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Abstract: This paper addresses the approach of fully automated intelligent control systems in
production organizations, focusing on intelligent production systems research. The overview
highlights a gap in control operations ahead of assembly as single-purpose control machines are
frequently employed, which is precisely their drawback. Conversely, there are accurate
multipurpose measurement centers that do not provide total quality control over the manufactured
parts because of the cost and length of the measuring procedure. The study's primary objective was
to create an intelligent modular control system, whose concept enables it to control various
components. The purpose of the modular intelligent control system is to keep an eye on each
module's quality during the pre-assembly phase. This system ensures exact control over the
production process of modules by integrating sophisticated sensors, diagnostic tools, and intelligent
control mechanisms. The technology makes it possible to monitor several parameters and important
quality features. Integrated sensors and diagnostic technologies identify possible inaccuracies and
disparities, guaranteeing prompt diagnosis of issues in specific modules. The system's intelligent
control algorithms streamline the production process and guarantee synchronization between
individual modules to achieve consistent quality and performance. One advantage of implementing
the solution is that, on average, inspection time is reduced by 40 to 60% as compared to the prior
manual inspection approach. In addition, full measurement data archiving was made available, and
finally, the human element—which introduced a substantial error rate into this process—was
removed. This system also helps to increase the project's overall efficiency, predictability, and
safety while allowing for quick adjustments by standards and requirements.

Keywords: modular concept; checking system; intelligent manufacturing systems; assembly; robotic
systems

1. Introduction

The constant pressure to reduce costs, increasingly shorter product life cycles, and their
miniaturization, integration of various functions, and sophistication — are some of the innovation
trends manifested in most industries. These trends represent a challenge for designing and modeling
flexible, reliable, and economical production cells, workplaces, and operations. [1]

Systems for intelligent production, such as Digital Factory and Virtual Factory, are changing
sectors and business models. These systems offer cutting-edge ideas and technology that boost
productivity, cut expenses, and boost competitiveness. Production flexibility, data digitalization, data
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integration, predictive maintenance, downtime minimization, prospective virtual model
development, and production flexibility are the primary areas that these systems impact. [2,3]

There is a strong and optimistic sentiment regarding intelligent production systems, Digital
Factory, and Virtual Factory. These creative manufacturing techniques are now important pillars of
the digital revolution and the industrial transformation. The evolution of innovation, meeting and
overcoming new obstacles, globalization and connectivity, and strategic competitiveness are a few
significant facets of the state of intelligent industrial systems today. [4]

At the University of Zilina, situated within the Faculty of Mechanical Engineering, and
specifically at our Department of Industrial Engineering, we are deeply engaged in the study and
implementation of digital and virtual factories on a significant scale. Within our facility, we are
equipped with various laboratories, including the Laboratory for Designing Production and
Assembly Systems, where a portion of our research endeavors take place. This laboratory is dedicated
to the exploration and application of emerging Industry 4.0 and Industry 5.0 technologies in both
educational and research contexts. Utilizing simulation and modeling software, students and
researchers actively engage with virtual and augmented reality environments, particularly focusing
on workplace design and data acquisition methodologies. Additionally, our utilization of virtual
factories facilitates the assessment of production quality and the collection of statistical data pertinent
to process evaluation.

Students and researchers operate within both 2D and 3D spatial domains. As depicted in Figure
la, virtual reality tools are utilized for the creation of immersive training simulations. Figure 1b
illustrates the technology enabling workplace design and subsequent virtual verification, with
potential applications extending to employee training initiatives. Figure 1c showcases a programmed
robotic workstation utilized by researchers and students to model entire workplace scenarios and
monitor requisite actions. This workstation is integrated within a production line where
manufacturing and assembly processes are scrutinized—a focal area of research within the
Department of Industrial Engineering.

In these operational environments, researchers leverage the Real-Time Location System (RTLS)
to facilitate the real-time tracking of personnel or vehicles. This technology enables precise
monitoring of entry points and the trajectory of movements over time, leveraging Radio Frequency
Identification Tags for its functionality. Furthermore, our research employs various software
platforms, including Tecnomatix Plant Simulation, Visual Component, and others. For immersive
virtual experiences, hardware such as Oculus Quest 2, HTC Vive Pro, HoloLens 2, and 3 are
extensively utilized within the virtual factory setting.
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Figure 1. a) Virtual reality tools, b) technology enabling workplace design and subsequent virtual
verification c) robotic workstation.

In summary, the evolution of contemporary manufacturing processes can be attributed in large
part to intelligent production systems like Digital Factory and Virtual Factory. From improved
efficiency and flexibility to improved risk prediction and mitigation in the sector, these technologies
provide several advantages. Positive views are held of intelligent production systems, the virtual
factory, and the digital factory. These technologies are becoming indispensable for companies
looking to boost their efficiency, become more competitive, and adapt better to the changing
dynamics of the market. [5]
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2. Literature Review

The literature study that follows illustrates the variety of interests that need to be considered in
this scenario.

