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ABSTRACT

This work details a direct-coupled, battery-free solar
water pumping system using a Synchronous Reluctance
Motor, controlled by a Finite Control Set Model
Predictive Controller (FCS-MPC) to maintain peak power
and efficient water delivery even during sudden changes
In sunlight.
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The continuous growth in global energy demand, combined with the progressive depletion of
fossil fuel reserves and the increasing environmental concerns associated with greenhouse gas
emissions, has accelerated the transition toward renewable energy sources. Among the available
renewable technologies, solar photovoltaic (PV) energy has emerged as one of the most
promising and sustainable solutions due to its abundance, cleanliness, reliability, and adaptability
to both grid-connected and standalone applications.

In remote and isolated regions where access to conventional electrical networks is limited or
unavailable, photovoltaic energy systems provide an effective alternative for supplying essential
services such as lighting, irrigation, drinking water distribution, and agricultural pumping. In
particular, photovoltaic water pumping systems (PVWPS) have attracted considerable attention
because they offer an environmentally friendly and economically viable solution for water
supply in rural and desert areas.

These systems eliminate the dependence on diesel generators, thereby reducing operational
costs, maintenance requirements, and environmental pollution.

The performance and efficiency of photovoltaic pumping systems strongly depend on the
effectiveness of their energy conversion chain and control strategy.

Traditional PV-powered pumping systems commonly employ induction motors or permanent
magnet synchronous motors.

However, the Synchronous Reluctance Motor (SynRM) has recently emerged as an attractive
alternative due to its simple rotor structure, absence of permanent magnets, high reliability,
reduced maintenance requirements, and competitive efficiency. Furthermore, the SynRM
presents a robust and cost-effective solution for variable-speed water pumping applications.

To maximize the extraction of solar energy under changing atmospheric conditions, Maximum
Power Point Tracking (MPPT) techniques are widely implemented in photovoltaic systems.
These techniques continuously adjust the operating point of the PV array to ensure operation at
the Maximum Power Point (MPP), thereby improving the overall efficiency of the system. In
addition, advanced control methods are required to achieve high-performance motor operation,
minimize torque ripple, improve current tracking, and guarantee stable system dynamics.

Among modern control approaches, Finite Control Set Model Predictive Control (FCS-MPC) has
gained significant interest in power electronics and electrical drive applications. This control
strategy offers several advantages, including fast dynamic response, direct handling of system
constraints, reduced dependence on modulation stages, and improved tracking performance. By
predicting the future behavior of the system for all possible switching states and selecting the
optimal voltage vector according to a predefined cost function, FCS-MPC provides superior
control quality compared to conventional techniques.

The present thesis focuses on the modeling, simulation, and control of a standalone photovoltaic
water pumping system powered by a Synchronous Reluctance Motor and controlled using a
Finite Control Set Model Predictive Control strategy. The proposed system integrates a
photovoltaic generator, a DC-DC boost converter with MPPT functionality, a voltage source
inverter, a SynRM drive, and a centrifugal water pump. The objective is to develop a robust and
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efficient control architecture capable of ensuring optimal power extraction from the PV array
while maintaining high-performance motor operation under varying solar irradiance and
environmental conditions.
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Chapter 1 STATE OF THE ART — PHOTOVOLTAIC SYSTEMS

1.1 Introduction :

Incorporating solar power into industrial applications has become an absolute necessity
due to its limitless and eco-friendly nature. The main hurdle, however, remains the development
of effective techniques to seamlessly replace traditional energy generation with these sustainable
systems.

Directly transforming sunlight into electricity, the photovoltaic (PV) mechanism stands out as a
leading method for capturing solar power. Generating clean energy is no longer a mere choice
but a strict requirement in today’s world, driven by the severe threats of greenhouse gas
accumulation and widespread environmental contamination [1].

PV systems occupy a central role in the renewable energy sector, functioning as an infinite and
pristine source of power. This technology has the capacity to meet the world's rapidly growing
energy needs while concurrently limiting greenhouse gas outputs and alleviating ecological
damage.

Despite the fluctuating nature of its energy production, photovoltaics provide a highly attractive
alternative or addition to conventional power grids, largely owing to a series of unique benefits

[2]:
e The systems are notably dependable and demand very little upkeep.
o Power generation relies completely on abundant, cost-free solar radiation.
o Combustible fuels are entirely unnecessary for operation.

o The technology is environmentally safe, producing no noise or polluting emissions during
use.

« The functional longevity of these installations spans roughly two and a half decades.

This section of the text outlines the core principles governing photovoltaic setups. It delivers
a brief summary of widespread solar cell types along with the physical arrangement of PV
arrays.

Following this, the chapter examines and thoroughly details multiple strategies for modeling PV
systems. After choosing the optimal mathematical representation, the governing equations for
this framework are extensively described. Finally, simulations are executed using the chosen
model under two separate environmental scenarios: shifting solar irradiance with a steady
temperature, and stable irradiance combined with fluctuating temperatures.
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Chapter 1 STATE OF THE ART — PHOTOVOLTAIC SYSTEMS

1.2 The Definition of Photovoltaics :

Electrical power derived from photovoltaic solar energy is achieved by directly
transforming solar irradiance. To enable this energetic transformation, semiconductor elements
are utilized; silicon, in particular, acts as the primary base constituent required to manufacture
photovoltaic solar panels.

From an etymological perspective, the expression "photovoltaic” represents an amalgamation of
two separate linguistic roots:

e Photo: Derived from the Greek term phos, meaning "light."

« \olt: Serving as the conventional measurement for electromotive force and electrical
potential, so named to recognize the early physicist Alessandro Volta.

1.3 The Historical Progression of Photovoltaics

The chronological advancement of this field is characterized by a variety of notable data points

[3]:
e 1839: The French physicist Edmond Beckerel uncovers the photovoltaic effect.

o 1875: A paper discussing the photovoltaic effect within semiconductors is released by
Werner von Siemens.

e 1954: Three American investigators, Chapin, Fuller, and Pearson, successfully assemble a
cell Photovoltaic.

e 1958: A battery with 9 c/o efficiency is introduced, establishing the era wherein the first
cell powered satellite harnessing solar energy is sent into space.

e 1973: The initial residence sustained by photovoltaics is built University of Delaware.

e 1983: Undertaking extensive journeys of 4000km, the inaugural photovoltaic-powered
car travels in Australia.
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Chapter 1 STATE OF THE ART — PHOTOVOLTAIC SYSTEMS

1.4 The Photovoltaic Phenomenon and the Physics of PV Cells:

The operational efficiency of a solar cell is profoundly dictated by its thermal conditions.
Theoretically, the absolute maximum voltage achievable by a photovoltaic unit corresponds
directly to its bandgap energy, a theoretical limit strictly approached only at temperatures near
absolute zero [4].

When the operating temperature of the cell climbs, it induces a concurrent contraction of
both the bandgap and the electrical potential. Due to this compressed bandgap, freeing electrons
from the semiconductor matrix demands less photonic energy, which consequently produces a
marginal boost in the generated current. However, the ascending temperatures simultaneously
trigger a much steeper and disproportionate collapse in voltage, meaning the total electrical
power output of the device inevitably diminishes.

Fundamentally, the electrical yield of a photovoltaic unit demonstrates a direct
proportional relationship with solar irradiance and an inverse relationship with thermal
conditions. Consequently, territories characterized by frigid ambient climates combined with
intense solar radiation emerge as the most advantageous geographical settings for deploying
solar panel arrays [3].
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Figure 1.1: Solar Radiation Spectrum
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Chapter 1 STATE OF THE ART — PHOTOVOLTAIC SYSTEMS

1.5 Principles of Solar Energy :

The density of solar radiation striking the outermost
layer of the atmosphere, oriented directly toward the sun, is defined as the solar constant.
Typically, the magnitude of this illumination is established as being equal to 1360W /m?.

As this radiation propagates to ground level, atmospheric
absorption causes the solar energy density to diminish to 1000 W /m?. Furthermore, while
conducting research on the effect Photoelectric, Albert Einstein concluded that light transcends a
strictly wave-like nature; instead, the transmission of its energy occurs through individualized
particles termed photons. The specific energy carried by a single photon is articulated by the
subsequent relation [5]:

E = (h.c)/A
h: Planck's constant [j.s*(—1)]. (1.1)
C: the speed of light [m.s" (—1)].
A: the wavelength [m].

Thus, the shorter the wavelength, the greater the energy of the photon

Solar Irradiance
from the Sun

Solar Electric Charge
Panel(s) " Current Controller

Inverter ) ™ —/
(andfor)

Battery
s System
AC Power 0
-
DC Power O

Figure 1.2: Solar energy
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Chapter 1 STATE OF THE ART — PHOTOVOLTAIC SYSTEMS

1.5.1Classifications of Solar Radiation :

« Direct Radiation: This component consists of solar flux composed of parallel rays that
travel directly from the solar disc, passing through the Earth's atmosphere without
experiencing any dispersion or scattering. [6]

« Diffuse Radiation: This fraction of solar energy reaches the terrestrial environment only
after being subjected to atmospheric scattering and multiple reflective interactions. [6]

« Reflected Radiation: This represents the proportion of solar illumination that bounces off
the Earth's surface. The intensity of this reflection is intrinsically linked to the physical
composition of the terrain (e.g., sand, cloud cover, etc.). It is quantitatively defined by a
specific surface-dependent metric known as the Albedo coefficient (g), which is bounded
by the parameters 0 <g < 1. [6]

« Global Radiation: A given receiving plane intercepts a total global irradiance, which is
mathematically and physically defined as the aggregate superposition of the direct,
diffuse, and reflected solar radiation components. [6]

Parifele
\m ,

Reflerted radiation

Figure 1.3: Types of solar radiation (Direct, Diffuse and Reflected).
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Chapter 1 STATE OF THE ART — PHOTOVOLTAIC SYSTEMS

1.6.Fundamental Operating Principles of a Photovoltaic Cell :

A photovoltaic (PV) cell, commonly designated as a solar cell, fundamentally consists of the
integration of two distinct semiconductor materials, specifically structured as a P-doped layer
and an N-doped layer. At the physical interface where these two strata converge, an inherent
electric field is established, a phenomenon that persists continuously even when the device is
situated in complete darkness.

When subjected to fluctuating intensities of solar illumination, discrete particles of light known
as photons, provided they possess adequate energy, impact the atomic structure of the crystal
lattice (Figure 1.4).

These incident photons provide the necessary excitation to propel electrons from the valence
band of the semiconductor material into its conduction band, thereby engendering electron-hole
pairs. Driven by the influence of the pre-existing potential barrier, these corresponding charge
carriers systematically migrate and accumulate along the external boundaries of the P and N
regions [2].
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Figure 1.4: Collision between a photon and an atom.
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Chapter 1 STATE OF THE ART — PHOTOVOLTAIC SYSTEMS

Consequently, an electrical potential difference is established across the opposing surfaces of the
device. Metallic contacts, positioned on both the anterior and posterior facets of the PV cell, are
responsible for harvesting the separated electrons and holes, thereby delivering the resulting
electrical current to an external load (Figure 1.5) [5].

Regardless of how highly energetic an incident photon may be, it is restricted to liberating only a
single electron; any surplus energy is unavoidably dissipated as thermal waste. Structurally, the
N-doped region is overlaid with a conductive metallic grid that functions as the cathode, whereas
a continuous metal plate, serving as the back contact, coats the reverse side of the crystal to act
as the anode. The overall thickness of this crystalline assembly is typically on the order of
millimeters.

