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Facing the shortage of special building materials packaging machinery with thermal insulation and
low intelligence, this paper designs a set of mechanical and electrical integration packaging unit
control system to reduce the risk of material transportation for different stakeholders. According

to risk management tools, the system takes Mitsubishi PLC as the control core and combines with
communication module, servo motor drive system and touch screen man-machine interface to realize
the risk simulation and automatic control of the packaging unit. The simulation results of PID control
model show that the parameters such as speed and torque can be stabilized in a relatively short period
of time when the load is suddenly changed within 1.5 s. Theoretical verification of the system has
small steady-state error, rapid response, and good control effect. The man-machine interface design
was carried out and the actual corresponding test experiment was carried out. The experimental
results showed that the overall operation rate of the packaging unit system reached 98.15%, the

pass rate was 99.03%, and the production capacity was about 9600 packs/hour, which met the
production requirements. The control system of the building material packaging unit designed in

this paper realizes the equipment intelligence, has a high degree of automation, and shows good
potential application value in the aspects of building information, reduction of construction risks and
manufacturing intelligence.

With the development of Germany’s Industry 5.0 and the concept of risk management, a wave of smart manufac-
turing technology that combines production equipment, systems and smart terminals through the Internet has
swept across the world, showing great potential for application in the fields of industry, agriculture, healthcare,
materials, and commerce'~. The research of intelligent manufacturing technology focuses on the deep integra-
tion of next-generation risk management and information technology, such as blockchain and Internet of Things
(IoT), with industrial systems to realize the security, digitization, networking and intelligence of production
equipment®. It is necessary for the upgrading and development of manufacturing industry".

The infrastructure industry is the mainstay of economic and social development in various countries, and
building materials play a vital role in the intelligent manufacturing of new infrastructure®. Zhou et al. discussed
the performance of ferroelectric materials, cement building materials, magnesium oxide structural insulation
panels in buildings from the perspective of efficiency and benefit, aiming to provide constructive suggestions
for smart manufacturing in smart cities”™. Kazi et al. developed intelligent manufacturing methods and models
focusing on Industry 5.0 to predict the load and displacement curve characteristics of composite materials such
as cotton fiber and ceramics'®!. However, traditional transportation and packaging of building materials mainly
rely on manual packing, which has the disadvantages of difficult operation, high labor intensity, high cost and
low degree of automation'>'*. Especially for green thermal insulation materials such as expanded polystyrene,
phenolic foam and styrofoam, there are certain risks due to their flammability and the generation of toxic gases
when burned!*™'¢. Therefore, the packaging and monitoring automation of green thermal insulation materials
is very important for the control and decrease of building construction risks.
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In recent years, the packaging and automation of building materials have gradually received widespread atten-
tion from researchers'>™*°. In 2021, Davydov et al. developed a pneumatic unloader and proposed a lifting device
to unload and transport building materials to the destination through transportation and lifting, and the results
showed that the device can effectively improve the transportation efficiency’’. In 2022, Liu et al. explored the
impact of macro-encapsulation and micro-encapsulation on the encapsulation of building materials, and aimed
at the corresponding simulation and model building methods for different packaging methods'®. Khramov et al.
verified that the systematic combination of leather and belt conveyors can efficiently realize the transportation of
building materials and the removal of waste materials through theory and experiments'®. However, there are still
few related studies on the automation of control and monitoring of packaging and conveying systems, especially
experimental studies on packaging systems. In addition, current research on risk issues in building materials
mainly focuses on the safety risks of the materials themselves?*~* and project construction risks?**~?, the risk
issues in the packaging and transportation system have hardly been paid attention to. Therefore, the develop-
ment of a highly automated building materials packaging control system based on the risk issues of packaging
and transportation systems, is of great significance to the safety and efficiency of building material construction
and the development of intelligent manufacturing technology**%.

This article intends to conduct risk assessment based on different stakeholders and risk management theories,
and develop a control system based on PLC control and AC servo system drive to overcome the problems of high
labor intensity and low production efficiency of manual packaging of special building materials. By establishing
PID control and servo control system models, parameters such as speed and position are optimized, and on-site
experiments on building materials packaging are carried out to verify the anti-interference ability, steady-state
accuracy and packaging efficiency of the control system.

Risk assessment-based design of a unit control system for packaging construction
materials

Risk assessment of construction material packaging unit

Sodangi et al. shows that operator risks and equipment management risks affect the safety of packaging unit
in 2023%. Regarding safety monitoring risks and equipment maintenance risks, Zscheischler et al. argues that
risk management should be strengthened, especially in the case of machinery operation®*. The construction
material packaging unit is different from the traditional packaging unit, which couples the LEC evaluation and
risk index matrix in the study. We complete the evaluation of construction material packaging unit based on the
conditional value-at-risk (CVaR) model in this study.

(1) Risk identification: Risk identification uses analytical tools to quickly find the key factors to capture the
focus of risk management. Because there are few actual projects on construction material packaging unit,
this paper uses literature analysis and Risk Breakdown Structure (RBS) to calculate risk probabilities
(Table 1). Consequently, this paper will complete the risk evaluation and simulation from the perspectives
of operator risk, equipment management risk, safety monitoring risk, and equipment maintenance risk.

(2) (2) Risk evaluation: Different risk factors are quantified and analyzed in a risk evaluation. This approach
helps stakeholders to develop targeted risk management measures. The risk factors are quantitatively ana-
lyzed by applying LEC evaluation (Eq. 1)** through the risk influencing factors mentioned above. In addi-
tion, the likelihood of accidents (L), the frequency of human exposure to material packaging machinery
(E), and the loss consequences of the occurrence of risk (C) will be referred to Table 2 (C: four-level risk
classification).

D=LxExC (1)

where D and L represent the degree of danger and the size of the possibility of accidents, E and C refers to the fre-
quency of human exposure to material packaging machinery, respectively.Risk simulation: the risk simulation of
construction material packaging unit involves the above LEC evaluation and risk index matrix coupling. Figure 1
shows that the safety monitoring risk of construction material packaging machinery is high risk. Meanwhile,
Conditional Value at Risk (CVar)>¢ is simulated based on the standard deviation of the normal distribution. The
average loss value (ALVR) of CVar at risk level a is shown in Fig. 2, and the color of ALVR is from dark to light.
In the case of exceeding the risk level a, ALVR can help decision makers to identify potential risks at higher a.

