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Abstract

This End-of-Study Project presents the design and implementation of a real-time monitoring
and supervision system tailored for large-scale grid-connected photovoltaic systems. As the in-
tegration of renewable energy into power systems grows, maintaining consistent performance
and ensuring operational reliability becomes essential. The work addresses the need for a robust
and centralized platform—based on SCADA architecture—that enables continuous oversight of
photovoltaic systems, enabling early detection of irregularities, efficient decision-making, and

enhanced energy yield.

The proposed system facilitates real-time data acquisition and visualization, giving operators
access to crucial information such as energy production levels, system efficiency, and the status
of system components. It further supports predictive analysis, and fault detection and diagnosis,
enabling timely intervention and minimizing system downtime. By aligning the system's archi-
tecture with established performance metrics and supervisory principles, the study ensures that

operators can both monitor and evaluate the plant's behaviour in real-time.

Furthermore, the work emphasizes the significance of modular architecture, accessibility, and
clarity in monitoring tools, ensuring they serve as decision-support systems rather than passive
displays. This work ultimately contributes to improving the management of photovoltaic power
plants by offering a scalable and user-focused solution that enhances operational awareness, re-

sponsiveness, and long-term energy performance.

Keywords: Grid-Connected Photovoltaic Systems, Real-Time Monitoring, SCADA, Visual-

ization, Predictive Analysis, Fault Detection and Diagnosis, Operational Reliability.
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Résumé

Ce projet de fin d'études présente la conception et la mise en ceuvre d'un systéme de surveillance
et de supervision en temps réel, adapté aux centrales photovoltaiques de grande taille raccordées
au réseau. Avec I’intégration croissante des énergies renouvelables dans les réseaux électriques,
il devient essentiel de maintenir une performance constante et d'assurer la fiabilité opération-
nelle. Ce travail répond au besoin d’une plateforme centralisée et robuste — basée sur une ar-
chitecture SCADA — permettant une supervision continue des systémes photovoltaiques, en
assurant la détection précoce des irrégularités, une prise de décision efficace et un meilleur ren-

dement énergétique.

Le systeme propos¢ facilite 1'acquisition de données en temps réel et leur visualisation, offrant
aux opérateurs un acces a des informations essentielles telles que les niveaux de production
d’¢énergie, I’efficacité du systeme et I’état des composants. Il prend également en charge 1’ana-
lyse prédictive ainsi que la détection et le diagnostic des défauts, ce qui permet une intervention
rapide et réduit les interruptions. En alignant l'architecture du systeme sur des indicateurs de
performance reconnus et des principes de supervision établis, I’étude garantit que les opérateurs

peuvent surveiller et évaluer le comportement de 1'installation en temps réel.

En outre, ce travail met 1’accent sur I’importance de 1’accessibilité, de la clarté et de 1’archi-
tecture modulaire des outils de supervision, afin qu’ils servent de véritables systémes d’aide a
la décision plutot que de simples interfaces passives. Ce travail contribue ainsi a améliorer la
gestion des centrales photovoltaiques en offrant une solution évolutive, centrée sur l'utilisateur,

qui renforce la réactivité, la visibilité opérationnelle et la performance énergétique a long terme.

Mots-clés : Systemes photovoltaiques raccordés au réseau, Surveillance en temps réel, SCADA,

Visualisation, Analyse prédictive, Détection et diagnostic des défauts, Fiabilité opérationnelle.
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General Introduction

The global transition toward renewable energy has placed photovoltaic (PV) systems at the fore-
front of sustainable power generation. As these systems scale in size and complexity, their
operational reliability, efficiency, and availability become critically dependent on continuous
monitoring and intelligent supervision. Effective monitoring not only ensures energy produc-
tion stability but also contributes to the long-term performance and safety of the installation. In
this context, advanced supervisory technologies are essential to manage the dynamic conditions

and distributed architecture of modern PV power plants.

Supervisory Control and Data Acquisition (SCADA) systems have emerged as a cornerstone of
industrial automation, offering real-time monitoring, control, and data acquisition across diverse
domains, including renewable energy. In photovoltaic systems, SCADA platforms serve as the
primary interface between human operators and plant components, such as PV modules, in-
verters, transformers, and environmental sensors. A well-designed SCADA interface enhances
situational awareness through intuitive data visualization, facilitates rapid fault response, and
supports decision-making through actionable information. Its role is not limited to visualiza-

tion. It encompasses system-wide coordination, historical analysis, and operational control.

The current SCADA system deployed at the target photovoltaic (PV) station provides basic
monitoring capabilities, primarily focusing on energy output and general plant status. It allows
operators to view some electrical parameters and environmental data, but lacks access to detailed
component-level information. The architecture consists of a local control panel with limited vi-
sualization and manual data retrieval functions. However, the existing SCADA infrastructure at
the target PV station suffers from several limitations that hinder efficient supervision and main-
tenance. The current system is restricted in scope, offering limited access to component-level
data and control functions. Its visualization capabilities are outdated, lacking detailed and dy-
namic graphical representations. Furthermore, the system provides no integrated analytics for
performance evaluation or predictive diagnostics, and it completely lacks fault detection and
forecasting capabilities. These shortcomings reduce system transparency, increase the burden
of manual supervision, and delay maintenance actions—ultimately affecting the plant’s reliabil-

ity and energy yield.



To overcome these limitations, this project proposes the design and development of a next-
generation SCADA interface tailored for grid-connected photovoltaic plants. The solution aims
to enhance interactivity, improve access to real-time and historical data, and introduce intelligent
monitoring features through modern web-based technologies and data analytics. The proposed
system integrates advanced visualization tools, Python-based performance analysis, Al-driven
fault detection, and predictive modeling. Built upon a scalable and modular open-source ar-
chitecture, the new SCADA interface is designed to be both future-proof and operator-friendly,

bridging the gap between real-time supervision and data-driven decision support.

The first chapter provides a comprehensive overview of photovoltaic systems and highlights
the critical role of SCADA in the supervision of renewable energy infrastructures. Chapter two
examines the limitations of the existing SCADA platform, detailing its current functionalities
and identifying key areas for enhancement. Chapter three focuses on the design and imple-
mentation of the upgraded SCADA interface, emphasizing improved data visualization, storage
architecture, and user interaction features. Chapter four introduces advanced fault detection
and diagnosis mechanisms based on artificial intelligence, including the integration of a CNN-
LSTM model for predictive analysis. Finally, Chapter Five presents the deployment process of
the developed application, validates its performance through experimental scenarios, and pro-

vides a comprehensive evaluation of its effectiveness.

This structured approach enables the development of a robust, intelligent, and user-centric SCADA

solution that meets the evolving demands of modern photovoltaic power systems.

Motivation

The increasing integration of photovoltaic energy into national grids calls for advanced super-
vision systems that go beyond traditional control architectures. While traditional SCADA plat-
forms form the foundation of monitoring infrastructures, they increasingly lack the adaptability,
analytical intelligence, and responsiveness required by today’s energy systems. These limita-
tions become particularly critical in large-scale PV installations, where timely interventions and

predictive maintenance have a direct impact on energy output and operational costs.

This project stems from the ambition to redefine supervisory systems in the context of renewable
energy. It proposes a smart, modular, and data-centric SCADA interface designed to operate as
an integral part of a grid-connected photovoltaic power plant. More than just a monitoring tool,
the system is envisioned as a strategic component in the energy value chain, supporting both
real-time plant supervision and future interoperability with national grid dispatching systems.
By aligning with the evolution toward smart grids, the platform positions itself for scalable

deployment and integration into future energy management frameworks.
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Chapter 1. Photovoltaic system & Technology: State of the art

1.1 Introduction

Solar energy is a highly accessible and renewable energy resource with significant global po-
tential. It is the radiated energy generated by the sun that, despite the attenuation caused by the
atmosphere, releases a large quantity of electromagnetic radiation to the earth's surface. The
conversion of this energy into electricity using photovoltaic (PV) technology has emerged over
the last few decades as a key technology for meeting the growing demand for electrical energy,
reducing dependence on fossil fuels, and limiting their harmful impact on the environment [1].
This chapter reviews the state of the art of photovoltaic systems, including the physical principle
of the photovoltaic effect, types of photovoltaic systems and architectures, up to monitoring and

supervision.

1.2 Photovoltaic Systems

1.2.1 Photovoltaic Cells and Modules

« PV Cells

The photovoltaic (PV) cell, the fundamental component of a PV system, transforms sunlight
into electrical energy. Its efficiency varies based on material purity, design, and manufacturing
techniques, such as the use of passivation layers and anti-reflective coatings[2]. The figure 1.1

depicts a real PV cell with a cross-sectional view.
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Figure 1.1: PV cell
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« PV Module

A photovoltaic (PV) module is a set of interconnected PV cells that are encapsulated and framed
to create a robust, weather-resistant unit. The arrangement of the cells is carefully designed to
maximise sunlight absorption and electrical output. The figure 1.2 depicts the cell interconnec-

tions and the layered structure of a typical PV module.

Module Frame
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Figure 1.2: PV module
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Figure 1.3: PV cell interconnection
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1.2.2 Photovoltaic Module Technology

PV modules are classified into different generations based on their manufacturing technology

and materials[2][3], as illustrated in figure 1.4.
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Tin Sulphide Quantum Dot
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Figure 1.4: Diagram of photovoltaic cell classified by invention technology

Where each generation offers its proper efficiency on the laboratory level and commercial level,

the table 1.1 shows that.

Table 1.1: Efficiency Comparison by Generation

Efficiency Type Generation 1 Generation 2 Generation 3
Laboratory efficiency 26% 16% 45%
Commercial efficiency 16% 10% 45%

1.2.3 Electrical Characteristics of PV Modules

Photovoltaic (PV) modules have several key electrical characteristics that define their perfor-
mance. These characteristics are typically represented in current-voltage (I-V) and power-
voltage (P-V) curves, which are essential for understanding how a solar panel will perform
under different conditions[4]. The given figure 1.5 depicts the behaviour of a PV module under

a given temperature and irradiance.
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I-V and P-V-Characteristic of a Solar Module
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Figure 1.5: I-V curve of a PV module

In the literature, the physical model of a PV cell/module is described by the One Diode Model
(ODM)[5], given in the figure 1.6.
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Figure 1.6: Solar cell equivalent circuit
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The output current (Ipv) of the PV cell is given by:

(1.1)

Ipy = Iy — I (eewpi‘:ifsﬂ)*l) - (Vv —;%RS x 1)
P

. where each term of this equation is explained in the table 1.2.

Table 1.2: Description of the variables of Equation N° 1.1

Term Description

Iy Output current (A)

Ion Photocurrent (light-generated current, A)

Diode reverse saturation current (A)

Output voltage (V)

Series resistance (£2)

Shunt resistance (£2)

Diode ideality factor (1 for ideal diode, 1-2 for real cells)
Boltzmann constant (1.380649 x 1072 JK1)

Temperature (K)

SR

N3 3

1.2.4 Strings and Arrays

PV panels are interconnected in series (strings) and parallel (arrays) to achieve optimal voltage

and current levels[6]:

 Strings: A string in solar modules refers to an array of photovoltaic modules connected in
series. This configuration means that the electrical current generated by each panel flows
successively from one to the other, adding up their individual voltages. This arrangement
is common in installations where a specific voltage is sought to match the requirements

of the solar inverter.
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Figure 1.7: Schematic of PV string
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* Arrays: The term array refers to a complete arrangement of solar panels in a photovoltaic
installation. An array can be made of multiple strings connected together, either in series,
in parallel, or in a combination of both configurations, depending on the voltage and cur-
rent requirements of the system. In essence, an array is the total set of solar panels working

together to generate power.
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Figure 1.8: Schematic of PV array configuration
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1.2.5 PV System Types

The overview below provides a systematic and structured overview of the different types of
photovoltaic (PV) systems, their configurations, and the typical applications associated with
them[7][8]:

1.2.5.1 Classification Based on Grid Connection

* Grid-Tied PV Systems: A grid-connected photovoltaic system is a system that is con-
nected to the electricity grid. Such systems do not require batteries or other equipment for
energy storage. As a result, the overall cost of equipment and installation is significantly
lower than for any other type of solar energy system[9]. The main components of a grid-
connected photovoltaic system are: the photovoltaic array, the grid-connected inverter,

and the net meter, as shown in the figure 1.9.
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Figure 1.9: Grid tied photovoltaic system

* Off-Grid PV Systems: An off-grid photovoltaic system, also known as a stand-alone
photovoltaic system, is a power generation installation that uses solar radiation to produce
electricity in places where there is no access to the mains utility grid [10]. The components
of a typical off-grid photovoltaic system are photovoltaic modules, which absorb sunlight,
an inverter, a charge controller, and batteries to store the excess electricity produced, as

shown in Figure 1.10.

Inverter
charger MPPT

Charge Junction
controller box

Optional
generator

|—».i —
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String

;
B! ACIN & oc ouT
=

Figure 1.10: Off grid tied photovoltaic system

* Hybrid PV Systems: A hybrid photovoltaic (PV) system combines the advantages of
both grid-connected and stand-alone solar systems. It uses photovoltaic modules to gen-
erate electricity, a hybrid inverter to manage the power flow, and a battery to store excess
energy for later use or in the event of a power outage. This system provides continu-
ous power, grid connectivity, and energy independence [11]. The main components of a
hybrid system are the PV array and the hybrid inverter, as shown in Figure 1.11.

10
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Figure 1.11: Hybrid PV system

1.2.5.2 Classification Based on System Scale

* Residential PV Systems: A residential photovoltaic system is an installation of rooftop
or ground-mounted photovoltaic modules and related components that convert sunlight
into electricity[12]. This energy can be used directly within the household or stored for

later use (see figure 1.12).

Figure 1.12: Residential PV system

* Commercial PV Systems : Commercial photovoltaic (PV) systems, also known as solar
energy systems, provide electricity for businesses and industries[12]. These systems de-
liver key advantages, including lower energy expenses, a smaller environmental footprint,

and the potential to earn revenue by selling surplus power (see figure 1.13).

11
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Figure 1.13: Commercial PV systems

+ Utility-Scale PV Systems: Large-scale photovoltaic (PV) systems are large-scale pho-
tovoltaic power plants designed to produce electricity for the utility grid, typically with
a capacity higher than one megawatt (MW)[12]. These systems often include ground-
mounted solar panels, and the electricity produced is fed into the grid and distributed to

consumers (See figure 1.14).

Figure 1.14: Large scale PV system
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1.3 Performance Analysis Method for Photovoltaic Systems

There are several methodologies for performance analysis. The following section elaborates
on the two most widely used approaches. The first approach is derived from the standardised
norms outlined in IEC 61724 [13]. The second, known as the PVUSA method, involves system-
atically collecting solar power output, meteorological data, and system performance metrics and

correlating them with variables such as irradiance, wind speed, and ambient temperature [14].

1.3.1 System Performance Index under IEC 61724 Method

In a photovoltaic installation, the monitoring system must enable energy flows to be tracked and
provide an analysis of the key parameters influencing the energy conversion chain. The main
parameters, as well as the most significant energy values in terms of efficiency and losses, are

illustrated in Figure 1.15.
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i PV array ¥ Inverter vV Grid
% 7 e lac
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- T — o A — -/~ ........................................................
" 4 0 “
T.lrnl:\J Tm-od' Ew
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Reference Yield Array Yield System Yield
L L
[ 5
Array capture System
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PR

Figure 1.15: Energy flow in a grid-connected photovoltaic system with parameters, efficiencies
and losses

Yields are quantities of energy normalised to the nominal power of the photovoltaic plant. Losses

are the differences between yields [15].
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* Reference Yield (Yr)

The Reference Yield is the ratio of the total in-plane solar irradiation (H, in Wh/m?) to the
reference irradiance (G,.; = 1000 W/m?). It represents the equivalent number of peak sun
hours (h/day), where peak sun hours denote the duration at which solar irradiance equals G,y.

Its expression is given by:

H [Wh/m?

