot be repaired online, it is necessary to focus on improving the spare parts
management mechanism and optimizing the gasket replacement process. Standardized replacement procedures
should be pre-designed for different models and equipment operating conditions, and specialized disassembly and
assembly tools and positioning fixtures should be equipped to achieve rapid positioning and safe replacement of
damaged gaskets.

At the same time, it is necessary to establish a comprehensive emergency response plan, clarifying the
operational procedures, personnel division, and safety precautions in case of a leakage. This ensures that a
professional team can be quickly organized for efficient handling in emergencies. Through systematic technical
training and emergency drills, the proficiency of on-site personnel in gasket replacement operations and their
ability to handle emergencies can be improved.

This system is dedicated to minimizing equipment downtime, controlling maintenance costs, and ensuring the
safe and stable operation of high-temperature petrochemical equipment, providing reliable technical support for

the large-scale industrial application of bimetallic self-sealing composite gaskets.

6. Conclusion

The domestic application of double-layer metal skeleton self-sealing composite gaskets in high-temperature
petrochemical equipment has achieved remarkable results. The core technological breakthrough is mainly reflected
in the innovative combination of the design of the same type of metal double-layer skeleton and high-performance
graphite composite technology. By optimizing the structural precision of the metal skeleton and the graphite layer
coating process, the sealing reliability issue under high-temperature conditions has been successfully addressed,

and large-scale applications have been realized in multiple petrochemical projects. Currently, there are still
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challenges such as the need to improve simulation methods for extreme conditions and deepen digital management
throughout the entire life cycle. It is suggested to establish a collaborative innovation platform for industry,
academia, research, and application, focusing on tackling key technologies such as high-temperature modification
of graphite materials and intelligent monitoring, while accelerating the development of a domestic sealing
component standard system aligned with international standards. These measures will further enhance product
quality and competitiveness, providing more reliable technical support for the safe operation of petrochemical
equipment.
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1. Introduction

Made in China 2025 was promulgated in 2015 with the aim of promoting the transformation and upgrading of
China’s manufacturing industry. Against this policy background, the automation renovation of old production
lines is of great significance for enhancing enterprise production efficiency and competitiveness. Currently, old
production lines suffer from issues such as high energy consumption, frequent equipment failures, and poor
production process continuity, which severely constrain enterprise development. During renovation, core needs
must be identified from dimensions such as production take time matching, equipment compatibility, and human-
machine collaboration requirements. Key technologies like data acquisition and equipment interconnection
should be employed, with precise consideration of technology selection, validation through process simulation,
implementation via progressive renovation paths, and analysis of both economic and non-economic benefits. This
series of measures forms a comprehensive and systematic solution, helping enterprises achieve transformation and
upgrading.
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2. Current status and technical requirements of automation renovation for old
production lines

2.1. Analysis of existing problems in old production lines

By comparing energy consumption data and equipment OEE indicators, numerous problems in old production
lines can be clearly identified. From the perspective of energy consumption data, aging equipment in old
production lines results in low energy utilization rates. The high-energy-consumption operating mode not only
increases production costs but also exerts significant pressure on the environment ", In terms of equipment OEE
indicators, frequent failures severely impact overall production efficiency. Due to long-term use, severe wear on
mechanical components leads to high failure rates and prolonged maintenance times, reducing effective equipment
operating time. Additionally, poor continuity in production processes results in unsmooth connections between
various production links, with delays or blockages in material transfer and other stages creating production
bottlenecks. These existing problems in old production lines severely restrict improvements in enterprise
production efficiency and competitiveness, urgently requiring automation renovation to optimize production

processes, increase efficiency, and reduce energy consumption and failure rates.

2.2. Identification of core requirements for automation renovation

When renovating old production lines for automation, core requirements can be identified from three dimensions:
production take time matching, equipment compatibility, and human-machine collaboration requirements. In terms
of production take time matching, the take time of old production lines may not adapt to new production scales and
efficiency demands; precise calculation of time for each link is needed to ensure smooth take time after automation
renovation and avoid bottleneck processes slowing the overall thythm . Regarding equipment compatibility, old
equipment varies in brands and models, with non-unified interfaces and communication protocols; renovation
must ensure effective docking and collaborative operation between new automated equipment and existing
equipment, achieving data interaction and sharing. Human-machine collaboration requirements focus on the
coordination between automated equipment and operators, leveraging the high-efficiency and accuracy advantages
of automation while facilitating monitoring, maintenance, and intervention by operators through rational layout of
operation interfaces and optimized workflows, thereby enhancing overall operational safety and efficiency.

3. Research on key technology systems for automation renovation

3.1. Data acquisition and equipment interconnection technologies

In the automation renovation of old production lines, data acquisition and equipment interconnection technologies
are crucial. Based on an industrial IoT architecture, in-depth analysis of equipment data acquisition protocols is
required. The OPC-UA protocol is key among them, offering advantages such as platform independence and high
security, effectively enabling data interaction between different devices. Application examples of the OPC-UA
protocol show that it can break data barriers between heterogeneous systems, achieving efficient data acquisition

.. 3
and transmission 3]

. At the same time, for various heterogeneous systems in old production lines, integration
schemes must be developed to enable interconnection among equipment of different brands and eras. Through
rational selection of equipment data acquisition protocols and scientific design of heterogeneous system integration
schemes, precise data acquisition and smooth interconnection of old production line equipment can be realized,
providing a solid data foundation and equipment connection guarantee for subsequent automation renovation and

promoting the intelligent upgrading of old production lines.
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3.2. Technology selection for intelligent upgrading

In the intelligent upgrading process of old production lines, precise consideration of technology selection is
necessary. For industrial robot applications, robot types and quantities should be selected based on factors such as
operational complexity, repetition, and load requirements of the production line. For example, in an automotive
parts assembly line requiring handling of multiple parts with high assembly precision, multi-joint high-precision
robots are preferable. When selecting AGV scheduling systems, AGV load capacity, operating speed, and
scheduling algorithms should be determined according to material transport volume, path layout, and transport
frequency on the production line. For visual inspection devices, selection should be based on inspection precision,
speed, and target features. For instance, in electronic chip inspection requiring extremely high precision, high-
resolution and high-precision visual inspection equipment is needed. By comparing and analyzing adaptation
standards for these technology combinations, scientific technology selection schemes can be provided for the

intelligent upgrading of old production lines, ensuring efficient and stable operation after renovation .

4. Design of implementation paths for automation renovation

4.1. Phased implementation strategy for renovation projects

4.1.1. Preliminary process simulation validation

In the automation renovation of old production lines, preliminary process simulation validation is crucial. Using
digital twin technology to build a virtual debugging environment for the production line enables feasibility
verification of renovation schemes before actual implementation. By establishing digital models of production
line equipment and process links, simulating their operating states and interactions, performance under different
conditions can be precisely analyzed. For example, virtual testing of material transfer paths, equipment operating
take times, and production process connections can identify potential issues such as collision interference or take

time mismatches in advance

. This allows optimization of renovation schemes based on simulation results,
avoiding delays, cost increases, and other issues due to unreasonable schemes during actual implementation,
effectively improving the success rate and efficiency of renovation projects and laying a solid foundation for

subsequent practical work.

4.1.2. Progressive renovation implementation mode

The automation renovation of old production lines adopts a progressive implementation mode to minimize the
impact on production and steadily enhance automation levels. At the first step, conduct detailed assessments
of each production line link and, based on results, select relatively independent modules with minimal impact
for replacement. For example, start with the material conveying module by adopting new automated conveying
equipment while ensuring transitional capacity through personnel adjustments and optimized production
scheduling. After the material conveying module is renovated and operates stably, progressively advance
automation in other modules such as processing and inspection. This mode makes the renovation process gradual,
allowing employees to adapt to new equipment and processes step by step, while transitional capacity assurance
measures effectively reduce negative impacts on overall production, laying a solid foundation for successful

implementation of old production line automation renovation .
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4.2. System integration and debugging schemes

4.2.1. Multi-level system docking architecture

A three-level data penetration scheme should be designed for ERP-MES-equipment control layers to build a multi-
level system docking architecture. The ERP system focuses on enterprise resource planning and management,
storing overall operational data such as orders and material plans. The MES system, as a production execution
system, plays a bridging role at the workshop level, receiving production tasks from ERP and feeding back
equipment status and production progress to ERP. The equipment control layer directly handles specific equipment
operations and control. By establishing standardized data interfaces and communication protocols, smooth
data interaction between levels is achieved, ensuring accurate delivery of production instructions to equipment
and timely feedback of real-time equipment data to MES and ERP, providing an accurate basis for production
decisions """, This multi-level system docking architecture effectively integrates data and functions across levels in

old production lines, facilitating efficient advancement of automation renovation.

4.2.2. Whole-line joint debugging standards and acceptance

The design of automation renovation implementation paths must fully consider the current status of old production
lines. Comprehensive assessments should be conducted to analyze efficiency and issues in each link. Based
on identified problems, formulate detailed renovation schemes in combination with automation technologies,
selecting suitable automated equipment and control systems. For system integration and debugging, ensure
effective docking of automated equipment using modular integration approaches and progressively integrating
parts. Debugging starts from single-machine, proceeds to unit debugging, and finally whole-line joint debugging.
Whole-line joint debugging standards and acceptance are based on an established 22-item acceptance indicator
system, covering production take time testing, fault simulation testing, etc., strictly checking production line
stability, efficiency improvements, and fault response capabilities to ensure that renovated old production lines

meet high-quality automated production requirements ™'

5. Engineering practice and benefit verification

5.1. Automotive parts production line renovation case

5.1.1. Specific implementation of renovation scheme

In the renovation of welding robot workstations on an automotive parts production line, process parameters were
first optimized. Through extensive experiments and simulation analysis, welding current, voltage, speed, and
angle were precisely adjusted to ensure stable welding quality and good weld formation, raising the welding yield
rate from 85% to over 95% . At the same time, emphasis was placed on upgrading the safety protection system.
High-precision infrared sensing devices were installed to form sensing zones around the robot’s operating radius,
triggering alarms and pausing robot operation upon personnel entry. Additional protective barriers and light curtain
sensors further ensured operator safety. Furthermore, the robot teach pendant interface was optimized to reduce
mis-operation risks. After renovation, the production line’s automation level significantly increased, boosting
production efficiency by over 30%, markedly reducing labor costs and safety incident rates, and achieving

excellent engineering practice outcomes and economic benefits.

5.1.2. Quantitative analysis of renovation effects
In this engineering practice of automotive parts production line renovation, quantitative analysis of effects
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is crucial. Taking a certain old automotive parts production line as an example, pre-renovation equipment
comprehensive efficiency was low, with high product defect rates severely affecting production benefits and
quality. Through automation renovation, applying key technologies and reasonable implementation paths,
significant results were achieved. From key indicators, equipment comprehensive efficiency increased by 37%,
meaning more qualified products could be produced per unit time, greatly enhancing production efficiency
19 Meanwhile, the product defect rate dropped by 62%, effectively reducing costs from defective items and
improving overall product quality. These quantitative data fully validate the success of this old production line
automation renovation in improving production benefits and product quality, providing strong data support and

practical reference for subsequent similar line renovations.

5.2. Electronic assembly line renovation practice

5.2.1. Experience in automated equipment selection

In the electronic assembly line renovation practice for old production line automation, technical-economic analysis
is crucial for parallel robot selection in precision assembly links. Technically, focus on repeat positioning accuracy,
which directly affects assembly precision, generally requiring + 0.05 mm or higher to meet precision component
needs. Motion speed is also critical, enabling completion of assembly actions within specified take times, such
as a certain number of products per hour. Load capacity must adapt to different component specifications.
Economically, calculate equipment procurement costs by comparing prices of different brands and models.
Additionally, consider operating costs like energy consumption and maintenance, which differ significantly long-
term. Comprehensively balancing technical and economic factors enables precise selection, meeting production

needs while maximizing cost benefits.

5.2.2. Breakthrough in system integration difficulties

In the system integration process of electronic assembly line renovation practice, old production line automation
faces many difficulties. Timing coordination between SMT equipment and AGV systems is one key issue. In
practice, in-depth study of their operating logic and take times is needed. Precise analysis of SMT equipment
mounting processes and time parameters in each link, along with detailed understanding of AGV transport path
planning and start-stop time control. By building a simulation test environment and continuously adjusting
parameters using advanced sensors and control algorithms, AGV can arrive at designated positions for material
pickup and transport at precise times after SMT mounting completion. Through repeated testing and optimization,
this timing coordination challenge was successfully resolved, significantly improving electronic assembly line
operating efficiency and substantially shortening product production cycles, effectively validating the renovation
scheme’s feasibility and effectiveness in enhancing production benefits.

5.3. Comprehensive evaluation of renovation project benefits

5.3.1. Economic benefit calculation model

In constructing an economic benefit calculation model for old production line automation renovation projects,
the payback period intuitively reflects the time needed to recover initial investment. By calculating renovation
investment and subsequent annual net benefits, the payback period is derived, the shorter, the faster the recovery
and better the project economics. Net present value discounts future net cash flows to present value at a certain
rate and subtracts initial investment. If greater than zero, the project creates additional value considering time

value of money, indicating economic feasibility. These parameters combined provide a comprehensive economic-
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level benefit assessment for old production line automation renovation, offering quantitative basis for decisions on
project implementation viability.

5.3.2. Non-economic benefit analysis framework

In the non-economic benefit analysis framework for old production line automation renovation projects, production
efficiency elasticity is an important dimension. Automation renovation enhances production’s ability to respond
to market demand changes. For instance, when orders suddenly increase, automated equipment can quickly boost
capacity through flexible parameter adjustments, significant for adapting to volatile markets. In terms of technical
reserve value, introduced advanced automation technologies lay the foundation for future product upgrades and
business expansion. For example, application of intelligent control technologies enables mastery of key domain
technologies, facilitating the launch of more competitive products and enhancing enterprise industry status and

influence, yielding profound long-term non-economic benefits.

6. Conclusion

Automation renovation of old production lines is of great significance for enhancing enterprise production
efficiency and competitiveness. During the process, technology selection decision trees enable more scientific
and reasonable choices of suitable automation technologies, ensuring accurate renovation direction. Risk control
checklists safeguard the entire project, identifying and mitigating potential risks in advance to reduce uncertainties.
Renovation technology iteration directions proposed based on Industry 4.0 development requirements provide
guidance for continuous upgrading of old production lines, maintaining adaptability and advancement in future
production environments. These key technologies and implementation paths form an organic whole, offering a
comprehensive, systematic, and forward-looking solution for old production line automation renovation, helping
enterprises achieve transformation and upgrading in the automation wave and embark on a path of high-quality
development.
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1. Introduction

With the rapid advancement of technology, the property management industry is transitioning to digitalization,
where intelligent management of mechanical and electrical systems has become a key development direction.
The “14th Five-Year Plan for Digital Economy Development” released in 2022 emphasized promoting industrial
digital transformation, providing policy support for intelligent property management. This smart management
approach integrates core concepts like IoT, big data, and cloud computing, encompassing a full lifecycle
management philosophy for electromechanical facilities. However, challenges persist including inefficient
traditional management methods, urgent demands for intelligent solutions, and insufficient system compatibility.
Addressing these issues to establish efficient intelligent management systems and enhance property management
efficiency has become a focal point of current research.

2. The theoretical basis of intelligent management of property electromechanical
2.1. Core concepts of intelligent management

Property management of mechanical and electrical facilities involves a variety of core concepts. Internet of Things
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(IoT) technology enables interconnectivity between devices. It collects operational data of mechanical and electrical
facilities through sensors and other devices, and transmits this data in real-time to the management system, providing

fundamental data support for subsequent analysis and decision-making "

. Big data technology, on the other hand,
stores and analyzes the vast amount of equipment operation data, uncovering potential patterns and issues within
it. For example, it can predict the probability of equipment failure and schedule maintenance in advance. Cloud
computing provides powerful computing capabilities and storage space for data processing and storage, ensuring
the efficient operation of the system. Meanwhile, the concept of the full life-cycle management of mechanical and
electrical facilities emphasizes the management of the entire process from planning, design, procurement, installation,
operation, maintenance to disposal of equipment, in order to optimize equipment performance and minimize costs,

thereby improving the overall efficiency and effectiveness of property management "',

2.2. Analysis of industry development status

With the rapid advancement of technology, the property management industry is also gradually moving towards
digitalization. However, in this process, the management of mechanical and electrical systems still faces many
problems. Traditional management methods of mechanical and electrical systems often rely on manual operations
and experiential judgments, which lead to low efficiency and a high likelihood of errors . For example, the
inspection and maintenance of equipment may not be timely, and it is not possible to accurately predict equipment
failures. At the same time, there is a lack of effective coordination between different mechanical and electrical
equipment, and overall optimized operation cannot be achieved. In terms of intelligent management needs, as
the functions of buildings become increasingly complex, the demand for intelligent management of mechanical
and electrical systems is becoming more and more urgent. Intelligent management can improve the operating
efficiency of equipment, reduce energy consumption, enhance the overall service quality of property management,

and better meet the needs of property owners ™.

3. Intelligent management system architecture
3.1. Construction of the perception layer of the IoT

The IoT perception layer is the foundation of intelligent management systems and is crucial for the intelligent
management of property mechanical and electrical equipment. At this level, it is necessary to reasonably deploy
perception devices such as smart electricity meters, water pressure sensors, and elevator operation monitoring
terminals. Smart electricity meters should be installed according to the power demand and circuit layout of
different areas to ensure the accurate collection of electricity data ©'. Water pressure sensors need to be installed at
key water supply nodes to monitor water pressure changes in real-time and ensure stable water supply. Elevator
operation monitoring terminals should be installed in elevator cabins and machine rooms to comprehensively
monitor the operating status of elevators, including speed, load, and fault information. At the same time, a unified
data collection standard should be established to ensure that the data collected by various perception devices is

formatted, accurate, and reliable, facilitating subsequent data processing and analysis.

3.2. Data center construction
In the construction of the data platform within the intelligent management system architecture for property
mechanical and electrical equipment, it is necessary to focus on the integration and processing mechanisms

of energy consumption data, equipment operating parameters, and maintenance records, and to establish a
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standardized data asset catalog ¥, Energy consumption data reflects the energy usage of mechanical and electrical
equipment, equipment operating parameters indicate the real-time status of equipment operation, and maintenance
records contain historical information on equipment maintenance and care. By integrating and processing these
data, potential patterns and issues in equipment operation can be uncovered, providing a basis for intelligent
management decision-making. Establishing a standardized data asset catalog helps to regulate the classification,
storage, and retrieval of data, enhancing data usability and management efficiency, thereby better supporting the

operation of the entire intelligent management system.

4. Typical application scenarios

4.1. Intelligent control of power supply and distribution

4.1.1. Dynamic monitoring of energy consumption

Energy consumption dynamic monitoring is crucial in the intelligent control and management of power supply
and distribution. Smart electricity meters and other devices can be used to collect power usage data in real-time,
including parameters such as voltage, current, and power . This data can be transmitted to a monitoring system
for visualization. On one hand, it allows management personnel to intuitively understand the energy consumption
of different areas and equipment. On the other hand, the system can analyze based on historical and real-time
data. For example, by constructing a power load forecasting model, future energy consumption trends can be
predicted. When abnormal energy consumption data occurs, the system can promptly issue an alarm to achieve
intelligent diagnosis of abnormal electricity usage. At the same time, the system can automatically generate energy
efficiency optimization suggestions based on the analysis results, such as adjusting equipment operating hours and
optimizing load distribution, thereby improving the energy efficiency of the power supply and distribution system
and reducing energy consumption costs.

4.1.2. Emergency response mechanism

In the emergency response mechanism of intelligent control and management of power supply and distribution, the
remote monitoring system of the distribution room plays a key role. The system integrates functions of fault early
warning and automation of emergency handling procedures. When an abnormality in power supply and distribution
occurs, the system can quickly detect it and issue a warning signal . Based on preset rules and algorithms, the
system automatically initiates the emergency handling process, such as switching to the backup power supply and
adjusting the power distribution, to ensure the continuity and stability of power supply. Meanwhile, the system can
record in real-time various data during the emergency handling process, providing a basis for subsequent analysis
and optimization. This helps to continuously improve the emergency response mechanism and enhance the ability

of the power supply and distribution system to deal with unexpected situations.

4.2. Intelligent operation and maintenance of elevators

4.2.1. Preventive maintenance system

Establishing an elevator health assessment model based on vibration spectrum analysis and operating parameter
monitoring is an important part of a preventive maintenance system. Sensors installed in key parts of the elevator
obtain vibration spectrum and operating parameter data. Using data analysis techniques to mine data features and
establish an evaluation index system, the model can achieve quantitative assessment of the elevator’s health status.

It can monitor the elevator’s operating conditions in real-time, identify potential fault risks in advance, and provide
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a scientific basis for formulating rational maintenance plans. This helps to prevent elevator failures, enhance the
safety and reliability of elevator operations, and thereby improve property management efficiency .

4.2.2. Emergency rescue optimization

Designing an Al video surveillance and IoT-linked rapid response plan for elevator entrapment incidents is crucial.
The Al video surveillance system continuously monitors the interior of the elevator, and once an entrapment
event is detected, it immediately triggers the alarm mechanism . Meanwhile, IoT technology transmits the
elevator’s operational data in real-time to the monitoring center, including information on the elevator’s location
and operational status. Upon receiving the alarm, the monitoring center can swiftly pinpoint the elevator where
the entrapment occurred and access relevant operational data, providing accurate information support for rescue
personnel. Based on this information, rescuers can pre-plan their rescue operations, thereby enhancing rescue
efficiency. Moreover, the plan also enables real-time tracking and recording of the rescue process, offering a basis

for subsequent accident analysis and review.

5. Implementation effect and optimization path

5.1. Management efficiency evaluation

5.1.1. KPI target system

The implementation effect of the intelligent management mode of property mechanical and electrical equipment
can be evaluated through a multi-dimensional effectiveness assessment model, which includes key indicators such
as equipment failure rate, emergency response timeliness, and energy consumption saving rate. The reduction of
equipment failure rate reflects the advantage of intelligent management in equipment maintenance. By monitoring
in real-time and giving early warnings, potential problems can be dealt with in time to reduce the occurrence
of failures . The improvement of emergency response timeliness shows that in the event of an emergency, the
intelligent system can quickly allocate resources, shorten the response time, and ensure the continuity of property
operations. The increase in energy consumption saving rate is one of the important achievements of intelligent
management. By optimizing the operation strategy of equipment, the rational use of energy is realized, and
the operation cost is reduced. However, in order to further optimize management efficiency, it is necessary to
continuously improve the KPI index system and dynamically adjust the weight of indicators according to the
actual situation to more accurately reflect the management effect.

5.1.2. Empirical data analysis

Taking the intelligent transformation project of Shenzhen Guomao Building as an example, the equipment failure
rate was reduced from 15% before the transformation to 5% after the transformation, which significantly decreased
maintenance costs and downtime. At the same time, there was a substantial increase in personnel work efficiency.
Previously, it took 4 hours to conduct a manual inspection, but now, with the intelligent inspection system, it only
takes 0.5 hours, effectively controlling labor costs. In terms of energy consumption, the intelligent system has
achieved precise regulation, reducing energy consumption by 18% compared to before. However, some problems
do exist. For example, the stability of some intelligent devices is not satisfactory under extreme conditions, and data
transmission occasionally experiences delays. This indicates that on the path of optimization, we need to further
enhance the environmental adaptability of equipment, optimize data transmission algorithms, and strengthen the

integration and compatibility of the system to continuously improve the efficiency of property management "’
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5.2. System security risk control

5.2.1. Network security protection

The security reinforcement strategy for industrial control systems is a key measure to enhance system security. By
promptly repairing system vulnerabilities and strengthening access control, illegal intrusions can be effectively
prevented, and the stable operation of the system can be ensured. For example, advanced encryption technologies
are employed to encrypt critical data, ensuring the security of data during transmission and storage. At the same
time, strict user permissions are set to restrict unauthorized access, ensuring that only authorized personnel can
operate key equipment and access sensitive data. Moreover, regular security audits and vulnerability scans are
conducted to identify and address potential security risks in a timely manner, further improving the overall security
of the system. Through these comprehensive measures, industrial control systems can maintain a high level of
security and reliability in complex network environments, providing a solid guarantee for the production and
operation of enterprises.

Abnormal behavior detection algorithms play a crucial role in identifying potential risks. They can monitor
the system’s operational status in real-time and promptly detect operations that do not conform to normal patterns.
For instance, by analyzing data such as the operating parameters of equipment and network traffic, an alarm can be
triggered when abnormal fluctuations occur. The combination of these two measures can significantly enhance the
cybersecurity protection level of industrial control systems, reduce security risks, and ensure the stable operation
of the systems.

5.2.2. Equipment redundancy design

Equipment redundancy design is an important measure to ensure system security. By adopting a dual-machine hot-
standby plan for core mechanical and electrical equipment, if one device fails, the other can quickly take over the
work to ensure uninterrupted system operation. For example, for critical power-supply equipment, dual-machine hot-
standby can prevent power-outages caused by equipment failure and ensure the normal operation of the property.

At the same time, a data disaster-backup recovery mechanism is also indispensable. It can quickly restore
data in the event of data loss or damage, avoiding the impact of data issues on the management and control of
mechanical and electrical equipment. For example, the operation data of the property’s equipment can be ensured
for its integrity and availability through the disaster-backup recovery mechanism.

These redundancy design measures effectively reduce system security risks and enhance the reliability and
stability of property management. However, continuous optimization is still needed, such as regularly checking the
performance of redundant equipment and updating disaster-backup data in a timely manner.

5.3. Management capacity improvement strategy

5.3.1. Optimization of talent structure

To enhance the intelligent management level of property mechanical and electrical equipment, optimizing the
talent structure is crucial. On one hand, a training program should be developed to cultivate the digital skills of
mechanical and electrical engineers. Through a systematic curriculum that includes courses on intelligent control
systems and data analysis, their ability to apply digital technologies can be improved. Meanwhile, practical
opportunities should be provided so that they can gain experience in real-life projects. On the other hand, a
technical outsourcing cooperation model should be established. By collaborating with professional mechanical and
electrical intelligence technology companies, advanced external technologies and talents can be introduced. During

the cooperation, internal engineers can communicate and learn from external experts, constantly updating their
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knowledge system. This talent-structure optimization model can effectively improve the overall technical level of
the property management team, better cope with various challenges in the intelligent management of mechanical
and electrical equipment, and improve the efficiency of property management.

5.3.2. Service model innovation

The implementation of the intelligent management mode for property mechanical and electrical equipment
has yielded remarkable results, bringing comprehensive improvements to property management. In terms of
management capability, the intelligent system’s real-time monitoring and in-depth analysis of equipment operation
data enable management personnel to accurately grasp the equipment’s operating status. They can identify
potential failure risks in advance and thus develop scientific and rational maintenance plans, effectively reducing
the equipment failure rate. This precise failure prediction and prevention mechanism not only enhances the
scientific basis and timeliness of decision-making but also minimizes the risk of operational disruptions caused by
sudden equipment failures, ensuring the continuity and stability of property management.

Moreover, the application of the intelligent system provides employees with a practical platform. As employees
learn and master intelligent technologies through daily operations and maintenance, their application skills are
significantly improved, and so is their overall quality. This improvement is not only reflected in their proficient
operation of the existing intelligent systems but also in their ability to embrace new technologies and cultivate
innovative thinking, laying a solid talent foundation for the long-term development of the property management team.

In the aspect of service model innovation, the equipment management service has undergone a transformation
towards productization. Specifically, customized equipment maintenance packages have been introduced. These
packages provide precise and personalized maintenance services based on the specific needs of different property
owners, thereby significantly enhancing the added value of the services. Meanwhile, the profit model of value-
added services has become increasingly clear. For example, through energy management services, by optimizing
energy-usage strategies, the service helps property owners effectively save on energy costs while also generating
corresponding revenue for the enterprise. This creates a win-win situation for both the property owners and the
service providers. This innovative service model not only enhances the satisfaction of property owners but also
provides new impetus for the sustainable development of the enterprise.

However, in the process of promoting intelligent management, some problems that need to be optimized have
also been exposed. For example, the compatibility of intelligent systems is still insufficient, especially when facing
equipment from different brands, the difficulty of data integration is relatively large, which to some extent restricts
the full play of the efficiency of intelligent management. In addition, the synergy between systems also needs
to be strengthened to ensure the smooth transmission and sharing of information. In the future, more research
efforts need to be put into system integration. Through technological innovation and standardization, the overall
level of intelligent management can be improved, so as to better adapt to the complex and changing equipment

environment and promote intelligent management to a higher level.

6. Conclusion

The intelligent management mode of property mechanical and electrical equipment is a new way to improve the
efficiency of property management. This mode has brought transformative value to property management, such
as increasing the operating efficiency of equipment and reducing labor costs. However, the current limitations in
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technological integration restrict the further development of the intelligent management mode. In the future, the
development directions of new technologies such as digital twin and edge computing are worth paying attention
to. Digital twin technology can achieve precise mapping between physical equipment and virtual models,
providing more accurate decision-making basis for equipment maintenance and management. Edge computing
technology can process data locally, reducing data transmission latency and improving the real-time performance
and reliability of the system. Through the research and application of new technologies, it is expected to further
improve the intelligent management mode of property mechanical and electrical equipment and promote the

development of the property management industry.
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Abstract: Domestic CAM systems integrated with Al technology have made significant progress in the generation and
application evaluation of intelligent CNC programming strategies. Machine learning and knowledge graphs assist in
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1. Introduction

In 2021, the “14th Five-Year Plan for Intelligent Manufacturing Development” was promulgated, aiming
to promote the digital transformation of the manufacturing industry and enhance the level of intelligent
manufacturing. Against this backdrop, the research and application of intelligent numerical control programming
strategies for domestic CAM systems integrating Al technology are of great significance. Al technologies such
as machine learning and knowledge graphs play a key role in the generation of numerical control programming
strategies, promoting the generation and application of intelligent numerical control programming strategies in
various aspects, including process parameter optimization, tool path planning, and system architecture design.
However, the system faces issues such as imperfect technical standards and certification systems, as well as
insufficient talent capability adaptability in its industrialization promotion. Therefore, in-depth research and
improvement of related content are of great significance for promoting the development of domestic CAM systems
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and realizing intelligent manufacturing.

2. Technical framework and theoretical basis of Al-integrated CAM system
2.1. Key application areas of Al technology in CAM systems

In domestically produced CAM systems integrating Al technology, Al technologies such as machine learning
and knowledge graphs play a pivotal role in generating numerical control (NC) programming strategies. Machine
learning, by learning from a vast amount of historical programming data, uncovers patterns and rules within
it, enabling the prediction and generation of reasonable programming strategies. Its underlying logic lies in
constructing models using algorithms and training them based on data to continuously optimize the accuracy
of predictions. For instance, by learning from data of successful machining cases, it provides similar effective
strategies for programming new parts. Knowledge graphs, on the other hand, integrate knowledge in the field of
NC programming in a structured manner, clearly presenting the connections between various types of knowledge
and enhancing the efficiency of knowledge retrieval and application. It can organize programming rules, process
knowledge, etc. in an orderly manner, enabling the system to quickly and accurately call upon relevant knowledge
when generating programming strategies. The two complement each other, demonstrating good applicability in the
generation of NC programming strategies and aiding CAM systems in achieving intelligent programming strategy

generation !,

2.2. Generation mechanism of intelligent numerical control programming strategy

The key to the intelligent numerical control programming strategy generation mechanism of domestic CAM
systems integrated with Al technology lies in the core algorithm for Al-based process parameter optimization
and automatic tool path planning. In terms of process parameter optimization, the algorithm utilizes machine
learning technology to construct a prediction model based on multi-source data such as processing material
characteristics and part accuracy requirements, exploring the optimal combination of cutting speed, feed rate, and
other parameters, aiming to improve processing efficiency and quality . Automatic tool path planning, on the
other hand, utilizes computer vision and intelligent search algorithms to identify and analyze features of the part’s
3D model, considering factors such as tool shape and machining allowance. Through intelligent search, it selects

the shortest and smoothest tool path among numerous possible paths, ensuring the efficiency and stability of the
processing process and providing solid strategic support for intelligent numerical control programming,.