The photon The released elec-
The photon is releases an  frons move to the
reflected and lost electron outer circuit

Silicon doped
with phosphorus

(12

Silicon doped,
with boron

+7

p-n junction

Figure 1.5: Photovoltaic cell.
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Chapter 1 STATE OF THE ART — PHOTOVOLTAIC SYSTEMS

1.6.1.Classifications of Extrinsic Semiconductors :
1.6.1.1 P-Type Semiconductors :

The P-type variant constitutes a specific category of extrinsic semiconductors, engineered
through the controlled introduction of a trivalent dopant into a purely intrinsic semiconductor
matrix. Typical elemental candidates employed as these trivalent impurities include indium,
gallium, and aluminum.

The deliberate insertion of such atoms into the crystalline lattice generates a structural deficit of
electrons, thereby yielding a surplus of positively charged voids, which are designated as holes.
Because of their inherent tendency to accept free electrons, these specific doping agents are
characterized as acceptor impurities. As a direct consequence of this doping process, holes
function as the predominant, or majority, charge carriers responsible for electrical conduction
within a P-type semiconducting material [7].
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Figure 1.6: Structure of p-type semiconductor
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1.6.1.2.N-Type Semiconductors

The N-type semiconductor represents another classification of extrinsic semiconductor materials,
generated through the deliberate introduction of a pentavalent impurity into an intrinsic

semiconductor base. Frequently utilized pentavalent doping agents include elements such as
bismuth, arsenic, and antimony.

The incorporation of these specific atoms into the pristine semiconductor lattice introduces
surplus electrons; consequently, these dopants are characterized as donor impurities. As a direct
result of this physical mechanism, electrons serve as the predominant, or majority, charge
carriers within the N-type semiconductor architecture [7].
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Figure 1.7: Structure of n-type semiconductor
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1.7.Structural Configuration of Photovoltaic Systems :

The nominal capacity of photovoltaic systems is quantified by the peak direct current (DC)
power generated by their underlying modules or cells when subjected to Standard Test
Conditions (STC). These rigorous baseline parameters mandate an operating cell temperature of
25°C, an incident solar irradiance level of 1000 W/m2, and a spectral distribution corresponding
to Air Mass 1.5. However, because practical field environments rarely replicate these idealized
laboratory settings, the actual power yield of PV arrays typically functions at approximately 85%
of their certified STC rating.

To scale the electrical output—specifically to attain amplified voltages, currents, and total power
capacities—individual solar cells are electrically interconnected utilizing series and/or parallel
circuit topologies. These assembled cellular networks are subsequently sealed within a durable,
environmentally protective laminate to construct photovoltaic modules, which act as the primary
building blocks of the entire PV infrastructure. Finally, when one or multiple modules are
integrated into a cohesive, pre-wired framework designed for immediate field deployment, the
resulting assembly is formally categorized as a photovoltaic panel. [5]
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Figure 1.8: photovoltaic cell, module and array
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1.8.The Generational Classifications of Photovoltaics :

The technological progression of photovoltaic (PV) cells is generally delineated into four
primary categories: the first, second, third, and fourth generations. Every individual generational
tier is distinguished by a unique set of intrinsic properties, technological benefits, and operational
limitations.

1.8.1.FirstGenerationPhotovoltaics :

Currently representing the most widely deployed technology in the sector, crystalline silicon (c-
Si) solar cells form the core of this initial category. The manufacturing protocol for these units
necessitates the melting and subsequent crystallization of silicon to forge wafers of extraordinary

purity.

From a performance standpoint, first-generation cells are highly regarded for their extended
operational durability—typically surpassing a 25-year lifespan—and their commendable
conversion efficiencies, which generally fall between 15% and 20%. Despite these technical
merits, they remain the most financially demanding solar cells to fabricate, a direct consequence
of the premium cost of raw silicon combined with an exceptionally energy-intensive production
phase.

1.8.2.SecondGenerationPhotovoltaics :

Often referred to as thin-film solar cells, second-generation photovoltaic devices were
engineered to serve as a more economically viable substitute for traditional crystalline silicon
technologies. Their structural architecture involves the deposition of a microscopic layer of
active photovoltaic material directly onto a supporting base substrate, which typically consists of
glass or plastic. Prevalent examples within this specific category of thin-film technologies
encompass cadmium telluride (CdTe), copper indium gallium selenide (CIGS), and amorphous
silicon. Although these second-generation configurations generally yield lower energy
conversion efficiencies—typically ranging between 10% and 15%—relative to first-generation
models, this performance trade-off is offset by significantly reduced manufacturing expenditures.
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Figure 1.9: Second Generation Solar Cell

1.8.3. Third-Generation Photovoltaics :

Although currently in ongoing phases of research and development, third-generation solar cells
possess the theoretical capacity to achieve superior conversion efficiencies and lower
manufacturing expenditures compared to their first- and second-generation predecessors. This
category encompasses an array of novel materials and innovative technological approaches,
notably featuring organic solar cells, dye-sensitized solar cells, and perovskite-based
architectures. While these advanced photovoltaic configurations remain primarily within nascent
developmental stages, they harbor the transformative potential to fundamentally revolutionize
the global solar energy landscape. [6]
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Figure 1.11: The three generations of solar photovoltaic (PV) cells
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1.9. Synoptic Diagram of the Photovoltaic Conversion Chain :

The entire operational sequence of a photovoltaic (PV) system can be effectively represented
through a synoptic diagram. This conceptual schematic provides a streamlined overview of the
primary subsystems and their functional interdependencies. The fundamental constituents of this
conversion chain are delineated as follows [8]:

PV Panel: Serving as the foundational component, this module is composed of an array
of interconnected solar cells. Its primary function is the direct transduction of incident
solar radiation (photons) into direct current (DC) electrical energy utilizing the
photovoltaic effect.

Maximum Power Point Tracking (MPPT) Unit (Optional): This specialized electronic
controller is engineered to maximize the power yield extracted from the photovoltaic
array. It achieves this by dynamically modulating the operational voltage and current to
continuously align with the maximum power point (MPP), thereby compensating for
environmental fluctuations such as variations in thermal conditions and solar irradiance.

DC-DC Converter (Optional): Within certain architectural configurations, a direct
current to direct current converter is integrated to regulate and scale the voltage output
from the PV array, ensuring compatibility with the specific input voltage parameters
demanded by the downstream inverter or an interconnected DC load.

DC-AC Inverter: This essential component is responsible for the inversion of the DC
power supplied by the photovoltaic panels (or the intermediary DC-DC converter) into
alternating current (AC). This synthesized AC power is subsequently suitable for
conventional consumption by standard appliances or for direct synchronization and
injection into the utility grid.

Load: This element denotes the terminal apparatus or broader network that consumes the
final synthesized AC electrical power. Typical examples encompass residential electrical
appliances, illumination infrastructure, or the broader commercial electrical grid.
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Figure 1.12: Synoptic diagram of the photovoltaic conversion chain. [23]

1.10. The Photovoltaic Cell :

Photovoltaic cells whose nomenclature is derived from "photon™ (representing a discrete
quantum of light energy) and "volt” (denoting the standard measurement of electrical
potential)constitute fundamental electronic devices fabricated from semiconductor materials,
most prevalently utilizing silicon across its various morphological states.

These components function by directly transmuting incident luminous energy into electrical
power by means of the photovoltaic effect. Given that solar radiation serves as the primary and
most abundant source of this requisite light energy, these devices are colloquially and widely
designated as solar cells.

1.11. The Photovoltaic Module :

Because an isolated photovoltaic cell inherently generates a relatively modest electrical output,
multiple cells must be systematically interconnected utilizing series and parallel circuit
topologies. This strategic aggregation forms a cohesive PV module capable of delivering the
requisite power capacity for practical applications.

From a commercial and standardization standpoint, a photovoltaic module is typically classified
according to its peak direct current (DC) power yield when evaluated under Standard Test
Conditions (STC). These rigorous baseline parameters are universally defined by an incident
solar irradiance of 1000 W/m? coupled with an internal cell operating temperature of 25°C [5].

The corresponding electrical equivalent circuit of a PV module is visually represented in Figure
1.13. Assuming strict structural and operational uniformity among all constituent cells within
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the array, the inherently nonlinear current-voltage (I-V) characteristic of the complete module is
mathematically modeled by the subsequent equation [5]:

Np NS
A Np

Np Ipy 4 Ny — Rp Vi

- - L]

L] - -
.

— S .

Figure 1.13: The equivalent circuit of a PV module.

Where:

I 4: is the module output current (A).

V 4: is the module output voltage (V).

N: is the number of cells connected in series
Np: is the number of cells connected in parallel

The specific photovoltaic array selected for the scope of this research is the Trina Solar
TSM-250PA05.08 model. The fundamental current-voltage (I-V) and power-voltage (P-V)
performance trajectories for this particular module, evaluated under Standard Test Conditions
(STC), are graphically depicted in Figure 1.14.

During active operation, a PV module is capable of generating electrical power at any specific
coordinatedesignated as an operating pointsituated along its continuous I-V curve. However, the
overall performance profile and efficiency limits of the module are intrinsically defined by three
critical operational thresholds: the maximum power point, the short-circuit current, and the open-
circuit voltage.
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e Maximum Power Point (MPP): This designates the optimal coordinate along the I-V
curve where the photovoltaic module yields its absolute highest electrical power output.

e Short-Circuit Current (Isc): This specific operating point is characterized by a state
where the voltage across the module's output terminals is effectively zero, resulting in the
maximum theoretical continuous current flow, defined as the short-circuit current (Isc).

e Open-Circuit Voltage (Voc) : This specific operational state manifests when the
electrical current flowing through the terminals of the PV panel is exactly zero, yielding
the maximum available electrical potential, which is formally defined as the open-circuit

voltage(Voc)

Current (A)

20 30 38 0 10 20 30

Figure 1.14: (a) I-V and (b) P-V characteristics of the solar Trina Solar TSM-250PA05.08 PV
model under STC

1.12. Structural Composition of a Photovoltaic Module :

A photovoltaic cell is an advanced semiconductor instrument specifically engineered to
transduce incident solar radiation directly into direct current (DC) electrical energy. Given that
natural sunlight overwhelmingly constitutes the primary radiation source for this process, these
devices are universally identified as solar cells.

From a hierarchical manufacturing and integration perspective, single, individual PV cells
function as the fundamental elemental units. These isolated components are systematically
aggregated and interconnected to construct larger, integrated structures known as PV modules. In
turn, these modules act as the standardized structural foundationsor building blocksrequired
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for the assembly of expansive photovoltaic arrays and the deployment of comprehensive, large-
scale PV systems (refer to Figure 1.15 for visual context) [10].
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Figure 1.15: The Composition of a Solar Cell.

1.13. Interconnection of Photovoltaic Cells and Module Assembly :

Irrespective of its geometric configuration, typically circular or rectangular, the individual solar
cell functions as the foundational building block of any photovoltaic architecture. The systematic
aggregation of these discrete cells constitutes a solar module, wherein the operational units are
electrically networked and hermetically encapsulated to ensure robust protection against
environmental degradation. Subsequently, the integration of multiple distinct modules forms a
comprehensive solar panel.
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When organized into larger macro-structures, numerous panels coalesce to establish a complete
solar system, commonly referred to as a photovoltaic array. Such expansive architectures

frequently incorporate auxiliary peripheral subsystems, including electrical protection
mechanisms, charge regulators, energy storage reservoirs (batteries), and sophisticated diagnostic
and telemetry instrumentation [3].

Given that the baseline power output of an isolated solar cell is intrinsically marginal, it is an
engineering necessity to electrically couple numerous cells possessing congruent operational
characteristics. These assembled arrays are then encased within durable polymeric laminates to
synthesize a commercially viable PV module. The subsequent sections delineate the primary
circuit topologies utilized for grouping and interconnecting these solar cells.

