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Abstract

This report covers a comprehensive study of the sizing, modeling and simulation of a stand-

alone solar water pumping system in El Oued, Algeria. The initial part involves selecting a

farm located in Hassi Khalifa, El Oued, Algeria, which has an average water consumption of 4

m3/h. The irrigated site covers 1 hectare (10,000 square meters) of land. Sizing such a system

has been carried out using different tools such as Cropwat, Climwat, and PVgis. Sizing has

led to the selection of a 2.2 kW submersible pump, 3.19 kW PV array, 3 kW inverter, and a 74

m2 Tank of height 3 m. System dynamic modeling is done using MATLAB/Simulink which

contains several models of sub-systems such as solar arrays, DC-DC boost converter, two-level

inverter, Squirrel cage IM, and centrifugal pump, This dynamic modeling has been developed

based on the sizing of the system. To improve further the overall system’s efficiency, an

enhanced P&O MPPT algorithm has been developed. Moreover, a DTC algorithm is used to

regulate both the motor’s speed and torque. Various numerical simulations were conducted

to illustrate and validate the effectiveness of this system. MATLAB/Simulink simulation

shows that this system can deliver the required energy needed for the farm to satisfy all the

requirements.

Keywords: Induction Motor (IM); Perturbation and Observation (P&O); Maximum Power

Point Tracking (MPPT); Direct Torque Control (DTC)
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General Introduction

For over a century and a half, fossil fuels—comprising coal, oil, and natural gas—have

served as the backbone of global economies, presently accounting for approximately 80% of

the world’s energy consumption ?. As a result, fossil generation is responsible for about

40 % of the global CO2 from greenhouse gases, and this is estimated to be increasing due

to economic and population growth, which may drive up the energy demand ?. That is

why seeking alternative sources of energy for reducing carbon dioxide emissions and ensuring

secure, clean and affordable energy is crucial.

”Solar Energy” then is one of the greatest alternative sources, a solution for achieving

more sustainable energy systems, and that is because of its renewability, less Environmental

Impact, Cost-Effectiveness, minimal maintenance, Energy Independence and Security ?.

One of the applications of Solar Energy is a photovoltaic generator (PVG), which involves

converting light energy into electrical energy through the photovoltaic effect. When sunlight

strikes a solar cell, made primarily of semiconductor materials like silicon, it energizes elec-

trons within the material. These energized electrons flow as an electrical current which can

then be harnessed to power electrical devices or systems ?

In Algeria, stand-alone water pumping systems powered by photovoltaic energy are the

most common application, especially in remote areas where accessing the grid is a bit chal-

lenging. These solar-powered systems are mainly used for providing potable water and

supporting agricultural activities. Significant research has been conducted to evaluate the

efficiency of solar water pumping systems (SWPS) across various nations situated in tropical

zones, where conditions are highly favorable for their use.

In the arid landscapes of El Oued, Algeria, water management is crucial for sustainable agri-

culture. This thesis investigates the implementation of renewable energy solutions for agri-

cultural irrigation by designing, modeling, and simulating a stand-alone solar water pumping

system suitable for a farm in Hassi Khalifa, a region characterized by its reliance on agricul-

ture as a primary source of income. The selected farm, covering a hectare of land dedicated to

potato cultivation, faces significant challenges due to its water needs—approximately 4 cubic

meters per hour—necessitating an efficient and sustainable approach to water extraction and

distribution.

The design process began with a detailed analysis of the site’s geographical and climatic

conditions, utilizing tools such as Cropwat for crop water requirements and Climwat for

climate data analysis, alongside PVgis for assessing solar radiation availability. These tools

were integral in determining the optimal size of the solar photovoltaic (PV) array and asso-

ciated components needed to meet the farm’s water requirements effectively. Furthermore,



the economic feasibility of the system was analyzed using Homer software, ensuring that the

proposed solution is not only technically viable but also economically advantageous.

Central to this study is the use of MATLAB/Simulink for dynamic modeling of the system.

