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Abstract

Abstract

This work presents a comprehensive investigation of a single-stage battery-less stand-alone
solar water pumping system, utilizing an induction motor for pump operation. A double
function voltage source inverter (VSI) controlled by a switching table based on direct torque
control (DTC), and employing Maximum Power Point Tracking (MPPT) techniques to
optimize system performance. The primary objective is to evaluate the system's behavior and
efficiency under normal and shaded conditions by implementing various MPPT algorithms,
including Perturb and Observe (P&O), Particle Swarm Optimization (PSO), and Grey Wolf
Optimization (GWO). The research begins with an in-depth analysis of the system components,
including the solar panels, inverter, induction motor, and MPPT algorithms. Theoretical aspects
of the induction motor, VSI, DTC, and MPPT techniques are studied to establish a solid
understanding of their interactions within the solar water pumping system. A test setup is
implemented, simulating real-world scenarios to evaluate the system's response and efficiency.
Data is collected, and comparative analysis are performed to determine the effectiveness of
each MPPT algorithm in terms of tracking the maximum power point, optimizing power output

under partial shading condition.
Keywords:

Solar Water Pumping System (SWPS), Partial shading, Induction Motor (IM), Voltage Source
Inverter (VSI), Direct Torque Control (DTC), Maximum Power Point Tracking (MPPT),
Perturb and Observe (P&O), Particle Swarm Optimization (PSO), Grey Wolf Optimization
(GWO).
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General Introduction

General Introduction

The process of transitioning in energy sources is currently underway on global scale,
with the exponential increase of the use of renewable energy solutions in both developed and
developing countries, this resulted in creating local value and jobs and increase in community
resilience. Due to its abundance, cleanliness, and longevity, solar energy has become one of the
most widely used sources of renewable energy for industrial and residential electricity needs. It
is free, has no carbon footprint and emits no pollutions [1].

The availability of water has become more crucial than ever before. The demand for
water grows along with the world’s population. The need for water to irrigate land, which will
then produce more food, as well as clean water for drinking purposes, is crucial with coping in

the world’s population growth [2].

A source of energy to pump water is also a big problem in many developing countries.
Developing a grid system is often too expansive because rural villages are frequently located
too far away from grid lines. Depending on an imported fuel supply is difficult and risky, even
if fuel is available within the country, transporting that fuel to remote rural villages can be
difficult. There are no roads or supporting infrastructure in many remote villages where
transporting by animal is still common. To overcome this issue, the use of renewable energy is
attractive for water pumping applications in rural areas of many developing countries such as

photovoltaic (PV) pumps [2].

Water pumping systems based on photovoltaic technology are good solutions for rural
areas where access to the grid power lines can be difficult and expansive [3]. Thus, these
systems are more reliable than those based on diesel pumps, because they require less
maintenance [4]. However, the performance of a PV generation system is influenced by three
factors which are irradiation, nature of load, and atmospheric temperature [5]. To improve these
drawbacks, maximum power point tracking techniques are introduced to maximize the output

power of the PV whatever the weather condition [6].

The main purpose of MPPT is to extract the MPP from the panel. However, it is hard
to do the task under abnormal conditions, for instance partial shading conditions results in
multiple peaks in the P-V curve which make it difficult for conventional MPPT techniques to
extract the maximum power. As a solution, the metaheuristic-inspired optimization algorithms

are suggested. They have been widely applied in Maximum Power Point Tracking (MPPT)

1
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algorithms for photovoltaic (PV) systems. These algorithms aim to extract the maximum
available power from the PV panels by continuously adjusting the operating point to track the
maximum power point (MPP) under varying environmental conditions. The metaheuristic
algorithms that are going to be used in our work is the Particle Swarm Optimization (PSO)

technique, and the Grey Wolf Optimization technique (GWO).
The aims of the work

In this work, a single stage stand-alone induction motor-driven solar water pumping
system is presented and designed in such a way that regardless of the amount of solar irradiation.
The pump’s power flow remains consistent. For maximum power extraction from the PV array,
maximum power point tracking (MPPT) techniques are used, one of these techniques is the
P&O, which is the famous control strategy due to its simplicity. However, this technique has
limited performance under abnormal conditions. Therefore, the PSO and grey wolf optimization
techniques are introduced as an MPPT techniques for PV system under partial shading
conditions. The speed and torque of the induction motor are controlled using direct torque
control (DTC), this method involves calculating an estimate flux and torque based on the

instantaneous measurement of voltage and current of the motor.

The main contributions of the work are:
-Design of photovoltaic single stage PV water pumping system.

-Performing a double function voltage source inverter to drive the motor-pump and extract the
maximum power point.

-Presentation of different MPPT algorithms such as P&O algorithm, Particle Swarm
Optimization, Grey Wolf Optimization.

Work organization:

- Chapter 1: This chapter provides background information and a board overview of
photovoltaic and solar water pumping systems, including different categories based on the
power source and water source.

- Chapter 2: In this chapter we present the design and modeling and the components of the
stand-alone solar water pumping system.

- Chapter 3: In this chapter we present the control of the whole system, starting by
mentioning the MPPT algorithms and their flowcharts. Following that, we will discuss the
DTC control strategy of the induction motor used to drive the centrifugal pump.

- Chapter 4: in this chapter different simulation results of the overall system have been
presented and discussed.
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Chapter 1:
Theoretical Background

1.1 Introduction

Worldwide energy demand is increasing, to meet social and economic development
and human welfare and health. Renewable energy source can meet many times the present
world energy demand. Solar photovoltaic (PV) energy is promising, due to its clean and quiet

operation [7].

Photovoltaic technology is today the most well-known and commonly installed solar
technology in the world [8]. The efficiency and effectiveness of PV array technologies have
increased as semiconductors technology has developed. It has shown to be an innovator in
delivering electricity to secluded areas that transmission networks fails to reach. PV array
electricity also provides other benefits, such as simple installation, low maintenance

requirements [9].

For a significant portion of the world’s rural population where no access to the grid is
available, pumping water which naturally requires energy is a basic necessity. Considering that
the majority of this rural population resides in the warm tropical or subtropical regions. The use

of Solar Energy is a desirable method of meeting these essential energy needs [10].

The water pumping systems can be classified in two types, hybrid and stand-alone
each comes with advantages and drawbacks. Although the stand-alone SWP have low
maintenance cost, eco-friendly and easy to install, it has the disadvantage of low effectiveness
and low output power when the weather is cloudy or during nights. In some of the current
literature, a pumped storage system and the installation of a battery storage system have been
suggested as potential solutions to this issue. However, such systems would need more room

and cost more money up front [11].
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1.2 Solar Energy

Solar Photovoltaic energy (PV) is gaining global acceptance because photovoltaic
energy emits significantly less carbon dioxide than fossil fuels, it aids in reducing climate
change. As an energy source, solar PV has certain distinct benefits: once installed, it produces

no pollution, no noise, quiet operation and emit nor greenhouse gasses [12].

Solar photovoltaic modules are highly dependable, long-lasting, and low-noise
electricity-generating devices. They combine solar cells to maximize their production. Fuel for
a solar cell is entirely free. For the proper operation of a PV system, just the sun's energy is
required. A typical photovoltaic cell has an efficiency of 15%, meaning it can convert 1/6 of
solar energy into electricity. Photovoltaic systems do not have moving parts and do not release
pollutants into the atmosphere. Solar cell production uses several tens of times less energy per
unit than fossil fuel technologies do, which results in less carbon dioxide being released into

the atmosphere [13].

Photovoltaic are best known as a method for generating electric power by using solar

cells to convert energy from the sun into a flow of electrons by the photovoltaic effect.

n-type silicon
Junction
p-type silicon

Electron
Flow
Photons
from Sunlight “Hole™
Flow

@ Ron Curtis & MrSolar.com

Figure 1.1 Photovoltaic energy transformation
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1.3 Solar Water Pumping System Background

One potential use for a solar PV production system has come into focus: solar water
pumping. Remote regions that receive large amount of irradiation can greatly benefit from it.

By providing for the daily need for water, it would contribute to raising the level of living [14].

PV panels and pumps are the two key elements that make up a solar-powered water
pumping system. The solar cell is the smallest component of a PV panel. Each solar cell
contains two or more layers of semiconductor material that have been properly prepared to

generate direct current (DC) power when exposed to light [15]. Basic configuration of SWPS
is show in Figure 1.2

v - -
S'.'_-‘.!ﬁ;‘-.— T = o
— g 1 ey e
a-.é-g—--z—-;—'%::
= e

Solar pump inverter

g

L ‘_—2

Water tank

h Pump

Figure 1.2 The basic configuration of SWPS.

1.3.1 Solar Water Pumping Configurations

There are various solar water pumping system kinds, and depending on the technique
of classification, we can tell them apart as follows:

1.3.1.1 Power Source Based SWPS
Solar water pumping systems can be classified into two types, a standalone SWPS

which its energy comes only from the PV panel only and it’s highly dependent on the weather
and irradiance, the second type is the hybrid SWPS which generally have a backup source of
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energy in the absence of the sun or during night. When choosing the best system for a given

application, many different aspects must be taken into account.

e Stand-Alone Configuration

Solar energy is the only power source in a standalone SWPS. It consists of a controller
connecting a pump assembly to a PV array. The solar panels in a stand-alone solar system are
not connected to a grid; rather, they are used to charge a bank of batteries during the day so that
they can be used at night when the sun'’s energy is insufficient. In places without a public grid,

stand-alone solar power systems have been used for a very long time.

Additionally, because standalone mode is so dependent on weather, it has the
disadvantages of an intermittent power source and unreliable water pumping. Additionally, the
water-pumping system (WPS) is not used at all at night and only partially during inclement
weather. To increase the WPS's applicability and dependability, these weaknesses must be
addressed by many different solutions, one of them is installing battery storage system [16].

pump

Figure 1.3 Schematic of stand-alone PV water pumping system.

The batteries keep charging and discharging in accordance with the presence of solar insulation,
ensuring full water discharge in all operational circumstances. The battery's drawbacks, such as
its high system complexity, high maintenance costs, and short lifespan, have, however,
prompted experts to consider alternative options [17].
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Installing a storage tank alongside the pumping equipment is one method to reduce dependency
on unpredictable weather. Water can be kept in the storage tank when sunlight is present without
the requirement for water pumping. The water can be utilized if the WPS as a whole is required
to shut down owing to a lack of sunlight. On the other side, the installation of a storage tank

requires some extra space compared to a bank of batteries [18].

e Hybrid Configuration

A hybrid PV water pumping system combines photovoltaic (PV) technology with
another sources of power such as diesel generators and grid-connected PV systems. The stand-
alone system may have a drawbacks of inconsistent water pump due to weather conditions, the
hybrid systems help pumping consistent water all the time weather by using diesel generators
to ensure the continuity of the pump, or connecting the system to the grid if it’s available in the

area. A schematic of hybrid solar water pumping system is shown in Figure 1.4.