1.13.1. Series Circuit Configuration :

Within a series interconnection topology, an identical electrical current propagates sequentially
through each linked cell, as illustrated in Figure 1.16. The cumulative performance characteristic
of this specific configuration is mathematically and functionally derived by adding the individual
voltage potentials of each constituent cell while maintaining a constant, uniform current.

Series

Solar Solar Solar
panel panel panel

20V A 20 V.A 20.5A

| J J

Total: 60V, 5 A

Figure 1.16: Series Connection of cells

38



Chapter 1 STATE OF THE ART — PHOTOVOLTAIC SYSTEMS

NP cell

I cell |
4 cell AV
Isc
Voc

0 Voc Vsoc
Figure 1.17: Characteristics resulting from a grouping of Ns cell in series
1.13.2. Parallel Circuit Configuration :

The operational characteristics inherent to a parallel interconnection of solar cells function as the
precise electrical dual to those observed in a series configuration. Within a parallel topology, the
electrical potential (voltage) remains uniformly constant across all interconnected units, while
the total output current is the sum of the individual cell currents. This fundamental principle is
visually demonstrated in Figure 1.18, which additionally illustrates a hybrid or mixed circuit
architecture consisting of two distinct series-connected strings systematically wired in parallel.

Parallel
=I- EEEN
[T EEEN
LISl L LLL]
Solar Solar Solar
panel panel panel
20VA 20.5A 20.5A

Total: 20V, 15 A
Figure 1.18: Parallel Connection of cells.
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Figure 1.19: Characteristics resulting from a grouping of Np cells in parallel

1.14. Installation Protocols and Safeguards for Photovoltaic Modules :
1.14.1. Strategic Site Selection

The physical deployment of photovoltaic arrays necessitates an environment strictly devoid of
potential shading from adjacent obstacles (such as foliage or architectural structures) throughout
the entire diurnal cycle, continuously accounting for the shifting solar trajectories across all
seasons. Furthermore, to effectively mitigate thermal accumulation, the modules must be
mounted with adequate spatial clearance from their supporting substructures. This design
consideration facilitates natural convective cooling, thereby limiting heat retention and
preserving optimal operational efficiency. [8]

1.14.2. Optimization of Panel Inclination :

To achieve a balanced and optimized annual energy yield that accommodates both summer and
winter extremes, the baseline tilt angle of the module is generally established in direct correlation
with the geographical latitude of the installation site.

The specific geometric relationship between the incoming solar radiation and the receiving
surface of the panel is quantitatively defined as the angle of incidence (designated as o). Peak
electrical generation is attained when this solar irradiance strikes the panel's surface perfectly
perpendicularly during solar noon. Consequently, establishing an exact 90° angle of incidence
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relative to the incoming solar rays constitutes the theoretical optimum for maximizing energy
production. [8]
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Figure 1.20: Tilt of solar panel. [8]

1.14.3. Architectures of Solar Installations :

A complete photovoltaic installation comprises several specialized components that operate in
tandem to generate, manage, and store energy:

e Photovoltaic Panels: These arrays serve as the primary generators, synthesizing direct
current (DC) electrical power from incident solar radiation.

e Charge Regulator (Controller): This device systematically governs the charging and
discharging cycles of the battery bank, optimizing energy transfer based on battery
capacity while enforcing critical electrical safeguards.
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Inverter: This component is responsible for the crucial inversion of direct current into
alternating current (AC), ensuring compatibility with conventional AC-powered loads
and receivers.

Battery Storage: These accumulators harvest and store surplus electrical energy
generated during daylight hours, guaranteeing uninterrupted power availability during
nocturnal periods or suboptimal meteorological conditions.

DC Receivers: Purpose-built direct current appliances can be integrated directly into the
system circuit. The utilization of such devices is noted to be highly energy-efficient and
economically advantageous. [8]

1.14.3.1. Regulator Interconnection Protocol :

Following the strategic physical placement of the battery bank, charge controller, and solar
arrays, taking into account optimal cable lengths and requisite installation clearances, the
components must be systematically wired to the regulator. Subsequent to establishing a secure
grounding connection, the integration sequence must strictly adhere to the following order: [8]

a. Battery Integration

1.
2.

Initiate the procedure by disengaging the protective fuse located on the positive (+) cable.

Secure the conductors to the charge controller by attaching the red cable to the positive
(+) terminal and the black cable to the negative (-) terminal.

Terminate the opposing ends of these cables at the corresponding poles of the battery
bank (red conductor to the positive terminal, black conductor to the negative terminal),
ensuring the connections align with the established parallel wiring schematic.
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Figure 1.21: Connection to the regulator.

b. Photovoltaic Panel Integration

1. Initially, obscure the solar array with an opaque protective cover to temporarily halt the
generation of electrical current.

2. Connect the corresponding wiring to the panel's output terminals, ensuring strict
adherence to proper polarity (e.g., connecting the red conductor to the positive terminal
and the black conductor to the designated negative terminal, which may occasionally be
color-coded blue depending on regional standards).

3. Terminate the opposite ends of these conductors at the respective positive (+) and
negative (-) input terminals on the charge regulator.

c. Load (Consumer) Connection

The synthesized electrical energy is subsequently distributed to power one or multiple terminal
appliances, such as illumination systems, refrigeration units, or water pumps. The connection
sequence is as follows:

1. Verify that all consumer appliances are switched to the "OFF" position.
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2. Route and connect the conductors from the primary distribution panel to the designated
load terminals on the regulator.

3. Systematically verify all electrical polarities and inspect the mechanical integrity of the
connections.

4. Reinstall the protective fuse on the battery circuit and integrate any applicable fuses on
the regulator.

5. Remove the opaque protective cover from the solar panel to initiate power generation.
6. Sequentially activate the consumer loads.

1.14.4. Lightning Protection and Grounding Protocols

1.14.4.1. Lightning and Surge Protection

The integration of a surge protection device (SPD) is imperative to safeguard the electrical
infrastructure against high-voltage transients. Positioned inline between the photovoltaic array's
fusing and the charge regulator, the SPD must be bonded to the earth grounding system. This
configuration ensures the safe dissipation of localized lightning strikes or static accumulations,
which are frequently attracted by the metallic racking structures of the solar modules. In

systems interfacing with an alternating current (AC) local grid, a supplementary AC surge
protector should also be installed at the primary service entrance of the facility.

1.14.4.2. Grounding (Earthing) Systems

A comprehensive grounding network is mandatory to guarantee the safety of both operating
personnel and sensitive electronic equipment. Consequently, the metallic support structures of
the PV modules, all surge arresters, and the inverter chassis must be securely and electrically
bonded to a common earth ground [8].

1.15. Electrical Characteristics of a Photovoltaic Generator
1.15.1. Current-Voltage (1-V) Characteristics

The fundamental current-voltage (I-V) curve of a photovoltaic device is derived from the
empirical relationship between the voltage, current, and resulting power output of a specific solar
cell, module, or comprehensive array. These graphical representations supply critical diagnostic
data regarding the system's dynamic electrical behavior and its maximum capacity for power
generation.
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It is crucial to note that equipment manufacturers consistently baseline these operational
parameters and their corresponding I-V profiles against Standard Test Conditions (STC). As
universally defined, STC parameters consist of an incident solar irradiance of 1000 W/mz, an
internal cell operating temperature of 25°C, and an Air Mass (AM) spectral distribution of 1.5

[9].
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Figure 1.22: |-V characteristic curve.

1.15.2. Photovoltaic Cell Parameters
The fundamental parameters utilized to characterize a photovoltaic cell include [10]:
a. Open-Circuit Voltage (Voc):

The open-circuit voltage represents the absolute maximum electrical potential a solar cell is
capable of producing. This specific condition occurs when the external circuit is completely
open, meaning no current is actively flowing through it. In this state, V¢ corresponds to the
forward bias voltage where the cell's internal dark current density perfectly balances out the
photo-generated current density. Because it is intrinsically linked to the photo-generated current
density, the value of V¢ can be mathematically derived from Equation (1.2) by establishing that
the net current is equal to zero.
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VOV = ( + 1)(1.2)

b. Short-Circuit Current (Ic) :

The short-circuit current represents the absolute maximum electrical current that a solar cell is
capable of generating. This peak value is attained specifically under conditions where the
external circuit possesses zero resistance (no load), which consequently results in an electrical
potential (voltage) of zero across the cell's terminals.

1
Isc = Pgs (1.3)
1+@

C.Maximum Power Point:
The maximum power point represents the absolute peak electrical power that a solar cell is
capable of generating under specific operating conditions. This value is determined by the

product of the maximum current (I,,,,,) and the corresponding maximum voltage (V;,,), which
graphically corresponds to a specific area as demonstrated in Equation (1.4).

Pup = Imp-Vip (1.4)
d. Fill Factor (FF):

The Fill Factor is defined as the specific ratio between the actual maximum power (MP)
produced by the solar cell and the calculated product of its open-circuit voltage (V,.) and short-
circuit current (Isc).

Power at mpp Imp Vs
FF = — . = ==L (L5)
Theoritical maximum power IscVoc
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e. Conversion Efficiency (n):

Integrating a solar cell into an electrical circuit results in the conversion and subsequent
collection of a specific percentage of available power. This performance metric is designated as
the conversion efficiency (1) of the device. The quantitative calculation of this efficiency is
derived by establishing a ratio: the maximum power point (B,,4,) divided by the product of the
incoming solar irradiance (G, expressed in W/m2) under standard test conditions (STC) and the
effective surface area of the solar cell (A, expressed in m?) [11].

n= (P_m) = Im-Vin —IscVoc
P; P; P;

* FF (1.6)

Pi : incident light power

Pm : the maximum power converted into electricity.
1.16. Influence of Irradiance and Temperature :
1.16.1. The Effect of Solar Irradiance

Over the course of a typical day, the levels of solar irradiance experience significantly greater
fluctuations compared to ambient temperature changes. This variance in solar radiation exerts a
profound impact on the overall efficiency of photovoltaic cells. As illustrated in Figure 1.23,
there is a direct, proportional correlation between the amount of solar radiation absorbed by the
cell and the magnitude of the electrical current it generates.

A 2
fecs 1000 W/m sl AV
2
Isca 800 W/m
< .
= 2
- 600 W/m
S
Isc2 400 W/m
2
Isci 200 W/m ﬂ\
N\ R
Voltage [V] Voct---Vocs

Figure 1.23: 1-V Characteristic curve of a PV module.[12]
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1.16.2. The Effect of Temperature

As illustrated in Figure 1.24, temperature variations exert a significant influence on the electrical
voltage of a photovoltaic panel. Utilizing the previously referenced PV panel as an example, the
maximum power point voltage V;,,,decreases by approximately 10 V during hot summer
conditions. Conversely, during colder winter days, this value typically increases by roughly 10 V
compared to its baseline rating under Standard Test Conditions (STC). In contrast to these
notable voltage fluctuations, the overall electrical current produced by the PV system
experiences only a marginal increase in response to rising temperatures.
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Figure 1.24: 1-V Characteristic Curve of a PV Module at Constant Received Solar Radiation
and Variable Temperature.[12]

1.17. The Photovoltaic Generator

A photovoltaic generator system is comprised of multiple interconnected modules, accompanied
by an assortment of integral components that collectively facilitate the generation and subsequent
conversion of energy.
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Figure 1.25: Photovoltaic generator.

1.17.1. Energy Storage (Battery) :

The electrical storage capacity of a battery is universally quantified in ampere-hours (Ah).
Within the context of photovoltaic systems, lead-acid batteries represent the most frequently
deployed storage technology. However, for specialized applications operating under extreme
climatic conditions, nickel-cadmium batteries are occasionally utilized as a robust alternative,
despite their notably higher associated costs [13].

