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Abstract. Decentralized Control Systems (DCS) are an important part of today's
industrial automation, smart grid and cyber-physical systems, as they allow for
decentralized decision-making, scalability and operational resilience based on a
robust communication infrastructures. Geographically distributed controllers,
field devices and human—machine interfaces provide added flexibility, reliability
and adaptability for complex industrial environments. New challenges with com-
munication latencies, interoperability limitations, and cybersecurity vulnerabili-
ties continue to arise due to the quickly evolving technologies and the increasing
adoption of enabling technologies such as the Internet of Things (IoT), digital
twins, and reinforcement learning based control strategies. Also, there is little in-
depth scientometric knowledge about the trends, thematic development, and col-
laboration of the international research landscape in DCS research. This study
aims to deliver a twofold insight by giving not only a technical overview about
the new DCS paradigms, but also a scientometric analysis of the publications on
DCS research from the year 2015 to 2025. From the perspective of electronics
and control systems, the analysis describes the development of distributed con-
trol architectures, industrial control strategies, and communication reliability
mechanisms that enable today's industrial automation and cyber-physical sys-
tems. The scientometric mapping techniques were applied to a dataset compris-
ing about 340 publications in 153 sources, related to keyword co-occurrence,
citation structure, trend in publications, and international and institutional col-
laboration network. These findings showed an annual growth rate for publica-
tions of —8.86%, and an average of 7.126 citations per publication. The major
research areas are: loT-equipped SCADA systems, cyber security frameworks,
adaptive consensus protocols and artificial intelligence-based control solutions.
The findings presented here provide important insights into the intellectual struc-
ture of DCS research and help in the design of secure, scalable and intelligent
automation systems in practice.

1 INTRODUCTION

DCS have been widely adopted in industrial automation, smart grid management, and in ad-
vanced autonomous control systems controllers like those in multi-agent systems and edge
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intelligence networks [1]. This differs significantly from the traditional centralized control
approach, where the decision-making process is spread over multiple controllers, each typi-
cally located in a different geographical area, and communicating with one another through
strong, and often heterogeneous communication protocols, offering greater robustness, scala-
bility and flexibility to the system-wide behavior in more demanding operational scenarios.
Distributed models have evolved with the requirements to keep up with the dynamism of
modern industrial processes, power grids, and autonomous robot activities which all require
real-time monitoring, adaptive event-based coordination and secure and high fidelity data
exchange between sensors, actuators, supervisory control nodes and human-machine inter-
faces [1]. To solve problems in the real world like latency-aware control, scalable automa-
tion, and fault tolerance in industrial automation, knowledge of the development of distrib-
uted control architectures, industrial automation platforms, and control-communication co-
design research is crucial in electronics and control engineering. This scientometric analysis
tracks the evolution of research trends, key publications and co-authorship relationships of-
fers guidance and strategic insights to control engineers and system designers in the study of
new control methods, communication protocols, and gaps in technology for next generation
industrial control systems.