Factors RBS and References

influencing Total Probability | probability of RBS

Operator risk 0.10 f/};‘gg:l?fgt 0.10 8]’(1)6&%:'{ al

Equipment management risk | 0.035 %;T;ingnce 0.035 Idoniboyeobu et al. (2018)*
Safety monitoring risk 1.3 Ee;};rlocil;gg r(i)\./ziy 0.035 gl(;gjll )e}tz al

Equipment maintenance risk <0 ’l;‘ffr?;f::s);i% Jafarpisheh et al. (2021)*

Table 1. Key risk influencing factors for material packaging unit in Web of Science, 2022.
Probability = Number of papers/Total number papers, TotalProbability =p, + p, + p..
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Table 2. Four-level risk classification in material packaging unit. Order of probability according to Table 1,
source from Baybutt, (2018)*.

Equipment management risk
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Equipment maintenance risk
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Figure 1. Risk index matrix coupling. Notes: Red is very high risk.

y=(1/(1-a)* J* (abe)'x? dx

0 094 (094 ®

Figure 2. The model of CVar. Notes: CVar=(1/ (1-a)) x[[a, 1] f(x) * x dx*".
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This part simulates the range of risk evaluation and the size of CVar thus providing the basis for the simulation
of the PID risk control model.

Construction material packaging unit

Based on the above-mentioned risk management of equipment management risk, safety monitoring risk and
operational risk, the design of building materials packaging unit corresponds to one of the three stages, that
is the preparation stage (equipment management), working stage (safety monitoring) and completion stage
(operational risk). The packaging object of the hard-core packaging unit for building materials is special thermal
insulation building materials. The packaging unit mainly consists of a carton comprehensive packaging machine,
a transparent paper packaging machine and a conveyor, as shown in Fig. 3. The packaging process is mainly
divided into three parts: boxing, labeling and outer film packaging.

(1) Preparation stage: Qualified building materials are transported from the transparent paper packaging
machine to the carton packaging machine channel (1 in Fig. 3). The sensor detects that the building
materials are in place and starts the stacking task. The small boxes are formed into two rows of five bags of
small boxes side by side through the cylinder lifting and loading mechanism. At the same time, the carton
conveyor transports the printed empty cartons from the clamp-type storage bin (2 in Fig. 3) to the main
conveyor belt.

(2) Working stage: The paper turning process is carried out by the paper turning mechanism (5 in Fig. 3)
between the unpacking mechanism (3 in Fig. 3) and the rope tensioning mechanism (6 in Fig. 3). First open
the box cover and sulfuric acid paper, and then start packaging the building materials after the photoelec-
tric switch detects that the empty carton (4 in Fig. 3) is in place. The cylinder piston presses into the small
carton (9 in Fig. 3) and passes through the cartoning mechanism (7 in Fig. 3), paper covering mechanism
(8 in Fig. 3), closing mechanism (10 in Fig. 3), and labeling mechanism (12 in Fig. 3) for processing, and
then sent to the box outer film packaging machine by the chain conveyor (13 in Fig. 3).

(3) Completion stage: The building material boxes arrive at the pushing mechanism (14 in Fig. 3), and after
photoelectric detection, the outer film packaging machine (15 in Fig. 3) is started. The box conveyor belt
and various mechanisms work in regular cycles. The building material boxes are delivered to the jacking
station, wrapped with outer film, and both ends are hot-melt sealed to complete all packaging.

Design of control system of packing unit

The main task of the construction material packaging unit is to complete the three links of boxing, labeling and
outer film packaging, but each link includes multiple processes. Therefore, several control units must cooper-
ate and coordinate with each other, which puts forward certain requirements for the intelligence of the control
system. The realization principle of the intelligent control system is to form a complex system through the
Internet to form the monitoring layer, control layer and equipment. The network topology of the control system
is shown in Fig. 4.

From the perspective of the equipment layer, the CAN-based fieldbus technology**° can not only realize the
information exchange between the underlying equipment and the controller, but also can be directly connected
through a cable without the I/O module interface. It is also free to access or move devices without disconnect-
ing from network power. In the control layer, N:N network connections can be used between PLCs, and smart
devices, such as computer interfaces, can be connected to PLC processors and I/O ports.

The upper computer system such as touch screen or industrial computer can directly manipulate the lower
computer. The monitoring layer embeds the TCP/IP protocol in the Ethernet processor, and the Ethernet is
directly connected to the processor without special modules and network components.

Figure 3. Schematic diagram of the overall 3D model of the building material packaging unit (1. Conveying
empty carton channel 2. Magazine type storage bin 3. Box opening mechanism 4. Empty carton 5. Paper
turning mechanism 6. Rope spreading mechanism 7. Cartoning mechanism 8. Paper covering mechanism 9.
Hard box 10. Closing mechanism 11. Hard box input conveyor belt 12. Labeling mechanism 13. 90° chain plate
conveyor 14. Turning push mechanism 15. Outer film packaging machine).
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Figure 4. Schematic diagram of the network structure of the control system.

The main controller of the packaging unit is PLC, which is responsible for the operation and control of labe-
ling machine, conveyor, servo motor, frequency converter and vacuum pump. The information collection of
the underlying equipment on site is mainly completed by various sensors, including 14 photoelectric switches,
4 proximity switches, and 1 pressure detection switch. There are 3 manual operation buttons for start, stop and
emergency stop, and 2 manual/automatic work mode switching switches. During the speed regulation process
of the frequency converter, it is necessary to check whether the running state is good or not, which occupies
two input points. The status indicator lights are set to power on, normal operation, and fault alarm, which can
clearly see the working status of the system. To sum up, a total of 22 digital input signals and 22 digital outputs
are required. According to the working characteristics of the construction material hard box packaging unit,
Mitsubishi FX3U-48MR PLC is selected, and a positioning module is added to meet the needs of positioning
control in equipment production. The I/O address assignment of the control system interface is shown in Table 3.