GRID
ELECTRICITY

Figure 1.4 Schematic of hybrid solar PV water pumping system.
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Table 1.1 we’re going to highlight some of advantages and disadvantages between hybrid

configuration and stand-alone configuration.

Configuration
Type

Stand-Alone
SWPS

Hybrid SWPS

Advantages

-Reliance on solar energy.
-Environmentally friendly.
-Low maintenance
requirements.

-Suitable for remote areas.

-Reliable water supply even

during low sunlight periods.

-Increased water pumping
capacity compared to
standalone systems.
-Utilizes solar energy as the
primary power source,
reducing reliance on fossil

fuels.

Disadvantages

-Limited water pumping capacity on

cloudy days or during nighttime.

-No backup power source, so water

pumping ceases when sunlight is
insufficient.

-No power supply during system
maintenance or repair.

-Higher initial investment cost
compared to standalone systems.
-Additional components and
complexity in system design and
operation.

-Additional operational
considerations for managing

multiple power sources

Table 1.1 comparison between SWP configurations.

1.3.1.2 Based On Type of Pump (Water Source)

SWPS can be based on the type of pump used depending where the source of water is

located, generally water is located in a surface area and deep under the ground.
e Submersible Configuration

In a centrifugal submersible water pump, the DC or AC motor is kept in a waterproof
enclosure which is directly connected to the pump. The pump and motor together placed under
the water. In the submersible solar water pump system, water is generally drawn from a bore

well or in some cases a surface water source using a floating platform.
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e Surface Configuration
In surface configuration the pump is installed at ground level, generally the source of
water for surface configuration is lake, tank, dam or river, it contains a section pipe connecting

the inlet to the water source and delivery pipe connecting the output to the delivery pipe.

Submersible Pump Surface Pump

Solar Panel Solar Panel
Overhead Tank

Pump Controller
) J] po
H E ! '
| o — / \ 6

) IO

Pump Controller

Ground Level Pump Ground Level

Pump
' Well

Figure 1.5 Submersible pump & Surface pump SWPS configuration.
1.3.1.3 Based On Type of Motor Used

The motor in SWPS is the heart of the system, it’s the power that rotate the pump, all
types of motor can be used to drive a pump weather its DC motors or AC motors each come

with its advantages and disadvantages, based on motor type we can classify the SWPS into:
A) Based On DC Motors

There are two types of DC motors, the conventional dc motor and the brushless dc

motor and they are as follow:
e Conventional DC Motor (Brushed DC Motor)

The brushed DC motor uses the carbon brushes to transfer electricity from the PV array
to the shaft of the motor. The brushes require frequent replacement as they deteriorate with
time. This comes with the increase of the maintenance cost, also it has the sparking occurring

at the brushes resulting in damaging the motor and risk of failure [19].
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Brush

Armature

<+ Flow of
— Current

Commutator

Rotation Permanet Magnet / Stator

GALLO

TECH TIPS

Figure 1.6 Brushed DC motor parts.
e Brushless DC Motor (BLDC)

A BLDC is used in solar pumping systems to overcome the prior limitations of the
conventional DC motor. It is the most sophisticated motor among the DC motors. With its better
performance, great torque characteristics, good medium and low-speed torque characteristics,
high starting torque, modest starting current, and robust overload capacity, BLDC motors can
unquestionably compete with any other motor for pumping applications. One drawback of the
BLDC is that it can’t achieve high speed because it is limited by the mechanical strength of the

assembly between the rotor yoke and the permanent magnet [20].

Drive Circuit

Magnetic Pole Sensor

___________________

Figure 1.7 simplified model of brushless DC motor.
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B) Based On AC Motors
The AC motors comes in two types the asynchronous motor (induction motor) and
the synchronous motor, in this part both of them will be described briefly:

e Induction Motor

Overall, the industry, the induction motor (IM) is the most used motor due to its easy
operation. The induction motor got attraction from the SWP developers over the DC motors
due to its low cost, simplicity, robustness, durability and low maintenance. They can start
directly for the line and can operate at variable speeds and loads. However, induction motors
(IM) have some drawbacks, such as low efficiency, power factor, and torque. They also produce
more heat, noise, and slip than synchronous motors.

Controlling these motors is challenging because the 1M operates slower than the synchronous
speed at all times. Furthermore, accurate motor parameter estimates, sophisticated modeling,
and complicated control circuitry are required for the real-time implementation of these motor
drives [21].

Motor Terminals Three-Phase Windings
z 8 Laminated Stator Core
3 Laminated Rotor Core

5 Fan

12 Rotor Bars & Short
Circuit Rings

6

9 .
Terminal Box Fan Cover

Shaft 7

7 Motor Frame

17
Bearings

SpIalys pu3

Figure 1.8 basic parts of induction motor (IM).
e PMSM Motor
PMSM motors are commonly utilized in water pumping systems due to their efficient
operation, precise speed control, compact size, and reliability. These motors consist of a rotor
with permanent magnets and a stator with windings, generating a rotating magnetic field that
interacts with the magnets to produce motion. PMSM motors offer the ability to achieve optimal
power consumption, ensuring efficient pumping of water. They also enable accurate regulation

of water flow and pressure, making them suitable for applications with specific water

11
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requirements. Their compact and lightweight design allows for easy installation in space-

limited environments. Additionally, PMSM motors operate without brushes, reducing the need

for maintenance and enhancing their overall reliability. In water pumping systems, PMSM

motors contribute to improved water management and system performance.

o Bar wound wire

o Rotor core sections
| from laminated steel

o Bearing support assembly

Stator core

from laminated steel

Magnets o

Steel plate o

Rotor hub =@

i

e Choosing Between S Motors

Figure 1.9 construction of PMSM motor.

Choosing between the motors depends on several factors, such as the required speed,

torque, power, load, and application. Generally, synchronous motors are more suitable for

applications that need constant speed, high power, or precise control, such as pumps,

compressors, or conveyors. Induction motors are more suitable for applications that need

variable speed, low power, or simple operation, such as fans, blowers, or mixers. You should

also consider the availability, cost, and maintenance of the motor and its components.

Table 1.2 shows advantages and disadvantages of each type of motor used in SWP

Motor Type
DC Motor

AC Motor

Advantages

-simple and efficient design
-Directly compatible with
PV panels and batteries.
-Good torque control and
starting capabilities.

-Wide availability and
variety of options.
-Greater power range for
larger applications.
-Better speed control
capabilities.

Disadvantages

-Requires additional control
circuitry.

-Limited power range for
larger applications.
-Limited speed control
capabilities.

-Requires an inverter for
compatibility with PV
panels and batteries.
-Lower efficiency compared
to DC motors.

-Higher initial cost.

12
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Brushless DC Motor

-Higher efficiency compared
to brushed DC motors.
-Improved reliability and

-Requires additional control
circuitry.
-Higher initial cost.

-Limited availability of
repair services.

longer lifespan.

-Better speed and torque
control capabilities.

- No sparks, safer in
explosive environments
-Smooth for low and high-
speed performance

-Good torque and power
factor control.

-Runs with/without position
encoders

PMSM - Expansive

- Risk of demagnetization

Table 1.2 comparison between advantages, disadvantages of each type of motor in PV
SWP.

1.4 Description of the Single-Stage Stand-Alone Solar Water Pumping System

The stand-alone SWPS comes with the difficulty to pump water during night times
and when the sun is unavailable, but as a solution a water storage tank is used to save water
when the pumping process isn’t available. In our work the single stage was chosen based on the

following.
e Comparison Between Single-Stage And Double-Stage SWPS

AC solar water pumping systems can be categorized as double-stage and single-stage systems.
In a double-stage system, DC-DC and DC-AC converters are connected in cascade, resulting
in increased cost and complexity. To overcome these challenges, a single-stage system is
employed for direct conversion of solar photovoltaic (SPV) power to drive the water pump
using an inverter. The single-stage system offers advantages such as cost reduction, lower
switching losses, and decreased complexity, making it an appealing choice for solar water

pumping applications [22].

13
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Table 1.3 gives general comparison between the two different configurations.

Aspect

System complexity

Cost

Efficiency

Flexibility

Maintenance

Double-stage system
Double-stage systems

involve the connection of

DC-DC and DC-AC
converters in cascade,
leading to increased

complexity due to the
presence of multiple
conversion stages.

Double-stage systems tend to
be costlier compared to
single-stage systems due to
the additional

required, such as the DC-DC

components

converter.

Double-stage systems may

experience slightly lower
overall efficiency due to the
additional conversion stages,
which introduce additional

losses.

Double-stage systems offer
greater flexibility in terms of
voltage matching between
the solar panels and the water
DC-DC

converter can enable voltage

pump, as the

adjustment.
Potential for  additional

maintenance

Single-stage system

-Single-stage systems offer
simplicity as they directly
convert SPV power to drive
the water pump using an
inverter, resulting in reduced

complexity and a more

straightforward system
design.
Single-stage  systems are

typically more cost-effective
as they eliminate the need for
DC-DC

resulting  in

an intermediate
converter,
reduced equipment and
installation costs.

Single-stage  systems can

achieve  higher  overall
efficiency since they involve
direct conversion from SPV
power to AC power without
the need for intermediate
conversion stages.
Single-stage systems may
have limited flexibility in
terms of voltage matching, as
the direct connection of solar
panels to the inverter may
require careful selection of
compatible components.
Lower maintenance

requirements

14
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Reliability

Scalability

Double-stage systems may
require additional
maintenance due to the
DC-DC

converter and the complexity

presence of the

of the system. However, the
redundancy provided by
separate  converters  can
enhance system reliability.

Double-stage systems can
offer greater scalability, as
the presence of a DC-DC
converter allows for easier
integration of additional solar

panels or batteries.

Single-stage systems

generally have lower

maintenance  requirements

and can offer reliable

operation, benefiting from
the simplicity of the system

design.

Single-stage systems may
have more limitations in
terms of scalability, as the
direct connection to the
inverter may require careful

consideration of the system's

capacity and compatibility.

