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Abstract. Industry 4.0 is characterized by the use of interconnected intelligent systems capable of real-
time data exchange, distributed decision-making, and automation. The electric drive is one of the main com-
ponents for the implementation of rotational and translational motion in complex electromechanical systems,
such as Cyber-Physical Systems. Modern technological innovations lead to the increasing penetration of
information technologies into various levels of electromechanical systems, including electric drive systems.
As research shows, Embedded Computer Systems are widely used in automation systems nowadays. At the
same time, the use of Digital Twins makes electric drives an object of simulation and leads to the need for
real-time communication to monitor the status of electric drives and optimize their operation. The need for
distributed decision-making when performing complex technological processes under conditions of uncer-
tainty of external influences on the system requires a transition from rigidly specified electric drive control
logic to adaptive and intelligent control systems. To this end, the current research proposes an intelligent
automatic control system for a modern electric drive using a Multi-Agent control model. The proposed ap-
proach to developing an automatic control system provides flexibility to the control system in implementing
intelligent control algorithms, adaptability to application conditions, and the possibility of continuous opti-
mization using artificial intelligence elements.
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Introduction and statement of the research
objective

The Industry 4.0 concept is characterized by the
integration of information technology into industrial
systems for real-time data exchange, distributed
decision-making, and automation. The term "Indus-
try 4.0" originated in Germany, but this concept
largely overlaps with developments that may be
called differently in other countries. According to
this concept, everything in and around the produc-
tion process is digitally connected, ensuring a highly
integrated value chain. [1].

The study [2] identifies key technologies of the
age of the fourth industrial revolution, which
include: Additive Manufacturing, Internet of Things,
Artificial Intelligence, Big Data Analysis and Cyber-
Physical Systems.

An electric drive is one of the main compo-
nents for implementing rotational and translational
motion in complex electromechanical systems, such

as Cyber-Physical Systems. Modern technological
developments lead to the increasing penetration of
information technologies into various levels of
electromechanical systems, including electric drive
systems.

As modern research demonstrates, embedded
computer systems have wide application in automa-
tion systems. At the same time, the use of digital
twins makes electric drives an object of simulation.
This leads to the need for real-time communication
to monitor the status of electric drives and optimize
their operation.

The need for distributed decision-making when
performing complex technological processes and
operating under conditions of uncertainty of external
influences on the system requires a transition from
rigidly defined drive control logic to adaptive and
intelligent control systems.

All this leads to the integration of edge
computing directly into electromechanical systems
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including electric drives. This, in turn, expands the
computing power of automatic control systems
(ACS) and leads to new opportunities in building a
programmable control algorithm for electric drives.

Therefore, the purpose of the current study is to
review the key technologies of the age of the fourth
industrial revolution and its impact on the
transformation of the modern electric drive. As well
as a description of the approach to building an
intelligent ACS of a modern electric drive using a
multi-agent control model.

The first section, “Analysis of Modern
Research,” focuses on Cyber-Physical Systems, the
Internet of Things, Digital Twins, Edge Computing,
and Multi-Agent Systems. These technologies and
systems are widely used in Industry 4.0 and are
relevant in the context of modern electric drives and
ACS.

The second section, “Description of a Modern
Electric Drive,” examines the evolution of an
electric drive from a local electromechanical system
to a cyber-physical object within a cyber-physical
system.

In the third section, “Multi-agent automatic
control system,” a model based on agents that
embody individual functional aspects of control into
a single intelligent system is proposed.

The "Conclusion" section presents the results of
the study and raises relevant questions regarding
further research directions.

1 Analysis of modern research

The intensive use of information technologies
in modern production leads to a narrowing of the
gap between the cyber world and the physical world.

Of particular interest is Cyber-Physical Systems
(CPS), which are systems that integrate computing
and communication components with physical pro-
cesses, where physical processes influence compu-
ting and vice versa. Research [3] demonstrates the
role of CPS in promoting the fourth industrial revo-
lution by improving efficiency, flexibility, and man-
agement quality. One of the applied elements that
make up CPS is embedded computer systems, with
various sensors that record physical conditions in
real time. The received data is processed by proces-
sors and influences the control of actuators through
controllers. At the same time, artificial intelligence
is widely used to improve real-time monitoring and
control of technological processes. One example is
the study [4], which analyses artificial intelligence
methods for use in selecting the optimal material for
manufacturing products in Industry 4.0 conditions.