Combined with the technological process and control requirements of the building material hard box packag-
ing unit, and through the analysis of the action sequence between the various actuators, the program design of
the PLC software control is mainly composed of a main program and multiple subroutines. When the packaging
unit is working, it needs to control a variety of operating signals. The main program is mainly used to process
logic signals such as start, stop and emergency stop, including the signal of each station in place, and various
initialization default value signals before the unit starts, the selection signal of automatic or manual working
mode, and multiple reset signals, etc.

Subroutines include manual subroutines, automatic subroutines, alarm subroutines and historical data report
subroutines, etc., which are responsible for processing commands generated by human-computer interaction,
and finally realize the function of automatic packaging production of building material hard box units. Algorithm
implementation of control flow is shown in Fig. 5.

Control function model of automatic packaging production line

The main controller of the packaging unit is PLC, which is responsible for the operation and control of servo
motors, conveyors, frequency converters, vacuum pumps, etc. The principles and mathematical models involved
in each part are introduced in detail in this section.

Control function model of automatic packaging production line

Modern AC servo systems include servo motors, power converters, controllers, detectors, etc.!. When design-
ing the control system of the packaging unit, it is necessary to ensure that the equipment can run stably with
a certain accuracy, and at the same time, there is no large speed fluctuation under various disturbances, so as
to ensure that the product packaging is free from damage and the external surface is smooth and smooth. This
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Function description Symbol | Port Address | Function description Symbol | Port Address
Stacking in place detection N X0 Vacuum Pump KM1 YO
Strip box level detection SQ2 X1 Servo Motor KM2 Y1
Label level detection SQ3 X2 Inverter start/stop KM3 Y2
pump pressure detection SQ4 X3 Small box stacking YV1 Y3
Push-in-position detection SQ5 X4 Push in the box YV2 Y4
Clamping in place detection SQ6 X5 Clamp the box YV3 Y5
Lid pick-up detection sQ7 X6 Open the lid YV4 Y6
Strip box position detection SQ8 X7 Turn over sulfate paper | YV5 Y7
Drawstring grip detection SQ9 X10 Unfold the drawstring YVe Y10
Air jaw release detection SQ10 X11 Put in the box YV7 Y11
Pressing in place detection SQ11 X12 Cover with sulfate paper | YV8 Y12
Labeling in place detection SQI2 X13 Close the lid YV9 Y13
Labeling completion detection SQ13 X14 Labeling YV10 Y14
Turning conveyor detection SQ14 X15 Conveyor YV11 Y15
Heat seal completion detection | SQ17 X16 Topping up YVIi2 Y16
Inverter operation normal SQ18 X17 Cut off outer film YVi3 Y17
Inverter failure SQ19 X20 Heat seal the outer film YV14 Y20
Stop button SB1 X21 Missing label alarm YVI15 Y21
Start button SB2 X22 bin level is low YVie Y22
Emergency stop button SB3 X23 Power on HL1 Y23
Automatic mode SB4 X24 Normal operation HL2 Y24
Manual mode SB5 X25 Fault alarm HL3 Y25
Stacking in place detection SQ1 X0 Push in the box KM1 YO
Strip box level detection sQ2 X1 Clamp the box KM2 Y1

Table 3. I/O address assignment of control system interface.
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Figure 5. Control flow chart of building material packaging unit.
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is the case in the field of industrial automation. PID control algorithm is usually used for closed-loop control
problems. When the target model is determined and the working environment and operation steps are basically
unchanged, the PID control strategy is effective and has been widely used in dynamic control.

The control method adopted by the PID algorithm is as follows: in the control system of the packaging unit,
the PLC compares the target values of various parameters with the actual values measured by the sensors and
transmitters, and uses the PID calculation to obtain the frequency converter and Operating control value of the
servo drive. The inverter can output the power supply voltage corresponding to the frequency to control the
various actuators of the packaging unit. By adjusting parameters such as torque, speed and pressure, and then
modulating the pulse width of the solid-state relay, the power supply voltage of the servo drive is controlled. The
adjusted position parameter reaches a stable value, and the control structure diagram is shown in Fig. 6. Before
using the PID operation command, the given value, measured value and control parameters must be set and
adjusted. Among them, the given value is the system demand value set on the touch screen, the actual value in
the production process is measured by the sensor, the actual value is generated by the feedback of the transmitter
and the A/D module, and the final value of the control parameter is related to PID operation.

Each part of the packaging machine of the hard box packaging unit for building materials is driven by a
separate motor, and the main shaft is connected to the motor to drive the actuator. Therefore, the coordinated
control of the speed and distance of each part of the actuator can be realized by controlling the motor speed and
torque control. To achieve high-performance speed regulation, it is necessary to introduce the model*2. When
studying its mathematical model, it is usually considered that its magnetic circuit is linear in an ideal state, the
iron core has no loss, and the simplified model in the d-q coordinate system is established without considering
the frequency change and harmonic influence.

Stator voltage equation:

uds = Rsids + pWds — weWgs
uqs = Rsigs + pWqs — weWds @
Rotor voltage equation:
udr = Rridr + pWdr — weWqr
uqr = Rriqr + pWqr — weWdr 3
Stator flux equation:
Wds = Lsids + Lmidr
Wgs = Lsigs + Lmigr @
Rotor flux equation:
Wdr = Lmids + Lsidr
Vqr = Lmigs + Lsiqr )
Electromagnetic torque equation:
Te = pnLm(igsidr — iqrids) (6)

where Rg and R, are the internal stator and rotor resistances of the asynchronous motor, respectively. Ls, L, and
L, are the equivalent self-inductance and mutual inductance of the stator and rotor inside the asynchronous
motor, respectively. ugs, tigs, Udy, Ugr are respectively stator and rotor voltage d, q axis components. igs, igs, idr» igr
are the stator and rotor current d, g axis components respectively. Wgs, Wgs, W4, and Wy, are respectively the stator
and rotor flux d, g axis components. w, is the angular velocity, and p, is the pole logarithm.

The vector control strategy mainly takes decoupling control as the core, so the coordinate transformation of
the current is carried out. Three-phase-two-phase stationary coordinate transformation:

1 1 .
. 1— - — = ia
o \/5 2 2 b
= — 1
s =V3| v w3l 7
0— — — ic
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Figure 6. PID closed-loop control structure block diagram.

