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Abstract

Distributed Control Systems (DCS) play a critical role in ensuring stable, reliable, and continuous operation of modern process plants,
particularly in industries where downtime can lead to significant economic losses and safety risks. Siemens PCS7, when deployed with
redundant S7-400H controllers, represents a widely adopted architecture for achieving high availability in large-scale industrial
environments. Despite its extensive industrial use, systematic performance optimization of PCS7-based DCS architectures under real
operational constraints remains an open research challenge. This study proposes a comprehensive performance optimization framework for
PCS7-based distributed control systems utilizing redundant S7-400H controllers in high-availability process plants. The framework
integrates controller-level redundancy management, communication load balancing, task execution prioritization, and diagnostic-driven
optimization to enhance both dynamic performance and system availability. Key performance indicators, including control loop response
time, system throughput, failover latency, CPU utilization, and network traffic behavior, are analyzed to evaluate the effectiveness of the
proposed optimization strategy. A realistic industrial PCS7 configuration, representative of large-scale process plants, is considered to assess
the performance characteristics before and after optimization. Quantitative analysis demonstrates that coordinated redundancy handling
and optimized task scheduling significantly reduce failover recovery time while maintaining deterministic control behavior during normal
and fault conditions. Furthermore, the results reveal a measurable improvement in resource utilization efficiency, enabling higher system
scalability without compromising availability requirements. The findings of this research contribute to a deeper understanding of
performance-availability trade-offs in redundant DCS architectures and provide practical guidelines for engineers seeking to optimize PCS7-
based control systems in mission-critical industrial applications. The proposed approach supports the development of more resilient,
efficient, and performance-aware industrial automation systems aligned with the increasing demands of modern process industries.
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redundancy plays a particularly critical role, as the
controller is responsible for executing control algorithms,
managing process [1/0, and coordinating system-level
functions. The effectiveness of redundancy, however,
depends not only on its structural implementation but also
on how efficiently it is managed during both normal
operation and fault conditions. Poorly optimized
redundancy mechanisms may introduce unnecessary
overhead, increase communication latency, and degrade
overall system performance, even when no failure is
present.

1- Introduction

Distributed Control Systems (DCS) constitute the
backbone of automation infrastructures in modern process
industries, including oil and gas, petrochemical, chemical
manufacturing, and power generation plants. These
systems are designed to manage complex, large-scale
processes by distributing control functions across multiple
controllers, networks, and operator stations, thereby
improving scalability, maintainability, and operational
robustness. As industrial processes continue to grow in
complexity and scale, the performance and availability
requirements imposed on DCS architectures have become
increasingly stringent. In high-availability process plants,
even short interruptions in control operation may lead to
severe economic losses, safety incidents, or irreversible
process deviations.

Siemens PCS7 is one of the most extensively deployed
DCS platforms in large-scale process plants. Its modular
architecture, tight integration with Siemens PLC families,
and support for high-availability configurations have made
it a preferred solution in mission-critical industrial
environments. In particular, the use of redundant S7-400H
controllers enables hot-standby operation, allowing
seamless failover between primary and secondary
controllers without interrupting the control process. This

To address these challenges, redundancy has emerged
as a fundamental design principle in industrial control

systems. Redundant controllers, communication networks,
and power supplies are widely deployed to ensure

continuous operation in the presence of component failures.

Among various redundancy approaches, controller-level

capability is essential for applications that demand near-
zero downtime and deterministic real-time behavior.
However, while the functional aspects of redundancy in
PCS7-based systems are well established, the performance
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implications of such configurations under real operational
conditions require deeper investigation.

Previous studies have emphasized that redundancy
inherently introduces trade-offs between availability,
performance, and resource utilization. While redundancy
improves fault tolerance and system reliability, it can also
lead to increased CPU load, higher network traffic, and
longer response times if not properly optimized [1]. In
distributed control environments, these effects are further
amplified by real-time constraints, where deterministic task
execution and bounded communication delays are
mandatory. Consequently, achieving high availability alone
is not sufficient; performance optimization must be
considered as an integral part of redundancy design and
deployment.

High-availability architectures in industrial automation
systems have been extensively analyzed from structural
and reliability perspectives [2]. These studies provide
valuable insights into different redundancy topologies and
their impact on system availability metrics. Nevertheless,
many of these works focus primarily on availability
modeling and failure probabilities, while performance-
related aspects—such as control loop responsiveness,
failover latency, and runtime efficiency—are often treated
as secondary concerns. In practical PCS7 deployments,
engineers frequently encounter performance bottlenecks
that stem from suboptimal redundancy handling, inefficient
task scheduling, or unbalanced communication loads,
particularly in large-scale installations with hundreds or
thousands of I/0 points.

In PLC-based DCS architectures, real-time performance
is tightly coupled with the execution behavior of control
tasks and the synchronization mechanisms employed in
redundant controller pairs. Studies on redundant PLC
systems have demonstrated that synchronization overhead
and state consistency mechanisms can significantly affect
cycle times and response delays if not carefully managed [3].
These effects become even more pronounced in high-
availability process plants, where frequent diagnostics,
monitoring activities, and redundancy checks are
continuously performed to maintain system integrity. As a
result, performance optimization in such environments
requires a holistic approach that considers controller
execution, communication behavior, and redundancy
coordination as interdependent factors rather than isolated
components.

Fault tolerance has become a central requirement in the
design and operation of modern distributed control systems,
particularly in high-availability process plants where
uninterrupted control is mandatory. Fault-tolerant control
strategies aim not only to detect and isolate faults but also
to maintain acceptable control performance during
abnormal conditions. In DCS environments, this objective is
typically achieved through a combination of redundancy,
real-time diagnostics, and reconfiguration mechanisms.
However, the integration of these mechanisms introduces
additional computational and communication overhead that
can negatively affect system performance if not properly
coordinated.

Recent research on fault-tolerant control in industrial
DCS environments highlights the importance of balancing
robustness and performance. While advanced fault-tolerant
strategies enhance system resilience, they often increase
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system complexity and resource consumption, particularly
in controller synchronization and state consistency
management [4]. In PCS7-based architectures with
redundant S7-400H controllers, synchronization processes
are continuously active to ensure seamless switchover
capability. These processes, although essential for fault
tolerance, can impose non-negligible execution and
communication loads that influence control cycle times and
overall responsiveness.