This includes comprehensive simulations of the solar arrays, DC-DC boost converter, two-

level inverter, and the integration of a squirrel cage induction motor with a centrifugal pump,

all tailored to the specifics of the farm’s requirements. A key innovation in this system is

the incorporation of a Perturb and Observe (P&O) algorithm-based Maximum Power Point

Tracking (MPPT) to optimize the energy harvested from the PV array. Additionally, a

Direct Torque Control (DTC) algorithm enhances the control over the motor’s speed and

torque, further improving the system’s efficiency.

The report is structured into four chapters as follows:

• The first chapter aims to provide a literature review on some of the current technologies

and advancements in solar pumping systems.

• The second chapter covers the solar water pumping system sizing.

• The third chapter focuses on the system’s modeling.

• The last and fourth chapter will cover the simulation’s results and discussion.



Chapter 1

Literature Review

Introduction

Global demand for water is projected to increase from 20% up to 25% by 2050, driven

by various factors such as population growth, economic development, climate change, and

extensive water consumption patterns ?, water resource then comes as an essential need

to satisfy different human demands, ensures food and health sustainability and promotes

social and economic progress. Moreover, though there has been a remarkable increase in the

share of drinking water, as in Algeria a study in ? shows that the share of drinking water

has increased from 16% in 1975 to 36% in 2019. However, agriculture remains the largest

consumer of water, accounting for around 70% of all water withdrawals?. This percentage

will only increase due to some severe risks posed by water shortages that may threaten

food security?. As a result, supplying water has become a necessity nowadays, with lower

financial and environmental costs more regions will benefit from it, especially Water supplies

for household use, livestock, and irrigation in isolated areas. Water Pumping is the best

solution for these rural areas which mainly depend on underground water resources that can

be exploited for different daily usage for instance irrigation.

Water pumping applications depend on different power sources, some are widely used such

as electric or diesel-powered pumps, but these types of sources still have many issues as for

diesel generators they are used in remote areas and villages mostly, these engines require

regular maintenance and high running cost, also they contribute to environmental pollution,

either through the emissions from the combustion process or due to oil leakage into water

sources ?. Additionally, it may be a bit challenging for fuel transportation as these rural

regions are far from fuel distribution centers. Now for systems based on electricity from a grid

connection, this seems hard to implement, especially for rural areas where many parameters

are included such as The length of the line, the type of terrain, and the required capacity of the

transformer. For instance, longer distances require thicker wiring and potentially additional

1



Chapter 1. Literature Review

transformers to manage voltage drop, which can significantly increase costs?. Photovoltaic

pumping is one of the most promising applications of solar energy; the technology is similar to

any other conventional water pumping system except that the power source is solar energy?.

Solar water pumping minimizes the dependence on diesel, gas, or coal-based electricity.

As pumping systems based on PV energy offer several advantages over diesel or traditional

electric systems, particularly in terms of cost-effectiveness, environmental impact, and appli-

cability in remote locations??.

PV water pumping has become increasingly significant in recent years, This growth is

driven not only by technological advancements and decreasing costs but also by the sustain-

ability and reliability that PV systems offer, especially in regions without stable electricity

access or where diesel fuel is expensive and logistically challenging to supply. Furthermore,

the trend towards solar PV is not just a matter of energy generation but also environmen-

tal consideration, as these systems produce no direct emissions and are typically quieter

and cleaner compared to traditional diesel pumps. According to the International Energy

Agency’s forecast in 2010, the solar PV market was expected to see an average annual growth

rate of 17% over the following decade, which would lead to a substantial increase in global

cumulative installed PV power capacity—reaching 200 GW by 2020 and an impressive 3000

GW by 2040 ?.

A stand-alone photovoltaic system is a solar energy system that is not connected to an elec-

trical grid. It is used for the production of electricity on-site and can be installed anywhere.

Stand-alone systems are typically smaller than grid-connected PV systems and have lower

installation costs, since they do not require additional infrastructure and their installation

does not place additional load on the grid, although they require a high initial investment

but with the appropriate study it can be profitable by the time.

This chapter provides a general overview of solar pumping systems, some of the recent

research in the field, and some statistical analysis of its use globally and domestically.