Scientific Reports | (2024) 14:462 | https://doi.org/10.1038/s41598-023-51102-3 nature portfolio



www.nature.com/scientificreports/

Two-phase stationary-rotating coordinate transformation:

id]  [cos®sin® i

iqg| — | —sinfcosd]| | if (8)
Two-phase rotation-stationary coordinate transformation:

i]  [cos® —sin] [id

iB| ~ |sinfcosh iq ©)

Conveyor control model

According to the work content, the conveyor belt in the production line can be divided into two parts: the robot
carrying end conveyor belt, the through hole and the packing section conveyor belt. According to the composi-
tion of the conveyor belt, the above two types of conveyor belts both use chain drive*. The current conveyor belt
speed can be calculated using Eq. (10).

Yy — zipm  Z22pm
" 60 x 1000 60 x 1000

(10)

where p represents the side length of the conveyor belt, z represents the number of sensors, and the variables #;
and n; are the rotational speeds of two single sprockets respectively.

It can be seen that during the operation of the conveyor belt, the speed of conveyor belt can be controlled by
controlling the rotation speed of the two sprockets. During the speed control process, the impact of the weight of
objects on the surface of the conveyor belt on the speed needs to be considered to ensure speed control accuracy.
If the displacement resistor signal changes continuously, the change value of the signal is directly used to drive the
brake, thereby adjusting the braking torque in the controller to keep the tension constant. In this way, automatic
adjustment of torque and constant tension control of packaging can be achieved. The control of constant tension
follows the physical principle of rigid body rotation, and its expression is:

F=— 11

- (an
where M is the moment, d is the moment arm that controls the rotating axis, and F is the acting force. In the
actual packaging and unloading process, the value of d can be the radius of the packaging box.

Control model of packaging volume and frequency
The setting of the system software program communication transmission clock determines the frequency of
system control task execution. The input clock frequency of each timer can be expressed as:

fo frc
~ frai(froo + 1)

where fpc, frcoand frcirepresent the controller bus, configuration register and frequency division value of the
timer, respectively. According to the above method, according to the designed production line process operation
mode, the setting of the communication transmission clock frequency of the control equipment and mechanical
equipment is completed in sequence.

The calculation program of the production line control volume mainly occurs in the architecture controller.
The real-time signal detection results of the sensor are input into the controller, and the operating parameters
of each mechanical equipment in the actual packaging production line are set. From this, Eq. (13) can be used
Calculate the control volume of the production line.

(12)

N = |ng — ny| (12)

where 19 and n; are the operating parameter setting values and detection values of any mechanical equipment in
the production line. The calculation result of Eq. (12) is used as the control instruction output by the controller
and distributed to each production line mechanical equipment.

Results and discussions

Performance simulation verification of packaging unit control system

In order to further verify the performance of the control system of the packaging unit, according to the above-
mentioned analysis and modeling of the servo drive control system, a PID control simulation model is designed
on the MATLAB/Simulink platform, and the simulation analysis is carried out. It can be seen from Fig. 7 that the
control architecture mainly includes four parts: position loop PID regulator, speed loop PID regulator, current
loop PID regulator, SPWM algorithm, etc.

The purpose of adopting three closed-loop control of position, speed and current is to track quickly when
the position coordinate or torque value changes, and to make the tracking performance good. The Simulink
simulation model of the control system is shown in Fig. 8. Figure 9 shows the simulation results of the control
system performance under different operating conditions. It can be seen from Fig. 9a and ¢ that under the square
wave signal input, when the motor is started without load and the motor accelerates, a large torque and speed
are required. After the load is added, the torque and speed recover quickly in a short time.
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Figure 7. Structural diagram of servo control system based on PID controller.
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Figure 8. Simulink simulation model diagram of the control system.

It can be seen from the three-phase current change curve in Fig. 9b that the motor needs a large current when
it starts to accelerate, and the current can return to normal after the load is added. It can be seen from Fig. 9d
that the motor can reach the designated position smoothly with almost no overshoot. When the motor load
changes suddenly, the dynamic response effect is good, and the new position can be tracked. The flux linkage
change curve in Fig. 9e shows that the flux linkage can still be effectively tracked when the motor load changes
suddenly, indicating that the dynamic performance of the control system is better.

Overall, the motor can reach a steady state in a short period of time after starting. After adding load distur-
bance, although the waveform has small fluctuations, it can quickly return to stability. Each output can also adapt
to the change of sudden load in time, fully meeting the control requirements.

Experimental test of control system performance
The control system of the building material packaging unit designed in this paper is controlled by the Wei-Lun-
Tong touch screen. The man-machine interface uses modular programming method. By assigning addresses
and data to the corresponding modules, the touch screen online simulation and compiling and downloading are
completed. The man-machine interface has the characteristics of easy operation and information visualization,
and the information transmission between the user and the operating system can be conveniently carried out***.
Through the man-machine interface, users can efficiently modify and debug the parameters of the control system,
and the relevant historical data of PLC can also be queried through the man-machine interface.

According to the design requirements, it is necessary to design the interfaces corresponding to the auto-
matic and manual working modes. The manual interface includes the jog operation and step operation of each
pneumatic actuator. In order to prevent mis-operation by non-professional operators, a user login password is
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Figure 9. Simulation results of the control system performance under different operating conditions.

set in the setting interface, as shown in Fig. 10a. Figure 10b and d show the automatic operation interface and
manual operation interface. After confirming the setting of relevant parameters such as speed and output (seen
in Fig. 10c), the system can enter the fully automatic operation or manual debugging mode interface.

After the simulation is completed, in order to further verify the feasibility of the packaging unit, the on-site
operation and debugging of the packaging unit system is carried out based on the touch screen interface. Table 4
shows the experimental performance indicators of the building material packaging automatic control system.
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Figure 10. Touch screen interface design.

No loaded 0.013 0.274 79.18 305.83 0.87
Load 0.076 0.206 101.02 342.01 0.57

Table 4. Experimental performance index of control system.

The fast recovery of the position can be observed within 1 s no matter in the no-load or loaded state. After the
motor starts, although the steady-state error in the load state is slightly higher than that in the no-load state,
it can still reach the steady state in a short time. The torque and speed under load state are slightly higher than
those under no-load state, and each output can adapt to the change of sudden load in time.

