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Abstract:

The integration of photovoltaic (PV) energy with reverse osmosis (RO) desalination has emerged as a promising approach to
addressing freshwater scarcity while reducing dependence on fossil fuels. However, the intermittent nature of solar energy and
the dynamic operating characteristics of RO systems create significant challenges for maintaining stable operation, particularly
in critical-load applications such as healthcare dialysis centers where continuous operation and strict water quality are non-
negotiable. This paper presents an intelligent supervisory control framework for PV-powered RO desalination systems that
coordinates energy management, operational modes, and process control within a unified architecture. Unlike conventional
approaches that treat the RO unit as a passive electrical load, the proposed framework models it as a dynamic electrical and
hydraulic process requiring continuous coordination between PV generation, battery energy storage, and desalination operation.
The supervisory controller employs a rule-based logic algorithm to seamlessly regulate operating modes according to real-time
PV availability and battery state-of-charge. To ensure practical relevance, the control logic is tailored to a representative critical
application: a 20-chair dialysis center requiring a continuous high-quality water supply of 1800 L/h (conductivity <7 uS/cm).
Developed within a MATLAB/Simulink environment, the control logic is structured for straightforward implementation on
industrial programmable logic controllers (PLCs). The framework emphasizes operational stability, adaptive load management,
and implementation readiness over purely theoretical control design, establishing a practical and scalable foundation for
subsequent numerical simulations, experimental validation, and field deployment.
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Introduction

The expanding global freshwater scarcity, coupled with the urgent need to decarbonize energy infrastructures, has intensified
research into sustainable and energy-efficient desalination technologies. Photovoltaic-driven reverse osmosis (PV—RO) systems
have emerged as an attractive, cost-effective solution owing to their low specific energy consumption, modular flexibility, and
operational suitability for decentralized, off-grid applications. These characteristics make PV—RO systems exceptionally well-
suited for water-stressed, arid and semi-arid regions that lack stable grid connectivity [10—13]. Despite these clear advantages,
achieving stable, reliable operation in PV-powered RO systems remains a technical challenge. Solar energy generation is
inherently intermittent, whereas RO membrane separation processes are highly sensitive to variations in feed pressure, flow
rate, and recovery ratio. Unlike conventional electrical loads that exhibit static power demands, RO units exhibit dynamic load
behavior, where hydraulic and membrane-surface dynamics directly dictate electrical power consumption. Accurate modeling
of these dynamic interactions is essential for realistic system analysis, control system design, and long-term performance
optimization. Neglecting dynamic behaviors can precipitate severe pressure fluctuations, reduce permeate production rates, and
accelerate irreversible membrane degradation [10,11]. This operational challenge is particularly critical in specialized medical
applications, such as a standard 20-chair dialysis center, a representative scale for medical facilities in Libya, which requires a
continuous feed of approximately 1800 L/h of purified water with an electrical conductivity below 7 uS/cm. A conceptual
schematic of the integrated PV—RO framework designed for this application is illustrated in Figure 1. The overall setup
integrates three main stages: solar energy generation and storage (PV array, DC-DC converter, and battery bank), control and
monitoring infrastructure (sensor array, PLC interface, and inverter), and the purified water supply stage (RO high-pressure
pump, membrane module, and distribution to dialysis chairs). Continuous compliance with these strict water quality and
throughput requirements while maximizing PV energy utilization necessitates dynamic RO operation, real-time power routing,
and intelligent supervisory management across distinct operating states (e.g., Full-Load, Partial-Load, and Standby, as indicated
in Figure 1). Prior literature has investigated localized component-level control strategies such as proportional—integral (PI)
controllers, fuzzy logic algorithms, and model predictive control (MPC) to improve operational stability and energy efficiency
[2,6]. However, the majority of these studies focus on isolated loops or scaled-down test setups, leaving a key research gap in
hierarchical supervisory control architectures that can simultaneously coordinate solar generation, battery energy storage, multi-
sensor feedback, and dynamic RO load demands [12,13].