The study [5] analysed the requirements for in-
dustrial CPS in the era of the fourth industrial revo-

lution. These include Autonomy, which ensures the
functioning of systems within the limits of defined
functional goals through Context-Awareness. This
provides a high degree of Reliability regarding
Availability and system behaviour. In the context of
maintaining system functionality under adverse con-
ditions, CPS must be Robust and Resilient to envi-
ronmental changes. At the same time, the state of the
system must be Observable and Trustworthy for
real-time decision-making. To ensure the Controlla-
bility of the system, an important requirement is the
Predictability of the system, despite its complexity.
To respond to changes and new requirements, indus-
trial CPS must be Scalable and Interoperable. At the
same time, all the above requirements must be met
taking into account the principle of Sustainable de-
velopment.

The study [6] considers the extension of mecha-
tronic systems to cyber-physical ones, reviews the
design methods of such systems, and emphasizes
their special role in the manufacturing sector. As
emphasized in the study [7], mechatronics, combin-
ing elements of electrical, mechanical, electronic
and information technologies, plays an important
role in the fourth industrial revolution by providing
the basis for communication, information pro-
cessing, actuators and human-machine interaction.
The study [8] examines the evolution of mechatronic
systems, which are based on physical components,
to information-oriented systems, where information
is at the center of the system, providing improved
interconnectivity, intelligence, and adaptability. In
such a paradigm, mechatronic systems act not only
as sensors and actuators, they become intelligent
objects, with computing and communication capa-
bilities and the ability to process data locally in real
time, adapting to environmental conditions.

Technological developments in recent years
have given rise to a trend of applying Internet of
Things (IoT) devices to industrial automation. This
helps ensure the cost-effectiveness of technological
processes, expands capabilities, and contributes to
achieving Industry 4.0 goals and standards. The arti-
cle [9] investigates the use of a programmable logic
controller to create a smart manufacturing platform
in accordance with Industry 4.0 standards. The study
[10] provides an overview of the use of inexpensive
open-source devices, such as Raspberry Pi or Ar-
duino, to extend the functional and communication
capabilities of traditional industrial automation tech-
nologies to meet the requirements of Industry 4.0
implementation. Examples of the approach to using
single-board computers for the development of pro-
grammable logic controllers and programmable log-
ic computers are the manufacturers REVOLUTION
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PI, Industrial Shields and others [11]. These devices
combine the capabilities of classic programmable
logic controllers with the operational and software
capabilities of personal computers and various
communication protocols.

As for condition monitoring, simulation of CPS
and its components, in the context of the fourth in-
dustrial revolution, Digital Twins (DT), which are a
digital representation of an instance of a physical
system, have become widely used. A key feature of
DT is real-time simulation, which is performed in
parallel with the physical system. This allows to
detect anomalies and the state of the physical system
in real time with high accuracy. This is then the
starting point for applying corrective signals to im-
prove accuracy or reduce the impact of the anomaly
on the system as a whole. In the article [12], a sys-
tematic review of the literature on the development
and implementation of DT in various industrial sec-
tors was conducted. The study [13] focuses on the
use of DT in the powertrain of electric vehicles,
analysing their application and usage scenarios. The
research [14] presents a method for assessing the
state of an asynchronous electric drive without a
speed sensor based on DT and the extended Kalman
filter. The results of the study demonstrate higher
accuracy in assessing the state of the electric drive
compared to models using the ideal inverter model.

The study [15] focuses on the role of edge com-
puting in various areas, including energy systems. At
its core, edge computing is a paradigm of computing
that is performed near the data source. This mini-
mizes latency, reduces data exchange traffic, and
increases system autonomy.

With the development of information technolo-
gy, multi-agent systems have become widely used in
various industries, including robotics, control sys-
tems, and automation. Multi-agent systems are a
collection of agents equipped with computing, learn-
ing, communication, and execution capabilities.
Such a system consists of autonomous entities, that
is, agents. These entities can be purely software or
with elements or access to artificial intelligence
technologies. Agents can work independently of
each other or under the direction of another agent.
Multi-agent systems can have different organiza-
tional structures that determine the communication
between them.

The research [16] considers the application of
multi-agent systems in smart energy networks. At-
tention is paid to agent coordination, resource allo-
cation, and system optimization. The study [17]
considers the application of a multi-agent reinforce-
ment learning system for the automation and control
of water systems.

2 Description of a modern electric drive

In the context of digitalization of production
and creation of smart, the evolution of the electric
drive from a local electromechanical system to a cy-
ber-physical object as part of the CPS is inevitable.

Let us consider a modern electric drive as a
cyber-physical mechatronic system that implements
the functions of a mechatronic motion module inte-
grated into a digital production environment, which
is hereinafter referred to as Intelligent Mechatronic
Motion Module (IMMM). This module is considered
as a stand-alone system that can be used individually
and in various combinations with other modules.
IMMM consists of the following components:

e Mechanical part — motor shaft with gearbox.

e Flectrical part — electric motor(s).

e Flectronic part — inverter, sensors, power

electronics.

e Information part — embedded computer sys-

tems, control system algorithms.

