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ABSTRACT

Abstract
Since solar energy sources offer clean energy for a variety of systems, their utilization is only

increasing. They are also frequently seen in water pumping systems, particularly in places with
limited access to energy and water. current (DC) and alternating current (AC) motor-powered
solar water pumping systems are becoming more and more popular. pumping device was
examined in this study. We evaluate the literature on water pumping systems and solar systems
in the first chapter. The modeling and simulation of a photovoltaic system is covered in the
second chapter. The third chapter focuses on the modeling and simulation of an induction
machine connected to the grid. Finally, the last chapter presents a study of a complete system
controlled by the DTC (Direct Torque Control) technique, with analysis and interpretation of
the simulation results.
Keywords — PV system, Water Pump, Induction Motor, Control, Performances.
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Résumé

Les sources d’énergie solaire fournissent une énergie propre pour divers systémes, et leur
utilisation ne cesse d’augmenter. Elles sont également fréquemment utilisées dans les systémes
de pompage d’eau, en particulier dans les zones ou 1’accés a I’énergie et a I’eau est limité. Les
systémes de pompage solaire alimentés par des moteurs a courant continu (CC) et a courant
alternatif (CA) gagnent en popularite .Dans cette étude, un dispositif de pompage a eté
examiné. Dans le premier chapitre, nous passons en revue la littérature sur les systemes de
pompage d’eau et les systémes solaires. Le deuxiéme chapitre traite de la modélisation et de la
simulation d’un systéme photovoltaique. Le troisieme chapitre se concentre sur la modélisation
et la simulation d’une machine asynchrone connectée au réseau. Enfin, le dernier chapitre
présente une €tude d’un systeme complet contrdlé par la technique DTC (Direct Torque
Control), avec une analyse et une interprétation des résultats de simulation.

Mots-clés — Systéme photovoltaiqgue, Pompe a eau, Machine asynchrone, Commande,

Performances.
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GENERAL INTRODUCTION

General Introduction

Energy technologies are now at the forefront of contemporary research and development due
to the growing demand for environmentally friendly and sustainable energy sources worldwide.
Because of their capacity to capture abundant solar energy and transform it straight into
electrical power, solar photovoltaic (PV) systems have become one of the most promising
options among these [1]. Water pumping systems are among the most useful uses of PV
technology, particularly in isolated and arid areas with little or no access to the electrical grid.[2]
These systems provide a low-maintenance, economical, and clean substitute for traditional

water pumps that run on diesel or the grid.

The modeling, simulation, and performance assessment of such systems are the main topics of
this thesis, "Performance Analysis of a Solar Photovoltaic Water Pumping System". to examine
the effects of various control strategies on the performance of the induction motor used in the
pumping process, study attempts to give a thorough understanding of various components

involved in solar water pumping systems.

The work is organized into four main chapters:

o Chapter lexplains photovoltaic pumping systems in general. It goes over their
fundamental parts, how they work, and the benefits they provide for a range of uses,
especially in rural water supply and agriculture.

o Chapter Il is devoted to photovoltaic system modeling and simulation. This includes
using simulation tools to assess system behavior in various environmental settings and
mathematically modeling solar panels. [3]

o Chapter Il focuses on simulating and modeling an induction machine that is powered
by an inverter. The electrical and dynamic properties of the motor, as well as how it
interacts with the power supply system, are examined in this chapter. [4]

e Chapter IV investigates the Direct Torque Control (DTC)-supplied induction
machine's modeling and simulation. The effectiveness of this sophisticated control

method in improving the dynamic performance and efficiency of the system is assessed.

[5]
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With a focus on enhancing the functionality of electric drives in these systems, our study seeks
to further the continuous development of sustainable and effective water pumping technologies

that use solar energy.
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CHAPTER I OVERVIEW OF PHOTOVOLTAIC PUMPING SYSTEMS

I.1. Introduction
According to United Nations projections, the global population could reach between 10 and 12
billion by the end of the 21st century. This raises a critical question: how can the world meet
the growing demand for energy in a manner that is environmentally sustainable, safe, and
reliable? There is an increasing global consensus that renewable energy sources will play a vital
role in addressing this challenge [6]. Solar energy represents the most abundant and readily
available form of energy on Earth. It is the fundamental driver of atmospheric dynamics,
oceanic circulation, photosynthesis, and various other life-sustaining processes. The Earth
continuously receives an estimated 173,000 terawatts of solar energy, approximately 10,000
times greater than the total global energy consumption. In contrast, energy sources not
originating from the Sun are relatively limited in both scope and availability [7]. For this
context, in this chapter we will first explore some fundamental concepts regarding solar energy.
We will then discuss solar resources and prospects, with a particular focus on Algeria, which
benefits from exceptional sunlight. Finally, we will examine photovoltaic technology and its
applications, particularly in connection with photovoltaic pumping.
1.2. Solar energy

Solar Energy is defined as the energy radiated from the sun, which can be harnessed and
converted into useful forms of energy such as heat and electricity by using solar technologies.
The two primary types of solar energy systems are:
I. 2.1. Solar Thermal Energy

Solar thermal systems use solar collectors to absorb sunlight and convert it into heat, which
can then be used directly or converted into mechanical energy and electricity through steam
turbines or other thermal engines.
I. 2.2. Photovoltaic (PV) Energy

Photovoltaic systems directly convert solar radiation into electricity using the photovoltaic
effect in semiconductor materials such as silicon [8].
I.3. Solar energy in Algeria
With vast desert areas and over 3,000 hours of sunshine annually, Algeria holds considerable
potential for solar energy development. The national strategy targets the installation of 22,000
MW of solar capacity by 2030 as part of its energy transition plan. By 2030, the Algerian
government aims to generate 27% of its electricity from renewable energy sources, primarily
through the development of solar and wind power. To gain a comprehensive understanding of
the programs and initiatives related to solar energy in Algeria, this study begins by outlining

the country's potential and capabilities in this energy sector. In response to the post-oil energy
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transition, the Algerian government has pursued alternative energy strategies, unveiling an
ambitious plan to generate 10% of its electricity from renewable sources by 2020. This direction
is supported by Algeria’s substantial solar energy potential, owing to its vast landmass and
favorable geographic location. A study conducted by the German Space Agency identified the
Algerian Sahara as the largest solar energy reservoir in the world, receiving approximately
3,000 hours of solar radiation annually Algeria is regarded as one of the most solar-rich
countries globally, with solar irradiance levels in many regions reaching up to 7 kWh/mz2,
According to the Algerian Ministry of Energy and Mines, this immense potential could
theoretically supply energy equivalent to 60 times Western Europe’s needs, four times global

consumption, and nearly 5,000 times Algeria’s own electricity demand [9]

Region Coastal region Highlands Sahara
Area (%) 4 10 86
Sunshine average 2650 3000 3500
(hour/year)

Solar energy received (KWh/m~2.year) 1700 1900 2650

Table 1.1 Solar potential in Algeria [10]
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Figure 1.1 Solar radiation map of Algeria for a totally clear sky: sum of all daily global solar
radiation on horizontal surface [11].
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1.4. Photovoltaic System

1.4.1. The Photovoltaic Effect

The photovoltaic effect refers to the physical phenomenon in which incident photons generate
electron-hole pairs within a semiconductor material, and these charge carriers are subsequently
separated by the internal electric field of a p-n junction, resulting in the direct conversion of
light energy into electrical energy within solar cells [12].

1.4.2. Principle of Photovoltaic Conversion

When light strikes a p-n junction, the energy carried by incident photons is absorbed at the
junction, resulting in the generation of electron-hole pairs. This process disturbs the thermal
equilibrium of the junction. The free electrons generated within the depletion region migrate
toward the n-type side, while the corresponding holes move toward the p-type side. As these
charge carriers accumulate, the potential barrier at the junction prevents the electrons from
crossing into the p-type region and similarly inhibits the holes from moving into the n-type
region. This separation of charges leads to a build-up of electrons on the n-type side and holes
on the p-type side, creating an electric potential across the junction known as the photo voltage.
Consequently, the p-n junction functions like a miniature power source. When an external load
IS connected, this potential drives an electric current through the circuit. The efficiency and
overall performance of the solar cell are primarily influenced by severalfactors, including
atmospheric conditions (such as humidity and cloud cover), the intensity of solar irradiation,
ambient temperature, air mass, and the specific materials used in the fabrication of the solar
cell[13].

Sunlight

n-type Material

pP-n Junction
p-type Material

,’

Solar Panel

Photons

Figure 1.2 Principle of the Photovoltaic system [14].
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I.5. Different types of photovoltaic cell

1.5.1. First Generation Solar Cells

First-generation solar cells are the most widely used photovoltaic panels and are primarily
composed of either mono-crystalline or polycrystalline silicon. Mono-crystalline silicon
(Mono-Si) solar panels are manufactured using highly purified silicon, which contributes to
their distinctive dark appearance and rounded edges. Due to the high purity of the silicon, these
panels achieve superior efficiency levels, typically reaching up to 20%. In contrast,
polycrystalline silicon solar panels are characterized by their blue, speckled appearance and
square-shaped cells with uncut edges. These panels are produced through a more cost-effective
and rapid process, which involves melting raw silicon. However, this manufacturing approach
results in lower silicon purity, leading to reduced efficiencytypically around 15%shorter
operational lifespan, and decreased space efficiency. Additionally, polycrystalline panels tend
to be more susceptible to performance degradation under high-temperature conditions [15].
1.5.2. Second Generation Solar Cells

Second-generation solar cells, also known as thin-film solar cells (TFSC), are primarily utilized
in photovoltaic power plants, building-integrated photovoltaic and smaller-scale solar systems.
These cells are produced by depositing one or more thin layers of photovoltaic materials such
as silicon, cadmium, or copperonto a substrate. Due to the reduced quantity of raw materials
required in their manufacturing, thin-film solar cells offer a more cost-effective alternative to
traditional solar technologies. They also exhibit better performance at higher temperatures;
however, they generally have a shorter operational lifespan and require a larger installation
area. Among them, amorphous silicon (a-Si) solar cells are notable for their relatively low
efficiency, typically around 7%, which limits their application mainly to low-power devices
such as pocket calculators. Nevertheless, their lower production costs remain a significant
advantage [18].

1.5.3. Third Generation Solar Cell

Third-generation solar cells represent an emerging class of photovoltaic technologies that are
currently under research and development. These advanced solar cells aim to overcome the
limitations of earlier generations by utilizing a variety of organic and inorganic materials to
convert sunlight into electricity. Examples of these technologies include hybrid solar cells,
cadmium telluride (CdTe) solar cells, and concentrated solar cells. While still in the
experimental stage, these innovations hold significant potential for improving efficiency and

reducing production costs in future solar energy applications [18].
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Figure 1.3 Solar cell technologies [16].