1.1 Configuration and classification of SWPS

Stand-alone water pumping systems are known for their simplicity, as they are independent

of grid connection. They are mainly based on PV technology that converts sunlight into

electricity to drive a pump. These PV panels are connected in series and parallel to form

arrays, which with the help of other components help drive a motor (DC or AC) that converts

electrical energy to a hydraulic one which shows in the form of a flow rate in the output of

the pump. Stand-alone SWPS generally consists of the following components:

2
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• PV array,

• Pump controller,

• Charge controller,

• inverter,

• Batteries,

• Tank storage,

• Motor-pump system.

The various classifications of Solar Water Pumping Systems (SWPS) are determined based

on which component the different topologies are built from, this will be outlined in the

following sub-sections.

1.1.1 SWPS based on energy storage

There are two types of storage systems; energy storage in batteries and water storage in

large tank. As PV panel does not work at night and the efficiency becomes lesser during

cloudy weather, the storage system is designed as a one- or two-day back-up? in order to

ensure system consistency. Battery architecture systems are simpler as in general they require

fewer components compared to tank architecture, as ? showed from a techno-economic

analysis carried out in the rural village of Gogma, Burkina Faso that the initial and life cycle

costs for a PVWPS based on batteries are lesser than a one based on tanks. However, as

batteries must be replaced regularly and recycled adequately, PVWPS’ financial accessibility

could increase, and it could get even worse if lead-acid batteries are used as they on average

last at most four years -on harsh Saharan climatic conditions-, making their replacements

unavoidable?.

Tank architecture then comes as the best solution, especially for rural areas, since it lasts the

whole PVWPS lifetime and won’t require any further maintenance. figure 1.1 below shows

a comparison between both architectures.
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Figure 1.1: Different PVWPS Architectures: a) Tank based, b) Battery based

1.1.2 SWPS based on the type of motor

The electrical machines are an important part of the photovoltaic pumping systems. Elec-

trical machines are devices that convert electrical energy into the mechanical energy of a

rotating shaft. Two primary types of motors are utilized in photovoltaic pumping systems:

induction motors (IM) and direct current motors (DC). The classification of these motors is

shown in Figure 1.2 ?.

Figure 1.2: Main types of electrical machines for photovoltaic pump applications.

DC machines are mainly used for low-power applications, where there are no complicated

power converters needed because it is possible in some cases to connect it directly to the

PV array. in ? The author describes one of the earliest studies on using DC motors for

water pumping applications. However, these DC machines are expensive, less reliable, and

require more maintenance, especially when used in high-power applications. Along with the

direct current machines, induction machines with squirrel cage rotors are among the most
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technologically advanced machines; they provide more power and more efficiency than DC

machines ?, also they provide a wide speed range. Though it may seem that induction motors

are more adequate for solar water pumping applications, still The appropriate electrical

machine should be chosen depending on the system’s size, cost, power input, availability,

and maintenance status ?. Tables 1.1 and 1.2 below present Some of the advantages and

disadvantages of both types of electrical machines.

Table 1.1: Advantages and Disadvantages of DC machines

Advantages Disadvantages

Can be connected directly
without a special control or by
DC-DC

Needs maintenance because of
low brush life

High initial torque on the
shaft

Cogging at low rotational
speeds

Easy speed control (for
brushed)

Power losses due to commuta-
tor

A broad range of speed con-
trols

Sparks can cause EMI

Fast reaction to the load vari-
ation

Risk of commutation failure

Suitable for pumping due to
their speed-torque character-
istics

Can be damaged in humid en-
vironment

Table 1.2: Advantages and Disadvantages of AC machines

Advantages Disadvantages

Low cost Low starting torque value

Robust construction High startup current

Availability for wide power
range

Expensive control system

Relatively high power factor Efficiency drops at low loads

Does not require frequent
maintenance

Does not operate well at
speeds less than 30% of its
nominal

The literature discusses different potential topologies on solar water pumping systems,

including both AC and DC machines. a pumping system based on an induction motor for

processing the water from a well in the desert is proposed in [31], where a mathematical

5



Chapter 1. Literature Review

model of the induction motor was built based on Thevenin’s theorem. A model enables the

representation of the flow rate and system efficiency in relation to the supply frequency and

pumping head as well as the motor torque in relation to speed at various supply frequencies.