Table 1.3 general comparison between double-stage and single-stage SWPS

In summary, Double-stage AC solar water pumping systems provide flexibility in voltage
matching and scalability but come with increased complexity and cost. On the other hand,
single-stage systems offer simplicity, cost-effectiveness, higher efficiency, and reduced
maintenance requirements, making them an attractive choice for many solar water pumping

applications.

The water pump can be driven by any motor mentioned above, each come with its
advantages and drawbacks. A typical configuration of a single stage stand-alone water pumping
system is shown in Figure 1.10 it shows the power transfer from the PV feeding an induction

motor driven pump.
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Figure 1.10 Schematic of a double-stage stand-alone SWPS [23].
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Figure 1.11 schematic of a single-stage stand-alone SWPS [24].

The configuration for SWP system, is shown in Figure 1.11. This system comprises
of (from left to right) SPV array, a three-phase voltage source inverter (\VSI), an induction motor
(IM) and a water pump. A diode (D) is used between SPV array and VSI to stop the flow of
any reverse current into SPV array. The SPV array consists of appropriate number of series and
parallel combination of SPV modules. As the photons strike the surface of the SPV array,
electrical energy is generated. This generated electrical energy is fed to the DC link of VSI. The

VSI will generate three-phase voltages to feed motor pump [24].
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1.5 Conclusion

This chapter covered a general introduction about solar PV energy, the significance of
SWPS, particularly in rural or desert places, has also been demonstrated. A background about
solar water pumping system has been introduced and classified based on water source, motor
type used, and weather its stand-alone configuration or hybrid configuration. A comparison
between stand-alone and hybrid configuration has been done in a table mentioning advantages
and disadvantages of configuration. Also, a comparison between each motor type that will be
used in SWPS is covered. At last, a schematic of the single-stage stand-alone SWPS

configuration has been presented and described.
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Chapter 2:
System description and configuration

2.1 Introduction

In this chapter, a modeling of photovoltaic stand-alone single-stage pumping system
will be discussed, each component will be discussed individually to have best understanding on
how it works and to understand the working principle of the whole system. We start from the
power source, the power will be generated from the PV array only. In general two stage power
conversions are employed using DC-DC boost converter between solar-PV panel and a VVoltage
Source Inverter (VSI) [25]. However, a single-stage conversion for the PV systems finds more
interest for AC drive applications [26]. The solar PV panel is connected to voltage source
inverter through an intermediate DC bus capacitor. The AC terminals of VSI are feeding the
Induction Motor drive. The single stage inverter will perform maximum power point tracking

of (MPPT) of the PV panel. The motor will be coupled directly to the centrifugal pump.

2.2 Photovoltaic Modeling
2.2.1 Working Principle of Solar Cells

A photovoltaic cell is comprised of many layers of materials, each with a specific
purpose. The most important layer of a photovoltaic cell is the specially treated semiconductor
layer. It is comprised of two distinct layers p-type and n-type, and is what actually converts the
Sun's energy into useful electricity through a process called the photovoltaic effect. On either
side of the semiconductor is a layer of conducting material which "collects" the electricity
produced. Note that the backside or shaded side of the cell can afford to be completely covered
in the conductor, whereas the front or illuminated side must use the conductors sparingly to
avoid blocking too much of the Sun's radiation from reaching the semiconductor. The final layer
which is applied only to the illuminated side of the cell is the anti-reflection coating. Since all
semiconductors are naturally reflective, reflection loss can be significant. The solution is to use
one or several layers of an anti-reflection coating to reduce the amount of solar radiation that is
reflected off the surface of the cell [27].
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Figure 2.1 The basic operation of a PV cell [28].

The photovoltaic effect is a process that generates voltage or electric current in a photovoltaic
cell when it is exposed to sunlight. These solar cells are made of a p-n junction, which is formed
by joining two different types of semiconductors an n-type and a p-type together. By joining
these two types of semiconductors, an electric field is formed in the region of the junction as
electrons move to the positive p-side and holes move to the negative n-side. Positively charged
particles move in one direction while negatively charged particles move in the opposite
direction due to this field [29]. Light is composed of photons, which are simply small bundles
of electromagnetic radiation or energy. When light of a suitable wavelength is incident on these
cells, energy from the photon is transferred to an electron of the semiconducting material,
causing it to jump to a higher energy state known as the conduction band. In their excited state
in the conduction band, these electrons are free to move through the material, and it is this
motion of the electron that creates an electric current in the cell.

2.2.2 Modeling of The PV Generator

A single PV cell will not produce enough current or voltage for any application,
therefore the cells are added together in parallel or series configurations to produce solar cell
modules, several modules in parallel or series will produce a PV array which is usable in many

applications.

Figure 2.2 illustration of PV cell, Module and Array.
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2.2.2.1 Solar Cell Model
A single solar cell can be represented as a component of an electrical circuit. It contains
a p—n junction called as a diode, a photocurrent generator represented a generation of current

from light and two resistors, one is arranged in series Rs and another one is in parallel Rsp which

described the Joule effect and recombination losses. Then this combination is called as a single

diode solar cell model [30].

Iph t) Rsh v

Figure 2.3 Single diode solar cell model.

The basic semiconductor theory is showed in the following equations:

Iph :ID+ISh+I (21)
I— 1 ; q(V +1IRy) 1 [V+RS]
= —_ * Fal—— —
AKT, lon+1, =1
= — IR
== | 3 |- k. (2.3)

Equation (2.2) can be written as:

V + IR, V + R, 2.4
I=Iph—10*exp[<(:l_—vt)>—1l—[;h ] 24)
_ N,KT, (2.5)

Vi

q
Where:

I: Cell output current in Amps

Iyrn: The Photocurrent, is the current produced by the incident light and function of irradiation
level and junction temperature in Amps

Ip: The diode current modeled by the equation for a Shockley diode in Amps

Io: The saturated reverse current or leakage current in Amps

qg: Electron charge (1.602 x 10-19 C).

K: Boltzmann constant (1.38 x 10 -23 J/°K)

V: Cell output voltage, (V)

T,: Cell operating temperature, °K
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A: The diode ideality factor

Rs, ceut: Series resistance of the cell, Ohm
Rsh.cell: Shunt resistance of the cell, Ohm
V¢ Thermal voltage, V

Ns: Number of series cells

2.2.2.2 Solar Module Model
In order to increase solar cell voltage the solar cells have to be connected in series,

and in order to increase the current it must be connected in parallel.

- Output +
@ Voltage @
[ o=
v
~ Output +
—=a \oltage &——
(a) (b)

Figure 2.4 PV cells connection (a) in series (b) in parallel.

The output voltage increases in the series connection (Vout=V1+V2+V3+V4...), and the output
current increases in the parallel connection is (lou=li+12+13+14...).

The sum of the module's shunt resistance (Rsh Module) and series resistance (Rs Module) for

Np cells in parallel and Ns cells in series is equal to:

N (2.6)
Rsh,module = (ﬁ) -Rsh,cell
s
N, (2.7)
Rs moauw =<_>-R, 1
s,module Np s,ce

Where:

Rsh,module: Total shunt resistance in the photovoltaic module, Ohm.
Rs,modute: TOtal series resistance in the photovoltaic module, Ohm.
Rsh.ceni: Shunt resistance in one photovoltaic cell, Ohm.
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Rscen: Series resistance in one photovoltaic cell, Ohm.
Ns: Number of cells in series
Np: Number of cells branches in parallel

The following variables are then written as functions of a single cell's parameters, and this is
the approximation approach, which determines the module current [31]:

Isc,module = Np-Isc,cell (2-8)
Voc,module = N. Voc,cell (29)

Where:

Iscmodute: TOtal short circuit current of the photovoltaic module, A.
Voc,module: TOtal open circuit voltage of the photovoltaic module, V.
Isc.ceni: Short circuit current of one photovoltaic cell.

Voccell: Open circuit voltage of one photovoltaic cell.

2.2.2.3 Solar Array Model
A PV system typically has arrays of modules joined together. Varray is the terminals voltage of

the array, and the current is denoted as larray, the current is denoted as follows:

My

Iarray = z I; (2.10)

=0
Assuming that each module is identical and that each module receives the same amount of
sunlight, the array current is as follows:
larray = Mp. Iy (2.11)

The sum of the voltages in the array is the summation of each module connected in series in
one branch.

2.2.3 Design of the PV Array

The parameters of photovoltaic (PV) systems voltage and current are significantly
influenced by temperature and light exposure. It's essential to comprehend these effects to
maximize the efficiency and output of PV systems.

The influence of temperature on the semiconductor characteristics of PV cells results
in changes in the voltage and current output of PV systems. While the output of current tends
to increase as temperatures increase, the output of voltage decreases. This is primarily because
PV module short-circuit current (Isc) and open-circuit voltage (Voc) temperature coefficients.

The voltage and current output of PV systems are also influenced by irradiation. Higher
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irradiation levels result in an increase in both voltage and current output, while lower irradiation

levels have opposite effect.

Array type: NexPower Technology NH-100UX 5A; Array type: NexPower Technology NH-100UX 5A;
2 series modules; 6 parallel strings 2 series modules; 6 parallel strings

Current (A)

250
Voltage (V) Voltage (V)

1400

1500 4
1200 — . Nd

A’
1000 5%

2 ol i 1000 |- i

Power (W)

H
2 60
o

400 - . 500 4

200 — - . )

0
0 50 100 150 200 250 0 50 100 150 200 250
Voltage (V) Voltage (V)

Figure 2.5 The effect of ambient temperature and irradiation variations on P-V and I-V
curves.

A 1.1 KW IM motor pump is powered by 1.26 kW PV array. The converter and motor pump
power losses are considered. At the standard condition (L000W/mz, 25 °C) the parameters are
estimated. To design a PV array of needed capacity. PV module- NexPower Technology NH-
100UX 5A with mpp voltage 77.2V and mpp current 1.36A is chosen. The power versus voltage
(P-V) and the current versus voltage (I-V) characteristics of the PV model under STC are shown

in Figure 2.6.

Array type: NexPower Technology NH-100UX 5A;
2 series modules; 6 parallel strings

1 kW/m? f f
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Figure 2.6 P-V and I-V characteristics of PV module- NexPower Technology NH-
100UX 5A.

The full specification of the PV array is shown in the appendices.
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The PV array consist of 3 PV modules, each module consist of 2 panels in parallel and 2 panels

in series.

