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Abstract. Integrating industrial robotic arms into electrical automation systems offers significant opportunities
for high-precision assembly processes in modern manufacturing. This study explores a comprehensive
framework integrating robotic arms with automation components such as programmable logic controllers,
sensors, and actuators, aiming to improve assembly accuracy and efficiency. To minimize errors and enhance
system reliability, this integration scheme utilizes real-time feedback and advanced calibration and control
strategies to achieve smooth operation. Experimental tests conducted in a controlled factory environment
simulating conditions such as varying lighting, surface quality, and overlap demonstrate a significant
improvement in assembly accuracy. Furthermore, the integrated system reduces assembly time compared to
traditional methods. Despite these advancements, challenges related to system compatibility, communication
latency, and hardware limitations remain. These challenges are addressed through advanced software solutions
and hardware improvements. The results highlight the potential of this integration scheme in optimizing high-
precision assembly processes and pave the way for building more adaptable and efficient manufacturing
systems. This research lays the foundation for further research into how to improve the integration of robotics
and automation systems in complex industrial applications.

Keywords: industrial robot arm, electrical automation systems, high-precision assembly, system integration,
real-time feedback

1 Introduction

Industrial robots have become indispensable in modern manufacturing because they can perform repetitive,
complex, and hazardous tasks with high efficiency and precision [1]. The integration of robotic arms into
electrical automation systems has revolutionized numerous industries, including the automotive, electronics, and
consumer goods industries, where precision and speed are critical [2]. Electrical automation systems, including
components such as programmable logic controllers (PLCs), sensors, actuators, and feedback systems, enable
the precise control of robot functions, ensuring smooth operation in dynamic industrial environments [3]. High-
precision assembly tasks are fundamental in industries with extremely tight tolerances, such as the assembly
of electronic components or precision tools. Achieving this precision in automated systems is challenging due
to factors such as mechanical limitations, system latency, and variable environmental conditions. Furthermore,
traditional robotic systems often struggle to adapt to complex and highly variable assembly processes, resulting
in reduced reliability and efficiency [4]. The increasing demands for precision, efficiency, and flexibility in
manufacturing processes have intensified interest in integrating robotic arms into electrical automation systems
[5]. This integration promises to overcome existing limitations through real-time feedback, advanced control
mechanisms, and adaptive capabilities. Despite significant advances in robotics and automation, the integration
of these two systems for smooth and high-precision operation remains under-researched in both academic
research and industrial practice [6]. Closing this gap is crucial for improving the adaptability of manufacturing
systems to diverse and complex assembly tasks. This paper proposes a comprehensive concept for integrating
industrial robotic arms with electrical automation systems to enhance the precision and efficiency of high-
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precision assembly tasks. Through experimental evaluation and analysis, the impact of this integration on
assembly performance in real-world factory environments is investigated. The examination of the system
architecture, communication protocols, and control strategies provides insights into how existing barriers can be
overcome and system performance improved in the context of modern manufacturing challenges.

2 Literature Review

The integration of industrial robot arms into electrical automation systems for high-precision assembly tasks
has become a key research focus, aiming to improve manufacturing efficiency and accuracy. Early robotics
research, such as that by Ryalat et al. [7], laid the foundation for experimental robot systems and highlighted
the importance of precise control and coordination in robot operations. This fundamental research underscores
the need to integrate complex control mechanisms into automation systems to perform high-precision tasks.
Recent advances have led to the development of specialized robot architectures capable of operating in complex
and difficult-to-access environments. Dong et al. [8] introduced “snake-arm” robots for aircraft assembly,
demonstrating how flexible, articulated robot systems can be integrated into electrical automation systems to
perform tasks in confined spaces such as wing bays. Their work highlights the potential of combining mechanical
reconfigurability with automation systems to expand the capabilities of high-precision assembly. The concept of
reconfigurability and modularity in robot systems has gained importance, as demonstrated by Moubarak et al. [9],
who investigated reconfigurable parallel kinematic manipulators (PKMs). Their study highlights the importance
of integrating such modular robots with standard industrial controllers for flexible manufacturing processes. This
integration enables the adaptation of assembly operations, which is crucial for high-precision tasks with varying
configurations. Othman et al. [10] discuss efforts to increase productivity through the integration of complex
movements, focusing on the seamless integration of complex robot movements into manufacturing processes.
Their work suggests that integrating advanced motion control with electrical automation systems can significantly
improve the accuracy and efficiency of assembly tasks. Real-time monitoring and control systems are essential
for safe and efficient human-robot interaction, as demonstrated by Xu et al. [11]. The development of a universal
low-level control system and electronic hardware modules for exoskeletons highlights the importance of real-
time data acquisition and management for integrating complex robotic systems into automated environments,
thus ensuring highly precise and safe operation. Intelligent control strategies using deep learning facilitate the
further integration of robots into automated systems. Soori et al. [12] confirmed the feasibility of combining deep
learning algorithms with industrial robots to develop intelligent systems for high-precision tasks. This approach
represents an important milestone in the development of adaptive and intelligent robotic systems for assembly.
Structural optimization of robotic manipulators also plays a crucial role in achieving high performance. Srinivas
et al. [13] presented topology optimization methods for hybrid robotic manipulators that consider workspace
dynamics and joint forces. Such optimized designs are essential for integrating high-precision capabilities into
robotic systems within the context of automation. Force and torque control strategies are crucial for precise
assembly processes such as the joining of nuts and bolts. Carpanzano et al. [14] investigated advanced control
methods and highlighted the importance of integrating AI and machine learning to overcome the limitations of
traditional methods. These strategies improve the accuracy and speed of robotic assembly tasks, thus contributing
to the achievement of high-precision automation goals. Fault tolerance and reliability are critical for continuous,
high-precision operations. Urrea et al. [15] proposed hybrid control systems with differential gears and
coordination algorithms to ensure operational stability in collaborative robot tasks. Their work demonstrates how
integrating fault-tolerant control into automation systems can maintain high precision despite potential system
failures. Finally, innovative developments in microrobotics, such as the work of Abbasi et al. [16], demonstrate
how microfluidically integrated magnetic robots can be autonomously controlled for the analysis of biological
fluids. Although their approach to integrating microrobotic systems with intelligent control mechanisms focuses
on bioengineering, it provides insights into future development directions for highly precise automated robots.

