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Introduction: In complex industrial environments, traditional industrial robot
control systems are difficult to meet the requirements of automated
production for industrial parts sorting and assembly tasks.
Methods: For this purpose, this study constructs an industrial robot sorting and
assembly control system based on Ethernet bus. Its innovation lies in the deep
coupling of Profinet real-time Ethernet with self-tuning fuzzy PID control,
compressing communication jitter to the sub-millisecond level. Introduce the
greedy visual hybrid algorithm; A four-layer integrated framework of “hardware -
communication - algorithm - human-machine” has been constructed, which can
directly reuse the existing Siemens PLC and I/O ecosystem, significantly reducing
deployment costs.
Results: The experimental results show that when the time of the fusion control
algorithm is 4.0 seconds, the position tracking deviation is 0.012mm. The position
tracking deviation of the deep deterministic policy gradient algorithm is
0.018mm, and its performance is inferior to that of the fusion algorithm.
The sorting recall rate of the fuzzy sliding mode industrial sorting and
assembly control system is 93.67%, which is lower than that of the fusion
control system.
Discussion: The research findings provide a reusable technical paradigm for the
next generation of highly flexible and scalable intelligent production lines, which
are expected to be rapidly implemented in scenarios such as micro-nano
electronic assembly, flexible pharmaceuticals, and circular remanufacturing.
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1 Introduction

As the core equipment of modern intelligent manufacturing, industrial robots have
been widely applied in various fields such as metal processing and automotive
manufacturing, continuously driving industrial upgrades and social development. In the
field of automated sorting and assembly, industrial robots are capable of efficiently and
accurately sorting products such as pharmaceuticals and food, with speeds far exceeding
those of manual labor (Luo and Qiao, 2024). However, traditional industrial robot sorting
and assembly control systems often use decentralized bus architectures, resulting in issues
such as high communication delays and limited high-speed dynamic tracking capabilities
(Peta et al., 2023). Current improvements in sorting and assembly control technologies
include target visual detection technologies based on the “You Only Look Once” (YOLO)
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series and trajectory planning motion control technologies, among
others. The trajectory planning motion control technology can plan
reasonable movement paths for the robot based on sorting or
assembly task requirements (Bogue, 2023; Kiyokawa et al., 2022).
Although these technologies enable industrial robots to determine
the position of objects with different shapes, issues such as unstable
motion still remain. The Process Field Network (Profinet) bus, as a
high-performance industrial Ethernet standard, can not only
connect various types of devices and communication protocols
but also meet the real-time application requirements of industrial
automation motion control. Therefore, in response to the weak real-
time communication capabilities of industrial robots and low sorting
and assembly accuracy, this study proposes an industrial robot
sorting and assembly control system based on the Profinet bus,
with the aim of improving sorting efficiency and providing technical
support for efficient collaboration on smart manufacturing
production lines. The innovation of this system lies in the
combination of the Profinet bus with fuzzy Proportion-Integral-
Differential (PID) control, designing a new control algorithm to
enhance the system’s adaptive control of parameters. Additionally, a
greedy algorithm is used to make optimal choices for information
such as workpiece path locality, improving the system’s sorting and
assembly control capabilities.

2 Related works

To meet the real-time interaction requirements in industrial
robot sorting and assembly processes, many scholars have
conducted research on industrial robot control systems. Nguyen
Q et al. developed a laser structured light vision system for industrial
welding manipulators to address issues such as weak welding
precision. Experimental results showed that the system
performed significantly well in welding tasks with curved profiles
and small gaps in butt joint seams, with an average welding error of
1.7 mm (Nguyen Q. C. et al., 2024). Hoebert et al. proposed a
knowledge-driven framework based on industrial robot systems to
solve problems related to time-consuming robot programming and
high costs. Experimental results showed that this method reduced
the amount of programming required for robots in automated
production, making it easier to adapt to personalized production
(Hoebert et al., 2023). Pan H et al. studied and designed amethod for
predicting and compensating non geometric errors using an
optimized optimal pruning limit learning machine in order to
improve the absolute positioning accuracy of six degree of
freedom industrial robots. The results showed that the average
absolute position error of the center point of the robot end
effector decreased from 1.229 mm to 0.164 mm, and the
maximum absolute position error decreased from 1.938 mm to
0.275 mm (Pan et al., 2025). Although the above methods perform
well in terms of positioning accuracy and are suitable for high-
precision positioning tasks, they have high computational overhead
and poor real-time performance; And this research method
combines high precision and low latency through the low latency
characteristics of Profinet bus and the adaptability of fuzzy PID
control algorithm. Zhang C et al. proposed an industrial robot
positioning method based on an improved Monte Carlo algorithm
to address the problem of inaccurate positioning in complex