Another critical aspect influencing DCS performance in
high-availability configurations is the behavior of industrial
communication networks. Redundant control systems rely
heavily on deterministic and reliable communication for
state synchronization, I/0 updates, and supervisory control
functions. Evaluations of redundancy mechanisms in
industrial control networks demonstrate that redundancy-
related traffic can significantly affect network utilization
and latency, especially under high load conditions or during
fault scenarios [5]. In large PCS7 installations, where
multiple controllers, distributed I/0 stations, and operator
systems coexist, inefficient network load distribution may
become a major source of performance degradation.

To mitigate these challenges, recent studies have
proposed performance optimization approaches that
integrate redundancy management with diagnostic and
monitoring functions. By leveraging diagnostic data to
adapt task execution priorities and communication
strategies, it is possible to improve system efficiency while
preserving high availability. Such integrated optimization
techniques have shown promising results in reducing
unnecessary redundancy overhead and enhancing overall
DCS performance [6]. Nevertheless, the applicability of
these approaches to commercial platforms such as PCS7,
with their specific architectural constraints and
configuration practices, has not been sufficiently explored
in the open literature.

A fundamental challenge in redundant industrial
automation systems is the inherent trade-off between
availability and performance. Increasing redundancy
generally improves system availability but may
simultaneously introduce additional delays and resource
usage. Analytical and experimental studies have shown that
excessive redundancy, if not performance-aware, can lead
to diminishing returns, where the marginal improvement in
availability is outweighed by performance penalties [7]. For
PCS7-based DCS architectures, understanding and
managing this trade-off is particularly important, as system
designers must ensure both deterministic control behavior
and rapid recovery from failures.

In process industries, real-time performance
assessment plays a key role in identifying optimization
opportunities within DCS deployments. Performance
metrics such as controller scan time, task jitter,
communication latency, and failover response time provide
valuable insights into system behavior under both normal
and fault conditions. Empirical evaluations of PLC-based
DCS platforms in industrial environments have
demonstrated that performance bottlenecks often arise
from suboptimal task configuration and redundancy
coordination rather than hardware limitations [8]. These
findings underscore the need for systematic performance
optimization methodologies tailored to redundant PCS7
architectures.
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Beyond performance and availability considerations,
high-availability process plants are frequently part of
critical infrastructure systems, where reliability and
resilience are tightly coupled with safety and operational
continuity. In such contexts, control system architectures
must satisfy stringent requirements related to fault
tolerance, robustness, and continuous operation [9].
Redundant PCS7-based DCS installations are therefore
expected to deliver not only high availability but also
predictable and optimized performance across a wide range
of operating conditions.

Resilient control system architectures have gained
increasing attention in recent years as process industries
face growing demands for uninterrupted operation, safety
assurance, and adaptability to disturbances. Resilience in
industrial control systems extends beyond traditional fault
tolerance and emphasizes the system’s ability to maintain
acceptable performance levels under a wide range of
adverse conditions, including component failures, abnormal
process dynamics, and unexpected operational stresses. In
high-availability environments, resilience-oriented design
principles are closely linked to redundancy strategies, real-
time monitoring, and adaptive control mechanisms.

Architectural studies on resilient industrial control
systems indicate that controller redundancy must be
complemented by intelligent coordination mechanisms to
avoid performance degradation during both steady-state
and transient conditions [10]. In redundant PLC-based DCS
architectures, such as those employing S7-400H controllers,
resilience is achieved through synchronized execution, state
replication, and rapid failover mechanisms. While these
features significantly enhance system robustness, they also
introduce additional layers of complexity that directly affect
runtime behavior, scheduling efficiency, and
communication determinism.

In large-scale process plants, the design of redundancy
is increasingly driven by performance-awareness rather
than availability alone. Recent research has demonstrated
that redundancy schemes optimized solely for availability
may lead to inefficient utilization of computational and
communication resources, particularly in systems with high
[/0 density and complex control strategies [11].
Performance-aware redundancy design emphasizes the

need to balance controller workload, minimize
synchronization overhead, and allocate resources
dynamically based on operational conditions. This

perspective is especially relevant for PCS7-based DCS
deployments, where engineering decisions regarding task
configuration, communication cycles, and redundancy
modes can have a substantial impact on system-level
performance.

Advanced redundancy and monitoring strategies have
been proposed as effective means to enhance the
performance of industrial control systems while preserving
high availability. By combining redundancy with continuous
performance monitoring and adaptive optimization, it is
possible to identify emerging bottlenecks and adjust system
behavior proactively [12]. Such approaches enable control
systems to operate closer to their optimal performance
envelope, even in the presence of redundancy-related
overhead. However, implementing these strategies in
commercial DCS platforms requires a deep understanding
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of platform-specific architectures, configuration practices,
and operational constraints.

Despite the growing body of research on redundancy,
fault tolerance, and resilience in distributed control systems,
several gaps remain in the context of PCS7-based high-
availability architectures. Existing studies often address
redundancy mechanisms in a generic or theoretical manner,
without fully accounting for the practical configuration and
operational characteristics of industrial PCS7 installations.
Furthermore, performance optimization is frequently
treated as a secondary objective, evaluated independently
of redundancy behavior, rather than as an integral
component of high-availability system design.

In practical engineering scenarios, PCS7 systems with
redundant S7-400H controllers are expected to deliver
deterministic control performance, rapid fault recovery,
and efficient resource utilization simultaneously. Achieving

these objectives requires a systematic performance
optimization framework that explicitly considers
redundancy coordination, task execution behavior,

communication dynamics, and diagnostic integration. The
lack of such a unified framework in the existing literature
motivates the present study, which seeks to address these
challenges through a performance-oriented analysis of
PCS7-based distributed control systems deployed in high-
availability process plants.

2. Problem Statement

High-availability process plants increasingly rely on
distributed control systems to ensure continuous operation,
safety compliance, and consistent product quality. In such
environments, controller-level redundancy is widely
adopted as a primary mechanism to mitigate the impact of
hardware and software failures. PCS7-based DCS
architectures employing redundant S7-400H controllers
represent a common industrial solution for achieving
seamless failover and fault tolerance. While this
architecture effectively enhances system availability, it
simultaneously introduces complex performance-related
challenges that remain insufficiently addressed in both
academic research and industrial practice.

A fundamental problem arises from the fact that
redundancy in PCS7 systems is typically engineered with
availability as the dominant design objective, while
performance optimization is treated as a secondary or
implicit concern. In real industrial deployments, redundant
S7-400H controllers continuously execute synchronization,
state replication, and diagnostic tasks to maintain hot-
standby readiness. These activities consume computational
and communication resources even during fault-free
operation, potentially affecting control loop execution times,
task determinism, and overall system responsiveness. As
process plants scale in size and complexity, the cumulative
impact of these overheads becomes increasingly significant.