An intelligent production system can autonomously adjust to unforeseen events, such as shifting
market demands, technological advancements, or societal demands. Such a response needs to fulfill
predetermined standards within specific budgetary and timeframes. Intelligent manufacturing
systems tend to focus more on the problem's technical components. The systematization of all
production elements and their preparation, the flexible integration of the entire enterprise to
maximize cooperation between people and intelligent technical means, the adaptability and self-
learning of the system, and the openness and expandability of the information are the fundamental
characteristics of IMS. [6] Apart from intelligent production systems, there are also known bionic
production systems. These systems are created and planned so that their functioning and activity
mimic that of living organic systems, primarily in terms of their spontaneity, dynamism, movement,
and harmony. [7]

Agile production is particularly crucial because it allows manufacturers to react swiftly to
changes in the market and new orders. For example, they can often immediately rearrange their
production layout to accommodate a new order. Adding value for the client, being adaptable,
appreciating people's skills and knowledge, and forming virtual alliances are the four main
characteristics of agile manufacturing. [7]

The production systems are also associated with a virtual and digital factory. The term "digital
enterprise" describes an output that is represented virtually rather than physically. This term refers
to a scenario in which information and computer technologies are integrated and virtual, computer-
generated models take the place of reality. Before real deployment, these virtual solutions allow for
the verification of all conflicting circumstances and the suggestion of optimum solutions. The digital
enterprise is used to plan, evaluate, simulate, and optimize the creation of complex products. Experts
in their fields and seasoned professionals are usually the ones who apply these solutions. Therefore,
there is a need for systems that can fully replace these people. The utilization of intelligent technology
guarantees the production process's flexibility and independence. An intelligent production system
is the next stage of production system evolution. It can gather data from sensors, adapt flexibly to the
demands of a large range of manufactured parts, and autonomously reconfigure to altered
production conditions. [8]

The studies conducted by Liu et al. involve remanufacturing. Remanufacturing is one of the best
strategies for resolving the issues with the present intelligent production system, claim the authors.
Enhancing production and resource efficiency in remanufacturing is also beneficial, as it is a
prerequisite for long-term and sustainable development. This study developed an intelligent data-
driven control system to increase remanufacturing assembly systems' productivity and resource
efficiency. The reassembly scheme's optimization approach is built to reduce complex costs and
quality loss. The remanufactured parts are then measured, sorted, and coded by the data processing
and acquisition technology, and the dimension chain is computed. Then, to accomplish intelligent
control of the refurbishment assembly process, a control approach based on real-time monitoring and
dynamic compensation of response to aberrant quality is provided. Furthermore, research and
implementation are being done on a few data-oriented intelligent control system technologies, such
as dynamic compensation architecture, real-time monitoring, information perception and fusion
technology, and so on. Lastly, the engine reconditioning workshop takes advantage of the prototype's
intelligent control system. The effectiveness of a data-driven intelligent control system in
remanufacturing is demonstrated by both theoretical and experimental results, offering a technique
and technical support for production and resource efficiency in remanufacturing systems. [9]

The efficiency of a complex of collaborative robots within intelligent manufacturing systems is
improved, as reported by Gorkavyy et al. in their study. They made sure the control system was
intellectualized in this investigation. The potential to enhance the process of modeling the human
aspect in the construction of a control law sets this contribution apart from others that suggest similar
approaches to improving the efficiency of technological processes based on collaborative robots. An
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industrial configuration's typical cobot control system model's structure and functional diagram are
shown. The inadequacies of the conventional method for formulating regulations governing
the motion of a cobot in an arbitrary environment within the same workstation as an individual are
illustrated. Proposed are both structural and functional solutions that delineate a plan to enhance the
level of synergistic effect between humans and machines. To accomplish the desired outcome, an
expanded sensor and analytics system can be implemented, together with an intelligent module
designed to create and optimize the robot's movement trajectory in the event of disturbances. The
findings of a comparison between an intelligent manufacturing system prototype and a typical cobot
control system are given. According to the operation, the collected findings show a considerable time
and energy savings of 15% to 182% when employing an intelligent control system. The strengthening
of integrative links between intelligent analysis and optimization modules, which permits
multimodal real-time processing of sensory data and environmental modeling to anticipate human
behaviors and generate cobot reactions, is a defining element of the suggested strategy. [10]

The design of an intelligent control system for machine assembly is resolved in a Wang et al.
publication. Due to its complex design, unstable design, and low design efficiency, the original
machine used in this study exhibits flaws. As a result, an intelligent control system founded on
building technology was created in this study. This study examines the overall framework design,
process design, functional module design, control and detection algorithm, and functional module
design of the control system in detail. Next, the assembly machine's basic design and operation will
be explained. To guarantee the mounting attitude and control accuracy, the design process and
implementation impact of intelligent location control are also discussed. According to the findings of
the field test, the control system can direct the installation machine to better carry out the required
action and fulfill the intended purpose. Utilizing a control system, the product was assembled with
an average assembly time of approximately 38 minutes, which is shorter than the study-determined
design time, and an assembly accuracy of +3mm. [11]