3. Development and practice of domestic AI-CAM system

3.1. System architecture design and technical implementation path

In the development of domestic AI-CAM systems, the system analysis and processing of numerical control
programming data, such as learning from machining architecture design should focus on the whole, constructing
an architecture that integrates artificial intelligence modules with traditional CAM functions. Al technology should
be deeply embedded to achieve intelligent process data through deep learning algorithms to refine programming
strategies. In terms of technical implementation, on the one hand, hardware equipment performance should be
optimized to provide efficient computing power support for Al algorithm operations; on the other hand, suitable
software modules should be developed, including a data preprocessing module to standardize the input machining
information, and an intelligent decision-making module to generate programming strategies based on Al models.
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At the same time, based on relevant research, advanced data interaction interface design should be utilized to
ensure smooth data transfer and efficient collaboration among various modules, achieving the comprehensive
implementation of domestic AI-CAM systems from architecture to functionality, and promoting the generation and
application of intelligent numerical control programming strategies .

3.2. Construction of process knowledge base and expert system

In the development and practice of domestic AI-CAM systems, the construction of process knowledge bases and
expert systems is a crucial step. By achieving autonomous evolution and knowledge accumulation of machining
processes through deep learning, the process knowledge base can be continuously enriched. On one hand, deep
mining and analysis of a large amount of historical machining data are conducted to extract effective process
parameters, machining methods, and other knowledge, which are then stored in the process knowledge base.
On the other hand, deep learning algorithms are utilized to enable the system to adaptively optimize and adjust
processes during the continuous processing of new machining tasks, transforming new successful experiences into
knowledge and adding them to the base. Based on this process knowledge base, an expert system is constructed.
The expert system simulates human expert thinking, and generates intelligent CNC programming strategies
quickly and accurately based on the knowledge in the knowledge base and combined with the requirements of the
current machining task. This construction method not only improves programming efficiency but also enhances
the scientificity and rationality of the strategies *.

4. Multi-dimensional application performance evaluation system

4.1. Processing efficiency and quality evaluation indicators

4.1.1. Comparative analysis of intelligent programming efficiency

In domestic CAM systems integrating Al technology, comparative analysis of intelligent programming efficiency
is crucial. Establishing a quantitative comparison model for man-hour consumption between traditional
programming and Al programming is an important way to measure the efficiency of intelligent programming.
Traditional programming relies on manual input of instructions and path planning by programmers, which is time-
consuming and laborious, with relatively low efficiency. Al programming, on the other hand, utilizes machine
learning algorithms to automatically analyze part features, optimize processing parameters, and quickly generate
machining programs . By precisely quantifying and comparing the man-hour consumption of the two methods in
completing the same tasks, the advantage of Al programming in efficiency improvement can be clearly understood.
For example, for programming complex curved surface parts, traditional programming may take hours or even
days, while Al programming may only take tens of minutes. This not only saves time but also enables enterprises
to quickly respond to market demands, enhance competitiveness, and provides a strong basis for evaluating the

application effectiveness of intelligent programming strategies in domestic CAM systems.

4.1.2. Verification method for processing quality stability

The verification method for processing quality stability aims to ensure that the numerical control programming
strategies generated by domestic CAM systems integrating Al technology can consistently maintain a high level
of processing quality. By repeatedly executing the same programming strategy to process the same workpiece
multiple times, collecting accuracy and surface roughness data from different batches of processing, and using

statistical methods such as calculating standard deviation and coefficient of variation to evaluate the dispersion of
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data, the fluctuation of processing quality can be measured. The smaller the standard deviation or coefficient of
variation, the higher the stability”. Conversely, with the help of control chart technology, key quality characteristic
values such as processing accuracy and surface roughness are plotted into control charts to monitor in real-time
whether the processing process is in a stable and controlled state. If data points exceed the control limits or exhibit
abnormal distribution patterns, it indicates that there is a problem with the processing quality stability, and the
numerical control programming strategy needs to be adjusted and optimized to ensure the stability and reliability
of processing quality.

4.2. Research on adaptability to application scenarios

4.2.1. Case study on complex surface machining

In the case study of complex surface machining, taking typical parts such as aeroengine blades as the object,
their complex surface shapes require extremely high machining accuracy and surface quality. The domestically
produced CAM system integrated with Al technology generates intelligent CNC programming strategies in the
machining of such parts, achieving efficient and precise machining. During the actual machining process, the
system can quickly plan tool paths based on the geometric characteristics of the complex surface of the blade,
avoiding interference and optimizing cutting parameters. Through testing the machined blades, it was found that
the dimensional accuracy meets the design requirements, and the surface roughness is also controlled within the
ideal range. This case fully verifies the effectiveness and adaptability of the system in complex surface machining
scenarios, providing strong support for the further application of domestically produced CAM systems in high-

.. . 7
precision manufacturing fields such as aerospace .

4.2.2. Process adaptability of new composite materials

In the generation and application evaluation of intelligent numerical control programming strategies for
domestically produced CAM systems integrating Al technology, the adaptability to new composite material
processing is a crucial aspect. For new materials such as carbon fiber, it is necessary to focus on the system’s
strategy generation capabilities. The system must be able to accurately identify the characteristics of carbon
fiber materials, such as high specific strength and anisotropy, and generate corresponding numerical control
programming strategies, like optimizing tool paths to reduce damage to the fibers during processing and avoid
defects such as delamination and fracture '*'. At the same time, reasonable selection of processing parameters,
such as cutting speed and feed rate, should be considered to ensure a balance between processing efficiency and
quality. The stability of the evaluation system for processing new composite materials in different processing
environments, including its adaptability to temperature and humidity changes, should be evaluated to ensure that
the CAM system can reliably generate effective intelligent numerical control programming strategies for new

composite material processing in actual production, achieving high-quality and high-efficiency processing.

5. Industrialization application and technological innovation landing

5.1. The feasible path of localization substitution

5.1.1. Pain point solutions for industry applications

In the fields of mold manufacturing, aerospace, etc., domestically produced CAM systems integrating Al
technology have practical and feasible solutions for industry application pain points. Mold manufacturing often
faces the challenge of complex surface machining programming. Domestic CAM systems utilize Al intelligent
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algorithms to automatically identify surface features, quickly generate optimized CNC programming strategies,
greatly improve programming efficiency and machining accuracy, and meet the requirements of precision mold
manufacturing ). The aerospace industry has extremely high requirements for the reliability and efficiency of
component manufacturing. Domestic CAM systems use Al to analyze machining process data, predict potential
problems, and adjust programming strategies in real time to ensure stable machining processes and effectively
solve the balance between quality and efficiency in aerospace component manufacturing. These solutions not
only meet the current needs of the industry, but also lay the foundation for domestic CAM systems to achieve
localization substitution and occupy a dominant position in industrial applications.

5.1.2. Strategy for building a technological ecosystem

In terms of building a technological ecosystem strategy, it is necessary to work together from multiple parties.
Software developers should strengthen cooperation with Al technology research institutions to jointly optimize
the algorithms and models integrated with Al technology in domestic CAM systems, and improve the accuracy
and efficiency of intelligent CNC programming strategies. Alternatively, hardware manufacturers need to closely
cooperate with software suppliers to ensure that hardware performance can fully support the efficient operation
of Al algorithms and achieve deep integration of software and hardware. Similarly, industry associations should
play an active role in building communication platforms, promoting information sharing and cooperation among
domestic CAM system enterprises, upstream and downstream suppliers, research institutions, and users, and
accelerating the transformation and application of technological achievements. In addition, by establishing unified
technical standards and specifications, ensuring compatibility and interoperability between different systems and
equipment, building a healthy, orderly, and competitive domestic CAM technology ecosystem, laying a solid
foundation for domestic substitution, and promoting the wider application of Al integrated domestic CAM systems

in the field of intelligent numerical control programming ",

5.2. Innovative cases of new process methods

5.2.1. Application of adaptive machining strategy

The application of adaptive machining strategy is of great significance in domestic CAM systems integrating Al
technology. This strategy utilizes Al technology to flexibly adjust processing parameters and paths based on real-
time monitoring data. For example, in the processing of complex curved parts, the system can obtain real-time
information such as tool wear and workpiece deformation through sensors, and Al algorithms can quickly analyze
and process it, adaptively optimizing parameters such as feed rate and cutting depth. This effectively improves
machining accuracy, reduces errors caused by fixed parameters, and makes the machining quality of complex parts
more stable. Otherwise, it avoids situations of excessive or insufficient cutting, improves material utilization, and
reduces production costs. The application of this adaptive machining strategy fully demonstrates the advantages
of domestic CAM systems integrated with Al technology in meeting diverse and high-precision machining needs,
effectively promoting the implementation of intelligent CNC programming strategies in practical production.

5.2.2. Integration of mixed manufacturing processes

In domestic CAM systems integrating Al technology, there are many innovative cases of mixed manufacturing
process integration. For example, in the field of aviation component manufacturing, the material stacking
advantage of additive manufacturing is combined with the high-precision forming advantage of subtractive
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manufacturing. Using Al technology to analyze the complex structure of parts, planning to quickly construct
rough shapes through additive manufacturing. At this point, Al can optimize the deposition path and parameters
of materials, improve material utilization and molding speed. Then, with the help of subtractive manufacturing
for precision machining, Al intelligently generates tool paths for subtractive machining based on the state of the
parts after additive manufacturing, ensuring dimensional accuracy and surface quality. This hybrid manufacturing
process integration not only overcomes the limitations of a single process, but also significantly shortens the
manufacturing cycle, reduces costs, and achieves efficient connection from design to manufacturing through Al

empowerment, promoting the practical application of intelligent CNC programming strategies in industrialization.

5.3. Restrictive factors for industrialization promotion

5.3.1. Technical standards and certification system

In the process of generating and promoting intelligent CNC programming strategies for domestic CAM systems
integrated with Al technology, the imperfect technical standards and certification system are a major limiting
factor. The lack of unified and clear technical standards in the industry results in differences in functional settings,
data interfaces, programming specifications, and other aspects among different domestic CAM systems. This
leads to many difficulties for enterprises in selecting and applying them, making it difficult to make effective
comparisons and evaluations. At the same time, due to the lack of an authoritative certification system, users have
doubts about the actual performance, reliability, and stability of integrating Al technology into domestic CAM
systems, and dare not easily adopt it. The lack of industry standards and incomplete certification system greatly
hinders the promotion and application of intelligent CNC programming strategies for domestically produced CAM
systems integrating Al technology in the industry. It is urgent to establish a scientific, standardized, and unified

technical standard and certification system to safeguard its industrialization landing.

5.3.2. Research on the adaptability of talent abilities

In the industrial promotion of intelligent CNC programming strategies for domestic CAM systems integrating
Al technology, the adaptability of talent capabilities is a key limiting factor. Operators need to have a foundation
in traditional CNC programming, be familiar with machine tool operation, process parameter settings, etc. After
integrating Al technology, they are required to master the basic principles of machine learning and data processing
methods to understand the logic of intelligent programming strategy generation. Currently, talents often lack the
ability in this area. Additionally, technical R&D personnel not only need to be proficient in Al algorithms, but also
need to have a deep understanding of CNC machining processes in order to optimize intelligent programming
strategies. However, the reality is that there is a scarcity of composite talents who understand both Al and CNC
machining. Furthermore, the curriculum design of universities and vocational colleges has not kept up with
technological development in a timely manner, and the talent training system is disconnected from the actual needs
of the industry, further exacerbating the mismatch between talent capabilities and industrialization promotion
needs. It is urgent to improve the adaptability of talent capabilities through adjusting courses, strengthening
practice, and other means.

6. Conclusion

The generation and application evaluation of intelligent numerical control programming strategies for domestic
CAM systems integrated with Al technology have brought significant changes to intelligent manufacturing. Its

45 Volume 9, Issue 7



technological innovation value is reflected in multiple aspects such as improving programming efficiency and
optimizing processing paths, effectively driving the digital transformation of the manufacturing industry. However,
in the current process of research and development and industrialization, key bottlenecks such as insufficient depth
of technological integration and talent shortage still persist. Looking ahead, with the rise of emerging technologies
such as digital twins and cloud intelligent manufacturing, domestic CAM systems are expected to achieve more
intelligent and collaborative development. To build an intelligent manufacturing technology ecosystem, it is
necessary to strengthen industry-university-research cooperation, break through core technologies; increase talent
cultivation efforts, enhance the overall level of the industry; promote upstream and downstream collaboration in

the industrial chain, form a complete ecosystem, and help domestic CAM systems
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Abstract: Silicon carbide (SiC) and gallium nitride (GaN) are used as wide-bandgap semiconductor materials in the
hardware development of integrated circuit detection systems. The impact of material characteristic differences on
system performance needs to be considered, and hardware platforms should be adapted to construct a three-dimensional
technology management system. In addition, interdisciplinary team collaboration, heat dissipation structure design, long-
term reliability assessment and other management aspects, as well as supply chain collaboration, packaging technology

selection are of great significance to research and development, and technical management can provide scientific guidance.
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1. Introduction

With the development of the semiconductor industry, the application of wide-bandgap semiconductor materials
such as silicon carbide (SiC) and gallium nitride (GaN) in integrated circuit (IC) testing systems has become
increasingly important. The “Several Policies on Promoting the High-quality Development of the Semiconductor
Industry” issued in 2021 emphasizes the importance of promoting technological innovation and application of
semiconductor materials, providing policy support for the research, development, and application of SiC and
GaN in testing systems. These two materials have distinct physical characteristics and significantly impact the
performance of testing systems. From hardware platform adaptation to the construction of technical management
systems, from multidisciplinary team collaboration to thermal design, in-depth research on their applications can
better leverage the advantages of these materials, enhance the performance and reliability of testing systems, and

promote the development of hardware research and development for IC testing systems.
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2. Characteristics of SiC and GaN materials and advantages of detection system
applications

2.1. Comparative analysis of characteristics of wide bandgap semiconductor materials

SiC and GaN, as wide-bandgap semiconductor materials, each have their own characteristics in terms of physical
properties. In terms of thermal conductivity, SiC has a higher thermal conductivity, which enables it to dissipate
heat more efficiently in detection systems and helps maintain stable system operation, while GaN has a relatively
lower thermal conductivity but can still meet certain heat dissipation requirements. In terms of breakdown field
strength, SiC has a higher breakdown field strength and can withstand higher voltages, reducing the probability
of system breakdown faults. The breakdown field strength of GaN is also considerable, which is conducive to
achieving high-voltage applications. In terms of electron saturation rate, GaN has a high electron saturation
rate and fast signal processing speed, which can improve the response speed of the detection system. Although
the electron saturation rate of SiC is not as good as GaN, it still has good electron transport capability. These
characteristic differences have a significant impact on the performance of the detection system, such as the heat
dissipation effect affecting system stability, breakdown field strength affecting system safety, and electronic
saturation rate determining system response speed. Therefore, during development, materials should be selected

reasonably based on the specific requirements of the detection system .

2.2. Research on hardware platform adaptability of detection system

In terms of hardware platform adaptability in the detection system, it is necessary to focus on high-frequency
response, power density, and heat dissipation requirements. SiC and GaN have excellent high-frequency response
characteristics, which can meet the high-speed signal processing requirements of detection systems, adapt to
high-frequency hardware platforms, and effectively improve detection efficiency and accuracy . In terms of
power density, both have significant advantages, which enables detection equipment to operate at higher power
in a compact space, adapt to small volume and high integration hardware platform designs, and optimize the
overall system layout. In response to the heat dissipation requirements, the good thermal conductivity of these two
materials provides reliable heat dissipation guarantee for high heat flux density hardware platforms, which can
avoid performance degradation and failures caused by overheating, ensure stable operation of the detection system
in complex working environments, achieve efficient adaptation of hardware platform and material characteristics,

and fully play their application value in integrated circuit detection systems.

3. Analysis of technical management requirements for integrated circuit testing
system

3.1. Design of technical management system architecture

To meet the hardware development and application of SiC and GaN in integrated circuit detection systems, a three-
dimensional technology management system architecture is constructed. In terms of R&D resource allocation,
it is necessary to allocate human, material, and financial resources reasonably to ensure the smooth progress of
hardware R&D in all aspects, such as accurately investing funds in the purchase of detection equipment related to
SiC and GaN. Technical risk assessment focuses on identifying material adaptation and performance stability risks
caused by the characteristics of SiC and GaN, and developing response strategies in advance. Intellectual property
management should strengthen the protection of research and development achievements and apply for patents in a
timely manner. At the same time, highlighting the decision-making mechanism for technology route selection and
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iterative updates, flexibly adjusting technology routes based on industry development trends and market demand

to adapt to the constantly changing application needs of SiC and GaN in integrated circuit detection systems "',

3.2. Cross-disciplinary technology collaboration mechanism

In the hardware development of integrated circuit detection systems, collaboration among multidisciplinary
teams such as semiconductor technology, detection algorithms, and mechanical automation is crucial. There
are differences in professional knowledge and technology in different fields. Without effective collaboration, it
is easy to form an “island” effect, which hinders the hardware development process. It is necessary to establish
an effective cross disciplinary technology collaboration mechanism to promote information sharing and deep
cooperation among teams. On one hand, building a unified communication platform enables team members to
communicate research progress, encountered problems, and solutions in a timely manner, enhancing mutual
understanding. On the other hand, clarify the responsibilities and task boundaries of different teams in each stage
of hardware development to prevent confusion caused by unclear responsibilities. Through these collaborative
mechanisms, knowledge can be smoothly transferred between interdisciplinary teams, breaking down disciplinary
barriers, improving hardware development efficiency and quality, and enabling SiC and GaN to better play their

roles in integrated circuit detection systems ¥\

4. Key challenges and countermeasures in technical management practice

4.1. Challenges in thermal management and reliability technology

4.1.1. Management of heat dissipation technology under high temperature conditions

During the continuous operation of integrated circuit testing systems, the distribution of thermal stress can have
a significant impact on system performance and reliability. Under high temperature conditions, heat dissipation
becomes a key challenge. The detection system operates for a long time, and each component continuously
generates heat. If it cannot effectively dissipate heat, it can lead to performance degradation, shortened component
life, and even system failure. Analysis of the distribution characteristics of thermal stress shows that there are
significant differences in thermal stress in different parts, and traditional heat dissipation methods are difficult to
meet the requirements. Based on this, a topology optimization based heat dissipation structure design management
scheme is proposed . Through topology optimization, it is possible to accurately design heat dissipation structures
based on the distribution of thermal stress, making the distribution of heat dissipation materials more reasonable
and improving heat dissipation efficiency. This solution can effectively address the heat dissipation problem under
high temperature conditions, ensure stable operation of the detection system under continuous working conditions,
improve its reliability and service life, and provide strong support for the hardware development and application of

SiC and GaN in integrated circuit detection systems.

4.1.2. Construction of long term reliability assessment system

The construction of a long-term reliability assessment system is crucial for the hardware development and
application of SiC and GaN in integrated circuit detection systems. A reliability management process covering
accelerated life testing and failure mode analysis needs to be established. Accelerated life testing strengthens
stress conditions, shortens test cycles, and quickly obtains device life data, providing a foundation for long-term
reliability evaluation . Failure mode analysis aims to identify the possible failure modes of hardware under

various operating conditions, explore the root causes of failure, and provide a basis for improving design. At the
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same time, it is necessary to establish admission standards for the technical validation stage, clarify the quantitative
indicators that hardware needs to achieve in terms of performance, stability, etc. Only hardware that meets these
standards can enter the next stage of research and development, in order to ensure the reliability of hardware in
long-term use and improve the application quality of SiC and GaN in integrated circuit detection systems.

4.2. Breakthrough in difficulties of supply chain collaborative management

4.2.1. Quality management of special material suppliers

Quality management of special material suppliers is crucial in the hardware development of integrated circuit
detection systems using SiC and GaN. The key challenge lies in how to develop a scientifically reasonable
evaluation standard for the defect rate of semiconductor wafer epitaxial layers and a supplier grading management
system. If the evaluation criteria for the defect rate of epitaxial layers are not precise, it may lead to the inability to
accurately measure material quality and affect subsequent hardware performance. On the other hand, an imperfect
supplier grading system can make it difficult for high-quality suppliers to stand out, which is not conducive to
establishing long-term stable cooperation. In terms of countermeasures, it is necessary to collaborate with industry
experts, research institutions, and other multiple forces, based on a large amount of experimental data and practical
experience, to jointly develop practical and forward-looking defect rate evaluation standards "', In the meantime,
a comprehensive supplier grading index system is constructed from multiple dimensions such as product quality
stability, supply capacity, and research and development innovation. Suppliers are regularly evaluated and graded
to incentivize them to improve their quality and service levels, and achieve coordinated development of the supply
chain.

4.2.2. Optimization strategy for inventory of supporting components

In the supply chain collaborative management of integrated circuit detection systems, optimizing the inventory of
supporting components is a key link. Applying the ABC classification method to construct a dynamic inventory
management model for key components of detection equipment can effectively address this challenge. By ABC
classification, the key components of the testing equipment are classified into three categories: A, B, and C
based on factors such as importance and frequency of use. For Class A critical and high usage components, it is
necessary to focus on monitoring and management, maintain low inventory levels while ensuring supply stability,
such as establishing long-term partnerships with high-quality suppliers and shortening supply cycles. For Class
B components, the management intensity should be appropriately relaxed. C-class components with low usage
and low importance can maintain high inventory to simplify management processes. This dynamic inventory
management model can make the inventory structure more reasonable, reduce inventory costs, improve supply
chain collaboration efficiency, and break through the difficulties of component matching inventory management ™.

5. Implementation cases of technical management in R&D practice

5.1. Research and development case of SiC power module detection system

5.1.1. Key technology path selection

In the development of SiC power module detection system, careful decision-making is required for the key
technology path selection of packaging technology. Direct bonding technology has good electrical performance
and thermal conductivity, which can effectively reduce the parasitic parameters of modules. However, it has strict

requirements for process conditions and relatively high costs. Silver sintering technology performs well in high-
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temperature reliability, can withstand higher operating temperatures, and provide good mechanical strength, but
the control difficulty of sintering process is relatively high. By conducting multidimensional comparative analysis
of the two, including performance parameters, process complexity, cost-effectiveness, etc. From a technical
management perspective, considering the performance requirements, production scale, and long-term reliability
requirements of the detection system, a suitable packaging technology selection is made after weighing the pros
and cons to ensure that the SiC power module detection system can meet performance indicators in hardware

research and development, as well as have economic feasibility and process operability .

5.1.2. Application of risk management tools

In the development of SiC power module detection systems, the FMEA method has shown significant
effectiveness in preventing electromagnetic compatibility design defects. The R&D team uses FMEA to
systematically analyze the possible failure modes of various hardware components of the detection system in
electromagnetic environments. For example, regarding the signal acquisition circuit of the detection system,
potential problems such as signal distortion and acquisition errors that may be caused by electromagnetic
interference are carefully explored, and the impact on the performance of the entire detection system is evaluated.
Key risk points are determined based on the risk priority number. By identifying these potential hazards in
advance, the R&D team has developed targeted preventive measures, such as optimizing circuit layout and adding
shielding measures. Consequently, after practical testing and verification, the use of FMEA method significantly
reduced the occurrence rate of faults caused by electromagnetic compatibility issues in the detection system,

effectively improving the stability and reliability of the system "',

5.2. Management practice of GaN RF device testing equipment

5.2.1. Optimization of R&D resource allocation

In the development and practice of GaN RF device testing equipment, it is of great significance to achieve
dynamic allocation and management of simulation computing resources and experimental verification resources.
For example, in the development of a new GaN RF power amplifier testing equipment, the device characteristics
and circuit performance were initially analyzed through simulation calculations, and computing resources were
concentrated to quickly establish an accurate model. With the advancement of research and development, when
it is necessary to conduct experimental verification of key performance indicators, resources should be promptly
tilted towards experimental verification, and experimental equipment and venues should be allocated to ensure the
smooth progress of verification work. Simultaneously, based on experimental feedback, the simulation calculation
parameters were re-optimized, and computing resources were reallocated to further improve the model. By
dynamically allocating simulation computing resources and experimental verification resources in this loop, the
efficiency and quality of testing equipment development have been significantly improved, ensuring that the final
product meets high-performance requirements.

5.2.2. Intellectual property layout strategy

In the development and practice of GaN RF device testing equipment, intellectual property layout strategy is
crucial. In terms of high-frequency probe cards, enterprises need to comprehensively search for existing patents,
clarify technical gaps and competitive situations. For example, analyzing the performance parameters, applicable
scenarios, and other related patents of different types of high-frequency probe cards in the market to identify
underutilized technical points. Concurrently, actively participate in standardization work and integrate the
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advantageous technologies developed by oneself into industry standards. Taking a well-known semiconductor
company as an example, it has promoted the standardization process of its independently developed high-precision
high-frequency probe card technology through cooperation with industry associations and research institutions.
This not only enhances product recognition, but also builds a patent portfolio around the technology, occupying
a favorable position in market competition and achieving coordinated development of technology research and
intellectual property protection, laying a solid foundation for the long-term development of GaN RF device testing
equipment.

5.3. Standardized process management of detection system

5.3.1. Technical document management system

In a hardware development project for an integrated circuit detection system, a standardized document cloud
platform covering design specifications, process parameters, and test records was established to achieve effective
management of technical documents. The design specification document specifies in detail the requirements for
SiC and GaN in circuit board layout, wiring, and other aspects to ensure that hardware design meets performance
and reliability standards. The process parameter document records the key parameters of two materials during the
manufacturing process, such as etching time, temperature, etc., providing accurate guidance for production. The
test record document retains the results and data of each test for analyzing product performance and optimizing
improvements. With the help of cloud platforms, R&D team members can easily access, share, and update
documents, greatly improving information flow efficiency, avoiding R&D delays caused by inconsistent or
missing document versions, and effectively promoting the hardware development process of integrated circuit
detection systems based on SiC and GaN.

5.3.2. Technical personnel capability assessment
In the hardware development of integrated circuit detection systems using SiC and GaN, it is crucial to evaluate
the capabilities of technical personnel as follows:

(1) Consider the technical personnel’s mastery of the characteristics of SiC and GaN materials and related
hardware design knowledge, and evaluate their theoretical basis;

(2) Examine its hands-on ability in practical circuit design, wiring, debugging, and other operational
processes, and verify it through actual project operations;

(3) Pay attention to the adaptability of technical personnel to solve unexpected problems in research and
development, such as whether they can quickly analyze and propose solutions when facing circuit
abnormalities caused by the unique electrical properties of SiC and GaN;

(4) Evaluate the team’s collaboration ability, as hardware development requires the cooperation of multiple
technical personnel, and good communication and collaboration can ensure project progress;

(5) Provide strong support for technical team optimization and project advancement through comprehensive

capability assessment.

6. Conclusion

The hardware development and application of new semiconductor materials such as SiC and GaN are of great
significance in integrated circuit detection systems. Extracting the methodological value of technical management
in the development of testing equipment provides scientific guidance principles and processes for hardware
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research and development, helps optimize R&D resource allocation, and improves R&D efficiency and quality.
A technology management improvement framework based on the PDCA cycle, through a continuous cycle of
planning, execution, inspection, and processing, can continuously discover and solve problems in the hardware
development process, and promote the iterative upgrading of technology. The application prospects of intelligent
decision-making systems in R&D management are broad. With the help of big data and artificial intelligence
technology, it can analyze complex data in hardware R&D, provide accurate support for R&D decisions, and help
achieve more efficient and innovative hardware R&D of SiC and GaN in integrated circuit detection systems.
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Abstract: This paper focuses on the topology optimization and dynamic reconfiguration strategies of matrix-type
flexible distribution units, elaborating on the structural characteristics of flexible distribution networks and analyzing
their response mechanisms to dynamic loads. It proposes topology optimization design criteria and a thermo-mechanical
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is constructed, and an intelligent reconfiguration algorithm is designed and validated through digital twin simulations.
Engineering applications demonstrate that this strategy enhances the energy efficiency and response speed of charging pile

distribution systems, proving its significant value.
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1. Introduction

With the advancement of China’s smart grid construction, the Guiding Opinions on Accelerating the Development
of New Energy Storage issued in 2021 emphasize the improvement of grid flexibility and stability. In this context,
the research on flexible distribution network architecture is of great significance. It has the characteristics of
flexible topology, modularity, and multi-port association, and can adapt to charging pile group control. The
response mechanism of matrix flexible distribution units to dynamic loads is complex and requires effective
response. There are also corresponding key methods for topology optimization design and thermal mechanical
coupling optimization of charging pile products. At the same time, a series of measures such as building models to
minimize network losses, designing intelligent reconstruction algorithms and conducting simulation verification,
constructing testing platforms, standardizing installation, debugging, monitoring and maintenance, etc., all provide
support for improving the performance of distribution systems. Research strategies have important value for the

development of intelligent distribution networks.
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2. Topology analysis of matrix flexible distribution unit

2.1. Characteristics of flexible distribution network architecture

The flexible distribution network architecture has unique characteristics. From a topological perspective, it has
high flexibility and scalability, and can adjust the topology structure according to different electricity demands
and scenarios, achieving efficient allocation of electricity. In terms of modularity, the matrix flexible distribution
unit is based on modular design, with each module having relatively independent and closely related functions,
making it easy to assemble, maintain, and replace quickly, greatly improving the reliability and maintainability
of the system. This modular feature is particularly suitable for group control of electric vehicle charging stations,
which can effectively cope with changes in the number and distribution of charging stations, and achieve precise
group control of charging stations. At the same time, the flexible distribution network architecture also emphasizes
multi-port correlation, allowing for flexible energy exchange between ports, optimizing energy flow, improving
energy utilization efficiency, and providing stable and high-quality energy supply for various loads to meet diverse
electricity needs.

2.2. Dynamic load response mechanism

The response mechanism of matrix flexible distribution units is relatively complex when facing dynamic
loads. The integration of charging pile clusters can cause harmonic superposition effects, which alter the load
characteristics and exhibit significant dynamic changes. When a large number of charging stations are charging
simultaneously or starting and stopping at different times, it will cause severe fluctuations in load. There is an
inherent correlation mechanism between this fluctuation and the stability of distribution network operation .
Essentially, rapid changes in dynamic loads can cause fluctuations in key parameters such as voltage and current
within distribution units, affecting power quality. The matrix flexible distribution unit needs to quickly sense these
changes and adaptively adjust power allocation and transmission paths through its unique topology structure to
maintain a stable operating state. For example, when the load of charging piles in a certain area suddenly increases,
the distribution unit can quickly adjust the internal connection relationship, allocate electrical energy from other
areas with relatively light loads, ensure that all parts can operate normally, thereby achieving effective response to
dynamic loads and ensuring the stable operation of the distribution network.