Y;' [h] - Gref [W/mg]

(1.2)
* Array Yield (Ya)

The Array Yield is defined as the ratio of the energy output of the photovoltaic array (Ep¢) to
its nominal power (Fy) under Standard Test Conditions (STC). Mathematically, it is expressed

as:
_ Epc[Wh]

Y, [h] P, [W]

(1.3)
where:

* FEpe = Total DC energy produced by the array (Wh)

» Py = Installed DC rated power under STC (W)

This metric represents the equivalent number of hours the system would need to operate at
its nominal power (Fy) to produce the same energy output (Epc). The Array Yield serves as
a performance indicator, assessing the actual energy generation efficiency of the PV modules

relative to their rated capacity under ideal conditions.
* Final Yield (Yf)

The Final Yield represents the daily energy output of the photovoltaic system (in kWh) normal-
ized by the installed DC rated power (F, in kW). It corresponds to the equivalent number of
hours the system would operate at its rated power to produce the same energy output. Mathe-

matically, it is defined as:
_ Eac[kWh]

Yy [h] = Py [&W] (1.4)

where:
* Fac = Total AC energy delivered by the system (kWh)

* Py = Installed DC rated power under STC (kW)

14
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1.3.2 Normalised Losses

These losses represent the difference between the above yields and indicate how many hours the

system would need to operate at its rated power in order to compensate for them.

* Capture Losses (L¢)

The normalized energy difference between the theoretically available solar resource (Ref-
erence Yield, Yr) and the DC energy generated by the PV array (Array Yield, Ya), ex-

pressed in equivalent peak sun hours. These losses primarily result from:

Module temperature deviations from STC

Spectral effects

Mismatch losses

Soiling and degradation

These losses are given by the following expression:
Lof] =Y, (] — Y, [u] (15)

* System Losses (Ls)
The normalized energy loss occurring between the PV array's DC output and the final AC
delivery to the grid, accounting for:
— Inverter conversion inefficiencies

— Wiring and transformer losses

The expression giving these losses is:

L[] = Ya[] — Y;[1] (1.6)

1.3.3 Performance Ratio (PR)

The Performance Ratio (PR) quantifies a PV system’s efficiency by comparing its actual AC
energy output to its theoretical maximum under ideal conditions (STC). Expressed as a per-
centage (typically 70% to 85% for well-functioning systems), PR isolates system losses (e.g.,
thermal, inverter, soiling) while normalizing for location and weather variability. A high PR
indicates minimal energy losses and optimal operation, while a low PR signals potential issues

like shading, degradation, or equipment faults.

PR = (?) - 100% (1.7)
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1.3.4 Corrected Performance Ratio (CPR)

The corrected PR improves performance analysis by systematically filtering out influences that
are not related to the system, such as transient weather anomalies, grid limitations, or data ir-
regularities. This adjustment enables reliable and fair comparisons of the performance of pho-
tovoltaic systems in different locations, climatic conditions, and operating periods. By isolating
controllable losses (e.g. equipment failure, soiling or inverter inefficiencies) from external vari-
ables, the corrected PR is a powerful diagnostic tool for stakeholders: investors use it to vali-
date return on investment against energy yield guarantees, engineers use it to compare system
designs under standardised conditions, and operators rely on it to diagnose specific maintenance
needs, distinguishing real performance issues from temporary environmental effects [16]. The
corrected performance ratio is illustrated in Figure 1.16, adapted from [16], which depicts the
annual trend comparing uncorrected and corrected values. The calculation of the CPR is based

on the following expression.The calculation of the CPR is based on the following expression:

PR
CPR = (1.8)
1 — 6x (Tcell,Type,an - Tcell)
Where: G
Toett = T + 22 X Tong (1.9)
(;STC

* T,,: Measured module surface temperature
* Gpoa: Plane-of-array irradiance

* (Ggrc: Standard test condition irradiance

* Twna: Conduction-temperature drop

* 0: Temperature coefficient

*  Uncorrected Performance Ratio *  Corrected Performance Ratio

10 per. Mov. Avg. [Uncorrected Performance Ratio] w10 per. Mov. Avg. (Corrected Performance Ratia)

100.0%
95.0%
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Figure 1.16: Weather corrected and uncorrected annual trend for a 24 MW facility
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1.4 SCADA Systems in Photovoltaic Power Plants

Supervisory Control and Data Acquisition (SCADA) systems are essential for the reliable op-
eration and efficient management of large-scale photovoltaic (PV) installations. In the context
of renewable energy, SCADA systems enable remote monitoring, real-time data acquisition,
automated control, and diagnostics functions that are critical to ensuring continuous power gen-

eration and improving system resilience [17][18].

By providing centralized visibility into system performance, SCADA enhances operational decision-
making, supports rapid fault detection, and facilitates preventive maintenance. This leads to
improved energy yield, reduced downtime, and better long-term efficiency across utility-scale

or hybrid grid-connected PV systems [19][20].

The following section explains the architecture of SCADA systems in photovoltaic applications,

detailing their core components and communication infrastructure.
* SCADA system architecture in photovoltaic

To ensure effective supervision and control of photovoltaic (PV) installations, SCADA systems
adopt a modular and layered architecture. This structure typically includes field-level devices
such as sensors and power electronics, communication networks for data transmission, and a
centralized supervisory system for data processing and visualization[21]. The architecture en-
ables real-time monitoring, fault detection, and system optimization, forming the backbone of

reliable and scalable PV plant management (see Figure 1.17)
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Data HMI Operator

|

" |

T Ve ! Py i !
_ E%I Supervision :
) [ ] |
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|

repository l

PV array string String Combiner Box (actuators)

Figure 1.17: SCADA Architecture for Grid-Connected PV Plants
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This layered configuration illustrates the integration of SCADA systems and reflects their op-
erational logic, encompassing ground-level data acquisition, centralized control, and informed
decision-making. As will be explained in the following sections, each layer plays a crucial role

in ensuring the system's overall effectiveness.

* Centralized Supervisory Layer

At the top of the architecture lies the centralized control room, where the SCADA master
server, data repository, Human-Machine Interface (HMI) workstations, and operational
staff converge. The data repository archives both real-time and historical measurements
such as solar irradiance, module and ambient temperatures, string-level currents, inverter
status, energy yield, and system alarms. The HMI provides graphical dashboards, trend-
ing tools, and alarm displays, enabling operators to monitor system health, adjust pa-
rameters, and initiate corrective actions. A robust network backbone interconnects these
components, supporting both local and remote access. This dedicated supervisory envi-
ronment enables collaborative decision-making and ensures rapid response to operational
events[22].

* Data Transmission Layer
The intermediate layer comprises the communication infrastructure responsible for link-
ing field-level devices to the supervisory system. This includes servers, switches, routers,
and potentially wireless access points. While not explicitly detailed, the architecture
supports industry-standard communication protocols such as Modbus, DNP3, and OPC
UA[23]. The converging lines in the figure represent redundant or segregated commu-
nication paths, enhancing system reliability and cybersecurity. This layer is critical for
ensuring that sensor data, control commands, and status information are transmitted with
minimal latency and high integrity, essential for real-time monitoring and automated con-

trol functions.

* Field Device Layer (PV Power Generation System)
The lowest tier of the model signifies the physical PV installation. Environmental sen-
sors (e.g., irradiance and temperature sensors) provide analog and digital measurements
to RTUs or PLCs[24][25]. PV module strings deliver direct current (DC) power into
string combiner boxes. In these boxes, individual string outputs are fused, protected,
and, if equipped, interfaced to string-level disconnect actuators[26]. The power is then
inverted by grid-tied inverters and stepped up via an on-site transformer[27]. The sub-
station's primary functions include the collection of higher voltage output, provision of
grid synchronization, protection relays, circuit breakers, and revenue metering prior to
the energization of the utility grid. This configuration underscores the SCADA system's
role in tracing every kilowatt from photon to grid, safeguarding assets, and optimizing

performance.
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1.5 Conclusion

Photovoltaic systems consist of core components—solar panels, inverters, meters, and protec-
tive devices—that convert solar energy into electricity. Their performance depends not only
on proper system design but also on continuous evaluation of operating conditions and energy
yield. In large installations, SCADA systems are essential for real-time monitoring and con-
trol, enhancing both efficiency and reliability. However, conventional SCADA solutions face
limitations in scalability and fault detection, motivating the development of a more advanced,

intelligent SCADA tailored to modern photovoltaic plants.
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Chapter 2. Operational Worksite — Ain El Melh Solar Power Plant

2.1 Introduction

A rigorous understanding of the physical layout and functional organization of the Ain El Melh
photovoltaic (PV) power plant is essential for any technical intervention concerning its SCADA
system. This chapter delineates the plant’s principal operational domains-including energy gen-
eration, power conversion and dispatch, and supervisory control-to establish a concrete contex-
tual basis for the subsequent analysis of communication infrastructure, data acquisition nodes,
and control channels. Such foundational insight ensures that any effort related to the design,
optimization, or diagnostic evaluation of the SCADA system remains firmly aligned with the

plant’s actual operational topology.

2.2 Site description

2.2.1 Installed Photovoltaic Power Plant Characteristics

The 20 MW grid-connected photovoltaic (PV) power plant, integrated into the medium-voltage
distribution network as shown in Figure 2.2, forms a critical element of a broader national re-
newable energy strategy led by SONELGAZ[28]. Situated in Ain El Melh (Bousaada), on the
Algerian highlands at the threshold of the Great Algerian Desert, the facility spans approxi-
mately 40 hectares and delivers an installed capacity of 20 MWp[28]. Its strategic location and
scale make it a key contributor to regional energy autonomy and sustainability. An aerial and a
ground-level view of the site are shown in Figure 2.1, providing a direct visual reference to the

installation described.

(a) PV Power Upper-view (b) Front-view of PV strings

Figure 2.1: Site view of the Ain El Melh solar power plant
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Figure 2.2: PV Power Plant connection to notional grid

2.2.2 Main Zones of the PV Power Plant

The photovoltaic (PV) power station is functionally structured into four core zones, each con-

tributing to the generation, adaptation, delivery, and monitoring of electrical energy. The system

architecture(illustrated in Figure 2.3)depicts the coordinated flow of both energy

the plant's functionally distinct yet operationally interlinked subsystems[28].
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Figure 2.3: General layout of the PV Power Plant

These zones are designed to operate in an integrated manner, ensuring both operational effi-
ciency and seamless communication. The following sections trace the respective trajectories of

energy and data through these zones, highlighting their specific roles and interactions.

2.2.2.1 Stages of Energy Conversion and Flow

The energy life cycle within a PV station encompasses three principal stages: generation, con-
version, and distribution. Each phase contributes to the efficient transformation and transmission

of solar energy to the utility grid.
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* PV Generation Field
This zone hosts the primary energy source, where solar radiation is converted into direct
current (DC) electricity by photovoltaic modules. Sensors and a weather station are also
deployed here to collect environmental and electrical data. Both the generated energy and
acquired data are routed through multi-level junction boxes and delivered via underground

conduits to the shelter.

* Power Conversion Zone
The shelter serves a dual purpose. In its upper compartment, inverters convert DC energy
into alternating current (AC). The AC output is then routed through low-voltage trans-
formers and loop cells, which prepare the power for elevation to medium-voltage levels.
These components comprise the adaptation stage, bridging the generation and distribution

phases.

* Energy Distribution Segment
In this final stage, the adapted energy reaches the substation, where it is stepped up to grid-
compatible voltages (30 kV/60 kV). It is subsequently injected into the national utility grid

via a transmission line for end-user consumption.

Figure 2.4 illustrates the energy flow pathway from the photovoltaic module array to the sub-
station, along with the structural layout of the associated sub-fields[28].
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Figure 2.4: Energy flow: from field generation to grid injection via shelter and substation.
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2.2.2.2 Data Acquisition and Transmission

The data pathway in a photovoltaic station is responsible for acquiring, transmitting, and pro-
cessing operational and environmental information necessary for real-time supervision, control,
and long-term performance evaluation. It consists of two principal components: data sources

and the communication network.
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¢ Data Sources

Multiple subsystems generate data across the PV station, each contributing to the com-

prehensive monitoring of the plant[28]:

— Environmental Sensors (Weather Station)

% Pyranometer for plane-of-array irradiance.
% Ground humidity and precipitation sensors
* Module surface temperature sensors

% Five-element meteorological mast measuring: ambient temperature, wind di-

rection and speed, atmospheric pressure, and relative humidity,

— Junction-Box Processing Units
Measure electrical properties of individual PV strings, including string current and

voltage.

— Equipment Status Reports
Inverters and transformers generate internal data on operational states, fault diag-

nostics, alarms, and other performance indicators.
* Communication network

Parallel to the energy flow, data is transmitted from field-level sensors and junction boxes via
RS485 serial communication to a serial device server located in the lower section of the shelter.
Subsequently, this data is relayed via fiber-optic and Ethernet connections to the monitoring
room, where a SCADA (Supervisory Control and Data Acquisition) system enables real-time

supervision, control, and long-term performance archiving.
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Figure 2.5: SCADA network

* Subsystem Layout

To further contextualize the station’s infrastructure, Figure 2.6 presents a technical overview
of key subsystems[28]. It includes real-world images of critical components(such as the pho-
tovoltaic array, inverter shelter, transformer unit, and substation configuration), corresponding
to the operational zones previously described. This visual supplement reinforces the concep-
tual distinction between energy and data pathways by linking them directly to their physical

installations.
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Station characteristicJ

[Serface]:d0 ha

[T otal capacity]:20 MWp

[Panel type]:Poly-cristalline silicon
[PV Efficiency]:15%

[T ilt,Orientation ]33° South
[Installation type]:Fixed structure
[PV raw distance]: 5m

[Modules number]80080 Module

Transformer characteristicJ

[Number of transformers]:20
[Number of shelters per transfomer]: 1
IT ype]:Elevator

[Max-apparent powet]: 1250 KVA
[Frequency]:47-52Hz

[1/O voltage]:315V /31.5kV

Shelter characteristicJ

[Shelter capacity]:1 MWp

[Number of inverters]:type A-type B
[Number of subfield]:2

[L/O voltage] 500-850 VDC/315VAC
[Inverter nominal power] 500 kKW

Field characteristic |

IT otal Sub fields nuinber] 40

[Sub field power capacity] 500kW

[T otal number of strings per sub field]:88-921
[Junction box| Lvl:1] [N=11-12

[Junction box| Lvl:2] |N=4

[Junction box | L¥l:3] |N=1

Axrray characteristic |

[Number of string per arvay]:8
[Modules per string]:22
[Single PV power]:250Wp

Figure 2.6: Site technical equipment

2.3 Existing SCADA Interface

2.3.1 Interface Pages

The current SCADA platform provides a modular, real-time supervisory view of the photo-
voltaic installation. It enables operators to observe key operational parameters, monitor the sta-
tus of critical components, and navigate between subsystems through a structured set of graph-

ical interface pages.

To ensure clarity and operational efficiency, the interface adopts a hierarchical structure. Each

page is dedicated to a specific monitoring function, allowing tasks to be organized across dis-
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tinct views. This structure supports focused observation and streamlined system navigation.

The underlying organizational logic is illustrated in Figure 2.7, which presents the navigational

hierarchy and functional segmentation of the SCADA interface.

Historical data access

Main menu
Page

Curves saving

l

Meteorology
Page

Curves Parameter

Gauges

Inverter state
control

l

Trnasformer
Inverter Page

Paramerter
serveillance

Junction box
output

Strings
characteristic
Close

Figure 2.7: SCADA menu

Alarms

The following pages represent the primary monitoring screens of the SCADA system. Their lay-

out and role correspond to the aforementioned hierarchical organization, with each page offering

dedicated insight into specific plant subsystems.