Solar Cell Type Efficiency Advantages Disadvantages
Rate
Monocrystalline Solar cells 20% * High Efficiency * Expensive
(Mono -Si) * High time value
* Optimized for
commercial use.
Polycrystalline Solar cells 15% Lower Price » Sensitive to high
(p-Si) temperatures
» Lower lifespan
» Slightly less
efficient
Thin Film Amorphous 5-9% * Relatively low cost « Shorter lifespan
Silicon Solar panels (A-SI) * Easy toproduce
* Flexible
Cadmium Telluride 7-11% * Absorbs 90% of * Cadmium is a
the incident photons | pollutant and toxic

Table 1.2 Summary of different solar cells technologies and their performances [18]

1.6. Cell combination

1.6.1.String connection of photovoltaic cells

Photovoltaic cells are typically connected in series within photovoltaic panels to increase the

overall voltage output. This configuration is necessary because the operating voltage of an

individual cell is relatively low, typically only a few hundred milli-volts[17], as illustrated in

Figure 1.4 below.
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Figurel.4 Series connection [18]
Therefore, photovoltaic (PV) cells are connected in series to form strings, enabling the system
to achieve a voltage level that satisfies the input specifications of the power processing unit.

1.6.2.Parallel arrangement of photovoltaic cells
The figure 1.5 illustrated how the generated current can be increase through parallel connection

of photovoltaic cells:

Cell 1 =
= + — 0.10
Vi =05V .
Cell 2 Iz 0.08 4 4 Curve for 2 parallel solar cells
- + e
V- Curve for single solar cell
Vz=05V
0.06

Is
0.04 %
%

Cell4
4 o ., 4
0.02 - LR
Ve =05V \. i
Tiota

0.00

(<]
< i
1 +
< "
Cell Current (Amperes)

T T T 1
- Output 4+ 0.0 0.2 0.4 0.6 0.8 1.0
® Voltage @
0.5 volts Cell Voltage (Volts)

Figure 1.5 Parallel connection of photovoltaic cells [18]
Therefore, a parallel configuration of photovoltaic cells is employed to increase the output

current, as the potential difference across the terminals remains constant.

1.6.3.Parallel and series connection of photovoltaic cells

The series and parallel configurations of photovoltaic (PV) cells are utilized to enhance both
output voltage and current. The total output voltage is determined by multiplying the voltage
of a single cell by the number of cells connected in series within each panel. Similarly, the total

output current is obtained by multiplying the current of a single cell by the number of parallel-

connected strings.
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Figure 1.6 Parallel and series connection of photovoltaic cells [18]

In the event of an accident where a single photovoltaic (PV) cell is damaged or becomes
disconnected, the current flow through the entire series-connected string is interrupted, resulting
in the loss of power contribution from the entire string. To mitigate the impact of such
occurrences, PV panel manufacturers typically integrate bypass diodes in parallel with the PV
cells usually two or three diodes per panel, depending on the panel's power rating.

I.7. Photovoltaic Modules

A module is made up of cells linked in series or parallel. The module's front face ought to be
composed of glass that possesses the following qualities:

Good openness, resistance to impact and abrasion blocking off moisture [20], glass (also
known as "bifacial” modules) or a combination of Tedlar, alu, and Tedlar (polyethylene) are

typically used for the rear face.

Aluminium frame
Glass
EVA Encapsulant

‘-"‘.\ e Silicon solar cells
T e EVA Encapsulant

> Tedlar Backsheet
< Junction box

Figure 1.7 Construction of a Photovoltaic Module [21]

<
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To enhance the module's lifespan, it must be safeguarded, notably against damaging failures
caused by cell connections and operating under shading circumstances. Two forms of protection
are commonly required for the effective operation of a solar module [20].

Bypass Diode Protection: When the lighting is uneven, they can separate a sub-network of cells
(shading effect), avoiding hot patches and the devastation of cells with inadequate illumination.
A series diode stops negative current in the PV system by being positioned between the module

and the battery. This can happen when many modules are linked in parallel or when a load in

10




CHAPTER I OVERVIEW OF PHOTOVOLTAIC PUMPING SYSTEMS

direct connection, such a battery, changes from receiving to producing mode at night. It is also

known as a reverse-current diode in this context [20]

Bypass Diodes

#

Cell 1 Cell 2 Cell 3

0 Output o

Figure 1.8 Protections of Modules by Reverse-Current and Bypass Diodes [18].
Features of a Module Typically, modules are thin, rectangular parallelepipeds that are stiff and
just a few millimeters thick. They have the following features:

e Peak Power (Pc): The highest amount of electricity the module can produce in typical
circumstances (25°C and 1000 W/mz2 of light).

(I=1(V)) I-V Characteristic: a graph that shows the module's output current (I) as a function
of the voltage across it.

Vocor open circuit voltage: the voltage across the module under "full sun™ light while there is
no current flowing through it.

Short Circuit Current (Isc): The current that the module produces when it is shorted off and
exposed to "full sun” light.

Peak power in full sun: is known as the "optimal operating point" (Pm, Vm, Im).

Efficiency: is the ratio of incident radiation power to the ideal electrical power.

Form Factor: The proportion of the cell's maximal power to its ideal power [22].

1.8 Different types of photovoltaic systems

1.8.1 Standalone systems

Neither the electrical grid nor any other energy sources are necessary for a solo solar system to
function. This method is typically utilized in isolated areas. Even in the absence of sunshine

(during inclement weather or at night), such a system must be able to supply energy. As a result,
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batteries are required to store a portion of the solar modules' daily output [23].One or more solar
modules, a charge controller, one or more batteries, and maybe an inverter make up this system
in most cases.

1.8.2. Hybrid systems

In order to improve the amount of energy available, hybrid systems combine two or more
complimentary technologies. Although wind and solar energy don't always supply power, they
can eventually be combined to produce electricity more continuously. The way hybrid systems
work is that the solar panels charge the batteries during the day and the wind generator charges

them during the windy season [24].

Example Hybrid Energy System

Energy input Energy Flow Energy storage Energy
Control System applications

Electric, fuel cell or
hybrid vehicle

Figure 1.9 Hybrid Energy systems [25]

1.8.3. Grid-connected systems

Grid-connected installations (or those linked to a distribution center) generally provide an
optimal solution for solar electricity production, both in terms of energy and cost. These systems
consist of interconnected photovoltaic modules, one (or more) inverter(s) connected

to the electrical grid. The inverter converts the direct current generated by the photovoltaic

modules into alternating current compatible with the electrical grid

12
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Solar PV Module | Solar PV Module

‘Solar Power Generation |

DC-AC Utility NET
Inverter Meter

Utility power
line

Domestic
Load

Figure 1.10 Grid-connected systems [26].
1.9.Photovoltaic Pumping Systems
There are two types of photovoltaic pumping systems currently in use: those with and without
batteries. The main drawback of the battery-less technology is that the water flow depends on
the sunlight during the day. We will add batteries to the photovoltaic pumping system in order
to conduct a study. Water scarcity is a major problem for many populations in rural areas of
developing countries, and it is particularly worse in desert areas. Improving living conditions
in these areas is tied to finding appropriate solutions to this problem.
1.9.1. Sun-following Pumping
Hydraulic storage involves pumping water into an aboveground tank when there is enough
sunshine. Gravity then distributes it as required. A more straightforward photovoltaic system is

made possible by sun-following pumping, as seen in Figure (1.11) [23].

1. Solar electric paneis

Figure 1.11Principle of operation of sun-following pumping [27]
The basic idea behind such a system is still fairly straightforward: when the photovoltaic panels
are exposed to sunlight, they power a pump (which can be submerged or surface-mounted) with
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the help of a controller regulator, which may be built into the pump depending on the
manufacturer. The pump then supplies water. Water is stored in a reservoir by the sun-following
pumping system until it is required. Although this option is less expensive, the pumps have a
poorer efficiency outside of their nominal working power and do not operate below a particular
level of illumination (daily dawn and evening). They also do not have a steady flow rate.
1.9.2.pumping with Electrochemical Storage (Batteries)

Storage is necessary because photovoltaic pumping frequently does not correspond with the
hours of sunshine or demands a constant intensity. Energy independence A steady flow rate

based on demand are guaranteed by photovoltaic pumping with batteries [28].

"VZ.'
Reservoir
L Battery
T 7 storage
é gt 4
......... |
.. @t v ZZ |
_>| MPPT / Power Converter | 1!
Solar panel
\d
J Reservoir
L Pipeline

Motor-pump

Figure 1.12 photovoltaic pumping with energy storage [39].

Electricity may be stored and released when needed thanks to batteries. To prevent severe
discharges or overcharging, which might shorten the batteries' lifespan, a regulator is necessary.
1.10. Composition of a PV pumping system with energy storage

The efficiency of the modules, site conditions (sunlight, ambient temperature, geographical
obstacles), and other equipment characteristics (inverter, motor, pump, etc.) all affect the
performance of water pumping, one of the most popular uses of solar energy for irrigation or
drinking water supply. A PV pumping system is a complicated system made up of several
interaction components, such as the PV generator, conversion system, drive motor, pump, and

storage batteries, all of which have an impact on one another [23]
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1.10.1. Photovoltaic Generator

Each of the modules that make up a photovoltaic generator is made up of several solar cells that
are coupled in series and parallel to supply the required voltage and current. The generator's
performance is contingent upon the diversity of both the cells within the modules and the
modules themselves. The number of modules in series determines the photovoltaic generator's
output voltage, whereas the number of modules in parallel determines its output current. Figure
(1.13) [30] illustrates a photovoltaic array, which is the term used to describe an integrated group

of solar modules.

Panel
several modules assembled
into a single structure

Array
assembly of panels
connected in series

Cell Module

Photovoltaic generator
assembly of arrays connected
in parallel to obtain the required power

Figure 1.13Components of a photovoltaic module generator [31].

1.10.2. Static Converters
Static converters are systems that adapt the electrical energy source to a given load, there are
several types of static converters such as:
a) DC/DC Converter (Chopper)
DC/DC converters are used to provide variable DC voltage from a fixed DC voltage. This
energy conversion occurs through high frequency "switching," which is characterized by high
efficiency [24].