In [32] the authors propose a method for optimizing the operation of a photovoltaic pumping

system that uses an induction motor. The optimization variable is the quantity of pumped

water and to achieve the maximum daily output the efficiency of the motor-driven system is

optimized at each operating point.

So as seen, there is too much research going in which type of motors is better to be used

for SWPS, in terms of cost-effectiveness and reliability, and this could even include other

types of motors such as BLDC or SynRM.

1.1.3 SWPS based on the type of pump

Pumps are of different types, and hence many SWPS based on pump topologies are found

in the literature. The table 1.3 below shows the available types of pumps for different

applications in SWPS.

Table 1.3: Types of pumps and their application

Pump Application

Submersible pumps Ideal for deep wells where
water needs to be lifted to
the surface. These pumps
are placed underwater and are
highly efficient in deep water
sources.

Surface pump Suitable for shallow water
sources and typically used
for small-scale irrigation or
livestock watering. These
are installed above the water
level and can include booster
pumps for increased pressure.

Pumps can generally be categorized into two main types based on their operating principle:

dynamic (or kinetic) pumps and positive displacement pumps. more details are shown in the

list below:
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1. Dynamic Pumps: These pumps impart velocity and pressure to the fluid as it moves

through the pump through the action of a rotating impeller. The kinetic energy is then

converted into pressure energy in the discharge pipe. Dynamic pumps are subdivided

further into centrifugal pumps, which are the most common, and axial flow pumps.

They are typically used for large-volume pumping applications with relatively low-

pressure increases and are known for their efficiency in continuous flow situations.

2. Positive Displacement Pumps: These pumps move a fixed amount of fluid with each

stroke or cycle by trapping a fixed amount of fluid and then displacing it into the dis-

charge pipe. This category includes gear pumps, diaphragm pumps, and piston pumps,

among others. Positive displacement pumps are suited for applications requiring high

pressures and accurate dosing because they provide a constant flow regardless of the

system pressure, making them ideal for viscous fluids or fluids containing suspended

solids.

Figure 1.3 below illustrates different SWPS topologies based on the type of pump

Figure 1.3: SWPS based on pump type : (a) Submersible pump, (b) Surface pump

1.1.4 SWPS based on power source:

The configuration of SWPS could vary too based on which type of power source is used to

feed the motor-pump system, therefore based on application and usage, they can be classified

as stand-alone systems, on-grid solar power systems ?. Grid-tied systems are designed to

operate in parallel with the solar array and it is connected to the electric utility grid. In

contrast, Stand-alone systems are designed to operate independently of the electric utility

grid and are generally designed and sized to supply certain DC or AC electrical loads [18].
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1.1.4.1 Stand-alone configuration:

A stand-alone SWPS system is not connected to any power grid and this refers to its being

called an off-grid system, moreover, it relies solely on solar energy from the PV array. This

type of system is mainly installed in remote areas where there is no access to the utility

grid, which is why They typically include batteries for energy storage to ensure water supply

during non-sunny periods ?. Advantageously, stand-alone solar power owners pay no monthly

electricity bills because the equipment completely belongs to them ? ?, which in terms of

cost-effectiveness seems to be beneficial. Stand-alone in return have different installations

based on which components are included in the SWPS, and they could be further classified

into:?

1. Stand-alone solar power system supplying only DC loads,

2. Stand-alone solar power system with an electronic control circuit to extend its duty

cycle,

3. Stand-alone solar power system supplying DC loads, electronic control circuit for ex-

tending the duty cycle and simultaneously charging the storage battery for power supply

at night or whenever there is no sunlight, and

4. Stand-alone solar power system with DC/AC converter, which supplies AC loads, sup-

plies electronic control circuit for duty cycle extension, and simultaneously charging

storage battery for emergency supply.

Also the figure 1.4 below shows a typical stand-alone SWPS configuration, so it is well-

noticeable that such systems do not require too many components to be included, also there

is no need for batteries in irrigation applications where tanks could be a great backup.

1.1.4.2 Hybrid (on-grid) configuration:

These systems are connected to the electrical grid and can use solar power as a primary

source but switch to the grid when solar energy is insufficient. They often incorporate

inverters to convert DC from the solar panels to alternating current (AC) compatible with

the grid. This setup allows for more consistent operation but is generally more complex

and costly due to additional components like inverters and grid connection requirements ?.