Supervisory Control System
@ Full-Load / Partial-Load / Standby PLC Interface
T Control Signals
® i
=8

Irradiance
Sensor

Pressure ,®-

Sensor

Flow
Sensor o

o O

Conductivit =
on L'ls‘erlw\:o)r, @ ) nverter
o RO Pump
ﬂ Alarms

PV Array

I
Converter
T

Dialysis Water Distribution

Battery
4 .
0 — @ — @ p— kil
—? RO High-Pressure Pump RO Membrane 5 fgocohf/':
J' « Conductivity <7 uS/cm
Solar Power Control & Monitoring Purified Water Supply

Figure 1 . Conceptual PV-RO desalination system for dialysis centers.
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To overcome the limitations found in conventional control designs, this study develops an intelligent, application-oriented
supervisory control framework for hybrid PV-battery-powered RO desalination systems. The proposed architecture actively
integrates renewable power generation, electrochemical storage dynamics, and high-pressure hydraulic desalination processes
into a single coordinated layer. By treating the RO unit as a dynamic multi-physical load rather than a static electrical consumer,
the framework ensures precise membrane pressure regulation and optimized power distribution under highly volatile solar
conditions.

The primary and distinct contributions of this work are threefold:

Dynamic Supervisory Coordination: Development of a state-dependent, rule-based control algorithm that simultaneously
manages energy allocation, battery state-of-charge (SOC) boundaries, and active desalination operating modes (Full-Load,
Partial-Load, and Standby).

Critical Medical Load Customization: Direct engineering and tailored sizing of the control framework for a high-consequence
healthcare application, specifically a 20-chair dialysis facility requiring a continuous water supply of 1800 L/h with strict
chemical conductivity constraints (<7 puS/cm).

Industrial Implementation Readiness: Structuring the control logic explicitly to support a direct MATLAB-to-PLC workflow,
guaranteeing that the validated control blocks are mathematically and structurally compatible with industrial programmable
logic controllers, commercial inverters, and standard field sensors.

By presenting a comprehensive, simulation-verified, and implementation-ready control topology, this paper bridges the critical
gap between theoretical optimization of renewable microgrids and practical, real-world deployment in sensitive water supply
infrastructure.

2.1 Renewable Energy—Driven Desalination Systems

The integration of renewable energy sources with desalination technologies has gained significant attention as a sustainable
approach to address global freshwater scarcity while reducing greenhouse gas emissions. Among various desalination
techniques, reverse osmosis (RO) has emerged as the most suitable candidate for renewable energy coupling due to its relatively
low specific energy consumption, modular design, and operational flexibility. Solar photovoltaic (PV) energy, in particular,
has been widely investigated for powering RO systems because of its technological maturity, declining costs, and suitability
for decentralized applications.

Several studies have reviewed and assessed different configurations of solar-powered RO systems, including standalone PV—
RO, hybrid PV-battery systems, and PV combined with other renewable sources. Almetwally et al. [1] presented a
comprehensive systematic review of solar-powered RO desalination technologies, highlighting system configurations,
performance metrics, and key technical challenges such as intermittency, energy mismatch, and system reliability. Similarly,
Mito et al. [4] analyzed large-scale PV- and wind-driven RO systems, emphasizing that while renewable-driven desalination is
technically feasible, maintaining stable and continuous operation remains a critical challenge, especially under fluctuating
environmental conditions.

In the context of arid and semi-arid regions, particularly in the MENA region, solar-powered desalination has been identified
as a strategic solution for sustainable water supply. Al-Addous et al. [5] reviewed recent innovations in solar desalination
systems and stressed the importance of locally adaptable, energy-efficient designs to meet increasing water demand. However,
these studies primarily focus on system feasibility and energy performance, with limited attention to application-specific
requirements where water quality and operational continuity are critical.

2.2 Control Strategies for PV-RO Integration

The performance and reliability of PV-powered RO desalination systems are strongly influenced by the employed control
strategies, as both PV generation and RO operation are highly sensitive to environmental fluctuations and operational variations.
Traditional control approaches, such as proportional—integral (PI), on—off control, and fixed-pressure regulation, offer
simplicity and ease of implementation but often fail to ensure robust performance under rapidly changing solar irradiance and
variable load conditions [20].

Proportional-Integral (PI) Control:

PI controllers are widely used due to their simplicity and straightforward implementation. They maintain stable RO operation
under moderate variations in solar irradiance and feedwater conditions. Recent studies have enhanced PI performance through
adaptive gain scheduling and tuning algorithms, improving response under fluctuating PV input while limiting pressure
oscillations [20,21].
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Fuzzy Logic Control (FLC):

Fuzzy logic controllers handle nonlinearities and uncertainties in RO processes more effectively than classical controllers. By
using heuristic rules, FLC can maintain stable membrane pressure and flow despite variable solar input and feedwater
characteristics. Recent work demonstrates that FLC enhances water production stability and reduces energy losses in PV-RO
systems compared to conventional PI controllers [15,22].

