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Abstract

The Internet of Things (10T) is experiencing increasing adoption in several sectors, including
industry, healthcare, and especially agriculture. This technology offers innovative and
revolutionary solutions for monitoring and controlling systems, thanks to its ease of
deployment, low cost, and ability to ensure long-distance communication.

In agriculture, the IoT plays a crucial role in optimizing pumping systems and water resource
management. In this context, this work proposes the design and implementation of an
intelligent, real-time monitoring and control system for an agricultural pumping system, based
on an loT architecture.

The system is based on a TMS320F28379D microcontroller, which acts as the main control
unit. This microcontroller acquires and processes data from voltage and current sensors to
analyze operating conditions and detect electrical anomalies. The collected information is then
transmitted to an ESP32 module via UART communication. The ESP32 transmits data to a
second ESP32 module using LoRa technology, ensuring long-range wireless communication.
This second module connects to a Wi-Fi network, enabling data to be sent to a server and
displayed on a dedicated mobile application The mobile application offers an intuitive interface
for real-time monitoring of electrical parameters, displaying system status, and remotely
controlling the pump.

The system also incorporates advanced protection for a three-phase asynchronous motor
against electrical faults such as overvoltage, undervoltage, overload, phase loss, imbalance, and
reverse rotation. Experimental results confirm the system's performance in terms of reliability,
protection, and monitoring, making it suitable for agricultural applications, particularly in

remote or resource-limited areas.

Keywords: Current Sensors, ESP32, 10T, Mobile Application, LoRa, Three-phase motor
protection, TMS320F28379D, UART, voltage.
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GENERAL INTRODUCTION

General Introduction

Agriculture is one of the fundamental pillars of the global economy and food security. It
plays a crucial role in supporting national development by ensuring the production of food
resources required to meet the needs of a growing population. Among the various factors
influencing agricultural productivity, irrigation management remains one of the most critical,
as it directly affects crop yield, water consumption, and the sustainability of farming activities.

The importance of efficient irrigation is particularly evident in remote and geographically
challenging regions, where limited water resources, irregular rainfall patterns, and inadequate
infrastructure often hinder agricultural development. In such environments, ensuring reliable
water supply and optimizing water utilization have become major challenges. Consequently,
the adoption of advanced technologies for intelligent water management is increasingly
recognized as an essential requirement for achieving sustainable agricultural production.

In recent years, the rapid advancement of the Internet of Things (IoT), embedded systems,
and wireless communication technologies has opened new opportunities for the development
of smart irrigation systems. Numerous research efforts have focused on designing intelligent
monitoring and control platforms capable of collecting real-time data, automating irrigation
processes, and improving the overall efficiency of water resource management. These studies
have proposed various architectures based on sensors, microcontrollers, cloud services, and
mobile applications, providing farmers with effective tools for remote supervision and decision-
making.[1]

Despite the significant progress achieved in this field, several limitations remain. Most
existing solutions rely on conventional microcontrollers with limited processing capabilities
and depend heavily on communication infrastructures such as Wi-Fi or cellular networks, which
may not be available in isolated rural areas. Furthermore, many systems focus primarily on
irrigation automation while providing limited functionality for advanced monitoring, fault
diagnosis, and equipment protection.

To address these limitations, this thesis proposes the design and implementation of an 10T -
based smart water pumping system for automated irrigation control and real-time monitoring.
The proposed architecture combines the high-performance TMS320F28379D microcontroller
with ESP32 modules and LoRa communication technology. The TMS320F28379D is
employed as the main processing unit due to its superior real-time computational capabilities,
enabling advanced signal processing, monitoring, and protection functions. LoRa technology

is integrated to ensure reliable long-range communication, making the system particularly
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GENERAL INTRODUCTION

suitable for remote agricultural environments where conventional communication networks are
unavailable or unreliable.

In addition, the proposed system incorporates an intelligent monitoring and protection
strategy for three-phase pump motors. The developed solution is capable of detecting and
managing several electrical faults and abnormal operating conditions, including overvoltage,
undervoltage, overload, phase loss, phase reversal, voltage unbalance, and dry-running
conditions. By integrating monitoring, control, communication, and protection functions within
a unified architecture, the system reduces dependence on conventional protection devices while
enhancing operational reliability and system autonomy.

The main objective of this work is therefore to develop a reliable, intelligent, and cost-
effective irrigation management platform capable of improving water resource utilization,
ensuring safe operation of pumping equipment, and providing real-time monitoring and remote
control functionalities. The proposed solution contributes to the advancement of smart
agriculture technologies and offers a practical approach for supporting sustainable agricultural
development, particularly in remote and resource-constrained regions.

This dissertation is organized as follows. Chapter 1 presents a comprehensive literature
review of loT-based smart irrigation systems and real-time monitoring technologies. Chapter 2
discusses the main electrical faults affecting pump motors and the associated protection
techniques, including MATLAB/Simulink modeling and analysis. Chapter 3 describes the
design, implementation, and experimental validation of the proposed system, followed by the
presentation and discussion of the obtained results. Finally, the dissertation concludes with a

summary of the main contributions and recommendations for future research.
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1.1 Introduction

The growing demand for food production, increasing water scarcity, and the impacts of

climate change have become major challenges for modern agriculture. Since irrigation accounts
for a significant portion of global freshwater consumption, improving water management has
become essential for ensuring agricultural productivity and sustainability [1].
In recent years, the Internet of Things (IoT) has emerged as a promising technology for smart
irrigation applications. By integrating environmental sensors, embedded controllers, and
wireless communication networks, loT-based systems enable real-time monitoring of
agricultural conditions and automated irrigation control, leading to more efficient use of water
resources [2][3]. The development of low-cost microcontrollers, such as the ESP32, together
with communication technologies including Wi-Fi and LoRaWAN, has facilitated the
deployment of reliable and scalable smart irrigation solutions [4].

Moreover, recent advances in Artificial Intelligence (Al), Machine Learning (ML), and Tiny
Machine Learning (TinyML) have enhanced the capabilities of smart irrigation systems. These
technologies allow the analysis of environmental data, prediction of crop water requirements,
and optimization of irrigation strategies, thereby reducing water waste and improving
agricultural efficiency [5][7]. As a result, modern smart irrigation platforms increasingly
combine 10T, intelligent algorithms, and cloud or edge computing technologies to support
precision agriculture and sustainable farming practices [3][8].

This chapter presents a literature review of recent loT-based smart irrigation systems. It
discusses the fundamental concepts of 10T monitoring and control, reviews the architectures
and technologies used in smart irrigation applications, and examines the integration of Al and
TinyML techniques. Finally, the chapter highlights current trends, challenges, and future

research directions in this rapidly evolving field.

1.2. 1oT-Based Monitoring and Control Systems

The Internet of Things (IoT) refers to a technological paradigm in which physical objects
equipped with sensors, actuators, processing capabilities, and communication are
interconnected to collect, transmit, and utilize real-time data [9]. 10T relies on several functional
layers, including data perception, communication through wired or wireless networks, and

information processing and analysis at the cloud or edge computing level [10].
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This technology enables process automation, remote monitoring, and optimized decision-
making in various fields such as smart agriculture, Industry, connected healthcare, and smart
cities [9][10].

Thanks to its ability to bridge the physical and digital worlds, the 10T has become a fundamental

element of digital transformation and the development of modern intelligent systems [11].

Health Smart
Monitor Transport
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10T

ul Gt
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Factories Farming

Figure 1.1: 10T Applications

1.3 Literature review of l1oT-based smart irrigation systems

1.3.1 Fundamental Concepts of Smart Irrigation and the loT

Smart irrigation is one of the most important applications of the Internet of Things (IoT) in
agriculture. Its main objective is to optimize water resource use by providing crops with the
necessary amount of water at the right time. Unlike conventional irrigation methods, smart
systems use sensors, communication devices, and data processing platforms to monitor
environmental parameters in real time and make automated irrigation decisions [12][13]. This
approach helps improve agricultural productivity while reducing water losses and operating
costs [14]. Recent studies show that integrating the 10T into agriculture allows for continuous
monitoring of soil moisture, weather conditions, and crop status. The collected data is used to
automatically trigger irrigation when certain thresholds are reached, thus improving the
efficiency of water management [15][16]. These systems fall within the framework of precision
agriculture, the objective of which is to maximize yields while minimizing the use of natural

resources [17].
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Figure 1.2: Overview of the loT-enabled smart drip irrigation system [12].
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1.3.2 10T Architectures Used in Smart Irrigation Systems

1.3.2.1 Sensors and Embedded Devices

The studies analyzed primarily use soil moisture, temperature, and relative humidity sensors
to assess crop water requirements. Pereira et al. [12] developed a smart drip irrigation system
based on environmental sensors connected to an ESP32 microcontroller. Similarly, the study
conducted on smart greenhouses [16] combines climate monitoring and soil moisture
measurement to improve the accuracy of irrigation decisions.