2.2.4 Solar Module Under Partial Shading Effect

When a solar cell module is subjected to partial shading, it experiences non-uniform
illumination, resulting in different levels of current generation across the cells. This condition
can lead to significant power losses and hotspots, making it crucial to employ techniques such
as bypass diodes or maximum power point tracking (MPPT) algorithms to mitigate these effects

and optimize overall system performance.
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Figure 2.7 PV array under different partial shading conditions.
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Under partial shading, PV arrays experience varying levels of sunlight due to shading.
Consequently, this leads to a mismatch between the modules, a decrease in power production,
and the occurrence of hotspots. In order to fulfill the power requirements of the load, PV panels
are commonly interconnected in parallel or series. However, when partial shading occurs due
to shadows from objects like trees, buildings, poles, or even cloud movement in large-scale PV
systems, the power output of the PV array experiences a significant reduction. Partial shading
arises from uneven distribution of sunlight, resulting in the appearance of multiple peaks on the
power-voltage (P-V) curve and causing power losses. The specific pattern of shading, the
positioning of shaded modules, and the configuration of the array are important factors
influencing the extent of these power losses [32]. Figure 2.8 shows panels under partial
shading:
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When a PV panel is under shading hotspot phenomena will occur, it is when a PV panel
consume power instead of generating power, the power loss due to the hotspot effect is
primarily caused by increased resistive losses within the cell. The higher temperature can result
in higher series resistance, leading to increased voltage drop across the resistive elements in the
cell. This voltage drop leads to power dissipation in the form of heat rather than contributing to
the overall power output of the PV system. These effects can damage the system by reducing
efficiency, degradation of the system, and causing safety risks. To prevent hotspots, it is crucial
to minimize shading on PV panels and ensure the panels are installed and maintained properly.
Technologies such as bypass diodes, which allow current to bypass the shaded or damaged

cells, can also help mitigate the effects of partial shading and reduce the risk of hotspots [33].

e Bypass Diodes:

A bypass diode is a device used in solar photovoltaic (PV) arrays to protect partially
shaded PV cells from fully operating cells in full sun within the same solar panel when used in
high voltage series arrays. Bypass diodes are connected in reverse bias between a solar cell's
positive and negative output terminals and have no effect on its output [34]. They are used in
parallel with either a single or a number of photovoltaic solar cells to prevent the current flowing
from well-exposed to sunlight solar cells overheating weaker or partially shaded solar cells by
providing a current path around the bad cell. Bypass diodes are usually placed across groups of
solar cells, rather than one per cell, as this is more cost-effective [35] . Bypass diodes are wired

within the PV module and provide an alternate current when a cell or panel becomes shaded or
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faulty [36]. They are also used to eliminate the hot-spot phenomena which can damage PV cells
and even cause fire if the light hitting the surface of the PV is not distributed evenly.
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Figure 2.9 Bypass and blocking diodes in a PV system [37].

The presence of bypass diodes in an array, as depicted in Figure 2.10, results in different
characteristics compared to an array without these diodes. The inclusion of bypass diodes
creates an alternative path for current flow, causing cells within a module to carry varying
currents when subjected to partial shading. Consequently, as illustrated in Figure 2.11, the
power-voltage curve exhibits multiple peaks, including a global maximum that represents the
true maximum power point (MPP) and other local peaks. Unfortunately, the presence of
multiple peaks in the PV characteristic poses a significant challenge, as many conventional
maximum power point tracking (MPPT) algorithms struggle to differentiate between local and

global maxima [34].
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Figure 2.10 PV characteristic curves under partial shading with and without bypass
diodes [38].
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Figure 2.11 PV characteristic curves for uniform and non-uniform irradiations [39].

It is important to note that bypass diodes are different from blocking diodes, which are wired
in series with the solar cell or panel and prevent current from flowing in the reverse direction
[40].

2.3 Voltage Source Inverter VSI

Many different applications require DC/AC converters [41]. A voltage source inverter
is used to convert dc to ac output. It consists of six switches, IGBTs and MOSFETSs are the two
most suitable switching components for these inverters. Due to simplicity in their structure and
ability to handle the voltage by keeping the system stable, they are preferred utmost in the

industry and for commercial purpose due to their support in uninterruptible power supply
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applications. Various types of control systems are implemented by the researchers to improve
their performance, robustness and stabilization, compensating the power losses and lowering
the THD value [42]. They are widely utilized to provide controlled frequency and ac voltage
magnitudes utilizing different pulse width modulation (PWM) techniques in motor drives,
active filters, and unified power flow controllers in power systems and uninterrupted power
supplies [43].

The standard three-phase inverter shown in Figure 2.12, it has six switches the switching of

which depends on the modulation scheme:

i
ST
h-w1 w3 w5
A
Vabﬂ “Vca
v, — B n
de - VbC“
C
M2 M4 W5
Y
N

Figure 2.12 Three-phase VSI circuit

The inverter has eight switching states given in Table (2.1). The VSI is constrained by
Kirchoff's voltage (KVL) and current (KCL) rule in that both devices in a leg cannot be turned
on simultaneously in order to prevent shorting of the DC link capacitor. However, it does permit
the adjacent legs to be cut shorter. Thus, the nature of the two switches in the same leg is

complementary [44].

Si1+S12=1 (2.12)
So1+522=1 (2.13)
S31+.532=1 (2.14)

Two of the eight switching states represented in Table (2.1) result in ac line voltages of zero at
the output. The ac line currents in this situation freely cycle through the upper or lower
components. There are no 0 ac output line voltages in the remaining states. The inverter
alternates between states to produce a certain voltage waveform. The resulting ac output line

voltages are made up of the discrete voltage values Vpc, 0 and -Vpc [45].
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Su S Sa1 Vab Vbe Vea
0 0 0 0 0 0
0 0 1 0 -Vbe Vbce
0 1 0 -Vbc Vbce 0
0 1 1 -Vbc 0 -Vbc
1 0 0 Vbc 0 -Vbc
1 0 1 Ve -Vpe 0
1 1 0 0 Vbce -Vbc
1 1 1 0 0 0

Table 2.1 The switching states in three-phase inverter.

The state selection to generate the given waveform is achieved by modulating technique that

ensures the use of only the valid states.

Vbe _

> (S11 = S12) = Van + Van
Vbe

> (S21 = S22) = Vpn + Viy
Vbe

— (831 — S32) = Vo + Vn

Adding the equations from 2.15 to 2.17 gives equation 2.18 as follow:

Ve
> (S11+ 821 + 831 = S12 — S22 — S32) = Vo + Vi + Verr + 3V

(2.15)
(2.16)

(2.17)

(2.18)

As we are dealing with balanced voltages Van+ Vpn + Ven = 0 equation 2.18 becomes:

Ve _
?(2511 + 25,1 + 2531 —3) = Vn
Substituting for Ve in Equations 2.15 to 2.17 gives:

Vbe

7(2511 — 571 — 531) = Van
Vbe
% (—511 + 255, — 531) = Vpn

Vbe
3 (=811 — S21 +2531) = Vg

The source of the equations above was taken from educational website [46].

(2.19)

(2.20)
(2.21)

(2.22)

There are eight possible positions from the combinations of switching states. Six are active

vectors (V1, V2 ... V6) and two are zero vectors (V0, V7) [47]. These eight switching states

are shown as space vectors in Figure 2.13:

29



System description and configuration

V5(0,1,0) V>(1,1,0)

V;:(1,0,0)

V,(0,1,1) -- ->

B
H

VS(O,D,]_) VG(]-JD;]-)

Figure 2.13 VSI Voltage vectors in the complex plane.

2.4 Induction Motor

An induction motor, also known as an asynchronous motor, is an AC electric motor in
which the magnetic field of the stator winding is used to electromagnetically induct the electric
current into the rotor necessary to produce torque. Therefore, it is possible to construct an
induction motor without electrical connections to the rotor. Either a wound type rotor or a
squirrel-cage type rotor can be used in an induction motor [48].

Induction motors' relationship between mechanical and electrical speeds is that the
electrical speed is determined by multiplying the mechanical speed by the number of poles
divided by half. An induction motor's working speed is determined by the input power
frequency and the number of magnetic poles inside the motor. The number of poles determines
the synchronous speed for an electric induction motor, and because of the slip between
synchronous and actual speed, the speed of an induction motor is always a little slower than
synchronous speed. The electric motor's physical design and the frequency of the voltage supply
both affect how fast it rotates [49] [50].

2.4.1 Modeling Hypotheses

The modeling of the AC electrical machine generally relies on several hypotheses. The
central proposition is to assume that the magnetomotive forces produced by the stator and rotor
windings follow a sinusoidal distribution in the air gap when a constant current passes through
them. Additionally, it is assumed that the air gap of the machine is evenly thick. We disregard
any notching effects that may produce spatial harmonics.

Other hypotheses about the physical behavior of the materials also are expressed:
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e Linear magnetic characteristic (no saturation).
e The skin effect is not taken into account.

e Temperature effect, hysteresis phenomenon, and eddy currents are neglected.

2.4.2 Mathematical Model of the Induction Motor

The mathematical model of an induction motor can be represented by a set of
differential equations that describe its electrical and mechanical behavior. Additionally, the
alpha-beta (0-f) model and used to simplify the representation of the motor's currents and
voltages. Here is the mathematical model of an induction motor, along with the a-f3 model.
The mathematical model of an induction motor comprises equations that govern the electrical
and mechanical dynamics of the motor. It contains of electrical equations and mechanical
equations.

Voltage Equations:

d
[Vsabc] = Rs[isabc] + a [wsabc]

d (2.23)
[Vrabc] =0= [Rr] [irabc] + E [lprabc]
Flux Equations:
{ [lpsabc] = [Ls[isabc] + [Msr [irabc] (2-24)
[lprabc] = [Lr][isabc] + [Msr]T[isabc]
Where:
_Vsa_ —l:SCl llJSCI.
[Vsabc] = Vs ;[isabc] = llsb ;[lpsabc] = |Vsp
-I/SC- —lSC llJSC
_Vra_ —l:ra lpra
[Viabel = |Vin | lirapel = l.Tb s [Wrabel = |¥sp
—‘/TC— —lT'C lpTC
The subscripts s and r refer to the stator and the rotor, respectively, and the indices
a, b, and c refer to the three phases.
Equations 2.25 is the mechanical equations:
d wy, (2.25)

S (5) T = T = fom)
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e The Alpha-Beta Transformation

The af} transformation is used to convert the three-phase quantities (voltages, currents) to a two-

phase reference frame aligned with the stator flux. We use Concordia transformation. The

Concordia transformation matrix is given as equation (2.29):

_1 1 1_
2 2
2
3 2 2
1 1 1
V2 V2 V2

(2.26)

The dynamic equation’s model of the induction motor which is dedicated for direct torque

control is expressed below in Eq (2.27) and Eq (2.28). It can be written in the stator fixed

reference frame (a, f) (stationary frame) by assuming the stator current and the stator flux as

state variables.