1.17.2. Charge Regulators :

Charge regulators function as the critical management interface interconnecting the PV modules,
the battery bank, and the active electrical load. Their essential purpose is to shield the battery
from potentially damaging overcharging or severe depletion by strictly governing the flow of
both incoming and outgoing electrical currents.

1.17.3. Inverters :

The primary operational duties of the inverter consist of transforming direct current (DC)
electricity into alternating current (AC), precisely shaping the waveform of the synthesized AC
output, and actively regulating the effective (RMS) value of the delivered voltage.
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1.17.4. Load :

The various appliances, illumination networks, and general equipment drawing power from the
solar installation collectively form the electrical load of the PV system. The integration of highly
energy-efficient load devices directly improves the overarching efficiency and economic
performance of the entire system.

1.18. Applications of Photovoltaic Systems :

The primary applications of photovoltaic technology are organized into several distinct structural
configurations based on their intended operational environment.

1.18.1. Autonomous Photovoltaic Installations :

The fundamental purpose of an autonomous (off-grid) system is to reliably supply power to one
or multiple consumer loads situated in remote zones completely isolated from the centralized
electrical grid. As illustrated in Figure 1.26, the deployed photovoltaic field is capable of directly
synthesizing the necessary electrical energy to power various receivers, including standard
lighting circuits and domestic household equipment [10].
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Figure 1.26: Simplified diagram of an autonomous photovoltaic installation[23]
1.18.2. Grid-Connected Photovoltaic Systems :

These specific architectures are deployed at sites that already maintain an active connection to
the centralized electrical grid. They are predominantly installed on residential properties or
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commercial facilities that receive adequate solar exposure and intend to utilize a renewable
energy source.

A defining characteristic of a grid-connected photovoltaic generator is that it fundamentally
negates the requirement for localized energy storage. Consequently, this configuration effectively
eliminates the battery bank, which is generally considered the most problematic and expensive
component of a solar installation.
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Figure 1.27: Grid-Connected Photovoltaic Systems
1.18.3. Hybrid Photovoltaic Systems :

Hybrid photovoltaic systems are integrated architectures that combine the primary solar array
with one or more supplementary energy generation sources, such as wind turbines, diesel
generators, or cogeneration plants. This specific type of multi-source installation is strategically
deployed in scenarios where the standalone photovoltaic generator is insufficient to fully satisfy
the total required energy demand [13].
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Figure 1.28: Hybrid photovoltaic systems

1.19. Advantages and Disadvantages of Photovoltaic (PV) Energy

1.19.1. Advantages

Exceptional Reliability: Most manufacturers guarantee PV modules for up to 25 years.

Mechanical Simplicity: The complete absence of moving parts makes PV systems
highly reliable and particularly well-suited for isolated regions, which also justifies their
widespread utilization in spacecraft.

Scalability: The inherently modular nature of photovoltaic panels allows for simple
adaptation to diverse energy requirements. Systems can be precisely sized to power
applications ranging from mere milliwatts up to multi-megawatt installations.

Low Operational Expenses: Operating costs are remarkably low due to minimal
maintenance requirements. Furthermore, PV systems do not necessitate fuel
consumption, logistical transportation, or highly specialized operational personnel.
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1.19.2.

Environmental Benefits: Photovoltaic technology possesses strong ecological qualities;
the energy generation process is entirely non-polluting, silent, and produces very little
waste.

Disadvantages:

High Initial Investment: The manufacturing of photovoltaic modules involves
advanced, high-technology processes that require substantial capital investments.

Space Requirements: Large-scale energy installations demand a significant footprint
and land occupation.

Efficiency Limitations: The practical conversion efficiency of a standard module
remains relatively low (notably, the theoretical efficiency limit for a crystalline silicon
cell is capped at 28%).

Economic Competitiveness: Currently, photovoltaic generators are primarily
competitive with traditional diesel generators only in scenarios involving low energy
demands within isolated geographic areas.

Storage Costs: When the chemical storage of electrical energy (via batteries) becomes
necessary, the overall cost of the PV system increases significantly. While the
overarching reliability and performance of the system can remain equivalent, this is
strictly contingent upon the careful and correct selection of the battery bank and its
associated regulatory components.

1.20. Photovoltaic Water Pumping Systems:

Securing a reliable water supply represents a highly common challenge for remote locations and
isolated communities situated far from natural waterways and centralized electricity grids. To
guarantee water access in these areas, the implementation of a standalone power source is
essential, with photovoltaic solar energy serving as one of the most prevalent solutions. The
integration of these technologies creates a "Photovoltaic Water Pumping System," as illustrated
in Figure 1.29.
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The fundamental objective of this system is to resolve water scarcity issues by efficiently
extracting and pumping water from local wells, even in highly rural environments. These
photovoltaic water pumping architectures can be deployed across a multitude of domains,
including residential water supply, agricultural operations (such as irrigation, livestock breeding,
and general agriculture), water purification facilities, and firefighting infrastructure.
Functionally, this setup combines two principal subsystems: the solar photovoltaic generator and
the mechanical water pumping apparatus.

Solar Panel

Sun Rays

Overhead Tank

N

Pump Controller

R—— Pump |

Ground Level

Figure 1.29: Photovoltaic Water Pumping System

1.20.1. Selection of Solar Pumping Systems

Solar pumps have become a highly favored solution for small-scale drinking water supply
networks. Historically, rural pumping stations relied heavily on diesel generators to meet their
electrical demands. However, operating diesel engines necessitates extensive maintenance,
including frequent filter replacements, refueling, and oil drains.
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In stark contrast, solar pumps demand minimal oversight. Certain models can operate
autonomously for up to five years without requiring direct mechanical intervention. Their daily
operation is entirely automatic, functioning in tandem with the sun's trajectory. Consequently,
this solution is exceptionally well-suited for remote applications where monitoring and supplying
a traditional diesel system would be logistically challenging [8]. Overall, solar pumping
effectively fulfills a vast majority of water needs, including:

o Domestic use

e Provision of drinking water

o Livestock watering

o Agricultural irrigation
1.20.2. Types of Solar Pumping Configurations
1.20.2.1. Direct Pumping (Pumping "*Over the Sun'")

Direct solar pumping yields a straightforward, highly reliable, and cost-effective photovoltaic
setup. In this configuration, water is actively pumped during daylight hours and accumulated
directly within a physical storage tank. This method, referred to as hydraulic storage, allows the
reserved water to be distributed later as demand dictates, entirely eliminating the need for
electrical batteries.

1.20.2.2. Indirect Pumping (Pumping with Energy Storage)

In an indirect architecture, the electrical energy generated by the solar panels is stored within
battery banks rather than being immediately used to move water. This allows pumping operations
to occur on-demand, even during the night or in the absence of sunlight. However, this system
incurs higher capital and operational costs compared to direct pumping, primarily due to the
necessity of periodically replacing the batteries, which inherently possess a relatively short
operational lifespan [9].

1.20.3. Components of a Photovoltaic Pumping System

A standard solar pumping installation is generally comprised of the following key sub-systems
[10]:

e The Photovoltaic Generator (PVG): The solar array responsible for power generation.

e The Electric Pump Group: The mechanical hardware that moves the water.
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e Command and Control Electronics: The regulating interface that manages power
delivery.

e The Storage Unit: Either a physical water tank (hydraulic storage) or a battery bank
(electrical storage).

1.20.4. The Electric Pump Set
1.20.4.1. Pump Fundamentals

A pump is a mechanical device engineered to transport fluids (liquids or gases) or slurries
through aspiration and repression mechanisms. Pumps are broadly categorized into two primary
classifications: centrifugal pumps and positive displacement pumps. Positive displacement
variants are particularly adapted for elevating low fluid flow rates against high system pressures.

1.20.4.2. Centrifugal Pumps

Centrifugal water pumps leverage centrifugal force to pressurize and propel water from the
intake (inlet) to the discharge (outlet). This dynamic process is achieved via a rotating assembly
of vanes, known as an impeller, which is driven by a central pump shaft.

As water is drawn into the impeller, the rotational kinetic energy is transferred to the fluid. The
applied centrifugal force rapidly accelerates and pressurizes the water, flinging it outward from
the impeller's center. A surrounding spiral-shaped casing, called a volute, subsequently catches
and channels this newly pressurized water toward the designated outlet.

(Note regarding the text: The structural rotation is typically observed as clockwise when viewed
directly from the motor mount) [9].
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Figure 1.30: Centrifugal Pump.

For the designated Solar Water Pumping System (SWPS), a dynamic centrifugal pump was
chosen. This specific selection is justified by its lower maintenance demands and its superior
capability to synchronize with the electrical power output provided by the photovoltaic
generators.

The mechanical torque demanded by the pump maintains a direct proportionality to the square of
its rotational rotor speed, which is expressed by the following equation:

T, = K,QF (17)

Within this formula, K,represents the constant of proportionality, which is defined as:

Py
K, ==L 1.8
D 02, (1.8)
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The resulting water flow rate and the operational pressure delivered by the pump are
fundamentally dictated by the total system head and the mechanical power effectively available
at the spinning impeller. To streamline the calculation of these output parameters, one can utilize
the affinity laws. These rules simplify the process by requiring only the pump's baseline ratings
alongside actual input variables, specifically the applied torque and rotor speed [13].

a. The Affinity Laws

Standard pumping processes necessitate that specific hydraulic criteria, namely, fluid head and
flow rate, are properly satisfied. The Affinity Laws provide established mathematical correlations
utilized to forecast how a pump's performance curves will shift in response to modifications in
either the physical diameter of the impeller or the rotational shaft speed (N).

Assuming the impeller diameter remains fixed, the Affinity Laws establish that for any specific
pump, the performance metrics will vary according to the following relationships relative to
rotational speed [14]:

o Flow Rate (Q): Will be directly proportional to the shaft speed.
o Head (H): Will be directly proportional to the square of the shaft speed.

o Required Power (P): Will be directly proportional to the cube of the shaft speed.

(%) 0

H, N,

A ()

P, Ny
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1.20.4.3. Advantages of Centrifugal Pumps :
The selection and use of centrifugal pumps offer several distinct operational benefits:

e Mechanical Simplicity: These pumps operate without the need for internal valves and
feature a very limited number of moving components. This streamlined design facilitates
manufacturing using a wide variety of materials and allows the equipment to operate at
high rotational speeds while requiring minimal ongoing maintenance.

o Consistent Performance and Compact Design: Centrifugal pumps deliver a highly
stable and uniform fluid output. Furthermore, they boast a notably compact physical
footprint, occupying significantly less space than alternative pump designs capable of
generating an equivalent power output.

o High Capacity: These systems are exceptionally well-suited for processing and
transferring substantial volumes of water.

1.21. Conclusion :

This chapter has provided a comprehensive overview of the foundational principles of
photovoltaic systems, detailing their essential components and primary architectural
classifications. Additionally, it explored the core operational concepts of solar cells,
encompassing their mathematical modeling, key performance assessment parameters, and
characteristic curves. Through the analysis of these specific curves, the direct operational
impacts exerted by fluctuating ambient temperatures and varying levels of solar irradiance were
effectively visualized and evaluated.
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2.1. Introduction :

Globally, water pumping has traditionally relied on conventional grid electricity or diesel
generators. However, the ongoing depletion of these conventional energy sources and their
detrimental environmental impacts have driven growing interest in renewable alternatives, such
as solar-photovoltaic, solar-thermal, wind, and biomass energy. Optimizing the utilization of both
water and energy resources has emerged as a critical global priority over the past decade and will
only increase in importance in the future [14].