The use of multiple types of sensors allows for a better understanding of agricultural
conditions and improves the reliability of automated systems. Some studies also integrate light

sensors and additional climatic parameters to increase the accuracy of the analyses [13][18].
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Figure 1.3: The architecture of the project in a block diagram [16].
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1.3.2.2 Microcontrollers and Hardware Platforms

Analysis of studies reveals the predominance of the ESP32 microcontroller due to its low
cost, low power consumption, and integrated Wi-Fi connectivity [12],[16][19]. The system
proposed by Pereira et al. [12] demonstrates that the ESP32 is a cost-effective solution for small
farms. Similarly, integrating the ESP32 with the Blynk platform facilitates remote monitoring
and control of irrigation operations [19].

Embedded platforms enable local data acquisition and the execution of control tasks without
requiring complex infrastructure. This characteristic promotes their adoption in rural areas

where technological resources are limited [14].
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Figure 1.4: Schematic diagram of the system [14].

1.3.2.3 Communication Protocols and Cloud Platforms

The systems studied primarily use Wi-Fi to transmit data to cloud platforms. The Ubidots
server enables the storage, visualization, and analysis of agricultural data in real time [17].
Another approach relies on Server-Sent Events (SSE) technologies, which ensure continuous
transmission of information between IoT devices and user interfaces [13].

Cloud platforms offer significant data processing and storage capabilities, thus facilitating
remote monitoring and decision-making based on the analysis of historical data [17]. However,
their reliance on a stable internet connection can be a limitation in some remote agricultural

areas.
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00001

Figure 1.5: Server visualization of the proposed system [17].

1.3.3. Integration of Artificial Intelligence in Smart Irrigation

Artificial intelligence has become a central element in modern smart irrigation systems.
Machine learning techniques make it possible to predict crop water requirements based on data
collected by environmental sensors [20]. Kunt [20] developed an autonomous system
combining loT and artificial intelligence to automatically adjust irrigation strategies according
to observed conditions.

The use of artificial intelligence not only improves the accuracy of decisions but also
reduces water consumption while maintaining optimal agricultural production levels.

Predictive models analyze climate trends, soil characteristics, and specific crop needs to

optimize water inputs [20].
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Figure 1.6: Scheme of the data management process [20].
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1.3.3.1 Fuzzy Logic-Based Approaches

Among the artificial intelligence techniques identified in the literature, fuzzy logic plays a
significant role. The system proposed in the study “Fuzzy-Adaptive Smart Irrigation Based on
IoT” uses a fuzzy controller to automatically adapt irrigation decisions to environmental
variations [18]. This approach is particularly well-suited to agricultural environments where
parameters are often uncertain or difficult to model precisely.

The results show that fuzzy controllers enable more flexible irrigation management and

contribute to significantly reducing water volumes used [18].

1.3.4 TinyML and Embedded Artificial Intelligence

The emergence of Tiny Machine Learning (TinyML) represents a major development in the
field of smart agriculture. Unlike traditional approaches that require data processing in the
cloud, TinyML allows machine learning models to be run directly on low-power
microcontrollers [20].

The study by Taueatsoala et al. [20] demonstrates that integrating TinyML into smart
irrigation systems improves device autonomy while reducing latency and dependence on
internet connectivity. This approach also promotes reduced communication costs and improves
the confidentiality of agricultural data.

Despite these advantages, several challenges remain, including limitations related to
available memory, the computing power of microcontrollers, and the complexity of models that

can be deployed on embedded platforms [20].

soil of a spinach plant is very So1il levels increased after the first irrigation cycle

NModel prediction of the environmental conditions

Soil levels after e sec iza <y
spinach plant. and the system's final prediction is that
no water is needed

Figure 1.7: TinyML model training outputs [20].
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1.3.5 Critical Analysis, Trends, and Perspectives of loT-Based Smart Irrigation
Systems

The analysis of the ten selected studies highlights the rapid evolution of smart irrigation
systems based on the Internet of Things (IoT) and their contribution to more efficient water
resource management. The proposed architectures rely primarily on the use of environmental
sensors, particularly soil moisture sensors, combined with low-cost microcontrollers such as
the ESP32, which appears to be the most widely adopted hardware platform due to its ease of
integration, communication capabilities, and low deployment cost [12][16][19]. Most systems
also utilize cloud platforms and mobile applications for remote monitoring and control of
irrigation operations [13] [17].

A review of recent work reveals a gradual shift from conventional approaches based on fixed
thresholds to smarter systems incorporating artificial intelligence techniques. These new
approaches use algorithms capable of analyzing environmental data in real time and
automatically adapting irrigation strategies to the actual needs of crops [20][22]. The
introduction of methods such as fuzzy logic and Tiny Machine Learning (TinyML) further
improves the accuracy of decisions while reducing energy consumption and dependence on
cloud infrastructure [18][20]. The results reported by the various studies generally show a
significant reduction in water consumption as well as an improvement in the operational
efficiency of farms, thus confirming the potential of the IoT as a key technology for precision
agriculture [13][15].

Despite these promising advances, several limitations remain in the current literature. The
majority of the systems studied have been validated in experimental environments or on limited
agricultural areas, which makes it difficult to evaluate their performance under real-world
conditions on a large scale [16]. Furthermore, issues related to data security, cybersecurity of
IoT infrastructures, communication reliability, and device energy autonomy remain
insufficiently explored [13][20]. These challenges open the way to new research perspectives
focused on integrating more advanced artificial intelligence models, developing higher-
performing Edge Computing and TinyML solutions, and designing autonomous systems
capable of operating efficiently in diverse agricultural environments [20][21].

Overall, recent literature demonstrates that 10T -based smart irrigation systems are a relevant
solution for addressing current challenges in sustainable water management in agriculture. The
convergence of 10T technologies, artificial intelligence, and low-power embedded systems

suggests the future development of autonomous agricultural platforms capable of
12
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simultaneously improving productivity, environmental sustainability, and farm resilience to
climate change [12][21].

1.4 Conclusion

This chapter reviewed recent developments in loT-based smart irrigation systems and real-
time monitoring technologies. The analyzed studies showed that most existing solutions rely
on environmental sensors, ESP32-based platforms, wireless communication networks, and
cloud services to automate irrigation processes and improve water resource management.

The literature review also highlighted the increasing integration of artificial intelligence,
fuzzy logic, and TinyML techniques to enhance decision-making accuracy and optimize
irrigation efficiency. These technologies contribute to reducing water consumption while
improving agricultural productivity.

However, several limitations remain, particularly the dependence on Wi-Fi, GSM, or
continuous internet connectivity, which restricts the deployment of such systems in remote
agricultural areas. In addition, the processing capabilities of commonly used microcontrollers
may limit the implementation of advanced monitoring and protection functions.

Therefore, there is a need for more reliable and autonomous irrigation systems capable of
operating efficiently in rural environments. This motivates the development of the proposed
system, which combines the TMS320F28379D controller, LoRa communication technology,
and intelligent fault detection mechanisms to provide enhanced monitoring, protection, and

irrigation management capabilities.

13



CHAPTER 2: Electrical Pump Motor Failures and Protection Techniques Including
MATLAB/SIMULINK Modeling

Chapter 2

Electrical Pump Motor
Failures and Protection
techniques including
MATLAB /Simulink
Modeling .



Chapter 2: Electrical Pump Motor Failures and Protection techniques including
MATLAB /Simulink Modeling.

2.1 Introduction

Modern irrigation systems rely heavily on the use of electric pumps to transport and
distribute water to cultivated areas. This equipment plays a vital role in improving agricultural
productivity, particularly in regions where water resources are limited or subject to high
climatic variability. However, the reliable and continuous operation of irrigation pumps is
highly dependent on the quality of the power supply and the system's operating conditions [21].

The electric motors that drive the pumps are susceptible to several electrical and mechanical
faults that can compromise their performance and reduce their lifespan. Among the most
common electrical anomalies are overvoltage, undervoltage, voltage unbalance, overload,
phase loss, and phase reversal. These defects can cause an excessive increase in current draw,
abnormal heating of the windings, reduced energy efficiency, and, in the most severe cases,
motor destruction [22][23].

Overvoltage generally leads to an increase in magnetic flux and ferromagnetic losses, which
promotes motor heating. Conversely, undervoltage causes an increase in the current required to
maintain the required mechanical torque, also resulting in winding overheating. Voltage
imbalances between phases generate asymmetrical currents that create inverse sequence
components, responsible for vibrations, additional losses, and a significant reduction in motor
life [23][24].

Furthermore, hydraulic operating conditions can also lead to critical situations. Dry running,
which occurs when the pump operates without water or with an insufficient water level, is one
of the main causes of deterioration of mechanical seals, bearings, and hydraulic components.
This condition can lead to a rapid increase in the pump's internal temperature and premature
degradation of its components [24].

Faced with these risks, the implementation of appropriate protection and monitoring systems
has become essential. Modern electronic protection relays enable the rapid detection of faults
such as overvoltage, undervoltage, phase imbalance, overload, phase loss, phase reversal, and
dry running. Their integration into irrigation systems helps improve operational reliability,
reduce maintenance costs, and ensure the continuity of the water supply necessary for
agricultural activities [22],[26].