¢+ Buck Converter (Series Chopper)

++ Boost Converter (Parallel Chopper)

b) DC/AC converter (Inverter)

¢ Single-phase Inverter

%+ Three-phase inverter
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1.10.3. Drive Motor

The drive motor converts electrical energy into mechanical energy. It can be either DC or AC.
In the case of AC, an electronic converter or inverter is necessary to convert the DC current
from a photovoltaic generator into AC. For this reason, the initial choice of a DC motor might
seem more appealing, but we will see that the evolution of efficient electronic converters also
makes it possible to choose efficient and, above all, cheaper AC motors [19].

a) DC Motor

These motors are powered by DC voltages. The main advantage of DC machines lies in their
simple adaptation to methods for adjusting or varying their speed, torque, and direction of
rotation. Its main drawback is the brush/rotary collector assembly, which wears out, is complex
to build, and consumes energy [19].

b) AC Motor

For low and medium power applications (up to a few kilowatts), the standard single-phase grid
is sufficient. For high-power applications, AC motors are typically powered by a polyphase
current source. The most commonly used system is then the three-phase (phases offset by 120°),
which is used by electricity distributors. These AC motors come in two types: Synchronous
motors and Asynchronous motors [19].

% Synchronous Motors

The synchronous machine is often used as a generator and is then called an "alternator.” Except
for low-power generators, this machine is typically three-phase. Power plants use alternators
with powers that can reach up to 1500 MW. As the name suggests, the rotational speed of these
machines is always proportional to the frequency of the currents passing through them. There
are three types of synchronous machines: wound rotor synchronous machines, reluctance
synchronous machines, and permanent magnet synchronous machines [20]

% Asynchronous Motors

The asynchronous machine, also known by the Anglo-Saxon term "induction machine,” is an
alternating current machine without electrical power supplied to the rotor. The term "induction”
comes from the currents induced in the rotor by magnetic induction. The term "asynchronous”
arises because the speed of these machines is not necessarily proportional to the frequency of
the currents passing through them. Using an asynchronous motor (three-phase alternating
current) is more economical and practical due to its robustness, lower cost, and lack of
maintenance, even if it requires a more complex electronic control circuit for photovoltaic

pumping systems. The use of an asynchronous motor thus increases the autonomy and
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reliability of the installation. The motor is powered by an inverter (DC/AC converter), which
ensures the optimization of the generator.

1.10.4. Water pumps

There are two main types of water pumps used in solar water pumping system which are
centrifugal pumps and the positive displacement pumps. The choice of these pumps depend on
factors like the head, the desired flow rate, the efficiency and the maintenance of these pumps.
1.10.4.1. Centrifugal pumps

These pumps consist of one or more impellers that spin water by subjecting it to centrifugal
force. To attain high lift, a centrifugal pump may have a multitude of stages, each consisting of
an impeller at each stage thus increasing the pump’s lift capacity. Centrifugal pumps may use
over 20 stages to attain high lifts and each stage adds pressure but also imposes friction,

resulting in an efficiency loss of about 5% per stage[33]

Figure 1.14 Centrifugal Pump [31].

1.10.4.2.VVolumetric Pumps

In these pumps, the fluid is set in motion by a variation in the volume that contains it.\VVolumetric
pumps come in two types: reciprocating volumetric pumps (e.g., piston pumps, diaphragm
pumps, etc.) and rotary volumetric pumps (e.g., screw pumps, etc.).

Their main advantages are as follows:

They are designed for low flow rates (less than 5 m3/h) and high heads.

They have good efficiencies, and surface pumps are self-priming. The starting torque of a
volumetric pump (3 to 5 times the nominal torque) and the I = f (V) characteristic of this type
of pump make its direct operation from a photovoltaic panel economically unfeasible. To
overcome the problem of over-sizing the generator resulting from this mismatch, an impedance

adapter is used to allow the system to achieve the highest possible efficiency [19].
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Figure 1.15 Volumetric pumps [31].

I.10.5. Electrochemical Storage

Battery assemblies in electrochemical battery storage systems are made to deliver power and
capacity according to demand (backup power, grid stabilization).

In order to store power in off-grid systems, the battery is frequently linked with the solar
generator. It releases the electricity that has built up throughout the day at night or on overcast
days. There are several kinds of batteries, including [34] Lead-acid battery, Nickel-cadmium
battery, Nickel-chloride sodium battery,Lithium-ion battery, Zinc-air battery and Lithium

Batteries.

Figure 1.16 Varta lithium accumulator [35].
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I.11.Classification of photovoltaic water pumping systems

The selection of a water pumping system primarily depends on the total head and the water
source. These sources may include deep wells, dams, rivers, or lakes. Consequently, the
appropriate system may involve a surface pump, a submersible pump, or a floating pump,
depending on the specific application and source characteristics.

I.11.1. Surface water pumps

A surface pump (Figure 1.19) is positioned above the water source, which inherently limits the
maximum suction lift achievable. The pump must be installed no more than 3 to 6 vertical
meters above the water level, exceeding this range may result in air being drawn into the system,
ultimately causing pump failure. Surface pumps are suitable for drawing water from sources
such as rivers, irrigation ditches, ponds, or storage tanks, but are not appropriate for deep well
applications. Compared to submersible pumps, surface pumps are generally more cost-effective

and may offer greater efficiency for high-volume water transfer, as illustrated in Figure 1.17.

e

Surface
p\‘.ir!‘.’l'\ pump

Water distribution

Figure 1.17. Layout of a surface water pump.

1.11.2 Submersible pumps

A submersible pump (Figure 1.18) is generally easier to install, offers enhanced protection
against environmental factors, and is less susceptible to damage caused by dry running due to
the integration of water level sensors. Some solar-powered submersible pumps operate using a
centrifugal mechanism similar to that of surface pumps, while others employ a positive
displacement mechanism. Among these, centrifugal submersible pumps represent the

predominant technology for deep well pumping applications
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Figure 1.18. Diagram of a submersible water pump.
I.11.3Floating water pump Floating pumps
As illustrated in Figure 1.19, floating pumps are semi-submersible devices supported and
stabilized by a buoyant structure. They are designed for use in situations where inline pumps
are unsuitable and are commonly deployed in water bodies such as dams, lakes, and lagoons.
These floating or semi-submersible pumps can achieve flow rates of up to 7,000 liters per hour
[36]

Water distribution

Surface float "

water puinp \ o

Figure 1.19. Floating water pump [37].

I.12 Configuration of a photovoltaic pumping system with batteries

Figure 1.20 shows the main components of the photovoltaic pumping system with batteries
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Figure 1.20 Main components of the photovoltaic pumping system with batteries [38].
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1.13 Operation of a Photovoltaic Generator at Its Maximum Power
An optimal photovoltaic system's overall design is intrinsically complicated. On the source side,
a solar generator's power output fluctuates greatly based on temperature, light, and the
load's fluctuating behavior based on consumption, all of which are frequently unpredictable. In
fact, the extractable power varies in these shifting circumstances. Indeed, this is how the
concept of Maximum Power Point Tracking, or MPPT, came to be. Unlike fixed voltage
control, the MPPT approach uses a search algorithm to predict the maximum of the power curve
without interfering with the solar panel's regular operation. By carefully managing the power
and ensuring that the derivative of the power with respect to time is zero, the maximum power
is attained. In order to get the highest power on the current/voltage characteristic, MPPT
searches for the reference value rather than relying on a preset one. It is vital to note that MPPT
is crucial since it minimizes expenses and enhances efficiency. When properly tuned, MPPT
may capture over 97% of solar electricity. The conductance increment
algorithm, the fuzzy logic technique, the Perturb and Observe (P&O) method, and others are
among the MPPT methods that are now accessible [39]
1.14 Advantages and Disadvantages of a PV system
1.14.1 Advantages

» PV systems provide energy independence since sunlight is free and abundant.

» They are environmentally friendly, producing no pollution or noise.

High reliability and require little maintenance with long operational lifespans.
Modular design allows easy expansion based on energy needs.

Enable decentralized energy generation (close to the point of use).

YV V VYV V

Energy storage options can reduce the impact of power outages.
» Can be used to power specific devices or to supplement the grid [32]
1.14.2 Disadvantages
» Initial installation costs are high compared to other power sources.
» PV systems have low energy density, needing large areas to install panels.
» Energy output depends on factors like location, sunlight availability, time of year, and

panel orientation. [32]
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1.15 Conclusion

In preparation for the modeling and analysis of the photovoltaic system, which will be
addressed in the following chapter, this chapter has presented fundamental concepts regarding
the photovoltaic system. We have also discussed its significant role in modern electricity
production, its prospects, particularly in Algeria, its structure, various connection modes, as

well as its advantages and disadvantages.
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11.1 Introduction

Modeling is an essential step that must be performed before any system sizing, optimization, or
simulation phase .This chapter presents a simulation model of a photovoltaic (PV) system
operating under the weather conditions of the installation site. Individual photovoltaic systems
are widely deployed in renewable energy applications, and it is crucial to be able to
evaluate the performance of the systems in place. The current- voltage and power-voltage
characteristics of a photovoltaic generator are influenced by solar irradiation and the
operating temperature of the cells. We performed an electrical characterization and modeling
of a photovoltaic generator in the context of Matlab.The main objective of this work is to
predict the performance of a photovoltaic system .The simulation results obtained attest
to the quality of the proposed model.

11.2. Photovoltaic generator (PVG)

11.2.1. Definition

A photovoltaic generator (PVG) is an energy conversion device that converts solar radiation
directly into electrical energy through the photovoltaic effect. It is a series of photovoltaic cells
interconnected in series and/or parallel to obtain the required voltage and current levels [40].
11.2.2. Performances of a PV system

The performance of a photovoltaic generator (PVG) is influenced by several elements,
including solar irradiation, temperature and the electrical characteristics of the photovoltaic
cells. This chapter presents presents the basic principles of photovoltaic energy conversion ,
and then explains the mathematical model of PVG. This is essential for analyzing and
simulating the overall operation of the photovoltaic system [41] [42].

11.2.3. Structure of a Photovoltaic Generator (PVG)

A photovoltaic generator (PVG) consists of several photovoltaic cells, which are the basic units
responsible for transforming solar energy into electricity.

These cells are usually made from semiconductor materials, such as silicon, and are connected
in series and or parallel to form photovoltaic modules. It is possible to assemble several of
these modules to form a global photovoltaic system capable of providing the required power.
Figure 11.1 illustrates the configuration of the photovoltaic connected to the load based on DC-
DC converter using MPPT control [43].
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Figure 11.1Main components of the photovoltaic system.

11.3. Photovoltaic cell

11.3.1. Simplified model

A photovoltaic cell can be defined as an ideal current source producing a photocurrent (Iph )
which is proportional to the power of the incident light. This current source is connected in
parallel with a diode which represents the PN junction of the photovoltaic cell. When a resistive
load is connected to the terminals of the photovoltaic generator, part of the current (I) is
supplied to the load, while the rest of the current (ID) passes through the diode [44]. Figure 11.2
represents this relationship, which can be formulated as follows:

I=I,—Ip (11.2)
I: Current delivered by the solar panel.