Currently, utilizing photovoltaic (PV) technology to power water pumps is a rapidly
emerging field presenting significant technical opportunities. The shift toward solar PV is largely
motivated by the continuous decline of oil reserves, uneven resource distribution, and the
escalating costs of electricity—factors that are particularly concerning for developing nations.
Consequently, Solar Photovoltaic Water Pumping Systems (SPVWPS) have seen enormous
improvements in widespread acceptance, reliability, and overall performance for providing
domestic, livestock, and irrigation water in remote locations. Beyond these benefits, SPVWPS
are highly durable and capable of withstanding extreme weather conditions, including snow and
ice. Most importantly, solar power is fundamentally well-suited for water pumping because the
peak demand for water naturally aligns with the periods of highest solar irradiance [13].

Historically, DC motor-driven PV pumps have been widely deployed globally because
they connect directly to the PV array and offer simple speed adjustment. Nevertheless, these
systems are hindered by higher motor costs and significant maintenance requirements due to the
presence of mechanical commutators and brushes [15]. To overcome these limitations, brushless
motor architectures have emerged as a highly attractive alternative. While brushless permanent
magnet DC motors have been successfully implemented [16], their application remains largely
restricted to low-power PV systems.

Recent research has thoroughly investigated AC pumping systems driven by either
current-source or voltage-source inverters [14]. For instance, Induction Motors (IMs) provide a
robust, reliable, and practically maintenance-free alternative, characterized by their reduced unit
cost and rugged, brushless rotor construction [17]. Similarly, Permanent Magnet Synchronous
Motors (PMSMs)often referred to as brushless DC motorscoupled with centrifugal pumps have
proven highly effective for PV water pumping applications [11].

Building upon these advancements, the Synchronous Reluctance Motor (SynRM)
powered by a PV generator represents a highly promising brushless architecture that warrants
thorough investigation. Despite its inherent advantages, the application of SynRMs within PV
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water pumping systems remains significantly underexplored in current academic literature to
date [11].

2.2. Modeling of System Components :

This section details the development of MATLAB/Simulink models for the core components of
the system. These models are constructed using the theoretical descriptions, electrical circuit
topologies, and mathematical equations introduced throughout this chapter.

Boost Converter Voltage source inverter
K}K}ﬂ:} o

I )
‘I ‘"%} ‘I ” Motor Ce’;,f;’,?;?"

| SR [ P ———

( VET )

Figure 2.1: Schematic diagram of the PV Water Pumping System

2.2.1. PV Array Modeling :

The operational behavior of the PV array is characterized by the theoretical model presented in
the following diagram. The electrical output of this array is a direct current (DC) that is directly
proportional to solar irradiance levels, ambient temperature variations, and the structural
arrangement of the interconnected modules per string.
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« 2
Figure 2.2: PV panel model.

The general current-voltage characteristic of a PV panel based on the single exponential model
is:

I=lLy— I (e(ﬁ’vis) _ 1) — () (2.1)
v, = 2lste (2.2)

Where:

- Standard test conditions (A = 1000 W/m2; T = 25 °C; AM = 1.5)
- L, The photo-generated current under Standard test conditions
- I, Dark saturation current under Standard test conditions

- Ry, Ry, Panel series resistance panel , parallel resistance

- A diode quality factor

These constitute the five core parameters of the model. Furthermore, K signifies
Boltzmann's constant and g indicates the elementary charge of an electron

The defining (V) relationship for this system is governed by the following equation:
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V+IRs -m
I'= Ly — loelnme) %(1 + <a (%)) ) (2.3)

Photovoltaic Module Inputs and Outputs :

The simulated PV array requires two primary environmental inputs: ambient temperature and
solar irradiance. Electrically, it delivers an output voltage across its positive and negative
terminals. Furthermore, the module incorporates a data measurement bus (designated as output
m), which multiplexes four critical parameters for continuous system monitoring:

o Photovoltaic voltage
« Photovoltaic current
e Input temperature

« Input irradiance

Photovoltaic Module Identification: For the simulation, a user-defined photovoltaic module
with a maximum power rating of 326 W is configured using the Simscape library in
MATLAB/Simulink 2020. The characteristics and parameters of the customized module are
shown in the next table:
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Parameters of the User-Defined Photovoltaic Module :

Maximum Power (W) 326.076 | Cells per module (Ncell) 60
Open circuit voltage Voc (V) 39 Short-circuit current Isc (A) 10.1
Voltage at maximum power point 34.8 Current at maximum power 9.37
Vmp (V) point Imp (A)
Temperature coefficient of Voc | -().36099 Temperature coefficient of Isc 0.102
(%/deg.C) (%/deg.C)

Table 2.1: PV panel characteristics

The implemented PV model facilitates the generation of power-voltage (P-V) and current-
voltage (I-V) characteristic curves, enabling a detailed analysis of the module's electrical
response to varying environmental conditions. Specifically, to assess the direct impact of solar

radiation, the simulation evaluated the system across a range of irradiance levels from 200 W/m?
to 1200 W/mz, while the operating temperature was maintained at a constant 25°C.

I-V and P-V curves for the PV array are shown in figure below:

— ;W/mz Other irradiances O Key operating points
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Figure 2.3: PV array: -V characteristic curve
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Figure 2.4: PV array: P-V characteristic curve

The resulting graphs clearly demonstrate that the panel's electrical characteristics are
profoundly influenced by solar irradiance. The output current exhibits a high sensitivity to these
fluctuations, maintaining a direct proportionality; as irradiance decreases, the generated current
experiences a corresponding linear decline. Conversely, the voltage demonstrates greater
stability, remaining relatively constant near its open-circuit value (V,.) even as the current
approaches zero.

Similarly, the power-voltage (P-V) characteristic curves preserve their fundamental shape
across varying irradiance levels. However, consistent with the 1-V characteristics, the total power
output is directly dependent on the incident light. Consequently, the Maximum Power Point
(MPP)—indicated by the plotted circlesdecreases systematically as irradiance drops.
Furthermore, the graphs mathematically confirm that the open-circuit voltage (V,.) represents the
boundary condition where the total output power drops to zero.
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2.2.2. Electrical Equivalent Circuit of the Photovoltaic Cell :

A review of existing literature reveals several established equivalent circuit models
utilized to mathematically represent PV cells. Among these, the most widely adopted is the
standard single-diode model, which incorporates both a series and a shunt resistance [17, 18]. As
depicted in Figure 2.5, the fundamental photoelectric conversion is represented by a current
source (Ip,), Which generates a current directly proportional to the incident solar irradiation.
Within this circuit topology, the series resistance accounts for the internal structural resistances
of the cell, whereas the shunt resistance represents internal leakage currents.

I | Ion § !

+
Lph Diode Vpy
p 3 Rsh
& =
Figure 2.5: The single diode model of PV cell
The mathematical equation that expresses the PV cell is given in as follows:
V)
Ipy = Iy — Ip — R_Zl (2.4)
Or:
_ qVpy+Rslpy)\ _ 1] _ Vpy+Rslpy
Ipy = Ly — I s [exp ( KT ) 1 R, (2.5)
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Where:

Iph: is the light-generated current of the elementary solar cell (A).

I: is the current of the parallel diode (A).

I s is the reverse saturation current of the diode (A).

Ipy, Vpy: are the output current (A) and voltage (V) of the PV cell, respectively.

q: is the elementary electron charge (1.60217662 * 1071°C).

A: is the diode ideality factor, which depends on the specific PV cell technology.
K: is the Boltzmann constant (1.38064852 * 10723 J/K).

T: is the temperature of the p-n junction in Kelvin (K).

2.3. Inverter-SynRMModeling:
2.3.1. Static DC-AC Converter:

A static converter is an electronic system designed to condition and regulate the electrical energy
supplied to a specific receiver or load. The advent of modern power electronics in the mid-20th
century enabled the development of these electrical power converters without the need for
rotating mechanical components. The semiconductor technology underlying these devices is
constantly evolving, offering several distinct advantages:

e Low manufacturing and operational costs.
« High power switching capabilities.

o Ease of integration and control.
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a. Definition of the Inverter :

An inverter is a static power converter specifically designed to transform direct current (DC)
power into alternating current (AC) power. By utilizing semiconductor switches, a constant DC
input voltage can be alternately applied to the load terminals, effectively reversing the polarity.

By carefully sequencing the switching commands of these semiconductors, it is possible to
generate an alternating output voltage with an average value of zero. Depending on the chosen
control strategy« such as Pulse Width Modulation (PWM) or fundamental frequency switching
(square wave control)« this output voltage may consist of one or multiple alternating pulse
segments.

Inverters are generally classified based on several criteria:
o By source type: Voltage Source Inverters (VSI) and Current Source Inverters (CSI).
e By number of phases: Single-phase, three-phase, etc.
o By number of output levels: Two-level, three-level, multi-level, etc.

b. Voltage Inverter Modeling:

The three-phase voltage source inverter that powers the SynRM can be ideally represented by the
standard inverter circuit diagram. The inverter consists of semiconductor switches (e.g.,
MOSFETSs or IGBTs) denoted as T;and T/ (where i = a, b, ¢ corresponding to the three phases).
The logical control signals associated with them are defined as S;and S;, operating under the
following complementary conditions:

o IfS; = 1, the upper switch T; is closed (conducting) and the lower switch T;is open.

o If S;=0, the upper switch T; is open and the lower switch T} is closed (conducting).
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In this standalone photovoltaic system, the inverter's input is directly supplied by the stabilized
DC bus from the solar array. The machine-side converter (the three-phase voltage inverter) then
transforms this DC power into the required alternating voltage to drive the SynRM.

S

t TrR3 K3 KD

T _ | b

% e sj Kﬁ sb{K‘§ s{1

controls of the inverter

Figure 2.6: Diagram of the SynRM — voltage inverter association

For analytical modeling, the inverter's DC power supply is represented as an ideal source

U
divided into two equal voltage components of 70, connected at a fictitious neutral midpointn,.

Each of the three inverter legs consists of two semiconductor switches operating in a
complementary sequence. Free-wheeling diodes are connected in anti-parallel with the
transistors to provide a safe path for inductive load currents. As illustrated in the equivalent
circuit (Figure 11.7), each leg of the inverter essentially functions as an ideal two-state switch.

Assuming the Synchronous Reluctance Machine (SynRM) features a balanced, star-connected

stator winding, and U, represents the total DC link voltage feeding the inverter, the line-to-line
voltages can be obtained directly from the inverter outputs [9]:
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Figure 2.7: Equivalent diagram of the inverter

The line voltages delivered by the inverter are:

Uy, =Vas —Vbs = U0(Sa — Sh) (2.6)
Uy. =Vbs —Vcs = UO(Sh — Sc) (2.7)
Uy =Ves —Vas = U0(Sc — Sa) (2.8)

The voltages Vas, Vbs and Vcs form a balanced three-phase voltage system then:

From (2.6) and (2.8) :

U
Vas = ?0 (ZSa —Sp — Sc) (2.9)

From (2.6) and (2.7) :

U
Vps = ?O(ZSb —Sa —S¢) (2.10)
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From (2.9) and (2.10) :

U
Ves = ?0 (2S¢ — Sq — Sp) (2.11)
Therefore:
s] , [2 -1 —1][%
Vbs = EUO —1 2 -1 Sb (2.12)
Vcs -1 -1 2 Sc

2.3.2. SynRM Mathematical Model

The mathematical model of the SynRM is structurally comparable to that of a standard Induction
Motor (IM). However, a primary distinction in the SynRM modeling is the assumption that rotor
copper losses are negligible, as the SynRM rotor does not contain conductive windings or a
squirrel cage.