Therefore, studying the various faults affecting irrigation pumps and the associated
protection methods is a major challenge for optimizing equipment availability, enhancing
energy efficiency, and ensuring the sustainability of modern irrigation systems.
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2.2 Protection Methods for Electrical Disturbances and Abnormal Operating
Conditions

2.2.10ver-Voltage

2.2.1.1 Definition of Overvoltage

Overvoltage is an abnormal condition of the electrical network characterized by a rise in the
supply voltage above the specified motor rating. In irrigation pumping systems, overvoltage
can result from variations in the electrical network, incorrect transformer settings, switching
phenomena, or transient disturbances. This voltage increase causes a rise in magnetic flux in
the motor's magnetic circuit, leading to increased iron losses, higher operating temperature, and
a reduction in the insulation life of the windings [26][ 22].

For three-phase induction motors, prolonged overvoltage can also lead to magnetic circuit
saturation, increased vibration, and reduced energy efficiency. When overvoltage exceeds the
permissible limits defined by international standards, continuous motor operation becomes

dangerous and can lead to premature equipment failure [27].

2.2.1.2 Calculating the Overvoltage Percentage
The overvoltage percentage is determined by comparing the measured voltage to the motor's

rated voltage. It is calculated using the following equation:

Vin — V5
_Ym =V 100
v. =

OV (%)
where:
Measured_V: actual voltage applied to the motor (V);

Rated_V: rated voltage indicated on the motor's nameplate (V).

Example:
For a motor rated at 400 V supplied with 440 V:

Overvoltage Percentage = [(440 — 400) / 400] x 100 = 10%

The motor is therefore subjected to an overvoltage of 10%.

2.2.1.3. Accepted Overvoltage Limits According to Motor Standards
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IEC 60034-1 defines the operating limits of electric motors based on variations in mains
voltage and frequency. Under normal operating conditions, a motor must be able to operate
correctly when the supply voltage remains within £5% of its rated value, while maintaining its
rated performance [27].

The standard also specifies an extended operating range of up to £10% of the rated voltage.
Within this range, the motor can continue to operate, but certain characteristics such as
temperature rise, efficiency, power factor, and torque may be affected [27][ 28].

When Is Overvoltage Acceptable?

Overvoltage is generally considered acceptable in the following situations:
e Voltage between +5% and +10% of the rated value.
e Limited exposure time.
e Motor temperature remaining within prescribed limits.
e Current drawn below the maximum permissible current.
e No abnormal vibrations or noise.
e Within this range, the motor can operate without immediate damage, although
monitoring is recommended to prevent gradual insulation degradation [22][28].

When is overvoltage no longer acceptable?

Overvoltage becomes unacceptable when:
e The voltage exceeds +10% of the rated value.
e The condition persists for a prolonged period.
e The winding temperature exceeds the insulation thermal class.
e Magnetic saturation occurs.

e Excessive losses and heating are observed.

Under these conditions, the risk of insulation degradation, reduced motor life, and pump
system failure increases significantly. For this reason, surge protection relays are generally set
between 105% and 110% of the nominal voltage according to the manufacturer's

recommendations and the application requirements [26][27].
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A Overvoltage

Time

Overvoltage is an event where the rms voltage rises above
110% of the nominal rms voltage and stays at that level for
more than one minute.

Figure 2.1:Healthy state and Over-Voltage signal [29]

2.2.2Under-Voltage

2.2.2.1 Definition of Under-Voltage

Undervoltage is an abnormal condition of the electrical network characterized by a decrease
in the supply voltage below the motor's rated value. This phenomenon can be caused by network
overload, excessive voltage drops in the cables, an undersized transformer, or faults in the

electrical distribution system [29].

In induction motors used for irrigation pumps, undervoltage leads to a decrease in magnetic
flux and motor torque. In order to maintain the mechanical power demanded by the load, the
motor draws a higher current, which causes an increase in the winding temperature. Prolonged
exposure to undervoltage can accelerate insulation aging, reduce energy efficiency, and lead to

frequent tripping of thermal protection devices [21] [27].

2.2.2.2 Calculating the Undervoltage Percentage

The undervoltage percentage is calculated by comparing the rated voltage to the actual
voltage measured at the motor terminals.
The equation used is:
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-‘/:Jomina - Vmcasu_rc
UV(%) = ‘ 1 % 100

V;Jominal

where:

- Vnominal: is the motor's nominal voltage (V).

- Vmeasured: is the actual voltage applied to the motor (V).
Example:

For a 400 V motor supplied with 360 V:
Under-voltage (%) =[ (400 - 360) / (400) x 100].
Under-voltage (%) = 10%.

The motor is therefore operating with an under-voltage of 10%.

2.2.2.3 Accepted Under-voltage Limits According to Motor Standards

According to IEC 60034-1, electric motors must operate under their rated conditions when
the supply voltage remains within a range of £5% around the rated voltage [27].

The standard also defines an extended operating range of up to —10% of the rated voltage.
Within this range, the motor can continue to operate, but certain characteristics such as starting
torque, efficiency, power factor, and temperature rise may be affected [27]

For motors powering centrifugal pumps, undervoltage is particularly critical during startup
because the available torque is proportional to the square of the supply voltage. A small voltage
reduction can therefore lead to a significant decrease in motor torque [21].

When Is Under-voltage Acceptable?

Under-voltage is generally considered acceptable when:

e The voltage remains between —5% and —10% of the rated voltage.

e The duration of the event is limited.

e The current drawn remains within permissible limits.

e The winding temperature remains below the limit for the insulation class.

e The mechanical performance of the pumping system is not significantly affected.
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Under these conditions, the motor can continue to operate without immediate risk of damage
[21][27].

When is undervoltage no longer acceptable?

Under-voltage becomes unacceptable when:

e The voltage drops below —10% of the rated voltage.

The motor draws excessive current for a prolonged period.

The motor torque becomes insufficient to drive the load.

The temperature rise exceeds permissible limits.

Repeated tripping of the thermal protection devices is observed.

In these situations, the motor's lifespan can be significantly reduced due to accelerated
insulation degradation and increased heat loss. For this reason, undervoltage protection relays
are generally set between 85% and 90% of the rated voltage to prevent prolonged operation

under hazardous conditions [33][36].

n n Undervoltage

V %
Time

VvV

Undervoltage occurs when the rms voltage drops below
90% of the nominal rms voltage and stays at that level for
more than one minute.

Figure 2.2: Healthy state and Under-Voltage signals [29]
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2.2.3 Phase Loss

2.2.3.1 Definition of Phase loss

Phase loss, also called accidental single-phase operation, is an electrical anomaly that occurs
when one of the three phases supplying a three-phase motor is interrupted while the other two
phases remain energized. This situation can be caused by a blown fuse, a broken conductor, a
poor connection in a circuit breaker, or a fault in the electrical network [30].

When a three-phase motor experiences phase loss during operation, it can continue to run
thanks to the two remaining phases. However, this condition causes a significant current
imbalance, a substantial increase in heat losses, and a significant reduction in motor torque. The
currents in the two energized phases can reach 1.7 to 2 times their normal value, leading to
rapid heating of the windings and a high risk of insulation damage [28][27].

If phase loss occurs during startup, the motor is generally unable to start and draws a current
close to the stalled rotor current, which can lead to rapid motor failure without proper protection
[21].

2.2.3.2 Phase Loss Detection and Calculation Method

Phase loss is not expressed as a percentage like overvoltage or undervoltage. It is usually

detected by monitoring the voltages or currents of the three phases.

The phase loss condition is identified when:

VA=0 or VB=0or VCc=0

where:

VA, VB, VC represent the voltages of the three phases.

Another method involves monitoring the currents:

IA=0or IB=0or IC=0

where:

IA 1B ,IC represent the currents of the three phases.
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Modern protection relays typically detect phase loss when the voltage of one phase drops

below 40% to 60% of its rated value for a predetermined duration [30].

2.2.3.3 Permissible Limits According to Motor Standards

According to IEC 60034-1 and motor protection standards, the complete loss of a phase is
never considered a normal operating condition [27].

Unlike permissible voltage variations, no permanent tolerance is provided for operation with

a missing phase. Three-phase motors are designed to operate with three balanced voltages, and

the loss of one phase immediately results in a severe imbalance in the electrical system [39, 40].

Protection devices must detect this condition and disconnect the motor within a very short

time to prevent thermal damage.

When is phase loss acceptable?

From a standards perspective, phase loss is never acceptable under steady-state conditions.
However, in some industrial installations, a very short detection delay is tolerated to
prevent nuisance tripping due to transient network disturbances. This delay is generally between
1 and 5 seconds, depending on the application and the characteristics of the protection relay
[30].
During this short period:

e The motor can remain powered.
e Currents increase rapidly.
e Thermal monitoring becomes essential.

When is phase loss no longer acceptable

Phase loss becomes immediately critical when:

e One phase is completely absent.

e The motor continues to operate under load.
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e Currents exceed rated limits.
e The winding temperature rises rapidly.

e The motor torque becomes insufficient to drive the load.

Under these conditions, motor heating can be several times higher than normal operation.
Without rapid intervention from the protection system, insulation degradation, an internal short
circuit, or complete motor failure can occur within minutes [28]

For this reason, phase loss protection relays are systematically integrated into irrigation

pumping systems to ensure the safety and reliability of electric motors.

2.2.4 The Unbalance

2.2.4.1 Definition of Unbalance

Unbalance in a three-phase system occurs when the voltages or currents of the three phases
are not equal in magnitude and/or are not exactly 120° out of phase. In three-phase induction
motors, this phenomenon leads to the appearance of negative sequence components, which
cause increased current, additional losses, excessive heating, vibrations, and a reduction in
motor life [31][32].