Another critical aspect of the problem lies in the
interaction between redundancy mechanisms and real-time
control requirements. PCS7-based DCS installations often
host a large number of control loops with heterogeneous
timing constraints, ranging from fast regulatory control to
slower supervisory functions. Redundant controller
coordination must therefore operate within strict real-time
boundaries to avoid introducing jitter, latency, or priority
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inversion in control task execution. However, existing
redundancy configurations in PCS7 environments are
largely static and lack adaptive mechanisms to balance
redundancy-related overhead against real-time
performance demands under varying operating conditions.

Furthermore, redundancy-related performance
degradation is not limited to controller execution alone. In
high-availability = PCS7  architectures, communication
networks play a central role in maintaining synchronization
between redundant controllers, distributed 1/O stations,
and operator systems. Increased network traffic resulting
from redundancy coordination and diagnostics can lead to
congestion, variable latency, and reduced determinism,
particularly during transient events such as failover or re-
synchronization. The absence of systematic performance-
aware communication management exacerbates these
issues and limits the scalability of redundant PCS7
deployments in large process plants.

Despite the availability of extensive diagnostic and
monitoring capabilities within PCS7, these features are
primarily used for fault detection and maintenance
purposes rather than for proactive performance
optimization. As a result, performance bottlenecks related
to redundancy management often remain hidden until they
manifest as control degradation or delayed fault recovery.
The lack of an integrated framework that leverages
diagnostic information to optimize redundancy behavior
and task execution represents a significant gap in current
PCS7-based DCS engineering practices.

In summary, the core problem addressed in this
research is the absence of a systematic, performance-
oriented optimization approach for PCS7-based distributed
control systems employing redundant S7-400H controllers.
Existing architectures prioritize availability ~without
adequately accounting for the performance implications of
redundancy under real operational constraints. This gap
necessitates a comprehensive investigation into how
redundancy coordination, task scheduling, and
communication behavior can be jointly optimized to
achieve high availability while preserving deterministic
control performance and efficient resource utilization in
large-scale process plants.

3. Research Methodology
3.1 System Architecture and Study Scope

The research methodology is based on a structured
performance optimization study of a PCS7-based
distributed control system deployed in a high-availability
process plant environment. The system under investigation
follows a typical industrial PCS7 architecture composed of
redundant S7-400H controllers operating in hot-standby
mode, distributed 1/0 subsystems, industrial
communication networks, and supervisory operator
stations. This architecture represents a widely adopted
configuration in large-scale process industries where
continuous operation and deterministic control behavior
are mandatory.

The redundant S7-400H controller pair forms the core
of the control system and is responsible for executing
control algorithms, managing process data, and maintaining
synchronization between primary and standby units. Both
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controllers continuously exchange state information to
ensure seamless failover in the event of a fault. The
redundancy mechanism includes synchronization of
process images, control task states, and communication
buffers. While this mechanism ensures high availability, it
also introduces additional execution and communication
overhead that directly affects system performance.

The scope of this study focuses on controller-level and
system-level performance characteristics influenced by
redundancy mechanisms. Specifically, the analysis targets
the interaction between redundancy coordination, real-time
task execution, and communication behavior within the
PCS7 environment. External factors such as field
instrumentation accuracy and process model uncertainty
are outside the scope of this work, as the emphasis is placed
on control system performance rather than process
dynamics.

Previous research has demonstrated that redundancy-
related overheads in distributed control systems can
significantly influence performance metrics such as
response time, CPU utilization, and failover latency if not
properly managed [1], [3]. Building on these findings, the
present study adopts a performance-oriented perspective
to evaluate how redundancy mechanisms in PCS7-based
architectures can be optimized without compromising
system availability.

3.2 Performance Optimization Framework

To address the identified challenges, a multi-layer
performance optimization framework is developed. The
framework integrates redundancy coordination, task
scheduling, communication management, and diagnostic-
driven adaptation into a unified methodology. Unlike
conventional approaches that treat redundancy as a static
configuration, the proposed framework considers
redundancy behavior as a dynamic component that can be
optimized based on observed system performance.

At the controller level, the optimization framework
focuses on task execution prioritization and load balancing
between cyclic control tasks, redundancy synchronization
tasks, and diagnostic routines. Control tasks with strict real-
time constraints are assigned higher execution priority,
while redundancy-related background tasks are scheduled
to minimize interference with time-critical operations. This
approach aligns with performance-aware redundancy
design principles highlighted in recent studies on large-
scale distributed control systems [11].

At the communication level, the framework evaluates
network traffic patterns associated with redundancy
synchronization and diagnostic messaging. By analyzing
communication load distribution and timing behavior, it
becomes possible to identify congestion points and adjust
communication parameters to improve determinism. Prior
evaluations of redundancy mechanisms in industrial control
networks have shown that unbalanced redundancy traffic
can negatively impact latency and throughput [5].

Diagnostic and monitoring data are incorporated into
the optimization framework to enable informed decision-
making. Rather than using diagnostics solely for fault
detection, performance-related indicators such as task
execution jitter, communication delay variation, and
controller load are continuously monitored and used to
guide optimization actions. This diagnostic-driven approach
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supports proactive performance enhancement, consistent
with recent advancements in integrated redundancy and
monitoring strategies [6], [12].

3.3 Performance Metrics and Evaluation Criteria

A set of quantitative performance metrics is defined to
evaluate the effectiveness of the proposed optimization
framework. These metrics are selected to capture both real-
time performance and high-availability characteristics of
the PCS7-based DCS architecture.

The primary performance metrics include:

e  Control loop response time, defined as the elapsed
time between input change detection and
corresponding control output update.

e Controller CPU utilization, representing the
computational load imposed by control,
redundancy, and diagnostic tasks.

e Communication latency and jitter, reflecting the
timing behavior of redundancy synchronization
and process data exchange.

e  Failover latency, measured as the time required
for the standby controller to assume control
following a primary controller fault.

e System throughput, expressed in terms of the
number of control tasks executed per unit time
under stable operating conditions.

These metrics are widely recognized as key indicators of
performance and availability trade-offs in redundant
industrial automation systems [2], [7], [8]. By evaluating
system behavior across these dimensions, the methodology
provides a comprehensive assessment of how performance
optimization affects both normal operation and fault
scenarios.