In: The illumination current.

Ip: The current in the diode.

In L

|
Ion @ D SZ AV

Figure 11.2 Simplified model of the cell.

For an ideal photovoltaic generator, the voltage across the load resistor is equal to the voltage
across the diode:
V=V (1.2)

Ip = lo(exp(D) — 1) (11.3)

Where:
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Ip : is the current flowing through the diode.
I, : is the reverse saturation current.
Vp: is the voltage across the diode.

Vt: is the thermal voltage.

Ip = lo(exp(;D) — 1) (11.4)
Where

Ve + DK/ is thethermal voltage of a photovoltaic (PV) cell, and it plays a key role in modeling

the electrical behavior of the cell (especially in the diode equation).
n: Diode quality factor (1~1.5)

K: Boltzmann constant, k = 1.38e23 [J/K].

q: The charge of the electron1.6e1°[eV].

T : Kelvin Temperature at standard test condition [K].

The output current is equivalent to:

oy : 1 —1p=1— Io(exp(\(/—]:) —1) (11.5)
Although this model is purely theoretical and does not take into account the real behavior of a
photovoltaic cell, it remains valid under certain conditions, such as the omission of voltage
losses and leakage currents. However, some other models, although theoretical, describe the
behavior of a photovoltaic cell more precisely.

11.3.2. Single-Diode Model

The old photovoltaic model did not take into account all the phenomena occurring during the
conversion of light energy. Under real conditions, output voltage drop and leakage currents are
observed, as shown in Figure 11.3.

These voltage losses are represented by a series resistance (Rs), while the leakage currents are

modeled by a parallel resistance (Rsh) [44].

Rs I

€D
w)
£
— "N\
-

Figure 11.3 Single-diode model of the PV cell.
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We have:

[ = Ipp —Ip — Igp (11.6)
L= 2= (11.7)
lpy = Ton = Io (exp(D) — 1) = T (11.8)
Where:

Ry, : Shunt resistance characterizing the leakage currents of the junction.
R,: Series resistance representing the various resistances of contacts and connections.

Igp: Current flowing through the shunt resistanceas given as :
G
Iph = Ippn + Ki(T—T,) - (G_)
n

And Vt is thermal voltage of the module for a number as given as :
v, = Ns-K-T
q
Where:
q : Electron charge(1.6 x 10 — 19 0).
K : Boltzmann constant(1.3854 x 10 — 23 J/K).
a: Diode ideality factor.
T: Effective temperature of the cell in Kelvin [K].
Ns: Number of cells in series per module.

T: cell temperature, varying with irradiance and ambient temperature as given as :

G
T—T, =555 (NOCT — 20).

With:

Ta: ambient temperature is 20 °C at wind speed greater than 1m/s.

NOCT: Nominal Operating Cell Temperature under the following conditions:

Gn = 800 W/m? AM 15.

11.3.3. Two-Diode Model

Currently, the two - diode model, also known as the double exponential model, is considered
the most accurate electrical representation of a photovoltaic cell. In this method, the cell is
represented as a current source parallel to two diodes, more accurately reflecting the nonlinear
behavior of the device. To account for various physical phenomena, such as recombination
losses and leakage currents, the model is improved by adding a series resistor (RS) and a shunt

(or parallel) resistor (RSh), as demonstrated in the equivalent circuit diagram in Figure 11.4 [45].
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Figure 11.4 Two-diode model of the PV cell.
If we apply Kirchhoff's current law (node law) to the circuit in Figure 11.4, we obtain:

[=1Ipyh —Ips —Ip2—1Ip (1.9)
Thus, the relationship becomes:

(V4+Rs D) (V4Rs D) V+Rs*I
1= 1= T (L2582 - 1)~ 1 enp (225822 - 1) - 42 o
Where:

n1 : Ideality factor of diode D1.

n2 : ldeality factor of diode D2.

Iy1, Iy, Reverse saturation currents of diodes D1and D2.

According to the literature, it can be said that the two-diode model of the cell is the closest to

reality, as it reproduces the nearly real behavior of the cell.

11.4. DC-DC Converter

DC - DC converters are linear, switching power converters used to change the voltage level of
a direct current (DC) power source. They are essential in applications such as storing
photovoltaic energy in batteries or supplying a direct current load [46].Linear converters
provide a direct current flow from the input to the load, while switching converters regulate the
output by fragmenting the input voltage and controlling the average current by adjusting the
system duty cycle. The following figure 1.5 shows the most commonly used symbolic

representation of a DC/DC converter.

e

Ha Converter
() DC/DC

Figure 11.5 Symbolic representation of a DC/DC converter.
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The most commonly used types of DC-DC converters are:

e Boost converter (voltage increase),
e Buck converter (voltage decrease) ,
e Buck-Boost converter.

In the following section, we briefly review the operating principle of the boost converter.
11.4.1 Boost Converter

Boost converter is a device that steps up the voltage, meaning the output voltage is always
higher than the input voltage. It is also commonly referred to as a parallel chopper or step -up
regulator in the literature [46]. The basic illustration is shown in figure I1.6.

e When the semiconductor switch (K) is conducting, the diode is reverse biased and the
power source (usually a series of solar cells) supplies power to the inductor. During this
period, the load is supplied by the capacitor.

e When the switch (K) is off, current flows from the power source to the load via the

inductor and diode

D
L

ii -il. > % io.;
Ifc—.j “’f("_"
—L e K ——2 Vo

Figure 11.6 Basic schematic of the Boost converter.
The operation of a boost converter is divided into two distinct phases, depending on the state
of switch K.
When switch K is closed (conducting state), the current through the inductor increases and
energy is stored in the form of magnetic energy within the inductor. During this stage, the diode
is reverse biased and prevents current from flowing, effectively disconnecting the load from the

input source. The expression of the input voltage (Vi) during this phase is therefore:

_ g dn
V,=L - (1.11)
At the end of the ON-state (conducting phase), the inductor current I has increased by an

amount Al, which is expressed as:

fD.T Vj.dt _ V;.D.T

DT
Alion = [, dlL = [ = -

(11.12)
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D is the duty cycle, which represents the fraction of the switching period T during which the
switch S is conducting (ON). It satisfies the condition: 0 < D < 1.
When the switch K is open (OFF state), the inductor is placed in series with the power source,
and its voltage adds to that of the source this is known as the boost effect. The energy previously
stored in the inductor is then transferred to the capacitor and the load.

The expression for the input voltage Vi during this phase is:

dI
Vi—-V, = L.d—tL (1.13)
The variation of 1. during the OFF state (when the switch is open) is therefore given by:

AL, =2 (1-D).T (11.14)

The amount of energy stored in each of the components is the same at the beginning and at the
end of one switching cycle. Consequently, the inductor current I, has the same value at the start

and end of each switching period. This allows us to write:

ViDT | Vo-Vi(1-D).T (1.15)

Alpon + Al = L L

The ratio between Vi and Vo is therefore

Vo_ 1
w0 (11.16)

D: is the duty cycle.

;o
Ip
DT T t
A VK
Vo
Ik
DT T t
,
IL
DT T t

Figure I1.7 Current and voltage waveforms of a boost converter.

11.5. Maximum Power Point Tracking (MPPT) Control

Photovoltaic cells are used to provide energy in many electrical applications. To get the best
efficiency from the solar panel, Maximum Power Point Tracking (MPPT) is used to manage
the converter [47].The PPMR technique, developed since 1968, is essential for the optimal

operation of photovoltaic systems.
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11.5.1. Principle of MPPT

The principle of Maximum Power Point Tracking (MPP) is based on the use of a control
algorithm to extract energy at the maximum power point, based on the measurement of voltage
and current from the photovoltaic module. This ensures that the maximum possible energy is
delivered to the output.

The Maximum Power Point (MPP) changes depending on conditions, such as irradiance levels
and temperature. To continuously extract the maximum power from the photovoltaic panel, it
is crucial to constantly operate at the maximum power point (MPP) [47]. Next, we will
introduce and study the P&O (Perturb and Observe) method, which is among the most
frequently used techniques in publications.

11.5.2. Perturb and Observe (P&O) Method

The Perturb and Observe (P&O) method is the simplest MPPT technique, as it only requires
the measurement of a few parameters. This involves disturbing one of the input parameters of
the static converter (usually the voltageVpv) and then observing the effect of this change on the
output power of the system. This method allows maximum power to be extracted even when
irradiance and temperature fluctuate .

The obtained value is then compared with the power P(k — 1) calculated during the previous
cycle. Depending on the result of the comparison, Vpv is modified either in the same direction
as during the previous cycle, or in an opposite direction .Therefore, power increases, reaches a
peak, and then decreases .As soon as a decrease in power is identified, the direction of control
is reversed, and this cycle continues .Nevertheless, the oscillation of the system around the
maximum allows the maximum power point to be tracked [48].Figure 11.8 summarizes the

operation principle of this method.

& PPM
PJ:"""' I' --..-..'| 1rgacn I'i ----------
the PEM. :
. AP <0
=2 Y, : VAR WA S
> | ! | |
o A : ' '
AVSDL AV >0
—p —
Veem Vey [V]

Figure 11.8 Operating principle of the P&O method.
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Figure 11.9 shows the flowchart of the P&O algorithm, as it should be implemented in a control

microprocessor [48].

)\ 4

PK)-Pk-1)=0

Increase V Decrease V Decrease V Increase V

v

Update
Vik-1) = V(k)
1(k=1)

A

Figure 11.9 Flowchart of the P&O method.

11.5.3. The Incremental Conductance (INC) Method

The Incremental Conductance (INC) Maximum Power Point Tracking (MPPT) technique is
one of the most widely used MPPT strategies, offering the advantage of rapid tracking of the
MPP [49] [50]. Compared to the Perturb & Observe (P&O) MPPT strategy, INC combines and
utilizes the unique characteristics of the output P-V curve and the I-V curve of the photovoltaic

generator and tracks the MPP more quickly and accurately [51]. This technique is based on the
slope of the P-V characteristic curve where the MPP is tracked whenZ—z:O, as follows:

dP _d(viD _ (dv  dl

d1 Al
v~ av w Ve =1HVgdv=I+g5 (11.17)

The slope of the photovoltaic generator's power curve is zero at the MPP, positive to the left,

and negative to the right.
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Equation I1.17indicates that the MPP is reached Whens—‘ll =—I/V.

o |If ;1_‘1/ > —[/V, the operating point is to the left of the MPP on the P-V curve.
o |If 3_\1/ < —1/V, the operating point is to the right.