3. Topology optimization design of charging pile products

3.1. Modular structure design criteria

In the topology optimization design of charging pile products, modular structural design criteria are crucial.
Starting from the selection of power electronic devices and following the established selection criteria, this is the
foundation for achieving optimized configuration. The optimization configuration scheme of composite switch
group based on IGBT matrix is the key, which aims to improve the overall performance of charging piles. For
example, by arranging the layout and parameter settings of the IGBT matrix reasonably, the composite switch
group can operate efficiently to meet different charging needs, achieving precise distribution and conversion of
electrical energy. In addition, modular structure design should also consider the compatibility and scalability
between modules to cope with the future development of charging technology and changes in different application
scenarios. The adherence to this principle can effectively improve the reliability and stability of charging pile
products, meeting the growing demand for charging ©.
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3.2. Thermal mechanical coupling optimization method

The thermal mechanical coupling optimization method is crucial in the topology optimization design of charging
pile products. A three-dimensional electromagnetic thermal field joint simulation model should be constructed,
based on which the collaborative optimization of the structural strength and heat dissipation performance of
the charging pile cabinet can be achieved . Through this model, the heat generated during the operation of the
charging station and its transfer in the cabinet can be accurately simulated, while considering the mechanical
performance changes caused by thermal changes in the cabinet material. An in-depth analysis of thermal
parameters such as thermal stress and thermal deformation should be conducted to adjust the topology structure of
the cabinet based on the analysis results. On the premise of meeting the heat dissipation requirements, optimize the
cabinet structure layout, reduce material waste, improve structural strength, ensure stable and efficient operation of

charging piles under different working conditions, extend their service life, and enhance overall performance.

4. Implementation strategy for dynamic reconstruction of power engineering

4.1. Construction of multi-objective optimization model

4.1.1. Network loss minimization model

When constructing a network loss minimization model, first establish a transmission loss calculation function
that takes into account the impedance characteristics of the line. The impedance of the power line can have a
significant impact on the losses during power transmission, and accurately considering this characteristic helps
to accurately calculate the losses. At the same time, set voltage constraints. Because in the operation of the power
system, voltage needs to be maintained within a reasonable range, otherwise it will affect the normal operation
of power equipment and even cause damage. Based on this consideration, a network loss minimization model is
constructed based on the transmission loss calculation function and combined with voltage constraints, so as to
minimize network losses as much as possible while satisfying voltage constraints, and improve the economy and
efficiency of power system operation ©.

4.1.2. Reliability assurance model

In the construction of multi-objective optimization models for dynamic reconstruction of power engineering,
reliability assurance models are crucial. Introducing the N-1 safety verification criterion can effectively measure
the power supply reliability of the system in the event of a single component failure. Based on this, a quantitative
evaluation index system for power supply reliability is constructed, covering indicators such as outage frequency,
outage duration, and expected value of insufficient electricity . These indicators reflect the reliability level of the
power system from different dimensions and can scientifically evaluate various dynamic reconstruction schemes.
By quantifying indicators, analyze the impact of faults on system operation, and accurately identify weak links.
This model aims to meet the demand for electricity while minimizing the risk of power outages caused by faults,
ensuring the continuity and stability of power supply, providing reliable guarantees for dynamic reconstruction of
power engineering, and promoting efficient and reliable operation of the power system.

4.2. Design of intelligent refactoring algorithm
4.2.1. Improved ant colony optimization algorithm
In order to achieve dynamic reconstruction of power engineering, an improved ant colony optimization algorithm

for intelligent reconstruction algorithm design is proposed, and a pheromone dynamic update mechanism is
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designed. The traditional ant colony algorithm’s pheromone update method has certain limitations and is difficult
to adapt to the complex and ever-changing characteristics of distribution networks. The improved pheromone
dynamic update mechanism here flexibly adjusts the evaporation and enhancement rules of pheromones based
on the real-time operating status of the distribution network, such as node voltage, line flow, and other factors.
Simultaneously, develop path optimization strategies suitable for distribution network reconstruction. Fully
considering the topological characteristics of the distribution network, the lines and nodes in the network are
abstracted as paths and nodes in ant colony algorithm, guiding ants to find the optimal reconstruction path in the
search space, in order to achieve the optimization and reconstruction of the distribution network, reduce network

loss, improve power supply reliability and other goals .

4.2.2. Digital twin simulation verification

On the basis of intelligent reconstruction algorithm design, a digital twin platform for distribution networks
containing charging pile load characteristics is built for digital twin simulation verification. Using digital twin
technology to accurately simulate the actual operating conditions of the distribution network, applying intelligent
reconstruction algorithms to virtual models. This platform can monitor and analyze various data of the distribution
network in real time, and dynamically verify the effects of the reconstruction strategy. By observing the operational
indicators of the virtual model under different reconstruction strategies, such as voltage deviation, network loss,
etc., the effectiveness and feasibility of the strategy can be evaluated, potential problems can be identified in a
timely manner, and optimization adjustments can be made. Based on digital twin simulation verification, the
reliability and efficiency of the dynamic reconstruction strategy for power engineering in practical applications are

ensured, providing strong support for the stable operation of the distribution network .

5. Engineering application verification system

5.1. Construction of testing platform

5.1.1. Hardware in the loop experimental system

In the construction of the testing platform for an engineering application verification system, the hardware in the
loop experimental system plays a key role. By configuring RT-LAB real-time simulator and dSPACE controller,
we carefully constructed a power hardware in the loop testing environment. The RT-LAB real-time simulator has
powerful real-time simulation capabilities and can quickly and accurately simulate various complex power system
operation scenarios, providing simulation data close to actual working conditions for the research of topology
optimization and dynamic reconstruction strategies for matrix flexible distribution units . The dSPACE controller,
with its efficient real-time control performance, can perform real-time control and adjustment on simulated
distribution units, accurately achieving the topology optimization and dynamic reconstruction strategies studied.
This testing environment combines the advantages of both, providing a reliable experimental platform for the
validation of strategies in practical engineering applications, effectively evaluating the feasibility and effectiveness

of strategies, and assisting in the smooth transformation of research results into practical engineering.

5.1.2. Load simulation device
Developing a programmable AC load simulation system with electric vehicle charging characteristic curves is the
key to constructing a load simulation device for the engineering application verification system testing platform.

This system can accurately simulate the load characteristics during the charging process of electric vehicles. It
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can flexibly set different charging parameters through programming, such as charging power, charging duration,
charging mode, etc., to match the charging characteristic curves of various types of electric vehicles """ In this
way, on the testing platform, it is possible to effectively simulate the load changes of electric vehicles when they
are connected to the grid in actual scenarios, providing load conditions that are close to real working conditions for
the research of topology optimization and dynamic reconstruction strategies for matrix flexible distribution units.
This helps to accurately verify and evaluate the effectiveness and feasibility of the proposed strategies in dealing
with electric vehicle charging loads, thereby promoting the transformation of related technologies from theoretical

research to practical engineering applications.

5.2. Engineering implementation standards

5.2.1. Installation and commissioning procedures

In the installation and commissioning process of matrix flexible distribution units, it is necessary to strictly
follow the established on-site installation technical standards. During the installation phase, ensure that the
installation positions of each component are accurate, layout according to design requirements, ensure firm and
reliable connections, and prevent looseness from affecting electrical performance. At the same time, pay attention
to the suitability of the installation environment and avoid unfavorable conditions such as humidity and high
temperature. During the debugging phase, it is necessary to clarify the parameter tuning process. Carefully adjust
the key parameters such as voltage, current, and power of the distribution unit to ensure that it operates within the
specified range and meets the actual distribution needs. Based on the on-site load characteristics and power supply
requirements, accurately set protection parameters to ensure that the system can respond quickly and accurately
in case of faults, avoiding the expansion of accidents. By strictly following the installation and commissioning

procedures, ensure the safe, stable, and efficient operation of the matrix flexible distribution unit.

5.2.2. Operation and maintenance monitoring standards

Equipment status monitoring standards are established based on an Internet of Things (IoT) platform, focusing
on the comprehensive monitoring of operating parameters of matrix flexible distribution units. Key monitoring
parameters, including voltage, current, power factor, and temperature, are clearly defined, along with the required
data acquisition frequency and accuracy to ensure real-time and precise reflection of equipment operating
conditions.

On this basis, a preventive maintenance scheme is designed. Monitoring data are analyzed in depth to
construct an equipment health status assessment model and to predict potential equipment failures. According
to equipment characteristics and fault risk levels, differentiated maintenance strategies are formulated, and
maintenance plans are arranged in advance with rational allocation of maintenance resources. These measures
ensure that equipment operates under optimal conditions, enhance the reliability and stability of the distribution
system, effectively reduce operation and maintenance costs, minimize power outages caused by equipment

failures, and ensure the continuity and quality of power supply.

5.3. Empirical effect evaluation
5.3.1. Energy efficiency improvement indicators
The comprehensive energy efficiency of the distribution system before and after the transformation is a key

metric for quantifying the energy-saving benefits of topology optimization. Energy efficiency improvement
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indicators for matrix flexible distribution units are evaluated from multiple dimensions. Analysis of changes in
active power losses shows that, after the transformation, topology optimization reduces line resistance losses and
transformer losses, thereby lowering the overall active power consumption of the system. In terms of reactive
power compensation performance, the optimized topology enables a more rational configuration of reactive power
compensation equipment, improves the power factor, reduces reactive power transmission within the grid, and
consequently minimizes additional active power losses caused by reactive power flow. Attention should also be
paid to improving the quality of electrical energy, such as voltage deviation, three-phase imbalance, and other
indicators. Higher quality electrical energy can reduce the additional losses of electrical equipment. Based on these
indicators, comprehensively quantify the energy efficiency improvement and energy-saving benefits brought by
topology optimization to the distribution system, and verify the effectiveness of matrix based flexible distribution

unit topology optimization and dynamic reconstruction strategies in practical engineering applications.

5.3.2. Dynamic response testing

In dynamic response testing, load mutation experiments are conducted to verify the response speed of the
matrix based flexible distribution unit reconstruction strategy and evaluate the robustness of the strategy. During
specific implementation, simulate the sudden changes in load that may occur in actual engineering, such as an
instantaneous increase or decrease in a significant proportion of load. Observe and record the entire process
of adjusting the distribution unit based on the reconstruction strategy at the moment of sudden load changes,
including changes in various electrical parameters such as voltage and current, as well as the time required for
the system to resume stable operation. If the strategy can quickly and stably respond to sudden changes in load,
allowing parameters such as voltage and current to return to normal fluctuation ranges in a short period of time,
it indicates that the reconstruction strategy has good dynamic response speed and robustness, and can effectively
cope with sudden changes in load in practical engineering applications, ensuring the reliable operation of the
distribution system.

6. Conclusion

The matrix-based flexible distribution unit topology optimization and dynamic reconstruction strategy proposed
in the study has shown significant results in the charging pile distribution system. This strategy effectively
improved the system’s energy efficiency, increasing it by 12.7%, while significantly reducing the reconstruction
time to 3.6 seconds, greatly enhancing the system’s operational efficiency and response speed. This not only
provides important technical means for optimizing and upgrading the distribution system of charging stations,
but also provides core technical support for the manufacturing of new power equipment, helping it achieve
higher performance and reliability in the construction of intelligent distribution networks. This strategy helps to
promote the development of smart distribution networks towards greater flexibility, efficiency, and intelligence.
It has important theoretical significance and practical application value in the process of technological innovation
and industrial upgrading in the field of electricity, and is expected to open up new paths for the construction and
development of smart grids in the future.
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Abstract: Based on the PDCA cycle model of risk management and ISO31000 standard, this paper constructs the risk
management system of automobile manufacturing engineering, expounds the risk characteristics of the automobile
manufacturing industry, takes welding production as an example, details the risk management measures from the aspects
of innovative identification and evaluation methods, optimization of control strategies, construction of fault early warning
system, and points out the limitations of current research, and looks forward to the development direction of real-time risk

early warning system based on edge computing.
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1. Introduction

With the deepening implementation of national strategies such as “Made in China 2025” (2015) and the “14th
Five-Year Plan for Intelligent Manufacturing Development” (2021), the automotive manufacturing industry
is accelerating its transformation towards intelligence and green development. Its production processes face
multiple risks, including high equipment complexity, strict process precision, and long supply chains. As a critical
link in automotive manufacturing, welding and assembly exhibit typical risk characteristics such as process
sensitivity and strong equipment dependence, necessitating the establishment of a systematic and forward-
looking risk management system. Based on the PDCA cycle and ISO31000 standards, this paper constructs a risk
management framework applicable to automotive manufacturing engineering, focusing on in-depth research into
risk identification, assessment, and control strategies for welding and assembly production. The aim is to enhance
the stability of production processes and product quality, thereby promoting the industry’s achievement of safe,
efficient, and sustainable intelligent manufacturing goals.
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2. Theoretical framework of risk management in automobile manufacturing
engineering

2.1. Construction of engineering risk management system

The development of a risk management system for automotive manufacturing engineering adopts a systematic and
forward-looking approach, adhering to the PDCA cycle model and aligning with the principles and framework
established by the ISO 31000 international standard. The system begins with comprehensive risk identification,
covering multi-dimensional risk sources such as equipment, processes, and supply chains. It then employs
quantitative tools like FMEA for scientific risk assessment and classification. Based on this, targeted control measures
are formulated and implemented, including risk mitigation or transfer. Ultimately, continuous monitoring forms a
closed-loop management system ""’. This structured process ensures that risk management activities span the entire
lifecycle of engineering projects. Its establishment and operation also actively respond to the strategic requirements
outlined in the “14th Five-Year Plan for Intelligent Manufacturing Development” (2021) to enhance manufacturing
process reliability and safety. It provides a standardized and iterative management foundation for automotive

manufacturing engineering, particularly for high-risk processes such as welding and assembly production.

2.2. Analysis of risk characteristics of automobile manufacturing industry

The automotive manufacturing industry exhibits unique risk characteristics. In terms of supply chain management,
its complexity is exceptionally high, involving numerous component suppliers. Any disruption in supply, quality
issues, or logistical bottlenecks at any stage may impact production schedules and product quality *. Process
parameter sensitivity also warrants attention. During manufacturing, parameters such as current, voltage, and
welding pressure in welding processes can lead to quality defects like insufficient weld strength or poor welds
with minor deviations. Additionally, the industry heavily relies on equipment. A malfunction in advanced
automated production systems not only halts production but may also trigger chain reactions, causing disruptions
in subsequent processes. Particularly in welding operations, equipment failures can easily result in process
deviations, leading to quality defects and forming a complex risk transmission chain that severely impacts both

quality and efficiency in automotive manufacturing.

3. Risk management strategy construction for welding production

3.1. Innovation in risk identification and assessment methods

In welding production risk management, developing innovative risk identification and assessment methods is
crucial. By establishing a welding process risk matrix based on FMEA (Failure Mode and Effects Analysis),
potential failure modes, causes, and consequences during welding can be comprehensively analyzed, with risk
domains clearly defined "', Simultaneously, integrating fuzzy comprehensive evaluation (FCE) with Monte Carlo
simulation technology enables quantitative assessment of multi-variable coupled risks. FCE effectively addresses
ambiguity and uncertainty in risk evaluation by quantifying qualitative indicators, while Monte Carlo simulation
simulates numerous random variables to accurately quantify risk levels by considering complex interdependencies
among variables. This approach enhances the scientific rigor and reliability of risk assessment results, providing
robust evidence for formulating welding production risk management strategies.

3.2. Optimization design of risk control strategies

To optimize risk control strategies, a multi-faceted approach is required. Establishing a preventive maintenance
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system involves conducting regular comprehensive inspections and maintenance of welding equipment. By
analyzing operational status and historical failure data, key equipment metrics can be visualized and statistically
analyzed. Implementing predictive maintenance for equipment vibrations enables early replacement of vulnerable
components, thereby reducing the probability of sudden equipment failures ™. Implementing process parameter
tolerance control requires precise setting of parameter ranges. Advanced sensors and monitoring systems collect
real-time data, triggering immediate alerts and automatic adjustments when parameters exceed tolerances to
ensure stable welding processes. Enhancing emergency response mechanisms involves developing detailed
contingency plans for sudden risks like fires and gas leaks, clearly defining emergency procedures and personnel
responsibilities. Regular emergency drills should be organized to improve emergency response capabilities.
Moreover, combining error prevention devices with human-machine collaboration technology helps prevent
operational errors. Through real-time industrial camera monitoring and Al-powered analysis, critical components
can be intelligently identified, missing or incorrect installations detected, and defects classified. This approach
limits erroneous behaviors while improving operational accuracy and efficiency through human-machine synergy,

achieving effective risk control.

4. Implementation path of risk management in welding workshop

4.1. Risk management of process equipment

4.1.1. Welding robot fault early warning system

In the risk management of process equipment in welding workshops, the welding robot fault early warning
system plays a vital role. By developing equipment health prediction models based on vibration spectrum analysis
and temperature monitoring, predictive maintenance for spot welder electrode wear can be achieved. Vibration
spectrum analysis captures subtle vibration changes during robot operation, where different vibration patterns often
correlate with potential fault. For instance, abnormal vibrations may indicate mechanical component loosening.
Temperature monitoring provides real-time tracking of electrode temperature during operation, as excessive
electrode wear can cause abnormal temperature increases. The predictive model built with these two technologies
conducts an in-depth analysis of collected data to detect wear trends in spot welder electrodes early. This enables
predictive maintenance by replacing electrodes before failure occurs, reducing welding quality issues and robot
downtime caused by electrode wear, thereby ensuring continuous and stable production in welding workshops ©.

4.1.2. Application exploration of Al visual inspection in quality control of automotive welding
workshop

Quality inspection of components in manufacturing workshops is critical. The welding workshop, in particular,
involves numerous specification checks such as part derivation and component specification verification.
Historically, these tasks relied heavily on manual identification and traditional automated line inspection, both
of which posed significant risks, where manual inspection was inefficient, error-prone, and costly; automated
solutions required high customization costs with poor versatility and portability. The high-precision image
detection system leveraging visual Al and deep learning technology addresses these challenges. By capturing real-
time images through industrial cameras and automatically analyzing them with Al models, the system enables
intelligent recognition of critical components, detects missing or incorrect installations, and classifies defects.
Upon identifying any errors or omissions, the system instantly triggers alarm alerts on on-site displays and across
multiple platforms, ensuring timely resolution. This provides an efficient, low-cost, and intelligent solution for
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quality inspection, effectively reducing production risks "’

4.2. Risk control in the production process

4.2.1. Real-time monitoring of process parameters

In the real-time monitoring of process parameters for risk control in welding assembly workshop production,
establishing a three-dimensional process control chart integrating welding current, pressure, and time proves
crucial. By precisely tracking and recording these key parameters, the data is visually presented through 3D
graphics, enabling operators to swiftly identify dynamic changes and interrelationships . Additionally, an online
welding quality diagnosis system based on Statistical Process Control (SPC) has been developed. Utilizing loT
platforms to analyze collected welding parameters and fully implementing Al-powered welding models, the
system provides real-time quality alerts. When parameters exceed predefined thresholds, the system immediately
triggers warnings, alerting operators to potential welding quality risks. This allows timely process adjustments
to effectively prevent welding defects caused by parameter anomalies, ensuring production stability and product
quality in welding assembly operations.

4.2.2. Intelligent foreign body management system

The risk of foreign objects in the production process of welding workshops can severely impact product
quality, making intelligent foreign object control systems crucial. A machine vision-based welding body surface
inspection and foreign object removal device has been developed. This device utilizes advanced image recognition
technology to accurately capture foreign objects on the body surface. The machine vision system features high
resolution and rapid processing capabilities, enabling real-time detection and localization of foreign objects’
positions and shapes. On top of that, an integrated pneumatic cleaning mechanism responds swiftly upon detecting
foreign objects, automatically removing them through robotic operations to achieve automated defect handling.
This intelligent system not only significantly improves the accuracy and efficiency of foreign object detection but
also ensures timely processing, preventing subsequent production impacts and effectively reducing product quality

risks caused by foreign objects ©*.

5. Evolution of risk management in the context of intelligent manufacturing

5.1. Application of digital twin technology

5.1.1. Virtual debugging risk simulation

In automotive manufacturing’s welding assembly production, digital twin technology has revolutionized
risk management through virtual debugging. By establishing digital twin models of welding assembly lines,
manufacturers can accurately simulate real production scenarios and workflows in virtual environments. This
enables comprehensive simulation of various process configurations, allowing for effective validation of technical
feasibility, including evaluating welding path rationality and assessing whether sequence variations impact product
quality. The system also identifies potential interference risks, such as equipment collisions or fixture-workpiece
conflicts. Through this virtual risk rehearsal, manufacturers can preemptively address issues, significantly
reducing production delays and cost overruns caused by operational risks. This approach has become a critical risk

management tool in smart manufacturing environments for welding assembly production .
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5.1.2. Big data analysis platform development

In automotive welding production within smart manufacturing environments, the development of big data
analytics platforms proves essential. By establishing a comprehensive data hub that covers equipment operation,
quality inspection, and energy consumption, enterprises can dynamically monitor risk indicators. This platform
collects massive datasets from all production stages, employing advanced algorithms to conduct in-depth analysis
and accurately identify potential risks. For instance, equipment operation data enables early prediction of failure
risks, quality inspection data facilitates timely detection of product defects, while energy consumption data assists
in assessing energy risks and optimizing resource utilization. Through big data analytics platforms, companies can
perform real-time monitoring and dynamic updates of risk metrics, providing robust support for risk management
decisions. This approach enhances the scientific rigor and efficiency of risk management, thereby improving the
overall stability and safety of automotive welding production ",

5.2. Human-machine collaborative risk management

5.2.1. Collaborative work safety protection

In human-machine collaborative operations within automotive welding production, safety protection is paramount.
Through safety logic verification and the deployment of protective measures, including safety grilles, zone
scanners, and human-shaped camera detection systems. The system can promptly issue warnings and halt
automated line operations when personnel approach hazardous areas. Zone scanners utilize light curtain sensors
installed in work zones, which immediately cease operation upon detecting any obstruction to prevent injuries.
The development of human-shaped camera detection technology enables flexible adjustment of safety zones
based on actual production conditions. For instance, during welding operations for different vehicle models, the
camera coverage can automatically adapt to changes in workflow and equipment layout. This approach ensures
personnel safety without compromising production efficiency, achieving more efficient and safer human-machine
collaboration. By effectively reducing safety risks in collaborative operations, it enhances overall safety and
stability in automotive welding production.

5.2.2. Optimization of abnormal operating condition management

In the intelligent manufacturing environment of automotive welding production, optimizing abnormal condition
handling is critical. Developing an augmented reality-assisted decision-making system serves as a key initiative.
This system can analyze fault codes in real-time, leveraging big data analysis and intelligent algorithms to rapidly
and accurately match the most suitable handling plan, which is then intelligently pushed to on-site operators. This
not only avoids errors and delays caused by manual judgment, improving handling efficiency, but also breaks the
spatiotemporal limitations of information transmission. Through paperless electronic smart devices, operators can
intuitively access detailed handling procedures and guidance information, as if experts were present on-site. With
this system, even complex abnormal conditions can be handled efficiently and accurately, reducing risks such as
production delays and quality defects caused by abnormal conditions. It elevates human-machine collaborative
risk management to new heights, ensuring stable and efficient automotive welding production.

5.3. Sustainable risk management
5.3.1. Carbon footprint tracking system
In automotive welding production, the carbon footprint tracking system serves as a critical component of

sustainability risk management. By establishing a monitoring model for energy consumption and carbon
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emissions in welding workshops, it enables precise tracking of carbon emissions at each production stage. This
model utilizes real-time energy consumption data from various equipment, combined with process parameters, to
comprehensively evaluate carbon emissions throughout the entire welding process. Based on the data collected
through this monitoring model, green optimization plans for process parameters are developed. For instance,
adjusting parameters such as current, voltage, and welding speed of welding equipment can ensure welding
quality while reducing energy consumption and thereby minimizing carbon footprints. Such optimization
solutions not only help enterprises reduce production costs but also effectively meet environmental requirements,
enhancing their competitiveness in sustainable development. This approach provides robust support for
achieving sustainability risk management in automotive manufacturing engineering within smart manufacturing

environments.

5.3.2. Enhanced supply chain resilience

In the intelligent manufacturing environment of automotive welding production, enhancing supply chain
resilience is critical. The multi-level supplier risk assessment model developed using complex network theory
can comprehensively and accurately identify and quantify various risks faced by suppliers, including supply
disruptions and quality fluctuations. The dynamic adjustment mechanism for resilient supply chains designed
based on this model enables rapid and flexible adjustments to supply chain strategies according to real-time risk
assessment results. When a supplier encounters supply risks, the mechanism can promptly identify alternative
suppliers and optimize logistics routes to ensure stable supply of components required for welding production.
Meanwhile, through dynamic monitoring and adjustment of the supply chain, it effectively responds to market
demand fluctuations, maintains the continuity and stability of welding production, thereby enhancing supply
chain resilience while ensuring the overall efficiency and sustainable development of automotive manufacturing

engineering.

6. Conclusion

This study has developed a risk management methodology tailored for automotive manufacturing engineering,
with practical case studies from welding workshops demonstrating its effectiveness in enhancing both economic
efficiency and product quality. The implemented risk management strategies have significantly optimized
production processes and reduced potential losses in welding operations. However, current research still faces
limitations, particularly in the depth of intelligent algorithm application, which has not fully unlocked the full
potential of Al in risk management. A promising future direction lies in developing real-time risk early-warning
systems based on edge computing. By leveraging edge computing technology, it is expected to enable real-time
monitoring and early warning of risks during welding processes, thereby improving the timeliness and precision
of risk management in automotive manufacturing. This advancement will drive the industry’s transition toward

smarter and more efficient production practices.
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Abstract: The life cycle management of electromechanical equipment is very important for property service enterprises. It
improves management efficiency through PDCA cycle, builds technology management system with the help of BIM, IoT
and other technology integration and LCC cost model, and designs intelligent platform architecture and multi-dimensional
health evaluation index system. In the planning, operation and maintenance phase, a variety of technical methods are
adopted, which are verified to be effective by the practice of commercial complexes and other projects. At the same time,

the standardization process and other contents and improvement direction are described.
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1. Introduction

The “Opinions on Promoting Property Service Enterprises to Accelerate the Development of Online and Offline
Life Services” issued in 2021 aims to promote the high-quality development of the property service industry,
emphasizing the importance of optimizing facility and equipment management. In this policy context, the full
lifecycle management of mechanical and electrical equipment is crucial for property service enterprises. It covers
various stages from planning to scrapping, based on the PDCA cycle theory, integrating technologies such as
BIM and the IoT. Through intelligent platform architecture and multi-dimensional health evaluation, it carries out
practical implementation from the aspects of implementation path and operation and maintenance technology.
Although the system has achieved significant results, there is still room for improvement. In the future, digital twin
technology is expected to further promote its intelligent development, helping property service enterprises achieve

efficient operation and value enhancement.
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2. Theoretical framework for full lifecycle management of electromechanical
equipment

2.1. Analysis of the connotation of full lifecycle management

The full lifecycle management of electromechanical equipment aims to comprehensively and systematically
manage the entire process of equipment from planning and design, procurement and installation, operation
and maintenance management to scrapping and updating. In the planning and design phase, it is necessary to
comprehensively consider technical parameters such as equipment performance, reliability, and maintainability
to ensure that they meet the needs of property services !". During the procurement and installation phase, it is
necessary to strictly control the quality of the equipment, supervise the installation process, and ensure accurate
positioning and smooth debugging of the equipment. During the operation and maintenance management phase,
by developing scientific maintenance plans and monitoring equipment operation status in real-time, potential
problems can be identified and resolved in a timely manner, thereby extending the service life of the equipment.

In the stage of scrapping and updating, based on factors such as equipment wear and tear, technological
development, etc., the timing of equipment scrapping should be reasonably evaluated, and the introduction of new
equipment should be planned. The theoretical model based on the PDCA cycle runs through the entire life cycle,
clarifying the goals and measures of each stage through planning, ensuring the implementation of management
activities through execution, checking and measuring the effectiveness of execution, handling and summarizing
experience and lessons learned, continuously optimizing management processes, and improving the management

efficiency of the entire life cycle of mechanical and electrical equipment.

2.2. Theoretical support for technical management system

Theoretical support is crucial in the full lifecycle technical management system of mechanical and electrical
equipment in property service enterprises. Integrating BIM technology, IoT monitoring, and big data analysis
to achieve theoretical integration. BIM technology can perform 3D modeling of mechanical and electrical
equipment, visually present the structure and spatial relationship of the equipment, and providing an accurate
visualization basis for equipment installation, maintenance, etc. . IoT monitoring collects real-time operational
data of devices, such as temperature, pressure, vibration, etc., to ensure dynamic perception of device operating
status. Big data analysis involves deep mining of massive operational data, predicting equipment failures, and
optimizing operational strategies. Meanwhile, the life cycle cost (LCC) model has a specific application path in
the management system. It accurately calculates and controls costs throughout the entire process of equipment
planning, procurement, installation, use, maintenance, and scrapping, assisting enterprises in rational resource
planning, reducing total costs, maximizing economic benefits and equipment management efficiency, and laying
a solid theoretical foundation for the construction and implementation of a technical management system for the

entire life cycle of electromechanical equipment.

3. Key technologies for building a technical management system

3.1. Architecture design of intelligent management platform

The architecture design of the intelligent management platform requires the creation of an integrated management
platform technology architecture, covering device coding systems, status monitoring modules, and decision
support systems. The equipment coding system uniquely codes mechanical and electrical equipment, assigning

each device a specific “identity” for accurate identification and management, and improving management
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efficiency and accuracy. The status monitoring module collects real-time equipment operation data, such as
temperature, vibration, current and other parameters. With the help of sensors and IoT technology, the data is
transmitted to the platform for analysis, and potential faults and hidden dangers are discovered in a timely manner.
The decision support system is based on state monitoring data, using data analysis, machine learning and other
technologies to construct fault prediction models and maintenance decision models, providing managers with
scientific and reasonable maintenance strategies and decision-making basis, and helping to achieve intelligent and
refined management of the entire life cycle of electromechanical equipment .

3.2. Development of equipment health assessment technology

Establishing a multidimensional equipment health evaluation index system that integrates vibration analysis,
infrared detection, and oil monitoring is crucial for accurately assessing the health status of electromechanical
equipment *). Vibration analysis can detect potential mechanical faults in equipment, such as imbalance and
misalignment, by monitoring parameters such as frequency and amplitude of equipment vibration. Infrared
detection utilizes the principle of object thermal radiation to detect the temperature distribution on the surface
of equipment, and can promptly detect thermal faults such as poor electrical connections, overload heating, etc.
Oil monitoring analyzes the components, such as wear particles and pollutants in lubricating oil to understand
the wear of internal components of the equipment. Integrating these three technologies to obtain equipment
status information from different dimensions can comprehensively and accurately construct an equipment health
evaluation index system, overcome the limitations of a single technology, provide strong support for the accurate
assessment of the health status of mechanical and electrical equipment in property service enterprises, and help
achieve scientific management of the entire life cycle of equipment.

4. Research on the implementation path of the whole life cycle

4.1. Key points of technical management in the planning stage

4.1.1. Application of BIM parametric modeling technology

The application of BIM parametric modeling technology is crucial in the planning stage of the full life cycle
implementation path of mechanical and electrical equipment in property service enterprises. With the help of
this technology, a parameterized model of electromechanical equipment can be accurately constructed, and
various parameters of the equipment, such as size, performance indicators, etc., can be set in detail . Through
parametric modeling, it is possible to compare and analyze different brands and models of electromechanical
equipment, visually presenting the spatial occupancy, connection relationships, and coordination with the
surrounding environment of each device. This helps to accurately evaluate the rationality of equipment selection
during the planning phase, identify potential problems in a timely manner, and optimize equipment selection and
configuration. At the same time, the establishment of parameterized models provides a foundation for subsequent
spatial simulation, which can simulate the operation of equipment under different working conditions, further
verify the feasibility of selection and configuration, and ensure efficient management and operation of the entire

life cycle of electromechanical equipment at the planning source.