3 Methodology

This section describes a methodology for integrating industrial robots into electrical automation systems for
high-precision assembly tasks in Fig. 1. According to the simulation results, the proposed SVPWM-based control
system for permanent magnet synchronous motors exhibits good dynamic response, steady-state stability, and
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noise immunity. During the start-up phase, the speed-time curve shows a rapid increase in motor speed from
zero to the rated speed within a short time. This demonstrates the high acceleration capability and fast tracking
of the control system. Although a slight overshoot occurs at the beginning of acceleration, speed fluctuations are
quickly suppressed, and the motor rapidly reaches a stable operating state. This proves that the speed control
loop effectively corrects the deviation between the actual and target speeds. When a load torque is applied, the
speed curve shows only minor transient fluctuations and then quickly returns to the steady-state value. This
demonstrates the good noise immunity of the controller to load changes. The sector-time distribution curve
confirms the correctness of the SVPWM algorithm. The value of N changes periodically in the sequence 3-1-5-
4-6-2, corresponding to sectors I, IL, III, IV, V, and VI. This regular transition between sectors indicates that the
reference voltage vector rotates continuously and correctly in the stator coordinate system, which is essential for
generating a stable magnetic flux path. If the sector definition were inaccurate, the synthesized voltage vector
would deviate from the expected direction, resulting in current distortions and an unstable output torque. The
sector distribution result thus confirms the reliability of the digital sector calculation logic. The torque-time curve
shows that the motor generates sufficient electromagnetic torque during startup and quickly regulates its output
torque after an increase in load. During startup, the motor generates a relatively high torque to rapidly accelerate
the rotor. After reaching steady speed, the torque decreases and remains close to the value required for load
balancing. With an increase in load, the output torque increases accordingly, demonstrating the self-regulating
capability of the control system. Furthermore, the waveforms of the three-phase stator currents after the transient
response are generally symmetrical and periodic, indicating that the inverter output voltage generated by the
SVPWM can produce symmetrical three-phase currents. Although slight current ripple occurs due to the PWM
circuitry, the overall waveform remains stable and smooth. Balanced stator currents contribute to the generation
of a smooth rotating magnetic field, reduce torque ripple, and improve motor stability. The simulation results
for speed, sector distribution, torque, and stator current are consistent overall and demonstrate that the SVPWM
control algorithm based on the TMS320F28335 DSP enables precise voltage vector synthesis, stable sector
switching, fast speed control, effective torque control, and strong load disturbance suppression. These results
confirm the feasibility and effectiveness of the proposed control system for permanent magnet synchronous
motor drives.

Methodology for Integrating Industrial Robots into
Electrical Automation Systems for High-Precision Assembly Tasks
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Fig. 1. Methodology for integrating industrial robots into electrical automation systems

3.1 System Design

The system design is based on two main components: an industrial robot and an electrical automation system.
Both components are crucial for achieving high precision and efficiency in assembly tasks.
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1) Industrial Robot Model, for this study, a 6 degrees of freedom robot capable of performing a wide range of
assembly tasks [17]. Key robot parameters are: payload: 150 kg, reach: 2.6 m, and repeatability: +0.03 mm. The
motion of a robot manipulator is described by its forward kinematics, which transforms the coordinates in the
joint space into Cartesian coordinates. This transformation is defined by the following matrix equation:

=TT, T 1)

Where T is the transformation matrix, and 7, - 7, - T, represent the individual transformation matrices for each
joint. The joint angles 6, for each axis are controlled using inverse kinematics:

Hi:ffl(x’y’z,a,ﬂ,y) (2)

Where x, y, z represents the end-effector position, and o, f, y are the Euler angles describing the orientation.

2) Electrical Automation System Components, the electrical automation system consists of several
components that provide precise control of the robot arm and real-time response to assembly tasks. These
components include: PLC: It controls the robot arm’s movements and communicates with sensors. Sensors:
These include image sensors and force sensors on the end effector of the robot arm. Actuators: High-precision
servomotors control the robot arm’s movements. The sensors communicate with the PLC and provide real-time
feedback for adjustments. The communication flow between the components is as follows:

Data_, _— PLC — Robot

sensor actuator (3)

The control logic is based on a feedback loop, where the sensor data is continuously fed back into the PLC to
adjust the robot’s movements in real time:

Control

robot

(t) = a- Position,,, ,(t)+ - Feedback,,, (t) 4

sensor

Where a and f are tuning parameters for proportional control, and Position,,,.t) and Feedback,,,, () are the
desired and actual sensor feedback values, respectively.