In the contemporary environment of industrial automation and technological advancement, the
problem warrants more examination. This subject has several benefits for industrial development
and production methods. Pre-assembly intelligent control system deployment results in more
effective production management, improved product quality, accelerated development, and more
flexible solutions. Reducing the possibility of human error by automation and monitoring is equally
crucial. All things considered, this subject can boost productivity in the industrial sector and lead it
toward cutting-edge, competitive, and intelligent production techniques. [12]

The optimal planning of assembly system layouts for cooperation with human robots is a focus
of research conducted by Eswaran et al. This study also addresses visualization using immersive
technology. The implementation of novel Industry 4.0 technologies, like virtual reality (VR),
augmented reality (AR), and cooperative robots, enhances the accuracy and adaptability of
manufacturing processes. The key components of tailored automation are integrated into a
collaborative, adaptable manufacturing system that includes both humans and robots while
improving worker safety. For a Human-Robot Collaboration (HRC) production system —a common
illustration of an intelligent manufacturing system —the proposed work incorporates an AR-assisted
assembly layout configuration approach. The need for new variations in the market and the
upgrading of new technologies in the current system are taken into consideration when reconfiguring
or reconfiguring the assembly layout. To increase manufacturing output while minimizing
downtime, allocating resources optimally, and making optimum use of floor space, a multi-objective
algorithm is developed. There are three stages to the chosen work: To find appropriate resources
(human, robot) for the various assembly tasks in the HRC system, a task assignment approach is first
built. The optimization model considers outcomes like resource allocation, resource count, and
resource footprint as input. The next step is to use modified particle swarm optimization to design a
workable assembly plan for the production system of the HRC. Furthermore, the layout's ideal aisle
has been generated as a conveyor using the breadth-first method. Comparative studies were
specifically conducted in this paper, allowing an examination of the suggested modified PSO
algorithms' resilience for certain applications. The review of the augmented reality tool, its
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implementation in the layout planner, and the validation of the layout created using the study's
suggested model in both virtual and real-world industrial workstation contexts are the outcomes of
this work. [13]

In their research, Zhang et al. use a digital twin system to study collaborative assembly between
people and robots. Intelligent systems known as human-robot collaboration systems direct robots to
cooperate with humans based on their cognitive comprehension of human purpose and guarantee
effective, safe, and adaptable human-robot cooperation in shared workspaces. Current approaches
to building a human digital twin model in an industrial setting rely on motion capture systems that
force workers to wear bulky equipment, which runs counter to HRC's promotion of flexible
interaction. Furthermore, existing approaches do not represent humans and robots in a single space,
which makes it difficult to perceive and comprehend the environment as a whole and
counterintuitive. This research suggests a digital twin system for human-robot collaboration to
overcome these limitations. This method makes it easier to create a digital twin scene, map real space
to virtual space, and plan and carry out joint strategies between virtual and real space. To solve the
issue of reconstructing occluded human bodies, a strong human mesh reconstruction technique is
proposed, specifically tailored for typical workstation circumstances. Furthermore, the action
recognition algorithm is enhanced by the application of uncertainty estimates, guaranteeing a
manageable degree of risk during the recognition procedure. The outcomes of the experiments show
how much better the suggested strategies are than the conventional ones. Lastly, a case study
involving component assembly is used to confirm the HRC system's viability and efficacy. [14]

In Yuang et al.'s work, they use a digital twin to optimize and couple an intelligent electrical
wire production line in a multi-objective manner. To meet market demand, production lines must be
updated promptly in light of the evolving production paradigm for individualized and diverse
services. This paper proposes a coupled optimization method based on digital twinning for
intelligent electric cable production lines to address improper production line layout, uneven station
load, imprecise logistics distribution, and imprecise equipment testing, among other interconnection
issues. For digital twin models, we provide a piecemeal mechanism and a multi-objective
optimization method and build the system framework on the make-twin and object-oriented
concepts. Subsequently, a cable production line example is shown to confirm that the modeling
approach works. Productivity rose by 13.4% and line balance by 8.4% in an electrical cable production
line following the implementation of the suggested approach, while equipment utilization climbed
by 4.38%. There was a 4.7% and 17.6% decrease in cycle durations and defective product rates,
respectively. The findings demonstrate the applicability and instructiveness of the joint optimization
approach for intelligent production lines based on digital twins in raising the line's efficiency. [15]

For the digital enterprise to successfully revolutionize the industrial sector, it is essential to
investigate intelligent control systems and intelligent manufacturing systems in general. This subject
offers core benefits that fortify and enhance production procedures in an electronic setting. A
modular intelligent control system during the pre-assembly stage is essential for attaining efficiency
and competitiveness in the digital industry. At this point, the integration of intelligent systems makes
it possible to manage manufacturing processes more quickly and accurately, which raises overall
productivity. In a digital organization, production processes need to be flexible and adaptable, and
modular solutions offer the required flexibility. These technologies facilitate an inventive and flexible
approach to production by readily adapting to shifting market needs and a dynamic environment.