At the same time, these components are being
expanded by information technologies, namely the
Internet of Things, Artificial Intelligence, Big Data
Analysis and Cloud Computing. Some of these tech-
nologies can be applied directly to the IMMM, while
for others the IMMM will act as a data provider and
an object of optimization or condition monitoring
within the CPS component.

The concept of an Intelligent Mechatronic Mo-
tion Module in the age of Industry 4.0 is graphically
presented in Figure 1.

Artificial
Intelligence

Cloud
Computing

Fig. 1 — Components of an Intelligent
Mechatronic Motion Module in the Industry
4.0 paradigm. (Source: compiled by the author)

Table 1 presents the evolution of the electric
drive from a local electromechanical system to an
IMMM as part of a CPS.
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Table 1 — Evolution of the electric drive from a local electromechanical system to an IMMM as part of a

CPS (Source: compiled by the author)

Characteristic Local electromechanical system IMMM
Architecture Local Distributed

Control Classical methods (PI, PID, etc.) Adaptive, Intelligent

Scaling Limited Modular, flexible
Data Without accumulation and analysis Accumulation and analysis

Condition assessment Minimal Multichannel, Simulated in real time
Energy efficiency Fixed Context-sensitive, capable of optimization

Safety Functional Functional, Informational

3. Multi-agent automatic control system

Growing technological requirements for CPS
lead to growing requirements for IMMM and its
components, including ACS. These requirements
can be implemented through optimization and appli-
cation of new technologies of the hardware and
software components of ACS.

Thanks to the introduction of embedded com-
puter systems as part of IMMM, the computing
power and interaction interfaces of ACS are expand-
ing. This enables flexible integration of IMMM into
CPS, data exchange and continuous optimization,
which is a necessary component of achieving energy
efficiency and sustainable development.

When implementing energy-efficient program-
mable solutions in ACS, it is necessary to consider
their impact on the accuracy and speed of the sys-
tem. At the same time, an important component is
the stability of this system in conditions of uncer-
tainty, which generates the influence of external
factors on this system, which is especially relevant
for autonomous robotic systems. In addition to the
components of accuracy, speed, energy efficiency,
and system stability, an important component is the
time spent on developing and implementing optimi-
zation or developing the system as a whole. At the
same time, using information components in ACS,
ensuring system security goes beyond the functional
one and is supplemented by the information compo-
nent. This makes it necessary to take into account
functional and information security when developing
programmable ACS.

Let's systematize and narrow down the re-
quirements for ACS into five interconnected criteria:
speed, accuracy, stability, energy efficiency, and
system security. Noting that in our case we are talk-
ing about the functional components of the ACS in
operation. Therefore, we take that the time for de-
velopment and implementation does not affect the
functionality of this system itself, therefore it is not
taken into account.

functionality of this system itself, therefore it is not
taken into account.

Let us consider the construction of a program-
mable ACS for IMMM based on the principle of a
multi-agent system. Note that IMMM can consist of
one or N-electric motors. From the point of view of
the control system, the physical system will be con-
sidered as a single system, while the control itself
will be multi-criteria in its principle. That is, each
agent represents a separate control function and per-
forms local goals, without realizing the overall sys-
tem goal. In addition to the agents for speed, accura-
cy, stability, energy efficiency, and system security,
a synchronization agent is added to ensure coordina-
tion of subsystems. Table 2 lists the agents and their
functional roles.

Table 2 — Agents of the ACS and their
functionality roles (Source: compiled by the author)

Agent Functional role

Accuracy Reducing the control error
. Energy consumption
Energy efficiency optimization
Synchronization | Subsystem state coordination
Stability System response to external
disturbances

Speed Ensuring a given speed
Safety System anomaly detection

The proposed ACS has a hybrid structure. It in-
cludes:
e Decentralized group of target agents (Accu-
racy, Energy efficiency, Synchronization).
e Centralized system stability agent (Stabil-
ity).
e Hierarchical execution relationship (Speed).
e Distributed security diagnostics (Safety).
The structural diagram of the hybrid multi-
agent ACS is shown in Figure 2.
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Fig. 2 — Structural diagram of a hybrid multi-agent ACS.
(Source: compiled by the author)

The multi-agent model for constructing an ACS
with a multi-motor IMMM is a system that forms,
corrects, and limits the control signal depending on
the specified criteria. In this case, the final control
signal is formed through coordination, provided that
the specified stability is observed. At the same time,
the criteria can be expanded by introducing addi-
tional agents.