3.2 Integration Approach

The integration process ensures coordinated operation of the robotic arm and the electrical automation system, as
well as seamless communication between the components for high precision and adaptability.

1) Hardware Integration

The robotic arm, PLC, and sensors are physically integrated via Industrial Ethernet. The PLC controls the
actuators, and sensor data is transmitted to the PLC for real-time adaptation [18]. The robotic arm control system
is designed to ensure seamless communication between all components. The data flow can be represented as
follows:

APosition = f(Control

robot?

Sensor,, o> Time,,, N ) (5)

Where APosition is the change in position based on real-time adjustments, and Time,,,,
actual movements.

2) Software Architecture

The software architecture relies on the Robot Operating System (ROS) for robot motion control, while
Siemens TIA Portal is used for programming the PLC [19]. The system is designed to minimize errors and adapt
to changing conditions in real time. The software architecture is based on an error-correction algorithm, where
the correction term is given by:

represents the time lag between control signals and

Error,

corr

= POSltlondesired_ POSltlonactual (6)
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The control signal is updated based on the error correction term:

Control

ienat(1) = Control t-1)+K Error,,, () (7)

previous (

Where K, is the proportional gain factor, and Error,,,, is the error correction at time ¢.

3) Communication Protocols

The communication between the PLC and sensors is facilitated using Modbus TCP protocol. This allows
fast and reliable data exchange between the control system and sensors. The communication delay A,,,,, can be
represented as:

_Packet,, g
Data ®

rate

comm™

Where Packet

i 18 the size of the data packet being transmitted, and Data,,, is the communication speed.

rate

3.3 Precision Measurement

Accurate precision measurement is crucial to evaluate the performance of the integrated system. Several
precision metrics are used, including position error, force error, and assembly time.

1) Position Error

The position error is calculated as the difference between the desired position and the actual position of the
robot’s end-effector:

2 2 2
Er rorpo.vitian = (X actual X desired ) + (Yactuul - Yde.vired ) + (Zactual -Z desired ) (9)

Where X, Yoeras Zoewa are the measured coordinates, and X,y Yiesired Zuesiea ar€ the target coordinates.
2) Force Error
The force error is measured using the force sensors and is computed as the difference between the applied

force and the desired force:

Y,

a

E v rorforce = Eneasured - F desired (1 0)

Where F,,......c 1 the actual force measured by the force sensor, and F ., is the target force.
3) Assembly Time
The total time taken for each assembly task is measured from component pickup to final insertion [20]. The

total assembly time 7., can be calculated as:

T

assembly = Tpickup+ Tplacement + T;zdjuxtmym (11)

Where T,,,,, is the time taken to pick up the component, 7., is the time taken to position the component, and
T, jusimen 18 the time spent correcting any misalignment.

3.4 Testing Environment

The experimental setup simulates real-world assembly conditions to evaluate the system’s performance under
various environmental factors, including lighting variations, surface finishes, and occlusions.

1) Lighting Variations

To simulate lighting variations, the intensity of the light source is adjusted, and the system’s ability to detect
objects is measured [21]. The detection accuracy D, can be expressed as:

accuracy
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_ Ob] eCtsderected

accuracy”™
T ota lobjects

(12)

Where Objects ,,.eq 1S the number of objects detected correctly under varying lighting conditions, and 7otal,
is the total number of objects in the field of view.

2) Surface Finish

Components with different surface finishes are tested to assess how surface texture affects precision. The
effect of surface finish on positioning accuracy can be quantified by:

bjects

Errorﬁnixh = \/(Xsmface - ‘Xvalesired)2 + (Y;urface_ Ydesired)z (13)

Where X, /ccr
coordinates.
3) Occlusion
Occlusion is tested by introducing obstacles into the robot’s path [22]. The system’s ability to detect and adjust
for occlusion is evaluated using the occlusion detection time 7).,

Y,

surface

are the coordinates of the surface finish variations, and X,,,;.u> Yaesirea are the target

T T

total — * clear
T(’)cclusion - T (14)

total

Where T,,,,. is the time taken when no occlusion is present, and T, is the total time taken to complete the task.

4 Results and Discussion

This section presents an evaluation of the integrated system’s performance in high-precision assembly tasks. The
test results obtained under controlled, factory-like conditions are compared with those of conventional automated
systems. The impact on accuracy, efficiency, and adaptability, as well as the challenges in the integration process,
are discussed in detail. Finally, the performance of the proposed system is compared with existing industrial
systems. The comparison results are shown in Table 1.

Table 1. Performance evaluation and comparison between integrated and base systems

Category Integrated system Base system Key insights
The integrated system shows a 30%