The dynamic behavior of the SynRM, expressed in the synchronous d — g rotor reference frame,
is defined by the following stator voltage equations as in [23] :

. . dig
Vg = Rsig — wequq+LdE (2.13)

d.
V, = Rgig + a)eLdid+Lq% (2.14)

where vgand v, represent the terminal voltages along the direct and quadrature axes,

respectively, whilei; and iq denote the corresponding terminal currents along these axes.

3 .
T, = Ep(Ld—Lq)ldlq (2.15)
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The mechanical dynamic equation governing the motor speed is expressed as:

dwm
Te=] =2+ fon +T, — Tg (2.16)

Where T, denotes the applied load torque, J is the total moment of inertia of the rotating mass,
wprepresents the mechanical angular velocity of the motor, fis the viscous friction coefficient,
Ty accounts for the constant friction load, and p signifies the number of pole pairs.

2.4. DC-DC Converter Modeling :

DC-DC static converters are essential power electronic interfaces used to condition the
fluctuating DC voltage provided by the Photovoltaic (PV) array. This work specifically focuses
on the implementation of a Boost converter.

In general, DC-DC converters can operate in either Continuous Conduction Mode (CCM) or
Discontinuous Conduction Mode (DCM). In CCM, the inductor current flows continuously and
never reaches zero during a switching cycle. In DCM, the inductor current drops to zero for a
portion of the cycle. Because the dynamic frequency response of the power stage changes
significantly between these two modes, the converter in this system is designed to operate strictly
in CCM to ensure optimal stability and control performance across expected operating
conditions.

2.4.1. Boost Converter Modeling :

The Boost (step-up) converter is a fundamental non-isolated switched-mode power supply
topology designed to elevate an input DC voltage to a strictly higher output DC voltage. In
photovoltaic applications, it is frequently utilized to step up the variable PV array voltage to
match the higher, stabilized DC-link voltage required by the inverter.

As illustrated in the electrical schematic (Figure 2.8), the power stage relies on a transistor acting
as an active switch, driven by a Pulse Width Modulation (PWM) control signal. The fundamental
operation and energy transfer of the converter can be described by two distinct topological states
during a single switching period (T%):

e ON State (Switch Closed): During the active phase of the duty cycle, the transistor is
turned on. The inductor (L) is placed directly across the input voltage (V;,,), causing the
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« diode to become reverse-biased and isolating the output stage. Consequently, the inductor
current ramps up linearly, effectively storing energy within its magnetic field.

e OFF State (Switch Opened): When the transistor is turned off, the inductor current
cannot change instantaneously. The collapsing magnetic field reverses the inductor's
voltage polarity, placing it in series with the input source. This forces the current through
the now

o forward-biased diode, transferring the accumulated energy directly into the output
capacitor and the load.

It is worth noting that even in the absence of active switching, the output capacitor will passively
charge to the input voltage level (V,,; = V;,) via the forward-biased diode. However, under
active high-frequency switching, the continuous accumulation and release of magnetic energy
guarantees an output voltage that exceeds the input.

By applying Kirchhoff's circuit laws to these operating states, the dynamic continuous-time
behavior of the Boost converter over one switching period can be mathematically represented by
the following system of equations:

d ln t . .
( €, D = iy (1) — i, (1)
Avoyt () , ,
{ G——=A =i (t) — iou(t) (2.17)
di .
L5 = Vin(t) = (1 = d)voue(®) = R ()
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Wherei;, (1),i;,c(t)and i, (t) are the input, the output and the inductor current,
respectively. Vi, (t), V,,.:(t)and V, (t)are the input, the output and the inductor voltage.
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Figure 2.8: Electrical circuit of a boost converter.

2.5. Modeling of the Pumping System :

As a fundamental component of the hydraulic network, a centrifugal pump is a mechanical
machine that transfers rotational kinetic energy into fluid flow and pressure using centrifugal
force. The primary objective of these pumps is to elevate fluid pressure and drive water across a
designated vertical head and piping distance.

Centrifugal pumps are designed for a relatively fixed full load (Total Dynamic Head). The
pump's displacement (volumetric flow) varies proportionally with the motor's rotational speed.
The required mechanical torque increases rapidly with speed, while the head is a function of the
square of the motor speed. Furthermore, the energy consumption, which is proportional to both
flow and head, changes proportionally to the cube of the velocity. Centrifugal pumps are
typically utilized at medium or shallow depths (10 to 100 meters) to provide high flow rates.

The fundamental operation of the centrifugal pump is characterized by three interrelated
parameters: head (H), volumetric flow rate (Q), and power (P).

f(H,Q,P)=0 (2.18)
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During pump operation, the system experiences inherent pressure losses, classified primarily as
linear (frictional) pressure drops along the pipes and singular (local) pressure drops at fittings.
These are mathematically represented by the following relationships:

vZ L
AH, = AE ‘3 (2.19)
v 802
AH; = &7 p 2D%g (2.20)

With:

A :Coefficient of linear pressure drop

D:Internal diameter of the pipe [m]

V. Average velocity of the fluid [m/s]

g Acceleration of gravity [m/s?]

L: Length of the pipe [m]

&: Coefficient of local (singular) pressure drop

e Q:Volume flow [m3/s]

Furthermore, the functional relationship between the pump's instantaneous rotational speed
N(t)and its resulting hydraulic performance is governed by the affinity laws. Based on the
nominal maximum characteristics of the pump, the instantaneous total head H(t), volumetric
flow Q(t), and hydraulic power H (p)are given by the following relations:
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2
H(t) = H,,. (%?) (2.21)
N
Q(t) = Qm- (N%?) (222)
Hp=p*g*Q*H (2.23)

Where:

e H: Total head achieved by the pump [m]
e Hm: Maximum head [m]

e N(t): Instantaneous speed [rpm]

e Nm: Maximum speed [rpm]

e Q(t): Instantaneous flow rate [m3/s]

e  Qm: Maximum flow rate [m3/s]

p: Density of the liquid [kg/m3]

g: Acceleration of gravity [m/s?].

The specific centrifugal pump parameters and general physical constants utilized in this
system modeling are defined in Table 2.2.
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Parameter Name Symbol | Value | Unit
Synchronous Reluctance Motor (SynRM) Parameters
Stator Phase R, 2.875 Q
Resistance
d-axis Inductance L, 85x 1073 H
g-axis Inductance L, 8.5x 1073 H
Moment of Inertia ) 0.8x 1073 Kg.m?
Viscous Friction F 1x1073
Coefficient
Number of Pole P 4 -
Pairs
Centrifugal Water Pump Parameters
Nominal Speed WDnom 3000 rpm
Nominal Mechanical Poom 1500 W
Power
Nominal Flow Rate Qnom 0.0033 m3/s
Water Density p 1000 Kg/m3
Gravity g 9.81 m/s?

Acceleration

Table 2.2: Centrifugal pump and Synch motor parameters

2.6. Conclusion :

In this chapter, the comprehensive study and mathematical modeling of a Photovoltaic
Water Pumping System were presented. The chapter established the dynamic models for the PV
array, the Boost DC-DC converter, and the Synchronous Reluctance Motor (SynRM) driven by a
three-phase voltage source inverter. Crucially, the system is designed to be controlled via Finite
Control Set Model Predictive Control (FCS-MPC), an advanced technique that directly evaluates
the discrete states of the inverter to optimize SynRM operation, completely eliminating the need
for traditional carrier-based PWM modulators. Finally, the mechanical load was accurately
represented by establishing the governing hydraulic equations of the centrifugal water pump.
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Chapter 3 FCS-MPC CONTROL STRATEGY AND MPPT

3.1. Introduction :

While the fundamental physics and mathematical models of the Photovoltaic Water
Pumping System (PVWPS) were established in the previous chapter, the overall efficiency of the
energy conversion chain relies entirely on the robustness of its control architecture. Maximizing
operational efficiency is paramount to ensure the technical reliability and economic viability of
the standalone system.

As demonstrated in the established power-voltage (P-V) characteristics, a PV array
possesses a unique Maximum Power Point (MPP) where the module produces its peak power
output B,,.. However, this optimal coordinate is highly nonlinear and constantly shifts
depending on instantaneous meteorological conditions. To ensure the system operates precisely
at this optimal point, an intermediate control stage is required. Furthermore, the extracted DC
power must be optimally inverted to drive the Synchronous Reluctance Motor (SynRM) and its
coupled centrifugal pump.

Consequently, this chapter details the design and simulation of the two primary control
systems: the Maximum Power Point Tracking (MPPT) algorithm governing the DC-DC Boost
converter, and the Finite Control Set Model Predictive Control (FCS-MPC) strategy governing
the three-phase voltage source inverter.

3.2. Maximum Power Point Tracking (MPPT) :

As previously established, the power generated by a photovoltaic array is heavily dictated
by fluctuations in solar irradiance and ambient temperature. Because the electrical characteristics
of a PV module are highly nonlinear, there exists only one unique operating coordinate on the P-
V curve, the Maximum Power Point (MPP), where the array delivers its absolute maximum
possible power (Pyqx)-

To mitigate environmental disturbances and continuously extract this peak power, a Maximum
Power Point Tracking (MPPT) control system is strictly required. The MPPT controller acts as
the core decision-making unit, continuously monitoring the PV array's instantaneous voltage and
current to dynamically locate and maintain operation at the MPP, regardless of shifting
meteorological conditions or changing mechanical load demands from the pumping system.

80



Chapter 3 FCS-MPC CONTROL STRATEGY AND MPPT
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Figure 3.1: MPPT system diagram

3.2.1. DC to DC Converter :

In order to transmit maximum power from the source to the load, the MPPT system essentially
acts as an active impedance matcher. By utilizing algorithms to dictate the switching state of the
DC-DC converter, the controller continuously aligns the apparent impedance of the system load
with the internal impedance of the PV source [16].
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Figure 3.2: Boost Converter in an MPPT based PV System

The operation principle of this converter is described by the following equations:

Vo= - (3.1)

1-D

I, =I(1-D) (3.2)

Based on the aforementioned mathematical relationships, the equivalent input resistance
perceived at the PV array terminals R.,can be expressed as a function of the actual load
resistance R as follows :

V. Vy(1-D)?

R. =
eq I Io

=R(1 — D)? (3.3)
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Consequently, the optimal switching duty cycle d required by the MPPT controller to synthesize
this equivalent resistance and extract maximum power is calculated using the following

expression:
_ 1 _ |Req
D=1 / P (3.4)

Where d denotes the optimal switching duty cycle, and Rrepresents the specific system
resistance at which peak power extraction is achieved.

R = Dee (3.5)

3.2.2. Classification of MPPT Strategies :

Maximum Power Point Tracking algorithms can be broadly categorized based on their hardware
implementation (analog, digital, or mixed-signal). However, from a control theory perspective, it
is far more rigorous to classify them according to their tracking methodology and required input
variables. These algorithms generally fall into two primary classifications:

A. Indirect MPPT Techniques:

Indirect methods estimate the approximate location of the MPP utilizing prior knowledge of the
PV panel's physical characteristics or through established empirical relationships. These
techniques typically rely on measuring quasi-static parameters, such as a fraction of the open-
circuit voltage V. or short-circuit currentl,., to approximate the optimal operating point. While
computationally simple, they lack the ability to dynamically adapt to unexpected operational
variations, degradation over time, or partial shading conditions.
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B. Direct MPPT Techniques:

In contrast, direct methods continuously measure the instantaneous dynamic variables of the
system ,specifically the PV array voltage and currentto calculate the real-time output power. By
actively evaluating the mathematical gradient of the P-V curve, direct algorithms can
dynamically locate and track the true MPP even under rapidly fluctuating environmental
conditions. The Perturb and Observe (P&QO) algorithm utilized in this system is a fundamental
example of a highly effective direct tracking technique.