environments using existing positioning techniques, such as
Monte Carlo positioning methods. The method was optimized
using scanning matching technology. The experimental results
show that in simple environments, the average positioning error
of the proposed improved Monte Carlo algorithm is 1.55 cm; in
complex environments, the optimization method combined with
scan matching maintains a positioning accuracy of over 95.00%
(Zhang and Zhang, 2025). Liu F et al. designed a novel error model
based on vector inner product to improve the positioning accuracy
in the workpiece coordinate system. The research results show that
compared with existing distance error models and position error
models, the positioning accuracy in the calibrated workpiece
coordinate system has been improved by 36% and 15%,
respectively (Liu et al., 2025). The above method performs well
in the accuracy of kinematic models and can effectively improve the
positioning accuracy of robots. However, it requires high
requirements for model establishment and parameter adjustment,
and has high computational complexity; The fuzzy PID control
algorithm used in this research can dynamically adjust control
parameters based on the real-time state of the system, thereby
improving the adaptability and stability of the system.

As industrial robot control technologies have advanced, the
demands for industrial robot sorting and assembly have
increased. Not only is high sorting efficiency required, but precise
target detection must also be achieved in complex and dense
environments. Consequently, researchers have focused on
industrial robot sorting and assembly technologies. Zhang et al.
proposed an intelligent assembly line sorting method based on
robotic arm visual positioning and model predictive control to
address problems related to the difficulty of adjusting the posture
of steering devices on fruit and vegetable packaging lines.
Experimental results showed that this method could stably and
quickly grasp lettuce at different speeds (Zhang et al., 2023). Mogro
et al. proposed a machine vision system based on a Logitech
C920 HD Pro camera and force and torque sensors to meet the
requirement for quick and accurate classification of stacking objects.
Experimental results showed that the system effectively improved
productivity and safety in collaborative industrial environments
(Mogro et al., 2024). Setiawan et al. developed an automatic
sorting conveyor system using Arduino technology and
pneumatic actuators to solve issues related to the time-
consuming nature of industrial automatic sorting systems.
Experimental results showed that the system successfully
improved the efficiency and accuracy of industrial sorting
processes (Setiawan et al., 2024). Schmidbauer et al. set up a
collaborative robot demonstrator with real industrial assembly
use cases to enable collaborative robots to efficiently perform
sorting tasks. Experimental results showed that the collaborative
robot could increase the productivity of monotonous sorting tasks
(Schmidbauer et al., 2023). Farsi et al. used multi-objective dragonfly
optimization and non-dominated sorting genetic algorithms to
balance robotic assembly lines with hybrid model assembly lines.
Experimental results showed that the hybrid algorithm improved
the efficiency of the assembly line, reducing robot idle time and
energy consumption (Farsi et al., 2024).

Based on the above content, it can be concluded that significant
progress has been made in the research of industrial robot sorting
and assembly control systems in terms of real-time performance,
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accuracy, and adaptability in recent years. However, there are still
several key technical bottlenecks that urgently need to be overcome.
On the one hand, existing technologies rely on complex neural
networks or machine learning algorithms. Although they can
improve the accuracy of the system, they may bring high
computational costs and communication delays in practical
applications, thereby affecting the real-time performance of the
system. On the other hand, it lacks adaptability to complex
dynamic environments, making it difficult to meet the diverse
needs of industrial automation production. Therefore, this
research proposes the design of an industrial robot sorting and
assembly control system based on the Profinet bus to detect targets
with different scale features. It is expected that this system will meet
the high precision requirements of sorting and assembly in
manufacturing and improve its applicability in future scenarios.