Table 5 shows the running speed field test data recorded by multiple tests. It can be seen from the test data that
the operating rate of the whole machine is 98.15%, indicating that the mechanical structures and electrical control

1 62 99.5 9600 97.6
2 59 98.9 9580 98.2
3 60 99.1 9600 98.5
4 65 99.6 9650 99.4
5 61 99.3 9610 98.7
6 58 97.8 9570 96.5
Average 60.83 99.03 9601.67 98.15
Ref* 60 89.85 6296 89.85
Ref"” 60 98.46 9438.90 98.46

Table 5. Production capacity and production efficiency of packaging unit system.
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components can operate in harmonys; after a certain period of continuous operation, the production capacity
of the packaging unit can reach about 9600 boxes/h, which meets the needs of industrial production. The rated
production capacity has improved the production efficiency, and the qualified rate has reached 99.03%, within
a reasonable range, the packaging quality is basically qualified, and the control effect is good. The test analysis
shows that the operation of the designed carton packaging unit is consistent with the requirements, which fully
verifies the effectiveness of the control system.

In order to further verify the contribution and advantages of the automatic packaging control system in
this study, we further compared the performance of the automatic packaging control system designed by other
researchers in terms of pass rate, production capacity, and overall effective operation rate. It should be emphasized
that since this article is the first study on the automatic packaging system of special building materials (no other
similar systems were found through WOS and Google databases), we chose similar automatic packaging systems
such as hard cigarette boxes and automatic bagging of cement packaging. Packaging systems for comparison.
Obviously, from the comparison results in Table 5, it can be seen that the automatic packaging system for building
materials in this article is much higher than the automatic packaging system for hard cigarette boxes in terms
of pass rate, production capacity, and overall effective operation rate*s. Compared with the cement packaging
automatic bagging and packaging system, the system performance between the two maintains almost the same
advantages?. However, it should be noted that the packaging process of cartons is far more complicated than
bagging. Therefore, overall, the automatic packaging system for special building materials in this article has bet-
ter performance, with the pass rate, production capacity and overall effective operation rate reaching 99.03%,
9600 boxes/h and 98.15% respectively. Obviously, multi-module coupling based on risk model, PLC control, PID
control and AC servo system drive control has effectively improved the performance of the automatic packaging
system for special building materials.

Multi-field applicability and sustainability analysis of automatic packaging system
The technology and principles of automatic packaging systems for building materials also have potential appli-
cation value in other industrial fields, such as food and beverages, medical equipment, hard-packed cigarettes,
electronic products, etc. Servo motors, stepper motors, PLC control and other modules are very similar to other
product packaging systems. If they are improved according to the packaging size and control requirements, they
can be fully adapted to the automatic packaging of other items. Machine vision technology and automated assem-
bly equipment can help realize automatic packaging and detection of food and beverage products, automatic
packaging and assembly of medical devices, automatic assembly of electronic products, etc.*.

In the current industrial environment, our automated packaging systems for building materials strive to
improve packaging efficiency while also paying attention to environmental impact and sustainability. The fol-
lowing are the considerations and advantages of our system in this regard:

(1) Resource utilization efficiency: The system reduces material waste and loss and improves resource utiliza-
tion efficiency through automated and precise packaging processes.

(2) Energy saving: Due to efficient automated workflow, the system can reduce energy consumption, thereby
reducing negative impact on the environment.

(3) Reduce human errors: Automated systems reduce human errors and losses, reduce the production of
substandard products, and are conducive to environmental protection and sustainability.

(4) Sustainable packaging material selection: We encourage the use of sustainable packaging materials, and the
system can adapt to multiple types of packaging materials, thereby reducing the impact on the environment.

These considerations and advantages reflect our system’s focus on environmental impact and sustainability in
the current industrial environment, and are committed to reducing resource waste and environmental burden.

Case study
This case study is a secondary validation of the feasibility and practicality of the PID risk control model simula-
tion using a new type of foam (EPP) as packaging material.

Project background

The investment estimate of the project for the production and construction of new type of foam plastic (EPP)
products in Muding County is 120 million RMB. The project is applied in the fields of industry, construction
and insulation packaging. the EPP is light in quality, which can reduce the weight of items substantially and can
be recycled.

Case simulation
We can find that the building material packaging unit is completed according to the process shown in Fig. 11.

(1) Setting targets: According to the quality and risk control requirements of construction material packaging,
set the target value of risk control level as low risk. It also requires risk identification and assessment.

(2) Collect data: Install sensors to monitor the operation status and packaging quality of construction material
packaging machinery in real time, including personnel, equipment, monitoring and maintenance.

(3) Design controller: PID controller can calculate the control quantity according to the real-time error signal,
and transfer it to the construction material packaging machinery to adjust the parameters in the packaging
process to achieve the control target.

Scientific Reports |

(2024) 14:462 | https://doi.org/10.1038/s41598-023-51102-3 nature portfolio



www.nature.com/scientificreports/

Start Setting targets }7{ Collect data ]7{ Design controller
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Secondary testing H analysis H improvement H Risk assessment

Figure 11. Flowchart of a case study in the packaging unit.

(4) Riskassessment: The risk assessment model is combined with the construction material packaging control
model to analyze the risk situation of the construction material packaging machinery in real time, and
dynamically adjust the parameters of the PID controller according to the changes in the degree of risk in
order to achieve risk control.

(5) Simulation and analysis: The construction material packaging control model is simulated and analyzed
using Matlab and Python, and the stability and accuracy of the PID control model, as well as the control
effect on the risk are verified.

(6) Optimization and improvement: Based on the results of the simulation analysis, the PID control model is
optimized and improved, including the updating of risk factors and the adjustment of the parameters of
the PID controller in order to ensure the risk control of the construction material packaging unit.

Conclusion and perspectives

This paper completes the risk assessment based on LEC evaluation, risk index matrix and CVaR model. According
to the design of the control system of the building material packaging unit from the perspective of personnel,
equipment, monitoring and maintenance risks, the automation and intelligent control of the production process
of the packaging process has been completed. Using networked and intelligent technology, the information col-
lected by the sensor on the field equipment layer and the PLC control layer are transmitted to each other, and
the signal is received by the host computer through Ethernet, and the information layer man-machine interface
intelligently monitors and manages the production process. It can not only alarm in time for the faults that occur
during the operation process, but also set the operating speed and count the box output of the cumulative shift,
which fully meets the process and control requirements.