¢ Main Menu

The main menu serves as the central navigation hub, providing access to subsystem-specific

pages, including subfield monitoring at the transformer-inverter and junction box levels, var-

ious system surveillance schematics, and report export functionalities. Its primary role is to

streamline user interaction and facilitate task-oriented workflows.
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Figure 2.8: SCADA mainMenu

* Inverter and transformer

This screen presents real-time electrical parameters for inverter units and transformer sections,
including voltage, current, power output, and internal temperature. Its primary role is to enable
operational tracking of the energy conversion chain and to support early detection of component

anomalies.

& Applications Places System nari Wed Dec 18, 3:05:30PM 53 [N ) &
[ |
wuev) | _liste | rapport | courbe | @ caractére optique | retrait d'opération | page précédente | page verslebas | impression 15:05:30 2024-12-18 | _jours de sécurité : 1205

1#Surveillance d'unité d'ondulateur
-——)

Ondulateur A Ondulateur B Transformateur en boite

T C
Démarrage ‘ Démarrage
ermeture Fermeture

ndulateur ndulateur B

limite réglage réglage
A kVar

B

(2] java proj

Figure 2.9: SCADA inverter surveillance
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* Meteorology

Displays essential environmental data including solar irradiance, ambient and panel tempera-
tures, and wind speed. This page supports performance contextualization by correlating envi-

ronmental conditions with electrical output trends.

Places System nari Wed Dec 18, 305:08PM 3 [N o) &

15:05:08 2024-12-18 |_jours de sécurité : 1205

Température amblante 18.90 C
Pression 923. 30 HPa
Humidité 1 18. 40 RH%
Direction de vent 137. 40

Température de composant 1 41.70 C

Tem pérature de composant 2 42.70 C h

Humidité 2 15. 70 RH% Température de station météorologique Bl Température 1 de composant de station météorolog
Rayonnement d'inclinaison 743.90V/m 2 B Température 2 de composant de station météorologique | Température dans la boite de station météorologiqu

Rayonnement total 415. 400/m 2

Rayonnement de dispersion 54.90 W/m 2
Rayonnement direct 464, 701/m 2
Vitesse de vent 1.90 /s
Quantité de pluie 0.00 mm
Tension d'accumulateur 13.70 V

Température dans la boite 31.50 C B, n n n n Ge wh
Rayonnement d'inclinaison de station météorologique Ml Rayonnement total de station météorologique

Temps d'ensoleillement de ce jouf 7. 0 h X X - = i " . = 5
B Rayonnement de dispersion de station météorologique | Rayonnement direct de station météorologique

Rechange

Figure 2.10: SCADA weather monitoring

» Existing SCADA Interface Limitations

While functionally operational, these interface pages exhibit notable limitations in visualization
richness, analytical depth, and performance assessment metrics. The absence of predictive mod-
eling, temporal analytics, and component[Ispecific diagnostics constrains the system’s ability
to support proactive maintenance or intelligent supervision. These deficiencies underscore the

need for a more advanced, insight[]driven interface—a direction pursued in Chapter III.

2.3.2 Requirements and Assessment

To evolve from passive monitoring toward proactive fault prevention, the interface must shift
from static data visualization to intelligent, insight-driven supervision. A modern supervisory
platform should extend beyond basic observation to incorporate advanced capabilities that en-
able operators to interpret real-time conditions, assess component performance, and respond

preemptively to emerging issues. To fulfill this role, several key enhancements are required:
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* Time-Series Data Visualization: Interactive, temporal plots make it possible to de-
tect periodic trends, identify slow performance drifts, and recognize subtle behavioural

anomalies that static numeric displays may conceal.

* Performance and Loss Analysis: Quantitative insights into specific losses improve system-

level understanding and facilitate relative performance assessment.

* Predictive Performance Modeling: Real-time comparison with expected voltage, cur-

rent, and power trajectories helps define a meaningful performance baseline.

* Fault Detection: Deviations from expected performance profiles enable the early identi-

fication of anomalous behaviour across modules, strings, or inverters.

» Diagnosis: Observing the severity, duration, and distribution of these deviations supports

fault classification and localization, guiding appropriate corrective actions. replacement.

2.4 Conclusion

The station’s instrumentation and SCADA interface reliably capture key parameters; however,
their basic displays and absence of performance-rating metrics constrain proactive monitoring.
This project addresses those limitations by delivering advanced graphical analytics, predictive
output curves, and comprehensive fault-detection diagnostics, thereby providing operators with

a deeper, more actionable understanding of the plant’s health and performance.
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3.1 Introduction

This chapter presents a comprehensive methodology for developing a Supervisory Control and
Data Acquisition (SCADA) interface for large-scale photovoltaic (PV) power plant monitoring
systems. SCADA systems are critical for achieving efficient and reliable PV system operation by
enabling real-time monitoring and control. The development process begins with exploring the
communication architecture, which forms the backbone of data transmission in such systems.
This architecture uses a hierarchical network topology to incorporate field instruments (such
as RS-485/Modbus RTU devices) with serial-to-Ethernet gateways and a fibre optic/Ethernet
infrastructure, with everything converging on a centralised control server. This configuration
ensures robust data acquisition, transmission, and processing across the entire PV infrastructure
network. The second phase involves a detailed analysis of the architectural design and imple-
mentation of the SCADA server. Particular attention is devoted to the frameworks that govern
data processing, storage, and visualisation. The aim is to develop an enhanced Human-Machine

Interface (HMI) that improves usability and workflow to optimise operational efficiencies.

3.2 Communication Architecture

As shown in Figure 3.1, the hierarchical network architecture incorporates RS-485/Modbus
RTU-compliant field devices at the terminal level. These devices communicate with the core
infrastructure via serial-to-Ethernet gateways, which connect them to a high-bandwidth fibre-
optic/Ethernet backbone. The network ends at centralized control servers, which enable system-

wide data aggregation and real-time monitoring.

'
- — — — — ———————— — B Reseaux Lan fstost
l SCADA + HMI SCADA + HMI Historian Server
/ather station er : ° ' 4
Acoc

eeeee Server 2 &Engineering

4444444444444 am ] | |

Stage 3
Industrial Ethernet 7‘ Centralized Control and SCADA Interface
(Ethernet-Based)

Stage 2
Modbus RTU-to-TCP Conversion

Stage 1

Field Device Communication (RS-485 and Modbus
RTU)

Figure 3.1: Schematic Architecture of Data Transmission in a Large-Scale PV Grid System
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The first layer of this architecture is centred on field-level communication protocols, leveraging
the robust characteristics of the RS-485 physical layer implementation combined with the Mod-
bus RTU application layer protocols. This combination provides deterministic data exchange
capabilities, even in the electrically challenging environments that are typically found in large-
scale PV installations. The intermediate layer incorporates protocol conversion mechanisms
that bridge the gap between legacy serial communication systems and modern Ethernet-based
networks. Finally, the supervisory layer implements comprehensive data management, visu-
alization, and control functionalities via a centralized SCADA server architecture. The data
transmission process is structured into three distinct stages, ensuring reliable communication

from field devices to the control centre:

3.2.1 Stage 1 Modbus RTU protocol

In the first stage, field devices such as remote terminal units (RTUs), inverters, transformers,
and environmental sensors are interconnected via RS-485 cabling to a centralized serial device
manager. The Modbus RTU protocol, widely adopted in such systems[29], is utilized over the
RS-485 physical layer. As depicted in Figure 3.2, the Modbus RTU frame structure functions
as the fundamental communication protocol, governing the formatting and transmission of data

packets across the serial bus[24].

Frame 1 Frame 2 Frame 3
L NIEINIE LI L]
I#Il:l..%.:lll:%iii!hil!.l:!lll..I'
— — i 35char ' |
at least 3.5 char at least 3.5 char ; '
4.5 char
AddmssMc check
8 bits 8 bits. N x 8 bits 16 bits
Start End
= 3.5 char = 3.5 char

Figure 3.2: MODBUS message RTU framing

The Modbus RTU frame structure ensures reliable communication between devices and com-

prises:
» Slave Address: Identifies the target device (1-247) that should respond to the request.

* Function Code: Defines the specific operation to be performed, such as reading or writ-

ing registers (refer to Table 3.1 for common function codes).

* Data: Includes the parameters necessary for the operation, such as register addresses and

values.
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* (Cyclic Redundancy Check): A two-byte checksum that allows the receiving device to

verify the integrity of the transmitted data, detecting any errors that may have occurred

during transmission.

To clarify Modbus protocol operations, Table 3.1 provides the commonly used function codes

and their corresponding descriptions[30].

Table 3.1: Common Modbus Function Codes

Function | Function Name Description
Code
(Hex)
0x01 Read Coils Reads the status of discrete (binary) output coils. Returns
ON/OFF values for each addressed coil.
0x02 Read Discrete Reads the status of discrete (binary) input contacts (e.g.,
Inputs digital sensors or safety switches). Returns ON/OFF
values for each addressed input.
0x03 Read Holding Reads one or more 16-bit holding registers (read/write
Registers registers). Commonly used to retrieve analog data (e.g.,
voltage, current, power values).
0x04 Read Input Reads one or more 16-bit input registers (read-only
Registers registers). Typically used to retrieve sensor measurements
or status information.
0x05 Write Single Writes a single discrete output (coil). Used to force one
Coil binary output ON (0xFF00) or OFF (0x0000) at a specified
coil address.
0x06 Write Single Writes a single 16-bit holding register at a specified
Register address. Used to change one setpoint or configuration
parameter (e.g., change operating mode).
0x0F Write Multiple | Writes values to multiple consecutive discrete output coils
Coils in a single transaction. The request includes a byte count
and coil value bitmap.
0x10 Write Multiple Writes values to multiple consecutive holding registers.
Registers The request includes a byte count followed by the list of
register values to be written.
0x16 Mask Write Updates specific bits within a single holding register using
Register an AND-mask and an OR-mask. Useful for modifying
individual control or status bits.
0x17 Read/Write Combines a read and a write operation in one atomic
Multiple transaction. The first part reads N registers; the second part
Registers writes M registers starting at another address.

3.2.2 Stage 2 Modbus RTU-to-TCP Conversion (Serial Device Manager)

In PV SCADA architecture, the serial device manager serves as an essential gateway between
the Level 1 RS-485/Modbus RTU network and the Level 2 Ethernet network, as shown in Fig-

ure 3.3. Its main function is to convert Modbus RTU message frames, which were originally
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designed for serial communication, into Modbus TCP packets suitable for transmission over an

IP network.
Modbus RTUs Modbus Tcp/IP
| Serial Device Manager
| r — = 7
I ‘ CRC validation
I RTU To Tcp translation
L RS-485 /RS-232 cable P I Ethernet cable
— — — — —|  mBAP header |
Tecp To RTU translation
‘ Address Mapping ‘
L — — J

Figure 3.3: Modbus RTU-to-TCP Conversion

As illustrated in Figure 3.3, the conversion system consists of three components, namely: Mod-
bus RTU field devices, a central Serial Device Manager, and the Modbus TCP/IP network. The

Serial Device Manager shown in the dashed box serves as a Modbus gateway, performing the

following functions to bridge serial and Ethernet communication:

* CRC Validation: The purpose of this operation is to verify the integrity of incoming

Modbus

RTU messages. This is performed to detect any potential transmission errors.

RTU to TCP Translation: The process entails the removal of the RTU frame, which
comprises the slave address, function code, data, and CRC. Subsequently, the Protocol
Data Unit (PDU) is encapsulated within a Modbus Application Protocol (MBAP) header.

Finally, it is packaged for transmission over TCP/IP.

TCP to RTU Translation: The system under consideration receives Modbus TCP re-
quests from the Ethernet side, removes the MBAP header, reassembles the PDU into an
RTU frame, and appends the CRC for delivery over the serial link.

Address Mapping: It is imperative to maintain a consistent mapping of Modbus ad-
dresses between the serial network and the IP network. This is necessary to ensure that

each field device and TCP client retains a unique, correct identifier.

The Modbus TCP/IP is situated on the right side. This network functions as a communication

platform for supervisory control systems (SCADA interfaces and HMI). The network establishes

a connection to the Serial Device Manager via an Ethernet cable (indicated by the solid blue line).

This connection facilitates the exchange of [P-based data with supervisory systems; therefore,

establishing a thorough end-to-end pathway that extends from field sensors to high-level control

interfaces. The original Modbus RTU payload is encapsulated and transmitted through the OSI

layers[31], as demonstrated in Figure 3.4:
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Modbus RTU Message
Slave ID |Function Data CRC check
8 bits 8 bits N x 8 bits 16 bits

MBAP Header

Modbus TCP/IP PDU

Layer 5 (Application) Transctio ID | Protocole ID | Length | UnitID |Function DATA

S MODbus TCP/IP ADU

1
TCP Header
Layer 4 (Transport/TCP) (Port Number) |  Medbus TCP/IP ADU
1

|
]
IP Header i
1

Layer 3 (Network/IP) {IP address) IP Data array
— | |
(— ) ]
1 I
FCS
Layer 2 (Data Link/Ethernet) Ethernet Header J| Ethernet Data array ! ChackSum
--------------------------------------------------------------------------
| 1
Layer 1 (Physical) ! Fiber or RJ45 cable... !
o o o o e e e e A e o4

Figure 3.4: Modbus RTU Payload Encapsulation into a TCP/IP—Ethernet Frame

The original Modbus RTU payload (function code and data) is encapsulated in successive proto-
col headers before transmission over the physical layer(e.g., fiber-optic or RJ45 cable), as shown

in Figure 3.4 and detailed below:

* Application Layer (MBAP Header)
A 7-byte MBAP header (Transaction ID, Protocol ID, Length, Unit ID) is prepended to
the RTU PDU (Function Code + Data).

* Transport Layer (TCP Segment)
The MBAP + PDU is encapsulated in a TCP segment, which adds source and destination
ports (typically port 502), sequence and acknowledgment numbers, and a TCP checksum

to ensure reliable delivery.

* Network Layer (IP Packet)
The TCP segment is wrapped in an IP packet, including source and destination IP ad-

dresses, TTL, a protocol field set to TCP, and an IP header checksum for correct routing.

* Data Link Layer (Ethernet Frame)
The IP packet is placed inside an Ethernet frame, which adds source and destination MAC
addresses, an Ether-type, and a Frame Check Sequence (CRC-32) for link-level integrity.

* Physical Layer
Finally, the complete Ethernet frame is converted into a bitstream and transmitted over

the chosen medium (e.g., fiber-optic cable or twisted-pair copper via RJ45).
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3.2.3 Stage 3 Request-Response Communication Mechanisms

During each polling cycle, the SCADA server generates a Modbus TCP request directed at the
target device (see Figure 3.5). This request includes critical identifiers such as Transaction ID,
Protocol ID, Unit ID, Function Code, and Register Addresses, all encapsulated within a Modbus
Application Data Unit (ADU). Upon receiving the request, the device processes these fields and
responds with a structured data frame (Figure 3.6). The response contains the requested data
in hexadecimal format, which the SCADA server decodes using the device's specific register
map. This request-response mechanism is fundamental to the systematic and reliable collection

of data from field devices.

T i " Function  Starting Quantity of
. Protocol ID  Length
Modbus Client D 9 Unit 1D Code Address  Registers

A4

Data Acquisition Poller 0001 0000 0006 0A 03 1A 00 0004

Industrial Ethernet
Switch

send Modbus request

Figure 3.5: Sending Modbus TCP Requests

The target device responds with a Modbus TCP frame :

. < 10 protocol D Length  unitip  FUMUOM Bl Count Dat
Modbus Client D Code ata

Data Acquisition Poller 0001 0000 00 0B 0A 03 08 10 00, 12 34, 00 OA, 00 FF

Receive Modbus Response

Industrial Ethernet
Switch

Figure 3.6: Receive Modbus TCP Response

Oncereceived, the responses are decoded and normalized before being transmitted to the SCADA
server. At this stage, the data has been structured and stored within the database. The processed
measurements are then made available through the Front-End interface, enabling real-time mon-

itoring, historical analysis, and fault detection.

This progression from low-level protocol communication to high-level data visualization is es-
sential for ensuring complete system observability and operational intelligence in industrial PV

monitoring architectures.