Position error +0.03 mm +0.05 mm e ”
reduction in position error.
F trol i te, with
Force error DON 5N orce control is more accurate, with a
60% reduction in force error.
. . The integrated system demonstrate
Assembly time 15% reduction N/A J1© integrated sys strates
higher efficiency.
Maintains Performance
S L accuracy under degradation The integrated system adapts to lightin
Lighting variations uracy unc gracation grated 8ys cap ghting
varying lighting  under lighting changes, maintaining high accuracy.
conditions changes
Handles different ~ Accuracy is The integrated system can maintain
Surface quality surface finishes impacted by positioning accuracy even with
effectively surface texture variations in surface finish.
. Struggles with
Effectively detects £8 . .
. . . occlusion The integrated system is better at
Occlusion handling and adjusts for . . ;
X detection and  handling occlusions.
occlusions .
adjustment
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Category Integrated system Base system Key insights
Seamless Initial
. compatibility =~ Hardware integration required a
o communication . . . .
Hardware compatibility issues with universal protocol translation layer to
between robot, o
sensors and ensure compatibility.
PLC, and sensors
PLC
Middleware
required for . .
. . d L Middleware development was required
Software integration communication N/A . .
to ensure seamless integration.
between robot and
PLC
Initial
Successfully califbration
calibrated force . . The iterative calibration and feedback
N . issues, leading . .
Force sensor calibration sensors, ensuring | loops in the integrated system ensured
optimal force force precise force application.
application
measurements
. o Limited
o . High adaptabilit . .
Adaptability to dynamic to (gi namri)c Y adaptability The integrated system was far more
conditions e to dynamic adaptable to environmental
conditions
changes

4.1 Performance Evaluation

To evaluate the performance of the integrated robot arm and the electrical automation system, several key
performance indicators (KPIs) were analyzed. These included accuracy, assembly time, and the system’s
adaptability to dynamic conditions. The tests were conducted in various experimental scenarios, including
variable lighting, surface quality, and partial overlap.

1) Results of the High-Precision Assembly Task

The integrated system was tested in a series of high-precision assembly tasks, including the assembly of
an electronic component onto a fixture in Fig. 2. These tasks required precise component positioning, as even
minor deviations could lead to slippage or damage to the delicate parts. Key accuracy metrics for performance
evaluation included: Position error: This metric measures the deviation between the robot arm’s position and the
target position. Position error was measured for both the integrated system and the base system. Force error: This
metric measures the deviation between the force applied to the component and the target force. Excessive force
can damage components, while insufficient force can result in incomplete or substandard assembly. Assembly
time: The total time required for an assembly operation, from component pickup to final placement. Reducing
assembly time is crucial for optimizing manufacturing processes. Regarding position error, the integrated
system demonstrated a reduction of up to 30% compared to the base system. For example, the average position
error of the integrated system was £0.03 mm, compared to £0.05 mm for the base system. Force error was also
reduced. The integrated system achieved an accuracy of £2 N compared to =5 N for the base system. The use of
force sensors enabled the integrated system to monitor the force applied during assembly more effectively, thus
ensuring component integrity. Regarding assembly time, the integrated system demonstrated a 15% reduction
compared to the base system. This improvement is primarily attributable to enhanced feedback and the adaptive
behavior of the integrated system, which reduced the need for manual adjustments or recalibrations.

The histogram displays the distribution of position errors in millimeters from an experimental setup, with most
errors concentrated around 0.035 mm, indicating high precision in the robotic arm’s performance. The frequency
of errors decreases as the error value increases, with fewer instances of errors above 0.045 mm. This suggests
that the system generally achieves accurate positioning, with only occasional larger errors. The data reflects a
well-calibrated robotic system, where minor errors are typical, and larger deviations are rare, highlighting its
effectiveness in high-precision tasks. A comparison of force application errors is shown in Fig. 3. The integrated
system consistently applied forces within the required tolerances, thus avoiding excessive forces that could
damage components.
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Fig. 2. Comparison of positional errors between the integrated system and the baseline system
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Fig. 3. Comparison of force application errors between the integrated and reference systems

The histogram shown depicts the distribution of force errors in the experimental setup and illustrates the
frequency of individual error ranges during assembly. The x-axis represents the force error values, and the y-axis
their frequency. The histogram shows that the most frequent force errors are in the range of 0.15 N to 0.35 N,
with a clear maximum at approximately 0.2 N. This indicates that errors occurred more frequently in this range
than in others. It can therefore be concluded that the robot arm predominantly applied forces in this range during
assembly. Furthermore, a relatively uniform error distribution can be observed in the range of 0.2 N to 0.8 N,
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which suggests moderate fluctuations in the applied force during assembly. Fewer errors occur at higher force
values, and the error rate drops rapidly once the force exceeds 0.8 N. The histogram distribution shows that
the force control system keeps the forces relatively effectively within a certain threshold. The relatively high
frequency of small force measurement errors indicates that the system functions well in this range. However,
force fluctuations can occasionally occur due to factors such as sensor inaccuracies, component resistances,
or external forces influencing task execution. Larger errors, especially those exceeding 1 N, are very rare,
suggesting that significant over- or under-exertion of force is infrequent and likely an exception. These force
measurement errors are crucial for ensuring that the assembly process remains within acceptable limits and
that no components are damaged during machining. The ability to apply forces consistently within the optimal
range improves the overall reliability and accuracy of the robot arm in complex assembly tasks. The histogram
demonstrates that integrating force sensors into the system improves accuracy, as most force measurement errors
are relatively small, thus ensuring the system’s safety and precision. This analysis underscores the importance of
real-time feedback mechanisms for force application, enabling the robot to adapt its movements and apply forces
with high accuracy. A few larger errors may indicate random calibration errors or external disturbances, but their
rarity suggests high system reliability in most applications. A comparison of assembly times is shown in Fig. 4.
Thanks to its higher accuracy and real-time adjustment capabilities, the integrated system reduced assembly time.

Assembly Time Comparison: Baseline vs Integrated System
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Fig. 4. Comparison of assembly times between the integrated and reference systems

4.2 Key Results

The integration of the robot arm into electrical automation systems had a significant impact on accuracy, time ef-
ficiency, and adaptability.