3.2.3. Perturb and Observe (P&QO) Algorithm :

Among the various MPPT techniques documented in the literature, the Perturb and
Observe (P&O) algorithm is the most widely implemented due to its structural simplicity, ease of
integration, and relatively low computational demand.

The fundamental operational principle of the P&O algorithm relies on intentionally
introducing a deliberate, periodic perturbation, specifically, a small incremental change to the
operating voltage of the PV array (or directly to the duty cycle of the Boost converter). By
continuously measuring the instantaneous photovoltaic voltage V},,, and current I,,,, , the controller
calculates the instantaneous output power By, (k). This current power value is then compared to
the power calculated during the previous sampling period (P,,(k —1)) to determine the
differential change in power (AP).

The algorithm evaluates the system based on the following logical conditions:

o If the perturbation results in an increase in power (AP > 0), it indicates that the
operating point is moving toward the Maximum Power Point (MPP). Consequently, the
controller applies the next perturbation in the same direction.

o Conversely, if the perturbation results in a decrease in power (AP < 0), it indicates that
the operating point has moved away from the MPP. The controller immediately reverses
the sign of the perturbation, moving the operating point in the opposite direction.

This continuous process of "perturbing and observing™ forces the system to climb the P-V

characteristic curve until it reaches the peak. Once at the MPP, the operating point will
inherently oscillate slightly around the maximum value. The magnitude of this steady-state
oscillation is directly proportional to the chosen perturbation step size.
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The logical sequence and decision-making architecture of the implemented P&O algorithm are
visually summarized in the flowchart presented in Figure 3.3.

The algorithm outputs an optimal

reference signal, which is subsequently translated into the switching duty cycle (d) applied to the
active gate of the DC-DC Boost converter[21][22]

A Avref(k) = Vref(k) 5 Vref(k = 1) I;V‘

Vref(k) = Cp
L

AVies(k+1) =

AVies(k+1) =
Viet(k) = Cp

AVig(k +1) =

Figure 3.3: Flowchart of the Perturb & Observe MPPT algorithm.
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3.3. Finite Control Set Model Predictive Control (FCS-MPC) of SynRM :

Traditionally, the control of Synchronous Reluctance Motors (SynRM) has been dominated by
linear control strategies, most notably Field Oriented Control (FOC). While FOC is well-
established, it inherently relies on cascaded Proportional-Integral (P1) controllers and requires a
continuous modulation stagesuch as Pulse Width Modulation (PWM)to generate the required
switching states. This approach limits the dynamic transient response of the system and
complicates the tuning process.

In contrast, Finite Control Set Model Predictive Control (FCS-MPC) represents a fundamental
paradigm shift in modern power electronics control. FCS-MPC completely eliminates the inner
current P1 controllers and the PWM modulator. Instead, it leverages the inherently discrete nature
of the three-phase Voltage Source Inverter (VSI). By utilizing the mathematical model of the
SynRM, the controller predicts the future behavior of the machine's currents for every possible
switching state of the inverter. A predefined mathematical cost function is then evaluated for
each prediction, and the optimal switching state is selected and applied directly to the inverter
gates.

3.3.1. Discrete-Time Predictive Model :

To predict the future behavior of the motor, the continuous-time dynamic equations of the
SynRM must be discretized. Using the forward Euler approximation method with a discrete
sampling time of T, the continuous derivatives of the direct and quadrature axis currents are
approximated as:

@ ~ iglk+1)—ig(k) (36)
dt T '

— o (3.7)

By substituting these discrete approximations into the continuous state-space model, the
predicted future currents at the next instant (k 4+ 1) can be algebraically isolated.
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The discrete-time predictive model of the SynRM is therefore expressed as:

ik +1) = () + 2Va(k) = Riig(k) + welqiq(k)) (@9
iq( +1) = g (k) + 20 (k) = Reiq(k)-weLaia(K)) (39

Where i4(k) and i, (k) are the measured stator currents at the current sampling instant, w,is
the electrical rotor speed, and V, (k) and V, (k) represent the d — gaxis voltages applied by the
inverter.

3.3.2. Cost Function Optimization and Reference Generation :

A standard two-level, three-phase VSI possesses 23 = 8 possible switching states, comprising
six active voltage vectors and two zero voltage vectors. For every single control cycle, the
microprocessor transforms these 8 voltage vectors into the synchronous d — q reference frame
and feeds them into the predictive equations above, generating 8 distinct predictions for the

future currents: igand ig.

—_ —

TAvy V7 Uy

(000) (111) (222)

Figure 3.4: The eight active and zero voltage vectors generated by a two-level three-phase
voltage source inverter
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To determine the optimal switching state, a cost function g is evaluated for each of the 8
predictions. The primary objective of the FCS-MPC in this system is absolute current tracking
accuracy. Therefore, the cost function is defined as the absolute squared error between the

reference currents (izand i;) and the predicted currents:

g=(5— i)*+ (i; — if)? (3.10)

The control algorithm evaluates this function for all 8 available voltage vectors. The
specific switching state that yields the minimum value for g is locked in and directly fired to the
insulated-gate bipolar transistors (IGBTSs) of the inverter for the upcoming (k + 1) interval.

While the highly dynamic inner current control loop is governed by this discrete FCS-
MPC algorithm, the outer speed regulation loop utilizes a standard Proportional-Integral (PI)
controller. The measured mechanical speed of the SynRM rotor (Q,,) is compared to the
reference speed (Q;,) dictated by the MPPT-driven pump requirements. The resulting speed error
is processed by the PI controller to generate the reference electromagnetic torque (T,") required to
maintain the desired flow rate.

To minimize stator copper losses and maximize the overall energy efficiency of the drive
system, the Maximum Torque Per Ampere (MTPA) control strategy is implemented. Because the
SynRM lacks a permanent magnet excitation source or rotor windings, electromagnetic torque is
generated entirely by the magnetic reluctance variance between the direct and quadrature axes.
The MTPA algorithm mathematically determines the optimal current vector trajectory. For any
given reference torque (7,), the MTPA block calculates the precise combination of direct-axis
(i4) and quadrature-axis (ig) currents that will synthesize that torque using the absolute minimum
total stator current magnitude.
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These optimally calculated reference currents, iy and i;, are subsequently fed directly into the
FCS-MPC cost function (g) as the target tracking variables, seamlessly unifying the efficiency
optimization of the MTPA with the extreme dynamic performance of the predictive controller.

H

St undar & waryng westhar condibonm modeled s u i b imidencs (e sk pari) g

AL

-----------

Solar Panel

Figure 3.5: Complete global block diagram of the proposed FCS-MPC and MTPA control
strategy for the SynRM

3.4.Simulation Results and Discussion :

3.4.1.Test Scenario Definition:

The system was evaluated against a highly dynamic 20-second solar irradiance profile to test its
resilience to abrupt atmospheric changes, moving beyond standard static testing. With the

module temperature fixed at 25°C, the programmed profile includes:

Os to 4s (Startup): Step-wise irradiance increments (500, 800, and 1000 W/m?) to test the
system's initialization sequence and MPPT tracking speed.
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e 8sto 12s (Heavy Cloud Cover): A sharp decline to 200 W/m? to evaluate the DC link
regulation and confirm the motor continues to operate under severe energy constraints.

e 12sto 20s (Dynamic Recovery): A rapid return to 1000 W/m2, followed by a drop to 700
W/m? at t=16s, designed to prove the controller maintains stable, error-free tracking
during rapidly shifting weather patterns.

3.4.2. Irradiance And Photovoltaic Array Performance :

The first stage of the system evaluation establishes the environmental conditions applied
to the photovoltaic array. To rigorously test the robustness of the system, a dynamic multi-step
solar irradiance profile was programmed, as detailed in Table 3.1 and illustrated in Figure 3.6
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Table 3.1: Irradiance change per time
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Figure 3.6 :Evolution of solar irradiance over time
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The subsequent figures illustrate the dynamic electrical response of the PV array as it
reacts to these varying atmospheric conditions.
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Figure 3.7 :PV Array Currentl,, Figure 3.8: PV Array \VoltageV,,
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Figure 3.9 :PV Array Output PowerP,,,,
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The figures demonstrate the behavior of the photovoltaic array over the 20-second
simulation profile, designed to emulate real-world meteorological events:

Os to 8s (Startup and Clear-Sky Conditions):

During the initial 4 seconds, the system is subjected to sequential irradiance steps (500,
800, and 1000 W/m?). This physical profile simulates the gradual clearing of morning
atmospheric cover, designed to test the initial tracking speed of the MPPT. Att = 5 s, the
algorithm activates, bringing the PV voltage to its Maximum Power Point (MPP) near 120 V.
The system successfully extracts the nominal 1000 W and maintains perfect stability,
demonstrating optimal steady-state operation under ideal clear-sky conditions.

8s to 12s (Heavy Cloud Cover / Severe Shading):

At t = 8 s, the irradiance is abruptly reduced to 200 W/m2. This physical change
represents a dense cloud passing directly over the PV array, casting a heavy shadow.
Consequently, the available solar energy is severely restricted; the PV current decreases to
approximately 1.5 A, and the output power falls to 200 W. The purpose of this extreme scenario
is to verify the

system's resilience against DC bus collapse. Despite the energy deficit, the MPPT controller
successfully adjusts the duty cycle to maintain the PV voltage near 110 V, ensuring the system
remains operational rather than stalling.

12s to 20s (Cloud Clearance and Partial Shading):

At t = 12 s, the irradiance returns to 1000 W/m?, simulating the dense cloud passing
completely and exposing the array to full, direct sunlight. The control system demonstrates
robust transient recovery, returning to peak power generation without triggering dangerous
electrical overshoots. Finally, at t = 16 s, the irradiance is reduced to 700 W/m? to emulate a
partial shading event caused by light, semi-transparent cloud cover. The controller accurately
tracks this moderate change, proving continuous, proportional power extraction without steady-
state error under shifting weather.
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3.4.3. Boost Converter and DC Link Dynamics:

The second stage of the system evaluation focuses on the intermediate power processing and
voltage regulation. The following figures illustrate the dynamic electrical response of the DC-DC
Boost Converter and the DC link as the system reacts to the programmed weather profile.
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Figure 3.10 :Output Current with steady-state switching detail (Ij)
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Figure 3.11 :DC Link Voltage(V})
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The Boost Converter serves as the critical intermediate power processing stage. Its
primary function is to elevate the varying PV array voltage while maintaining a rigid, stable DC
link for the downstream motor inverter. Its performance across the 20-second meteorological
profile is analyzed below:

Os to 8s (Startup and Clear-Sky Conditions):

During the first 4 seconds, the irradiance sequentially increases (500, 800, and 1000
W/m2), physically simulating the gradual dissipation of morning cloud cover. The boost
converter successfully steps up this varying input to meet the required DC link reference. As the
MPPT algorithm converges at t = 5 s, the transmitted power stabilizes at approximately 1000 W.
Crucially, the DC bus voltage settles smoothly at the 400 V reference dictated by the outer-loop
Pl speed controller. This establishes a stiff, reliable DC source for the motor prior to any
atmospheric disturbances.

8s to 12s (Heavy Cloud Cover and Severe Shading):

At t = 8s, a dense cloud blocks the solar array, physically restricting the available
irradiance to 200 W/mz2. Consequently, the power transmitted through the boost converter drops
drastically to approximately 200 W, accompanied by a proportional fall in output current.
However, the DC link voltage exhibits remarkable resilience. Rather than collapsing under this
severe energy deficit, the voltage remains strictly regulated near 400 V. This confirms that the Pl
controller successfully decoupled the mechanical load, actively reducing the motor's power
demand to match the restricted solar supply, thereby preserving the electrical integrity of the
entire system.