1.1 Communication Challenges, Emerging Technologies, and Scientometric
Perspectives

Intercomponent communication is one of the most important challenges and technological
limits of DCS, as different physical and network layers, such as fieldbus and industrial Ether-
net to TCP/IP-based protocols, should be coordinated to ensure reliable, low-latency, and
often deterministic performance, with little tolerance to packet loss, network congestion, or
cyber vulnerabilities. Modelling languages such as IEC 61499 and open-source development
environments have recently made it possible to distribute software elements to a range of
different hardware platforms and to specify and simulate more complex communication par-
adigms, such as time-sensitive networking and protocol extensibility, allowing engineers to
tailor solutions with less configuration work. Meanwhile, the introduction of goal-oriented
communication to multi-agent systems also demonstrates a paradigm shift, where infor-
mation relevance, instead of data fidelity or bandwidth consumption, triggers the prioritiza-
tion and adaptive routing of control messages, working across fields spanning distributed
robotics to federated learning on the edge [2]. A frequent issue in modern DCS is the lack of
communication, especially when the size and complexity of the system is large. It is essential
to ensure secure, real-time and verifiable data transfer, which are directly connected to the
integrity and resilience of the communication connections of the SCADA system, to indus-
trial infrastructure such as power transmission networks, where the continuity and security
of the system depend upon the integrity and resilience of its communication links [3]. As the
concepts of digital twins are being introduced in other sectors including maritime, manufac-
turing and smart home, the range and depth of DCS have extended, with more detailed virtual
representations of actual processes, providing predictive analytics, remote diagnostics and
lifecycle management [4]. The application of these systems to energy systems, such as net-
worked microgrids and smart grids, requires adherence to developing standards of interoper-
ability and effective communication to protect reliability and performance, especially as in-
ternational regulation systems advance to distribute architecture implementation and use har-
monized communication protocols [5]. Owing to the adoption of Internet of Things (IoT)
technologies into DCS platforms, the approach towards hybridized management solutions
with centralized cloud resources, as well as decentralized edge nodes, shifts to a paradigm of
effective condition monitoring, fault detection, and automation through continuous data-
driven feedback loops and machine learning-enhanced control algorithms [6]. Although these
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innovations can lead to higher operational efficiency and safety, they present new cyber-
physical security threats because distributed architectures are inherently expanded, which
means that authentication, authorization, and real-time encryption of data streams must be
carefully managed to protect against unauthorized intrusion, denial-of-service attacks, and
data integrity breaches [7]. The contribution of event-based and adaptive control measures to
multi-agent DCS is growing, minimizing the amount of meaningless communication over-
head, addressing the instabilities that appear because of latency, and attaining consensus even
in the presence of significant communication delays and network impairments. Therefore,
protocols that are resilient to dynamic uncertainty and system failures are driving the state-
of-the-art in distributed consensus and cooperative control [8]. Equally, the reinforcement
learning based solutions, and sliding mode controllers are also allowing the agents to solve
nonlinearities, uncertainties and varying communication link quality, which allows robust
leader-follower synchronization and near-optimal system tracking performance in unpredict-
able environments [9]. From a scientometric perspective, bibliometric analysis has become
an important tool for examining publication patterns, thematic clustering, author networks,
and the development of research trends within DCS and its subdivisions, which has provided
good insight into how the academic and industrial communities have addressed communica-
tion bottlenecks, protocol standardization, system security, and automation [10]. Recent sci-
entometric investigations have mapped the rapid growth in scientific collaboration since 2015
and identified the dominant presence of technical fields using co-citation and keyword co-
occurrence analysis tools, including VOS viewer, demonstrating the need to increase inter-
disciplinary interaction between computer science, engineering, telecommunication, and hu-
man-centered design [11]. For example, bibliometric reviews of smart homes for older adults
have identified specific areas of research, such as sensor technology implementation, factors
of acceptance, and future healthcare applications, which have shown that where DCS meets
human-oriented applications, the possibilities of innovation and diversification are especially
wide. Similarly, a scientometric review on cyber-physical system safety and active distribu-
tion networks highlights the role of communication protocols and timing to ensure that the
development of networked control is directly related to research themes of automation, resil-
ience, and cybersecurity supported by broad societal research [12]. When applied in the
framework of energy management, coordinated communication and control of distributed
assets, which are, in many cases, mediated by IoT-enabled SCADA, provide real-time data
analytics that allow predictive maintenance, anomaly detection, and optimization of opera-
tions, and at the same time require new responses to cyber-physical threat mitigation. The
DCS is at the crossroads between theory and practice; it is no longer a niche domain of control
engineering but a multidisciplinary discipline, as it has moved to the field of industrial auto-
mation, smart city infrastructure, autonomous vehicles, and intelligent grids. Current studies
examine the architecture of containers and microservices to modularize the control app and
enable maintainability and reusability and investigate the merging of high-availability ad-
vanced solutions in mission-critical applications in IoT-intensive settings [13,14]. Contem-
porary DCS should not only meet the conventional reliability and real-time functioning re-
quirements but also the requirements of openness, scale, and flexibility, which are met by
protocol-agnostic communication studies, containerization, and integration of digital twin
paradigms that can cover the divide between actual systems and virtual agents. According to
the literature, subsequent work in this field will probably be dedicated to aligning security
and interoperability needs, introducing artificial intelligence and learning-based optimiza-
tion, and promoting multi-agent resiliency to a wide range of operational and network-level
threats. Scientometric assessments thus offer a methodological base for the comprehension
of research development and spread, in addition to offering operational information to steer
improvement, standardization, and convergence of interdisciplinary control and communica-
tion [15]. When developing the frontiers of control and communication in DCS, multi-
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perspective scientometric understanding is the key to tracking technological maturation, new
research gaps, and guiding next-generation architectural designs that will shape the future of
automation and smart systems worldwide [16].