1) Accuracy

One of the most important results of this integration was a significant increase in accuracy. The integrated
system achieved a positioning accuracy of +£0.03 mm, significantly exceeding the £0.05 mm accuracy of a
traditional system. This higher accuracy is due to the integration of force sensors, which allowed the system
to make real-time adjustments based on feedback about the applied force. Traditional systems typically follow
predefined motion sequences and are less sensitive to changes in the assembly environment, which can lead
to minor positional deviations. In contrast, the integrated system was able to continuously monitor the applied
force at each step and adjust the robot’s movements to immediately correct any potential misalignments. This
capability allowed the system to perform high-precision tasks, such as machining delicate parts or making fine
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adjustments, with greater stability and reliability. Furthermore, the use of feedback loops in the system allowed it
to compensate for minor variations in component dimensions and tolerances. Real-time adaptation significantly
increased the integrated system’s accuracy compared to traditional systems, which often struggled to adapt to the
complexity of the assembly process. Overall, the system’s ability to maintain high accuracy at various stages of
the process was a key factor in its success.

2) Time Savings

Another significant advantage of the integrated system was its time efficiency. Compared to a traditional
system, the integrated system reduced assembly time by 15%. This improvement in time efficiency was largely
due to the adaptive control system, which played a central role in preventing frequent recalibrations and
minimizing assembly errors. Traditional systems often required recalibration in the event of unexpected changes,
which could slow down production and require human intervention. In contrast, the integrated system’s ability to
adjust its movements in real time based on force feedback significantly reduced the frequency of recalibrations.
All necessary adjustments could be performed automatically without interrupting the workflow. Furthermore, the
continuous feedback system ensured that the robot’s movements always met the required parameters, minimizing
errors and avoiding unnecessary downtime. This continuous adaptability optimized the assembly process and
allowed the robot to operate with high precision even under unexpected changes in assembly conditions. The
result was a smoother and faster production cycle and a significant reduction in overall assembly time.

3) Adaptability to Dynamic Conditions

The system’s adaptability to dynamic conditions was one of its most impressive features. Unlike traditional
systems, which often struggle with changing environmental conditions, the integrated system maintained its
accuracy and performance across a variety of scenarios. Lighting changes can affect traditional image processing
systems, leading to deviations or errors. However, the integrated system was able to adjust its performance
accordingly using a combination of sensors and real-time feedback. Furthermore, the integrated system was better
suited to handling obstacles and surface variations. In practice, individual elements can obscure the camera’s field
of view, and surface irregularities can affect the robot’s force application. Traditional systems often struggled to
adapt to these dynamic changes, leading to errors or malfunctions. The integrated system, with its control loop
and adaptive algorithms, compensated for obstacles and surface irregularities, ensuring high performance even in
challenging conditions. This flexibility significantly increased the system’s reliability and allowed it to be used in
a wider range of real-world conditions, thereby increasing its versatility and effectiveness.

4.3 Integration Challenges

Although the integration of the robot arm and the electrical automation system resulted in significant
improvements, several challenges arose. The results are shown in Table 2.

Table 2. Exploring integration challenges in robotic arm systems

Integration challenge Description Solution
Communication issues due to differing  Implemented a universal protocol
Hardware compatibility data formats and protocols between the  translation layer to ensure seamless
robot arm, PLC, and sensors. communication.
Difficulty in integrating control Developed special middleware to
Software integration challenges software between the robot arm and enable seamless communication and
PLC. efficient data exchange.
Incorrect sensor calibration could lead ~ Used iterative calibration and
Calibration of the force sensors to over- or under-exertion of force, feedback loops to fine-tune the
potentially damaging components. sensors and ensure precise force.

1) Hardware Compatibility

Ensuring hardware compatibility presents a significant challenge, especially when integrating components
such as robot arms, PLCs, and sensors. These systems often use different communication protocols, data formats,
signal interfaces, voltage levels, and response cycles, which complicates the smooth interaction of heterogeneous
devices. In an integrated robot assembly system, the robot arm is primarily responsible for executing motion
commands, the PLC for logical control and task coordination, and the sensors provide real-time feedback on
position, force, imaging, and environmental conditions. If these hardware components cannot exchange data
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accurately and efficiently, the overall system can suffer from control delays, inaccurate positioning, faulty signal
transmission, or even system failures. Initial tests revealed numerous problems, including communication delays,
data errors, signal deviations, packet loss, unstable feedback, and occasional system crashes. These problems
arise because robot arms, PLCs, and sensors are typically developed by different manufacturers and use different
communication standards. For example, the robot arm can use Ethernet-based communication, the PLC can rely
on fieldbus protocols, while sensors can transmit analog, digital, or serial communication data. The compatibility
problem is therefore not just a matter of physical connection, but also a multi-stage coordination problem
that includes adapting hardware interfaces, converting communication protocols, standardizing data formats,
and synchronizing real-time control. To quantitatively assess the compatibility between different hardware
components, a hardware compatibility coefficient can be introduced.