3.3 Design and Implementation of a Real-Time SCADA Server

After examining the low-level data transmission from RS-485/Modbus RTU devices via the
Ethernet network, this section explores the high-level architecture of the SCADA server. The

Back-End Data Processing module manages data acquisition, storage, and control functions
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over the Ethernet network. The Front-End Visualisation module, realised as a human-machine
interface (HMI), provides operators with tools for real-time monitoring and control. Figure 3.7

illustrates the overall SCADA server architecture.

U . Front-end .
Os l Application Host Back-end |
_. - | Hman-Machine Wnerace iy | P |y | Data Acqusin .
i as
operator engineer ——————]| (React js) (Python) Ethernet Modbus TCP/IP
| |
. Sure0aa .
L _] Industrial Ethernet

...................................... Switch |

SCADA Server

Figure 3.7: SCADA Server Architecture and Network Connectivity

The system architecture, depicted in Figure 3.7, presents a SCADA server configuration em-
ploying Modbus TCP/IP protocol for Ethernet-based communication with field devices. The

server's operational framework comprises four principal functional modules:

* Back-End Data Processing: This layer handles core logic tasks, including Modbus read-
/write operations, data validation, configuration management, and formatting data for

storage and analysis.

+ Data Storage:Incoming data from the Back-End is systematically recorded and organized

within the chosen database system.

» Application Server (Flask): Serving as an intermediary, Flask exposes RESTful API
endpoints that facilitate data exchange between the Back-End processing and the HMI. It
is also responsible for authentication, request routing, and applying business logic.

* Front-End Visualization: The HMI provides real-time dashboards, trend charts, and

alarm panels, allowing operators to monitor system status and respond to events promptly.

The following sections describe the design principles and implementation steps for each of these

components in the SCADA server.

3.3.1 Back-End Data Processing

The Back-End Data Processing component handles all core logic tasks, including Modbus read-
/write operations, data validation and normalization, configuration management, and data for-
matting for storage and analysis. This component operates continuously in the background to

maintain real-time data acquisition regardless of Front-end activity.
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* Configuration File

The configuration file serves as a centralized repository for all device-specific parameters. Each
field device is identified by its Modbus TCP/IP network parameters, primarily its IP address.
Additionally, each logical tag is mapped to its corresponding register address, data type, scaling
coefficient, and unit of measurement. By consolidating these definitions in a single file (see
Figure 3.8 ), the system becomes more maintainable and flexible. For instance, incorporating a
new inverter or updating the serial device manager involves only modifying the configuration
file, without necessitating changes to the core code base. This centralization ensures consistency
in register mappings and facilitates version control, thereby enhancing the overall reliability of

the system.

Config.py

Inverters address

meteo address map
map

‘ list IPs

Figure 3.8: Config file

* Data Normalization

Figure 3.9 illustrates the data normalization process, where floating-point measurements from
RTUs and PLCs are typically transmitted as integer values spread across one or more 16-bit
registers. To make this data usable, it is essential to convert these raw integer values into their
corresponding engineering units, such as volts, amps, or degrees Celsius. This conversion en-
sures that the data is accurately interpreted and analysed within the SCADA system. It is worth
mentioning that all factors and unit conversions are sourced from the inverter’s technical data

sheet.

Config file

Normalized Data

12.34
e
1234
DATA

Back-end Module

Figure 3.9: Data Normalization Process
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3.3.1.1 Python-Based Data Acquisition Module

The back-end functionality of the SCADA server is divided into separate Python scripts, each of
which handles specific tasks related to data acquisition, storage, performance calculation, and
analytics. The read/write modules are among the most important of the key modules. In this
module, two Python scripts are designed for reading and writing incoming data by referencing

the centralized configuration file to identify each target device, namely:

* Inverter.py: Responsible for polling photovoltaic data inverters.

 station_meteo.py: Handles data collection from meteorological sensors.

Figure 3.10 illustrates the system structure and operational workflow, showing the implemented

modules executing the following sequence:

* Loading configuration parameters (IP address, Modbus unit ID, registers, polling inter-

val).
* Formulating and transmitting Modbus protocol requests.
* Apply scaling factors to convert 16-bit register values to engineering units (floating point).

» Save normalized measurements to the database.
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Config.py

meteo address map

Get Inverter config ) Get meteo Config

Inverters address
map

\ 4

Inverter.py station_meteo.py

Poll ondeleur data every 1s —— — — /N Poll meteo data every 1s
- p| Flask server |« /
C - — — —J
HTTPs request
Frontend

Figure 3.10: Architecture of Polling Modules

This modular approach ensures that each component focuses on its specific function, thereby

enhancing clarity, maintainability, and ease of debugging.
* Data Export to Excel

The Data Export to Excel feature enables operators to extract historical inverter and meteoro-
logical data from the database into a spreadsheet format. This functionality supports offline
analysis, reporting, and long-term archiving without the need for external tools. Figure 3.11
illustrates how this feature is integrated within the Back-End scripts and how it interacts with

the HMI to provide user-driven access to historical measurements.
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Front-end Back-end

HMI

e Inverter.py

oi . — 1 = Export Excel station_meteo.py

operator engineer

o II

S —

Figure 3.11: Data Export and Back-End Processing System

As illustrated in Figure 3.11, a dual-level architecture including a front-end human-machine
interface (HMI) and a back-end processing layer is highlighted. When the engineer operator
selects 'Export Excel' on the HMI, an HTTPS request is sent to the Flask server. The server
translates this into a data request and forwards it to the 'Inverter.py' and 'Station_Meteo.py' mod-
ules. These scripts retrieve the requested historical measurements from the database and format
them into a spreadsheet. The Flask server then returns this spreadsheet to the HMI, allowing the

operator to download it directly.

3.3.1.2 Parameter Calculation Module

After storing real-time measurements, a supplementary Python module was developed to com-
pute higher-order performance metrics for each inverter (see Figure 3.12). This module calcu-

lates the following performance indicators:

Yield Total (Yr)

Actual Yield (Ya)

Firm Yield (Yf)

 Performance Ratio (PR)
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Config.py

Inverters address
map

Get Inverier config Get mete|o Config

meteo address map ]

— Inverter.py station_meteo.py —
A A
5
Yr
Database Ya
Yf
PR

parameter.py } J

Poll parameters every 15min

i
Poll ondeleur data every 1s —— — 7 /N Poll meteo data every 1s
>| Flask server | /
e Y —J
HTTPs request
Frontend

Figure 3.12: Flowchart with Parameter Module

As can be seen in Figure 3.12 of the provided diagram, the “parameter.py” function is designed
to obtain real-time data from the “Inverter.py” and ‘“Station Meteo.py” modules in order to
calculate the following variables: Yr, Ya, Yf, and PR.

3.3.1.3 Predictive Module

The function “prediction_model.py” script is to predict the inverter DC power output. The sys-
tem integrates processed feature inputs from station meteo.py (meteorological data) and ac-
tual measurements from inverter.py. Subsequently, it calculates a predictive target, designated
Pdc predict. This target is stored in the MongoDB database and subsequently displayed on the
interface (Front-End).
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Figure 3.13: Flowchart with Analytic Module

In this Figure 3.13, the “Prediction_model.py” script gets data input features from the “sta-
tion_meteo.py” script and the target measurement (PDC) from “inverter.py” in real-time data
polling. The model is pre-trained using ML techniques such as Random Forest or the proposed
CNN-LSTM. After that, it stores the outputs as "Pdc_Prediction" in MongoDB.
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3.3.2 Data Storage with MongoDB

In a data-driven environment such as PV system monitoring, it is crucial to be able to store, man-
age, and process large volumes of time-series data efficiently. MongoDB, a document-oriented
NoSQL database, offers the flexibility, scalability, and performance required for this applica-
tion. Its JSON-like structure allows complex and evolving data to be accommodated without the
need for rigid data migration. Furthermore, MongoDB's horizontal scaling (sharding) and built-
in time-to-live (TTL) indexes enable the ingestion of thousands of data points per second[32].
High-resolution data is retained temporarily, while older records are automatically archived or

removed[33]. Figure 3.14highlights the structure of the used database.
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Figure 3.14: Database Architecture

The database is logically divided into three primary collections:

* Inverters Collection: Stores real-time and historical data from inverters and junction

boxes.

* Meteo Collection: Captures environmental data from meteorological stations.

* Performance and Prediction Model Collection: This collection aggregates performance

metrics (YR, Ya, Yf, and PR) and prediction model outputs. This structure facilitates effi-

cient data retrieval and supports predictive analytics and fault detection systems. Table 3.2
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presents a comparative analysis of MongoDB (NoSQL) and traditional relational (SQL)
databases.

Table 3.2: Comparative Analysis of MongoDB (NoSQL) and Relational SQL Databases

Criterion MongoDB (NoSQL) Relational SQL
Storage Compact storage with BSON Generally larger due to normalized
Footprint compression; built-in TTL purges | tables and indexes; requires manual
old data automatically archival scripts.
Schema Schema-less, can add fields Rigid schema; altering table
Flexibility without migrations structures often requires migrations
Performance Optimized for high-frequency Good for transactional workloads;
writes (thousands of docs/sec); fast large bulk inserts and time-series
time-range queries via compound queries can degrade performance
indexes
Ideal Use High-throughput telemetry, Structured, transactional data with
Case evolving data models, and stable schemas (e.g., financial
real-time analytics records)

3.3.3 Application Server (Flask)

The Flask application server acts as middleware, facilitating data exchange between the Back-
End processing layer and the Front-End HMI. It receives HTTP requests from the Front-End,
processes them, and communicates with Back-End services to retrieve or update data. This
architecture enhances scalability and simplifies system maintenance by allowing independent
updates to the Front-End without affecting the Back-End logic. Figure 3.15 presents the ar-
chitectural role of Flask in orchestrating HTTP request handling and mediating data exchange
between front-end and back-end system components.

L] Application Host
Front-end HTTP reqeust ——— Back-end

Q‘ HMI
POST
Save mode — —|

api/save_mode Flask

- ] GET

Figure 3.15: Flask as a Middleware: Managing HTTP Requests and Data Flow

Specifically, Flask functions as a server that receives HTTP requests from the Front-End dash-
board, processes them, and communicates with the Back-End services to retrieve the necessary
data. These responses are relayed back to the Front-End, where they are either visualized or

interacted with by the user. This approach enhances scalability and simplifies system upgrades.
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3.3.4 Front-End and Visualization

The Front-End HMI is designed to provide operators with an intuitive interface for monitoring

and controlling the PV system. It is structured into three main pages:
* Overview: Displays system status and aggregated data.
* Details:: Allows operators to access specific inverter and junction box information.

* Report:Enables data export and trend visualization.
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Figure 3.16: Front-End HMI Architecture and Data Flow

The HMI interacts with the Back-End via HTTPS polling, ensuring real-time updates and seam-

less operation.
Essentially, the Front-End serves as the central point of interaction for operators, as shown in
Figure 3.16. It abstracts the complexity of Back-End data sources and presents actionable in-

sights and control options for the PV system.

To provide an overview of the entire system, the following global architecture diagram, Fig-
ure 3.17 consolidates the key components and interactions discussed throughout this work. It
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illustrates the complete data flow from user interaction at the Front-End interface, through the

Flask-based middleware layer, to the Back-End processing and data storage components.
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Figure 3.17: Full-Stack Web Application Architecture

3.4 Data Server Emulation

The development of a Supervisory Control and Data Acquisition (SCADA) system for large-
scale photovoltaic (PV) power plants requires a rigorous and iterative testing phase. Given the
complexity and real-time nature of such systems, continuous testing under realistic conditions
is essential to validate performance, ensure reliability, and fine-tune both the backend and fron-

tend components.

However, direct access to a live PV plant during development is often impractical due to opera-
tional constraints, safety concerns, or logistical limitations. To overcome this, system emulation
emerges as a critical methodology. By simulating the behaviour of the PV plant and its data flow,
developers can carry out comprehensive validation, fault injection, and performance monitoring

in a controlled environment.

The Raspberry Pi 4 Model is proposed as a low-cost, flexible, and efficient emulation platform.

Leveraging its robust processing capabilities, network interfaces, and Linux-based environment,
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the Raspberry Pi is configured to act as a virtual server, mimicking the behaviour of the prin-
cipal data acquisition switch in a real PV monitoring system, as shown in figure 3.18.
Specifically, the Raspberry Pi is programmed to:

* Replay a historical dataset spanning two years, representing key operational variables

such as solar irradiance, ambient temperature, voltage, current, and power output.

* Emulate real-time data transmission using standard industrial communication protocols
Modbus TCP.

* Maintain consistent controllable sampling intervals (e.g., every 5 or 10 seconds), simu-

lating the temporal dynamics of a real PV installation.

Ain EI-Melh Power plant

Raspberry pi 4(Server) SCADA Interface

Figure 3.18: Raspberry pi4 server

This approach allows for full-scale system testing, including:

» Backend ingestion and processing performance under sustained data flow.
* Frontend responsiveness and visualization accuracy.

 Real-time fault injection for evaluating diagnostic algorithms.

+ System stability, error handling, and logging mechanisms.

The emulation process implemented on the Raspberry Pi 4 follows a structured methodology
designed to replicate the behaviour of a real PV monitoring system. This approach ensures
accurate data representation and seamless integration with the SCADA interface, figure 3.19

shows the data sending emulation. The following steps summarize the procedure:

* Initial Configuration: An IP address and a slave ID are assigned to the Raspberry Pi to

emulate the identity of a field device within a Modbus-based or IP-addressable network.
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Data Preparation: A two-year historical dataset, including key parameters such as irra-
diance, temperature, voltage, current, and power, is stored locally on the Raspberry Pi.
This dataset serves as the source for the emulated data stream.

Data Conversion: Since many industrial protocols transmit data in raw integer form, the
floating-point measurements in the dataset are converted into integer format. This ensures

compatibility with the SCADA system and allows realistic simulation of sensor output.

Data Mapping and Addressing: Each subfield is associated with a specific IP address.
Within each virtual device, the corresponding measurement types are encapsulated into
specific Modbus address registers within specified register types, such as handling and
coil registers, also the number of registers addressed is assigned to each type of data,

allowing the SCADA system to interpret them accordingly.

Transmission Parameters: The size of each data packet and the sampling interval (e.g.,
every 5 or 10 seconds) are configured to mimic real-time operational behaviour. These
parameters are adjustable to simulate different network loads and measurement frequen-

cies.

Server Initialization: The emulation server script is launched remotely via SSH connec-
tion to the Raspberry Pi. This script initializes the configured transmission parameters

and begins serving data.

Data Transmission: Data is transmitted from the Raspberry Pi to the SCADA backend
via an Ethernet connection. The SCADA system receives, stores, and visualizes this data

as though it originated from real hardware components in a live PV plant.

This emulation methodology enables robust system testing under realistic and reproducible con-

ditions. It also facilitates the validation of data ingestion, processing pipelines, and visualization

tools within the SCADA environment prior to deployment in a live setting.
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Figure 3.19: Raspberry pi4 data sending emulation
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The Raspberry Pi thus serves not only as a data source emulator, but also as a critical inte-
gration tool, ensuring that the SCADA system can operate reliably once deployed in a real-
world environment. Its use accelerates development, supports modular testing, and allows re-
producible experiments, making it an indispensable component of the proposed smart PV mon-

itoring solution.

3.5 Conclusion

In this chapter, a complete framework was presented for the development and implementation
of a SCADA interface tailored for large-scale photovoltaic (PV) power plant monitoring. The
development process was divided into two core domains: the communication architecture and
the SCADA server architecture.

Firstly, we examined the hierarchical communication network, which begins with RS-485 /
Modbus RTU field devices transmitting data to a serial device manager. This intermediary per-
forms real-time protocol conversion to Modbus TCP, enabling integration with Ethernet-based
infrastructure. We outlined the encapsulation of Modbus RTU payloads into TCP/IP packets
and described how these are transmitted through the OSI layers across physical media such as
fiber-optic and RJ45 Ethernet. A robust request-response communication mechanism was il-
lustrated, detailing how data is reliably polled from field devices and delivered to the SCADA
server for further processing.