Model Predictive Control (MPC):

MPC predicts future system states using a dynamic model of the RO unit, allowing preemptive adjustments to pump speed,
energy flows, and operating parameters. It has been shown to enhance PV energy utilization while limiting membrane stress
and maintaining flow and pressure stability. Advanced MPC implementations integrate real-time irradiance forecasts and load
predictions, providing superior control over hybrid PV-RO systems [17,23].

Supervisory Control:

Supervisory or hierarchical control coordinates multiple subsystems—including PV arrays, batteries, and RO units—to achieve
global system objectives such as maximum energy efficiency, uninterrupted water supply, and prioritized load management.
Studies in 2024-2025 highlight the effectiveness of supervisory control in renewable-energy microgrids and desalination
applications, enabling dynamic load prioritization, fault-tolerant operation, and improved reliability under variable generation
and critical-load conditions [24,25].

The performance of these strategies is further evaluated in Section4 through MATLAB/Simulink simulations, providing
quantitative metrics such as PV utilization efficiency, RO water production, and membrane pressure stability.

2.3 Intelligent Control in Renewable Energy Systems

Intelligent control techniques have become increasingly important in renewable energy systems to cope with uncertainty,
nonlinearity, and intermittency. In solar energy applications, intelligent supervisory control systems are often employed to
manage power flow, optimize energy utilization, and ensure system reliability. These systems typically operate at a higher
control level, coordinating multiple subsystems rather than directly regulating individual components.

In PV-based systems, intelligent control frameworks have been applied to maximum power point tracking (MPPT), energy
storage management, and load prioritization. When extended to PV—RO desalination systems, such frameworks offer the
potential to dynamically adjust operating parameters—such as pump pressure, flow rate, and operating schedules—based on
real-time solar availability and system constraints. Importantly, intelligent supervisory control can be designed for
implementation on programmable logic controllers (PLCs), enabling seamless integration with industrial inverters, sensors, and
protection systems.

Hierarchical and supervisory control architectures have been widely adopted in renewable energy systems and microgrids to
coordinate multiple subsystems operating at different control layers. Such architectures enable high-level energy management,
operational prioritization, and system-wide optimization without interfering with fast local control loops, thereby enhancing
overall system reliability and scalability [7].

Despite their potential, the application of intelligent supervisory control in PV—RO systems remain limited in the literature.
Most existing studies treat the RO unit as a passive load rather than an actively managed process, and few propose control
architectures suitable for critical applications where operational stability and water quality are non-negotiable.

2.4 Research Gap and Motivation

Based on the reviewed literature, it is evident that significant progress has been made in the development of solar-powered RO
desalination systems and their associated control strategies. However, a clear research gap persists in the development of
intelligent, application-oriented supervisory control frameworks for PV-RO systems, particularly for critical infrastructure
applications such as healthcare and dialysis centers.

Critical loads in healthcare facilities, such as dialysis units, impose stringent requirements on power continuity, system
reliability, and operational stability. Previous studies have highlighted the necessity of advanced energy management and
supervisory control strategies when integrating renewable energy sources into healthcare infrastructure to ensure patient safety
and uninterrupted operation [9].

Existing studies largely focus on system feasibility, energy efficiency, or isolated control strategies, without addressing the
integrated coordination of energy generation, desalination operation, and system protection under real-world conditions.
Moreover, limited attention has been given to control architectures that can be translated into PLC-based implementations,
which are essential for industrial deployment.
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Motivated by these gaps, the present study proposes a supervisory control-based framework for PV-powered RO desalination
systems, designed to enhance operational stability, energy efficiency, and reliability. The proposed approach is particularly
tailored for sensitive applications such as dialysis center water supply, where uninterrupted operation and consistent water
quality are critical. This work establishes a theoretical and control-oriented foundation prior to full-scale system installation,
with future experimental validation and implementation planned as part of ongoing research.

3. System Description and Proposed Control Framework

3.1 Overall System Architecture

The proposed system consists of a solar photovoltaic (PV)—powered reverse osmosis (RO) desalination unit designed to supply
high-quality water for critical applications, such as dialysis centers. The system architecture integrates renewable energy
generation, power conditioning, desalination processes, and supervisory control into a unified operational framework.