2 METHODOLOGY

This study follows a scientometric method and conducts a systematic analysis of the literature
concerning DCS devoted to process control, communication, and industrial automation. Ar-
ticles from a well-known scientific database were retrieved within a specified period and
were limited to English-language documents, which guaranteed that the articles covering the
area of interest in peer-reviewed publications and conference proceedings, as well as reviews,
were included. The data were filtered to remove duplication and limited to works that were
highly thematically relevant to DCS research. Quantitative data related to research produc-
tivity and impact were obtained by extracting bibliometric indicators, including annual pub-
lication output, citation trends, authorship distribution, and document type. Scientific map-
ping tools (VOS viewer and Cited Space) were used to create visualizations of co-authorship
networks, institutional relationships, keyword co-occurrence and thematic clustering. The
following methods enabled us to determine the major contributors, main research fields and
new research directions. The most powerful works were identified, and additional citation
analysis was performed to highlight the intellectual structure of DCS research [17,18]. The
keywords were also clustered to see how the research focus evolved from security to com-
munication protocols, network resilience to edge intelligence. The results of the collaboration
highlighted the global nature of DCS research and the importance of collaboration between
engineering, computer science and applied technologies. A systematic guidance was pro-
vided to quantify the growth of knowledge, identify knowledge clusters and the emergent
patterns in dis-tributed control and communication with the help of scientometric analysis.
This methodological procedure would ensure a systematic search of the literature and valua-
ble insights into future research directions.

The bibliographic data for this study was obtained from the Scopus database because of the
complete coverage of peer-reviewed literature. Only English-language journal articles and
conference papers published between 2015-2025 were included, while non-relevant docu-
ment types and incomplete records were excluded. A systematic data cleaning process was
applied to remove duplicates and erroneous entries. Author names and institutional affilia-
tions were standardized to ensure consistency. Additionally, keywords were unified by merg-
ing synonyms and variants to improve the accuracy of the scientometric analysis.

2.1  Search key

TITLE-ABS-KEY ("Distributed Control System") AND PUBYEAR > 2014 AND
PUBYEAR < 2026 AND ( LIMIT-TO (EXACTKEYWORD , "Process Control") OR
LIMIT-TO (EXACTKEYWORD , "Distributed Control Systems") OR LIMIT-TO
(EXACTKEYWORD , "Industrial Automation") OR LIMIT-TO (EXACTKEYWORD |,
"Communication") OR LIMIT-TO ( EXACTKEYWORD , "Control")) AND (LIMIT-TO
(LANGUAGE , "English" ))
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Search Query Implementation
TITLE-ABS-KEY ( "Distributed Control System" ) AND PUBYEAR >
0014 AND PUBYEAR <2026 AND ( LIMIT-TO ( EXACTKEYWORD)
. "Process Control" ) OR LIMIT-TO ( EXACTKEYWORD ,
"Distributed Control Systems" ) OR LIMIT-TO ( EXACTKEYWORD .
"Industrial Automation” ) OR LIMIT-TO ( EXACTKEYWORD ,
'Communication” ) OR LIMIT-TO ( EXACTKEYWORD . "Control" )
AND ( LIMIT-TO (LANGUAGE . "English" ))
Total Records: 306

¥
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Y

| Visualization & Interpretation |

Y

| Figures & Tables Generation |

y

Conclusion & Future Directions

|

Key Findings
- Research Gaps
- Future Research Directions

!