The digital enterprise places great importance on reducing human error. One way to do this is
by implementing an intelligent control system during the pre-assembly stage, which helps minimize
the risk of errors and inconsistencies in the production process. In summary, a thorough examination
of the modular intelligent control system during the pre-assembly phase of the digital enterprise is
crucial for achieving a successful digital transformation within the industry. To ensure
competitiveness and successful development in the digital world, it delivers innovative solutions that
improve the quality, efficiency, and flexibility of manufacturing processes. [16-18]
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3. Material and Methods

The main goal of the study is to design the concept of an intelligent control system (IMCS). The
concept will be based on a modular arrangement and use elements of low-cost automation. Part of
the work will be the proposal of a methodology (in the form of an algorithmic solution) for the IMCS
activity.

3.1. Design of IMCS and Its Modules

The philosophy of IMCS consists of obtaining information from several types of input data that
enter the system in various phases of activity, their subsequent processing by the evaluation system,
and outputs from the system with a direct link to the production process. Inputs such as database
data and spatial distribution of control modules are obtained from the implementation phase, where
individual coordinates are defined. The input as a relational matrix of modules and parameters is
determined based on expert recommendations or individual measurements. The last input is a choice
that is set by the operator only during the measurement itself. The IMCS system consists of several
elements shown in Figure 2. The part of the inputs where, in addition to the individual databases, the
operator's request with additional control/measurement conditions entered is clear. After all inputs
have been evaluated, the modules suitable for control are selected and activated. The output can be
an inspection report, feedback for production, or sorting of parts into satisfactory and unsatisfactory
for further assembly.

Input

Relationship matric

Input Input
Component database Measurement report

Evaluation System
Database of modtles Production feedback

Spatial distribution Appropiate/inappropiate

Input

The operatior chooses the
measurement method

Figure 2. Elements of an intelligent modular control system.

3.2. General Model of Control Modules

When designing modules for control operations, it is based on a set of ideal components, which
are subsequently modified to real components available on the market. These can subsequently be
suitably modified based on customer demand. An integral part of the control modules is the identifier
and the control unit. In the case of modules that use 2D and 3D technologies, it is necessary to provide
a precise positioning mechanism for the positioning of the controlled parts (Figure 3a), (translational
or rotational movement). Finally, control modules also include peripheral devices (position sensors,
rotary encoders). In addition to the control modules, the system also consists of one input
identification of several so-called integrating modules. The input identification module detects which
specific type of component from the defined spectrum entered the control process and sends this
information for processing to the decision algorithm. Manipulation members perform the function of
connecting individual modules, such as industrial robots, manipulators intended for switching parts
between modules, rotating parts, or storage parts after completion of the control process. Each of the
control modules M performs the function of an independently operating device and at the same time,
it is assigned one or a set of parameters P that can identify Figure 3b.
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Figure 3. a) Elements of the model of control modules, b) relational matrix of modules designed to
control the selected parameters.

3.3. Design of Control Modules

The modular structure provides a wide range of options according to the user's requirements.
The mentioned modules always consist of several components. As a rule, it is an identification,
positioning, and control member. In addition, there are cabling, sensors (they give information for
the start of the measurement or information about the presence of a part in the field of view),
connecting material, lighting, etc. Modules include:

Input identification module — the function is to provide information to the control system about
which part is at the input. [19-21]

Module with translational movement and 2D measurement — intended for checking elements in
2D view (Figure 4a).

Module with translational movement and 3D measurement — intended for checking the third
dimension of parts (Figure 4b).

- 2D industrial
2D industrial camera
camera { [~ /

Lighting

¥ \
Belt conveyor
Belt conveyor

a) b)

Figure 4. a) Module with translational movement and 2D measurement, b) Module with translational
movement and 3D measurement. [4].

Module with translational movement and profilometer — represents a combination of precise
identification device intended for measuring profiles and translational positioning device - belt
conveyor (Figure 5a).

Color control module — contains a special sensor capable of identifying different types of colors
of the color spectrum.

Module with translational movement and 2D comparison — with the help of this module you
can check e.g. even the simple presence of structural elements on the part.

Module with rotary motion and 2D measurement — uses the same identification device as the
module with translational motion, i.e. 2D industrial camera with a higher level of evaluation (Figure
5b).

A module with rotary movement and 3D measurement — the positioning part would thus be
provided with a freely positionable rotary table, which can be used to ensure smooth rotation of the
part under the field of view of the 3D camera.
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Figure 5. a) Module with translational movement and profilometer, b) Module with rotary movement
and 2D measurement. [4].

Module with rotary movement and profilometer — the conceptual design of the used
components could be based on the previous modules. The advantage of using a profilometer module
over a module with a 3D camera is again in the measurement geometry in certain special cases.

Module with rotary movement and 2D comparison — use would be oriented for
the identification of simpler structural elements.

Module with digital scale — this module is designed to determine the weight of the inspected
part.

Module for measuring the depth of narrow holes — An accurate laser triangulation sensor,
which has an appropriate measurement geometry and can measure this depth parameter, is utilized
in the module for measuring the depth of small holes.