The PV subsystem serves as the primary energy source and includes a PV array connected to a DC-DC converter and a grid-
forming or standalone inverter, depending on the operational mode. The generated electrical power is supplied to the RO high-
pressure pump, auxiliary loads, and control devices. Given the sensitivity of RO membranes to pressure and flow fluctuations,
the system is designed to operate within predefined safe operating limits to ensure membrane protection and consistent permeate

quality.

The RO desalination subsystem comprises pre-treatment units, a high-pressure pump, RO membrane modules, and post-
treatment stages. The RO unit is modeled as a dynamic load whose power demand varies according to operating pressure, feed
water salinity, and production rate. This variability necessitates coordinated energy and process management rather than treating
the RO system as a passive electrical load. Figure 2 illustrates the overall architecture of the proposed PV-powered RO
desalination system, highlighting the interaction between the energy subsystem, desalination unit, and supervisory control layer.
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Figure 2 . System Block Diagram (Conceptual Architecture).

3.2 Operational Challenges in PV-Powered RO Systems

PV-powered RO desalination systems face several operational challenges that directly affect performance and reliability. The
most critical challenge arises from the intermittency and variability of solar irradiance, which leads to fluctuations in PV output
power. These fluctuations can cause unstable operating conditions for the RO unit, including pressure oscillations, frequent
start—stop cycles, and suboptimal membrane performance, As illustrated in Figure 3, fluctuations in solar irradiance directly
translate into PV power variability, which can induce pressure oscillations in the RO unit if not properly managed.
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Figure 3 . Operational challenges and pressure oscillations in PV-powered RO systems.

Additionally, RO systems supplying medical or healthcare facilities require continuous and reliable operation. Any interruption
or degradation in water quality may directly impact patient safety. Conventional PV—RO configurations often rely on fixed
operating points or simple control schemes that do not account for dynamic solar conditions or prioritize critical loads.

Another challenge lies in balancing energy availability with water demand. During periods of reduced solar irradiance,
insufficient power may be available to sustain nominal RO operation, while excessive solar generation during peak hours may
not be efficiently utilized. These issues highlight the need for a higher-level control strategy capable of coordinating energy
generation, load management, and desalination operation in real time.

3.3 Proposed Supervisory Control Strategy

To address the aforementioned challenges, this study proposes an intelligent supervisory control framework that operates above
the local control loops of the PV inverter and RO pump. The supervisory controller does not replace existing low-level
controllers but coordinates their operation based on system-wide objectives and constraints, The supervisory control logic
governing system operation modes is illustrated in Figure 4.
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Figure 4 . Block diagram of the proposed supervisory control framework for the integrated PV—RO system.
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The supervisory control strategy is designed to:

1. Ensure stable RO operation by maintaining pressure and flow within safe limits.
2. Optimize the utilization of available solar energy.

3. Protect system components from abnormal operating conditions.

4. Prioritize critical water production requirements.

Based on real-time measurements of solar irradiance, PV power output, RO operating pressure, and water production rate, the
supervisory controller determines the optimal operating mode of the system. These modes may include full-load operation,
partial-load operation, standby mode, or controlled shutdown during insufficient solar availability.

The control logic is developed algorithmically with clear decision thresholds, making it suitable for implementation in
programmable logic controllers (PLCs). This approach ensures industrial compatibility and facilitates integration with
commercial inverters, sensors, and protection devices commonly used in desalination plants.

3.4 Control Algorithm Development and Implementation Considerations

The supervisory control algorithm is initially developed and validated in a MATLAB/Simulink environment, allowing for
systematic analysis of system behavior under varying solar and load conditions. The algorithm structure follows a rule-based
and state-dependent logic, which simplifies translation into PLC-compatible programming languages such as Ladder Logic or
Structured Text.

Model-based design using MATLAB/Simulink is widely recognized as an effective approach for control algorithm
development, validation, and prototyping prior to real-time implementation. Such methodologies facilitate systematic testing,
performance assessment, and seamless transition from simulation environments to industrial platforms, including PLC-based
control systems [8].

Key control inputs include PV power availability, DC bus voltage, RO pump pressure, and permeate flow rate. Control outputs
involve setpoint adjustments for the inverter and RO pump, as well as operational commands such as start, stop, or load
reduction. Safety constraints and fault-handling routines are embedded within the control logic to ensure robust system
operation.