2.2.4.2 Voltage Imbalance Calculation
According to the NEMA MG-1 standard, the voltage imbalance percentage is calculated

from the maximum deviation from the average voltage:

AVmaX
VU(%) = v x 100
avg

Where:

[Vavg = (VAB + VBC + VCA) / 3]
Example:

(VAB =480V)

(VBC =476V)

(VCA=4T72V)
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e Average Voltage:

Vavg= (480 + 476 + 472) / 3) = 476V

e Maximum Deviation:

A Vmax=4V.

e Unbalance:

Unbalance %=(4/476)100=0.84%.

This value is less than the generally recommended limit of 1% for normal motor operation
[31][33].

2.2.4.3 Accepted Unbalance Limits According to Motor Standards

The generally accepted recommendations for three-phase motors are:
Unbalance < 1%: normal operation, no power reduction required.
Unbalance between 1% and 2%: acceptable operation, but increased monitoring is
recommended.

Unbalance between 2% and 5%: power reduction (derating) is necessary to prevent motor
overheating.

Unbalance > 5%: operation not recommended; significant risk of overheating, vibration, and
insulation degradation [31][32][34].

Y-Phase
R-Phase L B-Phase

Voltage
Unbalance

Figure 2.3:Voltage Unbalance signal [35]
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2.2.5 The Overload

2.2.5.1. Definition of Overload

In the field of rotating electrical machines—motors and generators—overload refers to an
operating condition in which the machine is subjected to loads exceeding its rated values: rated
current, rated power, rated torque, or rated apparent power. It therefore corresponds to a
situation where the electromechanical demand exceeds the capacity specified by the
manufacturer for the operating condition in question.

Overload is primarily critical because it increases Joule losses, winding heating, insulation
aging, and the risk of tripping or machine damage [36][37]. IEC 60034-1:2026 is the basic
standard for the rated characteristics and performance of rotating electrical machines and
supersedes the 2022 edition [36].

2.2.5.2 Calculating Overload from Current

An electrical machine overload occurs when its rated operating value is exceeded, generally
expressed as current, power, or torque. For electric motors, the calculation using current is most
commonly used, as the current drawn is directly related to winding heating and insulation
degradation. [27][28]

Load Rate Equation:

ImCaSUIC
Load Rate(%) = 1_7‘1 x 100
rated

Overload Percentage Equation:

Imcasurcd - Iratcd

Overload(%) = T x 100
rated

Or:

OL(%) = LR(%) — 100

Where:
Measured Current: the current actually drawn by the motor, in amperes (A).

Rated Current: the rated current indicated on the motor's nameplate, in amperes (A). [36].
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Example:
If a motor has a rated current of 20 A and actually draws 24 A:

Overload (%) = [(24 — 20) / 20] x 100
Overload (%) = 20%
The motor is therefore operating at 120% of its rated load, which corresponds to an overload
of 20%.This level of overload should not be considered acceptable in steady state, as it can lead

to excessive heating and requires the intervention of appropriate thermal protection [37][39].

When power is used instead of current:

Pactua.l - Pratccl

Power Overload(%) = D x 100
rated

When torque is used:

Tac ual — Tra e
Torque Overload(%) = = : ted % 100

rated

These methods are used when the overload is assessed from the mechanical power supplied or

the torque demanded from the machine [36].

When the overload is acceptable?

1- The overload is acceptable when the measured current is less than or equal to the motor's
rated current, that is, when measured current (I) <rated current (I). In this case, the load is less
than or equal to 100%, and this is not considered an actual overload [36].

2- A veryslight overload, generally between 0% and 5%, may be tolerated only for a short
period, provided that the motor temperature remains within permissible limits and that the
operating conditions comply with the manufacturer's specifications. [36][38].

3- Atemporary overload may be acceptable if explicitly provided for by the manufacturer,
the motor's operating conditions, or the applicable standard. It must be limited in duration and
must not cause excessive heating [36][38].

4- The overload may be considered acceptable if the thermal protection device is correctly
set to the motor's rated current and if the tripping threshold is not reached under normal

operating conditions. [37][39].

26



Chapter 2: Electrical Pump Motor Failures and Protection techniques including
MATLAB /Simulink Modeling.

When overload is not acceptable?

1- Overload is not acceptable when the motor operates continuously above its nominal
current. Continuous operation with measured current (I) > nominal current (I) results in
increased Joule losses and heating. [36][38]

2- An overload between 5% and 20% is not acceptable under steady-state conditions. It
must be considered an abnormal condition requiring monitoring or load correction. [36][38]

3- An overload of 20% or more, i.e., when the measured current (I) is > 1.20 X nominal
current (Inominal), is considered unacceptable for continuous operation. In this case, the
thermal overload relay or protective device must normally provide the tripping protection
according to its tripping class. [37][39]

4- A high overload, for example, close to 50%, i.e., a measured current (I) = 1.50 X
nominal current (Inominal), can only be accepted as an exceptional and very temporary
condition. It must never be considered a steady-state operating condition. [36][37]

5-  Overload is not acceptable if it causes excessive temperature, accelerated aging of the
insulation, repeated tripping, reduced efficiency, or a risk of machine damage. [36][38].

Situation Overload Percentage Interpretation

e 1.051nominal < I measured < 1.20 | nominal 5% to 20% Actual overload; unacceptable
under steady-state conditions. [36][39]

e | measured > 1.20 I nominal >20% Unacceptable overload; the protective device must
activate according to its settings. [37][39]

e [ measured = 1.50 I nominal = 50% Significant overload; permissible only for a very
short period if authorized by the standard or manufacturer. [36][37]

Repeated or Continuous Overload Variable Unacceptable, as it reduces the insulation lifespan

and increases the risk of failure. [36][38]

1 / \ /

Figure 2.4: Over Current and Current Threshold [40]
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2.2.6 Phase Reversal

2.2.6.1 Definition of Phase Reversal

Phase reversal, also called phase reversal or phase sequence reversal, is an electrical fault
that occurs when the normal phase sequence of a three-phase system is reversed. In a balanced
three-phase network, the phase sequence is usually L1-L2—L3 (ABC). A phase reversal occurs
when two phases are swapped, resulting in a reversed sequence, for example, L1-L3-L2 (ACB)
[41].

In rotating electrical machines, particularly three-phase induction motors, this reversal
causes an immediate change in the direction of the rotating magnetic field. Consequently, the
motor rotates in the opposite direction to that intended, which can lead to mechanical damage

to coupled equipment such as pumps, fans, conveyors, or compressors [21].

2.2.6.2 Phase Reversal Detection and Calculation
1-The most common method for detecting a phase reversal involves analyzing the timing
sequence of zero crossings of the three phase voltages. If the order of the crossings is:

VA—VB—VC the sequence is considered normal (ABC).
However, if the order becomes:

VA—VC—VB aphase reversal is detected [55].

2- A method based on voltage vectors consists of calculating the sign of the following

determinant:

Va sin(64) cos(64)
D = |Vp sin(fp) cos(fp)
Ve sin(f¢) cos(fc)
Where:
0A, OB et OC represent the phase angles. A change in the sign of D indicates a phase reversal
[55].

2.2.6.3 Regulatory Requirements
Phase reversal protection is recommended in industrial installations in accordance with the
safety and motor protection principles described in IEC 60204-1, concerning the safety of

electrical equipment in machinery, and in IEC 60034, which deals with rotating electrical
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machines. These standards recommend the implementation of phase sequence monitoring
devices to prevent starting in the wrong direction of rotation and the associated mechanical
damage [43][42].

2.2.7 Dry Running

2.2.7.1 Definition of Dry Running

Dry running refers to an abnormal condition in which an electric pump continues to operate
even though no liquid, or an insufficient amount of liquid, is present at its inlet. This situation
typically occurs due to a lack of water in the reservoir, a low well level, a blockage in the suction
line, or a leak in the hydraulic circuit [25].

In pumping systems driven by three-phase induction motors, dry running significantly
reduces the load torque applied to the motor shaft. As a result, the motor draws less current than
its rated current. Prolonged exposure to this condition can lead to overheating of the mechanical

seals, premature wear of the bearings, and pump failure [44].

2.2.7.2 Dry Run Detection and Calculation

The most common method in motor protection systems is to monitor the current drawn by
the motor. When the pump is operating normally, the current is close to its rated load. During

dry run, the current drops significantly due to the reduction in mechanical load [41].

The motor load percentage can be estimated by:

Imcsuré
Charge (%) = AR 100

nominal
where:
Imeasured is the measured RMS current;
Inominal is the rated current indicated on the motor's nameplate.

The percentage of dry running can then be defined as:

Imcsu.ré
Dry Running (%) = (1 — 17) x 100

nominal

This relationship allows us to assess the load reduction compared to nominal conditions.
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2.2.7.3 Detection threshold according to industry practices

IEC standards for electrical machines do not specify a universal value for the dry running
threshold, as this depends on the type of pump and its application. However, industry
recommendations indicate that dry running is generally suspected when the current drawn drops

to between 60% and 80% of the nominal current for a predefined period [41][27].

For a motor with a rated current of:

In=3.4A a typical detection threshold of 70% corresponds to:

Idry=0.7x3.4=2.38A

Thus, if the measured RMS current remains below 2.38 A for several seconds, dry running can
be declared.