The MPP can thus be tracked by comparing the instantaneous conductance (I/V) to the

incremental conductance (dI/dV), as shown in the flowchart in Figure 11.9.

The size of the increment determines the tracking speed of the MPP. Fast tracking can be
achieved with larger increments, but the system may not operate exactly at the MPP and may

oscillate around it.

Start

'|'"'|+'J'"
vn),I(n)
v

AVn)=V(n)-Vv{n-1)
AP(n)=P(n)-P{n-1)

Win-1)=%{n)
P{n-1)=P{n})

¥

Stop ‘

Figure 11.10 Flowchart of the INC Method

11.6. Simulation of the Photovoltaic Generator
In this study, we chose to model and simulate our photovoltaic system using a panel composed

of a string of 8 modules connected in series, of the SST235-60P type manufactured by China
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Sunergy (Nanjing). Each module consists of 60 solar cells. The electrical characteristics of the

PV system are presented in Table I1.1. [52]

Electrical Characteristics The value
Nominal Power STC Pyax (W) 235.024
Open-circuit Voltage Vo (V) 36.8
Short-circuit Current  Icc (A) 8.54
Voltage at Maximum Power Vppax (V) 29.6
Current at Maximum Power Ipyax (A) 7.94
Temperature Coefficient of Igc(A) 0.06 %/ °C
Temperature Coefficient of Viq(V) -0.37%/°C

Table I1.1 Characteristics of the SST235-60P (China Sunergy (Nanjing)) PV system.
11.6.1 Simulation of the PV Module
11.6.1.1 First case
The PV Module has a maximum power output of 305 W, was first used to model its electrical
behavior. As seen in Figures I11.11 and 11.12, this enabled us to ascertain the PV module's 1V

(current-voltage) and PV (power-voltage) properties.

Current (A)

0 I 1 I 1 I
0 50 100 150 200 250 300

Voltage (V)

Figure 11.11 Simulation of the (I-V) characteristic of the PV module.
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Figure 11.12 Simulation of the (P-V) characteristic of the PV module.
These figures illustrate the module current variation at fixed temperature at 25°c and irradiance
at 1000 W/m? as a function of voltage. Up until about V = 200 V, the current is shown to be
almost constant. After that, it drops exponentially until it reaches zero.
We can see that the change in the module power under the same circumstances as a function of
voltage. We observe there is a peak in the power curve at about P = 1600W. Up until this

moment, the curve rises gradually; after that, it collapses precipitously to zero.

11.6.1.2 Second case

The PV system's overall simulation (GPV, converter, MPPT, load), the photovoltaic (PV)
system is connected to a boost DC-DC converter and an MPPT controller employing the INC
algorithm, which supplies a DC load. Figure 11.16 illustrates the system's SIMULINK schematic

Figure 11.13 SIMULINK model of the PV system.
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11.6.5 Results and Discussion

The goal of these simulations is to visualize the different power profiles (at the output of the
solar panel and the static converter), duty cycles (D), and the voltages delivered by both the
photovoltaic panel and the static converter using the Maximum Power Point (MPP) tracking
method via INC algorithm ( Incremental conductance). In this section, the simulation was
carried out using MATLAB-Simulink, with variable irradiance levels (600, 800, 1000 W/m?)

and a constant temperature (25°C).

1200 T T T T T
1000 - n
§ 800 2
=
8 600
c
o
©
S 400 - .
200 n
0 | | | | |
0 1 2 3 4 5 6
time (s)
Figure 11.14 Variation of irradiance at a temperature of T=25°C.
2000 T T T T T
Power in load (W)
Power in PV system (W)
1500 -
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& 1000
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Figure 11.15 Variation of power at the output of the PV system and in Load.
The curve shows that the power delivered by the photovoltaic (PV) panel increases with
irradiation. At a constant temperature, higher irradiation provides more light energy, which
leads to an increase in the current produced by the panel. As a result, the output power increases

proportionally with irradiation. It is also observed that the maximum power transferred to the
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load closely matches the power generated by the panel, indicating effective tracking of the
Maximum Power Point (MPPT). This confirms the system’s efficiency in matching the power

between the PV generator and the load.

11.7 Conclusion

The modeling and simulation of the photovoltaic system, including the solar generator, boost
converter, and MPPT control using the Incremental Conductance (INC) algorithm, have
demonstrated the system's effectiveness. Under fixed temperature and varying irradiance
conditions, the simulation results confirm that the MPPT control ensures the PV generator
consistently operates at its maximum power point. This highlights the efficiency and reliability
of the INC-based MPPT algorithm in optimizing the energy output of the photovoltaic system.
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I11.1. Introduction

With the development of power electronics, the squirrel-cage asynchronous machine originally
intended for constant-speed applications has emerged as the most popular motor in variable-
speed drive systems. Managing torque, speed, or even location is necessary to operate the
asynchronous motor. a model that faithfully captures the dynamic behavior of the asynchronous
motor control system is required in order to perform simulations of it.

111.2. Modeling of induction machine

The mathematical model is primarily used to analyze the behavior of various electromechanical
quantities and to anticipate the control strategies required to address issues related to load and
speed variations. In this chapter, the machine is supplied by a two-level voltage inverter. The
different equations are expressed in their respective reference frames, as illustrated in the figure
Ii.1.

A A stator
1

Figure I11.1 Schematic Diagram of a Three-Phase Asynchronous Motor.
» sa,sb, sc:Three phases of the stator.
» ra,rb, rc:Three phases of the rotor.
» 0:ls the electrical angle between the axis of the stator phase and the rotor phase.
111.3. Simplifying Assumptions
The study of the modeling of the idealized three-phase asynchronous machine will be carried
out within the usual context of simplifying hypotheses [53]

> The air gap is constant.

> The effect of slots is neglected.

> The distribution of the magneto motive forces in the air gap is spatially sinusoidal.
> Ferromagnetic losses are neglected

> The magnetic circuit is unsaturated and has constant permeability.
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> The influence of skin effect and heating on the characteristics is not taken into account.

Among the important consequences of these hypotheses, we can mention:

> The additively of fluxes.
> The constancy of self-inductances.

> The sinusoidal variation law of mutual inductances between the stator windings as a

function of the electrical angle of their magnetic axes.

111.3.1. Electrical Equation
From Figure 111.1, the electrical equations of the three-phase asynchronous machine model are
written respectively for the stator with the index "s" and the rotor with the index "r" as follows:

For the stator

Vsa Rs 0 0 isa q Ppsa

Vsbf=[0 Rs 0|-]|isb|+|®sb (111.1)
Vsc 0 0 Rs isc @sc

For the rotor

Vra Rr O 0 ira q pra

Vrb| = Rr 0| |irb| + o |@rb (111.2)
Vrc 0 0 Rr irc @rc

With:

Rs: Resistance of the stator winding.

Rr:Resistance of the rotor winding.

111.3.2.Magnetic Equation

The simplifying hypotheses mentioned earlier lead to linear relationships between the fluxes
and currents of the asynchronous machine. These relationships are written in matrix form as

follows:

[®s] = [Lss]lis] + [Ms][ir] (11.3)
Or

[®r] = [Mys]lis] + [Ler][i1(111.4)

[Ls]: stator inductance matrix.

[L.+] : Rotor inductance matrix.

[M<]: Mutual inductance matrix.

With:
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my lr my

[ 1S mS mS
ml' ml' 11'

mg g ms]; [er] =

[ ll' ml' mI'
mS mS 1S

2T 41\
cos(0) cos (9 - ?> cos (9 — ?>

[Mgr] =M - |cos (6 — %T) cos(0) cos (6 — 2;)

2T 41
cos (9 — ?) cos (9 - ?> cos(0)

I;,1.: represent the self-inductances per phase of the stator and rotor, respectively.

m, : Mutual inductance between two stator phases.

m,. : Mutual inductance between two rotor phases.

M,,: Mutual inductance between a rotor phase and a stator phase.

M : Maximum mutual inductance between a stator phase and a rotor phase.

0 :Angle that defines the instantaneous relative position between the magnetic axes of the
"stator" and "rotor" phases taken as reference axes.

The analytical solution of the system of equations faces difficulties due to the fact that the
trigonometric terms of the matrix vary with time. This will lead to the use of the Park
transformation, which will make these parameters constant [54].

111.4. Park Transformation

The Park Transformation converts a three-phase system into an equivalent two-phase system
by mapping real variables to their components. In Figure 111.2, the transformation from the
three-phase system to the two-phase system consists of expressing the "u, v" components as
functions of the original components "X, , Xy, X."..

The two models are electrically and magnetically equivalent.

e : represents the angle between the vectorVspand the X,axis of phase a
e 0, : represents the instantaneous angle between theX, axis of phase a and the u axis

e w, = d6,/dt: angular velocity of the two-phase axis system relative to the three-phase axis

system
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Figure 111.2 Three-phase system to the two-phase system.
According to Figure 111.2, the projection onto the three-phase axes yields the following

equations:

(Vsa = Vep - cos(¢p)
2
{Vsb = Vg - cos (¢ — ) (111.5)
4
szc = V. - cos ((p — ?ﬂ)
The projection onto the two-phase axis yields:
Veu =k [Vas - cos(0,) + Vg, - cos (Ga - 2?“) + Vg - cos (Ga - 4?“)]

Vsy = Kk [Vsa - sin(0,) + Vg, - sin (ea - Z?E) + Vsc - sin (Ga - 4?“)]

(111.6)

This transformation depends on an arbitrary normalization coefficient the usual values taken

by k are:
e k= 2/3:Ifone wishes to preserve the amplitudes of the quantityX, which, for a motor,
will be the currents, voltages, and fluxes.
e k=,/2/3:If one wants to preserve the power invariant in the transformation.

We add the homopolar component Vso to equation (I11.6) to balance the transformation.

cos(8,)  cos (93 - 2?“) cos (Ga B %ﬂ)

2 . . 2 .
[P(B)] = 3 {—sm(ea) —sin (Ga - ?n) —sin (Ga - 4?“)‘ (1.7)
L L L
V2 V2 V2
The transformation matrix from the two-phase system to the three-phase system is given by:
. 1
cos(0,) —sin(0,) \/_E]

[P(6,)]"! = \E : lcos (0.—%) —sin(0,—%) %‘ (111.8)

cos (Ba - %ﬂ) —sin (Ba - %n) \/%

42




CHAPTER |11 MODELING AND SIMULATION OF INDUCTION MACHINE SUPPLIED BY
AN INVERTER

This transformation is valid for currents, voltages, and fluxes. The (u, v)frame rotates at a speed
(w5 — wyp) relative to the rotor.