Secondly, the SCADA server architecture was detailed, encompassing the Back-End data pro-
cessing modules, Flask application server, MongoDB storage system, and Front-End visual-
ization layer. Specific focus was placed on modular Python-based scripts for real-time data
acquisition from inverters and meteorological sensors. The configuration management strategy
was explained, along with the normalization of raw register values into engineering units. Addi-
tional features such as Excel export functionality, performance metrics, and prediction module

calculation were implemented to support operational analytics.

Thirdly, the role of MongoDB as the data storage layer was discussed, highlighting its advan-
tages in handling large-scale time-series data, scalability through sharing, and automatic data
lifecycle control via TTL indexing. The overall system design enables scalable, modular, and
real-time monitoring of PV systems while supporting future integration of intelligent analytics

and diagnostic modules.

Finally, to enable continuous testing and validation of the SCADA system in the absence of
a live PV environment, a full emulation mechanism was implemented using the Raspberry Pi

4. Acting as a virtual data acquisition unit, the Raspberry Pi was configured to replay a two-
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year historical dataset over Ethernet using Modbus TCP or HTTP REST protocols. This data
was preprocessed, converted to raw integer format, encapsulated into protocol-specific address
registers, and transmitted at predefined intervals. The Raspberry Pi thus served as a critical tool
for simulating real-time field behavior, ensuring reliable backend integration, and verifying end-
to-end system functionality. This approach not only accelerated development but also enhanced
the robustness and adaptability of the SCADA architecture.
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4.1 Introduction

This chapter presents a comprehensive and innovative methodology for performance prediction,
fault detection, and diagnosis in large-scale photovoltaic (PV) systems. We introduce a hybrid
deep learning model specifically designed to capture the complex spatio-temporal patterns in PV
array data, followed by an integrated approach for automated fault detection and diagnosis. The
final section describes the implementation of these advanced techniques within a standalone
offline application, providing an accessible and effective tool for PV system evaluation and

maintenance.

4.2 Methodology

The methodology is structured into three main stages, each building upon the previous one to

create a robust and fully integrated solution.

First, we design and implement a novel hybrid deep learning model that combines a one-layer
Convolutional Neural Network (CNN) with Long Short-Term Memory (LSTM) units. This
architecture is trained on historical PV generation data from Ain El Melh, Algeria, after under-
going rigorous preprocessing steps, including data cleaning, normalization, feature selection,
and partitioning into training and testing sets. The hybrid model is chosen for its superior ability

to learn both spatial and temporal dependencies inherent in PV output data[34].

Second, we introduce an automated offline fault detection technique. This method continuously
monitors each inverter’s Corrected Performance Ratio (CPR) and employs adaptive statistical
thresholds to identify anomalies. When a deviation is detected, a complementary diagnosis al-
gorithm utilizes pattern recognition and statistical analysis on historical records to classify and

pinpoint the root cause of the fault.

Finally, the optimized prediction model and the fault detection & diagnosis routines are encap-
sulated within a standalone application. This software processes archived PV system data to
generate automated fault alerts, performance predictions, and detailed diagnostic reports, all

within an intuitive offline environment.

4.3 Proposed Hybrid Deep Learning Model (CNN-LSTM)

4.3.1 The Dataset

The dataset utilized in this research comes from a large grid-connected, ground-mounted photo-

voltaic (PV) system situated in Ain El-Melh, Algeria. The values (min,max,avg) are introduced
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to provide a quick overview of the data range and typical behaviour of each input feature, as
described in the table 4.1 :

Table 4.1: PV plant monitoring data

Feature Description Minimum Maximum Average
Tp Panel temperature (°C) —2.5000 74.8000 27.8800
Gtilt Tilt irradiation (W/m?) 0 1565.7 308.2515

VDC Voltage (V)
IDC Current (A)
PDC Power (kW)

780.4000 323.4112
944.3000 182.6364
569.4410 107.6481

Gtot Total irradiation (W/m?) 0 1395.6 237.9987
Gdisp Dispersion irradiation (W/m?) 0 648 73.6811
Gdirect Direct irradiation (W/m?) 0 1364.3 234.4052
WS Wind speed (m/s) 0 22.2 3.7939
H Humidity (%) 0 71.6000 35.2273
P Pressure (Pa) 0 927 911.3952

0

0

0

4.3.2 Data Processing

To ensure the reliability of our model, data preprocessing is essential[35]. This involves:

* Cleaning and Imputation: Missing data points were addressed through interpolation for
minor gaps, while severely erroneous or outlier values were removed to maintain dataset

integrity.

* Normalization: All features were normalized to a common scale to mitigate biases due

to differing units and magnitudes, facilitating efficient model convergence.

* Feature Selection: Correlation analysis and importance ranking techniques identified the
most influential variables impacting PV output, including module temperature and solar

irradiance.

» Data Partitioning: The refined dataset was split into training and testing subsets using

an 80/20 ratio to enable unbiased evaluation of model performance.

4.3.3 CNN-LSTM Hybrid Model

The proposed CNN-LSTM structure, as it is shown in Figure 4.1. consists of one CNN layer,one
LSTM layer, and a fully connected layer. The input of the neural network has nine variables,

eight of which are features such as temperature, irradiance, global radiation, and others (see the
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section Dataset for more information about the variables), while the ninth variable is the target

(in this schematic the target is set as PV power generated Pdc).

First, the upper layer of CNN-LSTM consists of CNN. The CNN layer can receive various
variables that affect PV output. On the other side, the dataset is separated into two parts: 80%
for training the model and 20% to validate the results. In the validation part, we used data
from Ain Melh Bosaada in 2023, as shown in Table 4.1. The CNN consists of an input layer
that accepts sensor variables as inputs, an output layer that extracts features to LSTMs, and
several hidden layers. The hidden layers used consist of: a convolution layer, a ReLU layer, an
activation function, or a pooling layer. From the presented data in the input, a unique output
pattern is generated. The CNN extracts the local features and the LSTM temporal part. With
this structure, the neural network “learns” for every input a weight that determines a specific

output.
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Sequance Learning

Max Pooling

X1
X2
X3

= PVprea

Output

F————

G ===-000

Extracted LSTM Layer
Features

Time serie Data

X8 Fully Connected Layer

Inputs Data CNN Layer

Figure 4.1: The proposed CNN-LSTM Architecture

The hybrid CNN-LSTM architecture employs a single convolutional layer with ReLU activa-
tion, followed by a pooling layer. The LSTM component utilizes one hidden layer, while a
fully-connected output layer (2048 neurons) incorporates a 0.1 dropout rate to prevent overfit-

ting. Detailed parameter specifications are provided in Table 4.2.
Hyperparameters were optimized via trial-and-error: Initial values were set, models were trained
on 80% of the data and validated on 20% across seasonal subsets spanning two years. Parame-

ters were iteratively adjusted until optimal performance was achieved.

To validate model efficacy, PV output predictions were evaluated under distinct weather scenar-
10s (cloudy/clear skies) and benchmarked against: LSTM, Random Forest, and 5D CNN-LSTM

A comprehensive analysis of comparative results is presented in subsequent sections.
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Table 4.2: Layer configuration of the proposed model

Layer Configuration Activation Function
Convolution 1 Filters = 64; kernel size =3 ReLU

Max-pooling 1 Kernel size = 2; stride=2  --

LSTM 1 Units = 64 Tanh, Sigmoid

Fully Connected Neurons = 2048 --

Dropout Dropout rate = 0.1 --

Training Parameters Loss function: MSE, Optimizer: Adam, Batch size: 32

4.3.4 Performance Evaluation Metrics

To evaluate the model’s performance several standard metrics are used, including Root Mean
Squared Error (RMSE), Mean Absolute Error (MAE), and the coefficient of determination (R?),

which collectively provide a robust measure of prediction accuracy and reliability[36].

1
MAE = — i — Ui 4.1
- E% Jvi — 3] (4.1)
1 n—1
RMSE = , | =) (i — i) (4.2)
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n—1 /~ 2 n—1
i T Y . _ 1
R*=1- Zzn:_11 (y_ Y >2 with = — Zyi 4.3)
21:1 (y Yi N

4.3.5 Prediction Results

* DC Power prediction

Figure 4.2 compares the predicted versus actual daily PV output for two distinct test scenar-
ios, demonstrating the superior accuracy of the proposed CNN-LSTM model. Across diverse
weather conditions, the coefficient of determination (R?) consistently exceeds 0.9992 (see Ta-
ble 4.3). Under cloudy conditions, the Mean Absolute Error (MAE) measures 2.4475 kW, which
improves to 1.3795 kW on clear days. Similarly, the Root Mean Square Error (RMSE) decreases
from 3.8901 kW in overcast scenarios to 2.1774 kW under clear skies. The enhanced perfor-
mance under clear-sky conditions is attributed to the diminished variability in irradiance and

module temperature, yielding more stable power generation throughout the day.
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Figure 4.2: Predicted and measured power (a) clear sky day (b) cloudy day

Table 4.3: Performance metrics under different weather conditions

Condition | R? | RMSE (kW) | MAE (kW)
Clear skies | 0.9998 | 2.1774 1.3795
Cloudy 0.9992 |  3.8901 2.4475

* DC Current prediction

Two distinct test scenarios were also employed to evaluate the model’s ability to predict the
PV system’s DC current. As shown in Figure 4.3, the CNN-LSTM predictions closely track
the measured values, with coefficients of determination (R?) exceeding 0.9991 in both cases
(Table 4.4 ). The Mean Absolute Error (MAE) spans from 2.2967 A to 5.1988 A, while the Root
Mean Square Error (RMSE) ranges between 3.5286 A and 8.2184 A. These results confirm the

model’s robust accuracy in capturing DC current dynamics under varying daily conditions.
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Figure 4.3: Predicted and measured current (a) clear sky day (b) cloudy day
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Table 4.4: Performance metrics of current prediction under different weather conditions

Condition | R’ | RMSE (A) | MAE (A)
Clear skies | 0.9998 3.5286 2.2967
Cloudy 0.9991 8.2184 5.1988
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* DC Voltage prediction

Figure 4.4 presents the predicted DC voltage generated by the CNN-LSTM model alongside the
measured values under both clear and cloudy sky conditions. As shown, the predicted voltage
closely matches the actual measurements. This alignment is supported by the regression results
in Table 4.5, where the coefficient of determination (2?) reaches approximately 0.9660, indicat-
ing an excellent fit. These results confirm the model’s robustness and adaptability, particularly

under stable weather conditions.
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Figure 4.4: Predicted and measured voltage (a) clear sky day (b) cloudy day

Table 4.5: Performance metrics of voltage prediction under different weather conditions (Alter-
native Model)

Condition R? RMSE (A) | MAE (A)
Clear skies | 0.9660 4.3260 3.5461
Cloudy 0.9414 7.1951 5.3641

* Performance Comparison with Other Models

The comparative performance of the proposed one-layer CNN-LSTM hybrid model was evalu-
ated against standard baseline architectures (a standalone LSTM, a five-layer CNN-LSTM, and
a Random Forest), all trained on the same dataset. Table 4.6 (reproduced from our master’s
research work) summarizes key metrics: coefficient of determination (12?), Root Mean Square
Error (RMSE), Mean Absolute Error (MAE), along with the total number of trainable parameters
and model size.

Table 4.6: Comparative Evaluation of Proposed CNN-LSTM and Benchmark Models

Model R? RMSE MAE N Parameters
CNN-LSTM 0.9998 3.5286 2.2967 169,793 (663.25 KB)
LSTM 0.9957 11.9234 7.9842 51,821 (202.43 KB)
SCNN-LSTM  0.9975 8.9992 5.4994 1,089,713 (4.16 MB)
Random Forest 0.9680 21.0200 7.4000 Non-parametric
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From the table, the CNN-LSTM model achieves the best results compared to the other methods.
This is because CNN is used to extract important features, while LSTM handles the prediction.
This explains why it outperforms the standalone LSTM model.

However, when the number of CNN layers increased (as in the SCNN-LSTM), the model re-
turned a much larger number of parameters. This could reduce accuracy when working with
real-time data, and it requires more hardware resources to run. It may also suffer from instabil-

ity or forgetting over time.

4.4 Proposed Fault Detection and Diagnosis Methodology

4.4.1 Fault Detection Technique

The proposed fault detection approach efficiently identifies anomalies in large-scale photo-
voltaic (PV) systems by analysing each inverter’s Corrected Performance Ratio (CPR) using
statistical outlier detection combined with temporal fault tracking[37]. This methodology inte-

grates three core components:

* Corrected Performance Ratio (CPR)

PR
CPR = 4.4
1—-46x (Tp — pﬁSTD) ( )
Y,
PR = - 4.
R Y, (4.5)

Where:
 T,: Cell temperature computed from measured meteorological data (°C)
* Tsrp: Cell temperature under standard test conditions (typically 25°C)

» 0: Temperature coefficient for power (%/°C, negative in sign) that corresponds to the

installed modules
* Y,: Reference Yield
* Y} : Final Yield

This correction ensures that CPR reflects true performance degradation, independent of natural

fluctuations in temperature.

* Abnormal Behaviour Detection — Hampel Identifier
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The Hampel identifier serves as a robust statistical framework for detecting photovoltaic (PV)
inverter faults by identifying outliers in Corrected Performance Ratio (CPR) values. An inverter
‘Inv’ at time t is flagged as faulty if its CPR (CPRt, Inv) falls below an adaptive bound. This
dynamic thresholding approach reliably distinguishes between inherent operational variability

and significant performance deviations indicative of faults. Figure 4.5 illustrates this concept.

CPR™ < bound (4.6)
bound = mean(CPR;) —a x S 4.7)
x median |mean(CPR;) — CPR}"| (4.8)

= 0.6745

* «: Threshold constant

* S: Median Absolute Deviation (MAD) scale estimator

To prevent instability caused by the vanishing of the scale parameter S during low inverter
activity periods, such as sunrise, sunset, or limited inverter operation, a minimum threshold
of 0.07 was imposed. Thus, S is redefined as max(S,0.07), ensuring numerical stability and

consistent model performance under low-irradiance conditions.
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Figure 4.5: Detection of PV Inverter Faults Using the Hampel Identifier
In Figure 4.5(a) displays normal inverter operation, where CPR values fluctuate above the

bound.While Figure 4.5(b) shows a fault condition, where the inverter's CPR falls below the

bound, signaling a performance anomaly indicative of a fault.

* Fault Detection Frequency
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While individual inverter CPR outliers may signal faults, transient anomalies caused by envi-
ronmental fluctuations, shading, or measurement noise can also produce similar deviations. To
distinguish isolated events from persistent faults, the Anomaly Frequency Index (AFI) is intro-
duced. The AFI quantifies the occurrence and consistency of CPR outliers over a specified time

window, enabling more reliable fault detection.

1 i
AFI; =+ ; H (bound, — CPRY)

where The function H is Heaviside step function :

1, ife>0
H(x) =
0, ifz<0
The figure 4.6 illustrates the overall fault detection framework, detailing the sequential pro-

cessing steps from data acquisition through CPR of the Inverter, adaptive thresholding via the

Hampel filter, and fault classification based on AFI evaluation.

AFI inveter 1:
AFI inveter 2:
—t=75min—>| .