2.2.7.4 Normative Considerations

Underload protection is the standardized method for detecting dry running in pumping
systems. General motor protection requirements are described in IEC 60034 standards for
rotating electrical machines and in the recommendations for industrial motor protection

published by leading electrical equipment manufacturers [27][45].

2.3 Simulation and Validation of Pump Motor Fault Detection and
Protection Using MATLAB/Simulink

MATLAB/Simulink provides a powerful environment for modeling, analyzing, and
validating electrical systems before their practical implementation. In this work,
MATLAB/Simulink was used to develop and evaluate the proposed diagnostic and protection
system for three-phase pump motors operating under various abnormal electrical conditions.

The developed simulation model reproduces the operating behavior of the pump motor and
continuously monitors the electrical quantities required for fault detection. Different fault
scenarios were investigated, including over-voltage, under-voltage, phase loss, voltage
unbalance, overload, phase reversal, and dry-running conditions. For each fault, the
corresponding detection logic and protection actions were verified to ensure reliable operation.

The simulation stage plays an important role in validating the effectiveness of the proposed
diagnostic system before hardware implementation. It allows the verification of fault detection
thresholds, relay response, and overall system behavior under different operating conditions.

Furthermore, simulation reduces development cost and time while providing a safe
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environment for testing fault situations that may be difficult or hazardous to reproduce

experimentally.

2.3.1 Modeling and Simulation of the Proposed Diagnostic System

Figure 2.5 illustrates the MATLAB/Simulink model of the proposed diagnostic and protection
system developed for three-phase pump motors. The model integrates voltage and current
monitoring blocks, fault detection algorithms, threshold comparison units, and relay control

logic to evaluate the system response under different operating conditions.
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Figure 2.5: MATLAB/Simulink Model of the Proposed Diagnostic System

fault1

In this stage of the project, MATLAB/Simulink R2025a is employed to develop and validate
the proposed diagnostic and protection system for three-phase pump motors. The simulation
environment provides a safe and flexible platform for analyzing system behavior under normal

and fault conditions before hardware implementation.

The proposed system integrates multiple protection functions within a unified diagnostic
framework, thereby reducing the need for conventional protection devices such as overload
relays, phase sequence relays, and phase monitoring relays. The performance of the system is

evaluated under various fault conditions, including over-voltage, under-voltage, phase loss,
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voltage unbalance, overload, phase reversal, and dry-running. The practical implementation of
the proposed system and the associated diagnostic algorithms are described in Chapter 3.

NB: In the simulation model, the relay operates according to active-low logic. A logic value
of 1 corresponds to the healthy operating state, while a logic value of 0 indicates a detected

fault and activates the protection relay.

A- Over-voltage Detection

In the healthy operating condition, the voltage sensors measure a nominal phase voltage of
220 V, which is considered suitable for normal motor operation. Under this condition, the fault
signal remains inactive and the protection relay is not triggered.
Based on standard over-voltage protection practices, the over-voltage threshold is set at 10%
above the rated voltage. Therefore, if any of the three-phase voltages exceeds 242 V, the
system identifies an over-voltage fault and generates a trip signal to activate the protection
relay, thereby preventing potential damage to the motor.
Figure 2.6 presents the MATLAB/Simulink model configured for the over-voltage fault
condition. The figure shows the voltage acquisition blocks, the diagnostic subsystem, and the
relay output used to detect and respond to the fault.
The corresponding voltage waveforms are illustrated in Figure 2.7. It can be observed that one
phase voltage reaches 242 V, exceeding the nominal value of 220 V, while the remaining phases
continue to operate at their normal levels. Once the over-voltage threshold is exceeded, the
diagnostic system detects the abnormal condition and issues the appropriate fault indication.
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Figure 2.6: Over-Voltage state of the system
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Over-Voltage and Healthy state signals

A

TIME

Figure 2.7: Three-Phase Voltage Signals during Over-Voltage Detection

B- Under-voltage Detection:

Based on under-voltage protection standards, the under-voltage threshold is set at 5%
below the rated voltage. Therefore, a voltage level of 209 V is considered the minimum
acceptable operating voltage, and any voltage below this threshold will trigger the protection
relay.Under normal operating conditions, the three-phase voltages remain at their nominal value
of 220 V, ensuring proper motor operation. In this healthy state, no fault is detected and the
protection relay remains inactive.

Figure 2.8 illustrates the MATLAB/Simulink model configured to simulate an under-
voltage fault condition. The diagnostic subsystem continuously monitors the three-phase
voltages and compares them with the predefined threshold value. The corresponding voltage
waveforms are presented in Figure 2.9. It can be observed that phase VB drops below the
normal operating voltage and reaches approximately 209 V, while phases VA and VC remain
at their nominal values. Once the measured voltage falls below the under-voltage threshold, the
diagnostic system identifies the fault condition and generates a fault signal to activate the
protection relay.

As a result, the motor is disconnected from the power supply, preventing excessive
current draw, overheating, and potential damage caused by prolonged operation under under-

voltage conditions.
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Figure 2.9: Under-Voltage state Signals

C- Phase Loss Detection :

According to phase loss detection standards, the phase loss threshold is set at 132 V. When the
voltage of any phase falls below this value, the diagnostic system detects a phase loss fault and

generates a fault signal. Figure 2.10 shows the MATLAB/Simulink model used to simulate this

condition.

The corresponding voltage waveforms are presented in Figure 2.11, where phases VA and VB
remain at their nominal voltage of 220 V, while phase VC decreases to 132 V. Once the

threshold is reached, the protection relay is activated to disconnect the motor and prevent

damage caused by prolonged phase loss operation.
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Figure 2.11 : Phase Loss state signals

D- Unbalance Detection:

Based on voltage unbalance standards, the unbalance threshold is set at 5%. The

mathematical verification confirms an unbalance level of 5%, validating the fault condition.

Figure 2.12 shows the MATLAB/Simulink model used to simulate the voltage unbalance fault,

while Figure 2.13 presents the corresponding three-phase voltage waveforms with unequal

amplitudes. Once the unbalance exceeds the predefined threshold, the diagnostic system detects

the fault and activates the protection relay to protect the motor from abnormal operating

conditions.
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Figure 2.13: Unbalance state signals

E- Overload Detection :

According to overload protection standards, the trip threshold is set at 1.25 times the rated

current (3.4 A). Therefore, the protection relay is activated when the current reaches 4.25 A.

Figure 2.14 shows the MATLAB/Simulink model used to simulate the overload condition and

evaluate the response of the proposed diagnostic system.
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The corresponding current waveforms are presented in Figure 2.15, where the overload current
exceeds the reference current of 3.4 A and reaches the threshold value of 4.25 A. Once this
limit is exceeded, the diagnostic system detects the overload condition and generates a fault
signal, causing the protection relay to disconnect the motor and prevent overheating and

possible damage to the motor windings.
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Figure 2.14: Overload state of the System
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F- Phase Reversal Detection:
The normal phase sequence of a three-phase system is L1-L2-L.3 (ABC). A phase reversal
fault occurs when two phases are interchanged, resulting in a reversed phase sequence and
Figure 2.16

MATLAB/Simulink model used to simulate the phase reversal condition and evaluate the

consequently reversing the motor rotation direction. illustrates the

response of the proposed diagnostic system.
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The corresponding voltage waveforms are shown in Figures 2.17(a) and 2.17(b). Figure
2.17(a) presents the healthy operating condition with the normal phase sequence (ABC),
whereas Figure 2.17(b) shows the phase reversal condition after two phases have been
swapped. Once the abnormal phase sequence is detected, the diagnostic system generates a fault
signal and activates the protection relay to prevent reverse motor rotation and potential damage
to the pumping system.
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G- Dry Running Detection:
According to industry standards, a dry-running condition is generally identified when the motor
current decreases to between 60% and 80% of its nominal value. In this study, the dry-running

threshold is set at 2.72 A, corresponding to 80% of the nominal current (3.4 A).

Figure 2.18 shows the MATLAB/Simulink model used to simulate the dry-running condition
and evaluate the response of the proposed diagnostic system. The diagnostic subsystem

continuously monitors the motor current and compares it with the predefined threshold value.

The corresponding current waveforms are presented in Figure 2.19, where the operating current
decreases from the nominal value of 3.4 Ato 2.72 A, indicating a dry-running condition. Once
the current falls below the specified threshold, the diagnostic system detects the fault and
generates a fault signal, causing the protection relay to disconnect the motor. This protection
prevents damage to the pump and motor that may result from prolonged operation without

sufficient water flow.
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Figure 2.18: Dry Running state of the system
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Figure 2.19: Dry Running state signals.

2.4 Conclusion

The results obtained through simulations performed using MATLAB/Simulink R2025a in
conjunction with C2000 libraries validated the operation and performance of the proposed
intelligent diagnostic system. The various operating scenarios studied demonstrated the
system's ability to effectively detect the seven faults considered in this study: overvoltage,
undervoltage, voltage imbalance, overload, phase loss, phase reversal, and dry running.