3 Optimization of industrial robot
sorting and assembly control system

3.1 Control algorithm based on Profinet bus
and fuzzy PID

With the development of technology, robots have become one of
the indispensable tools in manufacturing (Zhao et al., 2024). Robots
can not only automatically grasp industrial components such as
glass and ceramic parts, but also perform high-precision welding on
electronic products. Although robots can complete precision
assembly tasks, they still lag behind in flexibility and adaptability
(Ayyıldız et al., 2024). Compared to dedicated real-time Ethernet
such as EtherCAT and Sercos III, Profinet IRT can stably achieve
deterministic jitter of <1 ms without the need for additional
dedicated ASICs, reducing hardware costs and maintenance
complexity. At the same time, Profinet supports multi protocol
compatibility, seamlessly integrates heterogeneous devices such as
vision systems and force sensors, and maintains stable transmission
in interference environments through deterministic communication
mechanisms. In testing, the overshoot is as low as 22.16%, and the
adjustment time is only 4.37 ms. In addition, its open architecture
provides an extended foundation for future industrial Internet of
Things (IIoT) and collaborative robot applications. Although
Profinet is a common standard for industrial Ethernet, its
optimized performance in specialized scenarios such as motion
control makes it an ideal choice for improving the efficiency of
industrial robot sorting and assembly. To address issues such as poor
assistance ability and unstable safety of robots, a control algorithm
based on Profinet bus and fuzzy PID is proposed to improve the
performance of intelligent robot control. Fuzzy PID is a control
algorithm that combines fuzzy control with traditional PID, which
can automatically adjust PID parameters based on different
operating states, providing high control accuracy and strong
adaptability (Nguyen H. T. et al., 2024). The fuzzy PID
membership function of the fuzzy layer is shown in Equation 1.

Ik � Oj

Ok � fjk xj( ) � exp − Oj −mjk( )2
2θ2jk

⎡⎢⎢⎢⎣ ⎤⎥⎥⎥⎦
⎧⎪⎪⎪⎨⎪⎪⎪⎩ (1)

In Equation 1, the number of input variables is j, the input
variable is xj, the membership function center and width are mjk

and θjk, respectively, and the second layer input values of the fuzzy
layer are Ik and Ok. The improved fuzzy PID input layer nodes and
error are specifically shown in Equation 2.

x1 � e;x2 � ec
Ij � xj;Oj � Ij j � 1, 2{ (2)

In Equation 2, the error and error rate are e and ec, with
corresponding nodes as x1 and x2. The schematic diagram of the
improved fuzzy PID control principle is shown in Figure 1.

From Figure 1, it can be seen that the improved fuzzy PID
control principle mainly uses the system error e and error rate ec as
input signals, which are transmitted to the fuzzy neural network for
preliminary processing. Then, fuzzy control modules generate
preliminary PID parameter adjustment suggestions based on pre-
set fuzzy rules, and the error is backpropagated through a neural
network to dynamically optimize fuzzy rules, making the control
strategy better suited to system changes. The fuzzy neural network
output is then applied to the PID controller to adjust the
proportional coefficient KP, integral coefficient KI, and derivative
coefficient KD in real-time. Finally, these three adjusted coefficients
are applied to the controlled object to form a closed-loop control.
The fuzzy decryption is specifically expressed in Equation 3.

Z0 � ∑n
i�1 uc Zi( ) × Zi( )∑n

i�1uc Zi( ) (3)

In Equation 3, the fuzzy decryption output values and related
membership function input variables are Z0 and Zi, and the
membership function and fuzzy quantity for the controlled object
are uc and n, respectively. Additionally, in order for robots to be
better applied in the field of industrial automation, the study
introduces Profinet bus to improve machining efficiency based
on the fuzzy PID algorithm. Profinet bus can perform motion
and process control, ensuring that key data is accurately
transmitted within the specified time. The calculation of data
volume using Profinet bus is shown in Equation 4.

Dtotal � ∑ Dinput +Doutput( ) (4)

In Equation 4, the input module data size is Dinput, and the
output module data size is Doutput. The specific application flow of
the Profinet bus is shown in Figure 2.

As shown in Figure 2, the Profinet bus application flow is mainly
divided into four stages: initialization, data transmission,
monitoring management, and system shutdown. The
initialization stage scans Siemens ET 200SP distributed I/O
devices on the bus to obtain device type, address, and other
information. In the data transmission stage, the master station
queries the slave stations sequentially to see if data needs to be
transmitted, and after receiving the response frame from the slave
station, the data is processed and forwarded, with real-time updates
and interactions. The monitoring and management stage mainly
detects communication status, identifies device faults,
electromagnetic interference, etc., and corrects the data. The
system shutdown stage refers to the master and slave stations
saving and clearing the current device status, and the entire
Profinet bus system stops running. The calculation method of
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Profinet bus real-time communication cycle time is shown in
Equation 5.