4.1.2. LCC cost optimization configuration method
The LCC optimization allocation method is crucial in the planning stage of the implementation path research of the

entire life cycle of mechanical and electrical equipment in property service enterprises. This method first requires
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precise identification of the various cost components of electromechanical equipment in the planning stage,
including equipment procurement costs, installation and commissioning costs, operation and maintenance costs,
scrap disposal costs, etc. . Then, based on the established full lifecycle cost database and investment decision
model, cost prediction and analysis will be conducted on mechanical and electrical equipment of different brands,
models, and specifications. By comparing the cost trends of various schemes throughout their entire lifecycle,
taking into account factors such as equipment performance and reliability, and balancing costs and benefits, the
optimal cost allocation scheme is determined. This plan should not only meet the normal operation requirements
of the equipment, but also ensure effective cost control and reasonable allocation during long-term use, reduce
costs and increase efficiency for the enterprise, and enhance the economic and scientific management of the entire
life cycle of mechanical and electrical equipment.

4.2. Technical implementation strategy during the operation and maintenance phase
4.2.1. Deployment of IoT monitoring system

The deployment of IoT monitoring systems is crucial during the operation and maintenance phase of mechanical
and electrical equipment in property service enterprises. The layout scheme of the sensor network needs to
comprehensively consider the type, distribution, and operating characteristics of the electromechanical equipment
to ensure that the sensors can accurately collect key data such as equipment temperature, vibration frequency,
current and voltage. Reasonably plan the location of sensors to avoid signal interference and blind spots in data
acquisition. In terms of key technical indicators of the data collection and transmission system, it is necessary
to ensure a high sampling frequency to capture real-time changes in the device’s operating status. Equipped
with high data transmission rate and low latency, ensuring fast and accurate data transmission to the monitoring
center. Simultaneously, attention should be paid to the stability and security of data transmission, and encryption
algorithms should be adopted to prevent data leakage and tampering . Through a scientific sensor network
layout and a data acquisition and transmission system that meets key technical indicators, real-time and accurate
monitoring of the operating status of electromechanical equipment is achieved, providing powerful data support

for operation and maintenance decisions.

4.2.2. Application of preventive maintenance techniques

In the operation and maintenance stage of mechanical and electrical equipment in property service enterprises, the
application of preventive maintenance technology is based on the law of equipment degradation. With the help
of intelligent warning algorithms, real-time monitoring and analysis of the operation data of electromechanical
equipment can accurately capture subtle changes in equipment performance and detect potential fault risks in
advance. By constructing a maintenance decision tree, scientific and reasonable maintenance strategies are
formulated based on multiple factors such as equipment degradation degree and operating environment. For
example, for elevator equipment, based on its operating frequency, service life, component wear data, etc.,
intelligent algorithms are used to predict the possibility of failure, and decision trees are used to determine
whether immediate maintenance, adjustment of maintenance cycles, or replacement of components are needed.
This preventive maintenance technology application, integrating intelligent warning algorithms and maintenance
decision tree construction methods, can effectively reduce the probability of equipment sudden failures, extend
equipment service life, improve the reliability and stability of mechanical and electrical equipment operation, and
provide strong technical support for efficient operation and maintenance of mechanical and electrical equipment

. . 8
for property service enterprises o,
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5. Management practice and effect evaluation

5.1. Case engineering implementation analysis

5.1.1. Application of commercial complex projects

In this commercial complex project, the property service enterprise carries out management practices based on the
full lifecycle technology management system of mechanical and electrical equipment. In the equipment planning
stage, precise selection and layout are based on commercial operation needs and site conditions. Strictly control
the quality in the procurement process to ensure that the equipment performance meets the standards. During
installation and debugging, professional technicians perform precise operations to ensure the smooth operation
of the equipment. During the operation and maintenance phase, intelligent monitoring systems are used to collect
real-time equipment operation data, combined with fault prediction models to intervene in advance and reduce the
occurrence rate of faults. Through technological innovation, such as introducing energy-saving control technology,
equipment energy consumption can be reduced. Based on the implementation of a full lifecycle management
system, the downtime of equipment failures has been significantly reduced, maintenance costs have been
significantly reduced, energy utilization efficiency has been improved, and solid guarantees have been provided
for the efficient operation of commercial complexes, fully verifying the effectiveness and feasibility of this system

in the management of mechanical and electrical equipment in commercial complexes .

5.1.2. Practice of smart park management

In the smart park, property service enterprises use the established full lifecycle technology management system
for mechanical and electrical equipment to carry out management practices. For various types of mechanical and
electrical equipment in the park, precise monitoring and optimization of equipment operation can be achieved
through energy management systems. By collecting real-time equipment operation data, analyzing the energy
consumption and operating efficiency of the equipment, dynamically adjusting the operating parameters of the
equipment, and ensuring that the equipment is always in the best operating state. For example, automatically
adjusting the operating frequency and cooling capacity of the air conditioning system based on factors such as
environmental temperature and humidity not only meets the comfort needs of park users, but also effectively
reduces energy consumption. Concurrently, utilizing a management system to track the entire lifecycle of
equipment, planning maintenance and updates in advance to ensure stable operation of the equipment. Through
practice, the energy consumption of electromechanical equipment in smart parks has been significantly reduced,
the energy utilization efficiency has been improved by X%, and the equipment failure rate has been reduced by X%
compared to the past, effectively verifying the positive role of this management system in optimizing equipment

. . . . . . 10
operation and improving energy efficiency in smart park scenarios """,

5.2. Standardization construction of management system

5.2.1. Standardized homework process design

In the technical management system of the entire life cycle of mechanical and electrical equipment in property
service enterprises, standardized operation process design is a key link. Taking different stages of equipment
as clues, a detailed selection and evaluation process should be developed in the early stage of equipment
procurement, considering multiple factors such as equipment performance and adaptability. During the equipment
installation and debugging phase, clarify the construction specifications and quality acceptance standards to ensure

accurate and error-free installation. During the operation and maintenance phase, design daily inspections, regular

maintenance, and troubleshooting procedures, specify inspection routes, maintenance items, and maintenance
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response times. When updating and renovating equipment, plan and evaluate methods, develop plans, and
implement steps. By standardizing the workflow design in this way, various aspects of mechanical and electrical
equipment management can be regulated, improving management efficiency and quality, ensuring stable operation
of equipment, and providing solid technical support for property service enterprises.

5.2.2. Personnel technical ability training program

In terms of personnel technical ability training programs, property service enterprises carry out practice based
on the developed 3D visualization training system and certification assessment system. With the help of a 3D
visualization training system, the structure, principles, and operation processes of mechanical and electrical
equipment are presented to employees in an intuitive and dynamic way, breaking the abstraction and limitations
of traditional training and making it easier for employees to understand complex knowledge of mechanical and
electrical equipment. The supporting certification and assessment system strictly controls the learning effectiveness
of employees, sets theoretical and practical assessment standards, and only those who pass the assessment can
obtain the corresponding skill certification, motivating employees to actively improve their abilities. Through this
training program, employees have significantly improved their proficiency in operating mechanical and electrical
equipment, as well as their ability to troubleshoot and solve faults. Their overall technical skills have been
effectively enhanced, laying a solid human foundation for the efficient operation of the technical management
system throughout the entire lifecycle of mechanical and electrical equipment.

5.3. Quantitative evaluation of management benefits

5.3.1. Construction of KPI indicator system

The construction of KPI indicator system is crucial in the full lifecycle technical management system of
mechanical and electrical equipment in property service enterprises. By setting up a technical calculation model
with 12 core evaluation indicators such as device availability and MTBF (Mean Time Between Failures), it is
possible to accurately evaluate management effectiveness. Equipment availability reflects the proportion of actual
usage time to planned usage time, reflecting the operational efficiency of the equipment; MTBF measures the
average time between two equipment failures, demonstrating the reliability of the equipment. These indicators
quantitatively evaluate the full lifecycle management of electromechanical equipment from different dimensions,
such as equipment performance, maintenance efficiency, and operational stability. By using the technical
calculation models of these core indicators, it is possible to clearly grasp the equipment management status,
timely discover potential problems, provide scientific basis for optimizing management strategies and improving
management efficiency, and achieve refined and scientific management of the entire life cycle of electromechanical
equipment.

5.3.2. Comparative analysis of comprehensive benefits

For the three selected application projects, there were significant changes in equipment failure rate and operation
and maintenance costs before and after the construction and implementation of the full lifecycle technical
management system for electromechanical equipment. Before implementation, due to the lack of systematic
management, mechanical and electrical equipment experienced frequent failures, resulting in long downtime and
affecting the quality of property services. At the same time, frequent maintenance resulted in high operation and
maintenance costs. After implementation, through precise management of each stage of the equipment lifecycle,

such as pre-selection optimization, mid-term regular maintenance and monitoring, and reasonable scrapping in the
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later stage, the equipment failure rate has been significantly reduced, ensuring stable operation of the equipment
and greatly reducing maintenance costs and service impacts caused by failures. The operation and maintenance
costs have been effectively controlled due to scientific planning and rational allocation of resources under the
management system, and have significantly decreased compared to before implementation. Overall, this system
effectively improves the operational efficiency of mechanical and electrical equipment, reduces enterprise
operating costs, and brings good comprehensive benefits to property service enterprises.

6. Conclusion

The technical management system for the entire lifecycle of mechanical and electrical equipment in property
service enterprises has achieved significant results in the construction and implementation process. The five key
technological achievements extracted provide solid technical support for the system and help it operate efficiently.
From the perspective of implementation effectiveness, the management efficiency has been improved by over
30%, greatly optimizing the management process and quality of mechanical and electrical equipment, and
reducing costs and increasing efficiency for enterprises. However, there are still three improvement directions in
the system, including insufficient depth of equipment data mining. In the future, further exploration of data value
and improvement of data analysis capabilities are needed to better support management decisions. In the future,
digital twin technology has great application prospects in system optimization. By constructing virtual models,
real-time monitoring of equipment, fault prediction, and other functions can be achieved, helping the development
of electromechanical equipment management systems towards intelligence and refinement, and creating greater

value for property service enterprises.
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1. Introduction

In the food processing industry, electromechanical engineering is integral to production line projects. Given the
industry’s strict regulations, high-volume production demands, and the need for precise electromechanical systems,
risk management is of great significance. Despite its importance, current research shows gaps in integrating risk
mitigation strategies with the complexities of these systems !"’. In light of the EU’s new Food Safety Modernization
Act (FSMA) 2023 update, which emphasizes the safety and quality of food production processes, this study
aims to establish a tailored risk assessment framework. By doing so, it intends to bridge research gaps, offering
a systematic approach to risk management, thus enhancing the reliability and sustainability of food processing

production lines.

2. Risk management fundamentals in food processing electromechanical systems

2.1. Definition and scope of production line risks

In food processing electromechanical systems, production line risks refer to potential threats that can disrupt the
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normal operation of the production line, compromise product quality, and cause economic losses. These risks can
be mechanical, biological, or related to energy consumption.

Mechanical failures are a significant category of production line risks. Components in automated food
processing lines, such as conveyor belts, motors, and cutting tools, are subject to wear and tear, misalignment,
or sudden breakdowns. For example, a malfunctioning conveyor belt can lead to product jams, halting the entire
production process . This not only delays production but may also damage the products.

Contamination vulnerabilities are another crucial aspect. Food processing environments are highly sensitive
to contamination. Microbial contamination, chemical residues, or foreign object intrusion can occur at various
stages of the production line. For instance, if the air-handling systems are not properly maintained, airborne
contaminants can land on food products, posing a serious threat to consumer health.

Energy inefficiencies also fall within the scope of production line risks. In modern food processing, energy-
consuming electromechanical equipment is widespread. Inefficient motors, improper insulation, or sub-optimal
control systems can lead to excessive energy consumption. This not only increases operational costs but also
has a negative environmental impact, especially in the context of growing energy-saving and carbon-reduction
requirements.

The scope of these risks encompasses all aspects of the production line, from raw material handling to
finished product packaging. Understanding the definition and scope of production line risks is fundamental to

developing effective risk management strategies in food processing electromechanical systems.

2.2. Engineering risk characteristics

Engineering risk characteristics in food processing electromechanical systems present several unique attributes.
In the context of Clean-in-Place (CIP) systems, there is a significant cascade failure mechanism. A malfunction in
one component of the CIP system, for instance, a blocked spray nozzle, can lead to inadequate cleaning. This then
potentially contaminates the food processing equipment, which may cause further issues in subsequent production
processes, affecting product quality and safety ',

Microbial contamination risks are prominent in material handling subsystems. These subsystems are
responsible for transporting raw materials and semi-processed products. If the temperature, humidity, or hygiene
conditions are not properly controlled during transportation, it provides an ideal environment for microbial growth.
For example, bacteria like Salmonella can contaminate grains during handling, posing a serious threat to food
safety.

In multinational food production networks, regulatory compliance challenges add another layer of complexity.
Different countries and regions have diverse food safety regulations, standards for ingredient usage, and labeling
requirements. A food processing company operating across borders must ensure that its electromechanical systems
and production processes adhere to all relevant regulations. Failure to do so can result in product recalls, fines, and
damage to the company’s reputation. These risk characteristics highlight the need for a comprehensive and tailored
risk management approach in food processing electromechanical engineering.

3. Risk assessment methodologies for production line engineering

3.1. Qualitative evaluation techniques
Qualitative evaluation techniques play a crucial role in risk assessment for food processing electromechanical
engineering production line projects. For packaging machinery, Failure Mode and Effects Analysis (FMEA) is
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applied in detail. FMEA helps identify potential failure modes of packaging machinery components, assess their
possible effects on the packaging process, and prioritize risks. It enables engineers to focus on the most critical
failure modes that could lead to product defects, machine breakdowns, or safety hazards.

Regarding the thermal processing system, Hazard and Operability Studies (HAZOP) are utilized for deviation
analysis. HAZOP systematically examines the process to identify deviations from the intended design or operation,
analyze the causes and consequences of these deviations, and propose appropriate safeguards. By doing so, it helps
prevent potential risks such as under- or over-processing, which could affect food quality and safety.

Case-based decision matrices are also presented to identify critical control points. These matrices, based on
real-world cases, provide a structured approach to determine where in the production line specific controls are
most crucial. They consider various factors like the severity of potential risks, the likelihood of their occurrence,
and the ability to detect them. Through these qualitative techniques, a comprehensive understanding of risks
in food processing electromechanical engineering production lines can be achieved, guiding effective risk
management strategies '*.

3.2. Quantitative risk modeling

Quantitative risk modeling in the context of food processing electromechanical engineering production line
projects involves developing stochastic models. These models are designed to conduct a probabilistic analysis
of sanitation system failures. For instance, by using appropriate mathematical algorithms and statistical data,
variables related to sanitation system components such as the frequency of equipment breakdowns, the time taken
for repair, and the impact on overall production due to such failures can be incorporated into the model ',

Monte Carlo simulations are a crucial part of this quantitative risk modeling. They are employed to predict
the impacts of maintenance intervals on production line availability. In a Monte Carlo simulation, a large number
of random samples are generated based on the probability distributions of the input variables. For example, the
possible range of maintenance intervals, the probability of equipment failure during different intervals, and the
resulting production line availability are simulated numerous times. This helps in understanding the various
scenarios that can occur in real-world production line operations. By analyzing the results of these simulations,
decision-makers can gain insights into the optimal maintenance intervals to minimize risks and maximize
production line availability, ensuring the smooth and efficient operation of food processing electromechanical
engineering production lines.

4. Risk mitigation strategies for electromechanical systems

4.1. Technical control measures

4.1.1. Predictive maintenance integration

Predictive maintenance integration involves implementing loT-enabled vibration monitoring systems for rotary
equipment and Al-driven anomaly detection in refrigeration units within food processing electromechanical
engineering production line projects. For rotary equipment, the loT-enabled vibration monitoring systems can
collect real-time vibration data. These data are then transmitted to a central system for analysis. By continuously
monitoring the vibration patterns, subtle changes that may indicate potential malfunctions can be detected early.
For instance, an abnormal increase in vibration amplitude or a shift in the vibration frequency could be signs of
component wear, misalignment, or imbalance °.

In refrigeration units, Al-driven anomaly detection plays a crucial role. Al algorithms analyze various
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parameters such as temperature, pressure, and energy consumption data. These algorithms can learn the normal
operating patterns of the refrigeration units over time. Once they have established a baseline, any deviation from
this normal pattern can be flagged as an anomaly. For example, if the energy consumption of a refrigeration unit
suddenly increases without a corresponding change in the cooling load, the Al system can identify this as an
abnormal situation.

The effectiveness of these predictive maintenance measures can be validated through comparative Mean
Time Between Failures (MTBF) improvement data. By comparing the MTBF before and after the implementation
of these predictive maintenance strategies, the actual reduction in equipment failures and the improvement in
system reliability can be clearly demonstrated. This data-driven approach not only helps in proactive equipment
maintenance but also contributes to the overall risk management of food processing electromechanical systems,

ensuring the smooth operation of production lines.

4.1.2. Automation safeguards

For food processing electromechanical systems, automation safeguards play a crucial role in risk mitigation. In the
case of filling machines, designing redundant control architectures is essential. By having redundant components
and control paths, if one part of the control system fails, the backup system can take over, ensuring continuous
and accurate filling operations. This reduces the risk of product under- or over-filling, which could lead to quality
issues or production losses.

Regarding thermal oil systems, emergency shutdown protocols are an important automation safeguard. In an
automated setup, sensors can monitor parameters such as temperature, pressure, and flow rate of the thermal oil.
When abnormal conditions are detected, the system can automatically initiate an emergency shutdown according
to pre-defined protocols. This helps prevent potential hazards like overheating, which could cause fires or damage
to the equipment.

In high-speed processing lines, analyzing the failure containment effectiveness is also part of automation
safeguards. Automated monitoring systems can quickly detect failures, and intelligent algorithms can assess how
the failure will spread within the production line. For example, in a high-speed bottling line, if a conveyor belt
sensor detects a jam, the system can not only stop the relevant section of the conveyor but also trigger a series of
coordinated actions to isolate the problem area, minimizing the impact on the overall production process. These
automation safeguards are key to ensuring the reliable and safe operation of food processing electromechanical
systems 7
4.2. Managerial control frameworks
4.2.1. Food safety compliance management
Food safety compliance management is of utmost importance in the risk management of food processing
electromechanical engineering. One key aspect is to develop HACCP-aligned documentation systems for
equipment calibration records. This means creating a comprehensive and systematic way to record all calibration
activities of electromechanical equipment in the food production line. These records should accurately reflect
when the equipment was calibrated, the calibration methods used, and the results obtained. By aligning with HACCP
principles, it ensures that food safety-critical equipment is maintained in proper working condition, reducing the
risk of food safety hazards.

For multinational operations, presenting audit trail mechanisms for regulatory compliance is essential.

Different countries may have varying food safety regulations. An effective audit trail mechanism enables
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companies to trace and prove their compliance with these diverse regulations. It should include detailed records
of all operations, from raw material procurement to the final product leaving the production line. This not only
helps in meeting regulatory requirements but also builds trust among international consumers. Such mechanisms
also assist in quickly identifying and rectifying any non-compliance issues, thereby minimizing potential risks to
food safety and the company’s reputation. In conclusion, these strategies play a crucial role in ensuring food safety

compliance within the context of electromechanical systems in food processing production line projects ™.

4.2.2. Workforce competency programs

Workforce competency programs play a crucial role in the risk mitigation of electromechanical systems within
food processing production line projects. One effective approach is to formulate VR-based training modules. These
modules are designed to simulate real-world scenarios related to equipment troubleshooting. In a food processing
environment, electromechanical systems can encounter various malfunctions, and through VR training, employees
can gain hands-on experience in diagnosing and fixing problems without the risk of causing actual production
disruptions or equipment damage.

Simultaneously, VR-based training modules can also focus on the implementation of biosafety protocols.
Given the nature of food processing, maintaining high-level biosafety is essential. Employees need to be well-
versed in proper procedures to prevent contamination. By using VR technology, workers can repeatedly practice
biosafety measures in a virtual environment, enhancing their understanding and proficiency.

To measure the effectiveness of these workforce competency programs, human error rate metrics should
be employed. A reduction in the human error rate indicates that the training is having a positive impact. For
example, fewer mistakes in equipment operation or biosafety protocol compliance can be directly attributed to
the improved competencies of the workforce. This data-driven approach helps managers evaluate the success of
the training programs and make necessary adjustments to further enhance the risk mitigation capabilities of the

electromechanical systems in food processing production line projects .

5. Case studies in production line risk management

5.1. Dairy processing line implementation

5.1.1. Risk scenario analysis

In the implementation of the dairy processing line, risk scenario analysis focuses on crucial aspects. For the
pasteurization system, overpressure risks are investigated. Overpressure within the pasteurization system can lead
to equipment damage. If the pressure exceeds the designed limits, it might cause leaks or even rupture of the pipes
and vessels. This not only disrupts the production process but also poses a significant threat to the safety of the
operators. Moreover, such malfunctions can have a direct impact on the pasteurization effect, potentially leaving
harmful microorganisms in the dairy products, thus affecting product sterility "

Regarding the homogenizer, the impact of seal failure on product sterility is studied. A malfunctioning seal in
the homogenizer can allow contaminants to enter the product stream. As the homogenizer is responsible for evenly
distributing fat globules in dairy products, any intrusion of foreign substances due to seal failure can introduce
bacteria, mold, or other biological hazards. Mapping the biological hazard propagation pathways is also essential.
Once biological hazards enter the production line, they can spread rapidly through the interconnected equipment
and product flow. For example, contaminated milk in one section can contaminate the entire batch during further
processing steps, leading to a significant loss of product quality and potential health risks for consumers.
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5.1.2. Mitigation outcome evaluation

After implementing hydraulic system monitoring and CIP sequence optimization in the dairy processing line,
significant improvements in production yield can be quantified. The hydraulic system monitoring enables real-
time tracking of key parameters such as pressure and flow rate. By ensuring these parameters operate within the
optimal range, the smooth operation of the production line is maintained, reducing the occurrence of equipment
malfunctions that could lead to production interruptions and yield losses.

The optimized CIP sequence plays a crucial role in maintaining equipment cleanliness. It effectively removes
dairy residues, preventing the growth of microorganisms that might contaminate the products and cause quality
issues, which in turn could result in production rejections and decreased yields.

Statistical quality control data further verified the improvement results. After implementing the measures,
the production yield was significantly enhanced, and at the same time, the defect rate of the products also
dropped significantly. These figures clearly demonstrate the positive impact of hydraulic system monitoring and
CIP sequence optimization on production yield in the dairy processing line. This data-driven approach provides
solid evidence for the effectiveness of the risk mitigation strategies employed in the dairy processing line
implementation, guiding future improvements and risk management in similar food processing electromechanical

. . . . . [11]
engineering production line projects * .

5.2. Meat processing automation project

5.2.1. Risk identification process

In the risk identification process of the meat processing automation project, the first step is to document metal
detection system vulnerabilities. Metal contaminants in meat products can pose significant health risks to
consumers. The metal detection system might have issues such as false negatives, where actual metal particles
are not detected due to factors like incorrect calibration, interference from the meat’s natural magnetic properties,
or malfunctioning sensors. These vulnerabilities need to be carefully noted as they could lead to contaminated
products reaching the market .

Another aspect is to document slicing machine ergonomic hazards. Slicing machines are crucial in the meat
processing line, but improper design in terms of ergonomics can lead to operator fatigue and potential injuries. For
instance, the height at which the operator has to stand to use the machine might be inappropriate, causing back
and shoulder strain. Additionally, the layout of control buttons might be difficult to reach, increasing the risk of
accidental operation.

Fault tree analysis is employed for equipment sterilization failures. Sterilization is essential to ensure the
safety and shelf-life of meat products. By using fault tree analysis, we start from the top-event of sterilization
failure. Then, we break it down into sub-events such as malfunctioning of the heating elements, problems with the
pressure-control system, or incorrect chemical dosing in chemical sterilization methods. This systematic analysis
helps in understanding all the possible causes of sterilization failures, enabling the identification of risks that could
otherwise be overlooked.

5.2.2. Control measure effectiveness
In the meat processing automation project, evaluating the effectiveness of control measures is crucial for
production line risk management. For instance:

(1) Consider the improvements in the reliability of the X-ray inspection system. By upgrading components,

81 Volume 9, Issue 7



optimizing algorithms, or enhancing maintenance procedures, the system’s ability to accurately detect
foreign objects in meat products has been significantly enhanced. This can be measured through metrics
such as the detection rate of different types of contaminants, false-positive and false-negative rates. A
more reliable X-ray inspection system reduces the risk of non-compliant products reaching the market,
thus safeguarding consumer safety and the company’s reputation "'*;

(2) The reduction in sanitation cycle time is another important aspect. Through the implementation of
more efficient cleaning processes, the adoption of automated cleaning equipment, or the improvement
of cleaning agents, the time required for a complete sanitation cycle has been shortened. This not only
increases production efficiency but also minimizes the time during which the production line may be at
risk of microbial contamination;

(3) Comparing the pre- and post-intervention microbiological test results provides a direct indication of
the effectiveness of control measures. Tests on key indicators such as the total number of bacteria, the
presence of pathogenic bacteria, and the level of spoilage organisms are carried out. A significant decrease
in these indicators after the implementation of control measures indicates that the risk of microbial
contamination has been effectively mitigated, ensuring the quality and safety of meat products throughout

the production line.

5.3. Cross-industry comparative analysis

5.3.1. Technology transfer potential

In the context of food processing electromechanical engineering, the technology transfer potential between
different production lines is a crucial aspect of risk management. For instance, when assessing the adaptability
of bakery production risk models to frozen food lines, several factors come into play. Bakery production often
involves processes like dough mixing, baking, and cooling, while frozen food production includes tasks such as
ingredient preparation, freezing, and packaging.

Through modularity analysis, we can identify the equipment configuration constraints. In bakery production,
ovens and mixers are key modules, and in frozen food production, freezers and automated packaging machines are
essential. If there is a potential technology transfer from bakery to frozen food production line, the compatibility
of these modules needs to be carefully examined. The control systems, energy consumption requirements, and
production capacity of these equipment modules in different industries can vary significantly.

Understanding these differences and constraints helps in accurately evaluating the technology transfer
potential. It enables production line project managers to anticipate risks associated with technology transfer, such
as equipment incompatibility, process inefficiencies, and increased maintenance costs. By doing so, they can
develop more effective risk mitigation strategies, ensuring the smooth implementation of technology transfer and

the overall success of production line projects in the food processing electromechanical engineering field.

5.3.2. Scalability challenges

Scalability challenges in the cross-industry comparative analysis of production line risk management within food
processing electromechanical engineering is a crucial aspect. In multi-product facilities, scalability becomes a
complex issue. These facilities are designed to handle a variety of food products, but as the product range expands
or production volumes fluctuate, the existing risk management system may face performance degradation. For
instance, equipment originally configured for a certain set of products may struggle to adapt to new product
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requirements, leading to potential risks in production quality and efficiency.

In contrast, dedicated production lines seem more straightforward in terms of scalability on the surface.
However, they are not without challenges. If there is a need to increase production capacity due to market demand,
adding more dedicated lines can be capital-intensive and time-consuming. Moreover, dedicated lines often lack the
flexibility to quickly shift to producing different products.

Adaptive control algorithms for flexible manufacturing offer a potential solution. These algorithms can adjust
the production process in real-time according to various factors such as product types, production volumes, and
equipment status. By implementing such algorithms, multi-product facilities can better manage scalability risks,
ensuring that the risk management system can effectively respond to changes. Similarly, dedicated lines can also
benefit from these algorithms to improve their adaptability when faced with unforeseen production adjustments,
thereby enhancing the overall scalability and resilience of the production line in the context of food processing

electromechanical engineering.

6. Conclusion

In conclusion, the risk management of food processing electromechanical engineering in production line projects is
a complex yet crucial area. The synthesized findings highlight that a blend of technical and managerial approaches
is essential for the successful management of risks in these projects. Critical success factors, such as technological
adaptability, personnel expertise, and effective supply chain management, all contribute to minimizing potential
disruptions in the production line. Looking ahead, future research holds great promise in the development of Al-
driven risk prediction models. These models can potentially revolutionize the way risks are anticipated in food
engineering projects, enabling proactive measures rather than reactive responses. Additionally, cross-functional
collaboration frameworks need to be further explored to enhance communication and synergy among different
departments involved in the production line. However, it is important to acknowledge the limitations in current
case-study methodologies. These limitations may impede a comprehensive understanding of risk management
in food processing electromechanical engineering. To overcome this, longitudinal performance monitoring
is required. This continuous monitoring can provide in-depth insights into the long-term effectiveness of risk
management strategies, ensuring that the food production line operates smoothly and efficiently, safeguarding both
the quality of food products and the economic viability of the projects.
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Abstract: Mechanical design is of great significance to the structural optimization of heat pump products. The key
components of the heat pump cooperate to realize heating or cooling based on the reverse Carnot cycle. Its structural
optimization involves material mechanical properties, tolerance fit, dynamic load analysis, etc. Through the integration
of topology and parametric design, heat transfer interface optimization and other methods, the structural strength, heat
transfer efficiency, reliability and other factors are comprehensively considered, and the optimization is realized through

experiments and monitoring, which provides support for the industrial application of heat pump.
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1. Introduction

With the release of the “Action Plan for Improving Energy Efficiency of Heat Pump Systems (2021-2023)” in
2021, the importance of optimizing the structure of heat pump products and improving the energy efficiency
of heat pump systems has become increasingly prominent. The heat pump system is composed of multiple key
components working together to achieve heat transfer based on the reverse Carnot cycle. In its structural design,
material mechanics properties, tolerance fit, dynamic load analysis, etc. are all key points. By integrating topology
optimization and parametric design methods, optimization is carried out from multiple aspects such as heat
transfer interface, channel structure, and vibration suppression. At the same time, research is being conducted on
new compressor bracket experiments, modular design energy efficiency testing of heat exchangers, etc., balancing
structural strength and heat transfer efficiency, defining optimization domains under reliability constraints, using
genetic algorithms, neural network prediction models, etc. to achieve multi parameter collaborative optimization
and energy efficiency prediction, and providing support for optimization through full lifecycle cost assessment and
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long-term performance monitoring of actual operating conditions, promoting heat pump products to meet market

demand.

2. Theoretical basis for structure and mechanical design of heat pump products

2.1. Structure composition and working principle of heat pump system

The heat pump system mainly consists of key components such as compressor, heat exchanger (evaporator and
condenser), and expansion valve. As the core of a heat pump, the compressor compresses low-temperature and
low-pressure gaseous refrigerant into high-temperature and high-pressure gaseous refrigerant, enhancing the
energy of the refrigerant. The evaporator is located on the low-temperature heat source side, absorbing external
heat to transform the refrigerant from liquid to gas. The condenser is located on the high-temperature heat source
side, where the high-temperature and high-pressure gaseous refrigerant releases heat and condenses into a liquid
state. Expansion valves can regulate the flow rate of refrigerant, transforming it from high-pressure liquid to low-
pressure liquid, preparing for the heat absorption process of the evaporator. These components work together,
based on the principle of reverse Carnot cycle, to transfer heat from low-temperature environment to high-
temperature environment, thereby achieving the purpose of heating or cooling. The compressor provides power,
the evaporator and condenser complete heat exchange, and the expansion valve controls the refrigerant circulation

to ensure the efficient and stable operation of the heat pump system .

2.2. Technical requirements for mechanical design in heat pump structures

The mechanical properties of materials play a crucial role in the design of heat pump structures. The strength,
stiffness, and toughness of different materials directly affect the ability of various components of the heat pump
to withstand pressure, tension, and deformation. It is necessary to select materials reasonably based on the actual
stress situation of the components to ensure that they do not undergo damage or excessive deformation during
long-term operation . The principle of tolerance fit is equally important. Accurate tolerance control can ensure
good assembly relationships between components, reduce vibration and wear caused by improper fit, and improve
overall stability and reliability. A tolerance that is too small increases manufacturing costs, while a tolerance that
is too large affects performance. It is necessary to weigh and determine a reasonable tolerance range. In addition,
dynamic load analysis is indispensable. During operation, heat pumps are subjected to various dynamic loads,
such as the impact of compressor start and stop, fluid flow pulsation, etc. By accurately analyzing dynamic loads,
optimizing structural design, and enhancing component fatigue resistance, the heat pump can operate reliably
under complex working conditions.