Figure 1.5 below illustrates a typical on-grid SWPS, we notice that this type of configuration

is hybrid meaning that it could use both powers from PV and grid or from PV and a diesel

generator, and this is based on the following scenarios:
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Figure 1.4: a typical stand-alone SWPS configuration

a When solar energy is available during the day and there is a need for pumping, the

photovoltaic (PV) array powers the pump.

b At night, when there is no solar energy and pumping is still necessary, the system

switches to grid power.

c If the solar energy is insufficient to run the pump at full capacity, the grid supplies the

necessary additional power.

Figure 1.5: a typical on-grid SWPS configuration

1.2 Previous work on SWPS:

Much research has been done regarding the construction of SWPS with different compo-

nents included, each of which contributes to optimizing this system for a more sustainable
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water supply, especially in rural areas where water interruptions could do some serious dam-

age. The literature proposed different motors as shown above, and each has its pros and

cons as in this paper ? authors proposed the use of a BLDC motor along with a DC-DC

boost converter and a VSI to control the motor. Figure 1.6 shows the proposed system’s

configuration.

Figure 1.6: Configuration of the solar PV boost converter BLDC motor-driven water pump

An MPPT controller was used to control the DC-DC boost switching, as for this research ?

a comparison between the P&O algorithm and cuckoo search algorithm is done. The results

show that the P&O algorithm failed to track the global MPP, while the cuckoo search did

successfully, under partial shading conditions. Another study in ? compared three different

MPPTs and the results were as follows: The best oscillation in P&O MPPT technique, the

best rise time, settling time in Fractional voltage current circuit (open, short) MPPT, and

the Incremental conductance MPPT has the best performance in settling time.

The literature also discussed an important aspect of SWPS, as in ? three solar water

pump systems based on their storage configurations are considered for a rural area in Iran,

one without any storage, another with battery storage and one that uses water tank as

storage, the table 1.4 shows a comparison between these storage configurations.
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Table 1.4: Compare different storage configurations

Configuration Cost (CA$) Advantages Disadvantages

Without storage 30,000 Low cost Unreliable

Battery storage 72,800 Provide a con-
stant power to
pump, which
results in a higher
life span of the
pump

Replacement and
maintenance cost

Water tank storage 56,000 High life-span Difficulty in build
and installation of
high-capacity wa-
ter tanks

The results then show that a system with water tank storage is recommended for the

studied area because not only does it guarantee the reliability of the system, but also provides

a storage system at a reasonable price.

Several papers have also covered the control strategy of the motor that is important for solar

water pumping systems. An appropriate motor control technique might reduce the size of the

PV array that is required to reach the specified energy usage, and hence, decrease the overall

cost of the photovoltaic pumping system. For IM there are mainly two control techniques

that are commonly used in SWPS applications which are: Scalar control and the other one

is vector control ?. In ? authors proposed the use of direct torque control (DTC) for a

developed hybrid control algorithm for pressure maintenance, using a programmable logic

controller that operates the DTC-based control system according to the proposed hybrid

algorithm. In ? the authors propose a DTC technique that calculates the vector terminal

voltage (VS) module based on the estimated electromagnetic torque value in comparison to

the baseline. If the torque approaches its reference value, the VS module steadily drops until

it reaches zero. The electromagnetic torque error and stator flux error together determine

the angle of the vector VS. Finally, the vector VS is produced using the modulation vector.

The use of scalar control would make a more simple control strategy for IM, sometimes it is

also known as voltage-frequency (v/f) control. In ? a novel scalar technique for independent

control of the main winding and auxiliary winding of a single-phase induction motor is

proposed. A two-inverter topology is proposed and implemented in the voltage–frequency

control technique. The proposed method excludes the disadvantages of using a capacitor

attached to the auxiliary winding. The technique enhances overall drive performance in

terms of energy savings and torque profile throughout the whole speed range. For Field

oriented control (FOC), the authors in ? authors propose Field-Oriented Control (FOC) by

adjusting a magnetizing current (Id) and a torque-producing current (Iq) in an equal ratio, to

maintain a constant ratio of the currents. below, table 1.5 shows some major results related

to the implementation of various electrical drive control techniques for SWPS.
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Table 1.5: Application of different drive control methods for SWPS

Control Strategy Main Results

FOC This study examines a photo-
voltaic electromechanical sys-
tem that consists of a PV ar-
ray, a DC-DC converter with
impedance A torque, and the
d-q components of stator cur-
rent remain constant regard-
less of the insolation intensity
variation. ?