) AFI
t<75min list each Inv

Hample bound

AFI inveter n:

inverters

H =mean - S * alpha

calculi
(CPR1,CPR2,...)

calculi
(PR1,PR2,...)

mean all
CPR m S= max(MAD/0.6745 ; 0.07)
CPR=PR/(1-0.0038 x (Tm - 25))

Figure 4.6: Fault Detection Technique Based on CPR Metric and Hampel Identifier

To illustrate the process, the Algorithm (Algorithm 1) presents a concise step-by-step outline of
the fault detection method.
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Algorithm 1: Fault Detection Technique

Input :

 Current matrix I,y (M: period of detection, N: inverters)
* Voltage matrix Vi« n

* Inclined irradiance vector G,

* Cell temperature vector 7,

Output: A flag for each inverter indicating whether it is faulty
1 for eachT' < M do
2 for Inv < N do
t Compute mean CPR across inverters: C'PR; jny;

w

4 Compute mean CPR across inverters:

mean CPRt Z CPRt JInv

Inv—
5 for Inv < N do

6 Calculate absolute deviation:

M ADy,, = |mean(CPR;) — CP Ry 1|

=2

Compute scale parameter:

= O x median(M ADyyy)
Enforce S < max(S,0.07);

Set detection boundary: bound; = mean(C'PR;) — a.S;

for Inv < N do

e

N

10

M

1

AF Ty = > " H(bound, — CPRy )
t=1

| Where H(x) is the Heaviside step function
1 for Inv < N do

12 for in AF'l;,, do

13 if AF1I;,, > 0.6 then

14 t Mark the inverter as faulty;
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4.4.2 Diagnosis Approach

After fault detection flags anomalous behaviour via the Anomaly Fault Indicator (AFI), signaling
a potential issue, the next task is pinpointing its origin. Our innovative approach hinges on
crafting adaptive boundaries for DC current (Idc) and voltage (Vdc). These boundaries stem
from predictions by a trained CNN-LSTM proposed model, which predicts the expected Idc
and Vdc under normal, fault-free conditions for that day. Using these predictions and defined
equations, we establish Dynamic boundaries that sharply distinguish normal operations from

various fault states, enabling accurate fault type classification.
* Dynamic Boundaries for Fault Diagnosis

To construct the dynamic boundaries for fault diagnosis, a hybrid deep learning model (CNN-

LSTM) is used to predict the expected direct current Ipc,,, and voltage Vpc,,, values under

red red

fault-free operating conditions. These predictions represent the baseline behaviour of the pho-

tovoltaic system in normal operation and serve as reference points for fault classification[38].

To account for natural variability and prediction uncertainty, the standard deviations of the
model’s prediction errors, denoted as o; for current and oy for voltage, were computed from the
training dataset. These statistical measures quantify the deviation between the model's outputs

and the actual measured values during periods confirmed to be free of faults (healthy system).

An adjustable parameter p is introduced to define the confidence level of the boundary thresh-
olds, with p = 1 corresponding to approximately 68.2% confidence. This parameter allows the
dynamic boundaries to be scaled appropriately to balance fault sensitivity and robustness against

false alarms.

Figure 4.7 illustrates the concept of standard deviation spread in a normal distribution, demon-
strating how the choice of p = 1 defines the boundary limits that capture the majority of normal

behaviour while allowing detection of anomalies beyond these limits.
By integrating the model’s predictions with these statistically derived thresholds, the proposed

method facilitates accurate, adaptive monitoring of system behaviour, thereby enhancing fault

detection and diagnosis performance.
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Figure 4.7: Standard Deviation Spread in a Normal Distribution

* Dynamic Lower Bounds

The dynamic lower boundaries for DC current and voltage are defined as:
IDC,lower = IDC,pred —pPor (49)

VDC,lower = VDC,pred y4%% (410)

If the real-time measured current or voltage falls below these thresholds, it suggests abnormal

behaviour. Mathematically, a fault condition is identified if:

[DC,measured < IDC,lower (411)
VDC,measured < VDC,lower (412)
* Dynamic upper Bounds

To detect overvoltage conditions, an upper threshold is defined exclusively for the DC voltage.
Within the system’s design and operational framework, overcurrent conditions are not consid-

ered critical; therefore, no upper bound is enforced for the DC current.

VDC,upper = VDC,pred + pov (413)

A real-time measurement is considered to exceed the upper dynamic boundary when the follow-

ing conditions are satisfied:
VDC,measured > VDC,upper (414)
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To ensure the system is operating normally, all real-time measurements must remain within their

corresponding bounds:

IDC,lower < IDC,meas and VDC,lower < VDC,meas < VDC,upper (415)

Measurements outside these boundaries trigger fault diagnosis processes and help categorize

fault types with improved precision.

4.4.3 Fault Diagnosis Scenarios

This approach enables precise differentiation between normal and faulty conditions. The overall
architecture of the diagnosis process, including fault detection and classification via adaptive
boundaries, is illustrated in Figure 4.8, which provides a clear visual representation of the step-

by-step decision-making flow from anomaly detection to fault classification.

Fault Detection
CPR Calculation |
Process

Fault Classification

Idc, < ldCLower

Vdciower<VdCmeasurea<VdCupper VdCiower<VdCmeasurea<VdCypper

Yes

VdCmeas > VdCupper VdCmeasured > VdCupper

Possible faults : Possible faults : R Possible faults :
One or more than one string shadin ’ | P°ss'b!e faults : Short circuit
are broken. 9. nverter Disconnected module

Figure 4.8: Fault detection and diagnosis flowchart of the proposed method
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In this flowchart, once a fault within the photovoltaic (PV) system has been confirmed, the ap-
proach systematically isolates three potential fault sources by evaluating two adaptive-boundary

indicators derived from predicted current and voltage values. The following scenarios are em-

ployed to identify specific fault types:

Idc (A)

Idc (A)

* Scenario 1: As depicted in Figure 4.9, both the measured DC current and voltage exceed

700
600 §
500
400 4

300 4

200
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300

their respective thresholds. This condition is indicative of partial shading, which dimin-

ishes the irradiance received by the PV modules, thereby causing simultaneous reductions

in both current and voltage.

== Upper Bound
-—-- Lower Bound

—— ldc measured

0 5 10 15 20 25

Index

Figure 4.9: Partial Shading or Soiling Effects on PV Module

Scenario 2: Illustrated in Figure 4.10, the measured DC current remains within its thresh-
old band, while the voltage exceeds its threshold. This scenario suggests the presence of a

short-circuit fault within the PV modules, where the current is unaffected but the voltage

drops significantly.
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Ide (A)

* Scenario 3: As shown in Figure 4.11, the measured DC current exceeds its threshold,

whereas the voltage remains within its designated bounds. This situation points to an issue

within the PV strings, such as a disconnection or degradation, which primarily affects the

current output.
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Figure 4.11: String-Level Fault in PV System

4.5 Standalone Python GUI for Prediction and Fault Diagno-

Sis

This section outlines the design and implementation of a standalone graphical user interface

(GUI) application developed for power prediction, fault detection, and diagnosis in photovoltaic

systems (see Figure 4.12). The application features an intuitive, user-friendly interface that

integrates seamlessly with the proposed CNN-LSTM model, enabling users to:

Input relevant system and environmental data.
Configure model prediction parameters.
Visualize predicted values and fault detection.

Perform key parameter calculations.

Automatically detect and diagnose system faults.
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Prediction and Fault Diagnosis Application for PV Systems

Proposed CNN-LSTM
Trained Model

Data

fault detection algorithm

fault classification

Page 1 Page 2
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Figure 4.12: Standalone Offline Application for PV System prediction, Fault Detection and
Diagnosis

The system architecture is structured around two core functional modules: prediction and anomaly

detection (Page 1), and detailed fault diagnosis (Page 2).

4.5.1 Page 1 - Prediction and Fault Detection Module

This page leverages a pre-trained CNN-LSTM deep learning model to predict outputs of the PV
system, such as DC current and voltage, based on environmental and operational inputs (e.g., ir-
radiance, temperature). The input data and trained model are loaded through dedicated interface
controls. Once data processing, the system applies a fault detection algorithm, and Deviations
are quantified using the Anomaly Fault Index (AFI), computed via an adaptive thresholding
method. This process enables identification of abnormal operating behaviour, which is visually

represented through interactive plots and status indicators on the GUI.

4.5.2 Page 2 - Fault Diagnosis Module

After detecting an anomaly, this page presents detailed visualizations of DC current and volt-
age profiles over time, enabling users to examine deviation patterns. The system applies pre-
defined diagnostic criteria to classify fault types, distinguishing among various failure modes.
Results display in an intuitive format, supporting rapid interpretation and decision-making to
ensure both early detection and precise classification, thereby enhancing PV system reliability

and maintainability.
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4.6 Conclusion

In this chapter, we have developed and validated a comprehensive methodology for PV sys-
tem performance prediction, fault detection, and diagnosis. By employing a novel CNN-LSTM
hybrid model, we achieved highly accurate predictions of PV output under diverse environ-
mental and operating conditions. Our fault detection and diagnosis techniques, based on robust
statistical analysis and adaptive performance boundaries, ensure reliable identification and clas-

sification of system anomalies.

The implementation of these models in a standalone offline application demonstrates their prac-
tical value for PV system monitoring and maintenance. Looking ahead, we plan to integrate this
intelligent diagnostic tool into the SCADA interface developed in Chapter 3. This integration
will enable real-time fault prediction and automated performance analysis within the operational
monitoring platform, enhancing the overall responsiveness, efficiency, and intelligence of PV

plant supervision.
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5.1 Introduction

This final chapter presents the results obtained from the operational deployment of the devel-
oped SCADA interface within a grid-connected photovoltaic (PV) power plant. The data and
visualizations discussed are drawn from a representative experimental day, selected to demon-

strate the system’s monitoring, analytical, and logging capabilities under real-world conditions.

Rather than focusing solely on interface design, the discussion emphasizes how each functional
layer contributes to effective supervision and decision-making. The chapter highlights the in-
tegration of real-time visualization with advanced diagnostics, positioning the interface as a
central tool for managing and optimizing PV plant performance. The following sections illus-
trate the system’s hierarchical and modular structure, demonstrating how it translates complex

operational behaviour into intuitive, actionable insights.

5.2 SCADA Interface Presentation

The developed SCADA solution comprises two complementary interfaces designed to address

distinct operational needs within the photovoltaic plant supervision framework.

The first interface functions in real time, providing continuous monitoring of system parameters
alongside historical data logging capabilities. It offers multi-level visualization, from overall
plant performance down to granular details such as individual strings and junction boxes, thereby
enabling operators to maintain situational awareness and perform immediate assessments during

plant operation.

The second interface operates offline, dedicated exclusively to advanced fault detection and di-
agnosis. Leveraging predictive models and diagnostic algorithms, this standalone application
supports detailed analysis and interpretation of system anomalies, facilitating preventive main-

tenance and reliability assurance without impacting real-time monitoring activities.

Together, these interfaces form a cohesive supervisory environment, balancing the demands of
live operational oversight with comprehensive fault analytics. Each interface and its functional-
ities are elaborated in the following sections, illustrated with representative figures derived from

actual implementation.
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5.3 Monitoring Interface

The monitoring interface provides real-time visualization of PV system performance metrics at
varying granularities:system-wide level, inverter-level, and string-level. Divided into multiple
pages, the interface enables a comprehensive understanding of operational behaviour. and serves
as the foundation for operational oversight by offering an immediate depiction of current system

status and localized component behaviour.

5.3.1 General Monitoring Page

The main monitoring page consolidates multiple sub-levels of supervision, including inverters,
junction boxes, and strings, into a cohesive layout. This hierarchical design allows operators
to transition from general overviews to highly specific parameter inspections seamlessly. Fig-
ures 5.1 to 5.10 display real-time data collected during the experimental day, highlighting the

interfaces functionality under actual operating conditions.

Figure 5.1 presents the main monitoring interface (upper section), which displays key meteoro-
logical parameters using intuitive gauge indicators. These parameters include solar irradiance,
ambient temperature, and wind speed, providing real-time environmental context. Additionally,
station-wide statistics, such as daily energy production and peak power output, are summarized
to offer a comprehensive overview of the plant’s performance at a glance.

@ O 127.0.0.1:5000/api/meteo/data X 127.0.0.1:5000/api/ondeleur/192. X | & Solaire Energie Dashboard X | M Fwd: 2022 ain elmalh data - add= X & Solaire Energie Dashboard x +

€ C @ [ @ lochost ) @ & A4 Gl L @ -

-o- Solaire Energie

Ondeleur M

Real-ti monitoring of

Température ambiante Pression Humidité 1 Direction de vent Température 1 Température 2

#7430 912.50 ,26.20 423570 f3.3o ,34.90
- s " | |

Overview Detailed Inverter Data

Solar Panel Monitoring Monthly Generation

Updated 10 mi s agf

Status
Active o
26: o o >
Total Panel ¥ | 280kWh  210kWh  190kWh 240 kWh

320 Panel - 20

Maximum Used October 301 kWh

Figure 5.1: Inverter Gauges
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Figures 5.2 and 5.3 illustrate the temporal evolution of key meteorological parameters through
interactive line plots. These visualizations display the daily progression of variables such as
solar irradiance and ambient temperature, enabling users to track environmental conditions in

real time and identify trends that may impact system performance.

For instance, users can selectively toggle the display of individual parameters, such as direct
irradiance—on or off using the interactive legend (as shown in Figure 5.3 ). This functionality

helps reduce visual clutter and allows users to focus on specific data of interest.

Additionally, each graph can be expanded into full-screen mode to facilitate detailed examina-

tion of fluctuations, supporting more precise technical analysis and interpretation.

Survelliance station
météorologique

Paramétre Unité

Température ambiante

3:25:52 PM Pression

® Rayonnement d'inclinaison 2519
Rayonnement total  238.10000000000002 Humidité 1
Rayonnement de dispersion 206

® Rayonnement direct Direction de vent

Température de composant 1
. Température de composant 2
32429PM  325:52 PM
Humidité 2
Rayonnement d'inclinaison

Rayonnement total

Rayonnement de dispersion

Onduleur 1 Onduleur2 ¢ Onduleur 3 Onduleur 4 Onduleur 5

Figure 5.2: Parameters curve representation
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Figure 5.3: Curve full size
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To monitor the photovoltaic field at a surface level, the interface provides independent, real-time
supervision of each subfield by individually tracking the operational status of its correspond-
ing inverter. Real-time visualization of critical electrical parameters—such as DC voltage, DC
current, internal temperature, and AC power output—is provided for each unit. This enables
targeted diagnostics and performance evaluation at the subfield level, ensuring localized super-

vision and rapid fault identification.

On the lower side of the interface, a list of all inverters is provided, allowing users to access de-
tailed data for each unit by simply clicking on its identifier. General power-related metrics are
also displayed in this section. On the right side, supplementary meteorological data, such as hu-
midity and wind speed, are presented to complete the environmental context. This functionality

is illustrated in Figure 5.4.
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Figure 5.4: Inverters surface level monitoring

5.3.2 Inverter Monitoring Page

At a more detailed level, each inverter can be accessed individually to display its correspond-
ing measurements, operational indicators, and key performance characteristics. The interface
presents a consolidated information block that includes system-wide metrics, such as AC power
output and hourly energy production, for both Side A and Side B, along with detailed DC and
AC input/output values. In addition, the most important operational characteristics are provided,

such as inverter frequency and temperature. This functionality is illustrated in Figure 5.5.
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- Solaire Energie

Structure des Onduleurs

Onduleur A Onduleur B

SYSTEME GLOBAL SYSTEME GLOBAL
Energie (jour) 2965.70 kWh Efficacité: 9780 % Energie (jour) 3091.10 kWh Efficacité: 97.80 %

Puissance AC: 96.67W Energie totale: 7441982.00 kWh Puissance AC: 101.39W Energie totale: 7578933.00 kWh

Température 28.00 °C Température 27.50 °C
Facteur Puiss. 1.00 - PimwmB PG - Facteur Puiss. 1.00 . Pl FhemG
Fréquence  49.90 Hz $5240 j| 13108 Fréquence  49.90 Hz 1R j| w0es
Efficacité 97.80 % Efficacité 97.80 %
BC cA 8C cA
31250 [ 31250 31220 |[ 31320

96.67 W 101.39W

Figure 5.5: Inverter monitoring

* Inverter Alarms System

An alarm system is implemented across multiple levels of the monitoring interface, from invert-
ers to junction boxes and down to individual strings. This layered approach ensures that faults
can be detected and localized with high precision, enabling timely and targeted maintenance

interventions.