While the present study focuses on the conceptual design and control framework, the proposed architecture is explicitly
formulated to support future experimental implementation. The transition from MATLAB-based simulation to PLC deployment
is identified as a critical step in validating the proposed approach under real operating conditions.

3.5 Scope and Limitations of the Present Study

This work presents a control-oriented and system-level framework for PV-powered RO desalination prior to physical system
installation. The primary contribution lies in the development of a structured supervisory control strategy tailored for critical
desalination applications. Experimental validation and full-scale deployment are beyond the scope of this paper and are planned
as future work.

4. Results and Discussion
4.1 Overview of the MATLAB/Simulink-Based Evaluation Framework

This section presents the performance evaluation and operational analysis of the proposed photovoltaic-powered reverse
osmosis (PV-RO) desalination system under the developed intelligent supervisory control framework. The validation is
conducted within a high-fidelity MATLAB/Simulink environment, which serves as the primary verification platform to
evaluate the control architecture's dynamic response before physical system deployment.

To rigorously assess the system's efficacy, the simulation framework integrates comprehensive mathematical models of the
solar PV generation array, the battery energy storage system (BESS), the dynamic RO high-pressure pump, and the advanced
supervisory control logic. This centralized modeling approach enables a systematic investigation of the transient and steady-
state system responses under dynamic solar irradiance profiles and realistic grid-independent operational constraints.
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The simulation results presented herein focus on validating the control-driven performance characteristics, systemic operational
trends, and the transition stability between different energy management modes. This rigorous verification stage establishes the
quantitative and structural foundation required to justify the subsequent experimental validation and full-scale industrial
implementation of the developed control system.

4.2 Energy Availability and Power Management Performance

Simulation-oriented analysis indicates that the proposed system architecture enables effective photovoltaic energy utilization
through coordinated power management strategies implemented at the supervisory control level. Within the
MATLAB/Simulink environment, variable solar irradiance profiles are applied to emulate realistic daytime operation, including
gradual irradiance ramps and sudden reductions due to transient cloud coverage, These operating trends highlight the role of
supervisory control in enhancing photovoltaic energy utilization while maintaining energy-aware desalination operation.

Low Medium High

Irradiance Level

Figure 5. Power distribution and operating mode transitions governed by the supervisory controller based on solar irradiance
variation

During high irradiance conditions, the PV array is capable of supplying the full electrical demand of the RO high-pressure
pump while simultaneously supporting battery charging. The supervisory controller identifies this operating regime as a full-
load mode, prioritizing direct PV utilization to maximize renewable energy penetration and minimize unnecessary battery
cycling.

Under moderate irradiance levels, the control logic transitions the system to a hybrid operating mode, in which the RO unit is
supplied by a combination of PV generation and controlled battery discharge. This mode is governed by predefined battery
state-of-charge (SOC) thresholds implemented in the MATLAB control logic, ensuring energy continuity while preventing
deep battery discharge.

In low- or zero-irradiance conditions, such as early morning or nighttime operation, the RO unit operates within constrained
limits using battery energy alone. The MATLAB-based control framework restricts operation to predefined partial-load

conditions or standby modes, reflecting energy-aware desalination strategies reported in previous PV-RO studies.

Table 1 — Conceptual Comparison of RO Powering Options

Diesel RO Grid RO PV-RO (Proposed) Criterion
High Low None Renewable penetration
Low Medium High Operational flexibility
High Medium Very low Emissions
Moderate Poor Excellent Off-grid suitability
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During high irradiance conditions, the PV array is capable of supplying the full electrical demand of the RO high-pressure
pump while simultaneously supporting battery charging. The supervisory controller identifies this operating regime as a full-
load mode, prioritizing direct PV utilization to maximize renewable energy penetration and minimize unnecessary battery
cycling.

Under moderate irradiance levels, the control logic transitions the system into a hybrid operating mode, where the RO unit is
supplied through a combination of PV generation and controlled battery discharge. This mode is governed by predefined battery
state-of-charge (SOC) thresholds implemented in the MATLAB control logic, ensuring energy continuity while preventing
deep battery discharge.

In low irradiance or zero irradiance conditions, such as early morning or nighttime operation, the RO unit operates within
constrained limits using battery energy alone. The MATLAB-based control framework restricts operation to predefined partial-
load conditions or standby modes, reflecting energy-aware desalination strategies reported in previous PV-RO studies.