Ci=ab+ D +yl+ R, (s)

Where C; represents the compatibility coefficient between device i and device j, P, denotes protocol
compatibility, D; denotes data format compatibility, /; denotes electrical interface compatibility, and R; denotes
real-time response compatibility. A higher C-value indicates better hardware compatibility between the two
devices. A low compatibility coefficient suggests that additional conversion, isolation, or synchronization
mechanisms are required to ensure stable system operation. Among these compatibility factors, communication
latency is one of the most important indicators. In a real-time robot assembly system, sensor data must be
transmitted quickly to the PLC, and the PLC must send control commands to the robot arm within a limited
response time. The total communication latency can be expressed as follows:

T T +T +T +T

delay = trans conv proc resp (16)

Where 71, is the data transmission delay, 7,,,, is the protocol conversion delay, 7, is the data processing

delay, and T,,,, is the response delay of the actuator or robot arm. When 7, becomes too large, the control
command may lag behind the actual state of the system, resulting in poor synchronization and reduced
positioning accuracy. Therefore, reducing communication delay is a key requirement for hardware compatibility
optimization. Data accuracy is another important issue. During communication between heterogeneous devices,
data may be lost, incorrectly parsed, or converted into an incompatible format. The data error rate can be

calculated as:

Ne
E, = 100% 7)

t

Where E, represents the data error rate, &, is the number of erroneous data packets, and N, is the total number
of transmitted data packets. A lower data error rate indicates higher communication reliability. In robotic
assembly tasks, even a small data error may lead to incorrect motion commands or inaccurate force control.
Therefore, the system must ensure accurate data conversion and stable signal transmission. To address these
issues, the team implemented a universal protocol conversion layer. This layer acts as an intermediate interface
among the robot arm, PLC, and sensors. Its main function is to convert different data formats and communication
protocols into a unified format that can be recognized by the central control system. The data conversion process
can be described as:

Daut = FLonv(Dirz’P_f’Pt) (18)

Where D,,, is the converted output data, P, is the source protocol, P, is the target protocol, and F,,,, represents
the protocol conversion function. Through this conversion mechanism, data generated by different hardware
devices can be standardized before being transmitted to the PLC or robot controller. Furthermore, the protocol
conversion layer optimizes data flow between the systems, reduces transmission latency, and improves
communication reliability. The system reliability after protocol optimization can be expressed as:

“onv
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R=1—L (19)

Where R, represents system communication reliability, &V, is the number of failed communication operations,
and N, is the total number of communication operations. After the protocol conversion layer is introduced,
the number of failed communication operations is reduced, so the overall reliability of the system increases.
Furthermore, the conversion layer improves system scalability. Adding new sensors, actuators, or controllers to a
robotic assembly system eliminates the need to redesign the entire communication architecture. Instead, only the
relevant protocol conversion rules need to be integrated into the universal conversion layer. This modular design
simplifies equipment integration and improves system maintainability. It also allows the system to be adapted to
various industrial scenarios, component manufacturers, and communication standards. The system operates more
efficiently, is more stable, and exhibits fewer communication errors. Integrating a universal protocol conversion
layer effectively solves the problem of compatibility between disparate hardware devices. It allows the robotic
arm, PLC, and sensors to form a unified, coordinated control system. Optimizing equipment compatibility is
therefore an important foundation for improving assembly accuracy, reducing system downtime, and ensuring
the stable operation of the electrical automation system.

2) Challenges in Software Integration

Integrating the control software presents another significant challenge, as the robot arms and the PLC use
different programming environments. The robot arm was initially programmed with the Robot Operating System
(ROS), which is widely used in robotics research and development. The PLC, in turn, was programmed with
Siemens TIA Portal, a system for industrial automation and control. These two systems are fundamentally
incompatible, and communication between them is difficult. To solve this problem, the team developed
special middleware that enables communication between the ROS environment and Siemens TIA Portal. This
middleware handles the data exchange between the two systems and ensures that control signals from the
robot arm can be interpreted by the PLC and vice versa. Although the solution ultimately proved effective, the
development and configuration of the middleware was time-consuming. Extensive testing and optimization
were required to ensure smooth communication and efficient operation between the robot arm and the PLC.
After successful software integration, the system operates reliably with extremely low latency and high data
throughput. In addition to basic communication, middleware also plays a crucial role in data synchronization,
command translation, and system coordination. Because ROS and Siemens TIA Portal process data differently,
the middleware must standardize message formats before transmitting them between the robot controller and the
PLC. For example, motion commands, sensor feedback, status signals, and error messages must be converted
into recognizable data structures so that both systems can respond correctly. Particular attention must be paid
to timing consistency during software integration. If the robot arm executes a command before the PLC has
completed logic verification, unsafe or inaccurate movements may occur. Therefore, the middleware includes
synchronization mechanisms that ensure command execution, feedback, and status updates are performed in
the correct sequence. Exception handling functions are also necessary to detect communication interruptions,
invalid commands, or response delays. If a data transmission error is detected, the system can stop the current
task, issue warning signals, and wait for corrective action. This improves operational reliability and prevents
equipment damage. Overall, the middleware not only solves the incompatibility issue between ROS and Siemens
TIA Portal, but also improves the coordination, real-time performance, and reliability of the integrated robotics
system.