At the inverter level, an alarm flag is raised when one or more connected strings exhibit ab-
normal behaviour. The interface not only signals the presence of a fault but also indicates the
number of affected strings, allowing operators to quickly assess the extent of the issue without

navigating away from the summary view.

This functionality is demonstrated in Figure 5.6, where inverter-level alerts highlight the number

of strings currently flagged as faulty.

- Solaire Energie

Structure des Onduleurs

Onduleur A Onduleur B

SYSTEME GLOBAL SYSTEME GLOBAL
Energie (jour) 2965.70 kWh Efficacité: 9780 % Energie (jour) 3091.10 kWh Efficacité: 9780 %

Puissance AC. 96.67W Energie totale: 7441982.00 kWh Puissance AC. 101.39wW Energie totale: 7578933.00 kWh

Figure 5.6: Inverter alarms
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¢ Performance Parameters

This module presents a set of computed performance indicators for each inverter (Sides A and
B), including the Reference Yield (Yr), Array Yield (Ya), and Yield Factor (Yf), which repre-
sent the expected solar energy input, the actual energy output from the array, and the normalized
energy output, respectively. These indicators are visualized using bar charts to support intuitive

comparison across inverter units and time intervals.

To assess system performance, the Performance Ratio (PR) is calculated by comparing actual
energy output to expected theoretical values. This indicator provides a clear measure of how
efficiently the system is operating under current conditions, making it a critical input for fault

detection.

The module provides operators with a structured overview of real-time, daily, and cumulative
performance, facilitating continuous monitoring and performance evaluation. This functionality

is illustrated in Figure 5.7.

Yf: Final Yield (Rendement final) - Production AC normalisée par kWp PR: Performance Ratio - Rapport de la production réelle sur la production théorique

Performance Ratio (PR) Performance Ratio (PR)
0.6808 Performance Ratio - Rapport de la production réelle sur la production théorique 0.7066 Performance Ratio - Rapport de la production réelle sur la production théorique

Paramétres de rendement Paramétres de rendement

Figure 5.7: Performance parameters

¢ Prediction Module

Real-time environmental inputs are continuously fed into the prediction module, enabling it to
estimate future values of key electrical parameters such as power, voltage, and current. These
predicted values are visualized alongside actual real-time measurements in the form of progres-
sive curves, allowing operators to observe deviations, assess forecast accuracy, and anticipate
system behaviour. By anticipating short-term system behaviour and revealing deviations from
expected patterns, and early indications of expected performance trends.The predictive insights
support operators with informed decision-making and responding proactively.

An illustration of the prediction interface is presented in Figure 5.8.
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Figure 5.8: Prediction module

5.3.3 String Monitoring Page

The junction box level represents the most detailed stage of PV field monitoring, offering precise
electrical insight into the operation and health of the photovoltaic array. This interface enables
fine-grained supervision by presenting electrical measurements at progressively localized levels
within each subfield.

Three levels are defined:

Level 1:Show each inverter's junction boxes.

Level 2:Collect all inverter strings of each junction box side to side.

Level 3:Isolate a single junction box and display its strings.

* Collective Junction Box

At the top of this hierarchy (Level 1), the system evaluates each inverter’s Side A and Side B
by monitoring their respective junction boxes. For each junction box, the interface displays the
aggregated DC current and power from all connected strings, as well as the shared voltage com-
mon to those strings. This representation provides a structured overview of subfield behaviour,
facilitating direct comparison between inverter sides and supporting early detection of potential
irregularities. Additionally, string-level alarms are integrated within each junction box, allowing

for the prompt identification of localized faults. This functionality is illustrated in Figure 5.9.
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Figure 5.9: Inverter's junction boxes

* Collective Strings

Descending to Level 2, the interface focuses on one side of a selected inverter, presenting the
full assembly of its associated junction boxes along with their constituent PV strings. Each junc-
tion box serves as an aggregation point, and the interface displays both the box-level electrical
characteristics, such as total voltage and current, and the individual string currents feeding into
it. This arrangement allows users to assess the collective behaviour of grouped strings while
retaining visibility into individual contributions, thereby enhancing the detection of subsystem

irregularities or mismatches. This functionality is depicted in Figure 5.10.

Vue d'ensemble des sfrings - Onduleur B

Figure 5.10: Inverter's strings

80



Chapter 5. Field Experimental Validation

* Single Junction Box Strings

Finally, at the most granular scale (Level 3), the interface provides detailed monitoring within a
selected junction box, where each individual PV string is displayed separately. Real-time read-
ings of DC voltage and current are presented for each string, enabling localization performance
assessment. In addition, the system highlights detected anomalies at the string level, allowing for

immediate identification and targeted intervention. This functionality is depicted in Figure 5.11.

INV-AQ2 - Détail des Strings

String 01 ° ® String 04
Courant Tension Tension Tension Courant Tension

18.60A 617.00 V 617.00 V 617.00 V 18.10A 617.00 V

String 06 String 07
Tension Courant Tension Courant Tension Tension

617.00 V 617.00 V 617.00 V 617.00 V

Figure 5.11: Isolated junction box level 1

* Strings Alarms System

Continuing with the alarm system, fault detection extends beyond the inverter level to both junc-

tion boxes and individual strings.

At the junction box level, each unit displays its alarm flag when one or more connected strings
are in fault. The interface also shows the number of affected strings, helping operators quickly
narrow down the location of the issue without needing to inspect each string individually. This

functionality is illustrated in Figure 5.12a.

At the string level, each string is shown with its own alarm indicator. A fault is raised when the
current value is null, typically signaling a disconnection or malfunction. The interface marks
these cases with both a visual flag and a current value of zero, enabling quick identification of

faulty strings. This behaviour is demonstrated in Figure 5.12b.
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Figure 5.12: Alarms on junction box and string level

5.3.4 Historical Logging Page

This section outlines the long-term data management capabilities embedded within the SCADA
interface. In addition to supporting real-time monitoring and analytical functionalities, the sys-
tem ensures persistent logging of both raw measurements and derived performance indicators.
These archival features are essential for facilitating trend analysis, regulatory compliance, and

comprehensive performance audits over time.

The interface supports flexible configurations for data sampling rates, saving intervals, and stor-
age formats, allowing adaptation to various operational and reporting requirements.
* Data Saving Configuration

The interface provides flexible logging configurations, enabling operators to tailor data
acquisition strategies based on specific operational needs. Users can target particular
components, such as individual inverters or junction boxes, for focused monitoring and

recording. Key logging parameters are fully customizable, including:

— Sampling interval: Defines how frequently measurements are recorded.

— Inverter selection: Enables logging of only selected metrics, reducing unnecessary

data storage.

This configurability ensures efficient use of storage resources while maintaining high-resolution

data for critical components. Figure 5.13 illustrates the data saving configuration interface.
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Real-time (20s) Regular (5min) Storage Efficient (15min) Disable All Saving

Inverter 192.9.200.101

Saving Disabled Every 20 seconds

Inverter 192.9.200.1 ) @) savingEnabled  Every 20 seconds

Currently saving eve

Inverter 192.9.200.103

- $Saving Disabled Every 20 seconds
Currently saving every 20 seconds

Inverter 192.9.20(

Currently saving

Saving Disabled Every 20 seconds

Inverter 192.9.200.105

Currently saving 20 seconds

Saving Disabled Every 20 seconds

Inverter 192.9.200.106

’ N Saving Disabled Every 20 seconds
Currently saving every 20 seconds

Figure 5.13: Data saving parameters

* Historical Data Visualization and Report

The reporting page enables visualization of historical data through time-series plots. By se-
lecting a specific date, users can review previously recorded system behaviour in the form of
performance curves, providing contextual insights into past operational conditions. In addition
to visualization, the interface supports customized data export: operators can select which in-
verters to include and optionally choose whether to incorporate junction box-level data. The
exported file is generated in an Excel-compatible format, facilitating further offline analysis

and reporting. This functionality is demonstrated in Figure 5.14.

-0- Solaire Energie o Ondeleur I Analytic [ Report

Reports B9 Select Date Y Parameters All Inverters Include Junction Box ISRZNSTEIES

v AllInverters
Inverter 1
Inverter 2
Inverter 3
Inverter 4
Inverter 5

Inverter 6

Inverter 7

Inverter 8

Inverter 9

Inverter 10

Figure 5.14: Historical report
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* Data Exported File

The exported files are generated in an Excel-compatible format and are structured to en-

sure both readability and traceability. Each file begins with general metadata, including

the station name, the selected date, and the identifier of the associated subsystem, such

as the meteorological station name, the inverter number and side designation (A or B), or

the corresponding junction box reference.

The main body of each file is organized according to the nature of the subsystem:

— Meteorological Station File: This file contains environmental parameters recorded

by the weather station, including irradiance, ambient temperature, wind speed, at-
mospheric pressure, and module temperature. An example of this layout is shown

in Figure 5.15.

Junction Box File: Each junction box is identified by the inverter and side to which
it is connected (e.g., “Inverter 10 — Side A”). The recorded parameters focus on
string-level characteristics, such as voltage and current per string. An example lay-

out that includes junction box data is shown in Figure 5.16.

Inverter File: Data are structured by inverter, with separate sections for Sides A
and B. Each section presents key electrical parameters—voltage, current, power,
and energy—recorded over time. An example without junction box data is shown

in Figure 5.17.

For all three file types, each row of data includes a precise timestamp, allowing accurate align-

ment of measurements with their corresponding acquisition time. This standardized structure

supports offline analysis, formal reporting, and long-term data archival.

AL - fo | Energie&Meteorologiquie
A B8 c D 3 F G H J K L
N | Energie&Meteorologiquie
) Ain El-Melh -M'sila 2025 2025-02-20
T y Y Y Vitesse de vent | Direction de vent
4 Temps (°c) panneau (°C) inclinai total (W/m?) direct (W/m?) | diffuse (W/m?) (m/s) ) Pression (hPa) | Humidite (%) ¥r(h)
5 15:43:54 70.000 5.300 73.000 24.000 6.800 2.300 39.000 3.000 89.000 36.000 0.000
6 15:44:14 56.000 8.000 20.000 57.000 9.300 5.600 46.000 75.000 47.000 48.000 0.000
7 15:44:34 27.000 2.000 $3.000 65.000 0.600 9.600 83.000 72.000 59.000 56.000 0.000
8 15:44:54 21.000 0.000 25.000 28.000 8.700 3.300 70.000 14.000 33.000 55.000 0.000
9 15:45:15 87.000 0.300 54.000 12.000 7.500 8.700 2.000 67.000 56.000 53.000 0.000
10 15:45:35 73.000 9.200 99.000 28.000 6.500 6.700 22.000 0.000 64.000 54.000 0.000
11 15:45:55 27.000 0.600 74.000 79.000 3.700 0.800 93.000 6.000 5.000 46.000 0.000
12 15:46:15 51.000 8.500 49.000 20.000 6.700 10.000 87.000 23.000 39.000 52.000 0.000
13 15:46:36 73.000 1.700 13.000 8.000 2.600 8.900 68.000 80.000 84.000 23.000 0.000
14 15:46:56 41.000 5.500 76.000 8.000 0.900 4.700 26.000 76.000 2.000 36.000 0.000
15 15:47:16 38.000 3.100 91.000 84.000 9.400 9.300 98.000 49.000 95.000 34.000 0.000
16 15:47:36 84.000 8.700 24,000 52.000 2.300 1.000 72.000 72.000 35.000 26.000 0.000
17 15:47:56 72.000 0.500 92.000 57.000 2.900 0.600 87.000 27.000 3.000 56.000 0.000
18 15:48:17 92.000 9.500 30.000 52.000 5.000 7.900 58.000 86.000 63.000 14.000 0.000
19 15:48:37 4.000 3.100 34.000 82.000 0.200 0.000 67.000 56.000 36.000 19.000 0.000
20 15:48:57 72.000 8.800 43.000 16.000 4.400 0.000 91.000 29.000 4.000 23.000 0.000
21 15:49:17 96.000 3.800 80.000 98.000 2.700 1.200 71.000 75.000 30.000 29.000 0.000
22 15:49:38 55.000 7.000 79.000 80.000 9.000 4.300 31.000 25.000 83.000 39.000 0.000
23 15:49:58 49.000 7.800 77.000 91.000 2.100 7.700 40.000 13.000 66.000 38.000 0.000
24 15:50:18 100.000 8.900 11.000 39.000 5.900 4.500 74.000 92.000 100.000 26.000 0.000
25 15:50:38 55.000 3.600 16.000 36.000 1.800 0.000 19.000 29.000 41.000 39.000 0.000
26 15:50:59 19.000 7.200 98.000 20.000 3.600 4.600 55.000 94.000 66.000 38.000 0.000
Eneraie&Meteoroloaiquie (o) «

Figure 5.15: meteo Excel file example
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A B c D E F G H J K L ™M
. Junction Box 1 (A) - 192.168.1.10
2 Ain El-Melh -M'sila 2025 2025-04-11
3
4 Time 13 Junction tension-DC I-totale Pdc-total courant1 courant2 courant3 courantd courants courant6 courant7
5 09:49:18 192.168.1.10 1.000 39321757.000 948.000 351.000 20.900 67.800 3.600 88.900 51.800 90.500 22.300
6 09:49:38 192.168.1.10 1.000 45350988.000 185.000 57.000 59.600 41.600 83.000 25.500 35.100 56.900 78.900
7 09:49:59 192.168.1.10 1.000 57606377.000 290.000 682.000 30.900 37.300 91.000 53.500 80.500 93.400 24.500
8 192.168.1.10 1.000 11337795.000 363.000 356.000 22.000 10.000 36.500 59.900 35.000 16.700 16.300
9 192.168.1.10 1.000 33292759.000 294.000 17.000 76.000 14.700 64.000 95.100 50.900 52.900 98.300
10 192.168.1.10 1.000 23396622.000 452.000 723.000 29.900 20.400 14.500 70.400 30.900 94.200 5.000
11 192.168.1.10 1.000 14025003.000 896.000 918.000 59.500 37.000 30.600 21.200 83.100 69.600 32.100
12 09:51:42 192.168.1.10 1.000 62849501.000 226.000 174.000 58.300 2.800 11.500 5.500 30.700 41.200 6.000
13 09:52:02 192.168.1.10 1.000 22151924.000 104.000 434.000 84.700 37.700 94.200 29.400 20.600 8.100 70.400
14 192.168.1.10 1.000 22479772.000 272.000 641.000 22.000 35.800 71.600 48.900 48.100 1.900 71.900
15 192.168.1.10 1.000 17236917.000 509.000 444.000 7.400 61.500 6.800 27.100 36.700 68.400 54.800
16 09:53:04 192.168.1.10 1.000 39649655.000 368.000 218.000 95.900 48.300 7.900 70.400 27.900 25.100 66.700
17 09:53:25 192.168.1.10 1.000 4718842.000 671.000 884.000 32.700 92.400 78.300 3.500 46.200 46.500 81.100
18 09:53:45 192.168.1.10 1.000 10813882.000 432.000 735.000 91.400 63.300 0.700 60.700 57.400 76.000 11.200
19 192.168.1.10 1.000 57672554.000 726.000 113.000 2.100 93.500 18.400 12.600 90.300 90.200 80.700
20 09:54:26 192.168.1.10 1.000 34144880.000 281.000 478.000 0.700 95.600 9.700 65.600 66.600 90.400 87.100
21 09:54:47 192.168.1.10 1.000 15859978.000 107.000 631.000 16.700 92.600 43.300 22.800 25.700 59.400 1.800
2 09:55:08 192.168.1.10 1.000 17302182.000 289.000 995.000 18.800 43.700 25.800 25.100 30.200 77.900 38.700
23 192.168.1.10 1.000 3473953.000 763.000 694.000 35.300 51.100 99.100 88.800 35.800 37.400 63.300
2 192.168.1.10 1.000 40829872.000 153.000 285.000 98.000 71.800 82.300 93.300 79.500 61.600 85.200
25 192.168.1.10 1.000 5111839.000 903.000 426.000 41.100 16.200 53.000 47.400 2.900 89.800 59.100
2 10:18:09 192.168.1.10 1.000 16843551.000 300.000 318.000 22.000 83.200 45.600 73.300 77.600 7.200 30.400