Since the packaging unit has certain requirements on the stability and positioning accuracy of the control
system, a mathematical model of the servo control system was established and simulated with Simulink based
on the PID control model, which is mainly used to optimize parameters such as speed and position. The com-
parison of simulation results shows that under different working conditions, the control system has strong anti-
disturbance ability and high steady-state accuracy, and has good robustness. Finally, the on-site experiment of
building material packaging was further carried out. During the experiment, the packaging unit can effectively
and smoothly run from boxing, labeling to outer film packaging, and the production capacity and pass rate are
as high as 97%, which verifies the reliability of the control system. The packaging unit control system designed
in this paper combines the risk management model, and lays the foundation for the design of the mechatronics
program for building material packaging production, and provides a certain reference and promotion value for
intelligent control in other industries.

Data availability
The data that supports the findings of this study are available within the article.

Received: 4 November 2023; Accepted: 30 December 2023
Published online: 03 January 2024

References

1. Wu, L,, Zhang, L. & Li, Y. Basis for fulfilling responsibilities, behavior, and professionalism of government agencies and effective-
ness in public-public collaboration for food safety risk management. Humanit. Soc. Sci. Commun. 10(1), 1-16. https://doi.org/10.
1057/s41599-023-02033-x (2023).

2. Jang, Y. ]., Kwonsik, S., Moonseo, P. & Yonghan, A. Classifying the business model types of international construction contractors.
J. Constr. Eng. Manag. 146(6), 04020056. https://doi.org/10.1061/(ASCE)CO.1943-7862.0001836 (2020).

3. Krogerus, T. R., Hyvonen, M. P. & Huhtala, K. J. A survey of analysis, modeling, and diagnostics of diesel fuel injection systems.
J. Eng. Gas Turbines Power 138(8), 081501. https://doi.org/10.1115/1.4032417 (2016).

4. Russell, ]. S., Awad, H., Lawrence, C. B. & Shapira, A. Education in construction engineering and management built on tradition:
Blueprint for tomorrow. J. Constr. Eng. Manag. 133(9), 661-668. https://doi.org/10.1061/(ASCE)0733-9364(2007)133:9(661) (2007).

5. Chen, B. T. et al. Smart factory of industry 4.0: Key technologies, application case, and challenges. IEEE Access 6, 6505-6519.
https://doi.org/10.1109/ACCESS.2017.2783682 (2017).

6. Wei, Z., Ye, Y. & Zang, H. B. Application of BIM technology in prefabricated buildings based on virtual reality. Comput. Intell.
Neurosci. https://doi.org/10.1155/2022/9756255 (2022).

7. Zhou, M. G. & Yan, G. X. Performance of ferroelectric materials in the construction of smart manufacturing for the new infra-
structure of smart cities. Adv. Mater. Sci. Eng. 2022, 3451281. https://doi.org/10.1155/2022/3451281 (2022).

Scientific Reports |

(2024) 14:462 | https://doi.org/10.1038/s41598-023-51102-3 nature portfolio


https://doi.org/10.1057/s41599-023-02033-x
https://doi.org/10.1057/s41599-023-02033-x
https://doi.org/10.1061/(ASCE)CO.1943-7862.0001836
https://doi.org/10.1115/1.4032417
https://doi.org/10.1061/(ASCE)0733-9364(2007)133:9(661)
https://doi.org/10.1109/ACCESS.2017.2783682
https://doi.org/10.1155/2022/9756255
https://doi.org/10.1155/2022/3451281

www.nature.com/scientificreports/

10.

11.

12.

13.

14.

15.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

. Li, P. X,, Froese, T. M. & Cavka, B. T. Life cycle assessment of magnesium oxide structural insulated panels for a smart home in

Vancouver. Energy Build. 175, 78-86. https://doi.org/10.1016/j.enbuild.2018.07.016 (2018).

. Birgin, H. B., D’Alessandro, A., Meoni, A. & Ubertini, E Self-sensing eco-earth composite with carbon microfibers for sustainable

smart buildings. J. Compos. Sci. 7(2), 63. https://doi.org/10.3390/jcs7020063 (2023).

Labour, M. K., Eljack, F. & Mahdi, E. Data-driven modeling to predict the load vs. displacement curves of targeted composite
materials for industry 4.0 and smart manufacturing. Compos. Struct. 258, 113207. https://doi.org/10.1016/j.compstruct.2020.
113207 (2021).

Weston, M. & Greenberg, D. Voluptuous devices; exuberent materiality toward energy austerity. Int. J. Arch. Comput. 12(2),
117-128. https://doi.org/10.1260/1475-472X.12.2.117 (2014).

Ilija, B. & Radivojevi¢, A. Life cycle greenhouse gas emissions of hemp-lime concrete wall constructions in Serbia: The impact of
carbon sequestration, transport, waste production and end of life biogenic carbon emission. J. Build. Eng. 66, 105908. https://doi.
0rg/10.1016/j.jobe.2023.105908 (2023).

Cha, G. W,, Hong, W. H. & Kim, J. H. A study on CO2 emissions in end-of-life phase of residential buildings in Korea: demolition,
transportation and disposal of building materials. Key Eng. Mater. 730, 457-462. https://doi.org/10.4028/www.scientific.net/ KEM.
730.457 (2017).

Karakog, V. R. & Tiiziin, F. N. Impact of insulation materials and wall types of reference buildings on building energy efficiency
with three methods in Corum city. Materialwissenschaft und Werkstofftechnik 53(9), 1009-1027. https://doi.org/10.1002/mawe.
202100330 (2022).

Kkotbora, H., Lee, H. ., Seunghwan, W,, Chang, S. J. & Kim, S. Barrier effect of insulation against harmful chemical substances
according to the wall surface construction of layered building materials.". Constr. Build. Mater. 368, 130430. https://doi.org/10.
1016/j.conbuildmat.2023.130430 (2023).