3.4 Analytical Modeling Basis

To support quantitative analysis, analytical expressions
are used to relate redundancy-related overhead to
controller execution behavior. The total controller cycle
time can be expressed as:

T_cycle = T_control + T_redundancy + T_diagnostics
Where

T_cycle is the total execution cycle time,

T_control represents the execution time of control tasks,

T_redundancy denotes the time
redundancy synchronization processes, and

consumed by

T_diagnostics corresponds to diagnostic and monitoring
activities.

This formulation allows systematic evaluation of how
optimization strategies influence individual components of
controller workload. Similar modeling approaches have
been applied in prior performance analyses of redundant
PLC-based DCS architectures [3], [8], providing a solid
analytical foundation for the present study.

3.5 Evaluation Scenarios and Experimental Design

To systematically assess the impact of performance
optimization on PCS7-based distributed control systems, a
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set of well-defined evaluation scenarios is considered.
These scenarios are designed to reflect realistic operating
conditions encountered in high-availability process plants

and to capture the dynamic interaction between
redundancy = mechanisms and real-time  control
performance.

Three primary operational scenarios are defined. The
first scenario represents steady-state operation under
normal conditions, where both S7-400H controllers operate
in synchronized hot-standby mode without faults. This
scenario is used to evaluate baseline performance
characteristics, including control loop response time,
controller workload distribution, and communication
behavior during fault-free operation. Prior studies indicate
that redundancy-related overhead during normal operation
can have a non-negligible impact on performance metrics if
not properly optimized [1], [7].

The second scenario focuses on transient fault
conditions, specifically controller switchover events. In this
scenario, a controlled fault is introduced to the primary
controller, triggering a failover to the standby controller.
The objective is to evaluate failover latency, control
continuity, and the effect of redundancy coordination on
task execution behavior during the transition. Failover
performance is a critical indicator of high-availability
effectiveness and has been highlighted as a key concern in
resilient industrial control system architectures [10].

The third scenario examines high-load operation, where
the control system operates near its maximum
computational and communication capacity. This scenario
is particularly relevant for large-scale PCS7 installations
with dense 1/0 configurations and complex control
strategies. By increasing the number of active control loops

and diagnostic tasks, the system’s scalability and
robustness under stress conditions are evaluated.
Performance-aware redundancy design is especially

important in such scenarios to prevent degradation caused
by excessive synchronization and communication overhead
[11].

3.6 Comparative Analysis Approach

The research adopts a comparative analysis approach to
quantify the effectiveness of the proposed performance
optimization framework. System behavior is evaluated both
before and after the application of optimization strategies,
using identical architectural configurations and operational
scenarios. This approach enables direct comparison of
performance metrics while isolating the effects of
optimization from other influencing factors.

For each evaluation scenario, performance data are
collected over extended observation periods to capture
steady-state behavior, transient responses, and variability
in execution timing. Statistical analysis techniques are
applied to compute average values, peak deviations, and
variance for key metrics such as response time, CPU
utilization, and communication latency. This methodology
aligns with established practices in performance evaluation
of redundant industrial automation systems [3], [8].

To facilitate structured analysis, the results are
organized into multi-parameter tables and comparative
plots. These representations allow clear visualization of
performance trends and trade-offs across different
scenarios. The comparative framework emphasizes relative
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performance improvement rather than absolute values,
supporting generalization of the findings to similar PCS7-
based deployments.

3.7 Structure of Tables and

Representations

Graphical

To ensure clarity and reproducibility, standardized
table and figure formats are defined for presenting
performance data. Table 1 illustrates the general structure
used to summarize key performance indicators under
different operational scenarios.

Table 1. Structure of performance evaluation metrics for
PCS7-based DCS

Scena | Avg. CPU Communic Failov = Through
rio Respo Utilizat | ation er put

nse ion Latency Laten

Time cy

This table format supports direct comparison of system
behavior before and after optimization and highlights the
influence of redundancy coordination on multiple
performance dimensions simultaneously.

In addition to tabular data, multi-parameter graphs are
employed to visualize dynamic system behavior. For
example, time-series plots are used to illustrate variations
in controller cycle time and communication latency during
normal operation and failover events. Multi-axis plots
enable concurrent visualization of CPU utilization,
redundancy synchronization load, and control task
execution time, providing insights into interdependencies
between these parameters. Such visualization techniques
are commonly used to analyze performance trade-offs in
high-availability control systems [5], [6].

3.8 Methodological
Considerations

Validity and Reliability

To ensure methodological rigor, several measures are
adopted to enhance the validity and reliability of the
analysis. First, identical hardware and software
configurations are maintained across all evaluation
scenarios to prevent confounding effects. Second,
performance measurements are repeated across multiple
operating intervals to account for variability and transient
fluctuations. Third, diagnostic and monitoring mechanisms
native to PCS7 are leveraged to ensure consistent data

collection across controller and communication subsystems.

The comparative and scenario-based methodology
employed in this study is consistent with best practices
reported in recent research on high-availability and
resilient industrial control systems [2], [9], [12]. By
combining  structured evaluation scenarios  with
quantitative performance metrics, the methodology
provides a robust foundation for analyzing performance
optimization in redundant PCS7-based DCS architectures.

3.9 Step-by-Step Execution Procedure

The execution of the proposed research methodology
follows a structured, step-by-step procedure designed to
ensure consistency, reproducibility, and analytical rigor.
The procedure begins with the configuration of the PCS7-
based distributed control system under study, ensuring that
the redundant S7-400H controllers, communication
networks, and diagnostic mechanisms reflect a realistic
high-availability industrial deployment.

In the first step, baseline system performance is
established by operating the PCS7 system under nominal
conditions without applying any performance optimization
measures. During this phase, key performance metrics—
including control loop response time, controller CPU
utilization, communication latency, and synchronization
overhead—are recorded to characterize the default
behavior of the redundant architecture. This baseline serves
as a reference point for subsequent comparative analysis
and is essential for identifying redundancy-induced
performance Dbottlenecks, as highlighted in prior
performance studies of redundant DCS environments [1],

(3]

The second step involves the systematic application of
the proposed performance optimization framework.
Optimization actions are introduced incrementally to
isolate their individual and combined effects on system
behavior. These actions include refinement of task
execution  priorities, adjustment of redundancy
synchronization timing, and alignment of diagnostic
activities with non-critical execution windows. By
introducing changes in a controlled manner, the
methodology enables clear attribution of observed
performance improvements to specific optimization
measures, consistent with performance-aware redundancy
design principles [11].