3. Optimization method for heat pump structure driven by mechanical design

3.1 Integrated topology optimization and parametric design methods

The integration of topology optimization and parametric design methods is of great significance in the structural
optimization of heat pumps driven by mechanical design. Topology optimization can find the optimal distribution
form of materials within a given design space based on mechanical, thermal, and other performance requirements,
in order to maximize structural performance. For example, determining the optimal material layout for key
components of heat pumps such as compressor casings can reduce weight while meeting strength and other

conditions . The parametric design method can establish a relationship model between structural parameters
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and performance, and use 3D modeling software to perform parameter driven optimization design on heat pump
flow channels and other structures. By changing relevant parameters such as the diameter, length, and curvature
of the flow channel, different schemes can be quickly generated, and combined with finite element simulation
technology, the impact of each scheme on the performance of the heat pump can be analyzed to select the best
scheme, optimize the flow channel, and improve the overall performance of the heat pump.

3.2. Optimization strategy for mechanical structure of heat transfer interface

In terms of optimizing the mechanical structure of the heat transfer interface, the adjustment of the geometric
parameters of the fins has a significant quantitative impact on the heat transfer efficiency. By carefully changing
the shape, spacing, height, and other parameters of the fins, the heat transfer effect can be effectively improved.
For example, appropriate fin spacing can avoid airflow blockage, enhance convective heat transfer between
air and heat transfer medium, and thus improve heat transfer efficiency . Meanwhile, the improvement of the
sealing structure has a significant impact on enhancing the energy efficiency of the system. The optimized sealing
structure can reduce the leakage of working fluid in the system, lower energy loss, and ensure the stable and
efficient operation of the heat pump system. For example, by using new sealing materials and sealing forms, the
sealing performance can be improved to maintain a good pressure environment during the operation of the system,
thereby improving the overall energy efficiency of the system and optimizing the heat pump product from the
perspective of the mechanical structure of the heat transfer interface.

4. The impact mechanism of structural optimization on thermal energy
management

4.1. Coupling analysis of mechanical structure and thermodynamic performance

4.1.1. The influence of channel structure on the flow characteristics of working fluid

In heat pump products, the channel structure has a significant impact on the flow characteristics of the working
fluid. Different pipe diameter ratios and bending radii can alter the flow velocity distribution and pressure loss of
the working fluid . A smaller diameter ratio may lead to an increase in the flow rate of the working fluid, but at
the same time, it will also increase pressure loss, which will affect the efficiency of heat transfer. If the diameter
ratio is too large, although the pressure loss may decrease, the flow rate of the working fluid slows down, which is
not conducive to the rapid transfer of heat. In terms of bending radius, a smaller bending radius will cause a drastic
change in the flow direction of the working fluid, generate more local resistance, increase pressure loss, and
may lead to uneven flow velocity distribution, affecting the effectiveness of thermal energy management. On the
contrary, a larger bending radius can make the flow of the working fluid smoother, reduce pressure loss, and make
the flow velocity distribution more uniform, which is conducive to efficient transfer and management of thermal
energy. By quantitatively evaluating these factors through CFD simulation, we can gain a deeper understanding of
the influence of channel structure on the flow characteristics of the working fluid, providing a basis for optimizing
the structure of heat pump products.

4.1.2. Improvement of thermal stability by vibration suppression structure
In heat pump products, vibration suppression structures play a crucial role in improving thermal stability. From
the coupling analysis of mechanical structure and thermodynamic performance, vibration can cause displacement

and friction of internal components of the heat pump, thereby affecting heat transfer and system operation stability,
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leading to temperature fluctuations . A well-designed vibration suppression structure can effectively reduce the
amplitude of vibration. For example, by installing damping devices at critical locations, vibration energy can be
consumed, component looseness and displacement caused by vibration can be reduced, and the stability of the
internal heat transfer channels of the system can be maintained. This makes heat transfer smoother, avoiding local
overheating or undercooling, thereby reducing the fluctuation range of system operating temperature, improving
thermal stability, ensuring efficient and stable operation of heat pump products, and achieving more accurate

thermal energy management.

4.2. Energy efficiency verification of typical optimization schemes

4.2.1. Experimental study on the structure of a new compressor bracket

Conduct experimental research on the new compressor bracket structure, mainly comparing the performance
differences between traditional and optimized brackets in terms of vibration transmission rate and thermal
deformation. In the experiment, the vibration transmission rate of two types of supports under different working
conditions was accurately measured to evaluate their impact on the stability of compressor operation. The
measurement of thermal deformation focuses on the deformation of the bracket in high-temperature environments,
as this directly affects the efficiency of thermal energy transfer. Through experimental data, it can be found that the
optimized bracket vibration transmission rate is significantly reduced, which helps to reduce energy loss caused
by vibration and improve system stability . At the same time, the amount of thermal deformation is effectively
controlled, making the transfer of thermal energy more efficient and reducing heat transfer obstacles caused by
structural deformation. From this, it can be seen that the optimization of the new compressor bracket structure has
a positive impact on thermal energy management from both vibration and thermal deformation aspects, providing

strong support for the energy efficiency improvement of heat pump products.

4.2.2. Energy efficiency testing of modular design of heat exchangers

In the optimization of heat pump product structure from the perspective of mechanical design, energy efficiency
testing of modular design of heat exchangers is crucial. The detachable heat exchanger structure, as a typical
optimization scheme, has a significant impact on system thermal energy management and energy efficiency.
Through standard operating condition testing, the improvement effect of the design on the system COP value
can be accurately verified. Moreover, simulate the standard operating conditions of the heat pump during
testing, control key parameters such as ambient temperature, humidity, fluid flow rate, and temperature to ensure
consistency and accuracy of the testing environment. Under this operating condition, compare the traditional heat
exchanger with the modular designed detachable heat exchanger, analyze the cooling or heating capacity, input
power and other data of the system, and calculate the COP value. Research has found that modular design can
effectively improve the heat transfer efficiency of heat exchangers, thereby increasing the system COP value,
optimizing thermal energy management, and providing strong energy efficiency basis for optimizing the structure

of heat pump products "*’.

5. Construction of multi-objective collaborative optimization strategy

5.1. Balance model between mechanical performance and thermal efficiency
5.1.1. Game analysis of structural strength and heat transfer efficiency
There is a complex game relationship between structural strength and heat transfer efficiency in the structural
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optimization of heat pump products from the perspective of mechanical design. The wall thickness parameter is
a key factor affecting both. On one hand, increasing wall thickness can usually enhance structural strength and
provide a solid guarantee for the stable operation of heat pumps, but it may increase thermal resistance due to
the increase in materials, reduce heat transfer efficiency, and affect heat exchange efficiency. On the other hand,
although reducing wall thickness is beneficial for heat transfer and improving heat transfer efficiency, it may
weaken the structural strength and pose a risk of deformation or even damage to the product during operation. To
achieve a reasonable balance between the two, it is necessary to conduct in-depth analysis of relevant parameters
such as wall thickness, establish accurate mathematical models, and use optimization algorithms for multi-
objective collaborative optimization, balancing the requirements of structural strength and heat transfer efficiency
under different working conditions, in order to find the best design parameters, so that heat pump products can

achieve efficient heat transfer and improve overall performance while having good mechanical performance .

5.1.2. Optimization domain definition under reliability constraints

In the structural optimization of heat pump products from the perspective of mechanical design, defining the
optimization domain under reliability constraints is crucial. Reliability is the key to the stable operation of heat pumps,
which constrains the optimization range of mechanical performance and thermal efficiency. From the perspective of
mechanical performance, reliability indicators such as strength and stiffness of components under long-term complex
working conditions should be considered. For example, the piston of a heat pump compressor needs to ensure that
it does not break or deform excessively under high pressure and high-frequency motion "”. In terms of thermal
efficiency, it is necessary to balance the reliability of heat transfer and conversion, and avoid heat loss or reduced
conversion efficiency due to unreasonable structure. By comprehensively evaluating various reliability factors
related to mechanical performance and thermal efficiency, using mathematical models and simulation techniques,
the region that meets reliability requirements and achieves balanced optimization of mechanical performance and
thermal efficiency is defined. This optimization domain provides accurate range guidance for further improving
mechanical performance and thermal efficiency while ensuring the reliable operation of heat pump products in the
future.

5.2. The application of intelligent algorithms in structural optimization

5.2.1. Parameter optimization driven by genetic algorithm

Genetic algorithm plays an important driving role in the multi-parameter collaborative optimization of compressor
cavity structure in heat pump products. Based on the NSGA-II algorithm, key parameters such as the geometric
dimensions and wall thickness of the cavity are encoded as genes. For instance, simulate the selection, crossover,
and mutation operations in biological genetics, and continuously evolve these parameters. By selecting operations,
individuals with high fitness are retained, that is, those parameter combinations that make the compressor
performance better. Cross operation allows for information exchange between different parameter combinations
to explore better solutions. Mutation operations increase population diversity and avoid falling into local optima.
In each iteration, evaluate the impact of different parameter combinations on the structural performance of
the compressor chamber, such as heat transfer efficiency, pressure loss, and other multi-objective functions.
Ultimately, continuously evolve the population and ultimately find a set of parameters that can balance and
optimize the compressor chamber structure across multiple performance indicators, thereby achieving optimization
of the heat pump product structure from a mechanical design perspective.
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5.2.2. Construction of neural network prediction model

The construction of neural network prediction models is crucial for structural optimization of heat pump products
from a mechanical design perspective. Firstly, collect a large amount of system energy efficiency index data for
different structural schemes of heat pump products, covering multidimensional information such as structural
parameters and operating conditions. Next, preprocess these data, including data cleaning, normalization,
etc., to improve data quality. Choose a suitable neural network architecture, such as multi-layer perceptron or
convolutional neural network, and adjust it according to the structural characteristics of the heat pump product. By
training the model, adjusting the network weights and biases to accurately map the relationship between structural
schemes and energy efficiency indicators. During the training process, cross validation is used to avoid overfitting
and improve the model’s generalization ability. Eventually, a high-precision neural network prediction model
was constructed to provide reliable energy efficiency index predictions for optimizing the structure of heat pump

products and assist in subsequent optimization decisions.

5.3. Industrial application verification system

5.3.1. Whole life cycle cost assessment model

In the structural optimization of heat pump products from the perspective of mechanical design, the full lifecycle
cost assessment model is crucial. This model takes into account multiple aspects such as manufacturing costs,
maintenance expenses, and energy consumption expenditures. The manufacturing cost covers the costs of raw
material procurement, component processing, and assembly, and its level directly affects the initial investment of
the product. The maintenance cost involves daily maintenance, fault repair, and replacement of parts, reflecting
the continuous investment during the use of the product. Energy consumption expenditure reflects the energy
consumption cost during product operation and is closely related to product energy efficiency. By constructing a
full lifecycle cost assessment model, the cost situation of heat pump products throughout their entire lifecycle can
be analyzed as a whole, providing data support for multi-objective collaborative optimization strategies, helping
to find the optimal balance between cost and performance, and promoting the economic feasibility and market
competitiveness of heat pump products in industrial applications.

5.3.2. Long-term performance monitoring under actual working conditions

Long-term performance monitoring of heat pump products is crucial under actual operating conditions. Multiple
sets of sensors need to be deployed in different types of industrial sites based on actual working conditions to
comprehensively collect key parameters during the operation of heat pumps, such as temperature, pressure,
flow rate, etc. Continuously monitor these parameters for a long time, analyze their trends over time, and
determine whether the optimized structure remains stable during long-term operation. For example, observing
the performance changes of compressors under long-term high-frequency operation, and the fluctuations in
heat transfer efficiency of evaporators and condensers under different operating conditions. Through long-term
monitoring data, we can gain a deep understanding of the durability and stability performance of optimized
structures in actual working conditions, providing strong basis for further improvement and ensuring that heat

pump products can operate stably and efficiently in industrial applications, meeting actual production needs.

6. Conclusion

Mechanical design is of great significance for optimizing the structure of heat pump products. In the optimization
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of heat pump structure, the key technical path of mechanical design summarized by the system provides clear
guidance for optimization work. Intelligent design endows heat pump products with stronger performance and
adaptability, while the application of new materials fundamentally improves product quality and efficiency. Both will
become important driving forces for the future development of heat pump products. The construction direction of a
full parameter optimization system based on digital twins is highly forward-looking. With the help of this technology,
comprehensive and accurate optimization of heat pump products can be achieved, significantly improving product
performance and market competitiveness. In the future, we should further explore the potential of mechanical design
methods in optimizing the structure of heat pump products, strengthen intelligent design and the application of new
materials, accelerate the construction of full parameter optimization systems based on digital twins, and promote the
continuous advancement of heat pump product structure optimization to new heights, in order to meet the market’s

demand for efficient, energy-saving, and environmentally friendly heat pump products.
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Abstract: Environmental protection projects face challenges in electrical commissioning and weak current system
design, including multi-system coordination, extreme environment adaptation, and dynamic risk management. Guided
by the Technical Specifications for Intelligent Buildings and Weak Current Systems (GB/T 50314-2023), this study
proposes a full lifecycle management framework integrating redundant design, modular optimization, and loT-based real-
time monitoring. A fuzzy comprehensive evaluation model quantifies risk levels, enhancing system reliability and energy
efficiency. BIM and data-driven methods optimize design-installation coordination, while dynamic data asset management
and risk early warning systems improve operational robustness. Future research should focus on Al-driven automation and

blockchain applications to advance intelligent and sustainable technical management.

Keywords: Environmental protection projects; Weak current system design; Technical management strategies

Online publication: December 31, 2025

1. Introduction

The rapid development of intelligent technologies has led to increasingly widespread applications of weak current
systems in fields such as environmental protection, transportation, and architecture, with significant increases in
complexity and integration. Particularly in environmental protection projects, technical management of electrical
commissioning and weak current system design is crucial for energy efficiency, safety, and sustainability. However,
challenges remain in multi-system collaboration, adaptability to extreme environments, and dynamic risk control.
Taking subway weak current engineering as an example, its complex subsystem interfaces and frequent cross-
construction easily lead to project delays and quality issues, urgently requiring optimization strategies. The
Standard for Intelligent Building and Weak Current System Technology (GB/T 50314-2023) emphasizes full-
life-cycle management, advocating modular design, redundant configuration, and data-driven risk early warning.

However, existing research still shows deficiencies in dynamic data mining, multi-system collaboration, and
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intelligent decision-making. This paper integrates the [oT, fuzzy comprehensive evaluation, and BIM technology
to explore innovative paths for technical management in environmental protection projects, aiming to provide

theoretical support and solutions for engineering in complex environments.

2. Technical management strategies for electrical commissioning in environmental
protection projects

2.1. Technical key points and management of PLC commissioning

PLC program logic verification and simulation testing are core links in ensuring the reliability of control
systems. Logic verification requires item-by-item checking of input/output signals, interlock logic, and algorithm
parameters in combination with process requirements. Simulation software should be used to build a virtual
operating environment, simulating scenarios such as equipment start-stop and fault injection to verify program
fault tolerance and response timeliness. In the simulation testing phase, hardware-in-the-loop (HIL) technology
should be integrated, with real-time monitoring of signal status through the human-machine interface (HMI)
to identify logic conflicts and communication delay issues. Standardized commissioning documentation
requires the establishment of a unified template framework covering program comments, variable naming rules,
commissioning record tables, etc., to ensure normative collaboration and traceability among multiple teams .
Version control strategies should rely on tools such as Git for program iteration management, clearly defining
modification permissions and approval processes to avoid misoperation risks caused by version confusion during

commissioning, while ensuring data security through cloud backups.

2.2. Collaborative management of electrical system commissioning

Linkage commissioning of high- and low-voltage equipment requires focused control of electrical parameter
matching and harmonic interference risks. Before commissioning, the compatibility of rated parameters, protection
settings, and grounding systems of high- and low-voltage equipment should be verified. Insulation resistance
testers and power quality analyzers should be used to pre-inspect power supply circuits and identify potential
overload or short-circuit hazards. During commissioning, multi-level interlock protection mechanisms should be
set up, with real-time monitoring of current and voltage fluctuation data to dynamically adjust equipment operating
thresholds. The dual-dimensional monitoring mechanism for progress and quality emphasizes the use of Gantt
charts and critical path analysis as the basis, quantifying commissioning node completion rates and defect rate
indicators, and generating commissioning reports through automated testing tools to achieve rapid positioning of
progress deviations and dynamic resource allocation *'. Quality control requires the establishment of standardized
acceptance checklists covering core indicators such as insulation performance and functional response time, with
regular cross-audits and data comparisons to ensure that commissioning results meet the energy efficiency and

safety requirements of environmental protection projects.

3. Technical management strategies for weak current system design
3.1. Principles and optimization of weak current system design

Demand analysis for weak current systems in environmental scenarios should focus on energy consumption
monitoring and environmental perception functions. Intelligent sensors and data acquisition terminals should

be deployed to obtain key parameters such as equipment energy consumption, temperature and humidity, and
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pollutant concentration in real time, building a multi-source data fusion environmental perception network.
Design optimization should follow modular principles, dividing the system into independent functional units (such
as energy management and security communication), adopting standardized interface protocols and universal
hardware platforms to reduce system coupling and enhance scalability. Compatibility assurance requires unified
communication protocols (such as Modbus and BACnet) and open data interfaces to achieve interconnection of
multiple subsystems, avoiding data barriers between heterogeneous devices, while combining redundant design
and hot-swappable technology to ensure continuous system operation in the event of local failures.

3.2. Key technical management of weak current installation and commissioning
Communication network commissioning should be based on topology verification and signal strength testing,
using network analyzers to locate abnormalities such as packet loss and delays, and formulating phased acceptance
standards (such as physical layer connectivity testing and application layer protocol compatibility verification).
Security system commissioning should focus on verifying the linkage logic of video surveillance, access control,
and intrusion alarms, testing system response timeliness and alarm accuracy through simulated intrusion scenarios.
BIM-based intelligent design methods emphasize integrating weak current equipment spatial layout and pipeline
routing information in three-dimensional models, using collision detection functions to optimize wiring paths
and reduce construction rework risks; at the same time, dynamic association of equipment parameters and
commissioning data through the BIM platform provides visual data support for later operation and maintenance,
improving full-life-cycle management efficiency .

4. Construction and implementation of technical management system

4.1. Full-life-cycle technical management framework

4.1.1. Connection mechanism among design, installation, and commissioning phases

In the design phase, technical interface specifications and equipment selection standards should be clearly defined,
with BIM technology used to achieve bidirectional mapping between three-dimensional models and electrical
parameters, ensuring the implementability of design schemes. In the installation phase, construction plans should
be formulated based on model data, RFID technology used to track equipment arrival and installation progress, and
phased review meetings held to synchronize commissioning requirements. In the commissioning phase, a closed-
loop verification process should be built based on design documents and installation records, with automated
test scripts covering functional boundary conditions to ensure seamless connection of technical objectives across

phases.

4.1.2. Dynamic management of technical documents and data assets

Technical document management requires the establishment of unified coding rules and metadata tagging systems
to achieve rapid retrieval and version tracing of drawings, program codes, and commissioning records. Dynamic
management of data assets should rely on industrial internet platforms to integrate multi-source heterogeneous
data (such as sensor data and operation logs), using data lake architecture for unified storage of structured and
unstructured data . Key data should be encrypted for transmission and regularly backed up to private clouds, with
blockchain technology used to ensure data integrity and tamper resistance, while data analysis tools are utilized to
mine historical data value and support technical decision optimization.
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4.2. Personnel capability and team collaboration management

4.2.1. Multi-disciplinary cross-training and skill certification system

Cross-disciplinary training should design course modules around the integration needs of electrical, weak
current, and environmental processes, using virtual simulation platforms to simulate typical scenarios (such as
PLC commissioning fault troubleshooting and weak current system interference analysis) to strengthen practical
capabilities. The skill certification system should collaborate with industry associations to develop graded
assessment standards covering theoretical tests, case analysis, and on-site operation evaluations, with dynamic
updates to the certification question bank to match technological development trends . Certification results
should be linked to position promotion to incentivize continuous improvement of composite capabilities among

technical personnel.

4.2.2. Team collaboration optimization strategy based on PDCA cycle

Application of the PDCA cycle to team collaboration should be project-goal-oriented. In the Plan phase, tasks are
decomposed via WBS and KPI indicators set; in the Do phase, agile management tools (such as Jira) are used for
real-time tracking of task status and resource allocation. In the Check phase, weekly meetings are relied upon for
root cause analysis of progress deviations and quality defects; in the Act phase, improvement plans are formed
through optimization of process templates and resource allocation strategies . Collaboration optimization requires
the establishment of cross-departmental feedback mechanisms and the use of knowledge-sharing platforms to

accumulate best practice cases, achieving spiral improvement in team collaboration efficiency.

5. Engineering risk management strategies for environmental protection projects

5.1. Risk identification and assessment methods

5.1.1. Classification and quantification of risk sources in electrical and weak current systems
Risk sources faced by electrical and weak current systems in environmental protection projects can be divided into
technical risks and environmental risks. Technical risks include electromagnetic interference, signal attenuation,
insufficient equipment compatibility, and communication protocol conflicts; environmental risks involve
temperature and humidity fluctuations, pollutant erosion, and mechanical vibration. Risk quantification requires
the use of probability-impact matrices, determining risk occurrence probability and potential consequences
through historical data analysis and simulation "', For example, electromagnetic interference can be measured for
intensity using spectrum analyzers, with impact levels assessed based on equipment sensitivity thresholds; signal
attenuation issues require mathematical models based on transmission distance, medium loss, and noise levels to
quantify signal integrity loss. Risk quantification results can be mapped to a risk register, forming a dynamically
updated risk database to provide data support for subsequent assessments.

5.1.2. Risk level determination model based on fuzzy comprehensive evaluation method

The fuzzy comprehensive evaluation method addresses uncertainty in risk assessment by constructing a
multi-level evaluation system. First, define the evaluation factor set covering technical parameters (such as
interference intensity and signal stability), environmental conditions (such as temperature, humidity, and pollutant
concentration), and management factors (such as commissioning process standardization). After that, use analytic
hierarchy process (AHP) to determine factor weights, optimizing weight allocation with expert scoring and

historical data. Membership function design should be based on risk characteristics, for example, using trapezoidal
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functions for electromagnetic interference risk to describe the nonlinear relationship between interference intensity
and system failure probability *. Eventually, evaluation results are synthesized through fuzzy operators to output
risk levels (low, medium, high). This model effectively handles the fusion of subjective judgment and objective
data, improving the scientificity and operability of risk determination.

5.2. Risk response and control measures

5.2.1. Redundant design and emergency plan formulation in commissioning phase

Redundant design enhances system fault tolerance by adding backup systems or key components, such as dual
power supplies, hot-standby PLC modules, and parallel communication links. In the commissioning phase,
fault tree analysis (FTA) should be used to identify single-point failure risks and deploy redundant architectures
accordingly. Emergency plans should be formulated based on risk scenario simulations, clearly defining fault
diagnosis processes, emergency switching mechanisms, and personnel divisions. For example, for communication
interruption risks, automatic switching to backup network protocols should be preset, with offline caching to
ensure data continuity . Plan drills should combine virtual simulation platforms to verify response timeliness and

operational feasibility, forming standardized emergency operation manuals through iterative optimization.

5.2.2. Application of anti-interference technology in weak current systems

Anti-interference technology for weak current systems requires coordinated optimization from hardware design
and signal transmission aspects. At the hardware level, shielding and grounding techniques should be adopted
to reduce electromagnetic interference, using multi-layer shielded cables, metal conduits, and equipotential
connections to minimize common-mode noise. Optical fiber communication technology can replace traditional
copper cables, utilizing the anti-electromagnetic interference characteristics of optical signals to ensure long-
distance transmission stability. At the signal processing level, differential signal transmission, digital filtering,
and error checking mechanisms should be introduced to suppress high-frequency noise and data packet loss. For
example, in energy consumption monitoring systems, combining optical fiber communication with Modbus TCP
protocol achieves reliable data transmission in high-noise environments. Technology application should be verified
through on-site testing to ensure system robustness in complex environments.

5.3. Continuous improvement of risk management

5.3.1. Construction of risk database and historical case learning mechanism

Risk database construction requires structured data models to integrate multi-source data from electrical
commissioning, weak current system operation, and environmental monitoring, covering fields such as risk event
type, occurrence frequency, impact degree, and disposal measures. Data standardization adopts unified coding
rules and metadata tagging systems to support multi-dimensional retrieval and association analysis. The historical
case learning mechanism establishes a case library to record typical risk events (such as control failures caused by
signal attenuation), using natural language processing technology to extract case features and solutions, forming
a knowledge graph. Regular case reviews and cross-project comparative analyses identify risk evolution patterns
and common defects, optimizing risk prediction models through machine learning algorithms to enhance the
targeting and foresight of risk response strategies. The database dynamic update mechanism should interface with

the project full-life-cycle management platform for real-time data synchronization and version tracing """
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5.3.2. Real-time risk monitoring and early warning system based on IoT

The application of IoT technology focuses on building distributed sensor networks for real-time collection
of electrical parameters, weak current signal quality, and environmental status. Data is preprocessed at edge
computing nodes to filter noise and extract key features before upload to the cloud risk analysis platform. The
platform uses time-series databases for data storage, combining fuzzy logic and neural network algorithms to
establish risk prediction models for dynamic assessment of system health. The early warning system generates
graded alarms based on preset thresholds and model outputs, pushing information through visual interfaces and
mobile terminals. The system integrates automated response functions, such as automatically activating shielding
grounding devices or switching to redundant communication links when electromagnetic interference exceeds
limits. Technology verification requires simulated extreme environment testing to ensure monitoring accuracy and

warning timeliness, providing real-time decision support for risk management.

6. Conclusion

Environmental protection projects have improved control system reliability and energy efficiency through PLC
logic verification, redundant design, and modular optimization. Weak current systems adopt multi-source data
fusion and standardized interface protocols to reduce coupling and enhance environmental perception. Full-life-
cycle technical management, combined with dynamic data asset management, ensures efficient connection among
design, installation, and commissioning. Fuzzy comprehensive evaluation models are used to quantify risks, with
IoT monitoring and early warning systems achieving dynamic control. Although existing strategies are effective,
deficiencies remain in extreme environment adaptability and multi-system collaboration depth, with needs for
improvement in historical data mining and dynamic prediction accuracy. Future research should focus on Al-
driven automated commissioning technologies to optimize fault diagnosis and parameter self-adjustment; explore
blockchain for secure data sharing, combined with digital twins to build virtual-real fusion simulation platforms,

promoting intelligent, digital, and sustainable development.
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Abstract: This paper investigates the mechanical structural design of semiconductor probe stations. It presents the overall
system architecture, functional module integration, and optimized layout schemes, including the selection and calculation
of moving components and precision-retention mechanisms. A dedicated test platform is established to evaluate system
performance. Experimental results demonstrate that a simulation-driven design approach enables the achievement of high-
precision performance, effectively reduces thermal drift, and satisfies the testing requirements of semiconductor wafers.
The proposed design provides a valuable reference for the research and development of similar semiconductor testing

equipment.
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1. Introduction

With the vigorous development of the semiconductor industry, the requirements for precision and stability of
semiconductor probe stations have become increasingly stringent. The “Policies for Promoting High-Quality
Development of the Integrated Circuit Industry and Software Industry in the New Era” promulgated in 2020
emphasizes promoting high-quality development of the integrated circuit industry. Against this background, the
mechanical structure design of semiconductor probe stations is crucial. This paper conducts in-depth research
on this topic, proposing effective strategies from system architecture and overall scheme layout to component
selection, precision maintenance, and structural optimization. Through building a testing platform, developing
automation programs, and conducting various performance verification experiments, high-precision technical
indicators are achieved, equipment stability is enhanced, providing strong support for semiconductor wafer testing
and reference for similar equipment development, aligning with the policy orientation of promoting high-quality

industrial development.
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2. Overall scheme layout of semiconductor probe station mechanical system

2.1. Overall machine system architecture design

Based on semiconductor wafer testing process requirements, the overall machine system architecture design of the
semiconductor probe station mechanical system needs to establish an XYZRF five-axis motion coordinate system.
The X and Y axes are responsible for precise planar movement of the wafer to meet positioning needs for different
test points; the Z axis carries the Wafer Chuck for precise Z-direction up-and-down positioning of the wafer,
ensuring good contact between the wafer and the Probe Card; the R axis is used for visual leveling during wafer
testing, avoiding wafer offset issues caused by the ARM during loading. Meanwhile, the F axis carries the Clean
Pad, because during CP testing, under energized conditions, slight oxidation occurs at the probe tips. Additionally,
as probes continuously contact pads, aluminum debris adheres to the tips. Timed needle grinding and sticking are
required during testing to clean the tips, remove the oxide layer, and eliminate aluminum debris from the tips.
A high-rigidity frame-type main structure layout scheme is adopted, which effectively enhances system stability
and rigidity, reducing vibration and deformation during high-speed, high-precision motion, providing reliable
foundational support for the testing process and thereby meeting the high-precision and high-stability requirements

of semiconductor wafer testing "'

2.2. Functional module integration design

In the overall scheme layout of the semiconductor probe station mechanical system, functional module integration
design is crucial. For the probe positioning mechanism, wafer stage, and vibration suppression module, their spatial
layout relationships must be precisely planned. The probe positioning mechanism should be arranged in a position
convenient for precise operation and close to the wafer stage to ensure accurate probe contact with test points
on the wafer. The wafer stage should be in a stable and easily adjustable position to flexibly change the wafer’s
position and angle. The vibration suppression module surrounds key components to minimize external vibration
interference while greatly suppressing low-frequency vibrations generated by the probe station’s own motion. At
the same time, a standardized interface design scheme should be implemented, unifying interface dimensions,
shapes, and communication protocols among modules to achieve efficient connection and collaborative operation,
laying a foundation for stable and efficient operation of the semiconductor probe station .

3. Key technologies in precision mechanical structure design

3.1. Selection and calculation of main motion components

In the mechanical structure design of semiconductor probe stations, selection and calculation of main motion
components are critical. Axial load checking of ball screws is performed based on Hertz contact theory. Hertz
contact theory precisely analyzes contact stress between balls and raceways, calculating the axial load borne by the
ball screw under actual conditions via relevant formulas to determine if it meets strength requirements, ensuring
transmission stability . Concurrently, transmission parameters of the fine-motion platform are determined based
on piezoelectric ceramic drive characteristics. Piezoelectric ceramics feature high precision and high response
speed. Based on their voltage-displacement characteristic curves, the relationship between applied voltage and
generated displacement is clarified, calculating required transmission ratios, strokes, and other parameters for the
fine-motion platform to achieve precise micro-motion control, meeting the stringent high-precision positioning

demands of semiconductor probe stations.
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3.2. Precision maintenance structure design

In the precision maintenance structure design of semiconductor probe stations, deformation in cross-scale motion
mechanisms significantly affects overall precision. Finite element method can precisely analyze deformation
of cross-scale motion mechanisms under different conditions, providing a key basis for precision maintenance
structure design *. Based on analysis results, designing adaptive preloading devices becomes an effective
compensation strategy for eliminating reverse backlash. This device automatically adjusts preloading force
according to motion state, real-time compensating for backlash generated during reverse motion, ensuring high-
precision positioning during frequent direction changes in the probe station. This not only reduces mechanical
wear but also enhances system stability and reliability, guaranteeing performance under long-term, high-precision
operation demands in semiconductor probe stations, meeting strict high-precision and high-stability requirements

in semiconductor manufacturing and laying a solid foundation for improving product manufacturing quality.