IFOC The suggested technique re-
lies on indirect field-oriented
control (IFOC), ch involvles
whi minimizing induction mo-
tor losses. The losses are re-
duced and the efficiency is in-
creased by 12%, and 2.5% un-
der 375 W/m2 and 750W/m2
radiation, respectively. ?

DTC Rotor speed estimation of di-
rect torque control (DTC)
of an induction motor drive
used for solar PV-driven wa-
ter pumping using a unique
robust model reference adap-
tive system (MRAS) tech-
nique is proposed. A method
based on second-order gener-
alized integration has been de-
veloped to estimate the rotor
flux in a stationary domain. ?

1.3 Conclusion:

In this chapter we had an overview on SWPS, starting from having an introduction about

these systems, then discussing the different configurations, and we end it up with a literature

review on SWPS.
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Chapter 2

Stand-alone PV Water Pumping

System Sizing

Introduction

A stand-alone PV water pumping system sizing will be discussed in this chapter, starting

from the selection of the studied farm; its geographic location, the climatic conditions in that

region, and many different parameters that facilitate the system’s sizing. Moreover, many

software such as PVgis, Cropwat, and Climwat are used to get the data required to size our

water pump. Also, with the use of mathematical equations, we get the required water flow

rate [m2/h] and then size the pump based on it. The rest of the system’s components are

sized accordingly based on the motor-pump system needs.

2.1 The site selection:

Algeria is a big country with 2,381,741 km2 total land, making it the world’s tenth largest

nation by area, and the largest nation in Africa ?. 80% of Algeria’s land is considered a

desert, which means it covers four-fifths of the country’s total area, that is what makes

Algeria a perfect spot for solar energy applications in Africa. Moreover, Algeria receives

approximately 3,000 hours of sunshine per year, creating ideal conditions for solar energy

production used in different applications to meet the domestic, agricultural, and industrial

water needs of the region. The government has ambitious plans to harness this resource,

aiming to achieve 15,000 megawatts of solar energy capacity by 2035 ?.

The Algerian Sahara is also known for its significant contributions to agriculture and that

is by transforming what was once a barren desert into productive agricultural land, knowing
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that the agriculture sector contributes on average about 12% of Algeria’s GDP and employs

at least 20 percent of the population in rural areas ?.

The region of El Oued specifically, has been transformed into one of Algeria’s main agri-

cultural centers, leveraging many of its geographical privileges such as lying on the Albian

aquifer (40 – 60 meters deep water reservoirs), a mild and sunny winter climate, abundant

sunlight and vast land area, the figure 2.1 shows the Global underground water resources,

which reflects on the availability of underground water in the region of Eloued as it falls into

the major regional aquifer systems. These previously mentioned factors would help in grow-

ing a variety of the most needed crops in Algeria namely; potatoes, tomatoes, onions, and

peanuts. These crops are largely grown organically due to the high sunlight which reduces

the incidence of plant diseases and diminishes the need for pesticides ?. Irrigation then is

highly needed to produce the right amounts of water required by these crops to be harvested

at their specific seasons without any delay, therefore most of the irrigation systems in the

region of Eloued are based on pumps (surface or submersible) which are supplied generally

from the utility grid or by the use of diesel generators, this may lead to some inconveniences,

especially for some rural cities where no access to grid system is available, and fuel trans-

portation may seem a bit challenging, this will just lead to more water shortages. As a

result, pumping systems based on solar energy are becoming a trend, especially for irrigation

applications in Saharan rural regions ?, where the metrological conditions are suitable for

optimal electricity generation through the use of PV arrays, thus fewer water shortages will

occur.