The simulation results show that the system is capable of analyzing measured electrical
signals in real time, including three-phase voltages and currents, to accurately identify the
operating state of the installation. Thanks to the developed monitoring and diagnostic
algorithms, it is possible to reliably distinguish between a normal operating state (healthy state)
and a degraded or faulty state (malfunctioning state).

Furthermore, this simulation phase provided a thorough understanding of the system's
behavior under various operating conditions and allowed for verification of the relevance of the
detection criteria selected for each type of fault. The observed performance confirms the
potential of this approach to replace several conventional protection devices with a single,
intelligent, and scalable solution.

Thus, the results obtained constitute an essential step before the practical implementation of
the system on the chosen hardware platform. They demonstrate the

feasibility of the proposed approach and provide a solid foundation for the experimental

development and real-time validation that will be presented in the following chapters.
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3.1 Introduction

Irrigation is a crucial element of modern agricultural development. It plays a vital role in
improving crop productivity, managing water resources efficiently, and ensuring food security.
In many agricultural regions, particularly those with variable climates or low rainfall, irrigation
systems are essential for stable and sustainable agricultural production.

However, farmers face Plenty of challenges daily related to the operation and maintenance
of irrigation systems. Electrical failures in pump motors, such as overvoltage, undervoltage,
voltage imbalance, overload, phase loss, phase reversal, or dry running, can lead to service
interruptions, production losses, and significant maintenance costs. These difficulties are
particularly pronounced in rural and isolated areas, where Wi-Fi and GSM network coverage
is often limited or non-existent, making it difficult to implement conventional remote
monitoring solutions.

To address these Issues, this chapter details the proposed intelligent irrigation system. This
solution is based on the integration of an advanced fault diagnostic system capable of detecting
and identifying, in real time, the main anomalies affecting the pump motors. Data processing
and decision-making are handled by the TMS320F28379D real-time microcontroller, whose
high performance enables continuous monitoring and rapid response to fault conditions.

Furthermore, the system utilizes LoRa (Long Range) technology to ensure data transmission
over long distances without requiring internet access, Wi-Fi, or GSM coverage. This approach
guarantees a reliable, cost-effective solution adapted to rural environments, while ensuring the
continuity of irrigation system operation and the protection of pumping equipment.

In this chapter, we will describe the general architecture of the proposed system, the various
hardware and software modules used, as well as the strategies implemented for the monitoring,

diagnosis and intelligent protection of irrigation installations.

3.2 System Architecture

The proposed intelligent irrigation system is based on the TMS320F28379D
microcontroller, which serves as the system's central processing unit. This microcontroller is
responsible for the real-time acquisition and analysis of the pump motor's electrical parameters
by measuring three phase voltages and a line current.

To perform this data acquisition, the system uses three LV25-P voltage sensors and one

LA25-NP current sensor. These sensors continuously monitor electrical quantities and transmit
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their analog signals to the TMS320F28379D microcontroller, where the processing, diagnostic,
and protection algorithms are executed.

To ensure remote monitoring of the installation, the system incorporates two ESP32 boards.
The first is connected to the TMS320F28379D microcontroller via the UART communication
protocol, thus enabling the transfer of acquired data and diagnostic information. This same
ESP32 board then communicates with a second ESP32 board using LoRa (Long Range)
technology, ensuring reliable data transmission over long distances without requiring a Wi-Fi
connection or GSM coverage. This architecture allows for a permanent link between the
irrigation system and the farmer via their mobile phone.

Thanks to this solution, the user can view the motor's voltage and current values in real time,
while also receiving instant notifications if an anomaly or malfunction is detected. In addition,
the system is equipped with a protection relay controlled directly by the TMS320F28379D
microcontroller. When a fault is identified by the diagnostic system, this relay automatically
disconnects the pump from its power supply to prevent damage, ensure the safety of the

installation, and guarantee continuous irrigation service under optimal conditions.
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Figure 3.1: The System Architecture
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3.3 Hardware Components and Functional Roles

3.3.1 Current Sensor (LA25-NP)

Figure 3.2: Current Sensor LA25-NP [46]

The LA 25-NP is a closed-loop, Hall-effect current transducer manufactured by LEM. It is
designed to safely and precisely measure AC, DC, and pulsed currents (up to 36A) while
providing complete galvanic isolation between the high-power primary circuitand low-voltage

control electronics. [46]

3.3.1.1 Technical Specifications (LA25-NP)
IPN Primary nominal RMS current 25 At

IPM Primary current, measuring range 0 ... £36 At

Rm Measuring resistance @ TA=70°C TA=85°C
RM min - RM max RM min  RM max

with £15 V @ £25 At max 100 320 100 315Q

@ +36 At max 100 190 100 185 Q
IsN Secondary nominal RMS current 25 mA
NP/Ns Turns ratio 1-2-3-4-5 : 1000
Uc Supply voltage (x5 %) £15V
Ic Current consumption 10+ ISmA [46]
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3.3.2 Voltage Sensor (LV25-P)

Figure 3.3: Voltage Sensor LV25-P [46]

The LEM LV 25-P is a closed-loop (compensated) voltage transducer based on the Hall
effect. Unlike the LA 25-NP model, which directly measures a high current, the LV 25-P is
designed to measure voltages (AC, DC, or pulsed) from 10 V to 500 V by converting the input

voltage into a small, proportional current.

3.3.2.1 Technical Specifications (LV25-P)

IPN Primary nominal RMS current 10 mA
IPMm Primary current, measuring range 0..+t14 mA
Rm Measuring resistance RMmin RMmax
with £12 VV @ +10 mA max 30 190 Q
@ +14 mA max 30 100 Q
with 15V @ +10 mA max 100 350 Q
@ =14 mA max 100 190 Q
IsN Secondary nominal RMS current 25 mA
NP/Ns Turns ratio 2500 : 1000
Uc Supply voltage (£5 %) +12...15 \Y
Ic Current consumption 10(@+£15V)+1Is mA [46]

3.3.3 Filtering and shifting circuits

To ensure accurate acquisition of AC voltage and current signals using the LA25-NP and
LV25-P sensors, appropriate signal-conditioning stages are required. These stages include low-
pass filtering circuits to attenuate high-frequency noise and level-shifting circuits to adapt the

sensor outputs to the input range of the ADC. The selected component values and circuit
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configurations provide effective noise reduction and proper signal biasing, ensuring reliable
and precise measurements by the TMS320F28379D microcontroller.

The LA25-NP and LV25-P sensors are powered by a symmetrical £15 V supply to ensure
proper operation. Their measurement terminals are connected to the electrical quantities being
monitored, with a maximum rating of 250 V for voltage and 10 A for current. The analog output
(M) of each sensor is then fed into a low-pass filter circuit, which removes high-frequency noise
and unwanted disturbances to produce a cleaner and more stable signal. Since the measured
quantities are alternating current (AC), the resulting signals contain both positive and negative
values; therefore, a level-shifting stage is required to add a suitable DC offset so that the signal
becomes entirely positive and compatible with the analog-to-digital converter. After filtering
and shifting, the signal is conditioned and scaled to remain within or TMS320F28379D,

ensuring accurate and reliable measurement acquisition.

Figure 3.4: schematic of VVoltage sensors
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Figure 3.6: 3D PCB of Voltage sensors
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The following figures illustrate the different stages of PCB design for voltage sensors:

Figure 3.7: The PCB is submerged in ferric chloride

This step is called: Chemical etching of the printed circuit board (PCB). It involves
removing unwanted copper from the board, leaving only the circuit traces. This is done by
immersing the board in a ferric chloride (FeCls)solution, which attacks and dissolves the
exposed copper.

Before this step, adhesive paper (or transfer paper/PCB special paper) is generally used to
define the circuit. The trace pattern is first printed and then transferred onto the copper board.
The areas protected by the adhesive paper or mask resist etching, while the unprotected areas
are removed by the chemical etching solution.

Thus, after etching, only the circuit traces corresponding to the electronic design remain as

shown in the following figure .

Figure 3.8: The PCB after exposed to ferric chloride
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After this, the PCB is ready for drilling and soldering the components, and the final result

is shown in the following figure.

Figure 3.9: The PCB is ready to be used

And for current sensor, we use the following schematic:

Figure 3.10: Schematic of current sensor
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Figure 3.11: The PCB of current sensor

3.3.4 C2000 Microcontroller Lunchpad TMS320F28379D

The TMS320F28379D is a real-time microcontroller from the C2000™ Delfino™ family
developed by Texas Instruments. It is designed for applications requiring high computing power
and fast execution of control algorithms, particularly in power electronics systems, static
converters, electric motor drives, and smart grids. This component integrates two TMS320C28x
cores operating at a maximum frequency of 200 MHz, thus providing high performance for
industrial and embedded applications [49].

The microcontroller features significant onboard memory, including up to 1 MB of Flash
memory and 204 KB of RAM, enabling the implementation of complex signal processing and
real-time control algorithms. It also integrates several communication interfaces such as SPI,
I2C, SCI (UART), CAN, and USB, facilitating its integration into industrial control and
supervisory architectures [49].

One of the key strengths of the TMS320F28379D lies in its advanced analog subsystem. It
features four analog-to-digital converters (ADCs) capable of operating with 12-bit or 16-bit
resolution, enabling fast and accurate acquisition of voltage and current signals. This feature is
particularly important in electrical system monitoring and control applications where
measurement accuracy is critical .