Integrating handling modules - the task of these modules is to ensure the handling of parts
between individual control modules.

An important feature of NC machine tools is the achievable repeatable machining accuracy. In
practice, accuracy is determined by the characteristics of the NC machine and the chosen technology.

3.4. IMCS Database System Proposal

It is essential to adjust each component of the system because one of the fundamental concepts
is its openness and flexibility. The database structure holds information on tolerance bands,
component types, designations, and dimensions in each axis of the coordinate system. The
modularity of the entire system—separate data blocks that can be merged in different ways—is
evident in the way the database is designed. Three types of databases are used by this intelligent
system:

Component database, which keeps comprehensive records of every element and its
specifications.

A module database that houses details on every identification and handling module that is
accessible.

The measured data database will contain the measured data. It includes measurement data,
which the system verifies against the necessary values.

3.5. Design of Management of IMCS and Its Elements

The Potential of Distributed Control in Modular Systems — Modular systems leverage
decentralized or distributed management principles, wherein the entire system is partitioned into
distinct sub-modules, each equipped with its control systems. Intercommunication among these
modules is established, with each module dutifully executing its predefined role.

Utilization of Personal Computers (PCs) in Control Systems — The utilization of personal
computers (PCs) within industrial contexts entails unique considerations distinct from other forms
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of control systems. Within the framework of a decentralized module management system, PCs
typically occupy a distinct tier within the overarching hierarchy, assuming the role of a supervisory
entity or a dedicated platform for data acquisition, storage, and analysis.

Integration of Microcomputers in Industrial Control — Microcomputers are prevalent in
industrial settings, yet they are not primarily employed as control systems tasked with overseeing
entire pilot stations.

Adaptation of Robot Control Units in Control Systems — Robot control units are designed
exclusively for the management of robotic entities. While they can serve as the control systems for
entire pilot stations featuring robots, their integration necessitates collaboration with other control
systems such as programmable logic controllers (PLCs).

3.6. Conceptual Design of the Spatial Solution of the Modules

In the spatial solution of the intelligent modular control system IMCS (Figure 6a), it is necessary
to proceed from the possibility of arranging individual modules freely. According to the purpose of
use, we propose to divide the modules into (Figure 6b):

Fixed Modules — Constituting an integral element of the Integrated Modular Control System
(IMCS), fixed modules serve as mandatory components within the control process, necessitating
identification through a minimum of one module per part. Fundamental data regarding the
component type is promptly relayed to the control system for analysis via the information system.
Concerning the technical integrity of fixed modules, a recommended solution comprises a fusion of
belt conveyors alongside industrial-grade 2D and 3D cameras. Parameters encompassing movement
dynamics, resolution accuracy, and other pertinent factors must be meticulously selected by
the controlled spectrum of components.

Variable Modules — These modules are dynamically incorporated into the fixed modules upon
prompt from the control system. Their primary function is to discern additional parameters that may
not have been captured by the fixed modules. Integration is facilitated through modular components,
the configuration of which can be adjusted as needed, exemplified by industrial robots or
manipulators.

Variable modules :
Color control
‘module

Module with 2D Module with 3D

measurement  measurement

Module with 2D
comparison
(YES/NO)

Figure 6. a) One of the variants of the layout of the IMCS modules, b) Conceptual schematic design
of the spatial solution of the IMCS. [28].

This arrangement was chosen because the cellular structures ensure interconnection between
the machines, and save time and space. The activity of the means of production is synchronized, and
the material flow is fast. Such an arrangement makes it possible to adapt the behavior of IMCS to the
control requirements and its quick configuration is possible.

4. Results

Creating a working prototype of an intelligent modular system for manufactured part quality
control using actual parts and real sizes was the primary objective of the practical verification. The
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system's individual software and hardware components (modules) were described in the preceding
chapter. As per the second chapter, the modules were classified into several groups (Figure 7).

— i
Sontplcapiicy = \ [_’fr' Vurii_'b_lc module - v iable module -
\‘ - digital scale rotating table

Integrating

manipulation
module -

ﬁ manipulator

Integrating
handling
module -

industrial robot

Fixed module - belt
conveyor

Integrating
manipulation
model - industrial

robot

Interchangeable
industrial robot eftectors

Figure 7. InMoSysQC modules. [28].

System modularity, flexibility, reconfigurability, and adaptability have been given top priority
in the design of the control system for the InMoSysQC component quality control facility. Its purpose
is to measure the measured sample's parameters to regulate its quality. The design of an appropriate,
flexible control system that can measure and manipulate such samples is strongly tied to this broad
range of measured samples.

4.1. PLC Controllers and Their Module Cards

The modular PLC (Programmable Logic Controller) machines of the Mitsubishi Qx type serve
as the fundamental integrating units of the overall system. A card with a basic control unit (CPU) and
other necessary types of expansion module cards is installed in every modular PLC machine. Among
these expansion cards are:

The basic control unit CPU - is designed to perform all basic control calculations and control
functions. It is used to perform control algorithms, parameterization, and configuration of the entire
device. It is an essential element for maintaining the autonomy of the PLC automaton.