| End: Research Synthesis |

Fig. 1. Methodology

This flowchart illustrates the systematic process of conducting scientometric analyses. It be-
gins with the identification of the research problem, followed by the formulation of the re-
search objectives. When the objectives are well established, the process proceeds to data col-
lection, which is normally done by retrieving bibliographic records of well-known databases
such as Scopus or Web of Science. The retrieved data were then subjected to data prepro-
cessing, which involved cleaning, filtering, and elimination of duplicates to provide accurate
data. Data analysis is the second step, during which trends, co-authorship networks, keyword
co-occurrence, and thematic cluster maps are mapped using scientometric instruments, in-
cluding VOS viewer, Cite Space, and Biblioshiny. The results will be interpreted in relation
to the available literature and gaps in research. Finally, the results are condensed into visual
outputs, discussion, and conclusions that indicate research impact, emerging themes, and fu-
ture research directions. This systematic workflow enhances the reliability and reproducibil-
ity of scientometric studies.
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3 RESULTS AND DISCUSSION

A scientometric analysis of DCS studies shows that in recent years, the number of publica-
tions has been steadily increasing owing to the increase in the importance of process control,
industrial automation, and communication in modern industries. The presence of co-author-
ship and institutional mapping indicates a high presence of international collaboration, with
engineering, computer science, and telecommunications disciplines securing the major part
in the field. The analysis of keyword co-occurrences reveals the development of research
clusters in IoT-enabled SCADA, cybersecurity, digital twins, and reinforcement learning-
based control strategies. These clusters are closely aligned with core electronics and control
system concerns, particularly the co-design of control algorithms and communication infra-
structures required for real-time industrial control, fault-tolerant automation, and adaptive
process regulation. These trends present a definite trend of reduced centralized models to-
wards resilient, decentralized, and adaptive DCS architectures. The importance of reliability
in communication and interoperability is also highlighted in the discussion, as delays and
cyber vulnerabilities remain significant problems. In general, the findings can be used to il-
lustrate how scientometric knowledge does not just trace the intellectual organization of the
domain but also informs future advancement by revealing gaps in the research, especially in
the integration of security, protocol standardization, and adoption of the technology on an
industrial scale.

Table 1. Main Information

DESCRIPTION RESULTS
Main Information About Data
Timespan 2015:2025
Sources (Journals, Books, Etc) 153
Documents 340
Annual Growth Rate % -8.86
Document Average Age 5.72
Average Citations Per Doc 7.126
References 2671
Document Contents
Keywords Plus (Id) 2899
Author's Keywords (De) 3472
Authors
Authors 932
Authors Of Single-Authored Docs 35
Authors Collaboration
Single-Authored Docs 38
Co-Authors Per Doc 3.2
International Co-Authorships % 15
Document Types
Article 119
Book 2
Book Chapter 12
Conference Paper 200
Review 7

Table 1 presents a detailed picture of the bibliometric data in the range of 2015-2025. The
number of published documents was 340 in 153 sources, with an annual growth rate of -8.86,
which shows that the level of publication is decreasing. The mean age of documents used is
5.72 years, and the average number of citations made on every document is 7.126, backed by
2671 references. In terms of content, 2899 Keywords Plus (ID) and 3472 Author’s Keywords
(DE) are contained in the dataset owing to the thematic variety of the sphere. Analysis of
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authorship revealed 932 contributing authors, 35 of whom created individual works. It should
be noted that collaboration is high (38 single-authored documents), the mean number of co-
authors per paper is 3.2, and 15 percent of the research was conducted in collaboration with
foreign researchers. Conference papers constituted most of the records (200 records), fol-
lowed by 119 journal articles, 7 reviews, 12 book chapters, and 2 books. Altogether, the
dataset shows collaborative features as well as interdisciplinary diffusion of research in the
field.
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Fig. 2. Thematic Map

The thematic development of the research is represented in Figure 2 and is visualized in two
dimensions according to the degree of development (density) and the degree of relevance
(centrality). The themes of the figure are divided into four quadrants. In the upper right (Mo-
tor Themes), the most developed and central topics are intelligent control, data acquisition,
and distributed control systems, which represent their significance and high growth in the
field. The upper left (Niche Themes) are the more specialized yet peripheral subjects, such
as best practice guidelines, flotation, hybrid systems, and unmanned aerial vehicles, which,
although produced, are marginal. The Basic Themes (lower right) demonstrate the basic areas
of control, safety engineering, computer engineering, and process engineering, which are the
structural foundations of the research area. The bottom left (Emerging or Declining Themes)
draws attention to less related or degrading issues, such as the temperature field and the role
of Green. In general, the diagram demonstrates the active relationship between fixed, new,
and specialized themes in the research space.