Tcycle � TIO + Tguard (5)

In Equation 5, the data exchange time is TIO, and the protection
time is Tguard. The PID control quantity calculation is shown in
Equation 6.

u t( ) � KPe t( ) +Ki ∑ e t( )Ts + Kd
Δe t( )
Ts

(6)

In Equation 6, the control output is u(t), and the sampling time
and error accumulation sum are Ts and ∑ e(t), respectively. As
mentioned above, the combination of Profinet bus and fuzzy PID
helps enhance the real-time performance of industrial production
and reduce control loop delays. The specific process of the control

algorithm based on Profinet bus and fuzzy PID is shown
in Figure 3.

As shown in Figure 3, the process of the control algorithm
based on Profinet bus and fuzzy PID begins with the master station
periodically reading sensor data from the slave stations via
Profinet, and collecting data such as temperature and position
in real-time. During the data collection process, timestamps are
needed to ensure time synchronization. Then, the error,
fuzzification, and fuzzy inference calculations are performed.
During fuzzy inference, PID parameter adjustment quantities
are generated based on the pre-set fuzzy rule base. The fuzzy
output is then defuzzified to update the PID parameters in real-
time. After the PID control calculation, the control output is sent
via Profinet to the actuator, ensuring priority transmission of the
output command through isochronous synchronized real-time

FIGURE 1
Schematic diagram of improved fuzzy PID control principle.

FIGURE 2
Profinet bus usage flow chart.
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channels. Finally, the output data is continuously monitored and
dynamically adjusted.

3.2 Design of the sorting and assembly
control system integrated with Profinet bus

Although the control algorithm combining Profinet bus and
fuzzy PID can meet the real-time control requirements in industrial
production, there are still certain shortcomings in industrial robot
sorting and assembly. Therefore, to address issues such as
insufficient precision and limited visual recognition ability in
industrial robot sorting and assembly, the study proposes a
control system that integrates vision and greedy algorithms based
on the Profinet bus and fuzzy PID control algorithm, in order to
improve the sorting assembly efficiency and positioning accuracy of

robots. The greedy algorithm significantly improves algorithm
execution efficiency by making optimal choices based on current
local information (Daneshmand et al., 2023). The optimal strategy of
the industrial robot assembly path using the improved greedy
algorithm is shown in Equation 7.

τn: S → A
τ* � argmax R + γP × V*{ }{ (7)

In Equation 7, the optimal assembly path corresponding strategy
and search factor are τ* and γ, while the industrial robot assembly
action function and the mapping between robot assembly space and
action set are V* and τn, respectively. The update and optimization
of the industrial robot assembly path are shown in Equation 8.

V* � Di,i+1 × E*
ξ

(8)

FIGURE 3
Flowchart of control algorithm based on Profinet bus and fuzzy PID.

FIGURE 4
Optimal path selection steps for industrial robot sorting based on greedy algorithm.
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In Equation 8, Di,i+1 and ξ represent the distance between
adjacent path points and the update coefficient, and DD
represents the path action value. The steps for optimal path
selection of the industrial robot sorting using the greedy
algorithm are shown in Figure 4.

As shown in Figure 4, the steps for selecting the optimal sorting
path for the industrial robot based on the greedy algorithm begin
with defining the sorting problem, including specifying the item set,
location distribution, and other sorting tasks. The sorting scenario is
then constructed into a directed graph model, and the path is
initialized starting from the robot’s current position. Then, based
on the greedy principle, the next node is selected and the priority of
the target workpiece is calculated. The selected path node is added to
the path list, forming a new path. The sorting efficiency of the robot
is then evaluated by determining whether the robot’s path yields an
efficient sorting process. If the sorting efficiency meets the required
criteria, the final result is output. The sorting efficiency calculation is
shown in Equation 9.

VF � 1
d01 +∑dih + ∑dhi + dn1

(9)

In Equation 9, the horizontal distance from the start position to
the target grab position of the industrial robot during task execution
is d01, and the number of target workpieces and placement points are
i and h, respectively. The distance from the placement point to the
end effector is dn1. Additionally, the study also utilizes the OMRON
vision system to enhance the robot’s visual detection capabilities.
This system can be integrated with other devices to complete
collaborative tasks in automated production. The robot sorting
and assembly control process based on the OMRON vision
system is shown in Figure 5.