The proposed approach to building an ACS
gives the control system flexibility in implementing
intelligent control algorithms, adaptability to appli-
cation conditions, and the possibility of continuous
optimization through the use of artificial intelligence
elements.

Conclusion

The Industry 4.0 paradigm leads to the digitiza-
tion and expansion of the capabilities of mechatronic
systems, including electric drives. This clearly illus-
trates the vector of development and penetration of
information technologies into automatic control
systems. Information technology enables the imple-
mentation of distributed decision-making using pro-
grammable algorithms, machine learning methods,
high-level communication, and real-time status mon-
itoring. This provides opportunities for self-
improvement of automatic control algorithms and
identification of system anomalies.

The result of the current study is a description
of the main technologies of the age of the fourth
idustrial revolution and their impact on electric
drives and their ACS. A modern electric drive in the
form of IMMM is presented. A model for construct-
ing an ACS based on a multi-agent control system
for a multi-engine IMMM is proposed and character-
ized.

The next stage of the research is the mathemati-
cal description of the proposed ACS intellectual
model and the implementation of software for con-
ducting the planned physical experiments and math-
ematical simulation.
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Hayionanvuuii ynieepcumem « Odecoka nonimexmikay

Anomauia: Inoycmpis 4.0 xapakmepuzyemuscsi 3aCMOCYBAHHAM B3AEMONOB'A3AHUX [HINENEKMY ATbHUX
cucmem, 30amHuUx 00 0OMIHY OAHUMU 8 PENCUMI PeanbHO20 4acy, PO3NOOiNeH020 NPULHAMMS PilueHb ma
asmomamu3zayii. Enexmponpugio € 00HuM 3 0CHOBHUX KOMROHEHMIG 051 peanizayii 00epmogozo ma nocmy-
NANbHO20 PYXY 8 CKIAOHUX eleKmpomexauiunux cucmemax, maxux ax Kiovep-@isuuni Cucmemu. Cyuacnui
PO3BUMOK MEXHONO02I NPU3800ums 00 6ce OLNbUl020 NPOHUKHEHHS THOOPMAYIUHUX MEXHOA02Il HA PI3HI
PIBHI e1eKMPOMEXaHIYHUX CUCMEM, 8 MOMY YUCTI cucmem eiekmponpugody. Ax demoncmpyioms 00Ci-
0oicentsl, 80Y008AHI KOMN TOMEPHI CUCEMU MArOMb UUPOKe 3ACMOCY8ANHS 8 cucmemax agmomamusayii. B
MOl Jice yac, 3acCmocy8anHs Yudposux O0SIUHUKIE pOOUMb eNeKMPonpugoou 00 €KMom MOOenr08aHH ma
npu3800UmMb 00 HeOOXIOHOCMI KOMYHIKAYIT 8 PercUMi peanrbHo20 4acy Oas KOHMPOIO0 CMAHY e1eKmponpu-
600i6 ma onmumizayii ix pooomu. Heobxionicms po3nodineno2o npuiiHamms piieHb, npu GUKOHAHHI CKIA0-
HUX MEXHONO2IUHUX NPOYeCi6 8 YMOBAX HEBUSHAYEHOCI 306HIUHIX GNIUBIE HA CUCTEMY, BUMASAE NEePexody
8i0 JHCOPCMKO 3A0AHOI NI02IKU KEPYBAHHI eleKMPONPUBOOOM 00 A0ANMUBHOI Ma IHMeNeKMydlbHOI cucmem
Kepyeanus. /A ybo2o 8 NOMOYHOMY OOCHIONCEHHI NPONOHYEMbCS NOOYO08A THMENEKMYATbHOI cucmemu
ABMOMAMUYHO20 KEPYBAHHA CYHACHO20 eleKMPONpU8oOa 3 3dCMOCY8AHHAM 0azamoazeHmHoi mooeni
KepysaHua. 3anponoHosanuil nioxio & no6yoosi cucmemu d8MOMAMUYHO20 KEPYBAHHA HAOAE SHYYKOCMI
cucmemi KepysauHs 6 peanizayii iHMeneKxmyaibHux aieopummic KepyeanHs, a0anmueHOCmi nid yMosu 3a-
CMOCYBAHHA MA MONCIUBOCMI De3nepepeHoi onmumizayii 3a805KU 3ACMOCYBAHHIO eleMEeHmMI8 WMY4YHO20
iHmenexmy.

Knrouoei cnosa: Cucmemu Asmomamuunozo Kepysanus, Enexmponpusio, Bacamoacenmua cucmema,
Inoycmpis 4.0, Mexamponixa, Kibep-®izuuni Cucmemu, Boyoosani Komn tomepni Cucmemu.
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