Table 2. Top Cited Articles with Corresponding DOIs and Citation Counts

DOI Total Citations
10.1007/s00170-019-03800-4 100
10.1109/TSMC.2016.2531673 70
10.1109/JPROC.2019.2914021 66

10.1109/Anti-Cybercrime.2017.7905261 66
10.3390/electronics6040092 60
10.1109/TCNS.2016.2573741 58
10.1016/j.jppr.2022.02.003 54
10.1016/j.cherd.2019.06.034 54
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10.1109/TIM.2020.3011251 51
10.1109/ICSTM.2015.7225424 51
Table 2 lists the most highly cited research articles in the order of Digital Object Identifier
(DOI) and total number of citations. The table demonstrates the contributions of influential
publications to the academic sphere in various journals and conferences. The article with the
highest number of citations is shown with the DOI 10.1007/s00170-019-03800-4, and it has
100 citations, which demonstrates that it has made a very strong contribution to the research
world. Article 10.1109/TSMC.2016.2531673 has had 70 citations, and articles
10.1109/JPROC.2019.2914021 and 10.1109/Anti-Cybercrime.2017.79052611 have 66 cita-
tions. The number of citations in other articles, such as those in Electronics, TCNS, Journal
of Process Research, and Chemical Engineering Research and Design, is between 60 and 54,
which makes them significant in the development of this field. Other works that significantly
influenced this study were cited the least in this list, but each had 51 citations. Overall, the
table indicates the allocation of citations among the major research products, highlighting the
dissimilarity of their impact on the scientific literature.
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Fig. 3. Trend of Articles Published per Year

The number of articles published annually is shown in Figure 3 between 2015 and 2025. The
data indicates a significant fluctuation in the number of publications, with the largest number
being in 2015 and 2017 with more than 40 publications. The trend shows a slow downward
trend after 2017, with slight recoveries in some years. For example, the numbers increased
slightly in 2019 following a sharp decline in 2018, but in 2020, there was a sharp decline to
the lowest point of approximately 23 articles. A period of moderate recovery was observed
between 2021 and 2022, during which the number of publications returned to more than 30
articles, and then it began to decline again. The number of articles in the dataset by 2025 was
minimal, with approximately 17 articles. This value reflects, overall, a negative trend in re-
search productivity during the period of interest and means that it is hard to sustain the growth
of research output in this area.

This negative annual publication growth rate (—8.86%) is not only a descriptive statistic but
also a sign of continuous consolidation of Distributed Control Systems research, instead of a
decrease in its relevance. While the early growth spurt was attributed to the rapid uptake of
the industrial application, the recent decline is related to the emergence of application-centric
interdisciplinary and domain research integrated in bigger research trends that involve cyber-
physical, or Al-based approaches. The thematic analysis also uncovers emerging gaps in
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industrial validation of intelligence DCS architectures at the large scale, security by design
approaches and standardized communication protocols. While there has been significant re-
search activity in the areas of [oT-enabled SCADA, cybersecurity, and reinforcement learn-
ing-based control, there are areas of limited research interest such as interoperability, regula-
tory alignment and real-time resilience. The identified trends indicate that future DCS devel-
opments will rely on the integration of reliable communication with scalable intelligent con-
trol solutions for satisfying the growing needs of industry and society.
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Fig. 4. Word Cloud of Keywords

Figure 4 illustrates a word cloud diagram that shows the most common terms used with DCS.
The predominance of the words control, systems, distributed, and parameter reflects the fact
that they are the focus of the discussion in this field. The use of such terms as process, con-
trollers, automation, embedded, and industrial indicates the technological and practical as-
pects of DCS with a focus on their use in real-time process monitoring, automation, and
industrial control. In addition, words such as loop, communication, programmable, and logic
emphasize the significance of system construction, data circulation, and decision-making in
these systems. The availability of standards (e.g., IEC 61499) and the concepts of intelligence
and computer also point to the incorporation of sophisticated technologies and global frame-
works in the development of control systems. In general, visualization represents the multi-
dimensionality of distributed control systems and integrates technical, industrial, and com-
putational dimensions into a single depiction of the major research and application themes.
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Bubble Visualization of Authors’ Publications vs Citations
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Fig. 5. Bubble Chart of Authors’ Research Productivity and Impact Based on Publications and Cita-
tions