Figure 2.1: Global underground water resources

14



Chapter 2. Stand-alone PV Water Pumping System Sizing

Based on the factors above, a site was selected in Hassi-Khalifa, situated in the region of

ELoued between 33° 33 44 north, 6° 59 25 east with 1112 km2 of total area ?, this region is

20km away from ELoued ?, The figure 2.2 below shows its geographical position.

Figure 2.2: Hassi Khalifa geographical position in Eloued and Algeria (Source: Wikipedia)

Also, with the use of Google Maps, we got the following satellite pictures illustrated in the

figure 2.3 below.

Figure 2.3: Hassi Khalifa Geographical Position (Source: Google Maps)

For the metrological conditions available in this region, Pvgis platformer is used to supply

the following tables 2.1, 2.2, 2.3 and 2.4 that show the irradiation on the horizontal plane in

kWh/m2/mo and the 24-hour average temperature in degrees Celsius.
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Table 2.1: Monthly solar irradiation estimates for 2019

Mo Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Avg

Irr 110.08 131.83 170.45 214.84 236.92 250.36 252.05 228.67 183.61 151.76 113.54 102.07 178.84

Table 2.2: Monthly solar irradiation estimates for 2020

Mo Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Avg

Irr 112.81 138.58 181.91 193.15 231.2 244.21 252.46 230.49 178.5 152.73 116.02 102.45 177.88

Table 2.3: Monthly average temperature for 2019

Mo Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Avg

Temp 10.4 11.4 15.6 20.7 24.2 33.0 34.2 33.7 30.3 23.0 14.5 13.3 22.02

Table 2.4: Monthly average temperature for 2020

Mo Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Avg

Temp 10.5 14.1 16.7 21.8 27.5 31.4 32.5 33.3 28.2 21.5 16.9 12.2 22.22

As seen from the tables above, The average monthly recorded irradiance for 2019 is about

178.84 Kwh/m2 and 177.88 Kwh/m2 for 2020 with the highest value around July with

252.05Kwh/m2 for 2019 and 252.46 KWH/m2 for 2020. The lowest one was recorded in

December at 102.07 KWH/m2, the results are shown in the curve illustrated in figure 2.4

below. For temperature, a peak temperature is recorded in July at 34.2°C for 2019 and

33.3°C for 2020. The lowest temperature was then recorded in January 2020 at 10.5°C, the

results are all shown in figure 2.5 below. The data discussed reflects this region’s importance

in terms of climatic conditions as they make it favorable for generating the maximum power

needed for growing crops.

Figure 2.4: Monthly solar irradiation between 2019 and 2020 (Source: PVgis)
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Figure 2.5: Monthly solar temperature between 2019 and 2020 (Source: PVgis)

Additionally, another table 2.5 was recorded for Eloued temperature from ?, the reason is

due to the accurate yet detailed data this table supplies compared to the one from Pvgis,

which might be super helpful when sizing the motor-pump system.

Table 2.5: Min. Temperature °C, Max. Temperature °C and Avg. Temperature °C

Mo Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Avg
Temp

10.56 12.78 16.67 21.11 26.11 30.56 33.89 33.33 28.89 23.33 16.11 11.11

Min
Temp

5.5 7.2 10.5 15.0 19.4 23.0 26.6 26.6 22.7 17.2 11.1 6.6

Max
Temp

16.6 18.8 22.7 27.2 32.2 37.2 40.0 39.4 35.0 28.8 22.2 17.2

Figure 2.6 is also attached to this table for better data understanding.

Figure 2.6: Average High and Low Temperature in °F for El Oued (Source: Weather
Spark)

More data has been recorded from ? including Rainfall in mm, Humidity in %, wind speed

in Km/day, and average Sun hours. The data records are within table 2.6 along with figure

2.7 all shown below.
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Table 2.6: Recorded data for rainfall, Humidity, wind speed, and average Sun hours