4. Research on mechanical structure optimization strategies

4.1. Static topology optimization

4.1.1. Lightweight design of main frame

In the mechanical structure optimization of semiconductor probe stations, lightweight design of the main frame
is crucial. By applying the variable density method to optimize material distribution in the gantry frame, mass
reduction can be effectively achieved while ensuring its 9th-order modal frequency. This method constructs
mathematical models describing structural material distribution based on continuous density variations. During
optimization, objectives such as maximizing structural stiffness or minimizing mass are set, while satisfying
constraints like strength, stiffness, and stability. Studies show that optimizing the gantry frame with this method
achieves 23% mass reduction ™. This not only lowers material costs but also improves dynamic performance to
some extent, providing strong support for efficient operation of semiconductor probe station mechanical structures
and offering reference ideas for lightweight design of similar mechanical structures.

4.1.2. Contact stiffness enhancement design

In the contact stiffness enhancement design of semiconductor probe station mechanical structures, contact
nonlinear analysis plays a key role in optimizing slider preload parameters for guide mechanisms. Reasonable
slider preload settings effectively improve axial repeat positioning accuracy, thereby enhancing contact stiffness.
In actual design, material properties, load conditions, and other factors are precisely considered . Through contact
nonlinear analysis, the quantitative relationship between slider preload and axial repeat positioning accuracy
is obtained, allowing targeted optimization of preload parameters. Appropriate preload makes contact between
slider and guide rail tighter and more uniform, reducing positioning errors due to gaps or uneven contact, thereby
improving stability and reliability during probe station operation, providing high-precision mechanical support for

semiconductor testing and ensuring accuracy and consistency of test results.

4.2. Thermal stability optimization design

4.2.1. Multi-physics field coupling analysis

In the thermal stability optimization design of semiconductor probe station mechanical structures, multi-physics
field coupling analysis is crucial. It is necessary to deeply establish the mapping relationship between heat

generation power of motion components and structural temperature rise, which precisely presents heat transfer and
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distribution within the mechanical structure. Using this mapping, further predict the impact of thermal deformation
on probe coplanarity. Thermal deformation significantly alters probe spatial positions, causing coplanarity
deviations and affecting semiconductor testing precision and reliability. Through multi-physics field coupling
analysis considering interactions among thermal, structural, and other fields, mechanical structure behavior
under thermal environments can be more comprehensively understood, providing scientific basis for subsequent
thermal stability optimization, making designs more targeted and effective, ensuring good testing performance of

semiconductor probe stations under complex conditions .

4.2.2. Symmetric compensation structure design

In semiconductor probe station mechanical structure design, symmetric compensation structure design is crucial
for thermal stability optimization. Dual ball screw mirror layout is adopted here to compensate for single-
axis thermal elongation. This layout effectively balances single-axis thermal elongation due to temperature
changes. Specifically, two ball screws are installed in mirror fashion; when one screw elongates thermally due
to temperature rise, the mirror-layout screw’s thermal elongation compensates mutually, reducing the impact of
single-axis thermal elongation on overall mechanical structure precision. Meanwhile, RTD temperature sensors
monitor temperature changes in real time, precisely controlling dual screw compensation actions based on
measured data to achieve sub-micron dynamic compensation "*. This symmetric compensation structure design
combined with RTD temperature sensors significantly enhances thermal stability of semiconductor probe station

mechanical structures under varying temperatures, ensuring high-precision operation.

5. Structural performance experimental validation

5.1. Testing platform construction

5.1.1. Multi-parameter measurement system integration

To comprehensively evaluate the mechanical structure performance of semiconductor probe stations, a testing
platform is built with integrated multi-parameter measurement system. Laser interferometers are arranged to
precisely acquire displacement changes during probe station motion using their high-precision measurement
characteristics, monitoring positioning accuracy and motion errors of the mechanical structure. Strain gauge
arrays are attached to key parts for real-time measurement of structural stress-strain conditions, deeply analyzing
mechanical responses under different conditions. Meanwhile, thermal imagers monitor temperature distribution
during probe station operation to assess thermal effects on structural performance. Thus, a multi-dimensional
testing environment is constructed for collaborative multi-parameter measurement, comprehensively and
accurately validating semiconductor probe station mechanical structure performance, providing reliable data

support for subsequent scheme layout optimization .

5.1.2. Automation test program development

In the automation test program development for structural performance experimental validation, the LabVIEW
platform is used to achieve automatic execution of sweep frequency vibration testing and long-term thermal drift
detection. Using LabVIEW’s graphical programming environment, an intuitive user interface is created for easy
parameter setting by operators, such as sweep frequency range, vibration amplitude, and temperature sampling
intervals ", For sweep frequency vibration testing, program logic is written to precisely control vibration

excitation equipment, scanning progressively by set frequencies while real-time collecting structural response data
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such as acceleration and displacement. For long-term thermal drift detection, the program can periodically read
temperature sensor data, recording and analyzing temperature change impacts on semiconductor probe station
mechanical structure performance. This automation program development not only improves testing efficiency and
accuracy but also effectively reduces human errors, providing strong support for accurate structural performance
evaluation.

5.2. Key performance testing

5.2.1. Motion accuracy validation

In semiconductor probe station mechanical structure design, motion accuracy is a key performance indicator. A
200 mm stroke positioning test is conducted using a cross-grid plate to statistically analyze X-Y axis straightness
error distribution, thereby validating motion accuracy. During operation, high-precision measurement equipment
monitors positioning points on the cross-grid plate in real time. As the probe station moves along X and Y axes,
deviations between actual and ideal linear positions are recorded for each point. Collected data are analyzed in
detail, plotting X-Y axis straightness error distribution graphs. This error distribution intuitively evaluates probe
station motion accuracy over the stroke range, providing important basis for determining if the mechanical
structure design meets practical application needs. If errors exceed allowable ranges, targeted structural design
optimization can be performed accordingly.

5.2.2. Repeatability validation

In the performance validation of semiconductor probe station mechanical structures, repeatability validation is
crucial. By using a laser tracker to record 1000 position offsets of probe repeated contact with wafer pads, repeat
positioning performance of the probe station can be precisely measured. The laser tracker has high-precision
spatial coordinate measurement capability, real-time capturing exact probe positions during each pad contact.
Extensive repeated testing, these 1000 contacts, effectively reflects probe station stability under long-term,
high-frequency use. If position offsets fluctuate within a minimal range, it indicates good mechanical structure
repeatability, meeting stringent positioning precision requirements in semiconductor testing. Conversely, large or
irregular offsets suggest structural defects, necessitating further design scheme optimization to enhance overall
probe station performance.

5.3. Optimization effect analysis

5.3.1. Vibration reduction effect validation

After optimization of the semiconductor probe station mechanical structure design, comparative analysis of
vibration acceleration amplitude attenuation characteristics in the 10-2000 Hz frequency band is conducted
to validate vibration reduction effects. Through experimental testing, pre-optimization vibration acceleration
amplitudes were relatively high in some frequency bands, interfering with precise probe station operation. Post-
optimization, amplitudes show obvious attenuation trends across the entire 10-2000 Hz band, especially significant
reductions in key bands, indicating that the optimized mechanical structure effectively suppresses vibrations with
good reduction effects. This improved vibration performance reduces issues like unstable probe-chip contact
due to vibration, enhancing stability and reliability during semiconductor probe station testing, providing strong
structural assurance for high-precision semiconductor device testing.
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5.3.2. Stability validation

In a Class 100 clean environment, the optimized semiconductor probe station mechanical structure undergoes 72-
hour continuous operation testing, focusing on analyzing drift caused by temperature rise. Since semiconductor
testing demands extremely high precision, minor temperature changes can cause thermal deformation in key probe
station components, affecting test result accuracy. Through 72-hour uninterrupted operation, position drifts in
key parts due to temperature rise at different times are monitored. If drift amounts are within acceptable ranges
and significantly better than pre-optimization levels, it indicates that optimization strategies effectively enhance
mechanical structure thermal stability, maintaining high precision during long-term operation. If drifts are large
or exceed expectations, further analysis of optimization scheme deficiencies is needed to provide direction for
subsequent improvements, ensuring stable and reliable probe station operation under complex conditions and
guaranteeing accuracy and stability in semiconductor testing.

6. Conclusion

This study focuses on semiconductor probe station mechanical structure design, proposing a comprehensive and
effective set of scheme layouts and optimization strategies. The constructed mechanical system design method
closely aligns with actual semiconductor wafer testing needs, laying a foundation for achieving high-precision
testing. Through a simulation-driven design process, high-standard technical indicators of positioning accuracy <=+
0.5 um and repeat accuracy < 0.1 um are successfully achieved, strongly ensuring probe station precision in actual
operation. The application of thermal-mechanical coupling optimization strategies is a highlight, significantly
reducing equipment thermal drift rate by 68% and enhancing stability and reliability. These research outcomes not
only improve semiconductor probe station mechanical structure design but also provide valuable reference for the
development of similar precision testing equipment, expected to promote technological progress and development
in the precision testing field across the industry.
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Abstract: This article examines the influence of mold material surface treatments on the service life of molds used for
low-voltage electrical components, with an emphasis on green manufacturing strategies. The properties of commonly
used mold materials are analyzed, and advanced surface treatment technologies, such as physical vapor deposition
(PVD) coatings, are introduced. The relationship between microstructural characteristics and service performance is
investigated, along with the effects of surface treatments on tribological behavior and failure mechanisms. In addition,
green manufacturing approaches, including low-temperature plasma treatment process optimization and chromium-free
passivation technologies, are discussed. The study highlights the critical role of intelligent technologies in advancing

sustainable mold manufacturing and outlines future development directions.

Keywords: Low-voltage electrical accessories mold; Surface treatment technology; Green manufacturing

Online publication: December 31, 2025

1. Introduction

The 14th Five-Year Plan for Industrial Green Development promulgated in 2021 explicitly proposes promoting
the green transformation of the manufacturing industry. Against this policy background, research on the impact of
mold material surface treatment on the lifespan of low-voltage electrical accessory molds and green manufacturing
strategies is particularly important. Low-voltage electrical accessory molds commonly use carbon tool steel and
alloy steel, with different materials exhibiting distinct characteristics. Surface treatment technologies such as
PVD coating and plasma nitriding can enhance mold performance. Additionally, through metallographic analysis,
hardness testing, and other methods, the correlation between microstructure and service performance can be
explored, along with the influence of surface treatment on tribological properties and failure modes. Furthermore,
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green manufacturing strategies are developed in areas such as low-temperature plasma treatment, chromium-free
passivation technology, and modular design, leveraging intelligent technologies to achieve adaptive adjustment
of process parameters, collectively promoting the green development of low-voltage electrical accessory mold

manufacturing.

2. Fundamentals of mold materials and surface treatment technologies

2.1. Classification and performance requirements of mold materials for low-voltage
electrical accessories

Mold materials commonly used for low-voltage electrical accessories mainly include carbon tool steel and alloy
steel. Carbon tool steel has a high carbon content, is relatively inexpensive, and possesses certain hardness and
wear resistance, suitable for producing low-voltage electrical accessory molds with less stringent precision and
lifespan requirements. However, its hardenability is poor, and quenching deformation is significant. Alloy steel,
due to the addition of various alloying elements, offers superior comprehensive performance. The incorporation
of alloy elements improves hardenability, tempering stability, and wear resistance, enabling it to adapt to more
complex service environments and making it suitable for manufacturing high-precision, long-lifespan low-voltage
electrical accessory molds. For instance, in molds subjected to large impact loads or requiring high dimensional
stability, alloy steel performs excellently. Low-voltage electrical accessory mold materials must possess good
mechanical properties, such as high strength, high hardness, and high wear resistance, to withstand pressure
and friction during service, while also demonstrating good adaptability to service environments, ensuring stable

operation under varying working conditions .

2.2. Current development status of surface treatment technologies

Surface treatment technologies in the mold industry are continuously innovating and developing. Currently, PVD
coating technology is increasingly favored in low-voltage electrical accessory mold manufacturing due to its
ability to form thin films with high hardness, good wear resistance, and low friction coefficients on mold surfaces.
It effectively improves mold surface quality and performance, reducing wear and corrosion while extending mold
lifespan. Plasma nitriding technology is also widely applied, forming a nitrogen-rich hardened layer on the mold
surface that significantly enhances hardness, wear resistance, and anti-seizing properties. These two mainstream
surface strengthening technologies play a key role in the mold industry’s progression toward high precision, long
lifespan, and high performance, with their application trends continuously expanding and deepening, providing

strong support for efficient and high-quality manufacturing of low-voltage electrical accessory molds .

3. Mechanisms of surface treatment impact on mold lifespan

3.1. Correlation between microstructure and service performance

Through metallographic analysis and hardness testing, the close correlation between microstructure and mold
service performance can be deeply revealed. Different thicknesses of surface modification layers significantly
affect the mold’s resistance to plastic deformation. Thicker modification layers often provide stronger support,
reducing the likelihood of plastic deformation under harsh service conditions such as high pressure and high
speed ", Phase composition is equally critical, as different phases exhibit distinct mechanical properties; a rational

phase composition can optimize overall mold performance. For example, the presence of certain strengthening
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phases can improve mold hardness and wear resistance, thereby extending lifespan. This correlation between
microstructure and service performance essentially reflects the reshaping of the mold’s internal structure by
surface treatment, altering its ability to resist external loads and ultimately profoundly influencing mold lifespan.

3.2. Tribological performance and failure mode analysis

Surface treatment of mold materials significantly affects tribological performance and failure modes, thereby
determining mold lifespan. Surface roughness is a key factor; rough surfaces easily lead to stress concentration,
exacerbating friction and wear during operation of low-voltage electrical accessory molds and reducing lifespan.
After appropriate surface treatment reduces roughness, the friction coefficient decreases, and wear slows. Coating
adhesion is also important, where insufficient adhesion causes coatings to peel off during mold operation, failing to
effectively protect the mold surface and accelerating failure. Through friction and wear experiments, a quantitative
relationship model between surface roughness, coating adhesion, and mold wear lifespan can be established .
This model precisely reveals their internal connections, aiding in-depth understanding of the mechanisms by which
surface treatment affects mold lifespan, providing theoretical basis for optimizing surface treatment processes
and extending mold lifespan, enabling low-voltage electrical accessory molds to achieve efficient, long-lifespan

operation under the green manufacturing concept.

4. Construction of green manufacturing strategy system

4.1. Development of environmentally friendly surface treatment technologies

4.1.1. Optimization of low-temperature plasma treatment process

In optimizing low-temperature plasma treatment processes, focus is placed on studying the effects of process
parameters on treatment efficiency and environmental impact factors . Specifically, in-depth exploration of how
changes in parameters such as plasma power, treatment time, and gas flow affect treatment efficiency. Higher
plasma power may accelerate the process but could increase energy consumption and equipment wear; excessively
long treatment times may improve effects but reduce production efficiency. Meanwhile, these parameter
changes also influence environmental impact factors, such as improper gas flow potentially increasing harmful
gas emissions. Based on this, a balance model between energy consumption and performance is constructed.
Through this model, process parameters are precisely regulated while ensuring mold surface treatment quality and
performance, minimizing energy consumption and achieving green manufacturing goals, effectively extending the

lifespan of low-voltage electrical accessory molds.

4.1.2. Research on chromium-free passivation technology

In green manufacturing strategies for mold material surface treatment, research on chromium-free passivation
technology is of great significance. Traditional chromate passivation processes effectively protect molds but
involve chromium, a heavy metal that causes severe environmental pollution, conflicting with green manufacturing
principles. Accordingly, developing new anti-corrosion coating systems based on silane modification becomes key.
Silane, with its unique chemical structure, forms strong chemical bonds with mold surfaces while offering good
film-forming properties and corrosion resistance. Studies show that silane-modified chromium-free passivation
coatings can be prepared with excellent performance, not only avoiding heavy metal pollution but also forming
dense protective films on mold surfaces, enhancing corrosion resistance and thereby extending the service life of

low-voltage electrical accessory molds . This new chromium-free passivation technology provides an important
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direction for the green development of mold material surface treatment.

4.2. Full-life-cycle green design methods

4.2.1. Modular detachable structure design

Modular detachable structure design is a key aspect of full-life-cycle green design methods. During the mold
design stage, the mold is divided into different functional modules with standardized interfaces for easy
disassembly and assembly . This design effectively reduces maintenance difficulty; when a component is
damaged, the corresponding module can be directly disassembled and replaced, avoiding large-scale repairs
or replacement of the entire mold and significantly reducing material waste during maintenance. Additionally,
detachable structures facilitate mold material recycling and reuse. At the end of mold lifespan, modules can be
disassembled and recycled by material type, improving resource utilization. Moreover, modular design facilitates
mold upgrades and optimizations, replacing specific modules achieves performance improvements without
discarding the entire mold, practicing green manufacturing principles from multiple aspects and enhancing the

sustainability of low-voltage electrical accessory molds.

4.2.2. Environmental impact assessment based on LCA

In constructing a green manufacturing strategy system for mold material surface treatment, environmental impact
assessment based on LCA (Life Cycle Assessment) in full-life-cycle green design methods is particularly crucial.
LCA systematically analyzes the entire mold process from raw material acquisition and processing to disposal
and recycling '*. By quantifying potential environmental impacts such as resource and energy consumption and
pollutant emissions at each stage, key environmental load links are identified. For example, assessing ecological
damage from mining in raw material acquisition; analyzing chemical use and energy consumption in surface
treatment during processing; and considering recycling methods’ environmental effects in disposal. This provides
comprehensive and scientific environmental impact basis for formulating green manufacturing strategies for
molds, aiding in balancing mold material surface treatment with environmental protection and enhancing the
sustainable development capability of the mold industry.

5. Innovation paths for integration of intelligent technologies

5.1. Intelligent control of surface treatment processes
5.1.1. Adaptive adjustment system for process parameters
In mold material surface treatment, adaptive process parameter adjustment systems are crucial. Leveraging
intelligent technology integration and innovation, this system automatically adjusts parameters based on real-time
monitoring data. For example, sensors collect key parameter information such as mold surface temperature and

®l The models deeply analyze the data,

pressure, which is transmitted to machine learning-based algorithm models
quickly determining if current parameters are optimal; if deviations occur, appropriate adjustments are rapidly
calculated, precisely regulating coating equipment current, gas flow, and other parameters to maintain coating
thickness in the ideal range. This not only effectively improves surface treatment quality and ensures low-voltage
electrical accessory mold performance but also optimizes the process, increasing production efficiency, reducing

resource waste, and laying a solid foundation for green manufacturing of mold material surface treatment.
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5.1.2. Application of digital twin technology

In mold material surface treatment processes, digital twin technology plays a key role. By constructing virtual
simulation models of surface treatment equipment, precise simulation and real-time monitoring of equipment
operating states are achieved. These virtual models comprehensively reflect the characteristics and behavior of
physical entities, covering structure, materials, process parameters, etc. . Using these models, the impact of
different parameters on surface treatment effects can be deeply analyzed, optimizing process scheme formulation.
For instance, when treating low-voltage electrical accessory molds, parameters such as temperature, time, and
treatment solution concentration can be precisely adjusted based on virtual simulation results, achieving optimal
surface treatment, improving mold surface quality, enhancing wear and corrosion resistance, effectively extending

mold lifespan, and realizing green manufacturing by reducing resource consumption and environmental pollution.

5.2. Intelligent mold health management

5.2.1. Multi-source information fusion monitoring technology

In intelligent mold health management, multi-source information fusion monitoring technology integrates stress
sensors and image recognition systems as key components. Stress sensors precisely acquire real-time stress data
during mold production, analyzing stress distribution and changes to detect internal structural pressure conditions
and identify potential stress concentration areas, often hidden failure risks. Image recognition systems visually
monitor mold surface wear, cracks, etc. Advanced image processing algorithms precisely identify subtle surface
damage. Fusing stress sensor data with image recognition results establishes a comprehensive and accurate mold
failure early warning mechanism. Through integrated analysis of multi-source information, timely and reliable
mold failure prediction is achieved, providing a strong basis for advanced maintenance measures, effectively
extending low-voltage electrical accessory mold lifespan while laying a solid foundation for green mold

manufacturing.

5.2.2. Development of remaining life prediction algorithms

In intelligent mold health management, the remaining life prediction algorithm development achieves precise
maintenance cycle prediction based on deep learning fatigue damage evolution modeling. By collecting extensive
production data such as stress-strain and temperature changes, datasets related to mold fatigue damage are built.
Leveraging deep learning’s powerful nonlinear mapping capabilities, these data are deeply mined to capture
fatigue damage evolution patterns over time and usage cycles, establishing precise fatigue damage evolution
models. These models not only reflect current damage states in real time but also predict future damage trends
under set conditions, accurately forecasting remaining mold life and providing basis for scientific maintenance
cycles, ensuring safe and reliable operation while avoiding resource waste from excessive maintenance, strongly

supporting green manufacturing of low-voltage electrical accessory molds.

5.3. Green manufacturing decision support system

5.3.1. Construction of multi-objective optimization model

In research on the impact of mold material surface treatment on low-voltage electrical accessory mold lifespan and
green manufacturing strategies, multi-objective optimization model construction is a key link. Multiple objectives,
such as mold lifespan, production costs, and environmental impact must be comprehensively considered. On one
hand, quantitative relationships between surface treatment process parameters and mold lifespan are analyzed,
such as the impact of different coating processes on wear and corrosion resistance and thus lifespan, establishing
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lifespan prediction sub-models. On the other hand, ecological benefit indicators like resource consumption,
energy use, and waste emissions for various processes are calculated, building ecological benefit assessment sub-
models. Meanwhile, equipment, material, and labor costs for processes are considered, constructing economic cost
assessment sub-models. Through reasonable weight allocation, these sub-models are fused into a comprehensive
multi-objective optimization model, providing scientific decision basis for selecting optimal green manufacturing
process schemes and aiding in balancing economic and ecological benefits in mold manufacturing.

5.3.2. Application of knowledge graph technology

In research on mold material surface treatment, low-voltage electrical accessory mold lifespan, and green
manufacturing strategies, knowledge graph technology plays a key role. Knowledge graphs integrate multi-source
heterogeneous data such as mold materials, surface treatment processes, and environmental standards, structurally
presenting information on mold material characteristics, impacts of different surface treatment methods on mold
lifespan, and green manufacturing-related environmental requirements in graph form. Through knowledge graphs,
decision support systems achieve intelligent reasoning and querying, quickly and accurately providing technicians
with mold material selection and surface treatment process optimization suggestions while ensuring compliance
with environmental standards. Technicians can intuitively understand factor associations, such as lifespan
improvement effects of specific surface treatments on certain mold materials and the advantages/disadvantages
of those processes in green manufacturing, aiding scientific decisions and promoting green and efficient mold

manufacturing.

6. Conclusion

Mold material surface treatment significantly impacts the lifespan of low-voltage electrical accessory molds.
Different surface treatment technologies influence mold lifespan by altering surface microstructure and mechanical
properties, acting on failure forms such as wear, corrosion, and fatigue, exhibiting certain patterns. The integration
of green manufacturing concepts with intelligent technologies points to new directions for low-voltage electrical
accessory mold manufacturing, with the key lying in incorporating intelligent means into all links of green
manufacturing, such as intelligent production process control to reduce energy consumption and improve resource
utilization. In the future, efforts should strengthen the development of environmentally friendly materials to reduce
environmental impact from the source; meanwhile, focus on integrating intelligent sensing systems for real-time
mold status monitoring, achieving precise maintenance and optimization, and promoting the development of low-

voltage electrical accessory mold manufacturing toward greener, more efficient, and intelligent directions.
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1. Introduction

In the field of cadre appointment decision-making, with the development of the times, the paradigm of cadre
appointment decision-making in government and public institutions has gradually shifted, with more emphasis on
data application. The “Regulations on the Selection and Appointment of Party and Government Leading Cadres”
promulgated in 2019 emphasize the importance of having both moral integrity and professional competence, using
morality as the first criterion for personnel selection, and the principles of democracy, openness, competition, and
merit selection, providing basic guidance for decision-making on cadre appointment. In this context, data-driven
models have important theoretical foundations. Statistical analysis, machine learning, and other technologies
can uncover the patterns and potential of cadre work. The integration of multi-source heterogeneous data, the
construction of cadre portrait systems, and the establishment of multidimensional evaluation systems also provide
support for decision-making. At the same time, issues such as privacy protection and algorithm transparency need
to be addressed to adapt to the trend of deep integration of big data and organizational personnel work.
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2. Theoretical basis for cadre appointment decision-making

2.1. Data driven cadre decision-making model

The data-driven model has an important theoretical basis in the decision-making of cadre appointment. With the
development of the times, the decision-making paradigm for the appointment of cadres in government and public
institutions is gradually shifting, with more emphasis on the application of data. Statistical analysis techniques can
quantitatively process various work data of cadres, excavate the patterns and trends of their work performance,
and provide objective basis for appointment decisions'". Machine learning technology can build predictive models
by learning and analyzing large amounts of cadre data, and predict the future development potential of cadres. The
application of these technologies in personnel management can improve the scientificity and accuracy of cadre
appointment decisions, avoid interference from human factors, and make decisions more in line with the needs of

organizational development.

2.2. Related policy and regulatory system

The decision-making of cadre appointment needs to follow a series of policy and regulatory systems. Among them,
the “Regulations on the Selection and Appointment of Party and Government Leading Cadres” is an important
basis"”. This regulation provides clear provisions on the basic principles, standard conditions, procedural methods,
etc. for the selection and appointment of cadres. It emphasizes the employment standards of both virtue and
ability, with virtue as the priority, and requires the selection and appointment process to adhere to the principles of
democracy, openness, competition, and merit based selection. These regulations provide basic guidelines for the
decision-making of cadre appointment, ensuring the scientific and fair nature of the decisions. At the same time,
other relevant policy documents have also standardized and constrained the appointment of cadres from different
perspectives, jointly forming a policy and regulatory system for cadre appointment decision-making, laying the

foundation for constructing a data application framework under institutional constraints.

3. Construction of cadre data collection and analysis system
3.1. Multi-source heterogeneous data integration

The integration of multi-source heterogeneous data such as cadre personnel files, assessment data, and training
records is the key to building a cadre data collection and analysis system. These data sources are diverse and
structurally complex, requiring the establishment of effective integration mechanisms. Firstly, it is necessary to
unify data standards to ensure consistency in format, encoding, and other aspects of data from different sources,
in order to facilitate subsequent analysis and processing”’. For example, standardizing the definition of key
information such as date of birth and educational background in the personnel files of cadres. Secondly, using data
cleaning techniques to remove duplicate, erroneous, and incomplete data can improve data quality. At the same
time, different dimensions of data are correlated through data association algorithms, such as linking assessment
data with training records, to comprehensively understand the comprehensive performance of cadres and provide

more accurate and comprehensive data support for cadre appointment decisions.

3.2. Construction of decision analysis model

To construct a cadre portrait system based on competency models and performance prediction models, it is
necessary to first determine the key indicators of competency and performance. Competencies and qualities can
cover leadership, communication skills, professional skills, and other aspects, and relevant data can be obtained
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through behavioral event interviews, questionnaire surveys, and other methods'. The performance prediction
model should consider factors such as work results and work efficiency, and analyze them in conjunction with
historical performance data. When establishing a quantitative matching algorithm between job requirements and
cadre traits, it is necessary to quantify the required abilities, qualities, and performance requirements of the job,
and to quantitatively score the various traits of the cadre. Then, the matching degree between the two is calculated
through mathematical models to provide scientific basis for cadre appointment decisions, ensuring that the abilities
and traits of cadres are highly compatible with job requirements.

4. The practical path of empowering decision-making with data

4.1. Decision requirement analysis matching

4.1.1. Dynamic modeling of personnel job matching

Building a multidimensional evaluation system for cadres that includes indicators such as political quality,
professional ability, and mass foundation is one of the important practical paths for data empowerment decision-
making. By quantitatively analyzing these indicators, we can have a more comprehensive and objective
understanding of the comprehensive quality and ability level of cadres. In terms of matching decision-making
needs analysis, it is necessary to clarify the requirements for the qualities and abilities of cadres in different
positions, match the evaluation results of cadres with job requirements, and provide scientific basis for cadre
appointment decisions. At the same time, the matching of personnel and positions should be dynamic, constantly
adjusted with changes in job requirements and the development of cadres themselves. By using data analysis
technology, the matching degree between cadres and positions can be monitored in real time, and any mismatches
can be detected and adjusted in a timely manner, thereby improving the scientificity and accuracy of cadre

appointment decisions".

4.1.2. Design of decision support system

Accurate needs analysis and matching are necessary in the decision-making process of cadre appointment.
Understand the key elements such as skills, qualities, and development potential required for the position, and
analyze the individual abilities, experiences, and development trends of the cadre to ensure effective alignment
between the two'®. Next is the design of the decision support system, which aims to build a comprehensive
database of cadre information, covering multidimensional data such as work performance and training experience.
Utilize data analysis techniques to mine the value of data and establish models for cadre competence and job
competency. Using algorithms to predict the potential of cadres and provide intelligent recommendations for job

suitability. Develop a visual decision-making platform that presents complex data and analysis results in intuitive

forms such as charts, to assist decision-makers in making quick and accurate employment decisions.

4.2. Dynamic optimization of decision implementation

4.2.1. Tracking and evaluation of appointment effectiveness

Establishing a performance feedback mechanism for the tenure cycle is the key to tracking and evaluating the
effectiveness of employment. By collecting performance data during the tenure and conducting quantitative
analysis, it provides a basis for decision-making adjustments . At the same time, a digital tracking model for the
growth trajectory of cadres is constructed, which comprehensively considers multidimensional factors such as
work results, ability improvement, and interpersonal relationships, and presents the development path of cadres
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in a visual way. By using this model, not only can we real-time understand the performance of cadres at different
stages, but we can also predict their future development trends. Timely feedback on problems that arise during the
tenure process, in order to take targeted measures such as training and job adjustments, ensure the scientific and

effective decision-making of cadre appointment, and achieve dynamic optimization of the cadre team.

4.1.2. Iterative upgrade of decision-making mechanism

The decision scheme comparison method based on A/B testing plays an important role in cadre appointment
decision-making. By testing different appointment strategies simultaneously and comparing their effectiveness
differences, a basis is provided for the continuous optimization of appointment strategies. For example, A/B
testing can be conducted on different selection criteria, training methods, or job allocation plans to observe the
work performance and development of cadres under different conditions. Based on the test results, adjust the
appointment strategy in a timely manner to better meet the development needs of the organization and the growth
patterns of cadres. This dynamic optimization process can continuously improve the scientificity and effectiveness
of cadre appointment decisions, cultivate and select better cadres for the organization, and promote the sustainable
development of the organization'™.

5. Application practice and effectiveness in government institutions

5.1. Pilot case analysis

5.1.1. Application examples of provincial government agencies

The Organization Department of a certain provincial party committee applied data analysis to the selection of
department level cadres in the cadre deployment project. The department constructs a data model to collect and
integrate multidimensional data such as work performance, educational background, and training experience of
cadres”. By analyzing data, we can uncover the potential abilities and strengths of cadres, providing scientific
basis for selection decisions. For example, in-depth analysis of performance data of cadres can clearly present
their contributions and development trends in different positions. Meanwhile, educational background and training
experience data can help evaluate the knowledge reserve and learning ability of cadres. This selection method
based on data models improves the accuracy and fairness of selection, making the selected cadres more in line

with job requirements and providing effective practical reference for cadre appointment decisions.