Figure 5 presents a bubble representation of the publications by the authors (NP) and citations
(TC), which demonstrate the productivity and impact of major contributors to the research.
The x-axis represents the number of publications, and the y-axis represents the total number
of citations. The bubbles represent each author, and each bubble is assigned a bubble size
and color as a visual indicator. JLYUSHIN has the greatest impact with more than 100 cita-
tions and 7 publications which is the measure of productivity and influence. VYATKIN and
ASADULAGI and GARcialanos had six and 55 publications, respectively, but relatively high
citation rates per fewer than six publications. The authors NOVOZHILOV and
YOKOYAMA had equal numbers of publications, but they had less citation influence. Mean-
while, the visibility of the citations of DOROFEEV and PATIL is low, even though they have
provided several papers. Overall, the visualization is effective in terms of comparing prolific
and impactful authors, which provides an idea of the distribution of scholarly work and cita-
tion performance in the field.

10
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Fig. 6. Global Heat Map of Research Publication Frequencies by Country

Figure 6 is a world heat map of the distribution of research publications by country and
demonstrates how scholarships have been distributed across the world. The strength of the
color reflects the number of publications, and the darker the color, the higher the output.
Interestingly, China and India have become major contributors to this, as they are marked
with deep red and orange as they emerge as research stakes. The frequency of the United
States is also significant and indicates its high academic productivity. Europe has moderate
contributions from countries such as Germany, the United Kingdom, and France, and a rela-
tively lighter shade in smaller European countries, which suggests low publication counts.
Low activity is evident in Japan and some other Asian nations, but not as vigorous as in China
and India. Other regions, such as Africa, South America, and some Middle Eastern countries,
seem to be underrepresented in terms of publication production. In general, the map shows
that research activity is highly concentrated in North America, Asia, and some regions of
Europe, and the regional differences in knowledge creation worldwide.

4 CONCLUSION

DCS has shifted to an advanced decentralized architecture as opposed to the conventional
centralized architecture that supports industrial automation, smart grids, and cyber-physical
systems. Their capability to combine geographically spread controllers, sensors, and human—
machine interfaces has made them more scalable, flexible, and resilient for managing com-
plex processes. However, this has also raised serious concerns, especially regarding the reli-
ability of communications, interoperability, and cybersecurity. The increase in the use of IoT,
digital twins, containerized models, and reinforcement learning-driven strategies demon-
strates an apparent transition to intelligent, adaptive, and resilient systems that can be used in
uncertain and dynamic conditions. These findings are supported by a scientometric analysis
that traces the intellectual and collaborative landscape of DCS research. Analysis of 340 doc-
uments from 153 sources between 2015 and 2025 indicated that interdisciplinary work was
mainly in engineering, computer science, and telecommunications. Co-authorship networks
reveal the growing trend of collaboration on a global scale, and keyword co-occurrence helps

11
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isolate new hotspots in IoT-enabled SCADA, cybersecurity, and Al-based control protocols.
Despite these innovations, the decreasing rate of annual growth (—8.86) and the disjointed
focus in some areas indicate that sustained innovation is needed to fill the gaps in research in
the field of security-by-design, standardized protocols, and industrial-scale implementation.
In conclusion, DCS research is at a crossroads, where technical advancement should be in
tandem with the international industrial needs of safe, interoperable, and intelligent systems.
The results provide electronic/electrical and control systems practical implications for the
design of distributed control system architectures, robust industrial communication networks,
and intelligent automation systems. The observed trends can guide control engineers to
choose robust communication protocols, implement Al-based control approaches, and design
robust systems for smart factories, power grids and cyber-physical infrastructures. The sci-
entometric insights not only approve the existing directions but also highlight pathways to-
wards interdisciplinary convergence, establishing a higher level of communication resilience
and creating next-generation distributed architectures that will shape the future of automation
and smart infrastructures.
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