12s to 20s (Cloud Clearance and Steady-State Ripple):

At t = 12 s, the dense cloud passes entirely, restoring full irradiance (1000 W/m2). The
converter immediately processes the peak power, and the resulting transient voltage spike on the
DC link is rapidly damped by the Pl controller. To explicitly illustrate the high-frequency
switching dynamics during this clear-sky steady-state operation, inset plots are provided at t = 15
s for both current and power. These detailed views reveal the characteristic continuous
conduction mode (CCM) switching ripple. The ripple amplitude is tightly bounded, verifying the
correct sizing of the passive components (inductor and capacitor).

Finally, a light, semi-transparent cloud reduces irradiance to 700 W/m? at t = 16 s; the
converter smoothly tracks this moderate drop, ensuring uninterrupted power delivery to the FCS-
MPC stage without steady-state error.

94



Chapter 3 FCS-MPC CONTROL STRATEGY AND MPPT

3.4.4. Predictive Controller Tracking and Mechanical Output :

Before observing the final electromechanical rotation, it is crucial to validate the internal
tracking accuracy of the Finite Control Set Model Predictive Controller (FCS-MPC). For the
synchronous motor, the control strategy is executed in the rotating d — q reference frame. The

following figures illustrate the algorithm's ability to track the optimal dynamic current references
and generate the necessary mechanical torque.
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The FCS-MPC continuously evaluates a discrete cost function to minimize the error
between the measured d — g currents and their reference values. The tracking performance
across the dynamic weather profile is analyzed as follows:

Os to 8s (Startup and Clear-Sky Conditions):

As the morning irradiance physically increases, the outer Pl speed loop dictates the
required torque-producing current (I;) Simultaneously, rather than forcing the flux-producing
current to zero, the control architecture actively calculates a dynamic, non-zero d-axis reference
(1) This advanced tracking ensures optimal magnetic flux and Maximum Torque Per Ampere
(MTPA) operation. As shown in Figures W-a and W-b, the FCS-MPC tracks both I3 and I; with
exceptional accuracy and minimal ripple. Consequently, the electromagnetic torque (T,) rises
proportionally, and the generated mechanical power (P,,..x) Stabilizes near 120 W under clear-
sky conditionsatt=5s.

8s to 12s (Heavy Cloud Cover and Severe Shading):

At t = 8s, the dense cloud simulation severely restricts available solar energy. To
prevent the DC bus voltage from collapsing, the controller instantly reduces the speed command,
directly lowering the I, demand. The actual I, current accurately follows this sharp drop,
resulting in an immediate reduction in electromagnetic torque and mechanical power (dropping
to approximately 60 W). Notably, the dynamic I; reference adjusts proportionally, and the
measured I; tracks this reduction perfectly, ensuring the motor maintains optimal efficiency even
during severe energy deficits.

12s to 20s (Cloud Clearance and Dynamic Load):

Following the passing of the dense cloud at t = 12 s, the current references spike to
rapidly re-accelerate the motor. The FCS-MPC tracking instantly matches this demand,
generating the high torque peak required for mechanical recovery. During the final partial
shading eventatt = 16 s, the controller ensures both the d — axis and g — axis currents, along
with the resulting mechanical power, smoothly step down without steady-state error. This pristine
internal tracking proves that the controller can deliver highly reliable, optimized mechanical
power to the downstream hydraulic pump under all atmospheric variations.
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3.4.5. Motor Speed and Stator Current Dynamics:

The next stage of the system evaluation focuses on the electromechanical performance of
the motor-pump assembly. The following figures illustrate the dynamic mechanical speed and
stator current response of the Synchronous Reluctance Motor (SynRM) as it is driven by the
predictive controller (FCS-MPC) throughout the programmed weather profile.
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Figure 3.16:Three-Phase Stator Currents (I,.) With steady-state waveform detail under FCS-
MPC control
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Figure 3.17 :Dynamic response of the SynRM Motor Rotor Speed (w,;,).

97



Chapter 3 FCS-MPC CONTROL STRATEGY AND MPPT

The final electrical stage of the evaluation observes the electromechanical response of the
Synchronous Reluctance Motor (SynRM) driven by the Finite Control Set Model Predictive
Controller (FCS-MPC)

Os to 8s (Startup and Clear-Sky Conditions):

As the morning irradiance physically increases during the first 4 seconds, the available
solar power rises. The outer-loop PI controller commands a progressively higher reference speed,
and the motor successfully accelerates, extracting the maximum available power to drive the
pump. The FCS-MPC synthesizes the optimal switching states to supply the required three-phase
currents smoothly. By t = 5 s, the motor speed stabilizes at its nominal rating, corresponding to
the 1000 W/m2 clear-sky condition.

8s to 12s (Heavy Cloud Cover and Severe Shading):

When the dense cloud restricts irradiance to 200 W/m2 at t = 8 s, the system faces a
massive energy deficit. To prevent the DC bus from collapsing, the PI controller actively reduces
the motor's speed reference. Consequently, the motor safely decelerates, and the magnitude of the
stator currents drops proportionally. The FCS-MPC maintains exceptional control throughout this
harsh transient, ensuring the motor continues running at a reduced capacity without losing
synchronization or stalling.

12s to 20s (Cloud Clearance and Steady-State Quality):

Following the physical cloud clearance at t = 12 s, the motor rapidly and smoothly
accelerates back to nominal speed. To demonstrate the power quality delivered by the predictive
controller, an inset plot details the stator currents at t = 15 s. The zoomed waveforms exhibit
highly sinusoidal profiles with minimal total harmonic distortion (THD), proving the FCS-MPC
correctly minimizes the cost function.

Finally, the moderate irradiance drop to 700 W/m2 at t = 16 s results in a perfectly
proportional reduction in mechanical speed, confirming robust, continuous operation under
shifting weather constraints.
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3.4.6. Hydraulic Performance of the Centrifugal Pump :

The ultimate objective of the proposed standalone PV pumping system is the reliable
delivery of water under varying atmospheric conditions. To validate this, the mechanical output
of the synchronous motor is coupled to a dynamic centrifugal water pump model. The following
figures demonstrate the translation of optimized mechanical power into physical hydraulic output

Pump Hydraulic Pressure (P) <1074 Pump Water Flow Rate (Q)
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Figure 3.18 :Hydraulic Pressure (P) Figure 3.19 :Water Flow Rate (Q)
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Figure 3.20 : Total Dynamic Head (H)
99



Chapter 3 FCS-MPC CONTROL STRATEGY AND MPPT

The physical water delivery perfectly reflects the mechanical power regulated by the
FCS-MPC throughout the weather profile.

Os to 8s (Startup and Clear-Sky Conditions):

During the initial startup phase (0-2 s), the pump must overcome the static inertia of the
water resting in the pipe, resulting in a brief, expected transient spike in the dynamic head
(reaching approximately 60 m). Following this startup transient, the system quickly stabilizes as
the solar irradiance reaches its peak of 1000 W/m2. Att =5 s, the pump develops a steady-state
Total Dynamic Head of approximately 30 meters, driving a continuous water flow rate of 2.2 x
10~* m3/s (equivalent to roughly 13.2 L/min). This represents the nominal pumping capacity of
the system under optimal weather conditions, perfectly suited for standard agricultural borehole
depths.

8s to 12s (Heavy Cloud Cover and Severe Shading):

When the sudden, dense cloud drops the irradiance to 200 W/m?2 at t = 8 s, the available
mechanical power decreases. The motor naturally decelerates, reducing the driving force on the
pump shaft. Consequently, the dynamic head drops to approximately 20 meters, and the flow rate
decreases to roughly 1.9 x 10* m?/s. Crucially, the flow rate never drops to zero. The predictive
controller successfully balances the severe energy deficit, ensuring the pump maintains sufficient
pipe pressure to deliver water continuously without stalling.

12s to 20s (Cloud Clearance and Steady-State Delivery):

As the cloud clears at t = 12s, both the head and flow rate smoothly and rapidly
recover to their nominal values, demonstrating excellent hydraulic transient response. During the
final partial shading step at t = 16 s, the head and flow rate proportionally adjust to match the
new available solar power without any instability. Overall, these hydraulic results conclusively
prove that the entire systemfrom the MPPT-controlled PV array down to the physical water
pumpoperates with high efficiency and continuous delivery despite severe environmental
disturbances.

3.5. Conclusion :

In conclusion, Chapter 3 validates the standalone solar water pumping system's performance
under changing weather conditions. Combining an advanced FCS-MPC with MTPA optimization
for the motor drive ensures highly efficient energy conversion and a stable 400V DC link voltage.
Crucially, the direct P&0O MPPT algorithm proves superior for this application because it
dynamically locks onto the true maximum power point to extract the absolute highest energy
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possible. Unlike FOCV—which relies on rough mathematical guesses and periodically cuts off
power for measurements—P&O delivers continuous, uninterrupted power while adapting to
real-time atmospheric shifts. Ultimately, simulation results demonstrate excellent dynamic
resilience, showing that the Synchronous Reluctance Motor adjusts smoothly to maintain a
continuous water flow even during sudden drops in solar irradiance.
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This thesis presented a comprehensive study on the modeling, simulation, and advanced
control of a standalone Photovoltaic Water Pumping System (PVWPS). To address the critical
challenges associated with solar energy intermittency and the need to eliminate expensive, high-
maintenance battery storage, a direct-coupling architecture was proposed and rigorously
evaluated. The proposed system successfully integrated a photovoltaic array, a DC-DC boost
converter, a voltage source inverter, a Synchronous Reluctance Motor (SynRM), and a
centrifugal water pump into a cohesive and highly efficient configuration.

The success of the proposed architecture primarily relied on the implemented control
strategies. The Perturb and Observe (P&0O) MPPT algorithm demonstrated robust capability in
extracting the maximum available power under varying atmospheric conditions. More
importantly, the application of Finite Control Set Model Predictive Control (FCS-MPC) to the
SynRM drive proved highly effective. The simulation results obtained using MATLAB/Simulink
conclusively validated that the FCS-MPC algorithm ensured excellent dynamic tracking of stator
currents, minimized electromagnetic torque ripple, and maintained system stability even during
rapid and severe variations in solar irradiance.

Furthermore, the translation of this electromechanical stability into hydraulic
performance provided strong validation of the proposed configuration. Simulations demonstrated
that under nominal clear-sky conditions (1000 W/m2), the PVWPS developed a Total Dynamic
Head of approximately 30 meters while maintaining a continuous water flow rate of 13.2
L-min™". During simulated heavy cloud cover, the predictive controller effectively managed the
energy deficit by allowing the motor to decelerate smoothly without stalling, thereby ensuring
uninterrupted water delivery despite significant environmental disturbances.

Although the obtained simulation results firmly establish the viability, efficiency, and high
performance of the proposed SynRM-based pumping system, several promising directions
remain open for future research and development:

1. Experimental Validation: The practical implementation of the proposed FCS-MPC
strategy on a real hardware prototype using a physical SynRM and a DSP/dSPACE
controller is highly recommended to evaluate real-time computational requirements and
practical robustness.

2. Hybrid Energy Integration: The integration of an additional renewable energy source,
such as a small-scale wind turbine, may be investigated to develop a hybrid energy
system capable of extending pumping operation during nighttime or prolonged periods of
low solar irradiance.

3. Al-Based Optimization: Replacing the conventional P&0O MPPT technique with
Artificial Intelligence-based approaches, such as Fuzzy Logic or Artificial Neural
Networks, could further enhance power extraction performance, particularly under
complex partial-shading conditions.
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In conclusion, the proposed FCS-MPC-driven SynRM pumping system represents a robust,
cost-effective, and environmentally sustainable solution for agricultural water supply
applications in remote and off-grid regions.
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