(digq (RS R,

dt
4

e = Vo Rl

Where:
isa, Is, @re stator current components.
Wsa,s, are stator flux components.

Rs, Rr are stator and rotor resistances.
Ls, Lr are stator and rotor inductance.

MST

o=1- is the leakage coefficient.

SHT

Msr is the mutual stator-rotor inductance.

2.6 The Centrifugal Pump

dlsﬂ RS Rr s Wy
=—(==+ — Wplgq =W + —L

dt (GLS aLr) tsp = Drlsa T oy L TSB T G

v, ,

< d:a = Vsa — Rslsq

¥,

(2.27)

(2.28)

These are the pumps used in irrigation systems by a wide margin. This specific solar pump

spins the water quickly in a casing, chamber, or housing utilizing an impeller (a rotating element
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that transmits motion in a device). Centrifugal force is the term for the spinning motion. The

centrifugal pump's ability to pump water is due to this force. These solar centrifugal pumps may

have a number of stages, during which the pressure of the water increases [51].
Discharge

Suction
eye

Volute

casing

Figure 2.14 Centrifugal Pump.

-The efficiency of a centrifugal pump is given as:

Poutput — Pwater (2-29)

Pinput Pshaft
The water input and output of a shaft are connected. The power supplied to the pump shaft is
known as the shaft power, and the water power is computed using the formula below:

Pwater = pgHQ (2.30)

Where:
p: is the density of water (1000kg/m3).
g: the acceleration due to gravity (9.8 m/s2).
H: pressure head (in meters).
Q: flow rate (m3/s).
The pump torque can be expressed as:

Ty = Kpc.Q? (2.31)
Where:
Tp: torque (Nm)
Q: pump speed or velocity (rad/s)
Kpc: proportionality constant and it can be estimated as:

Kpc=Pr/Q° (2.32)

Where:
Pr: the rated input power to the pump (watt)
Qr: the pump rated speed (rad/s)
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e The Affinity Laws

To ensure the proper functioning of processes, it is essential to meet the hydraulic requirements
of head and flow rate. The Affinity Laws provide mathematical relationships that enable the
estimation of how variations in shaft speed (N) or impeller diameter affect the performance
curves of a pump. These laws help us understand the impact of changes in pump parameters on
its overall operation.

According to the Affinity Laws, when the impeller diameter remains constant, the flow rate (Q)
of a pump is directly proportional to the speed, the head (H) is directly proportional to the square
of the speed, and the required power (P) is directly proportional to the cube of the speed. These
laws establish clear relationships between pump speed and its corresponding flow rate, head,

and power requirements [51].

(G _ O
Q2 O

Hy (Qr )2 (2.33)

HZ rm

1 1 ( 'Qr )3
\[ 2 -an
Where:

H2, Q2 and P> are the rated parameters of the pump at speed Q.
Hi, Q1 and Py are the parameters of the pump at a speed Qr different from the rated speed.

A

2.7 Conclusion

The concluding section of this chapter provides a comprehensive overview of the
functioning of each component within the system. It begins by offering a concise explanation
of the operational principles of solar cells, followed by the presentation of the photovoltaic
generator model and its unique characteristics. Additionally, the power converter utilized in the
proposed pumping system is described, shedding light on its power circuits and specific
attributes. Furthermore, the modeling process of the Induction Motor is elucidated. A general
portrayal of the centrifugal pump is also included, highlighting its efficiency, torque equation,
and the affinity laws which facilitate the estimation of variations in pump performance resulting
from changes in shaft speed. Lastly, the system design is addressed, encompassing the selection

of an appropriate PV generator.
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Chapter 3:
Control of the System

3.1 Introduction

The control of the system constitutes of MPPT control of the VSI using different
maximum power point tracking algorithms in normal condition and in partial shading condition,
MPPT is used in order to improve the efficiency of the PV generator and to make the system

operate at maximum power.

The speed control of the IM using the VSI, the Direct Torque Control technique is
used to drive the induction motor. The primary focus of DTC is to achieve fast and accurate
control of motor speed while maintaining good dynamic performance and high efficiency. In
DTC, the motor's stator flux and electromagnetic torque are controlled by manipulating the
voltage and frequency of the motor. This control is achieved through a combination of
hysteresis comparators, which compare the actual values of torque and flux with their respective
reference values, and a lookup table that determines the appropriate voltage vectors to be

applied to the motor.

The P&O MPPT algorithm is going to be used under normal condition, it is a simple
MPPT technique for PV systems. The Grey-Wolf MPPT technique is going to be used under
normal condition and partial shading conditions, it allows the dynamic adjustment of the
operating point of a solar panel and maximize the power output, and another technique particle
swarm optimization technique is also going to be seen under normal condition and under partial

conditions.

The flow chart of the Perturb and Observe (P&0O) MPPT method remains largely the
same for both single-stage and double-stage PV systems. The fundamental principle of the P&O
algorithm, which involves perturbing the operating voltage and observing the corresponding
change in power output, remains consistent. However, there can be some variations in the
implementation details based on the specific configuration of the PV system. In a single-stage
PV system, the P&O algorithm typically operates directly on the output of the solar panel. The

perturbation and observation occur at the panel level.
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3.2 Maximum Power Point Tracking Algorithms

MPPT algorithms play a vital role in photovoltaic (PV) applications due to the varying
MPP of solar panels influenced by factors like weather conditions, shadowing, and temperature.
Implementing an MPPT algorithm is essential for optimizing power extraction by dynamically
adjusting the power extraction process. The convergence speed of the MPPT algorithm is a
critical aspect as improving its rise time enhances system reliability, increases power extraction,

and improves overall system efficiency [52].

3.2.1 Perturb and Observe (P&O)

The Perturb and Observe algorithm, also known as the hill climbing method, is an
MPPT technique that relies on calculating the output power of a system. This algorithm
introduces perturbations that cause changes in the system's output power. If the perturbation
moves towards the maximum power point, the voltage is increased. Conversely, if the
perturbation deviates from the maximum power point, the voltage is decreased. As a result, the
voltage is modified, and this process persists until the maximum power point is attained [53]

Figure 3.1 shows our proposed P&O algorithm flowchart:

In P&O we start by initialization the values, we fix Vet at lower voltage for the motor
to accelerate with more stability, then we start the algorithm by scanning oy, Vpv and calculating
Ppv, We let 72 without updating Ve for more robust system. By setting Vmax and Vmin, We
prevent Ve from diverging causing slow response, more perturbance and V. from reaching
the boundaries (0, Voc) which will lead to zero power.

When the output power increases, the panel voltage is modified in the same direction as
the previous cycle, as depicted in Figure 3.2. Conversely, if the output power decreases, the
panel voltage is adjusted in the opposite direction compared to the previous cycle. When the
maximum power point (MPP) is attained, the output voltage will oscillate around the maximum
operating voltage [55].
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Figure 3.1 conventional P&O algorithm Flowchart [54].
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Figure 3.2 P-V characteristics of PV panel with MPP [56].

Furthermore, the P&O algorithm is extensively utilized as an MPPT method owing to its
combination of performance and simplicity. However, it faces limitations in terms of speed and
adaptability required to effectively track rapid transients amidst changing environmental
conditions. While it is a straightforward and uncomplicated technique, the trade-off between
accuracy and speed, particularly in the selection of step size, can lead to a decrease in overall

performance.

3.2.2Particle Swarm Optimization (PSO)

The Particle Swarm Optimization (PSO) method is a relatively new evolutionary
algorithm that has gained popularity in recent years. It was introduced by Eberhart and Kennedy
as an alternative to Genetic Algorithms (GAs), taking inspiration from the social behavior of
bird swarms [57].

The central concept involves the progressive development of particles to
systematically navigate a range of possibilities in search of the most favorable solution. At each
iteration, the algorithm assesses the effectiveness of each particle using a fitness function and
adjusts its speed towards the direction of its own highest performance up to that point (referred
to as Prest). Additionally, the algorithm identifies the best performance achieved by any particle

(known as Gpest) and incorporates this information into the velocity adjustment process [58].

During each iteration of the particle, the update formula is used to determine the velocity,

position, Presti, and Gresti for each individual particle [59]:

VIt = wVf + cry (Phoses — XE) + €212 (Ghreses — X£) (3.1)

l
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Xkt = xk 4y (3.2)
P = {Pbesti f&X) = f(P) 3.3)
bestt Xi X)) <f(P)
Gbesti = max{f(PbestO);f(Pbestl); ------ ;f(Pbestm)} (34)
Where:
i=1,2,3.....,m

m: is the number of particles, X: and V: are the position and velocity of particle i,k is the
number of iterations. w is the particle inertia weight, c1 and c; are learning factors, 1 and

are random numbers between (0 & 1).

The system's operational voltage is allocated to the particle's position, and the system's voltage
increment is determined by the particle's speed. The greatest power point voltage obtained by

each particle in the system is represented by the particle's current ideal value. The system's

highest power point voltage is established as the population's optimal solution [60]. A flow
chart showing the PSO algorithm is show in Figure 3.4.