5.1.2. Cases of reform in public institutions

During the transformation process of a certain research institute, data analysis was fully applied in the
reconstruction of the professional and technical cadre team. By collecting and analyzing multidimensional data
such as research achievements, project experiences, and academic influence of researchers, we can accurately
identify core talents and individuals with development potential in different professional fields''”. These data
provide objective basis for cadre appointment decisions and avoid interference from human factors. For example,
when determining the key project leader, based on data analysis results, cadres with outstanding achievements in
relevant fields and rich project management experience were selected to ensure the smooth progress of the project.
At the same time, data analysis also helps to discover structural defects in the cadre team, providing direction for
subsequent talent introduction and training, and promoting the optimization and development of the professional
and technical cadre team.
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5.2. Quantitative evaluation of decision-making effectiveness

5.2.1. Analysis of employment accuracy

The accuracy analysis of personnel can use indicators such as recall rate and precision rate to evaluate the
consistency between the system’s recommended candidates and the results of organizational inspections. The
recall rate is used to measure the proportion of people recommended by the system that meet the organizational
assessment criteria to the actual total number of people who meet the criteria. It reflects the system’s ability
to comprehensively cover potential suitable candidates. Accuracy refers to the proportion of candidates
recommended by the system that are deemed suitable by the organization’s assessment, reflecting the accuracy of
the recommendation. By calculating these indicators, we can objectively understand the effectiveness of the system
in recommending cadre appointments. For example, if the recall rate is high but the accuracy rate is low, it may
mean that the system’s screening range is too wide; On the contrary, if the accuracy is high but the recall is low,
there may be situations where some suitable candidates are missed. This quantitative evaluation helps government

agencies optimize their personnel decision-making mechanisms and improve the accuracy of personnel selection.

5.2.2. Management efficiency improvement statistics

In the practical application of government agencies, by comparing and analyzing the situation of cadre inspection
work before and after data assisted decision-making, it can be clearly seen that there are significant changes in
time cost and manpower investment. In the quantitative evaluation of decision-making effectiveness, data assisted
decision-making makes the inspection work more accurate and efficient, reduces unnecessary steps and repetitive
labor, and thus shortens the time consumed in the entire inspection process. From the perspective of improving
management efficiency statistics, human resources investment has also been optimized, allowing staff to carry
out their work more targetedly, avoiding resource waste, and focusing their energy on key links and the collection
and analysis of important information. This not only improves the scientificity and accuracy of cadre appointment

decisions, but also enhances the overall management efficiency and work quality of government agencies.

5.3. Extension effect of employee services

5.3.1. Career planning support

After introducing a data analysis system in the decision-making process of cadre appointment, government
agencies have achieved significant results in extending cadre services and providing career planning support. In
the extension of cadre services, through the analysis of cadre work data, we can accurately understand the needs of
cadres, provide them with training courses and career guidance that are more suitable for personal development,
and broaden the service dimensions. In terms of career planning support, utilizing data analysis of cadres’ work
performance, ability tendencies, etc., to design personalized growth paths for cadres. The system can predict the
development potential of cadres in different positions, help them clarify their career direction, plan their career
stages reasonably, and provide scientific basis for the rational employment of personnel in government agencies,

improving overall work efficiency and the stability of the cadre team.

5.3.2. Analysis of organizational ecological optimization

The application of data analysis in decision-making for cadre appointment in government agencies has achieved
significant results in optimizing organizational ecology. In terms of age structure, by analyzing the age data of
cadres, the proportion of elderly, middle-aged and young cadres should be reasonably matched to ensure that
the leadership team has both experience and vitality. In terms of professional structure, based on the demand for
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professional skills in different positions, analyze the professional background data of cadres to enable reasonable
allocation of talents in various professions and improve work efficiency. For temperament structure, by analyzing
the personality traits and work styles of cadres through data, a highly complementary leadership team can be
formed to promote team collaboration and smooth communication. This optimization effect not only improves
the scientific decision-making and work execution of government agencies, but also creates a positive and
collaborative organizational ecological environment, laying a solid foundation for better serving employees and
society.

6. Conclusion

According to the systematic summary of research results, there has been some progress in the current decision-
making of cadre appointment based on data analysis, but there are still shortcomings. In terms of privacy
protection, the security and confidentiality of cadre data need to be strengthened; In terms of algorithm
transparency, the decision-making process is not clear enough to explain. To address these issues, an intelligent
review mechanism should be established to ensure the rationality and accuracy of data usage, while improving
explanatory models and enhancing the comprehensibility of decisions. Looking ahead to the future, the deep
integration of big data and organizational personnel work will be a development trend. This requires continuous
optimization of data processing and analysis methods, enhancing the scientific and fair nature of cadre appointment
decisions, in order to better adapt to the requirements of organizational and personnel work in the new era, and
provide strong support for the construction of the cadre team.
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Abstract: Driven by the “Dual Carbon” strategy and green building concepts, the full utilization of idle rooftops, vacant
lots, and parking lots for deploying distributed photovoltaic (PV) systems has become a key measure to enhance land
and building utilization value. From the core perspective of electrical engineering, this paper systematically constructs
a technical framework integrating “planning-operation-maintenance-guarantee” to address practical challenges such as
low energy management efficiency and poor system coordination in diverse application scenarios. The study focuses on
optimizing PV system operation mechanisms based on maximum power point tracking (MPPT), proposing integrated
PV-storage capacity matching models and dynamic energy management strategies applicable to parking lots and idle
spaces. It designs an online monitoring system for distributed PV with IoT sensors and modular emergency/replenishment
power supply solutions. Additionally, it explores intelligent operation and predictive maintenance technologies leveraging
digital twin and deep learning algorithms. Research and practice demonstrate that comprehensive application of these
technologies in system design, electrical safety, and smart scheduling significantly improves field management precision,
operational reliability, and lifecycle economic efficiency of distributed PV systems across multiple scenarios. This provides
clear technical pathways and practical references for unlocking the value of idle assets and promoting green, low-carbon

transformation in building and land utilization.
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1. Introduction

With the promulgation of the “Guidelines on Promoting the Safe and Reliable Construction of Distributed
Photovoltaic Power Generation (2023)” and the national push for renewable energy adoption, the utilization
of idle rooftops, vacant land, and parking lot canopies for distributed photovoltaic (PV) systems has garnered

significant attention. In these diverse scenarios, specific technical requirements exist across power grid integration
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needs, electrical safety standards, and the integration of PV systems with existing buildings/environment. From an
electrical engineering perspective, whether constructing efficient PV system topologies or establishing capacity
matching models for integrated PV-storage systems, the core objective remains enhancing on-site management
efficiency, operational reliability, and economic benefits of distributed PV. The policy’s introduction provides
robust support for these technical efforts, driving large-scale and high-quality development of distributed PV in
various idle resource scenarios. Building on this foundation, this paper aims to systematically analyze and explore
key technical compatibility and management optimization pathways for distributed PV across diverse application
scenarios from an electrical engineering perspective, addressing critical issues such as energy efficiency in project

development and operation, system safety and stability, and maintenance cost control.

2. Working mechanism of distributed photovoltaic and diversified application
scenarios

2.1. Analysis of electrification characteristics and requirements in diversified scenarios
When deploying distributed PV systems on large idle rooftops or vacant lots, ensuring reliable power transmission
and local consumption becomes critical ""’. These scenarios typically involve industrial facilities, warehouses,
or future planned electric equipment (e.g., charging stations) that require stable and potentially growing power
supply, demanding high grid access capacity, power quality, and system reliability. For applications like parking
lot solar shelters, electrical safety standards are particularly stringent. Given the open environment and frequent
human/vehicle traffic, PV systems and their supporting structures must feature excellent insulation, lightning
protection grounding, and mechanical safeguards to prevent accidents such as electric shocks and short circuits,
ensuring both personal and property safety. New energy PV systems integrated into these environments must meet
specific technical requirements, including structural load-bearing capacity, aesthetic harmony, and complementary
replacement of existing power loads. They must also comply with strict electrical regulations to achieve stable and
reliable co-operation with existing distribution networks and electrical infrastructure.

2.2. Theoretical framework of light-load-storage coordinated operation

From an electrical engineering perspective, constructing a distributed PV system topology based on maximum
power point tracking (MPPT) technology is crucial for revealing the dynamic coupling mechanism between
load demand and PV power generation under microgrid architectures. MPPT technology ensures PV arrays
maintain maximum power output under varying sunlight and environmental conditions, thereby improving energy
utilization efficiency. The system topology built upon this foundation organically integrates PV power generation,
diversified loads (such as building electricity consumption, electric vehicle charging stations), and energy storage
devices. In microgrid architectures, the time-varying characteristics of loads and the intermittency/volatility of
PV power generation interact with each other, creating a complex and critical dynamic coupling mechanism. In-
depth research on this mechanism enables better coordination of energy flows among sources, loads, and storage,
achieving efficient local energy utilization and optimized distribution . For example, during periods of sufficient
sunlight, PV power primarily meets local load demands, with excess energy stored in storage devices or fed into
the grid. Conversely, during periods of insufficient sunlight or peak load times, energy storage devices or the grid

supplement power supply to ensure system continuity and economic viability.

121 Volume 9, Issue 7



3. Research on photovoltaic technology adaptability in diversified scenarios

3.1. Optimization of light storage configuration in complex scenarios

In scenarios such as parking lots and vacant lots, load characteristics often exhibit diversity (e.g., base lighting,
impact loads from EV fast-charging stations), imposing higher requirements on energy supply stability, power
quality, and economic efficiency. To address this, a capacity matching model for integrated PV-storage systems
must be established, tailored to building/site characteristics. This model should comprehensively consider factors
including roof/vacant area availability, load capacity, local sunlight resources, and typical load curves (particularly
power demand characteristics of charging stations) to accurately calculate PV installation capacity and energy
storage system configurations, ensuring rational alignment of PV-storage-load "' Additionally, a dynamic energy
management strategy based on load forecasting and electricity price signals is proposed. This strategy can
coordinate PV output, energy storage charging/discharge behaviors, and load switching in real-time or proactively,
charging storage during off-peak hours or PV surplus, and discharging energy storage during peak loads or high
electricity prices. This achieves peak shaving, valley filling, improved self-sufficiency rates, and cost savings,

ultimately ensuring stable, efficient, and economical energy supply in complex application scenarios.

3.2. Development of distributed photovoltaic intelligent monitoring system

In scenarios where distributed PV systems are widely deployed, developing efficient intelligent monitoring systems
is crucial. This requires designing online monitoring devices that integrate multiple types of sensors (such as
current/voltage sensors, temperature sensors, and irradiance meters) with loT communication technologies. Such
devices enable effective collaborative management of PV array operational status and building/site information.
Leveraging 1oT’s high-efficiency data transmission and remote control capabilities, centralized, real-time, and
precise monitoring can be achieved for PV arrays distributed across various locations (e.g., multiple idle rooftops).
Key parameters include panel temperature, output power, inverter status, and environmental irradiance. Through
continuous collection, analysis, and visualization of these massive operational data, maintenance personnel can
promptly identify potential equipment failures (such as hot spots or string faults), evaluate system performance,
and implement targeted maintenance. Simultaneously, the system can collaborate with building management
systems or site monitoring platforms to provide data support for optimizing overall energy scheduling and
assessing asset power generation efficiency, thereby achieving refined and intelligent management of distributed
PV assets .

4. Operation and maintenance of distributed photovoltaic systems and emergency
support system

4.1. Flexible energy supply and energy storage system design

4.1.1. Modular photovoltaic power generation and emergency backup system

To address specific needs such as temporary power supply, system capacity expansion, or regional energy
independence, modular, mobile, or rapidly deployable PV units (e.g., PV mobile units or prefabricated modular
systems) can be developed. These systems should integrate quick deployment or plug-and-play interface
mechanisms to ensure rapid power generation when required, enhancing deployment flexibility and meeting
emergency backup or elastic expansion needs. Additionally, they should incorporate efficient multi-stage inverter
and grid/off-grid switching technologies to ensure output power quality complies with relevant standards . These

systems must also enable smooth transitions with fixed PV installations or local grids, providing uninterrupted or
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supplementary power support for critical loads. This approach improves the resilience and reliability of distributed
PV systems in responding to emergencies or load fluctuations.

4.1.2. Optimization of hybrid energy storage system

Developing hybrid energy storage architectures (e.g., supercapacitor-lithium battery systems) tailored to diverse
load characteristics is crucial for enhancing power quality and operational stability in distributed PV systems.
Supercapacitors, with their high power density and rapid response, effectively mitigate PV power fluctuations and
handle instantaneous high-power demands from shock loads like electric vehicle charging stations . Lithium
batteries, boasting high energy density, excel in time-of-use energy transfer and extended-duration power supply.
By leveraging their complementary strengths and implementing customized power compensation and energy
scheduling strategies, hybrid systems can dynamically adjust charging/discharging patterns based on real-time
system conditions, enabling hierarchical management of power and energy demands. This optimized hybrid
energy storage approach significantly improves distributed PV systems’ performance when handling variable

loads, ensures reliable power supply for critical applications, and extends the lifespan of energy storage equipment.

4.2. Smart power supply and energy dispatching technology

4.2.1. Multi-source collaborative optimization control algorithm

In the intelligent power dispatching technology of PV power supply systems, the multi-source collaborative
optimization control algorithm plays a pivotal role . This algorithm develops dynamic energy management
strategies that consider multiple factors including electricity prices, load priorities, and user preferences, thereby
achieving multi-objective optimization coordination among PV systems, energy storage, adjustable loads, and the
grid. Through this algorithm, the system can automatically determine optimal operating modes based on real-time
monitoring data and predictive information. For instance, during peak electricity demand periods, it prioritizes PV
power generation and energy storage discharge while suppressing non-critical loads. When predicting insufficient
PV output during rainy weather, it preemptively schedules energy storage charging or adjusts load operation
plans. This intelligent coordinated control not only maximizes system economic efficiency but also enhances grid
compatibility, ultimately improving overall energy utilization efficiency.

4.2.2. Rapid isolation and reconstruction strategies for system failures

In the intelligent operation and maintenance of PV systems, rapid fault isolation and reconstruction strategies are
critical ', A protection and self-healing mechanism based on fast shutdown and island detection technology must
be established to ensure personal safety and uninterrupted power supply for critical equipment. When faults (such
as insulation failures, overcurrents, etc.) or grid abnormalities are detected, protective devices should act swiftly
to precisely isolate fault points and prevent escalation. Simultaneously, based on predefined reconstruction logic,
static transfer switches and similar equipment should be utilized to rapidly reconstruct the power supply network
in non-fault areas, enabling smooth mode transitions (e.g., from grid-connected to off-grid operation). This ensures
continuous power supply for critical loads within the system, minimizes operational impacts from faults, and

enhances system availability and safety.
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5. Engineering practice and technical optimization path

5.1. Photovoltaic and building/environment integrated technology

5.1.1. Structural synergy and safety design method

In PV field management from an electrical engineering perspective, structural coordination and safety design
between PV systems and buildings/environment form the foundation. Integrated design and installation standards
for PV support structures must be established for various carriers (e.g., concrete roofs, color-coated steel roofs,
parking lot canopies, ground-mounted brackets). These standards should comprehensively consider factors such
as the structural load-bearing capacity, wind pressure resistance, snow load resistance, and corrosion environment
of the carriers to ensure the structural safety and long-term stability of PV systems . Simultaneously, the design
should balance installation and maintenance convenience, cost-effectiveness, and minimize impact on the original
building’s functionality and environmental aesthetics. Through such structural coordination design, a harmonious
integration of safety, reliability, economy, and aesthetics can be achieved, laying a solid foundation for the smooth

implementation and long-term stable operation of distributed PV projects.

5.1.2. Safe and reliable electrical connection and protection technology

In distributed PV integration, secure and reliable electrical connections coupled with comprehensive protection
technologies are critical. On one hand, it is essential to develop and apply weather-resistant, corrosion-resistant,
and highly reliable PV wiring systems and connectors suitable for various installation environments (e.g., high-
temperature and humid roofs, vibration-prone carports), ensuring long-term stability and safety of electrical
connections under harsh conditions. Waterproofing, dustproofing, and UV aging protection for connection points
must strictly adhere to the highest standards. On the other hand, a robust electrical safety protection system must
be established, including but not limited to proper grounding system design, precise insulation coordination,
reliable lightning and surge protection, as well as necessary arc fault detection and rapid disconnection functions.
This comprehensive approach ensures electrical safety throughout the system’s lifecycle, preventing accidents

such as fires and electric shocks .

5.2. Development of intelligent operation and maintenance management system

5.2.1. Digital twin platform development

From an electrical engineering perspective, the digital twin platform for distributed PV systems serves as the
cornerstone of intelligent operation and maintenance. By establishing a lifecycle management platform that
integrates Building Information Modeling (BIM), Geographic Information Systems (GIS), real-time/historical
power generation data, and equipment status data, it enables precise mapping and bidirectional interaction between
physical systems and virtual models. Leveraging the 3D visualization, data integration, and simulation capabilities
of digital twin technology, managers can intuitively grasp the global distribution and real-time operational status
of distributed PV assets, accurately locate faults, and analyze root causes. The platform also supports system
performance evaluation, operational strategy optimization, and maintenance plan simulation based on the
model. By bridging energy flow and information flow, it provides robust support for refined and predictive asset

management, ultimately enhancing operational efficiency and return on investment.

5.2.2. Application of predictive maintenance algorithm
In PV field management, data-driven predictive maintenance algorithms are essential for reducing operational

costs and improving system availability. These models, built on machine learning techniques (e.g., deep learning,
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time series analysis), evaluate the health status and predict failures of critical components like modules, inverters,
and cable connections. Trained with historical operational data (current, voltage, power, insulation resistance),
environmental metrics (temperature, humidity, irradiance), and maintenance records, they learn equipment
degradation patterns and early warning signs. By comparing real-time data with predictive models, potential risks,
such as abnormal module performance, loose connections, or inverter anomalies, can be identified early. The
system generates alert tickets to guide maintenance teams in targeted interventions, shifting from reactive repairs
to proactive protection. This approach effectively prevents power generation losses and severe equipment damage,

ultimately extending system lifespan.

5.3. Standard system and safety assurance

5.3.1. Comprehensive electrical safety protection standards

From an electrical engineering perspective, establishing a comprehensive electrical safety standard system
covering all distributed PV scenarios serves as the cornerstone for the industry’s healthy development. It is
essential to formulate and refine safety technical specifications for system design, equipment selection, installation
acceptance, and operation maintenance across various application scenarios (residential, commercial, industrial,
parking lots, etc.). Key aspects include system grounding and equipotential bonding standards, insulation
resistance monitoring requirements, DC arc fault detection and interruption requirements, anti-reverse current and
island protection configurations, as well as interconnection requirements with building fire protection systems.
Through standardized safety constraints, potential hazards can be minimized to the greatest extent, ensuring the
safety of personnel and property, and promoting the standardized and sustainable development of the distributed
PV market.

5.3.2. Optimization of intelligent emergency response mechanism

From an electrical engineering perspective, optimizing emergency response mechanisms for distributed PV
systems is a critical component in enhancing system resilience. It is essential to refine contingency plans covering
various typical faults (such as equipment failures, grid anomalies, and natural disasters). These plans should
clearly define fault reporting procedures, on-site response protocols, personnel assignments, and safety measures,
with regular drills conducted. Conversely, the data analysis and remote control capabilities of intelligent operation
and maintenance platforms should be fully utilized to establish rapid response processes based on real-time status
awareness and intelligent decision-making. When system anomalies occur, the platform can automatically trigger
alerts, conduct preliminary fault analysis, and assist in generating or executing partial handling commands (e.g.,
remotely isolating fault points). This significantly improves the speed and accuracy of emergency responses,

minimizing outage duration and losses to the greatest extent.

6. Conclusion

From an electrical engineering perspective, advancing high-quality development of new energy PVs in scenarios
like idle rooftops, vacant lots, and parking lots requires meticulous on-site management and technological
innovation. This paper systematically explores and proposes a comprehensive technical approach encompassing
“source-load-storage coordination, intelligent operation and maintenance, and safety assurance.” Practical
experience demonstrates that through deep integration and application of technologies such as maximum power
point tracking, PV-storage coordinated configuration, IoT monitoring, digital twin, and predictive maintenance,
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distributed PV systems can effectively enhance energy output, operational reliability, safety levels, and lifecycle
economics. The evolutionary path of distributed PV systems based on digital grid and intelligent technology
development represents a crucial exploration aligning with energy revolution trends. The primary contribution
of this paper lies in systematizing and contextualizing electrical engineering technologies for diverse distributed
PV implementation scenarios. The proposed models, strategies, and system solutions provide practical technical
support and operational guidance for unlocking the value of customers’ idle assets and achieving green, low-
carbon transformation in building and land utilization. Continuous innovation and integrated application of these
technologies will not only improve on-site management of distributed PVs but also inject strong momentum into

building new power systems and realizing sustainable development goals.
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1. Introduction

In the global landscape of growing emphasis on energy conservation and sustainable development, office
buildings, being major energy-consumers, have become a focal point. The operation of their electrical engineering
facilities directly impacts occupant comfort, productivity, and energy consumption. In this context, the EU’s
“Renewable Energy Directive II” (2018) aims to boost the share of renewable energy in the building sector,
emphasizing energy-efficient operation of facilities. Meanwhile, scientific evaluation methods such as fuzzy
analytic hierarchy process (AHP) and entropy weight models have been increasingly applied to assess building
energy efficiency, providing a solid foundation for optimizing energy-saving strategies !". This research delves
into evaluating the operational status of office building electrical facilities and proposes energy-saving control
measures. By analyzing key performance indicators, real-time monitoring approaches, and more, it provides a
comprehensive understanding, striving to contribute to the energy-saving and sustainable development of the

office building industry in line with the policy’s spirit.
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2. Operational status evaluation of electrical facilities

2.1. Key performance indicators

For the operational status evaluation of electrical facilities in office buildings, several key performance indicators
play a crucial role. Load distribution patterns are one of the important metrics. In office buildings, different areas
such as offices, meeting rooms, and corridors have distinct load demands at various times. Understanding these
patterns helps in optimizing the power supply and distribution system, ensuring efficient utilization of electrical
resources .

Power quality parameters are also significant. Total Harmonic Distortion (THD) reflects the distortion degree
of the electrical waveform. High THD can cause additional losses in electrical equipment, reduce its lifespan,
and even affect the normal operation of sensitive devices. Power Factor (PF) measures the efficiency of power
utilization. A low PF means more reactive power is consumed, increasing the burden on the power grid and
potentially leading to higher electricity costs.

Equipment efficiency benchmarks are essential indicators as well. In office buildings, electrical equipment
like air-conditioners, lighting systems, and office appliances consume a large amount of electricity. Setting
efficiency benchmarks for these devices helps in evaluating their energy-using performance. High-efficiency
equipment not only reduces energy consumption but also contributes to cost-savings and environmental
friendliness. By comprehensively considering these key performance indicators, a more accurate and in-depth

evaluation of the operational status of electrical facilities in office buildings can be achieved.

2.2. Real-time monitoring approaches

To achieve a comprehensive and accurate operational status evaluation of electrical facilities in office buildings,
real-time monitoring is of great significance. loT-based sensor networks play a pivotal role. These sensors can
be strategically installed at various key points of electrical facilities, such as near transformers, circuit breakers,
and electrical distribution panels . They are capable of continuously collecting a wide range of data, including
voltage, current, power consumption, and temperature. This data provides crucial insights into the normal
operation and potential malfunctions of the facilities.

SCADA (Supervisory Control and Data Acquisition) systems also contribute significantly to real-time
monitoring. They integrate data from multiple sensors and present a unified view of the electrical facility’s
operation status. SCADA systems can not only monitor the real-time data but also control the operation of
electrical facilities remotely in some cases. This allows for timely adjustment of the operation parameters
according to the actual situation, ensuring the stable and efficient operation of electrical facilities.

In addition, predictive maintenance data acquisition methods are essential for real-time monitoring. By
analyzing historical operation data and equipment performance characteristics, predictive models can be
established. These models can predict potential failures of electrical facilities in advance, enabling maintenance
personnel to take preventive measures before a breakdown occurs. This not only reduces downtime but also
extends the service life of electrical facilities, thereby improving the overall operational efficiency of office
building electrical systems.

3. Energy consumption patterns analysis
3.1. Baseline energy usage characteristics

The baseline energy usage characteristics of electrical engineering facilities and equipment in office buildings

128 Volume 9, Issue 7



are crucial for understanding overall energy consumption patterns. By investigating the daily and weekly load
profiles, significant insights can be obtained. For instance, during weekdays, the load of heating, ventilation,
air-conditioning (HVAC) systems usually peaks in the middle of the day as the indoor temperature needs to be
maintained at a comfortable level for office workers. Lighting systems also show a pattern of high usage during
working hours, especially in areas without sufficient natural light. IT infrastructure, such as computers and servers,
may have a relatively stable load throughout the day due to continuous operation requirements.

Seasonal variations play a vital role as well. In hot summer months, the energy consumption of HVAC
systems surges to combat the high outdoor temperature, while in cold winter, heating systems consume a large
amount of energy. On the contrary, in spring and autumn when the outdoor temperature is more moderate, the
energy demand for temperature regulation reduces.

Operational patterns of different equipment also contribute to the baseline energy usage. For example, some
HVAC units may operate in a constant-volume mode, consuming more energy compared to variable-volume
systems. Lighting fixtures with inefficient control strategies may remain on even when not needed. Understanding
these baseline characteristics provides a foundation for evaluating the operation status and formulating effective

energy-saving control measures for electrical engineering facilities and equipment in office buildings .

3.2. Energy inefficiency hotspots
Through energy audits and regression analysis of historical operation data, several energy inefficiency hotspots in
office building electrical engineering facilities and equipment can be identified. One of the prominent hotspots is
the lighting system. In many office spaces, lighting fixtures may be left on during unoccupied hours, either due to
lack of proper occupancy sensors or ineffective control strategies. Additionally, the use of traditional incandescent
or halogen bulbs, which are less energy-efficient compared to LED alternatives, can significantly contribute to
higher energy consumption "',

Another area of concern is the HVAC system. Improperly calibrated thermostats can lead to over-cooling
or over-heating of office spaces. For example, in some buildings, the HVAC system may be set to maintain a
temperature that is either too low in summer or too high in winter, wasting a large amount of energy. Additionally,
leaky ductwork in the HVAC system can cause significant energy losses as conditioned air escapes before reaching
the intended areas.

Office equipment such as computers, printers, and copiers also present energy inefficiency issues. Many of
these devices are left in standby mode, consuming power even when not in active use. Moreover, outdated models
of office equipment often have lower energy-efficiency ratings, resulting in unnecessary energy consumption over

time.

4. Assessment framework development

4.1. Multi-criteria evaluation model
4.1.1. Hybrid fuzzy-AHP methodology
The hybrid fuzzy-AHP methodology combines the AHP and fuzzy set theory. AHP is a structured technique for
organizing and analyzing complex decisions by breaking them down into a hierarchy of sub-problems. It allows
for the pairwise comparison of elements within each level of the hierarchy to determine their relative importance.
However, traditional AHP may face challenges when dealing with the inherent vagueness and uncertainty in real-

world evaluation problems.
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This is where the fuzzy set theory comes into play. Fuzzy set theory can handle the imprecise and ambiguous
information effectively. By integrating it with AHP, the hybrid fuzzy-AHP methodology can better capture the
uncertainty in the evaluation of the operation status of electrical engineering facilities and equipment in office
buildings. For example, when evaluating technical, economic, and environmental dimensions, some factors may be
difficult to measure precisely, such as the long-term environmental impact perception. Fuzzy-AHP can use fuzzy
linguistic variables (like “very high,” “high,” “medium,” etc.) to represent these subjective evaluations. Followed
by that, through a series of mathematical operations, including fuzzy aggregation and defuzzification, the final
evaluation results can be obtained, which are more in line with the actual situation. This approach has been widely
used in similar evaluation research, providing a more comprehensive and accurate assessment framework for the

operation status of office building electrical facilities and equipment ‘.

4.1.2. Dynamic weighting mechanism

In the dynamic weighting mechanism of the multi-criteria evaluation model for assessing the operation status of
electrical engineering facilities and equipment in office buildings, an adaptive weighting strategy is implemented,
taking into account equipment aging and changes in usage patterns . Equipment aging is a crucial factor as it
can gradually degrade the performance of electrical facilities. Older equipment may consume more energy, have
a higher failure rate, and thus require a higher weight in the evaluation to reflect its potential impact on overall
operation status. For instance, the insulation of wires may deteriorate over time, increasing the risk of electrical
leakage and affecting energy efficiency.

Changes in usage patterns also play a significant role. Office buildings may experience different occupancy
rates at various times, such as high usage during working hours and low usage at night or on weekends.
Additionally, the types of electrical equipment in use may vary. For example, in modern office settings, the
increasing adoption of high-performance computing devices for tasks like data analysis has changed the power
consumption pattern. By adjusting weights dynamically according to these usage pattern changes, the evaluation
can more accurately reflect the real-time situation of equipment operation. This dynamic weighting mechanism
enables a more comprehensive and precise assessment of the operation status of electrical engineering facilities

and equipment, providing a more solid foundation for formulating energy-saving control measures.

4.2. Case study validation

4.2.1. Prototype implementation

To demonstrate the practical application of the developed assessment framework, a prototype implementation was
carried out in LEED-certified office buildings integrated with Building Energy Management Systems (BEMS).
The assessment framework was tailored to the specific characteristics of these office buildings. Parameters such
as electrical equipment usage patterns, energy consumption profiles, and environmental conditions were carefully
analyzed. Then, the BEMS was utilized to collect real-time data related to the operation status of electrical
engineering facilities and equipment. This data was fed into the prototype system, which processed and analyzed
it according to the assessment framework. For example, it calculated energy-related indicators like power factor,
energy efficiency ratio, and identified potential areas for energy-saving. Through continuous monitoring and
adjustment, the prototype was able to provide practical guidance on energy-saving control measures. For instance,
it could suggest optimal operation schedules for lighting systems based on occupancy and daylight availability.
The results of this prototype implementation not only validated the effectiveness of the assessment framework
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but also provided a reference for similar office buildings to improve their energy-saving performance. The data

collected and analyzed also contributed to further refinement of the framework in the future *'.

4.2.2. Comparative performance analysis

Comparative performance analysis benchmarks the results against ASHRAE standards and ENERGY STAR
ratings. ASHRAE standards provide a comprehensive set of guidelines for building energy performance, covering
aspects such as HVAC systems, lighting, and building envelope design . By comparing the operation status
of electrical engineering facilities and equipment in office buildings with these standards, it becomes possible
to identify areas of compliance and non-compliance. For example, ASHRAE’s Standard 90.1 sets minimum
energy-efficiency requirements for commercial buildings. If a building’s HVAC system fails to meet the specified
efficiency levels in this standard, it indicates a potential area for improvement.

ENERGY STAR ratings, on the other hand, are more consumer- and market-oriented. They serve as a mark of
energy-efficient products and buildings. Office buildings that meet ENERGY STAR criteria demonstrate superior
energy performance compared to their peers. When evaluating the operation status of electrical engineering
facilities, the ENERGY STAR ratings can be used as a reference to determine whether the building is among the
more energy-efficient ones in the market. This comparative analysis not only helps in understanding the current
performance of the office building’s electrical facilities but also provides a basis for formulating energy-saving
control measures, aiming to bring the building’s performance in line with or exceed these recognized benchmarks.

5. Energy-efficient control strategies

5.1. Adaptive optimization techniques

5.1.1. Variable frequency drive applications

Variable frequency drive (VFD) applications play a crucial role in optimizing the energy-efficiency of motor-
driven equipment in office building electrical engineering facilities. VFDs are devices that can adjust the speed of
an electric motor by varying the frequency and voltage of the power supplied to it. This flexibility enables motors
to operate at the most appropriate speed according to the actual load requirements, rather than running at a fixed
speed regardless of the load .