Furthermore, the TMS320F28379D integrates up to 24 PWM (Pulse Width Modulation)
outputs as well as HRPWM (High-Resolution PWM) modules, providing high resolution for

generating control signals. These features make it particularly well-suited for controlling
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inverters, DC-DC converters, and drive systems, where the quality of PWM signals directly
influences system performance [49].
Thanks to all these features, the TMS320F28379D is a high-performance and widely used

solution in advanced numerical control and power electronics applications .

F28379D LaunchPad

JP3:5V  JP2: GND D10: GPIO31 (bl S1: Boot TMS320F28379D
f(r;m USB from USB po: Gpio3a (rfad‘)’e) Modes

isables isables N
isolation) |§solalion) D1: Power (green)  J2/J4 * S3: Reset J6/J8 *

XDS100v2

CON1:USB JP1:3.3V J1J3 * J21 J20/J19 JP4/JP5 J5/J7 * J13/J11

emulation/ from USB (ADC-D (Optional SMA (connects 12C
UART (disables differential connector point) 3.3V/5V

isolation) pair inputs) to J5/J7)

* = BoosterPack plug-in module connector Note: F28379D — 337 pin package

Figure 3.12: F28379D Launchpad with Technical specifications

3.3.5 ESP32-WROOM-32

The ESP32-WROOM-32 is a Wi-Fi and Bluetooth module developed by Espressif Systems.
Based on the ESP32 chip, it is widely used in Internet of Things (I0T), industrial automation,
home automation, and embedded systems applications due to its low power consumption,
wireless communication capabilities, and low cost [47].

The module integrates a dual-core 32-bit Xtensa® processor capable of operating at up to
240 MHz, providing sufficient performance for the simultaneous execution of control,
communication, and data processing tasks. It also features integrated SRAM and external Flash
memory, typically ranging from 4 MB to 16 MB depending on the module version [47].

One of the key features of the ESP32-WROOM-32 is its native integration of Wi-Fi 802.11
b/g/n and Bluetooth v4.2 (BR/EDR and BLE) technologies. This dual connectivity enables data

exchange with remote equipment, mobile applications, or real-time monitoring platforms.
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Thanks to these features, the module is particularly well-suited for remote monitoring,
telemetry, and control systems [47].

The ESP32-WROOM-32 also features a large number of configurable input/output pins
(GPI0) and several communication interfaces such as UART, SPI, I12C, I2S, CAN (TWAI), and
PWM. It also integrates 12-bit analog-to-digital converters (ADCs) for acquiring analog signals
from various sensors. These features facilitate its integration into measurement, control, and
data acquisition projects [47].

Thanks to its computing power, integrated wireless connectivity and hardware flexibility,
the ESP32-WROOM-32 module is a high-performance solution for the development of
connected embedded systems and IoT applications requiring reliable communication and local

data processing [47].

Figure 3.13: ESP32 WROOM-32 Board

3.3.6 LoRa SX1278

The SX1278 is a radio transceiver developed by Semtech Corporation and designed for long-
range, low-power wireless communication applications. It incorporates LoRa (Long Range)
technology, which enables data transmission over several kilometers while maintaining low
power consumption. Thanks to these features, the SX1278 is widely used in Internet of Things
(1oT) applications, telemetry, wireless sensor networks, smart agriculture, and remote
monitoring systems [48].

The SX1278 operates primarily in the 137 MHz to 525 MHz frequency bands, particularly
around 433 MHz, which is frequently used in many countries for industrial, scientific, and

medical (ISM) applications. The LoRa modulation employed by this component is based on
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Chirp Spread Spectrum (CSS), which significantly improves communication robustness against
noise and interference while increasing transmission range [48].

This integrated circuit offers a receive sensitivity of up to —148 dBm, enabling it to detect
extremely weak signals. Combined with a transmit power of up to +20 dBm, this high
sensitivity allows for communication over several kilometers in open environments. The
SX1278 also supports the classic FSK, GFSK, MSK, and OOK modulation schemes, providing
high flexibility to meet application requirements [48].

Communication with a microcontroller is via an SPI (Serial Peripheral Interface), facilitating
integration with platforms such as the ESP32, Arduino boards, or Texas Instruments' C2000
family of microcontrollers. The component also features several hardware error detection
mechanisms, including Cyclic Redundancy Check (CRC) and Forward Error Correction (FEC),
which contribute to improved transmission reliability

Thanks to its long range, low power consumption and high robustness against
electromagnetic interference, the SX1278 is a particularly suitable solution for remote data
monitoring and communication systems requiring reliable operation in wide-area environments
[48].

Figure 3.14: LoRa SX1278

3.3.7 The Mobile APP

The developed system is based on an loT architecture composed of three main elements: a
mobile application installed on the phone, a web server and an ESP32 card connected to a
TMS320F28379D microcontroller. The mobile application serves as a user interface for system
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monitoring and control, allowing the user to view the motor status and send start or stop
commands via a simple interface (START/STOP buttons).

When a command is sent from the application, it is transmitted to the web server, which acts
as an intermediary between the user and the embedded system. The ESP32 regularly polls this
server to retrieve control orders, then activates a relay to start or stop the motor accordingly. In
parallel, the ESP32 receives electrical measurements (voltages and current) in real time from
the TMS320F28379D via UART communication, then transmits them to the server for storage
and remote viewing on the mobile application.

Thus, the system ensures both real-time monitoring and remote control of the Machine
thanks to continuous communication between the mobile application, the web server

(http://iotmoteur.atwebpages.com/card.php) and the ESP32 on-board unit.

INDUCTION MOTOR

220.0

Figure 3.15 : The Monitoring Mobile App
3.4 The results and discussion

To evaluate the efficiency of the system and validate the results obtained in the previous
simulation stage, the system was tested under real operating conditions, take in count all the

previously studied faults.

3.4.1 The Voltage and Current PCB’S

Initially, we tested the voltage and current PCB boards to verify if the signals are correctly

filtered and shifted.
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We used an oscilloscope to visualize the signals. The results obtained are as follows:

3.4.1.1 The voltage sensors PCB : (VA,VB,VC)are completely identical

v>v 0.000s Trig’d
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Inversion
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Figure 3.16 : The Voltage sensors signals
As we can see, the three voltage sensors exhibit identical amplitudes, both for the filtered
signals (in yellow) and for the offset signals (in blue). We also observe that the offset circuits
are functioning correctly, since the signals are entirely above 0 V and remain below 3.3 V. This
voltage range corresponds to the configuration required for proper acquisition by the analog
inputs (ADCs) of the LaunchPad TMS320F28379D (C2000) board.

4.1.2 The Current sensor PCB
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B CHI EDGE FfDC
B<2H=z

-~ 588mY
-=-S88my

Figure 3.17 : The Current sensor signals
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As we can see, the current sensor PCB provides the desired signals: the filtered signal (in
blue) and the shifted signal (in yellow).

3.4.2 The last test of the system

We conducted a final practical test under real-world conditions before implementing the loT
control and monitoring system. We used GPIO outputs PO through P6 for fault signaling, and
output P8 for the fault relay. GPIOs PO through P6 are connected to LEDs, with PO

corresponding to the rightmost LED, and so on. This allows for clear identification of faults
that occur when the protection relay is triggered.

Figure 3.18 : The Global System Setup
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Figure 3.19 : The Global SOFTWARE of the system
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3.4.2.1 The Over-Voltage Detection

Overvoltage is detected as soon as one of the three voltages exceeds the threshold of 242 V,
which corresponds to 10% of the nominal voltage.
The figure below show the healthy state of the system:

Figure 3.21 : The Over-Voltage state of the System
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We observe that the measured voltage exceeds 242 V, which triggers the fault relay.

Consequently, the first LED on the right illuminates. This LED specifically corresponds to
GPIO 0.

3.4.2.2 The Under-Voltage Detection

Under-voltage is detected as soon as one of the three voltages falls below the threshold of
209 V, which corresponds to 5% of the nominal voltage.

Figure 3.22 : The Under-Voltage state of the System

We observe that the measured voltage falls below 209 V, which triggers the fault relay.
Consequently, the 2" LED on the right illuminates.This LED specifically corresponds to
GPIO1.

3.4.2.3 The Over-Load Detection

Over-Load is detected as soon as one of the three Current exceeds the threshold of 4.25 A,
which corresponds to 1.25% of the nominal Current.
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Figure 3.23: The Over-Load state of the System
We observe that the measured current exceeds 4.2 A, which triggers the fault relay.
Consequently, the 3" LED on the right illuminates. This LED specifically corresponds to
GPIO 2.

3.4.2.4 The Phase Loss Detection

Figure 3.24 : The Phase Loss state of the System

Phase loss is detected as soon as one of the three voltage falls below the threshold of 132 V,

which corresponds to 60% of the nominal voltage

We observe that the measured current exceeds 4.2 A, which triggers the fault relay.
Consequently, the 4" LED on the right illuminates. This LED specifically corresponds to
GPIO 3.
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3.4.2.5 The Phase Reversal
Phase inversion is detected from the Clarke transformation, when two phases are reversed.