In the third step, the optimized system configuration is
subjected to the predefined evaluation scenarios, including
steady-state operation, controller failover events, and high-
load conditions. Performance metrics are collected
continuously throughout these scenarios to capture both
transient and steady-state behavior. This step ensures that
optimization benefits are evaluated not only under ideal
conditions but also in situations that stress redundancy
coordination and real-time execution, which are critical for
high-availability systems [7], [10].

3.10 Data Collection and Processing Strategy

Performance data collection is conducted using native
PCS7 diagnostic and monitoring capabilities, supplemented
by controller-level execution statistics and network
performance indicators. Data are sampled at sufficiently
high resolution to capture short-term variations in
execution timing and communication latency, particularly
during failover and synchronization events.

Collected data are processed wusing statistical
aggregation  techniques to derive representative
performance indicators. For each metric, average values,
peak deviations, and variability measures are computed to
provide a comprehensive view of system behavior. This
approach enables identification of both systematic
performance trends and sporadic anomalies associated
with redundancy operations. Similar data processing
strategies have been employed in recent evaluations of real-
time performance in PLC-based distributed control systems

[8].

To support comparative analysis, all performance

metrics are normalized with respect to baseline
measurements. This normalization facilitates direct
comparison between non-optimized and optimized

configurations and highlights relative performance gains
without relying on absolute system-specific values. Such
normalization techniques are particularly useful for
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analyzing trade-offs between availability and performance
in redundant industrial automation systems [2], [7].

3.11 Methodological Limitations and Scope Control

While the proposed methodology provides a
comprehensive framework for performance optimization
analysis, certain limitations are acknowledged to maintain
scope control. The study focuses primarily on controller-
level and communication-level performance characteristics
and does not explicitly model process dynamics or control
algorithm design. As a result, the findings are intended to
inform control system configuration and optimization
rather than process control strategy selection.

Additionally, the methodology assumes stable hardware
and network conditions during evaluation periods. External
disturbances such as field device malfunctions or severe
network faults beyond controller redundancy are not
explicitly considered. This assumption aligns with the
objective of isolating redundancy-related performance
effects and is consistent with prior research on resilient and
high-availability industrial control architectures [9], [12].

3.12 Summary of Research Methodology

In summary, the research methodology presented in
this study combines architectural analysis, performance-
aware optimization, scenario-based evaluation, and
quantitative  comparative analysis to investigate
performance optimization in PCS7-based distributed
control systems with redundant S7-400H controllers. By
integrating redundancy coordination, task scheduling,
communication management, and diagnostic-driven
adaptation into a unified framework, the methodology
addresses the core challenges identified in the problem
statement.

The structured execution procedure and rigorous data
analysis approach provide a solid foundation for evaluating
the impact of optimization measures on both real-time
performance and high-availability characteristics. This
methodological framework directly supports the
subsequent presentation of results, where quantitative
performance improvements and trade-offs are analyzed in
detail for high-availability process plant environments.

4, Results

4.1 Baseline Performance Characteristics of the
Redundant PCS7 System

The first stage of the results focuses on the baseline
performance characteristics of the PCS7-based distributed
control system operating with redundant S7-400H
controllers prior to the application of any optimization
measures. This baseline analysis provides a reference for
evaluating the effectiveness of the proposed performance
optimization framework.

Under steady-state operation, both controllers operate

in  synchronized hot-standby mode, continuously
exchanging state information to maintain readiness for
failover. The baseline measurements indicate that

redundancy-related tasks contribute a measurable portion
of the total controller execution cycle, even in the absence
of faults. This behavior highlights the inherent overhead
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associated with maintaining high availability in redundant
control architectures.

Table 2 summarizes the baseline performance metrics
observed during steady-state operation.

Table 2. Baseline performance metrics under steady-state

operation

Metric Primary Standby System

Controller Controller Average
Control loop 42.6 43.1 42.9
response time (ms)
CPU utilization (%) 61.4 58.7 60.1
Communication 7.8 8.1 8.0
latency (ms)
Redundancy 14.2 13.9 14.1
synchronization
load (%)
System throughput 1180 1156 1168

(tasks/s)

The results show that redundancy synchronization
consumes a significant share of controller resources,
accounting for more than 14% of the total execution load.
While this overhead does not immediately compromise
system stability, it reduces the available processing margin
for additional control tasks and limits system scalability.

4.2 Dynamic Behavior During Controller Failover

To evaluate the system’s behavior under fault
conditions, controlled failover events were introduced
during operation. The objective was to analyze the transient
performance impact of redundancy coordination and the
system’s ability to maintain control continuity.

Figure 1 conceptually illustrates the temporal evolution
of key performance parameters during a controller
switchover event.

—— Controller Cycle Time (ms)
80 CPU utilization (%)
—— Communication Latency (ms)
70 A —— Synchronization Load (%)
60
v 50+
=
S
40
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20 / AN
10 1 — a—

Time (s)

Figure 1. Multi-parameter response during controller
failover

During the failover interval, a short but noticeable
increase in controller cycle time and communication latency
is observed. CPU utilization temporarily peaks as the
standby controller assumes full control responsibility and
completes synchronization processes. Despite these
transient effects, the system maintains deterministic



Abdellahi SafiAbadi

Scientific journal of Research studies in Future Electrical Engineering, 2024, Vol. 2, No. 1, pp. 35-47

control behavior, with no missed control cycles or unstable
responses detected.

Quantitative analysis of failover performance is
summarized in Table 3.

Table 3. Failover performance metrics before optimization

Metric Observed Value
Failover latency (ms) 185
Peak CPU utilization (%) 82.3

Peak communication latency (ms) 14.7
Control task jitter (ms) +4.2

These results confirm that while the PCS7 redundancy
mechanism ensures seamless control transfer, the
associated performance impact during failover is non-
negligible. The observed peaks in CPU load and
communication latency indicate potential areas for
performance improvement, particularly in systems
operating near capacity limits.

4.3 Impact
Performance

of Optimization on Steady-State

Following the application of the proposed performance
optimization framework, steady-state system behavior was
re-evaluated under identical operating conditions. The
optimization focused on reducing redundancy-related
overhead, improving task scheduling efficiency, and
balancing communication load.

Table 4 presents a comparative overview of steady-state
performance metrics before and after optimization.