In office buildings, many motor-driven systems, such as ventilation fans, water pumps, and elevator motors,
often operate under varying loads. For example, during off-peak hours in an office building, the demand for
ventilation and water supply is lower. By installing VFDs, these motors can reduce their speed, consuming less
electrical energy without sacrificing the necessary functionality.

The implementation of VFDs also helps in reducing mechanical stress on the motors and associated
equipment. When a motor starts and stops frequently at full speed, it experiences significant wear and tear. VFDs,
however, allow for soft-starting and soft-stopping, gradually ramping up or down the motor speed. This not only
extends the lifespan of the motor but also reduces maintenance costs over time. Moreover, VFDs can be integrated
with building automation systems, enabling centralized control and monitoring. This integration allows facility
managers to fine-tune the operation of motor-driven equipment based on real-time data, further enhancing energy-
efficiency and overall system performance.

5.1.2. Predictive lighting control

Predictive lighting control in office buildings is a crucial aspect of energy-efficient control strategies. By
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leveraging adaptive optimization techniques, this approach can significantly reduce energy consumption while
maintaining a comfortable visual environment.

Predictive lighting control systems use sensors and algorithms to anticipate lighting needs. For instance,
occupancy sensors detect the presence or absence of people in different areas of the office. These sensors can be
combined with daylight-harvesting algorithms. Daylight-harvesting algorithms analyze the amount of natural light
available through windows. By integrating these two elements, the system can adjust the artificial lighting levels
accordingly.

When the occupancy sensors detect that an area is unoccupied, the lighting can be dimmed or turned
off completely. In occupied areas, if there is sufficient natural light as determined by the daylight-harvesting
algorithms, the artificial lighting can be dimmed to a lower level. This not only saves energy but also reduces the
heat generated by artificial lights, thus lessening the load on the air-conditioning system.

Moreover, predictive lighting control can adapt to different times of the day and seasons. In the morning when
the sun is rising, the system can gradually increase the artificial light levels as the natural light is still relatively
weak. As the day progresses and the natural light becomes stronger, the artificial lights can be dimmed. During the
evening, when the natural light fades, the artificial lights can be adjusted to full brightness. Through such dynamic
and predictive control, office buildings can achieve a high level of energy efficiency in their lighting operations ",
5.2. Smart grid integration
5.2.1. Demand response implementation
Demand response implementation in the context of energy-efficient control strategies for office building electrical
engineering facilities and equipment involves developing automated load shedding protocols synchronized with
utility pricing signals "*. This approach aims to encourage office building occupants to adjust their electricity
consumption patterns in response to changes in electricity prices.

When utility pricing signals indicate high-cost periods, the automated load shedding protocols will be
activated. For example, non-critical electrical equipment such as some decorative lighting, certain office appliances
that are not in immediate use, can be automatically switched off or their power consumption reduced. By doing so,
the overall electricity demand of the office building can be effectively decreased during peak-price hours, thereby
reducing electricity costs.

On the other hand, when the utility pricing signals show low-cost periods, the system can be programmed to
gradually restore the operation of these non-critical loads. This not only helps in cost-savings but also optimizes the
use of electrical energy. To ensure the smooth implementation of these protocols, it is essential to have a reliable
communication infrastructure between the office building’s electrical control system and the utility’s pricing
signal transmission system. Additionally, proper user education and awareness campaigns can also play a crucial
role. Occupants need to understand how these load shedding actions contribute to the overall energy-efficiency
and cost-effectiveness of the office building, so as to gain their support and cooperation in the implementation of
demand response strategies.

5.2.2. Energy storage coordination

Energy storage coordination is a crucial aspect within the realm of energy-efficient control strategies for office
building electrical engineering facilities and equipment. Energy storage systems play a pivotal role in enhancing
the overall efficiency of the power system. These systems can store excess electrical energy during off-peak hours
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or when renewable energy sources, such as solar panels on the office building’s rooftop, generate surplus power.

By coordinating energy storage with the smart grid integration, office buildings can achieve better power
management. For example, during peak demand periods, the stored energy can be released to meet the high
electricity requirements of office equipment, lighting, and air-conditioning systems, reducing the reliance on the
grid and potentially lowering electricity costs.

The design of battery management systems for peak shaving and renewable energy utilization is key here.
These battery management systems need to be carefully configured to monitor and control the charging and
discharging processes of energy storage devices. They ensure optimal utilization of the stored energy, taking
into account factors like battery health, state-of-charge, and the real-time power demands of the office building.
Through such coordination, not only can the office building’s electrical engineering facilities operate more
efficiently, but it also contributes to a more stable and sustainable power supply from the smart grid perspective.
This approach aligns with the broader goals of energy-saving and environmental friendliness in the operation of
office buildings, as emphasized in relevant research ",

5.3. Cost-benefit analysis

5.3.1. Investment recovery models

Investment recovery models play a crucial role in evaluating the economic viability of energy-efficient control
strategies in office building electrical engineering facilities and equipment. By using life-cycle cost analysis,
payback periods for different retrofitting scenarios can be calculated "', These models take into account not only
the initial investment for implementing energy-efficient measures such as upgrading lighting control systems or
installing more efficient HVAC controls, but also the long-term operational costs and energy savings.

For example, if an office building invests in a smart lighting control system that can automatically adjust
brightness based on ambient light and occupancy. The initial investment might be relatively high, including the
cost of new sensors, controllers, and software. However, over time, significant energy savings can be achieved by
reducing unnecessary lighting usage. The investment recovery model would then calculate how long it would take
for the cumulative energy savings to offset the initial investment.

This calculation is essential for decision-makers as it provides a clear picture of when the investment in
energy-efficient control strategies will start to yield positive returns. Moreover, it helps in comparing different
retrofitting scenarios. A more expensive energy-efficient measure might have a longer payback period but could
also result in greater long-term savings and environmental benefits. Thus, investment recovery models, based on
life-cycle cost analysis, are valuable tools for optimizing the economic performance of energy-efficient upgrades

in office building electrical engineering facilities.

5.3.2. Carbon emission reduction assessment
In the context of evaluating the operation status and implementing energy-saving control measures for electrical
engineering facilities and equipment in office buildings, carbon emission reduction assessment is of great
significance. This assessment quantifies the environmental benefits achieved through avoided energy consumption
calculations '*,

By implementing energy-efficient control strategies, such as optimizing the operation of lighting systems,
HVAC systems, and office equipment, the energy consumption of office buildings can be significantly reduced.

Since most of the electricity used in buildings is generated from fossil-fuel-based power plants, reducing electricity
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consumption directly leads to a decrease in carbon emissions.

The assessment process involves first calculating the amount of energy saved by each energy-efficient
control measure. For example, if a new lighting control system reduces the electricity consumption of a floor in an
office building by 100 kWh per month. Then, based on the carbon emission factor of the local power grid (which
represents the amount of carbon dioxide emitted per unit of electricity generated), the corresponding reduction in
carbon emissions can be determined. If the carbon emission factor is 0.8 kg CO2/kWh, then the monthly carbon
emission reduction due to this lighting control system is 80 kg COs.

This kind of carbon emission reduction assessment not only provides a clear understanding of the
environmental impact of energy-efficient control strategies but also helps decision-makers to better evaluate the
overall contribution of these measures in the fight against climate change. It also serves as an important metric for
comparing different energy-saving solutions and guiding the continuous improvement of energy-saving practices

in office buildings.

6. Conclusion

In conclusion, this research has developed a comprehensive evaluation framework for the operation status of
electrical engineering facilities and equipment in office buildings. This framework integrates multiple aspects,
enabling a more accurate and in-depth understanding of the operation state of these facilities. By analyzing various
factors, we have been able to identify areas of improvement and potential energy-saving opportunities. The
proposed energy-saving control measures have been verified to have significant energy-saving potential. However,
their implementation is not without challenges. These include issues such as high initial investment, complex
system integration, and lack of relevant technical standards. Overcoming these obstacles requires the joint efforts
of multiple parties, including building owners, equipment manufacturers, and government departments. Looking
ahead, intelligent building energy management systems will play a crucial role in the future of office building
energy conservation. Future research should focus on further improving the intelligence and adaptability of these
systems. This could involve developing more advanced algorithms for real-time monitoring and control, as well
as promoting the integration of new energy technologies. Additionally, more attention should be paid to the long-
term economic and environmental benefits of these energy-saving measures. Through continuous exploration
and innovation, we can achieve more efficient energy utilization in office buildings and contribute to sustainable

development goals.

Disclosure statement

The author declares no conflict of interest.

References

[17 LiX, Wang Y, Zhang H, 2020, A Comprehensive Evaluation Method for Building Energy Efficiency based on Fuzzy
AHP and Entropy Weight Method. Energy and Buildings, 2020(207): 109599.

[2] Chen Z, Liu G, Zhang Q, 2021, IoT-based Real-Time Monitoring System for Building Energy Management.
Automation in Construction, 2021(127): 103701.

[3] WangJ, Zhou P, Li R, 2019, Dynamic Energy Consumption Analysis of Office Buildings Using Smart Meter Data.

134 Volume 9, Issue 7



[10]

[11]

Applied Energy, 2019(242): 1363—1374.

Zhang Y, Li S, Liu Y, 2022, Multi-Criteria Decision Making for Energy-Efficient Building Retrofitting. Sustainable
Cities and Society, 2022(76): 103438.

Guo F, Zhang L, Wang H, 2020, Variable Frequency Drive Optimization in HVAC Systems: A Case Study of
Commercial Buildings. Energy Conversion and Management, 2020(205): 112409.

Hu M, Li X, Yang L, 2021, Predictive Lighting Control Systems Using Occupancy Detection and Daylight
Harvesting. Building and Environment, 2021(188): 107488.

Liu S, Chen J, Zhou Y, 2022, Demand Response Strategies for Office Buildings in Smart Grid Environments. Energy,
2022(239): 122156.

Kim T, Park J, Cho S, 2021, Battery Energy Storage System Coordination for Peak Load Shaving. Renewable
Energy, 2021(163): 1817-1828.

Xu L, Wang S, Zhang G, 2020, Life-Cycle Cost Analysis of Energy Retrofitting Measures in Office Buildings.
Journal of Cleaner Production, 2020(257): 120539.

Zhao M, Liu Y, Li C, 2019, Carbon Emission Assessment Model for Building Energy Systems. Energy Policy,
2019(133): 110901.

Almeida L, Tam V, So S, 2022, Benchmarking Energy Performance of Electrical Facilities Using ASHRAE
Standards. Energy Reports, 2022(8): 1021-1032.

Khan A, Asif M, Javed H, 2020, SCADA-based Predictive Maintenance Framework for Electrical Equipment. IEEE
Transactions on Industrial Informatics, 16(5): 2953-2962.

Yang H, Zhang X, Wang Q, 2021, Dynamic Weighting Method for Aging Equipment Performance Evaluation.
Mechanical Systems and Signal Processing, 2021(150): 107264.

Geng Y, Ji C, Lin B, 2022, Energy-Saving Potential Analysis Using Hybrid Data-Driven Approaches. Energy,
2022(238): 121736.

Feng W, Zhang Y, Li P, 2019, Comparative Study of Energy Management Systems in LEED-Certified Buildings.
Building Simulation, 12(6): 1023-1035.

Publisher’s note

Bio-Byword Scientific Publishing remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

135 Volume 9, Issue 7



Journal of Electronic Research and Application, 2025, Volume 9, Issue 7
http://ojs.bbwpublisher.com/index.php/JERA

- ISSN Online: 2208-3510
BIQ -BYWORD

IENTIFIC PUBLISHING PTY LTD

High-Frequency Analog Signal Processing in
Integrated Circuits

Zhuoqing Wu*
Beijing Simicroelectronics Co., Ltd., Shenzhen 518000 Guangdong, China

*Author to whom correspondence should be addressed.

Copyright: © 2025 Author(s). This is an open-access article distributed under the terms of the Creative Commons Attribution License
(CC BY 4.0), permitting distribution and reproduction in any medium, provided the original work is cited.

Abstract: This paper focuses on high-frequency analog signal processing in integrated circuits, encompassing key
aspects such as electromagnetic wave propagation in semiconductor media, device modeling, circuit architecture, noise
modeling, and power integrity. It analyzes the influence of these factors on signal processing performance and discusses
corresponding technical approaches. In addition, the paper addresses representative applications in 5G communications,
automotive radar, and medical imaging systems. Future research directions in high-frequency analog integrated circuit

design are also discussed.

Keywords: High-frequency analog signal processing; Integrated circuits; Circuit architecture

Online publication: December 31, 2025

1. Introduction

With the rapid development of modern science and technology, such as the 5G related policies issued in 2019 to
promote the continuous upgrading of communication technology, high-frequency analog signal processing has
become crucial in many fields. In the field of integrated circuits, high-frequency analog signal processing is closely
related to the propagation characteristics of electromagnetic waves in semiconductor media, the establishment
of high-frequency equivalent circuit model of devices, and the analysis of various high-frequency analog circuit
architectures. At the same time, in the communication system, high-frequency analog signal processing plays a key
role in the design of 5G millimeter wave front-end and the application of carrier aggregation technology, the signal
generation and multi-target detection algorithm of automotive radar system, as well as the ultrasonic probe driving
circuit and bioelectrical signal acquisition of medical imaging equipment, and faces many technical challenges and

research directions.
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2. Theoretical basis of high frequency analog signal processing

2.1. Analysis of high frequency signal transmission characteristics

The propagation of electromagnetic wave in semiconductor medium follows Maxwell equations. In the case
of high frequency, the conductivity and dielectric constant of semiconductors will have a significant impact on
the propagation characteristics. Skin effect is a phenomenon that cannot be ignored in high-frequency signal
transmission. With the increase of frequency, the current tends to flow on the surface of the conductor, resulting
in the increase of the effective resistance of the conductor, and then affecting the amplitude and phase of the
signal !, Dielectric loss also has an important impact on signal integrity, which will make the signal energy
gradually attenuate in the transmission process. In order to accurately describe the behavior of high-frequency
signals in the transmission line, it is necessary to establish the transmission line model. The model considers the
distributed parameters of transmission lines, such as inductance, capacitance and resistance, and can effectively
analyze the reflection, refraction and transmission delay of signals.

2.2. Physical model of semiconductor devices

MOSFET and BJT are commonly used semiconductor devices in integrated circuits. In the high-frequency
working state, its characteristics will change, so it is necessary to establish an equivalent circuit model to
accurately describe it. For MOSFET, considering the capacitance effect at high frequency, such as the capacitance
between gate and channel, these capacitors will affect the signal transmission and processing. By analyzing the
physical process of the device, the high frequency equivalent circuit model can be derived . The same is true
for BJT. The carrier motion in BJT will be affected by many factors at high frequencies, such as base width
modulation effect. Transconductance parameter is an important index to describe the performance of devices.
At high frequency, it has a nonlinear relationship with the frequency response. This is because with the increase
of frequency, various parasitic parameters such as capacitance and inductance inside the device begin to work,
changing the transmission characteristics of the signal, resulting in the nonlinear changes of transconductance

parameters and frequency response.

3. Design method of high frequency analog circuit
3.1. Low noise amplifier architecture

Common source common gate structure and differential amplifier structure are common low noise amplifier
architectures in high frequency analog circuits. The cascode structure has high gain and good isolation
performance, but the noise figure may be relatively high. Differential amplifier has advantages in suppressing
common mode noise, but there may be bandwidth limitation in some high frequency applications. By comparing
the noise figure of the two structures, we can better understand their performance characteristics in different
application scenarios. The design method of broadband low noise based on current reuse technology is an effective
improvement method. This method can improve the bandwidth of the amplifier and reduce the noise figure without
increasing too much power consumption, so as to improve the performance of the whole circuit. It is suitable for

the design of high-frequency analog circuits with high requirements for noise and bandwidth ',

3.2. Mixer linearity optimization
As a common mixer structure, the nonlinear distortion of Gilbert cell has a significant impact on the linearity
of mixer. By studying the nonlinear distortion mechanism, the key to optimize the linearity can be found. The
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harmonic balance equation is an effective method, which can accurately describe the nonlinear behavior in the
circuit and provide a theoretical basis for analysis and optimization. Based on the results of harmonic balance
equation, a predistortion compensation network is designed to compensate the nonlinearity of Gilbert cell. The
predistortion compensation network can make the output signal after passing through the Gilbert cell closer to
the ideal linear output by introducing the distortion component opposite to the nonlinear distortion into the input

signal. This method has important application value in improving the linearity of mixer .

4. Breakthroughs in key technologies of high-frequency circuits

4.1. Noise suppression technology

4.1.1. Substrate coupling noise modeling

The establishment of three-dimensional electromagnetic field simulation model is an important means of substrate
coupling noise modeling. Through this model, the interference path of substrate noise to RF front-end can be
accurately and quantitatively analyzed. The physical properties and electrical parameters of the substrate should
be considered, which have a significant impact on the noise propagation. At the same time, it is necessary to
accurately model the RF front-end components, including transistors, inductors, capacitors, etc., to reflect their
behavior at high frequencies. In the model, the coupling effect between different components and the influence
of substrate noise on the performance of RF front-end through these coupling paths should also be considered.
Through the establishment and analysis of this model, we can deeply understand the generation mechanism
and propagation characteristics of substrate coupling noise, and provide a theoretical basis for subsequent noise
suppression technology .

4.1.2. Power integrity optimization

In the aspect of power integrity optimization, the design of distributed decoupling capacitor array is one of the
key technologies. By reasonably distributing decoupling capacitors, the noise of power supply can be effectively
reduced and the stability of power supply can be improved. This design can suppress the power supply noise
at different positions to avoid excessive local noise affecting the circuit performance . Concurrently, a power
network impedance matching method based on transfer matrix is proposed. By accurately calculating and adjusting
the impedance of the power network, the method makes it match with the load impedance. This can reduce signal
reflection, improve power transmission efficiency, further ensure the normal operation of high-frequency circuit,

and provide a stable power environment for high-frequency analog signal processing.

4.2. Power management strategy

4.2.1. Adaptive bias control

Adaptive bias control is very important in the power management strategy of high frequency circuits. By
developing a dynamic threshold voltage regulation algorithm, the real-time optimization of power amplifier
efficiency with signal envelope can be realized. This adaptive control method can dynamically adjust the bias
according to the real-time changes of the signal, so that the power amplifier can maintain high efficiency under
different signal strengths. On one hand, it avoids excessive power consumption caused by fixed bias at low signal
strength. On the other hand, it can also ensure the normal operation and efficient operation of the amplifier under
high signal strength. This technological breakthrough provides an effective solution for the power management

of high-frequency circuits and helps to improve the performance and energy efficiency ratio of the whole high-
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frequency circuit system ",

4.2.2. Temperature compensation circuit

In order to solve the problem of temperature drift in high frequency circuits, a cross temperature stability
compensation scheme combining bandgap reference and thermistor network is designed. The bandgap reference
has the characteristic that the output voltage is basically constant within a certain temperature range, and can
provide a stable reference voltage "*'. The thermistor network can sense the change of temperature and cooperate
with the bandgap reference through reasonable circuit design. When the temperature increases or decreases,
the resistance value of the thermistor changes, and then the current or voltage in the circuit is adjusted to keep
the performance parameters of the whole circuit relatively stable. This combination method can effectively
compensate the circuit parameter deviation caused by temperature change in a wide temperature range, and
improve the stability and reliability of high-frequency circuit in different temperature environments.

5. Analysis of typical application scenarios

5.1. 5G communication system

5.1.1. Millimeter wave front end design

In 5G communication system, millimeter wave front-end design is very important. Taking a 28 ghz band four
channel beamforming transceiver as an example, it integrates a phase shifter and a variable gain amplifier module.
In the millimeter wave band, due to the shorter wavelength, higher antenna gain and smaller antenna size can be
achieved, which provides good conditions for the application of multi antenna technology. By adjusting the phase
and amplitude of each antenna element in the antenna array, beamforming technology can realize the directional
transmission and reception of signals, and improve the performance and capacity of the communication system.
The phase shifter is used to precisely control the phase of the signal, and the variable gain amplifier module can
adjust the amplitude of the signal. This integrated design can better meet the requirements of 5G communication
system for high speed, large capacity and low delay, and improve the reliability and effectiveness of millimeter

. . 9
wave band communication .

5.1.2. Carrier aggregation technology

In 5G communication system, carrier aggregation technology has important applications. Taking the development
of a reconfigurable low noise amplifier supporting 3.5 ghz + 4.9 ghz dual band concurrent operation as an
example, carrier aggregation technology can realize the integration of multiple bands. Through this technology,
carrier resources of different frequency bands can be aggregated to improve spectrum utilization ", In this
scenario of dual band concurrent operation, the reconfigurable low noise amplifier uses carrier aggregation
technology to effectively reduce noise interference and improve signal reception quality. It can flexibly adjust
its parameters and working mode according to the characteristics and requirements of different frequency bands
to ensure efficient signal amplification and processing in both frequency bands. This is essential to meet the

requirements of 5G communication system for high-speed data transmission and high-quality communication, and

provide users with a more stable and faster communication experience.

5.2. Automotive radar system
5.2.1. FMCW signal generation
In automotive radar system, FMCW signal generation is very important. The 76-81 ghz LFM source based on
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PLL is the key part. This frequency band is applicable to the detection requirements of automotive radar. Through
the reasonable design of phase-locked loop, the generation of high-frequency LFM signal can be realized. In terms
of phase noise, it is optimized to -95dbc/ Hz@1MHz Level of. Low phase noise can improve the resolution and
accuracy of radar system. In the process of vehicle driving, radar needs to accurately detect the distance and speed of
surrounding vehicles and obstacles. The high-quality generation of FMCW signal can make the radar system better
process the reflected signal, so as to accurately determine the relevant information of the target. It plays a key role in
the realization of active safety system, such as automatic emergency braking, adaptive cruise and other functions.

5.2.2. Multi-target detection algorithm

In the multi-target detection algorithm of automotive radar system, it is of great significance to develop a signal
processing architecture combining fast Fourier transform and constant false alarm rate detection. The fast Fourier
transform can transform the time-domain signal into the frequency-domain signal, and effectively extract the
frequency characteristics of the signal. Through this conversion, we can better analyze the frequency components
of different targets in radar echo, and provide the basis for target discrimination and recognition. CFAR detection
is used to maintain the stability of false alarm probability in complex noise environment. By adaptively adjusting
the detection threshold, it can avoid excessive misjudgments caused by noise fluctuations. The combination of
the two can make full use of the frequency analysis advantage of fast Fourier transform and the anti-noise ability
of constant false alarm rate detection, so as to accurately detect multiple targets and improve the target detection

performance of automotive radar system in complex traffic environment.

5.3. Medical imaging equipment

5.3.1. Driving circuit of ultrasonic probe

In medical imaging equipment, the driving circuit of ultrasonic probe is very important. For the high-voltage pulse
generator and receiver front-end integrated module with 120 dB dynamic range under 15 MHz bandwidth, it has
a unique application in ultrasonic probe drive. The circuit can provide appropriate electrical signal excitation for
the ultrasonic probe, so that the probe can emit ultrasound that meets the imaging requirements. In the launch
phase, the high-voltage pulse generator generates high-voltage pulse signal, drives the piezoelectric crystal of
the ultrasonic probe to vibrate, and generates ultrasonic wave to spread to human tissues. The receiving front-
end integration module is responsible for receiving the weak ultrasonic signal reflected back, and performing
amplification, filtering and other processing to extract useful imaging information. The application of this
integrated module in the ultrasonic probe driver circuit can improve the resolution and clarity of ultrasonic
imaging, and better assist doctors in the diagnosis of human internal tissues and organs.

5.3.2. Bioelectrical signal acquisition

Micro power consumption instrument amplifier plays a key role in the acquisition of bioelectrical signals in
medical imaging equipment. It realizes the characteristics of 0.8 1 VRMs input reference noise in the frequency
band of 0.5-100Hz, and can effectively collect weak bioelectrical signals. For the acquisition of bioelectrical
signals such as electrocardiogram (ECG), weak electrical signals need to be accurately amplified and noise
interference should be reduced as much as possible. The low-power characteristics of the amplifier also meet the
requirements of medical devices for energy efficiency, especially in some wearable or portable medical imaging
devices, which can prolong the service time of the device. At the same time, its good performance in a specific
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frequency band ensures the accuracy and integrity of the collected bioelectrical signals, and provides a reliable
data basis for subsequent medical diagnosis.

6. Conclusion

High frequency analog signal processing in integrated circuits covers many important aspects. In terms of theory
and technology, the theoretical system of high-frequency analog circuit design and its technological evolution
path are systematically summarized, which lays the foundation for subsequent research. At the same time, the
marginal effect of CMOS process node scaling on circuit performance is deeply summarized, which is helpful to
better understand the impact of process changes. Aiming at the existing problems, a three-dimensional packaging
solution based on heterogeneous integration is proposed, which provides a new idea for improving the circuit
performance. In addition, the development direction of the integration of new compound semiconductor devices in
terahertz band application scenarios is prospected, which will guide the focus and direction of future research, and
is of great significance for the application of high-frequency analog signal processing in integrated circuits in more
advanced frequency bands.
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Abstract: Big data is revolutionizing factory procurement management in the manufacturing industry. It offers
comprehensive market views, predictive analytics, and new digital procurement system frameworks. Critical success
factors include supplier data analytics, real-time monitoring, and predictive inventory management. Traditional
procurement has inefficiencies like manual operations and data silos. Machine learning, IoT, blockchain, etc., play

important roles, and various aspects like IT maturity, workforce training, and cloud deployment require attention.
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1. Introduction

In the contemporary manufacturing industry, factory procurement management is experiencing a significant shift,
largely propelled by big data. Traditional procurement practices face numerous challenges, such as information
asymmetry and inefficient decision-making. However, big data offers new opportunities to revolutionize this
field. As highlighted by Chen and Zhang, big data-driven approaches can significantly enhance procurement
management in smart manufacturing systems "', In 2020, the “Digital Economy Development Plan” was
promulgated, which emphasizes the promotion of the deep integration of digital technologies like big data with
the manufacturing industry. Aligning with this policy, exploring the application of big data in factory procurement
management becomes crucial. This paper aims to study the applications, benefits, and challenges of integrating
big data into factory procurement, providing insights for industry practitioners to enhance competitiveness in the
global market.
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2. Core theories of procurement management in big data era

2.1. Framework of digital procurement systems

The framework of digital procurement systems in the big data era within the manufacturing industry encompasses
several key components. At the heart of it is the data collection layer. This layer is responsible for gathering vast
amounts of data from various sources related to procurement, such as supplier information, market price fluctuations,
inventory levels, and historical procurement records. The data can come from internal enterprise resource planning
(ERP) systems, external market research platforms, and even real-time data feeds from suppliers .

Followed by the data storage and management module. Here, the collected data is organized and stored
in a structured or unstructured format, depending on its nature. Big data technologies like Hadoop and NoSQL
databases are often employed to handle the large-scale and diverse data. This module also ensures data integrity,
security, and easy access for further analysis.

The data analysis layer is crucial for extracting valuable insights. Advanced analytics techniques, including
predictive analytics, data mining, and machine learning algorithms, are used. Predictive analytics can forecast
demand, price trends, and supplier performance, enabling manufacturers to make proactive procurement decisions.
Machine learning algorithms can optimize supplier selection by analyzing multiple factors simultaneously.

Furthermore, the decision-making support layer presents the analyzed results in an actionable format.
Dashboards and reporting tools are used to convey key information to procurement managers. These visual aids
help managers quickly understand the situation, compare different options, and make data-driven decisions,
thereby streamlining the procurement process and improving overall efficiency in the manufacturing industry.

2.2. Critical success factors in data-driven procurement
In the realm of data-driven procurement within factory procurement management in the manufacturing industry
in the big data era, several critical success factors stand out. Supplier data analytics is of utmost importance. By
comprehensively analyzing suppliers’ historical performance data, such as delivery times, product quality, and
cost-effectiveness, manufacturers can gain deep insights into their capabilities and reliability. This enables them to
make more informed decisions when selecting suppliers, fostering long-term, mutually-beneficial partnerships .
Real-time market monitoring is another key factor. In a rapidly changing market, having access to up-to-
the-minute information on raw material prices, industry trends, and competitor activities is essential. Big data
technologies can collect and analyze vast amounts of market data from various sources, allowing procurement
managers to adjust their strategies promptly. For instance, if real-time data shows a sudden increase in the price of a
key raw material, the manufacturer can explore alternative sources or negotiate better contracts in a timely manner.
Predictive inventory management is also crucial. Leveraging big data analytics, manufacturers can forecast
future demand more accurately. By considering factors like historical sales data, market trends, and even external
events (such as seasonal variations or economic forecasts), they can optimize inventory levels. This not only helps
to reduce inventory-holding costs but also ensures that production is not disrupted due to shortages. All these
factors combined contribute to the success of data-driven procurement in the manufacturing industry’s factory

procurement management.

3. Challenges in traditional manufacturing procurement practices
3.1. Limitations of manual procurement operations

Manual procurement operations in traditional manufacturing procurement practices are fraught with inefficiencies.
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Paper-based processes are a significant hurdle. For instance, in many factories, purchase orders are printed, filled
out by hand, and then physically transferred between departments. This not only consumes a great deal of time
but also increases the risk of errors such as incorrect data entry or misplacement of documents *. These errors can
lead to delays in the procurement cycle, causing production slowdowns or even stoppages.

Fragmented supplier communications further exacerbate the problem. In manual systems, communication
with suppliers often occurs through various channels like phone calls, faxes, and emails. This lack of a unified
communication platform makes it difficult to keep track of conversations, agreements, and order status. For
example, a change in delivery date communicated over the phone might not be properly recorded, leading to
misunderstandings between the manufacturer and the supplier.

Delayed demand forecasting is another shortcoming. Manual methods rely on historical data that is often
time-consuming to collect and analyze. As a result, manufacturers may find themselves unable to accurately predict
future demand. For instance, if market trends change rapidly, the traditional, manual-based forecasting methods
may not be able to adapt quickly enough. This can lead to over-procurement, tying up capital in excess inventory,
or under-procurement, which can disrupt production schedules. All these limitations of manual procurement

operations highlight the need for a more advanced and efficient approach in manufacturing procurement.

3.2. Data silos and integration barriers

In traditional manufacturing procurement practices, data silos and integration barriers pose significant challenges.
Legacy ERP systems, often deeply entrenched in multi-tier supply chain networks, struggle to interoperate
seamlessly with emerging big data tools. These data silos are like isolated compartments, where data from
different procurement processes, such as supplier management, inventory control, and order processing, are stored
separately. For example, the data on supplier performance may be locked within one system, while inventory data
resides in another. This fragmentation makes it difficult to obtain a holistic view of the procurement process.

The integration barriers between legacy ERP systems and big data tools further exacerbate the problem.
Legacy systems are designed with their own data structures, formats, and communication protocols, which
may not be easily compatible with the more flexible and scalable big data technologies. As a result, extracting,
transforming, and loading (ETL) data from legacy systems into big data platforms becomes a complex and
resource-intensive task. It often requires significant manual intervention, custom-built connectors, and a deep
understanding of both systems. Without effective integration, the potential of big data in optimizing procurement,
such as predictive demand forecasting and real-time supplier risk assessment, remains largely untapped ©'. This
lack of seamless data flow and integration hampers the ability of manufacturers to make informed, data-driven

procurement decisions in a timely manner, putting them at a competitive disadvantage in the market.

4. Big data applications in procurement optimization

4.1. Predictive analytics for strategic sourcing

4.1.1. Machine learning in supplier selection

Machine learning plays a crucial role in supplier selection within the realm of procurement optimization. By
leveraging historical transaction data, machine learning algorithms can effectively evaluate supplier performance
metrics and supply chain risks. For instance, algorithms can analyze factors such as on-time delivery rates,
product quality levels, and cost-effectiveness of past transactions with various suppliers. This analysis enables
manufacturers to predict how a potential supplier might perform in the future.
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