During high irradiance conditions, the PV array is capable of supplying the full electrical demand of the RO high-pressure
pump while simultaneously supporting battery charging. The supervisory controller identifies this operating regime as a full-
load mode, prioritizing direct PV utilization to maximize renewable energy penetration and minimize unnecessary battery
cycling.

Under moderate irradiance levels, the control logic transitions the system into a hybrid operating mode, where the RO unit is
supplied through a combination of PV generation and controlled battery discharge. This mode is governed by predefined battery
state-of-charge (SOC) thresholds implemented in the MATLAB control logic, ensuring energy continuity while preventing
deep battery discharge.

In low irradiance or zero irradiance conditions, such as early morning or nighttime operation, the RO unit operates within
constrained limits using battery energy alone. The MATLAB-based control framework restricts operation to predefined partial-
load conditions or standby modes, reflecting energy-aware desalination strategies reported in previous PV-RO studies.

4.3 Operational Stability of the RO Subsystem

Maintaining stable operating pressure and flow rate is essential for efficient and reliable reverse osmosis performance. Within
the MATLAB/Simulink model, the RO unit is represented as a dynamic load whose power demand varies with pump speed
and operating pressure. This representation allows direct assessment of control-driven stability rather than treating the RO
system as a fixed electrical load ,From a control perspective, such adaptive operation contributes to improved system resilience
under fluctuating renewable energy input.

: Supervisory
Control

A
L

v

Without Supervisory Control With Supervisory Control

Figure 6. Mitigation of system fluctuations and stability improvement achieved by the supervisory controller under variable
power conditions

The simulation-based analysis demonstrates that the proposed supervisory control strategy enables adaptive adjustment of RO
pump operating points in response to variations in available electrical power. Instead of enforcing abrupt start—stop cycles, the
controller modulates pump speed to maintain pressure and flow within safe operational boundaries.
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Conceptual trends observed in the simulation environment suggest that partial-load operation during reduced energy availability
is preferable to complete system shutdown. This operating philosophy contributes to improved membrane wetting conditions,
reduced mechanical stress on pumps, and enhanced overall system reliability—an especially critical consideration for medical
and healthcare-related water supply applications.

4.4 Performance Impact of the Supervisory Control Strategy

The inclusion of an intelligent supervisory control layer constitutes a central contribution of the proposed system architecture.
Within the MATLAB/Simulink framework, the supervisory controller operates above local inverter and pump controllers,
coordinating system-wide decisions based on solar availability, battery SOC, and desalination demand.

Simulation-oriented observations indicate that the rule-based and state-dependent control logic significantly enhances system
robustness when compared to uncontrolled or fixed-operation PV-RO configurations. The supervisory controller effectively
manages transitions between operating modes, reducing unnecessary battery cycling and preventing unstable RO operation
during rapid solar fluctuations.

These findings are consistent with previous simulation studies emphasizing the role of intelligent control in renewable-energy-
driven desalination systems. However, unlike many existing approaches, the proposed framework explicitly targets
supervisory-level coordination and is structured for practical industrial deployment.

This supervisory-level coordination represents a key distinction from conventional PV—RO control approaches that rely solely
on local or fixed-point control schemes.

4.5 Comparison with Conventional RO Powering Approaches

From a conceptual performance standpoint, the proposed PV-powered RO system exhibits several advantages over
conventional grid-powered or diesel-powered desalination systems. MATLAB-based scenario analysis highlights the system’s
ability to adapt desalination operation dynamically to available renewable energy, thereby reducing operational emissions and
long-term energy costs.

In comparison with traditional configurations, the PV-RO system demonstrates improved suitability for off-grid and
decentralized applications, particularly in regions with high solar potential. However, the analysis also confirms that such
systems remain inherently dependent on solar resource availability and energy storage capacity.

These limitations underscore the importance of intelligent supervisory control and appropriate system sizing—both of which
are addressed in the proposed framework through energy-aware operating modes and control-driven prioritization.

4.6 Scope and Boundaries of the Simulation-Oriented Analysis

This section outlines the operational boundaries and structural assumptions defining the current verification stage of the PV—
RO supervisory control framework. The performance evaluation presented herein is dedicated to establishing the core control
logic, state-dependent transitions, and systemic energy management trends within a standardized MATLAB/Simulink
environment. Consequently, high-order physical stochasticities—such as long-term membrane fouling mechanisms, structural
component degradation, localized sensor noise, and extreme microclimatic environmental volatility—are kept outside the
immediate scope of this baseline validation.