. Anna, S. G. The effect of subgrade coefficient on static work of a pontoon made as a monolithic closed tank. Appl. Sci. 11(9), 4259.

https://doi.org/10.3390/app11094259 (2021).

Davydov, S. Y., Apakashev, R. A, Valiev, N. G. & Kostyuk, P. A. New Developments in pneumatic delivery of building material
binders and inert additives. Refract. Ind. Ceram. 61(6), 626-630. https://doi.org/10.1007/s11148-021-00532-5 (2021).

Liu, Z. B., Teng, R. N. & Sun, H. Application of phase change energy storage in buildings: Classification of phase change materials
and packaging methods. Therm. Sci. 6(5), 4315-4332. https://doi.org/10.2298/TSCI211122045] (2022).

Khramov, D. D., Varenik, K. A, Varenik, A. S., Petrov, M. Y. & Nikolaev, D. I. Development of an algorithm for the interaction of
software packages autodesk revit and SCAD office for automation of design of reinforcement of a monolithic reinforced concrete
building. AIP Conf. Proc. 2486(1), 060005. https://doi.org/10.1063/5.0105569 (2022).

Zhang, Y. L. et al. Risk assessment of asbestos containing materials in a deteriorated dwelling area using four different methods.
J. Hazard. Mater. 410, 124645, https://doi.org/10.1016/j.jhazmat.2020.124645 (2021).

Mohammadi, Z., Vahabi, M., Sadat, S. M. & Zendehdel, R. Risk assessment of nano-flame retardants coating in the selected con-
struction industry of iran by control banding approach. Int. J. Prev. Med. 12(1), 96. https://doi.org/10.4103/ijpvm.IJPVM_186_19
(2021).

Brambilla, A. & Gasparri, E. Mould growth models and risk assessment for emerging timber envelopes in Australia: a comparative
study. Buildings. 11(6), 261. https://doi.org/10.3390/buildings11060261 (2021).

Guo, J. E Research on safety risk assessment model of prefabricated concrete building construction. Int. J. Crit. Infrastruct. Prot.
18(3), 197-210. https://doi.org/10.1504/1JCIS.2022.10046737 (2022).

Fang, C. K., Zhong, C. L. & Zhang, Y. L. Risk assessment of construction safety of prefabricated building hoisting based on cloud
model-entropy method. Int. J. Comput. Appl. Technol. 70(3-4), 233-243. https://doi.org/10.1504/IJCAT.2022.130878 (2023).

Lu, W, Fang, L. & Ai, L. A novel risk assessment model for prefabricated building construction based on combination weight and
catastrophe progression method. Tehnicki Vjesnik-technical Gazette. 30(6), 1959-1967 (2023).

Zhang, E, Chan, A. P. C,, Darko, A., Chen, Z. Y. & Li, D. Z. Integrated applications of building information modeling and artificial
intelligence techniques in the AEC/FM industry. Autom. Constr. 139, 104289. https://doi.org/10.1016/j.autcon.2022.104289 (2022).
Baduge, S. K. et al. Artificial intelligence and smart vision for building and construction 4.0: Machine and deep learning methods
and applications. Autom. Constr. 141, 104440. https://doi.org/10.1016/j.autcon.2022.104440 (2022).

Sodangi, M. Safety risk factors for tower cranes used by small and medium-scale contractors on construction sites. Int. . Adv. Sci.
Eng. Inf. Technol. 13(2), 514-521 (2023).

Zscheischler, ]., Reiner, B., Sebastian, R. & Roland, W. S. Perceived risks and vulnerabilities of employing digitalization and digital
data in agriculture-Socially robust orientations from a transdisciplinary process. J. Clean. Prod. 358, 132034. https://doi.org/10.
1016/j.jclepro.2022.132034 (2022).

Baybutt, P. Guidelines for designing risk matrices. Process Saf. Prog. 37(1), 49-55. https://doi.org/10.1002/prs.11905 (2018).
Cheng, T. & Teizer, ]. Modeling tower crane operator visibility to minimize the risk of limited situational awareness. J. Comput.
Civil Eng. 28(3), 04014004. https://doi.org/10.1061/(ASCE)CP.1943-5487.0000282 (2014).

Idoniboyeobu, D., Ogunsakin, A. J. & Wokoma, B. Forecasting of electrical energy demand in Nigeria using modified form of
exponential model. Am. J. Eng. 7(1), 122-135 (2018).

Nnaji, C. & Ibukun, A. Critical success factors influencing wearable sensing device implementation in AEC industry. Technol. Soc.
66, 101636. https://doi.org/10.1016/j.techsoc.2021.101636 (2021).

Jafarpisheh, R., Karbasian, M. & Asadpour, M. A hybrid reliability-centered maintenance approach for mining transportation
machines: a real case in Esfahan. Int. J. Qual. Reliab. Manag. 38(7), 1550-1575. https://doi.org/10.1108/I[JQRM-09-2020-0309
(2021).

Nicolas, C., Anrique, N., Fernandes, D., Parrado, C. & Caceres, G. (2012) Power, placement and LEC evaluation to install CSP
plants in northern Chile. Renew. Sustain. Energy Rev. 16(9), 6678-6685. https://doi.org/10.1016/j.rser.2012.09.006 (2012).

Ang, X, Shen, X. W,, Guo, Q. L. & Sun, H. B. A conditional value-at-risk based planning model for integrated energy system with
energy storage and renewables. Appl. Energy. 294, 116971. https://doi.org/10.1016/j.apenergy.2021.11697 (2021).

Stoyanov, S. V., Svetlozar, T. R. & Fabozzi., E. J.,. CVaR sensitivity with respect to tail thickness. J. Banking Finance. 37(3), 977-988.
https://doi.org/10.1016/j.jbankfin.2012.11.010 (2013).

Lin, M. Y., Chen, C. H., Dong, Z. B. & Chen, C. C. Gigabit Modbus user datagram protocol fieldbus network integrated with
industrial vision communication. Microprocessors Microsyst. 94, 104682. https://doi.org/10.1016/j.micpro.2022.104682 (2022).
Kummool, S., Suwanmanee, I., Weerathaweemas, S., Julsereewong, A. & Sittigorn, J. Availability through field device diagnosis
in feedforward control: A case study of foundation fieldbus-based temperature control. Int. J. Innov. Comput. Inf. Control. 18(1),
1349-4198 (2022).