Figure 3.3 Birds swarm behavior
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Figure 3.4 Flowchart of MPPT control based on PSO algorithm [61].
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3.2.3 Grey Wolf Optimization (GWO)

The GWO algorithm is inspired by the hierarchical leadership and hunting behavior of
grey wolves in nature. Grey wolves are apex predators and typically live in packs. In the GWO
algorithm, four types of grey wolves, namely alpha (a), beta (), delta (8), and omega (), are
used to simulate this hierarchical structure. To represent the social hierarchy mathematically,
the fittest solution is designated as the alpha (o)), while the second and third best solutions are
referred to as beta (B) and delta (8), respectively. The remaining candidate solutions are
considered as omega (®). Figure 3.5 illustrates the three main steps of the GWO algorithm,
which include hunting, chasing, and tracking prey. These steps are utilized to optimize the
algorithm’s performance. During the hunt, grey wolves encircle their prey, and this encircling

behavior is mathematically modeled using the following equations [62]:
V=|C-Xp(t) — Xp(t) | (3.5)

Xt+1)=Xp@t)— A-V (3.6)

Where t denotes the current iteration, V, A, and C denote coefficient vectors, Xp is the position
vector of the prey, and X indicates the position vector of grey wolf. The vectors A and C are

calculated as follows:

- 4a (3.7)
(3.8)

o

Il
Ay )
I S
S}
R
Sy
N

In the GWO algorithm, a linearly decreasing component, denoted as "a," ranges from
2 to 0 throughout the iterations. Additionally, "r1" and "r2" represent random vectors with
values between 0 and 1. During the hunt, the grey wolves are primarily guided by the alpha,
who acts as the leader, followed by the beta and delta, who also participate in hunting to some
extent. The delta and omega wolves are responsible for tending to any wounded members
within the pack. Therefore, the alpha is considered to possess better knowledge about the prey's
location. The hunt concludes when the prey stops moving, and the grey wolves initiate an attack
[62].
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Figure 3.5 hunting behavior of grey wolves: (a)—(c) chasing and tracking prey; (d)
Encircling prey; and (e) attacking prey [62].

® Application of GWO for MPP Tracking

The controller in the GWO-based MPPT algorithm utilizes sensors to measure Vpy
(photovoltaic voltage) and Ipv (photovoltaic current) in order to determine the output power.
The flowchart in Figure 3.6 illustrates the process. In cases of partial shading, the P-V curve
exhibits multiple peaks consisting of various local peaks (LPs) and one global peak (GP). When
the wolves, representing the optimization agents, discover the maximum power point (MPP),
their correlated coefficient vectors approach zero. The proposed method combines GWO with
direct voltage control, meaning that at the MPP, the voltage is maintained at a constant value.
This approach reduces the steady-state oscillations commonly found in traditional MPPT
techniques, resulting in lower power loss due to oscillation and increased system efficiency. In
the GWO-based MPPT implementation, the voltage V is represented as a grey wolf, leading to
the modification of equation (3.5) as follows [62]:

Vick + 1) =Vi(k) — A -V (3.9)

Thus, the fitness function of the GWO algorithm is formulated as:

P(vk) > P(vE1) (3.10)
Where P represents power, v is the voltage, i is the number of current grey wolves, and Kk is

the number of iterations.
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3.2.4 Speed Reference Generation

To effectively control Vg in the system, a control loop is employed. The process begins by
comparing Ve With V.. The resulting error is then processed through a series of stages,
including a PI controller, a low pass filter, and a limiter. These phases work together to derive

the desired reference value of the reference speed rer.

Subsequently, the motor speed is regulated using PI controller, which generate the reference
torque for the direct torque control. By precisely managing the motor speed, we gain control
over Vgc. However, it's important to note that controlling V¢ within such a complex and

interconnected loop poses significant challenges.

butter

[V_ref] PI(s) > _/ —><W_ref]

[Vde]

Figure 2.7 Speed reference control loop.

3.3 Direct Torque Control (DTC)

3.3.1 Basic Direct Torque Control

Takahashi introduced the concept of direct torque control (DTC) for induction motor
drives in the mid-1980s. DTC involves selecting the appropriate voltage vector (switching state)
for the motor's voltage inverter based on the instantaneous errors of the stator flux and
electromagnetic torque. Unlike complex field orientation or current regulation loops, DTC
employs separate hysteresis controllers to independently control the flux and torque. The
hysteresis comparators determine the suitable voltage vector from a predefined switching table,
considering the estimated position of the flux vector. Typically, a mathematical model of the
induction motor is utilized to estimate the stator flux and electromagnetic torque [63].

Low and medium power applications in the industry frequently use this control strategy.
The major benefits of DTC can be summed up as follows: quick drive dynamics, lack of
coordinate translations and current control loops, and universal structure, where the switching
table DTC can be applied to all AC machines. On the other hand, the variable switching
frequency, high torque ripples, and high switching losses are the key drawbacks of DTC.
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3.3.2 Principles of Direct Torque Control

Direct torque control enables independent control of the stator flux and electromagnetic
torque in the fixed frame (o, B), facilitating precise and rapid response of the electromagnetic
torque in induction machines. This control method utilizes a switching table to choose the
suitable voltage vector. The selection of the switching states directly depends on the changes in
stator flux and machine torque. Therefore, the selection is performed by constraining the
magnitudes of flux and torque within two hysteresis bands. These controllers ensure separate
regulation of both quantities. The hysteresis controllers take the flux and torque errors as inputs
and determine the appropriate voltage vector for each commutation period [64].
3.3.2.1 Control of Stator Flux And Electromagnetic Torque
e Control Of Stator Flux

Basing on the IM model in stationary frame, the stator flux equation can be expressed
as follows [65] [66]:

d A1
= =V — Ry R
dt
and:
Tz (3.12)
l‘Us (t) = (Vs - Rsis)dt + l‘Us(o)

0

Ws(0) : is the flux vector at the instant t=0s.
When a non-zero vector is applied during the T, sampling period, the stator resistance voltage
drop Rsis can be neglected in comparison to Vs (stator voltage) in high-speed regions. Then

equation (3.12) can be written as:

Ps(t) = VsT, + ¥5(0) (3.13)

The relation between the stator voltage and the stator flux change can be established as:

AV = (1) — ¥5(0) = VT, (3.14)

The Eq (3.14) means that the stator flux can be changed by the application of stator voltage

during a time T,. The stator flux vector’s extremity moves in direction given by the voltage

vector and making a circular trajectory (Figure 3.8) [67].
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Figure 3.8 Evolution of stator flux vector in the complex plan.

The flux regulation utilizes a two-level hysteresis comparator, which enables convenient

adjustment of the flux vector's outermost point. This adjustment is made within the boundaries

of two closely spaced concentric circles, as illustrated in Figure 3.9. The selection of the

hysteresis bandwidth, denoted as hys, relies on the switching frequency of the inverter [68]

[69].

W

T

yj\? 1
—hwﬁ

h ¥y

> Ay,

Figure 3.9 Tow-level hysteresis comparator for flux control.

The logical outputs of the flux controller are defined as:

{ cflx =1if A¥ > hy,
cflx =0if A¥; < —hyy

(3.15)

The stator flux error is defined by the difference between the references value of flux and the

actual estimated value:
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Alps = |qjs*| - |qjs| (316)

e Control of Electromagnetic Torque
During one sampling period, the rotor flux vector is supposed invariant. The torque of

induction motor can be expressed in terms of stator and rotor flux vectors as follows:

M, (3.17)
T, = paLSLT Y, X ¥,
M, . (3.18)
T,| = Y X |¥
ITel = p o 1951 X 1 lsin(®)

Where:
p is the number of poles pairs.
¥, ¥ are stator and rotor flux vectors.

o angle between the stator and rotor flux vectors.

If we consider equation (3.18), it becomes evident that the electromagnetic torque is influenced
by the magnitudes of the stator and rotor flux. When these quantities remain constant, the torque

can be managed by altering the load angle 9.

Torque regulation can be achieved by utilizing a three-level hysteresis comparator, as
illustrated in Figure 3.10. This comparator provides control over the motor in both clockwise
and counterclockwise rotation directions. On the other hand, a two-level comparator can only
be used for one rotation sense.

The three-level hysteresis comparator functions by comparing the measured or
estimated values of the stator and rotor flux amplitudes with predefined thresholds. These
thresholds create a hysteresis band within which the flux amplitudes should ideally be
maintained for desired torque regulation. If the measured or estimated flux amplitudes fall
below the lower threshold of the hysteresis band, indicating insufficient torque, the comparator
triggers an action to increase the load angle 6. This adjustment enhances the torque output,
allowing the motor to generate more power. Conversely, if the measured or estimated flux
amplitudes exceed the upper threshold of the hysteresis band, indicating excessive torque, the
comparator initiates a response to decrease the load angle 6. This reduction helps in lowering
the torque output, preventing any overload conditions. By continuously monitoring the flux

amplitudes and dynamically adjusting the load angle based on the three-level hysteresis
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comparator's feedback, precise torque regulation can be achieved. This control mechanism
allows for effective management of the motor's rotational direction and ensures optimal

performance in various operating conditions.

Cff'q
&
1 il o +1
- hre ! Fs
« e AT
0 - €
1 1 hr,
1 >

Figure 3.10 Three level hysteresis comparator for electromagnetic torque control.

The logical outputs of the torque controller are defined as:

ctrq =1 if AT, > hr, (3.19)
ctrq =0 if hg, <A4T, < hy,
ctrq = =1 if AT, < —hg,

hre is the hysteresis band of torque.
The torque error is defined by the difference between the references values of the torque and
the actual estimated values:

AT, =T =T, (3.20)

3.3.2.2 Estimation of Stator Flux and Electromagnetic Torque

e Stator Flux Estimation
The estimation of the stator flux is usually done by the integration of the back-emf
(Electromotive force). The stator flux components can be expressed using stator voltages and

currents in the stationary reference frame (o, f) by:

{ t
Va = J (Vsa - Rsisa)dt
0 (3.21)

t
Llpsﬁ = J (Vsﬁ - Rsisﬁ)dt
0

The stator flux magnitude and flux angle can be computed as:

, 2 2 (3.22)
|11Us| = |¥Ya + qjsﬁ

T 029
sa
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The stator voltage components (Vsq,Vsp) are obtained by applying Concordia transformation on
the output voltage of the three-phase VSI [70].

Vel “lo V372 —v3/21| "
SC
The output voltages of VSI which are the input stator voltages of the IM are given by:
( Va
Via =3 (252 = Sp = Sc)
v, =Y 25, — 5.~
sb — 3 ( b c a) (3_25)
_ Vdc
U/sc - ?(ZSC - Sa - Sb)

The stator currents components (ise,is,) can be obtained also by applying Concordia

transformation on the measured currents:

( 2

J tsa = |3lsa (3.26)
I

\

. 1 .
lsp = ﬁ (isp — isc)

e Electromagnetic Torque Estimation
The electromagnetic torque generated by an induction motor can be calculated by
taking the cross product of the stator variables, specifically the stator flux and stator currents.