Communication Card CP for IE — The purpose of the Communication Card CP for IE is to use
the TCP/IP communication protocol to link the PLC automaton to the IE network. This card allows
the PLC automaton in the InMoSys QC device to communicate with other control modules. It is found
on each automaton. An open channel for signal transmission between individual modules and their
submodules is represented by the Internet Explorer network. An IP (Internet Protocol) address, the
network designation (net_no), and the module designation (st_no), or station, are used to identify
each module connected to the industrial Ethernet. [22]

Card with DI digital inputs — The purpose of a card with DI digital inputs is to connect optical,
induction, and other sensors, buttons, and control components that output binary information to
communication networks but lack an embedded communication processor. Card featuring digital
outputs DO Its purpose is to connect actuators (pneumatic, electric, etc.) and display signals as well
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as other devices that respond to binary input signals but lack an integrated communication processor
that would allow them to be connected to communication networks.

Card for the MES operational production system — Card for the operational production system
MES - serves for direct connection using the TCP/IP protocol via the IE network to higher levels of
distributed control systems. With the help of SQL queries, this PLC card enables the automaton to
save and select the required data from information database systems.

Positioning card PM - is intended for control, positioning, and interpolation of servomotors.
One card can control multiple axes depending on the type of card.

Communication card for CC-Link — The purpose of the CC-Link communication card is to
connect to peripheral devices using the CC-Link communication bus. Multiple devices that can
communicate via a serial communication bus, such as CC-Link, can be linked to it.

Communication card for RS-232 — The purpose of an RS-232 communication card is to connect
to peripheral devices using the RS-232 communication bus. A serial communication bus called RS-
232 only permits two-point connections. There are two communication ports on the card.

Communication between PLCs using Ethernet — Ethernet is used for communication between
PLCs in IMCS. Every PLC has an Ethernet module that may be used for emailing, FTP server
functions, PLC-to-PLC, PLC-to-PC, and PLC-to-camera, among other things. Open connections and
connections meant for the system are the two main categories into which connections can be
separated [23-26].

Communication between PC and PLC - Communication between PC and PLC - as mentioned,
every IMCS PLC contains an Ethernet module, which is also used for communication between PC
and PLC. For this method of exchanging information, we used two types - communication using GX
Works and communication using the MC protocol.

Communication via GX Work — with the help of communication via ethernet with GX Works,
we can monitor the program while it is running and monitor its behavior or simulate certain states.
Setting up access to the ethernet in GX Works is in Connection Destination, where we can edit
connections or create new ones. After selecting the connection, we set "PC side I/F" to "Ethernet
Board" and specify the PC network number and PC station number, then we set the Ethernet module.

Communication using the MC protocol — when communicating using the MC protocol, the
connection can be opened or used for the system. We use an open connection for IMCS.

4.2. Characteristics of the Selected Control Object

The company operates in the furniture industry, producing chipboard parts. The aim of this case
study was, first, to speed up the adjustment control of cutting and drilling tool heads directly in the
production hall. The external dimensions of the produced parts, the exact position and depth of the
structural elements on the parts, the perpendicularity of the edges, and the dimensions of the profile
groove had to be checked, it was a matter of course that the complete archiving of the achieved data
was ensured. All these conditions had to be met by the facility, as well as the financial return of the
entire investment, in a certain time. Different types of holes (continuous, non-continuous), grooves,
half-grooves, and recesses are produced on the parts. The holes are located on several sides of the
parts and have a different ratio of depth to diameter. The measurement procedure is predicated on
information from specified wooden part templates that are kept in the database. A universal template
for a wooden element is shown in Figure 8. Templates for actual wooden pieces are made using this
universal template. Every wooden part template has components like a hole and a corner point. A
groove entity can also be formed by a collection of points.
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Figure 8. A universal template for a wooden part. [28].

Through the OPC server, the industrial PC communicates with the camera regarding the type of
measured item and its color. Using a positioning device and information from the database, the
industrial PC places the camera beneath the anticipated object. The corresponding subprogram is
launched by the type of the measured entity once the camera has been positioned at a predetermined
location beneath it. After that, an image of the entity is captured with exposure matching the color of
the measured portion. Theimage is then segmented using thresholding, detection, entity
identification, and the measurement procedure itself. Deviations of the object from its predicted
position and dimensions are sent to the PC following the subprogram's execution. The camera system
measurement procedure is broken down into multiple subprograms dependent on the type of
measured entity. These subprograms are started using data from the industrial PC's control system.
Figure 9 contains the fundamental scanned entities. Examples of chosen measurement objects are
portions from actual photographs that have the estimated position indicated as a large target for
visual examination and the field of view center indicated as a tiny target.

i

—-

K

Figure 9. Examples of selected measurement objects. [28].