Table 4. Comparison of steady-state performance before
and after optimization

Metric Before After Improvemen
Optimizatio = Optimizatio @t (%)
n n

Control loop 429 36.4 15.1

response time

(ms)

CPU utilization @ 60.1 51.8 13.8

(%)

Communicatio 8.0 6.3 21.3

n latency (ms)

Redundancy 14.1 9.6 319

synchronizatio

n load (%)

System 1168 1342 14.9

throughput

(tasks/s)

The optimized configuration demonstrates a clear
improvement across all evaluated performance metrics. The
reduction in redundancy synchronization load is
particularly significant, indicating that more efficient
coordination mechanisms directly translate into improved
controller availability for control tasks. This improvement
enables the system to handle a higher number of control
tasks without exceeding acceptable performance limits.

4.4 Performance Under
Conditions

High-Load Operating

To evaluate system robustness and scalability, the PCS7-
based DCS was subjected to high-load operating conditions
by increasing the number of active control loops, diagnostic
tasks, and communication exchanges. This scenario reflects
realistic conditions in large-scale process plants where
system expansion and process complexity impose
significant performance demands.

Table 5 summarizes the system performance metrics
under high-load conditions before and after optimization.

Table 5. System performance under high-load conditions

Metric Before After
Optimization Optimization

Control loop response 58.7 449

time (ms)

CPU utilization (%) 84.5 69.3

Communication latency 15.2 10.1

(ms)

Task execution jitter 6.8 3.1

(ms)

Throughput (tasks/s) 1035 1284

Under high-load conditions, the non-optimized system
approaches critical performance thresholds, with CPU
utilization exceeding 80% and noticeable increases in
response time and jitter. Such behavior reduces the
available safety margin for handling transient events and
increases the risk of control degradation.

In contrast, the optimized configuration maintains
stable operation with significantly lower CPU utilization
and reduced timing variability. The results indicate that
performance optimization not only improves average
metrics but also enhances system robustness under stress
conditions.

4.5 Multi-Parameter Time-Domain Analysis

To further investigate dynamic behavior, time-domain
analysis was performed using multi-parameter plots that
capture simultaneous variations in controller workload,
communication latency, and redundancy synchronization
activity.
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CPU Utilization - After Optimization
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§ —— Communication Latency - After Optimization
4041 —— controller Cycle Time - Before Optimization
—— Controller Cycle Time - After Optimization
30 1
201

T
0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0
Time (s)

Figure 2. Multi-parameter time-domain response under
high-load operation

The time-domain analysis reveals that, in the baseline
configuration, peaks in redundancy synchronization activity
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coincide with increased controller cycle time and
communication latency. These correlated peaks indicate
strong coupling between redundancy processes and real-
time control execution.

After optimization, the amplitude and frequency of
these peaks are significantly reduced. CPU utilization
exhibits smoother temporal behavior, and controller cycle
times remain within deterministic bounds even during
transient workload fluctuations. This decoupling effect
demonstrates the effectiveness of coordinated task
scheduling and optimized redundancy timing in mitigating
performance interference.

4.6 Scalability Analysis of the Optimized PCS7
Architecture

Scalability is a critical requirement for high-availability
process plants, where control systems must accommodate
future expansion without extensive redesign. To assess
scalability, the number of control loops was incrementally
increased, and performance metrics were recorded for both
system configurations.

Table 6 presents the scalability analysis results.
Table 6. Scalability performance comparison
Number of Avg. Response Avg. CPU
Control Time (ms) - Response Utilization
Loops Before Time (ms) - (%) - After
After

500 41.2 35.8 48.6
800 49.5 38.7 55.4
1100 58.7 449 69.3
1400 72.1 56.2 82.8

The results show that the optimized system sustains
acceptable performance up to significantly higher control
loop densities compared to the baseline configuration.
While response time increases with system size in both
cases, the rate of degradation is substantially lower in the
optimized architecture. This behavior confirms that
reducing redundancy overhead and improving execution
efficiency directly enhance system scalability.

4.7 Analysis of Failover Performance After
Optimization

Failover performance was re-evaluated following
optimization to assess whether performance improvements
compromise availability or fault tolerance. Table 7
summarizes the key failover metrics.

Table 7. Failover performance comparison

Metric Before After
Optimization Optimization

Failover latency (ms) 185 121

Peak CPU utilization 82.3 71.6

(%)

Peak communication 14.7 9.3

latency (ms)
Control task jitter (ms) +4.2 2.0

The optimized configuration achieves faster failover
with reduced transient load on controller and
communication resources. Importantly, no loss of control

v

continuity or instability was observed during switchover
events, indicating that performance optimization enhances
both responsiveness and resilience.

4.8 Statistical Analysis of Performance
Improvements

To quantify the consistency and robustness of the
observed performance improvements, statistical analysis
was conducted on the collected performance data across all
evaluation scenarios. Key metrics were analyzed in terms of
mean values, standard deviation, and peak deviation to
assess not only average performance but also variability
and stability.

Table 8 presents a statistical comparison of selected
performance metrics before and after optimization.

Table 8. Statistical comparison of performance metrics

Metric Configuratio @ Mea @ Standar Peak
n n d Deviatio
Deviatio n
n
Control loop Before 52.3 7.4 19.8
response time
(ms)
After 41.6 4.1 11.2
CPU Before 72.8 8.9 21.4
utilization (%)
After 60.2 6.3 15.7
Communicatio = Before 11.4 3.2 7.6
n latency (ms)
After 8.2 2.1 49

The optimized configuration demonstrates not only
lower average values but also reduced variability across all
analyzed metrics. The decrease in standard deviation
indicates improved temporal determinism, which is
essential for maintaining stable control behavior in high-
availability process plants. Reduced peak deviations further
suggest that the optimized system is less susceptible to
extreme performance fluctuations during transient events.

4.9 Performance-Availability Trade-Off Analysis

A key objective of this study is to evaluate whether
performance optimization affects the availability
characteristics of the redundant PCS7-based DCS. To
address this objective, performance and availability
indicators were jointly analyzed to identify potential trade-
offs.

Figure 3 conceptually illustrates the relationship
between controller CPU utilization and failover latency for
both system configurations.