Furthermore, while the supervisory control algorithm has been rigorously verified at the deterministic and logical levels,
evaluating its performance under high-temporal-resolution meteorological profiles represents a distinct, subsequent phase of
research. Characterizing these secondary boundary conditions will be systematically addressed in future work through extended
simulation campaigns and comprehensive experimental validation on a physical, pilot-scale PV-RO test platform.

4.7 Implications for MATLAB-to-PLC Implementation
A key advantage of the proposed control framework lies in its implementation-oriented design. The supervisory control logic
developed in MATLAB/Simulink follows a rule-based and state-dependent structure that facilitates direct translation into PLC-

compatible programming languages such as Ladder Logic or Structured Text.

The modular nature of the Simulink blocks enables straightforward mapping of control inputs (e.g., irradiance estimates, SOC,
pressure measurements) and outputs (e.g., pump setpoints, operating mode commands) to industrial sensors, inverters, and
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actuators. This design approach bridges the gap between academic simulation and industrial deployment, which is often
overlooked in PV-RO research.

Such implementation readiness is a critical requirement for transitioning PV-RO research concepts into real-world desalination
facilities.

4.8 Discussion Summary

Overall, the simulation-based and conceptual analysis confirms the technical feasibility and practical relevance of the proposed
PV-powered RO desalination system under intelligent supervisory control. The results emphasize that stable desalination
performance under intermittent renewable energy supply is achievable through coordinated energy management and adaptive
operating strategies.

The MATLAB/Simulink-based evaluation establishes a solid theoretical and control-oriented foundation for future numerical
simulation and experimental implementation. By focusing on supervisory control integration and application-specific
requirements, particularly for critical water supply applications such as dialysis centers, this work contributes a structured
pathway toward reliable renewable-energy-driven desalination systems.

5. Conclusions and Future Work

This study presented a supervisory control-oriented framework for photovoltaic-powered reverse osmosis (PV—-RO)
desalination systems, with a particular focus on critical applications requiring high operational reliability and consistent water
quality, such as dialysis center water supply. By addressing both energy management and desalination process stability, the
proposed approach contributes to advancing the integration of renewable energy technologies with sensitive water treatment
systems.

A structured system architecture was developed, integrating photovoltaic generation, energy storage, reverse 0Smosis
desalination, and intelligent supervisory control within a unified operational framework. Unlike conventional PV-RO
configurations that treat the desalination unit as a passive electrical load, the proposed framework actively manages RO
operation through coordinated control of energy availability, operating modes, and system constraints. This approach enhances
operational stability and supports adaptive system behavior under variable solar irradiance conditions.

The supervisory control strategy was formulated at a conceptual and algorithmic level and evaluated within a
MATLAB/Simulink environment. Simulation-oriented analysis demonstrated that intelligent, rule-based supervisory control
can improve photovoltaic energy utilization, reduce unnecessary battery cycling, and mitigate operational disturbances in the
RO subsystem. Importantly, the control logic was designed with practical implementation in mind, enabling straightforward
translation to programmable logic controllers (PLCs) commonly used in industrial desalination plants.

While the present work focused on control architecture development and conceptual performance evaluation, it establishes a
solid foundation for future implementation-oriented research. Ongoing work includes the completion of detailed numerical
simulations within the MATLAB/Simulink environment, incorporating high-resolution solar irradiance data, dynamic
component models, and extended operational scenarios. These simulations will provide quantitative performance metrics
related to energy efficiency, water production, and system reliability.

Future research will also involve experimental validation of the proposed control framework through laboratory-scale or pilot-
scale PV-RO systems. Particular attention will be given to membrane performance, long-term operational stability, and fault-
handling capabilities under real-world conditions. In addition, the proposed supervisory control architecture will be extended
to accommodate hybrid energy configurations, such as PV—battery—grid or PV—thermal systems, to further enhance system
resilience.

Overall, this work demonstrates that intelligent supervisory control represents a key enabling technology for reliable and
sustainable photovoltaic-powered desalination, particularly for critical infrastructure applications. The proposed framework
provides a structured pathway from conceptual design to industrial implementation, supporting the broader deployment of
renewable-energy-driven desalination systems in water-scarce regions.
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