As shown in Figure 5, the robot sorting and assembly control
process based on the OMRON vision system starts with calibrating
the zero position of each joint of the robot arm and setting the
motion parameters, such as maximum speed and acceleration. Then,
a communication link between the OMRON vision system and the
robot is established. The robot moves the picked part above the
camera for imaging and then waits for the feedback signal from the

vision system after image processing. Once the feedback signal is
received, the robot processes the part image information provided
by the vision system. The processed part is then further inspected,
and if it passes the inspection, the assembly work is completed.
Image matching detection is calculated as shown in Equation 10.

D i, j( ) � ∑M
m�1

∑N
n�1

sij m, n( ) − Tθ m0, n0( )[ ]2 (10)

In Equation 10, the pixel value at sub-image coordinate (m, n) is
sij(m, n), and the pixel value after angular transformation by θ is
Tθ(m0, n0). Detection of the target image for circular holes is
calculated as shown in Equation 11.

R2
k i, j( ) � ∑M

mk�1
∑N
nk�1

mk − i( )2 + nk − j( )2[ ] (11)

In Equation 11, the radius of the circle and the current position
of the circular hole center are Rk(i, j) and (i, j), respectively. The
offset of the industrial robot’s sorting workpiece is calculated as
shown in Equation 12.

ΔXR � PYn − PX0( ) × σn
ΔYR � − PXn − PY0( ) × σn

{ (12)

In Equation 12, the offset of the industrial robot along theX and
Y axes is ΔXR and ΔYR, respectively. The image model center
position and the tray center are PXn, PYn , PX0, and PY0, and the
workpiece pixel quantity is σn. In summary, the industrial robot
sorting and assembly control method combining the greedy
algorithm and the OMRON vision system can achieve correct
sorting and efficient assembly of workpieces. The specific
framework of the industrial robot sorting and assembly control
system based on Profinet bus and fuzzy PID is shown in Figure 6.

In Figure 6, the industrial robot sorting and assembly control
system based on Profinet bus and fuzzy PID is divided into four
parts: the hardware layer, communication layer, software layer, and
human-machine interaction layer. The hardware layer mainly
includes the SCARA industrial robot body, OMRON vision
system, force sensors, and others. The OMRON vision system is

FIGURE 5
OMRON vision-based robot sorting and assembly control process.
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used to identify the shape, position, and color of parts. Then, the
system enters the communication layer, where the Profinet
communication protocol is used for high-speed data transmission
and real-time control between devices. The software layer mainly
consists of the fuzzy PID control algorithm module and the system
monitoring and management software, which adjust the robot’s
control parameters in real-time. Finally, in the human-machine
interaction layer, operators can manually control the robot through
the teach pendant and view the robot’s status information.

4 Performance analysis of industrial
robot sorting and assembly
control system

4.1 Performance evaluation of control
algorithm based on Profinet and fuzzy PID

To verify the performance superiority of the Profinet bus
fusion and fuzzy PID control algorithm, the study compared it
with the fuzzy sliding mode control algorithm, Deep Deterministic
Policy Gradient (DDPG) algorithm, and Whale Optimization PID
control algorithm. The experimental hardware platform was
Cortex-M4 + FPGA, and the software platform used was the
Linux embedded operating system, with the Rviz visualization
interface. For the experiments to be authentic and reliable, the
study selected the Fourier ActionNet and RoboMIND datasets for
testing and training. The process of network training is as follows:
first, collect the input and output data of the system, including
sensor readings, control instructions, and system response. These
data are used to train a neural network that adopts a three-layer
structure. The input layer receives the system’s error and error
change rate, the hidden layer processes it through fuzzy rules, and
the output layer generates the adjustment of PID parameters.
During the training process, the backpropagation algorithm is
used to adjust the network weights and optimize the fuzzy rule
library by minimizing the prediction error. After training, the
neural network can learn the dynamic characteristics of the system
and generate optimal fuzzy rules, which are then solidified in the

local memory of the PLC for online control. The Fourier
ActionNet dataset contains imitation learning data for robotic
hand tasks. The study performed a pose tracking deviation test
with four control algorithms: Profinet bus fusion, fuzzy sliding
mode, DDPG, and Whale Optimization PID. The test results are
shown in Figure 7.