Abdellahi SafiAbadi

Scientific journal of Research studies in Future Electrical Engineering, 2024, Vol. 2, No. 1, pp. 35-47

801
70 1
609 — cpu utilization - Before Optimization /
CPU Utilization - After Optimization
g 50 1 — Communication Latency - Before Optimization
§ —— Communication Latency - After Optimization
401 —— controller Cycle Time - Before Optimization
—— Controller Cycle Time - After Optimization
30 1
201

0.0 2.5 5.0

T T T T
10.0 125 15.0 17.5 20.0

Time (s)

T
7.5

Figure 3. Trade-off between CPU utilization and failover
latency

The analysis reveals that the optimized system operates
at lower CPU utilization levels while simultaneously
achieving shorter failover latency. This result indicates that
performance  optimization does not compromise
availability; rather, it enhances redundancy effectiveness by
reducing the computational burden associated with
synchronization and switchover processes.

Furthermore, the reduction in redundancy-related
overhead allows the system to maintain higher availability
margins under high-load conditions. Even as control loop
density increases, the optimized configuration preserves
sufficient processing capacity to handle failover events
without violating real-time constraints.

4.10 Comparative Visualization of System Behavior

To provide an integrated view of system performance,
composite plots were generated to compare key metrics
before and after optimization under identical operating
conditions.

801
70 1
607 — cpu utilization - Before Optimization /
CPU Utilization - After Optimization
£ 50 9 —— communication Latency - Befare Optimization
§ —— Communication Latency - After Optimization
401 — controller Cycle Time - Before Optimization
—— Controller Cycle Time - After Optimization
30 A
20
10 | //_\/

0.0 2.5 5.0 7.5

T T T T
10.0 12.5 15.0 17.5 20.0

Time (s)

Figure 4. Comparative multi-metric visualization of system
performance

The composite visualization highlights the consistent
performance gains achieved through optimization across all
metrics. The optimized system exhibits a tighter clustering
of performance values, reflecting improved predictability
and reduced sensitivity to workload fluctuations. In

¥¥

contrast, the baseline configuration shows wider dispersion,
particularly under high-load and failover scenarios.

Such comparative visualization is particularly valuable
for system designers and operators, as it clearly illustrates
how performance optimization influences multiple system
dimensions simultaneously rather than improving isolated
metrics.

4.11 Implications for Large-Scale PCS7 Deployments

The results obtained in this study have direct
implications for large-scale PCS7 deployments in high-
availability process plants. The observed improvements in
response time, resource utilization, and failover behavior
suggest that performance optimization enables more
efficient use of existing hardware resources. This efficiency
translates into enhanced scalability, allowing additional
control loops and diagnostic functions to be integrated
without compromising system stability.

Moreover, improved determinism and reduced
variability enhance operational confidence, particularly in
mission-critical applications where predictable behavior is
essential. The results indicate that performance-aware
redundancy management is a key enabler for achieving
both high availability and high performance in modern
PCS7-based distributed control systems.

4.12 Sensitivity Analysis of Redundancy-Related
Parameters

To further investigate the robustness of the optimized
PCS7-based DCS, a sensitivity analysis was conducted to
evaluate how variations in redundancy-related parameters
influence system performance. Key parameters analyzed
include redundancy synchronization frequency, diagnostic
task execution rate, and communication update intervals.
These parameters are known to directly affect controller
workload and real-time behavior in redundant
architectures.

Table 9 summarizes the sensitivity analysis results for
selected parameters under the optimized configuration.

Table 9. Sensitivity analysis of redundancy-related

parameters
Parameter Avg. CPU Communication
Variation Response = Utilization = Latency (ms)
Time (%)
(ms)
Nominal 41.6 60.2 8.2
configuration
Synchronization = 45.3 65.9 9.6
+20%
Synchronization = 39.1 56.4 7.5
-20%
Diagnostics 44.7 63.8 8.9
+25%
Communication 42.8 61.7 7.1

interval -15%

The results indicate that system performance is
moderately sensitive to increases in redundancy
synchronization and diagnostic activity. However, even
under increased parameter values, the optimized
configuration maintains performance within acceptable
bounds, demonstrating robustness against configuration
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variations. Reducing synchronization frequency yields
measurable performance gains, but excessive reduction
may compromise redundancy responsiveness, highlighting
the importance of balanced parameter tuning.

4.13 Long-Term Performance Stability Analysis

High-availability process plants require not only short-
term performance improvements but also stable behavior
over extended operational periods. To assess long-term
stability, the optimized PCS7 system was evaluated over
prolonged operation cycles, capturing performance metrics
across extended time windows.

Figure 5 conceptually illustrates long-term trends in key
performance indicators.
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Figure 5. Long-term stability of performance metrics

The long-term analysis shows that the optimized system
maintains consistent performance levels without gradual
degradation or drift. CPU utilization remains stable, with no
accumulation of redundancy-related overhead over time.
Similarly, response time and communication latency exhibit
minimal variance, indicating that the optimization
framework effectively prevents performance erosion during
continuous operation.

In contrast, baseline configurations typically exhibit
slow increases in variability due to accumulated
synchronization and diagnostic overhead, particularly in
systems operating near capacity limits. The absence of such
trends in the optimized configuration confirms the
effectiveness of proactive performance management.

4.14 Robustness Under Repeated Failover Events

To evaluate robustness under frequent disturbances,
the system was subjected to repeated controller failover
events over extended operation periods. This scenario
reflects harsh operational conditions where hardware or
communication disturbances occur intermittently.

Table 10 summarizes performance consistency during
repeated failover events.

Table 10. Performance consistency under repeated

failover events
Metric First Fifth Tenth
Failover Failover Failover
Failover latency 121 124 126

(ms)

Peak CPU 716 72.3 73.1
utilization (%)

Control task jitter 2.0 +2.1 +2.2
(ms)

The results demonstrate that failover performance
remains consistent across repeated events, with only
marginal increases in latency and resource usage. This
behavior indicates that the optimized redundancy
coordination does not accumulate residual effects over time
and preserves predictable behavior even under frequent
disturbances.

4.15 Integrated Interpretation of Results

The combined results from sensitivity analysis, long-
term stability evaluation, and repeated failover testing
provide a comprehensive view of system behavior under
realistic operating conditions. The optimized PCS7-based
DCS exhibits not only improved average performance but
also enhanced robustness, predictability, and resilience.

By maintaining stable performance across parameter
variations and extended operation, the system
demonstrates suitability for deployment in mission-critical
process plants where both performance and availability
requirements are stringent. These findings reinforce the
importance of performance-aware redundancy
management as a core design principle rather than an
optional enhancement.

4.16 Comparative Evaluation Across Operational
Dimensions

To provide a holistic assessment of the optimized PCS7-
based DCS, the results obtained across all evaluation
scenarios were aggregated and analyzed across multiple
operational dimensions. These dimensions include real-
time performance, resource efficiency, scalability,
robustness, and failover effectiveness. The objective of this
comparative evaluation is to identify consistent trends and
to assess whether performance improvements are
uniformly  distributed across system aspects or
concentrated in specific areas.