111.5. Modeling in two-phase System

The Park transformation involves applying a change of variables to the currents, voltages, and
fluxes, taking into account the angle between the winding axes and the (u, v) axes.

By multiplying both sides of equations (I11.7and 111.8) by the Park transformation matrix [P (fa

)], we obtain

111.5.1. Electrical Equation

By multiplying both sides of equations (I11.1and I11.2) by the Park transformation matrix [P (6a

)], we obtain:
st]_[ R] [::]J’%EZ:]JF[(& _wa] [cb ] (111.9)
6 e B B P R B P (1110

111.5.2. Mechanical Equation
By multiplying both sides of equations (I11.3and I11.4) by the Park transformation matrix [P(6a

)], we obtain:
[isu]:[Los L HEE]JF[LSI L?n][i:] (11.11)
[CD ] [o L] [izi]J’[% S][i:] (11.12)

With:
L = Is — ms : cyclic self-inductance of the stator,

L. = Ir — mr : cyclic self-inductance of the rotor,
Ly, = %M: cyclic mutual inductance between stator and rotor,

I11.6. References Frames
There are different possibilities for choosing the orientation of the "u, v" axis frame, which
generally depend on the objectives of the application. One can choose the reference frame best
suited to the problems posed. The choice practically boils down to three orthogonal reference
frames (Figure 111.3).

e (a,B)Axis reference frame: linked to the stator (68a = 0)for the study of rotor

quantities.
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e (d,q) axis reference frame: linked to the rotating field (6a = 65s).

e (x,y) axis reference frame: linked to the rotor (6a = 6r).

With:
fa: an arbitrary observation position that can be chosen in three different ways."
S ¥
A
q
re ‘_"-‘——\_
— =
[}
5., 5, S
s re f:f" JI.".l' f::

Figure 111.3 Three-phase asynchronous motor with respect to the different reference frames.
111.6.1. Reference Frame Fixed with respect to the Stator
This axis system is stationary with respect to the stator; in this case, we have

Ga=0=>{

u-—a
v—>B}’

do

W, = dta=0 And Aw = -

The electrical equations given by equations (111.9 and 111.10) become:

Vsa| Ry 0] 5] d [Psq]

Vgl =10 Ry lisg] Ta|dgg (111.13)
-Vra- -Rr 0 -iroc- d _Cbra_ 0 Wy cDroc

_VI'B_ N |0 R, . er +E CDrB_ + [—wr 0 ] [cbrﬁ] (1.14)
The magnetic equations given by equations (I11.11and 111.12) become:

(P L s 1 Mo

D] [0 L] [1 ] [0 Lin) " lirg) (111.15)
(Pra] Isa 1o ]

Prpl L L ] [ ] [0 L) " lirg) (111.16)
111.6.2. Reference Frame Fixed with respect to the rotor

This axis system is stationary with respect to the rotor rotating at a speedwr, in which

u— Xy de,
) = Wy = Wy

case:0, = 0, = {V Sy @
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The electrical equations given by equations (111.9 and 111.10) become:

Vsx] _ [Rs 0] [lsx] | d [Psx] 0 —w][Psx
Vsyl ~ 10 Rg] |isy) tTo Dy + [wr 0 ”q)sy] (111.17)

_er‘ 'Rr 0 . d cprx—
_Vry_ |0 R, _iry_ dt _CDry_

(111.18)

111.6.3. Reference Frame Fixed With Respect To The Rotating Field:

This axis system rotates at the speed of the rotating field ws created by the stator windings; in

this case:
u-—d) do
ea =95 ﬁ{v_)q},d_l:s:wa =(‘)SAnd(‘)gl =(‘)s_(’0r
The electrical equations given by equations (111.9 and 111.10) become:
Vsd] _ [Rs  0][isa —Wg
Vsq] B [ 0 RS] [isq] [CD ] [ws ] [q) ] (111.19)

G 1 R - TS,

The stator reference frame was selected as the reference frame for our investigation, and the

machine's mathematical model that was produced as a result of this modeling is as follows:

This reference frame is often used for the study of the power supply of asynchronous
motors at variable frequencies, as it is used in particular for the closed-loop control of
electrical machines where the quantities to be controlled are necessarily continuous

(non-pulsating) [55],[56]."
111.7. Mechanical Equation

The study of the asynchronous machine's behavior in different operating regimes, particularly

the transient regime, highlights the equation of motion, which is defined as follows:
Ce—Cr=]-S+£0 (111.21)

With

Q : rotational speed of the machine,
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111.8. Asynchronous Machine Equations in the Stator-Fixed Reference Frame (a, f8):

Transient phenomena in asynchronous machines can be studied using the generalized model in
a stator-fixed reference frame (o, ). By substituting expressions (I11.11 and 111.12) into

equations (111.13 and 111.14) we obtain the following system:

111.8.1.Voltage Equations:
The system of equations (111.13and 111.14) allows us to write for this case:

. APy
(Vsoc = Rg rigq + dt
_ dd
Vip = R - isg +—°
{ do (11.22)
Vie =0 =Rp.i 4 + & O D
] do,g
erB =0= Rr. er + at + Wy - cDrOL

111.8.2. Flux Equations
The system of equations (111.16 and 111.17) can be written in the following matrix form:
(chcx = Lg igq + Lin I

CDSB = LS . ISB + Lm : er

Dry = Ly - igq + Ly ipg (111.23)
CDI'B = Lm : ISB + Lr . er
From system (111.23), we obtain:
(Psq = Ls * isq + Ly * irg
CDSB = Ls . ISB + Lm . er
. L . L\ . Lm . m
{ Dgq :Ls'lsa+L—’ [Prg — L isq] = LS—L— -lsa+L—-<1§m =Lg-0ig +L—-<Dm
T r r r
. L : L) . L . L
| P56 = Ls - isg +L—‘:- [®rq — L - isg] = <LS —f)-lss +L_T’CDFB =Ls-0-igg +L_T'CDFB
With
L 2
0 = 1 — ——: Blundell’s leakage coefficient
s br

The following relation expresses the electromagnetic torque:

Ce = P. (Psqlsp — Psplsa) (111.24)
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The evolution of the rotational speed as a function of the electromagnetic torque and the
machine load, characterized by the resistive torque Cr, is described by the following expression

(fundamental principle of dynamics) [57]

111.9. Three-phase Inverter
Static converters that convert DC to AC are called inverters. For instance, we may link each
load terminal alternately to one input terminal and then to another input terminal if we have a
direct current (DC) input voltage. This is made possible by semiconductors. As a result, the
voltage between the load terminals alternates between being positive and negative. An
alternating voltage with a zero average value may be produced by adequately managing the
semiconductor sequence. Depending on whether it is controlled by pulse width modulation
(PWM) or alternating modulation, this voltage may comprise one or more slots. If just the
semiconductors' control is required for the setup, upkeep, and opening of connections between
the inputs and outputs, the inverter is referred to as If the establishment, maintenance, and
opening of connections between the inputs and outputs depend solely on the control of the
semiconductors, the inverter is said to be autonomous. [58]
111.9.1. Inverter Modeling
To simplify the modeling of the inverter, we will assume that the switches are ideal (zero
switching time, negligible losses), and the three-phase load is balanced and star-connected with
an isolated neutral [59].
We define the conditions and hypotheses that we will use:
e Simple voltages across each phase of the load:

Van, Von, Ven
e Input voltages to the inverter:

Vao- Vbo: Veo
¢ Voltage between the neutral point 'n' and the midpoint of the inverter's DC supplyV,,

Van * Von + Ve =0

Under these conditions, we can write the voltages Vio as a function of the control signals Sa
, Sb, Sc and taking into account the midpoint 'o":
Vio = Uc(S; — 1/2) with (i = a,b, ¢) (111.25)
The simple voltages across the load terminal are

Van = Vao + Von
Von = Vbo + Von (111.26)
Ven = Veo + Von
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The loop equations of the inverter-machine system are

Van + Von + Ven = Vao + Vipo + Vo + 3Vop = 0 (111.27)
Where:

1
Von = _E(Vao +Vbo +Vco) (|||.28)

By substituting equation (111.28) into system (111.26), we obtain:

Van 1 2 _1 _1 Vao
Von|=2|-1 2 1| Vbo (111.29)
Vcn -1 -1 2 Vco
From equation (I11.25), we can write:
Van u 2 -1 —-1][Sa
Von =?° -1 2 —1[Sp (111.30)
Vcn -1 -1 2 Sc

111.10. PWM Control

The basic idea behind intersective pulse width modulation (PWM) is simple. It involves
comparing a sinusoidal reference signal provided by the control system, sometimes referred to
as the modulating signal, with a high-frequency carrier signal F4.., Which is frequently a
symmetrical triangular wave. This comparison determines the state of the switches at the
switching frequency F4... When the reference signal exceeds the triangle signal, the control
signal ci is set to 1. Otherwise, it is set to 0. Consequently, the average driving signal value
(sometimes referred to as the duty cycle) throughout a single carrier period equals the

instantaneous value of the modulating signal. [60]

! 1 1
o 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02

i i i i i i i
0.004 0.006 0.008 0.01 0.012 0.014 0.0186 0.018 0.02
Time (s)

Figure I11.4 Principle of PWM technique
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To create the control signals for the six switches in the application of interest to us (three-phase

inverter-machine association), a single carrier is compared to the three stator voltage references.

Van 2 -1 —1][C1
Von | =1 2 —1] [cz] (11-31)
Ve -1 -1 2llc3

We calculate the mean of both components in this equation (operator (.)) during a sampling

time Tdec. In terms of the duty cycles a1, a2, and a3, this results in the following equation.

< Van >
<Vpn >
< Vey >

(111.32)

v 2 -1 -17[al
==*-1 2 -1f|a2
-1 -1 21la3

If we want to have reference voltages (Van *, Vbn %, Vcn *) across each stator phase of the

motor and the common neutral point, it will be necessary to determine the duty cycles to

generate.
Thus the following equation must be solved:

[Van * Bpn * Con]T=A[al a2 a3]T Or

A=[-1 2 -1

-1 -1 2

(111.33)

2 -1 —1]

The answer to the above equation is not unique, though, because matrix A is single.
Consequently, the duty cycle calculation and, by extension, the switch control signal
computation are not unique [61]. The matrix equation cannot be solved without an extra
restriction. Therefore, the duty cycles may be generated from the desired stator reference
voltages in an endless number of ways. For this reason, a variety of PWM approaches have
been created. But they all have one thing in common: they use the neutral point voltage VNO
fluctuation to accomplish their different goals [62]. Figure 111.05 provides an illustration of this

concept.

| MATLAB | Voo
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Figure I11.5 Principle of generating duty cycles.
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Among the variants of intersective PWM, the most popular is three-phase PWM. In this case,
we set [9]: VNO = ¥(med)/ 5

Where: V.4 1S the median voltage of the three stator reference voltages, defined as follows:
If VAoN<Ven<Ven then Vieq = Van

Thus, we will have [11]:
ai =1/,40 (Vinx +Vmed/ ) 4 05 (111.34)

This relation will be used in the closed-loop control of our inverter

I11.11. Simulation
This simulation’'s goals are to verify the chosen model of the asynchronous machine and
examine how it behaves when powered by the grid directly at first, then by a voltage inverter

that is controlled by pulse width modulation (PWM).