As shown in Figure 7a, the position tracking deviation of the
Profinet bus fusion control algorithm was 0.006 mm less than that of
the DDPG control algorithm. As shown in Figure 7b, when the
Profinet bus fusion control algorithm was used with the RoboMIND
dataset, the position tracking deviation was 0.012 mm at 4.0 s. As
shown in Figure 7c, the attitude angle tracking deviation of the fuzzy
sliding mode control algorithm was 2.89 rad at 5.0 s. As shown in
Figure 7d, the Profinet bus fusion control algorithm had an attitude
angle tracking deviation of 0.46 rad at 4.0 s. In summary, the Profinet
bus fusion control algorithm enabled better operation of the robotic
arm and showed stable overall performance. To further demonstrate
the applicability of the Profinet bus fusion control algorithm, the
study tested it for path obstacle avoidance and compared it with the
fuzzy sliding mode, DDPG, and Whale Optimization PID control
algorithms. The test results are shown in Figure 8.

As shown in Figure 8a, when the robot using the Profinet bus
fusion control algorithm had x = 18 m and y = 30 m, the proportion
of the path near obstacles was 8.25%, indicating a relatively safe path.
As shown in Figure 8b, when the fuzzy sliding mode control
algorithm was used with the robot’s x = 42 m and y = 41 m, the
proportion near obstacles was 75.36%, and the optimal path found
was more dangerous. As shown in Figure 8c, the optimal path found
using the DDPG control algorithm hadmany turns, and the distance
to the target was larger. As shown in Figure 8d, when x was between
20 m and 43 m, and y between 38 m and 42 m, the robot using the
Whale Optimization PID control algorithm had a more winding
obstacle avoidance path, with a total of 79.69% of the path near
obstacles. Additionally, the study performed interference tests on the
four control algorithms, and the test results are shown in Table 1.

As shown in Table 1, when the Profinet bus fusion control
algorithm was tested in the Fourier ActionNet dataset under
interference, the adjustment time was 4.37 ms, with an overshoot
of 22.48%. When tested with the RoboMIND dataset, the overshoot

FIGURE 6
Proposed industrial robot sorting and assembly control system framework.
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of the Profinet bus fusion control algorithm was 20.13%, which was
2.23%, 3.76%, and 1.42% lower than the fuzzy sliding mode, DDPG,
and Whale Optimization PID control algorithms, respectively. This
is because of the propagation mechanism of the network, where the
system collects sensor data in real-time and calculates the error and
error rate based on it. These data are then input into the fuzzy PID
control algorithm. The fuzzy rule library generates the adjustment
amount of PID parameters through fuzzy inference based on the
input error and error change rate. These adjustments are applied to
the PID controller to update the PID parameters in real-time. The
updated PID parameters are used to generate control instructions,
which are sent to the robot controller through the Profinet bus to
drive the robot to perform corresponding actions. This process
ensures that the system can dynamically adjust control parameters
based on real-time status, thereby improving control accuracy and
system stability.

4.2 Validation of the sorting and assembly
control system integrated with
multiple methods

To further explore the effectiveness of the algorithm based
industrial robot sorting and assembly control system in practical
applications. The system was compared with the industrial robot
sorting and assembly control systems constructed using the
fuzzy sliding mode, DDPG, and Whale Optimization PID
algorithms. The experimental object was the German LBR
iiwa 7 R800 industrial robot, with the main controller being
the Siemens CPU1214C AC/DC/RlyPLC, and the network
master station set as the CPU1214C, extended with a CJ1W-
ID211 (DI) switch input/output module. The datasets selected
were the Caltech 256 and CIFAR-100 datasets, which contained
256 and 100 classes of object image data, respectively, and helped

FIGURE 7
Position tracking deviation test results in different data sets. (a) Different algorithms track deviation test results in Fourier ActionNet dataset. (b)
Different algorithms track deviation test results in RoboMIND dataset. (c) Attitude Angle tracking error results of different algorithms in Fourier ActionNet
dataset. (d) Attitude Angle tracking deviation results of different algorithms in RoboMIND dataset.
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the industrial robot recognize different types of parts. The
detailed process of the research system in practical
application is as follows: firstly, the conveyor belt
continuously transports the workpiece to be processed into
the working area, and the OMRON vision system captures
the workpiece image in real time and performs high-precision
positioning analysis. The coordinate data is transmitted to the
main control system through the Profinet bus; Secondly, the
control core is based on a greedy algorithm to quickly calculate

the optimal grasping path, while the fuzzy PID controller
dynamically adjusts the motion parameters based on feedback
from the force sensor; Then the industrial robot executes precise
grasping actions according to the planned trajectory, completes
sorting, and transports it to the designated assembly station.
During the assembly process, real-time monitoring of contact
force and fine-tuning of pose are carried out; Finally, all device
status data is exchanged in real-time through the Profinet
network, and the system continuously monitors the operating