3) Calibration of Force Sensors

Calibrating the force sensors is a crucial step to ensure the correct force application by the robot arm during
assembly. Force sensors are highly sensitive devices that measure the force exerted by the robot arm. If these
sensors are incorrectly calibrated, the applied force may be too high or too low, potentially damaging the parts
being assembled or causing assembly errors. The calibration process involves several iterative adjustments
and tests. In each cycle, the sensor readings are compared to known reference values to detect deviations.
Any discrepancies or inaccuracies in the measurements are corrected by adjusting the calibration parameters.
Additionally, the control loop continuously monitors the applied force and adjusts the calibration in real time to
ensure optimal force application. These iterative calibration steps allow us to fine-tune the sensors and ensure
accurate and consistent force application throughout the entire assembly process. This is necessary to avoid
damage to the robot and the parts, and to maintain the quality of the final product. In practice, the calibration of
force sensors must also take into account environmental influences, mechanical vibrations, sensor drift, and long-
term stability. During repeated assembly operations, the sensor’s output signal can gradually deviate from the
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actual force due to temperature changes, mechanical wear, or signal noise. Therefore, calibration should not be
considered a one-time process but rather a continuous correction mechanism throughout system operation. Before
the main assembly, the force sensor can be zeroed in idle mode to eliminate the initial drift. During assembly,
the system compares the real-time force value with a preset force threshold. If the measured force exceeds a safe
range, the controller immediately adjusts the speed, contact angle, or pressing depth of the robot arm to prevent
excessive force being applied to the component. This is particularly important for precision assembly tasks,
where even small force errors can lead to deformation, displacement, or surface damage. Furthermore, calibrated
force feedback improves the robot arm’s adaptability when handling components of varying materials, sizes,
and stiffnesses. By combining force sensors with a closed-loop control system, the system ensures more reliable
contact, more precise positioning, and greater assembly stability. Calibrating the force sensors thus improves
not only measurement accuracy but also the reliability, safety, and product quality of the entire robot-assisted
assembly process.

4.4 Comparison with Existing Systems

To evaluate the performance of the integrated system, the team compared it with conventional automated systems
and measured its performance against industry standards.

1) Comparison with Conventional Systems

In terms of accuracy, time efficiency, and adaptability, integrated systems significantly outperform traditional
robot systems. Unlike traditional robot systems, which typically rely on pre-programmed trajectories and limited
feedback mechanisms, integrated systems employ advanced sensors and real-time feedback loops, enabling
them to dynamically adjust motion during assembly. Performance evaluations show that integrated systems
consistently exhibit higher accuracy, especially in tasks requiring precise force application and positioning.
Traditional systems, lacking real-time sensor feedback, are often susceptible to errors due to mechanical wear,
variations in component tolerances, or environmental factors. However, integrated systems can adapt to these
variations, ensuring stable accuracy and reducing the probability of assembly errors. Furthermore, integrated
systems are also superior to traditional robot systems in terms of time efficiency. When unexpected changes occur
during assembly, traditional robot systems typically require manual adjustments or reprogramming. Integrated
systems, on the other hand, can make real-time adjustments based on sensor data, reducing manual intervention
and shortening overall assembly time. The system’s ability to dynamically optimize motion helps reduce cycle
time without sacrificing quality. The adaptability of integrated systems is reflected in their ability to handle
various tasks and adapt to different component types and assembly processes. Traditional systems, employing
rigid, programmed motion methods, struggle to handle components requiring fine adjustments or special
machining. In contrast, thanks to real-time feedback and adaptive control software, the integrated system can
seamlessly switch between different assembly tasks and adjust forces and motion trajectories accordingly. This
flexibility makes the system suitable for a wider range of applications and enables it to respond more quickly to
changes in the production environment.

2) Comparison with Industry Standards

The integrated system was also compared to current industry standards regarding its performance in high-
precision assembly. The industry standard for the assembly of electronic components requires an accuracy of
+0.05 mm and a reduction in assembly time of at least 10%. The integrated system exceeded these standards with
an accuracy of £0.03 mm and a reduction in assembly time of 15%.

The Fig. 5 shows a 3D scatter plot illustrating the position correction process of a robot arm under
adaptive control. The end effector’s position in each iteration is represented by blue circles, with each point
corresponding to a specific error correction step. The robot starts its movement from the initial position and
moves incrementally toward the desired target. The red circle marks the target position, which remains constant
throughout the iteration and symbolizes the intended endpoint. The position correction occurs along the X, Y,
and Z axes, representing the robot’s movement in three-dimensional space. The color of the points changes
depending on the iteration number: blue represents earlier iterations, red represents later ones. This color gradient
illustrates the robot’s progress in continuously adjusting its movement. The diagram shows how the robot adjusts
its position over time. Each blue point represents the result of the proportional controller’s application to reduce
the error between the current and desired positions. The closer the robot gets to the red target point, the smaller
the error. This is reflected in the increasing number of blue dots around the desired position. The accompanying
color scale reinforces this relationship by assigning a color to each iteration, thus illustrating how the adjustments
become smaller and more precise as the system approaches the target. This visualization clarifies the adaptive
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control process, in which the robot iteratively adjusts its position using feedback to minimize errors. It highlights
the effectiveness of the feedback mechanism for precise and accurate movements and shows how the robot’s
position changes over the course of the iterations and eventually stabilizes at the desired point. The 3D scatter
plot thus serves as a useful tool for visualizing the adaptive control algorithm in action. It demonstrates its ability
to refine movements over time and minimize errors, thereby achieving high accuracy.
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Fig. 6. 3D position adjustment over iterations