The formula to calculate the torque is expressed as follows:

T, = p(lPsaisB - l‘”sﬁisa) (3.27)

3.3.5 Switching Table Construction and Control Algorithm Design

3.3.5.1 Six Sectors Switching Table

To achieve independent control, a set of hysteresis comparators are utilized, which
take the stator flux and torque errors as inputs. Based on the outputs of these comparators, the
appropriate voltage vector is selected. However, the selection of the voltage vector is not solely
determined by the hysteresis controllers' outputs; it also depends on the position of the stator
flux vector. Consequently, the circular trajectory of the stator flux vector is divided into six
symmetrical sectors [71].
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Where: Sector 1:117/ < 6, <7/ sector 2: T/, < 65 <T/,. ..., sector 6: 37/, < 6, < 117/,

.ﬁ I"rr'+ 2 I-"rz'+1

Vi

Figure 3.11 Voltage vector selection when the stator flux vector is located in sector i
[72].

While the stator flux vector is located in the sector i we have [73]:
If Vi+1is selected, ¥s increases and Te increases.
If Vi1 is selected, ¥s increases and Te decreases.
If Vi+2 is selected, ¥s decreases and Te increases.

If Vi is selected, ¥ decreases and Te decreases.

The vectors (Vi and Vi+3) in each sector are excluded from consideration as they can
either increase or decrease the torque in the same sector, depending on the position of the flux
vector in the first or second sector [74]. Selecting the zero vectors VO and V7 will result in the
stator flux coming to a halt with no change in its magnitude. Although the electromagnetic
torque will decrease, it will not decrease as significantly as when the active voltage vectors are
chosen [75].
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Takahashi's proposed look-up table for Direct Torque Control (DTC), as presented in
Table 3.1, Reflects these findings:

Error Sectors I I Il v \% VI
ctrq =1 V2 V3 V4 Vs Ve V1

cfix=1 ctrg=20 V7 Vo V7 Vo V7 Vo
ctrq = —1 Ve V1 V2 V3 V4 Vs

ctrq =1 V3 V4 Vs Ve V1 V2

cflx=0 ctrg=20 Vo V7 Vo V7 Vo V7
ctrq = —1 Vs Ve V1 V2 V3 V4

Table 3.1 Look-up table for basic direct torque control.

3.3.6 Speed Regulation In DTC Strategy

The DTC strategy involves several steps, including generating a speed reference to set
the desired motor speed, and using flux and torque estimators to estimate the actual values based
on measured stator voltage and current. The estimated flux, in combination with the measured
data, is used to estimate the motor speed, and a speed error is calculated by comparing the
estimated speed with the reference. A P1 controller generates a control signal based on the speed
error, which determines the voltage vector selection from the 6-sector switching table. The
selected voltage vector adjusts the motor's torque and flux to minimize the speed error, and the
flux and torque estimators continuously monitor the actual values to ensure accurate control.
The iterative process of estimating speed, calculating error, and adjusting voltage vectors is
repeated in real-time, resulting in precise speed regulation. The DTC control platform does not
require the usage of a PWM inverter or a speed sensor, making it less complicated than other
control methods. DTC provides accurate and fast torque dynamics and ensures high efficiency

operation.
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Figure 3.12 Direct torque control strategy based on lookup switching table. [76].

3.4 Conclusion

This chapter explored two key areas: maximum power point tracking (MPPT)
techniques and direct torque control (DTC) strategies for induction motors. The Perturb and
Observe technique was discussed as an effective MPPT algorithm for optimizing the power
output of photovoltaic systems under normal operating conditions. Innovative approaches like
the Grey Wolf and Particle Swarm techniques were introduced to tackle shading effects in
partial shading conditions, improving the overall performance and efficiency of solar energy
systems. In terms of motor control, the chapter delved into the principles and advancements of
DTC, highlighting its ability to achieve precise control of stator flux and electromagnetic torque
in induction motors. The Two-Level Voltage Source Inverter was emphasized as a crucial
component in DTC, facilitating seamless execution of torque and flux control strategies. The
chapter also provided an overview of speed control strategies in DTC, emphasizing its

flexibility and adaptability for diverse industrial applications.
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Chapter 4:
Simulation Results and Discussion

4.1 Introduction

This chapter will explain how the proposed stand-alone solar water pumping system’s
SIMULINK model was used to test and verify its functionality under various condition. The
system is composed of three-phase 1.1kW 230V induction motor, connected to 1.26kW PV
array with maximum voltage of 463.2V and maximum current of 2.72A tested under fixed and
variable irradiance. The overall system simulation is shown in the appendix. First, we’re going
to test the system operation under normal condition and then under partial condition using P&O
MPPT technique, Grey Wolf optimization technique and Particle Swarm optimization

technique. The extra power is to recuperate the loses in the system

4.2 PV Array Characteristics

NexPower Technology NH-100UX 5A PV module will be used to simulate the PV

system. The specification of the module is shown in Figure 4.1.

Parameters | Advanced

Array data

Parallel strings 2

Series-connected modules per string 2

Module data

Module: | NexPower Technology NH-100UX 54
Maximum Power (W) 104,992

Open dircut voltage Voc (V) 102

Voltage at maximum pawer point Vmp (V) 77.2

Temperature coefficient of Voc (%/deg.C) -0.287

Cells per module (Ncell) 119

Short-circuit current Isc (A) 1.58

Current at maximum power point Imp (&) 136

Temperature coefficient of Isc (%/deg.C) 0.088938

Display -V and P-V characteristics of .
amay @ 25 deg.C & specified irradiances v
Irradiances (W/m2) [ 1000 500 100
Plot
Model parameters
Light-generated cument IL (4) 1.7350
Diode safuration current 10 (A) 3.3957e-12
Diode ideality factor 1.2478
Shunt resistance Rsh (ohms) 284.1973

Series resistance Rs (ohms) 9.782

Figure 4.1 PV module specification
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4.3 Simulation of The System

The water pumping system, as suggested, is simulated using MATLAB/Simulink
across different scenarios involving varying irradiance levels and partial shading. The
simulation outcomes for both scenarios are illustrated in the subsequent sections.

4.3.1 Under Normal Condition
The system is going to be simulated under normal condition, using P&0O, GWO, and
PSO MPPT algorithms. Figure 4.3 shows the irradiance level under normal condition.

The simulation results indicate that when the solar insolation is uniform throughout, the power-
voltage (P-V) curve exhibits a distinct Maximum Power Point (MPP).

Figure 4.2 shows the 1-V and P-V characteristics of the PV array under normal condition and
irradiance of 1000 W/m?
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Figure 4.2 a- I-V and b- P-V characteristics of three PV modules in series under
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Figure 4.3 Irradiance level under normal conditions.
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4.3.1.1 Solar Array Performance
The PV array performance are illustrated as follows:

wnfl 1 FSO

Tme (seconds) Time (seconds) Time seconds)

Figure 4.4 PV power under normal condition

Figure 4.4 illustrates the varying outcomes obtained from each algorithm, it can be seen that
the PV power follow the irradiance profile for in case of the three algorithms. The P&O
algorithm exhibits a rapid response, swiftly reaching the maximum power point (MPP).
However, due to the motor’s high acceleration, there is a remarkable power swing, making it
challenging to maintain control over Vgc and prevent it from exceeding Vpest due to motor
inertia. On the other hand, the PSO algorithm produces a transient phase with more noise and
requires additional time to stabilize. Even in the steady state, some residual noise persists. In
contrast, the GWO algorithm delivers a slower response compared to P&O but achieves a

higher level of accuracy and faster convergence compared to PSO.

Figure 4.5 PV current under normal condition.

Figure 4.5 presents the PV current (lpv), where each algorithm demonstrates unique
characteristics. The P&O algorithm exhibits some noise in the steady state, which affects the
stability of lpv. The PSO algorithm, on the other hand, displays fluctuations during the transient

state, indicating some variability in the current. In contrast, the GWO algorithm showcases a
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sharp and precise response, resulting in a stable and well-controlled Iy throughout the

operation.

) o0

Figure 4.6 PV voltage under normal condition
In Figure 4.6, the PV voltage is displayed, revealing distinct responses from the algorithms.
Both the P&O and GWO algorithms exhibit favorable responses with good accuracy. However,

the PSO algorithm shows a noisy output, introducing more fluctuations in the PV voltage.

4 R i
&

N "\/wrwr | J | ‘l' -.wl[’"’l- ’|M ﬂ

Figure 4.7 Reference voltage under normal condition

In Figure 4.7, the reference voltages are observed among the algorithms. The P&O algorithm
exhibits a transient state with noticeable noise; however, it demonstrates a stable and reliable
steady state. Conversely, the PSO algorithm tends to introduce more vibrations during
operation. On the other hand, the GWO algorithm demonstrates a rapid and sharp response in

the transient state, while maintaining a manageable and stable steady state.
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4.3.1.2 Motor and pump performance

The motor and pump performance is illustrated as follow:
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Figure 4.8 Motor speed reference under normal condition
Figure 4.8 demonstrates that the P&O algorithm exhibits noise in the steady state, while the

GWO algorithm introduces noise during the transient state. The PSO algorithm lags behind in

terms of performance and stability.
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Figure 4.9 Motor speed under normal Co‘ndition
As it’s shown in Figure 4.9, demonstrates that in all cases, the motor successfully tracks the
speed reference. The P&O algorithm yields the most favorable performance in terms of
stability, excelling in both transient and steady states. The GWO algorithm also delivers a

commendable performance, while the PSO algorithm exhibits noise and instability, particularly

at lower irradiance levels.
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Figure 4.10 Pump’s torque under normal condition.

Figure 4.10 illustrates the pump torque, since the pump torque follows the speed, the same
stability and performance is shown.
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Figure 4.11 illustrates the comparative behavior of the three algorithms. It is evident that both
the Particle Optimization (PO) and Grey Wolf Optimization (GWO) algorithms exhibit a
smooth current, whereas the Particle Swarm Optimization (PSO) algorithm demonstrates a

noisier current.
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Figure 4.12 Motor flux under normal condition.

Figure 4.12 illustrates the motor flux components behavior under normal condition.

4.3.2 Under Shading Condition

In practical scenarios, the output power of a photovoltaic (PV) cell primarily depends
on the solar irradiation and ambient temperature. Although the impact of ambient temperature
on the PV cell is relatively small and does not directly influence the speed of dynamic response,
it is essential to consider its effects. For the purpose of simulations, the working temperature of
the PV cell was consistently set at 25°C. However, in real-world conditions, solar irradiance is
not constant due to climate variations and the occurrence of partial shading, resulting in abrupt
changes in the PV panel's output power. Consequently, it was necessary to test the algorithm
across different irradiation levels to assess its ability to track and respond rapidly to these
changes.