FIGURE 8
Robot path obstacle avoidance test results. (a) Profinet bus fusion path obstacle avoidance test results. (b) Fuzzy sliding mode path obstacle
avoidance test results. (c) DDPG path obstacle avoidance test results. (d) Whale optimized PID path obstacle avoidance test results.

TABLE 1 Test results of interference parameters of different control algorithms.

Data set Argument Profinet bus fusion Fuzzy sliding mode DDPG Whale optimized PID

Fourier ActionNet Adjustment time (ms) 4.37 12.78 8.94 7.64

Overshoot (%) 22.16 26.97 22.39 25.47

Steady state error (N) 0 0 0 0

Disturbance time (ms) 1.5 3.2 3.6 2.9

RoboMIND Adjustment time (ms) 4.26 11.88 7.63 8.12

Overshoot (%) 20.13 22.36 23.89 21.55

Steady state error (N) 0 0 0 0

Disturbance time (ms) 1.7 3.1 2.9 2.4
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status of each link to ensure the efficient and stable execution of
the entire sorting and assembly process. Different control
systems adopt a unified actual deployment scenario, with the
following specific settings: an industrial robot is installed on an
earthquake resistant base, with a working radius covering a 2-m-
wide conveyor belt and four surrounding assembly stations; The
OMRON FH series intelligent camera is fixed at a 45° angle 1.5 m
above the conveyor belt, and is paired with a circular light source
to ensure imaging quality; The Siemens CPU1214C PLC
controller is networked with robot controllers, distributed I/O
modules, and HMI operation terminals through Profinet
industrial Ethernet. The network topology adopts a star
structure to ensure real-time communication. In actual
operation, the system works continuously at a rate of 60 gear
components per minute, and the conveyor belt speed remains
stable at 0.5 m/s. The vision system takes multi angle photos and
locates each gear component that reaches the detection area. The
robot completes the picking according to the real-time
calculated grasping path and accurately assembles it to the
designated position of the gearbox housing. The Profinet
network maintains a synchronous control cycle of 1 ms
throughout the entire process to ensure the coordinated
operation of all devices. The study performed part grabbing
environment sensitivity tests on the four sorting and assembly
control systems (Profinet bus fusion - Control System 1, fuzzy
sliding mode - Control System 2, DDPG - Control System 3, and
Whale Optimization PID - Control System 4), and the test
results are shown in Figure 9.

As shown in Figure 9a, when the specificity of Control
System 1 was 0.21, the sensitivity was 0.37. For Control
Systems 2, 3, and 4, when the specificity was 0.62, the
sensitivity exceeded 1.00. Control System 1 showed higher
sensitivity and stronger ability to recognize positive cases. As
shown in Figure 9b, when the specificity of Control System 1 was

0.43, the sensitivity was 0.49. Compared to Figure 9a, the
sensitivity slightly decreased. In the CIFAR-100 dataset,
Control System 4 showed sensitivity and specificity both
close to 0.8. In summary, Control System 1 achieved a good
balance between sensitivity and specificity, with a low
probability of false positives when recognizing objects.
Furthermore, the study tested the actual assembly operation
trajectories of the four control systems. The test results are
shown in Figure 10.

As shown in Figure 10, the actual optimal operation trajectory
showed a significant turning tendency. When the x-axis was
3.0 m, the actual assembly operation trajectory of the
industrial robot with Control System 1 matched the optimal

FIGURE 9
Part grabbing environmental sensitivity test results. (a) Sensitivity and specificity test results of different systems in the Caltech 256 dataset. (b)
Sensitivity and specificity test results of different systems in the CIFAR-100 dataset.