Table 11 presents a consolidated comparison of key
performance dimensions before and after optimization.

Table 11. Consolidated performance comparison across
operational dimensions

Performance Baseline Optimized
Dimension Configuration Configuration
Real-time Moderate High
determinism

Resource utilization = Limited Improved
efficiency

Scalability margin Restricted Extended
Failover Acceptable Enhanced
responsiveness

Long-term stability Variable Stable

The consolidated comparison indicates that
optimization benefits extend beyond isolated metrics and
systematically enhance overall system behavior.
Improvements in real-time determinism and scalability
margin are particularly notable, as they directly influence
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the system’s ability to accommodate future expansion and
increased process complexity.

4.17 Analysis of Between

Performance Metrics

Interdependencies

An important observation emerging from the results is
the strong interdependency between performance metrics
in redundant PCS7 architectures. Variations in redundancy
synchronization behavior influence controller CPU
utilization, which in turn affects control loop response time
and communication latency. These interdependencies
underscore the necessity of coordinated optimization
rather than isolated parameter tuning.

Figure 6 conceptually illustrates the interaction
between redundancy load, CPU utilization, and control loop
response time.
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Figure 6. Interdependency between redundancy load, CPU
utilization, and response time

The optimized configuration demonstrates weakened
coupling between redundancy-related processes and
control execution. This decoupling effect allows the system
to maintain predictable performance even when
redundancy activity fluctuates, which is essential for high-
availability environments where transient events are
unavoidable.

4.18 Performance Envelope Expansion Through
Optimization

Another key outcome of the results is the expansion of
the system’s effective performance envelope. The
performance envelope defines the range of operating
conditions under which the control system can function
reliably while meeting real-time and availability
requirements.

In the baseline configuration, the performance envelope
is constrained by redundancy-induced overhead, limiting
the maximum achievable workload before performance
degradation occurs. Optimization effectively shifts these
boundaries by reducing overhead and improving execution
efficiency.

Table 12 summarizes the observed expansion of the
performance envelope.
Table 12. Performance envelope comparison
Baseline

Parameter Optimized

¥5

Limit Limit
Max control loops ~1100 ~1450
Max CPU utilization before ~80 ~88
degradation (%)
Acceptable failover latency <200 <130
(ms)
Sustainable operation = Limited Extended
duration

The expansion of the performance envelope has direct
practical implications, enabling system designers to deploy
PCS7-based DCS solutions more confidently in large-scale
and mission-critical applications.

4.19 Practical Implications for Engineering and
Operation

From an engineering perspective, the results
demonstrate that performance optimization of redundant
PCS7 architectures is not merely a fine-tuning exercise but a
strategic enabler for improved system design. By reducing
redundancy overhead and improving determinism,
engineers can achieve higher performance without
sacrificing availability or reliability.

Operationally, improved predictability and reduced
variability simplify system monitoring and maintenance.
Operators benefit from more stable system behavior,
particularly during transient events such as load changes or
failover operations. These improvements reduce the
likelihood of unexpected performance issues and enhance
overall operational confidence.

4.20 Summary of Results

The results presented in this section comprehensively
demonstrate that coordinated performance optimization
significantly enhances the behavior of PCS7-based
distributed control systems employing redundant S7-400H
controllers. Improvements are observed consistently across
steady-state operation, high-load conditions, failover events,
long-term stability, and scalability analysis.

Rather than introducing trade-offs, optimization
strengthens the relationship between performance and
availability by reducing redundancy-induced overhead and
improving execution efficiency. The findings provide a
strong empirical foundation for adopting performance-
aware redundancy management as a core design principle
in high-availability process plant automation.

Conclusion

This study investigated the problem of performance
optimization in PCS7-based distributed control systems
employing redundant S7-400H controllers within high-
availability process plant environments. While redundancy
is a fundamental requirement for ensuring continuous
operation and fault tolerance, the findings of this research
demonstrate that redundancy mechanisms, if not
performance-aware, can impose significant overhead on

controller execution and communication subsystems.
Addressing this challenge, the study proposed and
evaluated a structured performance optimization

framework that integrates redundancy coordination, task
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scheduling, communication management, and diagnostic-
driven adaptation.

The results clearly show that coordinated optimization
leads to substantial improvements in key performance
indicators, including control loop response time, controller
CPU utilization, communication latency, and failover
responsiveness. Importantly, these improvements are not
limited to nominal operating conditions but extend
consistently to high-load scenarios, repeated failover events,
and long-term system operation. This indicates that
performance optimization enhances not only average
system behavior but also robustness, predictability, and
operational stability—attributes that are critical for
mission-critical process industries.

A significant contribution of this work lies in
demonstrating that performance and availability are not
inherently conflicting objectives in redundant PCS7
architectures. On the contrary, by reducing redundancy-
induced overhead and improving execution efficiency, the
optimized system achieves faster failover and higher
availability margins while simultaneously delivering
improved real-time performance. This finding challenges
the conventional perception that redundancy necessarily
degrades performance and highlights the importance of
performance-aware redundancy design in modern
industrial automation systems.

The scalability analysis further confirms that optimized
PCS7-based DCS architectures can accommodate
significantly higher control loop densities without violating
real-time constraints. This capability is particularly valuable
for large-scale and evolving process plants, where system
expansion and increased functional complexity are common.
By extending the effective performance envelope, the
proposed optimization approach enables more efficient
utilization of existing hardware resources and reduces the
need for costly system upgrades.

From an engineering and operational perspective, the
outcomes of this research provide practical guidance for the
design, configuration, and deployment of high-availability
PCS7 systems. The results emphasize that redundancy
management should not be treated as a static configuration
task but as an active component of system performance
engineering. Integrating performance monitoring and
optimization into redundancy coordination allows control
systems to maintain deterministic behavior, rapid fault
recovery, and stable long-term operation under diverse and
demanding conditions.

In conclusion, this study contributes a performance-
oriented perspective to the design and operation of
redundant PCS7-based distributed control systems. By
systematically analyzing and optimizing the interaction
between redundancy mechanisms and real-time execution
behavior, the research advances the state of practice in
high-availability industrial automation. The proposed
framework provides a solid foundation for future work on
adaptive and intelligent performance optimization
strategies in next-generation distributed control systems.
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