» 192_168 1 10.A | 1921681108 | 192.168 110 J1 A | 1921681 10J2 A | 1921681 10J3 A | 192168110 J4 A | 192.168110J5A | 192168 1 10J6.A | 19216811007 A | 192.168_1.10J8 .. (&)
Figure 5.16: Junction box inverter 10 side A Excel file example

A2 d Je Ain El-Melh -M'sila 2025 v

A B c D 3 F G H 1 J K L M -
: Ondeleur A Data - 192.168.1.10
2 Ain EI-Melh -M'sila 2025 2025-04-11
3

A_Courant phase | A_(
4 Time 13 A_E-par jour A_E-totale A_H-total A_T-intérieure A_V-ce A_lce A_P-cc A_Tension A-B_| A_TensionB-C | A_Tension C-A A
5 09:49:18 192.168.1.10 | 17826604.000 954.000 426.000 4653389.000 44.900 89.500 5.370 36701.650 6.880 8.610 5.300
6 09:49:38 192.168.1.10 | 62325421.000 696.000 415.000 38863237.000 70.600 98.400 8.120 300814.530 3.800 4.440 31.600
7 09:49:59 192.168.1.10 | 60490159.000 551.000 38.000 29623240.000 72.800 0.000 7.320 195953.030 9.710 0.760 30.000
8 09:50:19 192.168.1.10 | 59507258.000 668.000 426.000 37683973.000 52.300 59.800 1.560 521013.840 7.230 5.090 37.000
9 09:50:40 192.168.1.10 | 49676768.000 702.000 814.000 31982140.000 36.900 98.900 5.180 199888.330 7.260 0.870 85.400
10 09:51:00 192.168.1.10 | 57672487.000 314.000 478.000 12910856.000 8.000 67.500 6.950 97658.430 6.060 1.350 57.400
11 09:51:21 192.168.1.10 5440270.000 266.000 71.000 37224840.000 89.100 39.900 7.330 264117.400 9.630 0.970 22.600
12 192.168.1.10 | 55509618.000 316.000 862.000 8323295.000 39.100 21.800 7.930 457441.740 8.330 0.840 27.700
13 192.168.1.10 | 59179421.000 722.000 744.000 38535211.000 88.800 24.500 3.150 178260.880 0.890 0.370 10.600
14 09:52:23 192.168.1.10 | 14549502.000 773.000 932.000 31326576.000 78.200 81.500 4.730 496112.650 2710 8.560 69.500
15 09:52:43 192.168.1.10 | 30409085.000 19.000 693.000 19137473.000 86.400 47.200 2.610 114037.530 1.400 6.050 88.400
16 09:53:04 192.168.1.10 3933156.000 852.000 256.000 61538458.000 66.300 15.500 5.580 592453.270 6.070 7.620 9.600
17 192.168.1.10 | 4719067.000 721.000 387.000 12124253.000 27.500 86.300 8.900 96999.620 9.110 2.450 86.900
18] 09:53:45 192.168.1.10 | 59506786.000 910.000 332.000 50790626.000 84.500 12.100 9.680 212344.920 6.890 7.500 52.200
19 09:54:06 192.168.1.10 | 34210448.000 974.000 783.000 5702240.000 23.500 80.600 9.420 69472.150 5.270 8.760 31.100
20 09:54:26 192.168.1.10 | 42401922.000 543.000 787.000 12321410.000 34.700 30.100 9.730 330304.390 3.090 6.490 11.700
21 09:54:47 192.168.1.10 | 53543878.000 295.000 394.000 36569843.000 41.600 33.100 3.910 421401.690 9.460 5.790 17.800
2 09:55:08 192.168.1.10 2491112.000 831.000 937.000 11272924.000 28.200 47.800 4.700 358488.250 7.110 1.100 1.900
23 10:17:07 192.168.1.10 | 23135119.000 880.000 238.000 56295880.000 25.300 13.000 8.800 211033.140 3.260 3.990 40.200
2 10:17:28 192.168.1.10 | 48759095.000 503.000 207.000 59769627.000 92.600 36.200 2.670 478416.720 4.740 0.770 16.700
25 10:17:49 192.168.1.10 | 26673470.000 603.000 953.000 34144579.000 93.300 41.900 4.740 360452.030 8.260 4.160 26.700
2 10:18:09 192.168.1.10 | 37814715.000 421.000 64.000 42599385.000 3.500 49.700 4.460 218244.160 4.630 2.940 53.000 -
, 192168 110_A | 1921681108 | 1921681 10J1A | 192.1681_10J2.A | 192168110J3 A | 1921681 10J4 A | 192_168110J5A | 1921681 10J6.A | 192.168.1_10J7.A | 192_168_1.10J8 ... (3)

Figure 5.17: inverter 10 side A Excel file example

While the diversity of monitoring views enables comprehensive supervision of both macro-

and micro-level dynamics within the PV field, these capabilities alone are not sufficient. The

complexity of large-scale photovoltaic systems necessitates the integration of analytical models

to support deeper interpretation, performance assessment, and predictive fault detection.

5.4 Analysis Interface

Advancing from surface-level monitoring to in-depth interpretation, the analysis interface en-

ables higher-order supervision by transforming raw data into actionable insights through predic-

tion algorithms and fault detection and diagnostic procedures. This analytical layer is designed

to enhance situational awareness by identifying performance deviations, projecting future sys-

tem states, and recognizing early signs of failure.
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Each sub-module is organized to support a comprehensive analytical workflow, beginning with
predictive model visualization, followed by fault detection, and concluding with detailed fault

diagnosis.

5.4.1 Home Page

To enhance system reliability and operational safety, a standalone application was developed
to integrate predictive modeling, fault detection algorithms, and diagnostic evaluation into a
unified interface. The objective was to provide a practical, user-friendly tool that enables early
identification of performance deviations and supports informed maintenance actions.

The application is structured to guide users through a complete diagnostic workflow, from setting
detection parameters to interpreting prediction results and finally the system health assessment.
As shown in Figure 5.18, the landing page offers centralized access to key components of the
application, including AI model loading, fault detection configuration, and diagnostic execution,
while maintaining process traceability through real-time system status updates.

[®] Solar Panel Data Analysis System v4.0

 Home ‘ ] Load CPR Data # Load Idc Data Load Vdc Data Load Diagnosis Models ‘ A\ Prediction Fault Detection % Diagnosis Analysis

‘ £ Control Panel

- PV System Diagnosis & Fault Detection A

KFactor: 1.0
=]
Window Start Advanced Al-Powered CPR and Diagnosis Analysis Platform
Start Index:
550 il
Analysis Window Size: N
- [ &l Data Status ] [ =l Al Models ] [ < Analysis ]
36 zl
Analysis Control
{ Ready ‘
[E Activity Log

Figure 5.18: Home page PV System Diagnosis and Fault Detection

5.4.2 Prediction and Fault Detection page

The prediction module, as shown in Figure 5.19, presents a visual comparison between predicted
and measured values of DC voltage and current. This allows for the validation of offline-trained
models under actual operational conditions. By plotting both real-time and predicted signals
on the same axes, the interface helps operators assess the accuracy and reliability of prediction

models and detect early performance shifts behaviour.
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1 Solar Panel Data Analysis System v4.0

 Home ‘ %] Load CPR Data Load Vdc Data Load Diagnosis Models A Prediction Fault Detection * Diagnosis Analysis

m

( ) Al-Powered Prediction & CPR Fault Detection
‘ £% Control Panel

K Factor (Boundary Control) Idc/Vdc Prediction Models with Advanced Fault Analysis

K Factor: 1.0

/= Al Prediction Models Analysis

-
Window Start - M
2 DC Current (Idc) Prediction Model DC Voltage (Vdc) Prediction Model
Start Index:
PN
550 - Idc Prediction vs Actual Vdc Prediction vs Actual
~Windowse ~O= Al Predicted (MSE: 56.236) 6104 1 ~O= Al Predicted (MSE: 96.986)
700 1 == Measured Actual (MAE: 6.406) Vo 3= Measured Actual (MAE: 8.428)
Analysis Window Size: Prediction Error 600 ) Prediction Error
600 4 4
36 = I s
=] S e
N — 2
Analysis Control - > 570

# Generate Analysis 300 1

0 15 20 25 3% 3 o s 1 1 2 2 3 3
Ready

sample Index sample Index

Prediction Accuracy: 98.9% | HSE: 56.236 | MAE: 6.406 ) Prediction Accuracy: 98.5% | HSE: 96.986 | MAE: 8.428

‘ [ i, CPR Fault Detection Analysis ] ’

@& Svstem Status:

Figure 5.19: Prediction Page

The fault detection procedure as shown in figure 5.20, is based on a Corrected Performance Ra-
tio (CPR) classification scheme, which defines diagnostic boundaries to assess inverter health.
Inverters are considered healthy when their observed CPR values fall within CPR-defined lim-
its, and anomalous when deviations are detected when values drop below lower thresholds. This
method provides a structured way to evaluate performance against expected

To complement this classification, the system calculates the Anomaly Frequency Index (AFI)
for each inverter, a quantitative measure of how frequently an inverter deviates from normal op-
erating conditions. These values are presented in an AFI matrix, offering a comprehensive view
of anomaly consistency and distribution across the plant. Together, the CPR-based classification

and AFI quantification form a robust framework for early fault detection.
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[ i, CPR Fault Detection Analysis ]
[ CPR Fault Detection Analysis ] [ AFl Analysis Results J
Inverter Fault Detection with Boundary Analysis [_}l
CPRIA w1 0,000
0.82 - . ! o mEm Healthy CPR (Above Bound) - n ’
L]
ole ] & = Anomalous CPR (Below Bound) CPRIB vl 0000
oso- sty Vel, 2, $.8:%.° Lower Bound
[ (] ce%eloe 0
[ ] N B CPRZA 2 0000
0 078- & o ° 2y '
3 l ' ' CPR2B  Inv2 0000
© 0.76- '
: 1 ' l H [} e . skl CPR3A  Inv3 0000
0.74 - o ® ° o ® o8 0000
g soo'-.."’." ,'.,..":o' s ,,00° CPR3B  Inv3 0,000
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Figure 5.20: Faults Detection Page

5.4.3 Diagnosis page

The final diagnosis interface (Figure 5.21) provides a concise summary of system health through
comparative analysis of predicted versus measured DC voltage and current. When both metrics
remain within expected thresholds, the system is labelled as healthy. In more critical scenarios,

this module can pinpoint the nature and extent of inverter malfunctions.

W] Solar Panel Data Analysis System v4.0 - =] X

 Home %] Load CPR Data # Load Idc Data Load Vdc Data ‘ Load Diagnosis Models ‘ A\ Prediction Fault Detection * Diagnosis Analysis

< Advanced Diagnosis Analysis

£% Control Panel

DC Current Analysis

DC Voltage Analysis

__ KFactor (Boundary Control)

(EZR8D ———_ — = Lower Bound A == Lower Bound
- = = Upper Bound 620- 4 “ ’ = = Upper Bound
= 700- N Normal Range \/“ Normal Range
Mindow Start \ —o— Vdc Measured
\
- 600 -
Start Index: ~ 600 - =
- < >
ss0 4 < <
1] & 580
9 500- K3
~ = =
= o
Analysis Window Size: (%] > 560-
. 400 -
- E
( ) 540 -
Analysis Control 300-
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35

( Ready | Sample Index Sample Index

1l Diagnosis Results

Diagnosis Result: SYSTEM HEALTHY: Both current and voltage readings are within expected ranges.

Figure 5.21: Diagnosis Analysis Page

Collectively, these functionalities reflect a shift from traditional threshold-based alarms to data-
driven predictive diagnostics, improving fault localization, reducing response time, and support-

ing preventive maintenance strategies within PV plant operations.
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5.5 System Evaluation

To evaluate the effectiveness of the proposed SCADA system, a comparison is conducted with

the previous interface, highlighting improvements in usability, data resolution, visualization,

and diagnostics. Figure 5.1 summarizes the key differences.

Table 5.1: comparison summary of old and new SCADA interface

Feature Old SCADA System New SCADA Interface Improvement / Added
(This Work) Value
User Interface (UI) Basic, non-intuitive Modern, user-friendly Improved user experience
layout dashboard with modular and navigation
design
Visualization Static and minimal Dynamic, customizable Enhanced data interpretation
(Graphs/Charts) charts with zoom and layer

Alarm System

Data Interchange

Performance Factors

Prediction Module

Fault Detection &
Diagnosis

Customization
Options

Open-Source
Architecture

Unavailable

Basic, limited access

Unavailable

Unavailable

Unavailable

Very limited

Not applicable

selection

Multilevel alerts with
history and logs

Exportable formats (CSV,
Excel) with enhanced
access

Standardized PV
parameters

Deep learning hybrid
model

Not reliant on historical
data

Personalized layout saving
and display preferences

Fully robust and extensible
software architecture

Better diagnostics and faster
operator response

Improved data analysis and
reporting

Component-level and global
system efficiency tracking

Comparison of supposed vs.
actual values

Enables predictive
maintenance

Better adaptability to user
needs

Enables cost-effective
deployment, integration
flexibility, and long-term
scalability

These enhancements collectively improve the system’s responsiveness, clarity, and scalability.

5.6 Conclusion

The developed SCADA interface meets the core objectives of this project, delivering a robust,
modular, and user-oriented platform for supervising grid-connected photovoltaic power plants.
Its layered architecture enables comprehensive operational oversight through real-time moni-

toring, analytical interpretation, and historical data management.

Throughout this chapter, the interface was validated under real operating conditions, demon-

strating its capacity to transform raw operational data into meaningful insights. The results
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confirm that the system enables not only continuous supervision but also informed interpreta-
tion and timely decision-making. The structured integration of monitoring, analysis, and data
saving reflects a practical and scalable approach to photovoltaic plant management, aligning

with the project’s overarching goals of reliability, usability, and operational transparency.
Together, these results highlight the system’s responsiveness, flexibility, and practical applica-

bility, confirming its suitability as a complete SCADA solution for photovoltaic plant supervi-

sion.
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General Conclusion

This final year project focused on the comprehensive redesign of the SCADA interface for a pho-
tovoltaic delivery substation, leveraging a modern approach built on advanced web development
technologies. The project successfully transformed an outdated, rigid, and limited interface into
a flexible, user-centred, interactive, and scalable solution that meets current requirements for

data supervision and industrial visualization.

The work began with an in-depth analysis of the existing system, identifying functional and
visual limitations. Guided by the insights gained from this evaluation, a new architecture was
proposed. It features a clear separation between the frontend developed for visualization and
the back-end implemented for logic. Additionally, a dedicated communication layer ensures
smooth interaction with field devices via the Modbus protocol. A robust database was also in-

tegrated to store real-time measurements and equipment states efficiently.

The resulting interface allows real-time monitoring of electrical parameters and operating sta-
tuses of inverters and transformers. It also introduces advanced features such as energy trends
prediction, performance analysis, and early fault detection and diagnostic capabilities. More-
over,the use of interactive visualization tools significantly enhances data interpretation through

dynamic and interactive graphs, and supports more informed decision-making by operators.

In summary, this work demonstrates the feasibility and practical benefits of integrating modern
web technologies into industrial control systems, resulting in enhanced robustness, performance,
and scalability. This redesign further establishes a solid foundation for future enhancements,
including the integration of artificial intelligence for advanced predictive analytics and the de-
ployment of mobile platforms to enable remote monitoring capabilities. Ultimately, the system
is designed to operate as an integral part of the photovoltaic power plant and to enable future
interoperability with national grid dispatching systems, aligning with the broader vision of smart

energy infrastructure.
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