Symbol parameters Value
J Moment of inertia 0.05 Kgm?
f Viscous friction coefficient 0.001sSI
P Number of pole pairs 2
Lr Total rotor cyclic inductance 0.1568 H
Ls Total stator cyclic inductance 0.1568 H
Msr Mutual inductance between stator and 0.15H
rotor
Rr Rotor resistance 1.2Q
Rs Stator resistance 1.8Q
Vs Stator voltage 220/ 380V
Pref The Flux 0.85 Wb

Table I11.1. Asynchronous Machine Parame
111.11.1. Simulation of the Asynchronous Machine
The simulation of cage asynchronous machine (directly powered by the network) was
performed using MATLAB/SIMULINK software using the machine parameters mentioned in

the following table.
The machine parameters used in the simulation are as follows:

The simulation results obtained are shown in the figures below and illustrate the evolution of

the following quantities: speed, electromagnetic torque, rotor fluxes, direct and quadrature rotor
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currents, and the stator current in one phase. The results presented correspond to the loaded
condition

e Machine directly connected to the grid with: (Cr =30 N-matt=35)

E 4
Zz
()
=}
S,
kS

time (

Figure 111.6 Rotor speed.
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Figure 111.7 Electromechanical torque .
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Figure 111.8 Stator currents .
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Figure 111.11 Electromechanical torque.
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Figure 111.12 Stator currents.
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Figure 111.13 Rotor currents.
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The curves below allow us to make the following observations:

e The rotational speed reaches its nominal value of (157 %) after (0.2) seconds.

e At (t = 25s), the speed decreases to a value below its nominal speed (140 rad/s) due

to the application of a load (Cr = 30 N.m), which results in slip.

After transient regime behavior, the electromagnetic torque drops to 0 N - m, then increases to

match the applied load torque of 30 N - m.

The stator current amplitude (in three-phase reference frame) increases at (t = 2s) in response

to the mechanical load applied to the motor shaft.

The waveforms of electrical and electromechanical quantities in the inverter-fed machine, we
observe that:

e The speed profile remains identical to that obtained with three-phase source supply.

o The electromagnetic torque and rotor currents (in the two-phase reference frame)
maintain their previous profiles (identical values) but exhibit ripple due to harmonic

pollution - a direct consequence of PWM-controlled inverter leg switching.

111.12. Conclusion

We thoroughly examined the induction machine and its control in this chapter. We started by
creating a mathematical model of the machine in the three-phase reference frame, which was
made simpler by using the two-phase transformation. We also went into detail about the PWM-
controlled inverter's modeling. To guarantee its power supply, this inverter will be connected
to the induction motor. Second, we used MATLAB/Simulink to simulate the induction motor
operating both directly from a three-phase source supply and from an inverter. The implemented

models were validated by these simulations.
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IV.1. Introduction

Induction motors are widely used in industrial and domestic applications due to their robustness,
simplicity, and cost-effectiveness. Among their many applications, induction motors are
commonly employed in hydraulic pumping systems. The performance of these pumps driven
by such types of motors has a significant impact on the overall efficiency, energy consumption,
and reliability of these systems.

Volts-per-Hertz (V/f) and other scalar control techniques have been used to induction motors.
These techniques are less efficient under changing load circumstances and only provide a
limited amount of dynamic performance. Advanced vector control methods have been created
to get around these restrictions, and Direct Torque Control (DTC) has become well-known
among them. good option for high-performance applications as it offers quick torque and flux
control without requiring intricate conversions or current regulators. rate are all directly
impacted by accurate and effective motor torque control in pumping systems. to improving
dynamic responsiveness, DTC implementation in these systems lowers mechanical stress and
energy losses, both of which are essential for long-term operational sustainability.

The modeling and simulation of an induction motor pump under the Direct Torque Control
method are the main topics of this chapter. The motor's dynamic performance under various
operating situations is examined and contrasted using MATLAB/Simulink. primary goal is to
assess how well DTC works in pumping applications to enhance reaction time, torque control,

and overall system efficiency.

IV.2. Direct Torque Control (DTC)

Direct Torque Control (DTC) was created in the late 1980s as an alternative to traditional
methods that employed PWM and magnetic flux direction in order to separate flux and torque.
easy to use and effectively decouples these aspects. Its advantages over conventional systems
include direct control over torque and stator flux ripple amplitudes, improved resilience to rotor
parameter changes, faster torque response, and the removal of the requirement for Park
conversions. also effective when mechanical position or speed sensors are not needed. Much

effort has been made to enhance this fundamental tactic that Takahashi suggested. [63]

IVV.3. Main Features of DTC
To lessen torque oscillations brought on by the hysteresis controllers, a high calculation

frequency is advised in Direct Torque Control (DTC) systems. This condition suggests that in
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order to satisfy the demands of real-time processing, high-performance computers are required.

Direct torque control'sgeneralattributes include [64]:

Direct control of torque and flux is achieved through the selection of optimal switching

vectors of the inverter.

Obtaining stator fluxes and currents close to sinusoidal waveforms.

Very fast dynamic response of the machine.

The existence of torque oscillations that depend on the width of the hysteresis controller
bands.

The switching frequency of the inverter depends on the amplitude of the hysteresis

bands.

The following is a list of the benefits and drawbacks of this control system in the context of

motor operating speed regulation.

IVV.3.1.Advantages

Since currents and voltages are taken into account in a stator-fixed reference frame,
coordinate transformations are not required. A simplified model of the induction motor
is used.

For voltage modulation, a Pulse Width Modulation (PWM) block is not necessary.

It is not required to decouple currents from control voltages, as is required in vector
control.

It requires two hysteresis comparators and a P1 speed controller, whereas vector control
typically needs two PI controllers and a PWM modulator [65].

In contrast to vector control, which normally requires two PI controllers and a PWM
modulator, it requires two hysteresis comparators and a P1 speed controller [65].
torque has a very quick dynamic response.

It is resilient to changes in the parameters.

Disadvantages
Issues at low speeds are present.
need for torque and stator flux estimates.

The existence of torque oscillations.
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e Because hysteresis controllers are used, the switching frequency fluctuates. Rich
harmonic content, rising losses, acoustic noise, and torque oscillations that might trigger

mechanical resonances are the results of this.

IV.4. Structure of Direct Torque Control of the Asynchronous Machine

The following algorithm served as the foundation for TAKHHASHI's torque and flux control
strategy:

e There are distinct time periods inside the temporal domain.

e The asynchronous machine's phase voltages and line currents are monitored for every
period.

e The stator flux vector's constituent parts are rebuilt.

e The estimation of the electromagnetic torque of the asynchronous machine is then
possible thanks to the estimation of the flux components and the measurements of the
line currents.

e The error between the reference flux and the estimated flux is fed into a hysteresis
controller, which generates a binary output variable K.

e The error between the reference torque and the estimated torque is fed into a hysteresis
controller, which generates a three-level logic output variable K.

Since the dynamics of the torque are often quicker than those of the flux, it was suggested to
employ three states to control the torque in an effort to reduce the average switching frequency.
In a look-up table, the inverter states VO and V7 are selected based on the angular sector 61,
which contains the stator flow vector, and the logic variables Kc and K.

In fact, it is possible to ascertain the control sequence of the inverter switches for a particular

sector by splitting the complex plane into six angular sectors (see Figure 1V.1) [66].

1VV.5 Determination of the Sector of Evolution of the Stator Flux Vector

location of the flux in its evolving space, which is broken down into six symmetrical sectors.

=+ (-6 <-+ (-1 (IV.1)
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Figure 1V.1 Sector of Evolution of the Stator Flux Vector.

IV.6. Estimators
The stator voltage and current vectors are used to estimate the stator flux and electromagnetic

torque.

IVV.6.1. Stator Flux Estimator

Measurements of the machine's stator quantities (voltage and current) are used to build the flux
estimator..

From the control signals (Sa, Sb, Sc) and the DC voltage Vdc, the values of the voltages Vsa

and Vsp are determined by applying the Concordia transformation [67]:

2 1
Vsa = \/;Vdc : [Sa —3 (Sb + Sc)]
1
VSB = ﬁvdc : [Sb - Sc]

Similarly, the currents iso andisf3 are obtained by applying the Concordia transformation to the

(IV.2)

measured currents (g, igp, isc):

Igq = \/; Igg (|V3)

isB =2 (igp — isc)
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— Direction of rotation Os

Figure 1V.2 Selection of the Corresponding Voltage Vectors Vs for the Control of the
Amplitude ofds.

It is then possible to directly determine the (a, ) components of the stator flux vector &q:

1
b, = (Veq — R, ig,)dt
{ sa fol sa s.a (|V.4)
Cop = fy (Vg = Rs - isp)dt
Whose magnitude is written as:
2
O = \/(cbsa)z + (cbsﬁ) (IV.5)

The sector 8; in which the vector @, is located is determined from the components ®g,and®
@

0; = arct(=2) (IV.6)
qDSO(

IVV.6.2 Electromagnetic Torque Estimator

The torque is estimated directly from the estimated flux quantities (®,, andd,) and the
calculated current quantities (Isa and Isp):
Ce = P(Dg,. Isp-Psp. Iso) (IV.7)

IV.7. Elaboration of the Control Vector

IVV.7.1 Flux Controller

The hysteresis controller controls the stator flux vector’s rotational speed. in Figure IV.2, its
goal is to keep the stator flux vector's point inside a circular band.

In the zone where the flux is N=1, V;,,0r V;_;are chosen to increase the flux amplitude,

And V;,0rV;_, are chosen to decrease the flux amplitude [68].
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That the voltage vector selection is contingent upon the flux error's sign rather than its amount.
Therefore, the output of the flux controller can be a Boolean variable:

e 1: when the flux error is positive
e 0: when the flux error is negative

Because the two-level controller makes it easy to manage and maintain the flux vector ®s tip
within a circular band, it appears to be the most straightforward and appropriate solution for the
control under study.