This Fig. 6 illustrates the adaptive control process in three-dimensional space, where a robot iteratively adjusts
its position. The blue dots represent the position corrections the robot makes in each iteration. As the iterations
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progress, the robot’s position is adjusted based on the calculated control signals, reducing the deviation between
the current and desired target positions. The blue dots are colored from blue to red according to the iteration
number, with earlier iterations shown in blue and later ones in red. These color changes highlight the robot’s
position change over time and its gradual approach to the target position. The red dots mark the desired position
the robot is aiming for. This position remains constant throughout all iterations and serves as a reference point
for the robot’s goal. As the robot’s position is adjusted, the blue dots gradually approach the red dots, showing
how the robot reduces the deviation over time. The color scales in the diagram indicate the number of iterations
for each color. A color gradient allows the viewer to follow the robot’s path step by step from its starting position
to the target. This diagram illustrates the robot’s control process, in which it continuously adjusts its position
based on calculated error correction values, thus improving accuracy with each iteration. The effectiveness of the
adaptive control system is demonstrated by the blue dot approaching the red target; as the process progresses,
the distance between the blue dot and the target position steadily decreases. This illustration highlights the
effectiveness and accuracy of the adaptive control algorithm, demonstrating its ability to minimize errors and
ensure the robot reaches its target position. It also illustrates the real-time feedback function that adjusts the
robot’s movement, allowing it to refine and improve its position over time.

P Across Multiple Test Cases
T

Performance Improvement (%)

System 1 System 2 System 3 System 4
Test Case

Fig. 7. Performance improvement across different systems

The Fig. 7 illustrates the performance improvement of four different systems (System 1, System 2, System
3, and System 4) based on specific test cases. The y-axis shows the percentage performance increase, and the
x-axis represents the four systems tested. The diagram visualizes the performance of each system compared to
a benchmark or industry standard. Positive values indicate an improvement, while negative values indicate a
decline. The bars are highlighted in blue for clarity, allowing for a direct comparison of the four systems. System
1 shows the greatest improvement and thus performs significantly better than the benchmark. System 2 follows
closely behind with a considerable improvement of 30%, also showing significant progress, albeit somewhat
less than System 1. Systems 3 and 4, on the other hand, show moderate improvements with performance gains
of approximately 10—15%. This suggests that these systems also show improvements, but they are considerably
smaller. System 4 exhibits the smallest performance increase, suggesting that while it surpasses the baseline,
the improvements compared to other systems are minimal. The graph visually compares the optimizations and
designs of the different systems, revealing that some achieve more significant performance gains than others. This
could indicate higher algorithmic efficiency, design improvements, or innovative features in Systems 1 and 2,
while Systems 3 and 4 have optimization potential. The graph is helpful for identifying high-performing systems
and understanding where certain systems need further improvement or refinement. Overall, the visualization
allows for a comparison of the effectiveness of different systems in achieving higher performance and provides a
quantitative basis for further analysis and development.
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5 Conclusion

The integration of robotic manipulators into electrical automation systems has been shown to provide
significant benefits in terms of accuracy, assembly time, and operational efficiency. Our study highlights
several key advantages of this integration, particularly for high-precision assembly tasks. Thanks to real-time
feedback, advanced control mechanisms, and adaptive positioning, the integrated system achieves significantly
higher accuracy than traditional robotic systems. Results show that positioning errors are reduced by up to
30%, and assembly time by approximately 15%. Furthermore, the integration of sensors, such as image and
force sensors, plays a crucial role in minimizing errors and ensuring safe and accurate component assembly.
However, the integration process is associated with several challenges. A significant obstacle is ensuring
seamless communication between the robotic manipulator, sensors, and the control system, as well as resolving
compatibility issues between various hardware and software components. Furthermore, environmental factors,
such as variations in lighting and surface properties, pose challenges in maintaining stable operation. Despite
these challenges, the overall results of this study demonstrate the enormous potential of integrating robotic arms
into automation systems to improve manufacturing processes. Integrating robotic arms into electrical automation
systems offers promising opportunities in modern industrial settings, particularly in industries with extremely
high demands on precision and efficiency, such as the electronics, automotive, and acrospace industries. This
integrated approach is suitable for tasks such as component placement, screw tightening, and precision assembly,
where even minor deviations can lead to significant losses in product quality or functionality. In industrial
manufacturing, this integration can optimize assembly lines by automating complex tasks with greater accuracy
and speed. Adaptive real-time feedback systems allow robotic arms to adjust their performance in real time,
minimizing human intervention and reducing the likelihood of errors in repetitive tasks. This allows companies to
reduce downtime, lower labor costs, and improve overall productivity. As manufacturing transitions to Industry
4.0, the integration of robotic systems with intelligent automation and IoT technologies will further enhance
system efficiency and create more flexible and adaptable production lines. While the results are promising, this
study has some limitations that must be considered. The test environment was controlled and may not fully
simulate the complexity and variability of real factory conditions. For example, although environmental factors
such as lighting and surface properties were simulated, unexpected disturbances such as material wear, human
error, and abrupt changes in production requirements were not accounted for. Furthermore, the sample size was
limited, and the study focused primarily on specific models of robotic arms and automation systems, which may
not be representative of all industrial robots or automation systems. Future research should conduct field studies
in real industrial settings to evaluate system performance under various dynamic conditions. Furthermore, testing
should cover a wider range of robot models, sensor technologies, and control strategies to assess the system’s
robustness and versatility. Another important area for future research is to explore machine learning and artificial
intelligence to improve the adaptability of integrated systems and to enable robots to learn from past tasks and
make more autonomous adjustments during assembly.
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