Figure 3.25 : The Phase Reversal state of the System
We have reversed phases 1 and 2, which allows the system to detect the phase reversal. the

51 LED on the right illuminates. This LED specifically corresponds to GPI104.

3.4.2.6 The Unbalance
To detect the Unbalance, we added a resistor to one of the phases.

Figure 3.26 : Variable Resistance
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Figure 3.27 : The Unbalance State of the Systeme

The 6™ LED on the right illuminates. This LED specifically corresponds to GP105

3.4.2.7 The Dry Running Detection
When the operating current drops to between 60% and 80% of the rated current, dry running

is detected. In our case, the 80% threshold corresponds to 2.72 A.

Figure 3.28: The Dry Running State of the Systeme
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We observe that the measured current falls below 2.72 A, which triggers the fault relay.

Consequently, the 79 LED on the right illuminates. This LED specifically corresponds to
GPIO 6.

3.4.3 The implementation of the lIoT monitoring system

The proposed system is based on an 10T architecture in which the TMS320F28379D serves
as the primary control unit. It is connected to a first ESP32 module via UART communication
to ensure the acquisition and exchange of measurement data.

This first ESP32 is then connected, via LoRa technology, to a second ESP32 located in the
field (farmer node), enabling long-distance wireless transmission.

Finally, the second ESP32 is connected to the Wi-Fi network to communicate with a mobile
application, thus providing real-time monitoring and control of all system parameters.

This architecture ensures continuous monitoring and reliable, efficient remote control.

UART

ESP32_1 (Node)
LoRa

ESP32_2 (Gateway)

’4:“ Wi iFi

4

D
= B=x

Mysat

L

Phone App

=3

Figure 3.29: System Communication Diagram
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After wiring and configuring the various components of the communication system, the

system is functional and we obtained the following results:

[oR” 1] B0 o0 -

# INDUCTION MOTOR

220.0

Figure 3.30: Examples of application functionality

3.4.3.1 The healthy state of the system :

In the absence of a detected fault and under nominal parameters, the system provides us with

the following readings:

Serial Monitor >

Figure 3.31: The 1% ESP32(Node) serial monitor readings(Healthy state).
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Figure 3.33: The Mobile APP readings
The C2000 board sends faults to the ESP32 (node) in code form, as follows:

Healthy state = code fault 0
Over-Voltage = code fault 1
Under-Voltage= code fault 2
Over-load = code fault 3
Phase loss =code fault 4
Unbalance = code fault 5

Dry running = code fault 6

© N o g b~ w0 DN P

Inverse Rotation = code fault 7

64



Chapter 3: Real-Time Fault Diagnosis and Protection of Water Pump Motors Using the
TMS320F28379D Microcontroller.

However the ESP32(gateway ) decode this fault code into the faults name

3.4.3.2 The Over Voltage detection :

The overvoltage test, carried out by increasing the voltage of one phase up to the overvoltage

threshold (242 V), gave us the following results:
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Figure 3.34: The 1% ESP32(Node) Over Voltage readings

Figure 3.35: The 2" ESP32(Gateway) Over Voltage readings

3.4.3.3 The Under Voltage detection :

The Under voltage test, carried out by decreasing the voltage of one phase up to the under
voltage threshold (209 V), gave us the following results:

1 J o Ly L2 . F A =2 e e L =y

Figure 3.37: The 2" ESP32(Gateway) Under Voltage readings
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3.4.3.4 The OverLoad detection:

The Overload test, carried out by increasing the current above threshold (1.25*nominal A),

gave us the following results:

T.0Ra Parket Sgnt
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LoERa Packet Sent

Figure 3.38: The 1% ESP32(Node) Over load readings

Figure 3.39: The 2nd ESP32(Gateway) Over load readings

3.4.3.5 The Phase loss detection:

The phase loss, carried out by decreasing the voltage of one phase unders threshold
(132V), gave us the following results:
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Figure 3.40: The 1% ESP32(Node) Phase Loss readings

Figure 3.41: The 2nd ESP32(Gateway) Phase loss readings
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3.4.3.6 The Dry Running detection:

The Dry running , carried out by decreasing the current under threshold (0.6*nominal A),

gave us the following results

LoRa Packet Sent

Va=209.2 Vb=21 81 Vc=210.57 I=2.11 Fault=¢
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Figure 3.43: The 2nd ESP32(Gateway) Dry Running readings

3.4.3.7 The Inverse Rotation detection:

The inverse rotation , carried out by inversing any two phases gave us the following results:

vVa=21 S Vb=21¢ 3 Vc=221.1 I=2.4 Fault=
LoRa Packet Sent

vVa=21 82 0=21%.35 vVc=221 5 I=2.48 Fault=
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Figure 3.44: The 1 ESP32(Node) Inverse Rotation readings
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Figure 3.45: The 2nd ESP32(Gateway) Inverse Rotation readings

3.4.3.8 Examples of the mobile APP readings:

The systeme give us a continus readings of : Voltages, current and the systeme state. if

any fault is detected a notiffication is send into the mobile App in real-time
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Figure 3.46: examples of fault notifications in the Mobile APP
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After various trials and tests carried out on the system, it has demonstrated high efficiency
in detecting faults and making appropriate decisions in real time, including stopping the engine
to avoid greater damage that could result from continued operation. The precise measurement
of current and voltage values through the analog-to-digital converters (ADCs) of the TMS320
C2000 board, using the LV25-P and LA25-NP sensors, alone constitutes a significant
contribution to the performance of the system.

Thanks to its advanced technical characteristics, notably a clock frequency of 200 MHz and
a RAM memory of 204 KB, the C2000 card represents a central processing unit particularly
suited to this application. It ensures the reading, processing and transmission of data in real time
with great reliability. In addition, it allows the use of the UART protocol to communicate with

the ESP32 Node, which acts as an interface between the TMS320 main unit and the user.

This communication is carried out via the ESP32 Gateway using LoRa technology, which
allows data transmission without depending on cellular network coverage or a Wi-Fi
connection. The ESP32 Gateway then liaises with the server and the mobile application to

instantly transmit current and voltage values as well as information relating to detected faults.

All of these technological choices give the system great efficiency, excellent flexibility and
strong adaptability, allowing its use both in urban environments and in remote areas or areas
lacking conventional communication infrastructure. Furthermore, the mobile application
developed as part of this project stands out for its user-friendly and intuitive interface,
facilitating its installation and handling by users. It allows rapid consultation of real-time data
as well as simple access to information relating to the state of the system and detected faults,

thus helping to improve the user experience and the effectiveness of supervision.

3.5 Conclusion

In conclusion, this chapter has provided a detailed presentation of the implementation and
experimental validation phase of the developed system. Tests conducted under real-world
conditions first confirmed the proper functioning of the voltage and current signal conditioning
boards, particularly regarding signal filtering, shifting, and adaptation to ensure compatibility
with the ADC inputs of the TMS320F28379D microcontroller.
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Subsequently, the various fault scenarios studied (overvoltage, undervoltage, phase
imbalance, phase inversion, and no-load operation) were implemented and tested. The results
obtained demonstrate that the system provides reliable and rapid detection of these anomalies,

as well as accurate signaling via the GP10 outputs and LED indicators.

In parallel, the implemented IoT architecture, based on the ESP32, has proven its
effectiveness. Communication between the TMS320F28379D and the ESP32 via UART
enabled the real-time acquisition of electrical measurements. This data is then transmitted to a
second ESP32 via LoRa technology, ensuring long-range wireless communication. This second
ESP32 is connected to the Wi-Fi network to transmit the data to the server and display it on the

mobile application.

The mobile application plays a central role in the system, allowing the user to monitor the
motor's electrical parameters in real time, view fault status, and send control commands
(START/STOP). Thus, the entire system guarantees continuous monitoring, reliable remote
control, and real-time data visualization.

Finally, the results obtained confirm the robustness, accuracy, and reliability of the

proposed architecture, thereby validating the overall effectiveness of the developed 10T system.
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The system we designed represents the result of comprehensive and rigorous work, from
hardware design to software implementation. Indeed, we developed the entire architecture,
from PCB design to the creation of the mobile application enabling remote control and
monitoring of the irrigation system.

Significant work was carried out on the TMS320F28379D microcontroller, particularly for
the calibration of voltage and current measurements. This step alone constitutes a complex and
relatively unexplored area of study, due to the difficulty of implementation and the limited
number of similar works in the literature.

Furthermore, we ensured communication between the TMS320F28379D and the ESP32
modules via UART, as well as communication between two ESP32 boards using LoRa
technology, which allows for reliable data transmission even in remote areas without Wi-Fi or
GSM network coverage.

Moreover, the integration of a web server connected to the mobile application has enabled
real-time monitoring and simple, effective remote control. The addition of an intelligent fault
detection system has also made it possible to replace traditional protection devices, thus offering
a more modern, reliable solution better suited to the requirements of current irrigation systems.

Therefore, the developed system provides an effective response to the problems faced by
farmers, including financial losses, management difficulties, and time constraints. It allows for
simplified remote control, improved monitoring of system parameters, and ensures smooth
irrigation operations under optimal conditions, even in isolated areas.

Finally, this work can be improved and expanded by integrating advanced artificial
intelligence techniques such as fuzzy logic or deep learning, as well as adding new sensors
(temperature, humidity, vibration, etc.). These future improvements will further enhance the
system's performance, flexibility, and autonomy in the face of varying environmental

conditions.
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