The most complicated case is the calculation of the position and diameter of the incomplete hole
on the edge of the part (Figure 9k). In this case, the position and diameter of the hole are obtained
using a search engine that works on the principle of object similarity search. When programming the
camera, it was necessary to teach the search engine all the necessary objects, defining their position
and dimensions. The best solution turned out to be the creation of perfect reference objects for which
the exact position and dimensions were calculated.

4.3. The Sequence of Implementation and Presentation of Results

The device was assembled and tested in experimental conditions. The construction team of
workers started with the assembly work, and the programmers worked simultaneously with them
on the development of the software part. We verified the accuracy of the assembly using the FARO
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3D measuring arm (Figure 10a). During the test operation, we adjusted the correction parameters
based on the results of the measurement using a laser interferometer, when we measured the
accuracy as the repeatable positioning accuracy of all positioning mechanisms (Figure 10b).

Figure 10. a) FARO 3D measuring arm, b) Measurement of positioning accuracy with a laser
interferometer. [4].

After the approval of the number of control measurements, the device had to be disassembled,
and after the device was transported, assembly was carried out again in the premises of the
production hall.

4.4. Application of the Methodology in Real Conditions

The application of the methodology in practical conditions was divided into three phases: the
preparatory phase, implementation phase, and output phase.

Preparatory phase - based on the shape, the parts were classified into the group of surface parts.
The next step was integrating the model data into the component database. The information it stores
includes part dimensions, the location, and depth of individual holes and grooves, details about the
side that a given parameter is located on, the "zero point" to which all data is compared, the part
name, the tolerance field for the specified parameter, and an identification number for each parameter
(Figure 11).

Figure 11. Drawing of the part (the "zero point" of the part is shown in the circle).

To unify measurements, the term "zero point" had to be developed because, up until this point,
manufacturers measured items without using any standards. Figure 12 displays the device database's
structure.
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Figure 12. Device database structure.

During the setup parameterization, all evaluation sequences of the program for a specific
evaluation module were determined. Setting the correct exposure and recognition algorithms is
shown in Figure 13.
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Figure 13. Setting the correct exposure and recognition algorithms. [29].

Implementation phase — Every aspect of the component, including its length, width, thickness
(XY, and Z), the diameter of the hole, coordinates of the chosen element's position (X, y, and z), and
depth of the hole, was chosen for examination. Because the parts may be made in multiple color
variations, the operator chooses the color of the component to be measured and decides on the
measurement technique in further detail. This is the data needed for a given measurement
independently. The operator also needs to choose additional required options (Figure 14).
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Figure 14. More detailed determination of the method of measurement. [4].

The program chose a precise 2D measuring system for determining the size and locations of the
holes from the relational matrix based on the parameters that were to be measured. The depth of the
holes and grooves that were created was to be measured using a triangulation laser sensor, which is
the only one whose measuring design guarantees complete identification of the specified parameter.
Another algorithm for figuring out when to activate the modules found that you must figure out
where the holes are made and then use a laser sensor to figure out how deep the hole is.

Outputs phase — after the measurement is finished, the measured data is exported to the
database and compared with the model data. The operator can display the measured deviations on
the monitor or print them out. The measured data is copied once a day to the main server of the
production company, where the user can monitor individual deviations during a certain time
interval, check the parameters independently, and, based on this, determine corrective solutions such
as replacement of a drilling head that exhibits frequent drilling errors. After the production of the
standard, the certified company carried out measurements at different temperatures in the interval
from 15 °C to 28 °C. These measurements served as a basis for determining the thermal expansion of
the material used because the manufacturer could not provide us with the exact data. We calculate
the thermal expansion coefficient « from the relationship:

1oL

" Loar M
1 2300,3314—2300,1427
= 2)
2300,1427 28-20
«=10,2m/m.K.10¢ (3)

Only table data was provided, which did not fully correspond to reality o<_15.7/-!-10"#. During
the calibration measurements, the database values (measured by a certified company) and the actual
values supplemented with the coefficient of thermal expansion (measured by the measuring device)
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were compared. Based on the outputs from the measurement of the standard, we can automatically
correct all measured values at various temperature changes. Samples of value curves in the
individual axes, before and after setting the temperature change corrections, can be seen in Figure 15
and Figure 16. The figures show the deviations of the values in the individual axes for the
corresponding measured holes, the x-axis is the number of the measured holes, and the y-axis shows
deviation in millimeters from the actual value.
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Figure 15. Measurement on a standard part without corrections. [28].

The figures (Figure 15 and Figure 16) show the deviations of values in individual axes for the
corresponding measured holes. The x-axis is the number of the measured hole, the y-axis shows the
deviation in millimeters from the actual value.
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Figure 16. Reference measurements after the introduction of temperature corrections. [28].

Individual axis achieved deviations are displayed in Figure 17. The graph displays the
repeatability of the automated device's measurement as well as the accuracy of the chipboard part
production. Using the gadget resulted in an average of 40-60% time savings over the prior manual
control method. Entire measurement data archiving is guaranteed, and finally, human error— which
contributed significantly to this process's error rate —was eradicated.
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Figure 17. Evaluation of three consecutive measurements of the same part. [28].