FIGURE 10
Actual optimal operation trajectory test results.
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trajectory. When the x-axis was 3.2 m, the y-axis was 8.0 m, and
the z-axis was 2.6 m, the actual assembly operation trajectory of
the industrial robot with Control System 1 was consistent with
the optimal trajectory. When the x-axis was 2.8 m, the y-axis was
4.1 m, and the y-axis was 2.4 m, the actual assembly operation
trajectory of the industrial robot with Control System 3 showed a
0.1 m error in the y-axis compared to the optimal trajectory. To
investigate the communication delay and visual feedback
response of Profinet in complex environments, an oscilloscope
was used to capture the Profinet frame transmission time
difference between PLC and robot controller. The results are
shown in Table 2.

Table 2 shows that in strong electromagnetic interference
scenarios, the system communication delay is always controlled
within 2.4 ms, thanks to the precise clock synchronization
mechanism and professional grade shielded cable design. In
the face of oil pollution conditions, the visual system can
maintain stable recognition ability even under harsh
conditions where the lens transmittance drops to 72%, and
the positioning accuracy fluctuates by no more than 0.02 mm,
demonstrating the strong environmental adaptability of the
research system. In a mechanical vibration environment, the
system can effectively suppress trajectory deviation caused by
vibration in just 3 ms by dynamically adjusting control
parameters. High load testing shows that the overall response
speed of the system can still be maintained within the acceptable
range of engineering at a pace of processing 15 workpieces per
minute. The excellent performance of the research system in
real-time may be due to Profinet IRT’s hardware level time
synchronization and frame scheduling mechanism, which
ensures data transmission within the specified time window.
This low latency and high stability provide a fundamental
guarantee for the real-time performance of the control
system. The fuzzy PID control algorithm combines the
advantages of fuzzy control and traditional PID control, and
can dynamically adjust control parameters based on the real-
time state of the system, thereby improving control accuracy and
adaptability. The combination of real-time data transmission via
Profinet bus and dynamic adjustment of fuzzy PID control
algorithm enables the system to quickly respond and adjust
control strategies within each control cycle, thereby
significantly improving the real-time performance of the
system. The excellent real-time communication capability,
intelligent environmental adaptability, and stable high load
performance of the research method make it a breakthrough
solution in the field of industrial automation, especially suitable

for production scenarios with strict requirements for reliability
and accuracy. In summary, the Profinet bus fusion industrial
robot sorting and assembly control system proposed in the study
showed good assembly control performance and superior path
planning capability.

5 Conclusion

To address the issues of low sorting efficiency in industrial
robots, the study built an industrial robot sorting and assembly
control system based on the integration of Profinet bus and fuzzy
PID control algorithms. During the system construction, a greedy
algorithm was also used to optimize local information to improve
the positioning accuracy of the industrial robot. The
experimental results show that the real-time control
framework integrating Profinet deterministic communication
and fuzzy PID adaptive regulation reduces position deviation
by 33% compared to DDPG. Integrated OMRON vision and force
sensor software and hardware collaborative design, achieving
millimeter level operational accuracy. The experiment verified
the superiority of the system in terms of tracking error with an
accuracy of 0.012 mm and interference recovery with a reliability
of 1.5 ms. In summary, the industrial robot sorting and assembly
control system based on Profinet bus and fuzzy PID control
algorithms was able to better perform precision operation tasks
and adaptively adjust related parameters in a timely manner
when problems were detected. However, there are still certain
limitations in the research, as the experiment did not test the
detection of micro scale assembly parts. Therefore, in future
research, further testing of micro scale assembly detection can be
conducted to explore its applicability in precision manufacturing
scenarios such as semiconductors and microsensors. Secondly,
combined with the real-time communication capability of
Profinet bus, it can be extended to human-machine
collaborative production lines to improve flexible
manufacturing efficiency. Finally, research a multi robot
collaborative control framework to improve the overall
efficiency of large-scale production lines.
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TABLE 2 Profinet communication delay and visual feedback response results in complex environments.

Test scenario Communication delay (ms) Visual processing cycle (ms) Positioning error (mm)

Standard condition 1.2 ± 0.3 47 ± 3 0.012

Electromagnetic interference (30 V/m) 1.8 ± 0.5 52 ± 5 0.015

Oil pollution obstruction (50% area) 1.5 ± 0.4 68 ± 8 0.021

Mechanical vibration (5–200 Hz) 2.3 ± 0.6 55 ± 6 0.018

Multi objective concurrency (15 per minute) 1.6 ± 0.4 72 ± 7 0.024
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