Guo, D. Y. & Hu, Q. Design of multi-indicator integrated testing system for tobacco intelligent silk production line. J. Intell. Fuzzy
Syst. 42(3), 2615-2627. https://doi.org/10.3233/JIFS-211936 (2022).

Pavithra, C., Melvin, W. S., Prakash, S. R., Chinnaa, R. C. M. & Krishna, R. R. Automated speed control and performance analysis
of BLDC and servo motors using fuzzy logic. AIP Conf. Proc. 2455(1), 020007. https://doi.org/10.1063/5.0101183 (2022).

Xia, W., Zhu, Z. H., Chen, L., Zhu, L. M. & Zhu, Z. W. Trajectory tracking control of a fast tool servo system driven by maxwell
electromagnetic force. Chin. J. Mech. Eng. 58(03), 259-265. https://doi.org/10.3901/JME.2022.03.259 (2022).

Zhou, H. M., Peng, J. J., Zhang, X. & Wang, S. F. Operation parameter optimization of packaging production lines under reliability
constraints. Chin Mech. Eng. Soc. J. Platf. 30(11), 1352-1358 (2019).

Scientific Reports |

(2024) 14:462 | https://doi.org/10.1038/s41598-023-51102-3 nature portfolio


https://doi.org/10.1016/j.enbuild.2018.07.016
https://doi.org/10.3390/jcs7020063
https://doi.org/10.1016/j.compstruct.2020.113207
https://doi.org/10.1016/j.compstruct.2020.113207
https://doi.org/10.1260/1475-472X.12.2.117
https://doi.org/10.1016/j.jobe.2023.105908
https://doi.org/10.1016/j.jobe.2023.105908
https://doi.org/10.4028/www.scientific.net/KEM.730.457
https://doi.org/10.4028/www.scientific.net/KEM.730.457
https://doi.org/10.1002/mawe.202100330
https://doi.org/10.1002/mawe.202100330
https://doi.org/10.1016/j.conbuildmat.2023.130430
https://doi.org/10.1016/j.conbuildmat.2023.130430
https://doi.org/10.3390/app11094259
https://doi.org/10.1007/s11148-021-00532-5
https://doi.org/10.2298/TSCI211122045l
https://doi.org/10.1063/5.0105569
https://doi.org/10.1016/j.jhazmat.2020.124645
https://doi.org/10.4103/ijpvm.IJPVM_186_19
https://doi.org/10.3390/buildings11060261
https://doi.org/10.1504/IJCIS.2022.10046737
https://doi.org/10.1504/IJCAT.2022.130878
https://doi.org/10.1016/j.autcon.2022.104289
https://doi.org/10.1016/j.autcon.2022.104440
https://doi.org/10.1016/j.jclepro.2022.132034
https://doi.org/10.1016/j.jclepro.2022.132034
https://doi.org/10.1002/prs.11905
https://doi.org/10.1061/(ASCE)CP.1943-5487.0000282
https://doi.org/10.1016/j.techsoc.2021.101636
https://doi.org/10.1108/IJQRM-09-2020-0309
https://doi.org/10.1016/j.rser.2012.09.006
https://doi.org/10.1016/j.apenergy.2021.11697
https://doi.org/10.1016/j.jbankfin.2012.11.010
https://doi.org/10.1016/j.micpro.2022.104682
https://doi.org/10.3233/JIFS-211936
https://doi.org/10.1063/5.0101183
https://doi.org/10.3901/JME.2022.03.259

www.nature.com/scientificreports/

44. Hao, L. & Chung, W. J. Human-machine interface visual communication design model of electronic equipment using machine
vision technology. Wireless Commun. Mob. Comput. 2022, 7138674. https://doi.org/10.1155/2022/7138674 (2022).

45. Ge, G. C. Analysis of dynamic characteristics of man-machine co-driving vehicle during driving right switching. Autom. Control
Comput. Sci. 56(2), 166-179. https://doi.org/10.3103/S0146411622020055 (2022).

46. Zhang, Y., Liu, N. J. & Cai, J. A automatic matching algorithm and simulation for irregular cigarette package stacking. Procedia
Eng. 174, 1235-1243. https://doi.org/10.1016/j.proeng.2017.01.292 (2017).

47. Wei, Z. H., Wu, Z. E, Zhang, L. & Zhang, X. J. Design of automatic bagging device control system for cement packaging. Pack.
Eng. 43(11), 236-244 (2022).

48. Yao, Q. et al. Design of pneumatic control system for automatic bottle capping device. Proc. SPIE https://doi.org/10.1117/12.26818
55 (2023).

49. Fan, H. D., Chen, X. H., Luo, S. W. & Zhao, C. H. Quality inspection method for integrated circuit packaging product based on
image processing. Control Eng. China. 26(8), 1592-1598 (2019).

Acknowledgements
The authors would like to thank the anonymous reviewers and editors for their valuable comments and sugges-
tions to improve the quality of this paper.

Author contributions
J.E. Introduction, Literature Review, Methodology, Analysis and Discussion, Conclusions. B.D. Methodology,
Data analysis, Pictures drawing, Analysis and Discussion.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to B.D.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports |

(2024) 14:462 | https://doi.org/10.1038/s41598-023-51102-3 nature portfolio


https://doi.org/10.1155/2022/7138674
https://doi.org/10.3103/S0146411622020055
https://doi.org/10.1016/j.proeng.2017.01.292
https://doi.org/10.1117/12.2681855
https://doi.org/10.1117/12.2681855
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Theoretical design and experimental verification of control system for building material packaging unit based on risk management
	Risk assessment-based design of a unit control system for packaging construction materials
	Risk assessment of construction material packaging unit
	Construction material packaging unit
	Design of control system of packing unit
	Control function model of automatic packaging production line
	Control function model of automatic packaging production line
	Conveyor control model
	Control model of packaging volume and frequency

	Results and discussions
	Performance simulation verification of packaging unit control system
	Experimental test of control system performance
	Multi-field applicability and sustainability analysis of automatic packaging system
	Case study
	Project background
	Case simulation


	Conclusion and perspectives
	References
	Acknowledgements