The output of the controller, represented by a Boolean variable, directly indicates whether the

flux amplitude should be increased (K4=1) or decreased (K4=0) in order to maintain it (see

FigurelV.3)
| — D] < Ady (1V.8)
Ko
1
"R -~
E S
s = AP =D — D
— @ + &®
Figure IV.3 Two-Level Hysteresis Flux Controller
With:

@, is the reference flux

@, is the estimated flux

Ad, : is the width of the hysteresis band of the controller

IfAdDg < —g40r Adg > g, Itindicates the departure of the stator flux from the hysteresis band.
To reduce the stator flux's magnitude in the first scenario, a voltage vector has to be applied.

second scenario, the stator flow is increased by applying a voltage vector [69].

IV.7.2 Torque Controller:

The purpose of this controller is to keep the torque within the following acceptable bounds:
|Ca — Ce| < AC, (IvV.9)

With:
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Cs : is the reference torque
Ce : is the estimated torque

AC, : is the width of the hysteresis band of the controller

IVV.8 General Structure of Direct Torque Control:
The fundamental components of a DTC-ASM (Direct Torque Control-Asynchronous Machine)
system are depicted in Figure I114. In comparison to the machine's time constants, the sampling

period Te of this sampled control system is extremely tiny[70].

Commutation Table 5a 3 L 3>
sb sb Vsb I~ > MAS ]:DI:I
Ke o NP SE se Vsc (f\_"
— = - - .
Vdc Isa Isb Ise
:I:- Transformation
- — Vsa Vsg Isa Isg
T Modulus  Angle l l ,l. l
" Dsa
B‘.'s B!: D —— Flux Estimato
Dsp
sl -~
P Psp s Is
ACe ‘ IPsl.exu - ==L
L PR e
L 4 v v ¥
® = Ceest — T
1
Speed
Ce.ref Regulatos S
l— +
Pl 2 Qr

Figure 1V.4 Block Diagram of the General Structure of Direct Torque Control.

The switching table, one of the key components of this construction, enables the selection of
the voltage vector Vs without requiring the rotor location, which often calls for a speed sensor.
IVV.9. Modeling of the Centrifugal Pump

Three factors are taken into consideration while sizing a centrifugal pump: head, speed, and
flow rate. Head losses and the pipe's discharge pressure both raise the head.

IVV.9.1. Total Manometric Head

The geodetic head, or the net height of water conveyance, has a significant influence on the
overall manometric head. Apart from the geodetic head, the pipes' linear head losses (AH1) and
singular head losses (AH2) also affect the overall manometric head. The following formula may
be used to represent this head [71] [72]:

63




CHAPTER IV MODELING AND SIMULATION OF AN INDUCTION MACHINE
PUMP USING THE DIRECT TORQUE CONTROL TECHNIQUE

1V.9.1.1. Linear Head Losses
These are the water losses in the piping given by the formula
With:
L v2
AH, = )‘BE (IVv.10)
A : Coefficient of linear head losses.

D : Diameter of the piping (m).

h

: Length of the piping (m).
g - Acceleration due to gravity (m/s?).

: Average fluid velocity (m/s) which is given by: v = 29

TtD2

L(8-0Q?

AH| = A—=| —5——
! D<n2D4g>

<

The pipeline's length determines the linear head losses. These losses reduce with increasing

pipeline diameter, and they drop significantly with increasing pipe diameter.
1V.9.1.2. Singular (Local) Head Losses

The primary cause of these losses is a variety of cross-sectional changes that correlate to
hydraulic network flow disruptions. [73] [74]

Can be used to express them:

AH:@%+QQ§%)=@@2 (IV.11)
AH = AH, + AH, (IV.12)
Where:

L BQ?
AH = <7\5 + S) <T[2—D4g> = KQ?

And K, : pipeline constant.

The total pumping head is:

H = Hy + K£-Q*(IV.13)

1VV.9.1.3. Flow Rate-Head Characteristic

The head-flow rate characteristic of a pump is often expressed as H(Q), where (H) is the total
manometric head and (Q) is the flow rate of the pump. The 'Pleider-Peterman’ model may be
used to estimate this attribute [75], and the formula (11.94) indicates it:

H = ayw? — a,0,Q — a,Q? (IV.14)

64




CHAPTER IV MODELING AND SIMULATION OF AN INDUCTION MACHINE
PUMP USING THE DIRECT TORQUE CONTROL TECHNIQUE

With:

ag, a1, a,Coefficients given by the manufacturers.

1.1%Wn

0 2 ! 6 8 10

Flow rate (m’/s)

Figure IV.5 H(Q) Characteristics and pipeline Characteristic
1VV.9.1.4 Pump Torque-Speed Characteristic C(®)

[The phrase appears to be missing or unfinished at the beginning. Presuming it alludes to
manufacturer-provided coefficients...]
The primary characteristic of a centrifugal pump is a load torque that is proportional to the

square of the motor speed and has the following form:

TL = k,w?, (1V.15)
With:

P
K, = é

11.9.1.5 Power Calculation
Because of the different frictions between the spinning elements, the mechanical energy needed
by a pump is always more than the energy transferred to the fluid. The following is the typical

phrase for hydraulic power:

p, = La% (IV.16)

K

With: npbeing the efficiency of the pump, which is in the order of 0.4 to 0.8 for centrifugal

pumps.
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I1VV.10. Simulation Results

The Direct Torque Control (DTC) simulation results for an induction motor (MAS) powered
by a centrifugal hydraulic pump are shown in this section. A three-phase voltage inverter
coupled to a solar panel powers the device. We were able to precisely replicate the behavior of
several electrical and mechanical parameters of the system under study by using a simulation
software created in the Matlab environment. The simulation block of the entire system is

depicted in the following diagram.

(pnme >——jphina
Come >—piie

sl

0
. - =
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. :
@ e
S

il i

Figure 1.6 Simulation block diagram of the PVV-powered pump system.

1VV.10.1.Solar Panel Simulation Results
A solar panel coupled to a boost converter under varied irradiance levels (between 1000 W/m?2
and 600 W/m?) and a fixed temperature of 25°C are the parameters of the PV system that are

shown in the figures below.
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Figure IV.7 Variable Irradiance.
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Figure IV.8 PV Current.
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Figure IV.9 PV voltage.
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Figure 1VV.10 PV power.

It can be observed that with variations in solar irradiance, the power output of the PV system
will fluctuate. With a fixed temperature of 25°C and irradiance levels varying between 600
W/mz2, 800 W/m2, 1000 W/mz?, 700 W/m2, and then returning to 600 W/mz, the power will

decrease and increase according to the irradiance value.

1VV.10.2. Simulation Results of the Induction Motor

This section presents the simulation results of the induction motor (asynchronous machine)
powered by a two-level voltage inverter with Direct Torque Control (DTC). The inverter is
supplied by the solar panel, whose simulation results were illustrated in the previous figures.
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Figure 1V.11 Voltages source.
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Figure 1V.14 Stator flux.
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Figure IV.15 Rotor speed.
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Figure 1V.16 Electromagnetic torque.

Based on the obtained results, it is observed that the stator currents of the machine are purely

sinusoidal, particularly in steady-state operation. Their amplitudes increase and decrease

according to the solar irradiance level. Similar observations were recorded for the torque and

speed quantities.

The flux values in both axes (Id and Iq) remain sinusoidal with a fixed amplitude of 0.8

Weber (as imposed by the DTC control) and a 90° phase shift between them.
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1VV.10.3. Pump Simulation Results

In this study, we used a centrifugal hydraulic pump coupled with an induction motor. The

simulation results of the pump are illustrated in the figures below.
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Figure IV.17 Pump Load Torque.
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Figure 1V.18 Pump Power.
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Figure 1V.19 Pump flow rate Characteristics.

It is observed that the pump parameters vary according to changes in the machine's speed and,
consequently, the solar irradiance. An increase in the machine's speed produces a proportional
increase in both the pump's starting torque and power output.

1VV.10.4. Simulation Results Comparison

This phase involves a comparative analysis of the global system's simulation results to validate
our proposed system. The comparisonincludes:

e Speed parameters: Actual vs. estimated machine speed
e Power metrics: Solar panel output power
« Torque components:

o Machine electromagnetic torque

o Pumpload torque

o Machine opposing torque
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Figure IV.20 Speed Comparison.
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Figure IV.21 Torque Comparison.
Based on the obtained results, a clear overlap can be observed between:
e The machine's actual speed and the reference speed
« All torque components

These results demonstrate that the Direct Torque Control (DTC) technique used in the solar

pumping system delivers excellent performance.
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1VV.11. Conclusion

In this chapter, we presented a modeling and simulation study of a solar pumping system
powered by a DTC-controlled induction motor (asynchronous machine). The simulation results
demonstrate strong performance, encouraging us to pursue further work and practical

implementations of photovoltaic-based pumping systems.
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General Conclusion

This capstone project integrated elements of electric machine modeling, power electronics,
renewable energy generation, and contemporary control methods to present a thorough
performance analysis of a photovoltaic solar water pumping system. Evaluating such systems
operational behavior, dependability, and efficiency under varied load and solar conditions was

the goal.
The study was organized into four interconnected chapters:

A thorough review of photovoltaic water pumping systems was given in Chapter 1, along with
an explanation of their main parts, working principles, and benefits. It underlined how important
they are becoming to advancing sustainable development, particularly in isolated and off-grid

areas.

The modeling and simulation of the photovoltaic generator were the main topics of Chapter 2.
It was investigated how environmental factors, including temperature and solar irradiance,
affected the system's functionality. Additionally, to guarantee the best possible energy
extraction from the solar panels, a Maximum Power Point Tracking (MPPT) algorithm was put

into place. [76]

The modeling and simulation of an induction machine driven by a voltage source inverter were
covered in Chapter 3. This section examined the motor's dynamic behavior when powered by
the PV system, emphasizing how its simplicity and robustness make it suitable for pumping

applications.

We presented Direct Torque Control (DTC) as a high-performance induction motor control
method in Chapter 4. According to simulation results, DTC is a promising strategy for solar
pumping applications because it offers quick torque response, fewer ripples, and increased

overall system efficiency.

The technical viability and energy efficiency of photovoltaic solar water pumping systems were
validated by this study's simulations and performance assessments. The system's ability to
adjust to changing water demands and solar conditions is greatly enhanced by the application
of MPPT and DTC techniques.

7




GENERAL CONCLUTION

In rural and agricultural settings, where access to clean water and sustainable energy can have
a profound effect on communities and local economies, this work lays a strong foundation for

future research and practical application.
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