5. Discussion

There are three primary stages to the IMCS activity technique (Figure 18):

A series of tasks that must be completed before the initiation of the control process define the
preparatory phase. These mostly involve the categorization and classification of components as well
as the entry of data into distinct databases. The initial setting parameterization is a crucial step in the
preparation phase.

e  Parts coding, grouping into component bases, and component classification d

e Adding parametric data for specific modules and dimensional data for components to other
control system databases (such as CAD data) [30].

e  Establishing potential measuring parameters [31].

e  Configuring the parameterization [32].

Implementation phase — the implementation phase is characterized by the control process on
the devices themselves. It is part of the process when the operator directly selects individual
parameters to be checked in the control menu. In this phase, the selection and activation of modules
suitable for checking the required parameters on individual components is also carried out
automatically.

Output phase - consisting of a comparison of measured and actual values. Based on the actual
measured values, it can perform quick corrective actions toward production or long-term statistical
evaluation of the measured data.
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Figure 18. Evaluation of three consecutive measurements of the same part [29].

Four fundamental classes of checked parts were selected for the practical verification solution:
flat parts, cabinet parts or 3D plastic injection moldings and moldings, rotary parts, and shaft parts.
A photo of a particular part, a camera image, or its three-dimensional model are examples of auxiliary
data that provide a better visual representation of categorized parts.

Based on the shape difference, it is possible (most often experimentally) to define
the relationship of the measured parameters depending on the technical devices used.

Initialization of variables is requested at the beginning. [33] In the initial phase, the part (Sm) is
identified by the input identification module. In the next block, data for a specific part is loaded from
the component database shown in the mathematical equation (4). Subsequently, a check occurs,
which determines whether the specific parameter represented in the mathematical equation (5) was
selected from the entire set of parameters. The number of selected parameters (the number of
elements of the set of selected parameters) is written into the variable "k". If this parameter is not
selected, thenext parameter is checked automatically. If the algorithm identifies the selected
parameter, the module suitable for its control is determined. We will use the relational matrix of
parameters and modules as well as the database of modules as input data. This will check one
parameter. This process (Figure 19) is repeated until all parameters selected by the operator (x=k) are
checked. Subsequently, individual modules are activated.

Sm = A{Pm1, Pm2, Pm3) -+ Ban} 4)

1 ¢85 St = {Pi1,Pi3,} )
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6. Conclusions

The article provides an innovative approach to solving the problem of control operations before
entering assembly. The methodology proposed in this work consists of connecting several types of
functional blocks in each of the phases mentioned in Chapter 5.4. Two decision-making algorithms
are used in the work. One is an algorithm for selecting suitable types of control modules and the other
is an algorithm for the gradual activation of individual modules. The methodology was applied in
the design of the automated measuring device AMZ_01 while using a significant part of its system
elements. Based on results from the studied literature, achieved theoretical and practical knowledge,
and designed and verified solution, it is recommended for further research in this area to focus
individually on all phases of the system. Furthermore, the recommendation in further research is, for
example:
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e  Detailed design of the structure of database systems about modularity devices and the
complexity of the entire system.

e  Focus on another method of selecting modules suitable for parameter control, while the use of
expert systems appears to be the most advantageous in this area.

e  Creation of a complex software package for the design and management of control systems [33—
35].

e  Equipment in the pre-assembly stage [36-38,41].

e  Development and application of colonic systems [39-41].

The design of control devices during the pre-assembly phase presents a promising avenue for
enhancing product quality and mitigating costs associated with detecting deficiencies in the assembly
process. The proposed system entails the utilization of distinct functional modules capable of
overseeing one or multiple measurement/control parameters. Users are afforded a breadth of options
to tailor and oversee this process, including adjustments to workplace layouts and the selection of
specific controlled parameters [42,43].

The theoretical segment delineates elements of the system pertinent to research, encompassing
an analysis of the current landscape in flexible, cost-effective control device domains. It elucidates
how production process design paradigms intersect with advancements in information and
communication technologies. However, existing systems are largely tethered either to human
collaboration or the labor-intensive configuration of control processes and measurements. Practical
applications involve approaches and devices leveraging state-of-the-art technologies to fulfill diverse
parameter identification requisites.

Nonetheless, prevailing devices predominantly manifest either as single-purpose, high-speed
units capable of discerning limited parameters or as highly precise multi-purpose devices unable to
scrutinize every manufactured part within feasible time frames. This creates an opportunity for the
deployment of intelligent modular control devices, as discussed herein.

The crux of the discourse delineates components of the Integrated Modular Control System
(IMCS), including classification and database systems, as well as control algorithms. This section
expounds upon the methodology of flexible IMCS, and potential variants of control modules
predicated on cost-effective automation. Integral to IMCS is the establishment of a comprehensive
relational matrix connecting controlled parameters with control modules. Decision algorithms
governing the selection and sequential activation of control modules ensure system functionality.
The proposed solution obviates the necessity for specialized experts to continuously design new
control systems in response to production changes. Rather, experts are engaged solely during the
initial system implementation phase, with subsequent operations being overseen by operators.
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