To examine the effectiveness of the perturb and observe (P&O), particle swarm
optimization (PSO), and grey wolf optimization (GWO) algorithms in the presence of partial

shading, three photovoltaic (PV) modules were subjected to a fixed temperature of 25°C while
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being exposed to varying irradiance levels of 600, 200, and 1000 W/m?. Figure 4.13 shows the
I-V and P-V characteristics under partial shading, we can observe the multiple peaks in the P-

V curve.
XY Plot XY Plot
.
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Figure 4.13 a- I-V and b- P-V characteristics of three PV modules in series under partial
shading condition

4.3.2.1 PV Array Performance

The PV array performance are illustrated as follows:

Pi0 PSU GHO

7T

i § 0
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Figure 4.14 PV power under partial shading condition

Under the shade Figure 4.14 shows, both P&O and PSO give weak performance comparing to
GWO algorithm, where the last gives a higher power and a more robust performance. P&O
shows inability to truck the MPP and instability. PSO can approaches the MPP but tends to take
long time to stabilize.

;' o] an

Figure 4.15 PV current under partial shading condition
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Figure 4.15 depicts the PV current under shading conditions. In this scenario, the P&O
algorithm exhibits less stability due to operating far from the MPP. The PSO algorithm displays
fluctuations in the current, while the GWO algorithm experiences temporary instability during
the transient state. However, during the steady state, the GWO algorithm delivers the best

performance among the three algorithms.

it ]

I3 i 1 + 13 1

Figure 4.16 PV voltage under partial shading condition.
In Figure 4.16, the PV voltage is shown. The P&O algorithm demonstrates a smooth response,
while the PSO algorithm produces a sharp and pulsating response. The GWO algorithm also

exhibits a sharp response, but with better stability
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Figure 4.17 Reference voltage under partial shading condition.

Figure 4.17 displays the reference voltages under shading conditions. The P&O algorithm
struggles to reach Veest as it attempts to track the maximum power point (MPP). Unfortunately,
it gets trapped in local maxima, unable to achieve the desired voltage. The PSO algorithm
approaches Vest, but it exhibits fluctuations around this point. In contrast, the GWO algorithm
demonstrates superior tracking and stability, particularly in the steady state, outperforming the

other algorithms.
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4.3.2.2 Motor and Pump Performance

The motor and pump performance is illustrated as follow
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Figure 4.18 Reference speed under partial shading condition.

T Seconds)

In Figure 4.18, the performance of the three algorithms is depicted, revealing distinct
characteristics. The P&O algorithm exhibits swinging behavior and operates at a lower speed.
The PSO algorithm introduces perturbations and pulsing, observed in both the transient and
steady states. On the other hand, the GWO algorithm demonstrates fluctuations around zero

speed, but it achieves higher speeds with less disturbances.

( 5 610
2 W T
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Figure 4.19 Motor speed under partial shading condition.
In Figure 4.19, the performance speeds of the three algorithms are displayed. The P&O

algorithm demonstrates a smooth performance but at a lower speed. The PSO algorithm exhibits
less stability and vibrations in the steady state. On the other hand, the GWO algorithm
experiences a slower transient state and faces difficulties in starting the motor as it scans the P-
V curve for Gpest. However, once the GWO algorithm identifies the best region, it achieves

higher speeds with lower vibrations, ultimately providing superior performance.
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Figure 4.22 illustrates the motor flux components behavior under partial shading condition.
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In normal condition we have three values corresponding to three different level of irradiance

[1000 600 200]. The maximum power that the PV array can generate according to the three
irradiance levels is 1260W, 792.7W, and 270.9W respectively

The tables below show a comparison between the normal condition and partial shading

condition where Table 4.1 showing the normal results, and Table 4.2 showing the Shading

results.
Irradiance | MPPT | Power | Speed Stability Settling Time
condition | algorithm | (w) (rad/s) (s)
Motor speed Power Speed | Power
P&O 1258 151.6 | Transient | Steady state Steady
792.6 130.1 state
270.7 | 88.98 | Smooth noisy Smooth | 07548 | 0.2023
PSO 1258 151.6
Normal 7328 | 1265 | Noisy Noisy Noisy | 0.807 | 1.023
231.1 | 8253
GWO 1258 | 151.6
766.2 | 128.7 Noisy smooth Smooth 0.47 | 1.001
249.3 | 86.76

Table 4.1 comparison of the results of each MPPT algorithm showing power, speed, and

settling time under noraml condition.

Irradiance | MPPT | Power | Speed Stability Settling Time
condition | algorithm | (w) (rad/s) (s)

Motor speed Power Speed | Power

Shading P&O 362.4 | 93.83 | Vibration | Smooth Unstable 1.198 | 1.02

PSO 462.8 | 106.5 | Vibration | Vibration Unstable 1.318 >2

GWO 524.2 | 108.8 | Vibration | smooth noisy 0.8367 | 1.8

Table 4.2 Comparison of the results of each MPPT algorithm showing power, speed,
and settling time under shading conditions.

63




IV  Simulation Results and Discussion

4.4 Conclusion

In conclusion, the single standalone stage solar water pumping system was simulated
under both normal and partial shading conditions, utilizing three different MPPT algorithms:
Grey Wolf Optimization (GWO), Particle Swarm Optimization (PSO), and Perturb and Observe
(P&O), showing the performance of Solar PV array, the Induction motor, and the pump torque.

Under normal conditions, the P&O algorithm demonstrated fast response and smooth
output power. However, it exhibited power swings due to challenges in controlling the voltage
(Vdc) and preventing it from exceeding the optimal voltage (Vuest). These difficulties were
primarily attributed to motor inertia. On the other hand, the PSO algorithm took some time to
converge and identify the global best (Grest) under normal conditions, while the GWO algorithm

required a longer stabilization period.

Under partial shading conditions, the P&O algorithm showed reduced stability and
limited ability to track the optimal power point (Prest). The PSO algorithm also faced challenges
in accurately tracking the MPP due to the fluctuations caused by shading. Similarly, the GWO
algorithm encountered difficulties in stabilizing and efficiently tracking the MPP under shading

conditions.

Overall, the performance of the MPPT algorithms was influenced by the presence of
shading. The algorithms exhibited varying levels of instability, tracking limitations, and power
fluctuations under partial shading. It is important to note that the motor's performance was also
impacted by the power and voltage levels, and its efficiency diminished when operating below

certain thresholds.
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General Conclusion

In response to a worldwide transition towards renewable energy sources, humanitarian
and development organizations are progressively adopting solar photovoltaic technology for
their water delivery initiatives. This shift is primarily driven by various factors, such as the

affordability and dependability of solar technology.

In conclusion, this work proposed and designed a stand-alone single-stage solar water
pumping system driven by an induction motor. The PV array played a central role in supplying
the pump with its rated power, which was directly influenced by the varying irradiance levels
(shading, normal) and ambient temperature conditions. To ensure accurate and reliable tracking
of the Maximum Power Point (MPP) under changing irradiance levels, three MPPT algorithms,
namely Perturb and Observe (P&O), Particle Swarm Optimization (PSO), and Grey Wolf
Optimization (GWO), were employed.

The research presented in this work was divided into four chapters, each focusing on
essential aspects of the system. The first chapter provided a comprehensive theoretical
background on solar water pumping systems, photovoltaic theory, and their significance in the
field. The second chapter focused on the modeling and design of the system, with emphasis on
the PV cell and the mathematical model of the induction motor and PV array system. The third
chapter delved into the control strategies, discussing the theory and flowcharts of each MPPT
algorithm and the Direct Torque Control (DTC) techniques employed to regulate the motor. In
the final chapter, the system was simulated using MATLAB/Simulink, evaluating the
performance of each algorithm in terms of the PV array, induction motor, and pump.

Comparisons were made to determine the algorithm's effectiveness under different conditions.

Through the simulations and analysis, it was observed that all three MPPT algorithms
contributed to improved performance of the system by accurately tracking the MPP. However,
under varying conditions, certain algorithms demonstrated superior performance. The results
highlighted the adaptability of the PSO and GWO algorithms, particularly in shaded

environments, while the P&O algorithm performed well under normal conditions.

Overall, this work has contributed to the understanding and development of a stand-
alone single-stage solar water pumping system. The research demonstrated the importance of
efficient MPPT algorithms in optimizing the system's performance and harnessing maximum

power from the PV array. The findings can guide the design and implementation of more
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reliable and efficient solar water pumping systems, facilitating the utilization of renewable

energy for sustainable water management.
Future Work

e Experimental implementation of the proposed SWPS.
e Application of another optimization based MPPT algorithms to the system.
e Application of improved control methods for the motor such as Model Predictive

Control.
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Appendices

A) Motor parameters

Rated power
Supply voltage

Stator resistance

Stator inductance

Rotor resistance

Rotor inductance
Mutual inductance
Rated speed
Vrms
frequency
Inertia
Friction factor
Rated torque

Pole pairs

1100 W
Three-phase, V
6.75 Q

0.5192H
6.21 Q

0.5192H
0.4957 H
1480.14 rpm
230 V
50 Hz
0.0140 kg.m?
0.002 N.m.s
7 N.m
2

Table A.1 Induction Motor parameters

B) PI Speed controller

The used PI controller in the outer speed loop for all control schemes is the antiwindup

controller. The dynamic equation and the transfer function using Laplace transform of the speed

loop are given as following:

do, f T, 1T
T AR
G (5) = wr(s) 1

To(s) —To(s) Js+f

The transfer function (TF) of the PI controller is defined as follow:

K;
PI = K,s +—
S
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Kp and Ki are the proportional and integral gains.
s is Laplace operator.
Then, Figure.A.1. Shows the block diagram of the speed control loop.

T

w3 (s) o T;[s)gl 6 4

Figure A.1 Speed control loop.
By considering the load torque TL as a disturbance. The global transfer function of the speed

control in open loop becomes:

G (5) = w(s) 1 ( Kl) (A.3)

o) JstfVeS Ty

In closed loop, the TF becomes
_ K,s + K; (A.4)
Js2+ (K, + f)s + K;

Go, ()

By identification member to member, the denominator of the equations (A.4) with the canonical
form of second order system given in (A.5):
1 (A.5)

G(s) = z
s" + 20w,s + w,

Where wn is the natural frequency and ( is the damping coefficient. We obtain:

( J_1

Ki )
Kot S (%9
Lp] = 2w,

The gains are determined for a damping coefficient{ = 7.
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Figure A.2 SIMULINK model of five PV modules in series under uniform conditions.
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Figure A.3 SIMULINK model of five PV modules in series under partial shading conditions.
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