Mo Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Humi-
dity

61.0 47.0 39.0 32.0 28.0 25.0 23.0 26.0 36.0 43.0 53.0 63.0

Wind
Speed

320.5 336.0 355.3 386.2 401.6 405.5 374.6 339.8 328.3 305.1 305.1 308.9

Sun
Hours

8.8 9.6 10.5 11.5 12.4 12.9 12.7 12.0 11.1 10.1 9.2 8.6

Rain 10.6 5.1 7.6 7.6 2.5 2.5 2.5 2.5 5.1 5.1 7.6 5.1

Figure 2.7: Climate in Eloued: (a) Average Monthly Rainfall, (b) Daily Chance of Pre-
cipitation, (c) Average Wind Speed, and (d) Humidity Comfort Levels (Source: Weather

Spark)

In terms of the climatic conditions shown in different tables and figures above, is worth

noticeable that the region of Eloued specifically Hassi khalifa is ideal for our SWPS installa-

tion, not only because it provides some good amounts of irradiance and sun hours, but also

it maximizes the output of our PV array system, which leads to fewer water shortages in

irrigation applications. Though as the VIA-MICHELIN platform states, Hassi Khalifa has

good connectivity to the grid, this region still experiences electricity interruptions, partic-

ularly due to extreme heat events that can stress the electricity distribution network, also

the increased demand for cooling during heatwaves strain the grid, leading to power outages

?, that is why a stand-alone or an off-grid SWPS seem as the best option in this area as it

ensures more reliability and cost-effectiveness.
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2.2 Motor-Pump System Sizing:

In this chapter section a detailed methodology is presented to achieve an adequate sizing

of the stand-alone SWPS utilized in the proposed site discussed in the previous section.

2.2.1 Basic data for pump sizing:

The following data is necessary to size the solar pump and its components, as some of it

may have a huge effect on avoiding the system’s oversized design which may lead to some

water-wasting actions.

2.2.1.1 The flow rate:

The flow rate (Q) is the quantity of water that the pump can deliver during a given in-

terval of time. In pumping, the flow rate is usually given in liters per hour (l/h) or gallons

per hour (gph). In solar pumping, the flow rate (or water requirement) is often expressed

in cubic meters per day ?. The literature proposed different ways to find how much flow

rate is needed, in ? the author suggested a simple way to find the daily water consump-

tion for an average farm located in Riyadh, Saudi Arabia, the proposed equation is as follows:

Number of crops · Consumed water per a tree
Water consumption percentage per crop

(2.1)

Though equation 2.1 seems to be easy to implement since little data is included in it, it still

gives some inaccurate results that may result in the system being oversized. The author in

? proposed another way for water demand calculations based on the reference evapotranspi-

ration ETo and Crops coefficient kc. The crop coefficient depends on the type and growth

stage of the crop. The daily reference evapotranspiration depends on metrological data, it

has been estimated using the Penman-Monteith equation ?:

ET0 =

(
0.408∆(Rn −G) +

900

T + 273
u2(es − ea)

)(
1

∆ + γ(1 + 0.34u2)

)
(2.2)

Rn is net radiation at the crop surface (MJ · m2 · day1), G soil heat flux density (MJ ·

m2 · day1), T mean daily air temperature at 2 m height (°C), u2 wind velocity at 2 m

height (ms1), es and ea saturation and actual vapor pressure (kPa), slope of vapor–pressure

curve (kPa◦C1), psychrometric constant (kPa◦C1). The crop evapotranspiration ETc is

determined using the following formula:

ETc = kc · ETo (2.3)
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This method as shown from equations 2.2 and 2.3 above is a bit complex since it requires

more data and computations compared to the previous one, however, the results found here

are more accurate, which ensures an adequate system design with less or no oversizing.

Due to the lack of some of the required parameters used in equation 2.2 which are found

using some sophisticated apparatus, two software then are used as alternatives which are

Cropwat and Climwat. These software are developed by Food and Agriculture Organisation

of the United Nations, Cropwat is mainly used as an all-in-one software, and it is based on

Climwat, as the latter works as a database generator for a certain selected region, which later

could be imported into Cropwat for doing further needed calculations. Cropwat also helps

the user manage his crop data throughout the growing process and till the harvest season

with curves generating feature, this might be helpful, especially for farmers with no technical

background. The following figure 2.8 below shows Cropwat’s software interfaces. As seen

Figure 2.8: Cropwat software interface

in figure 2.8 above, the side menu highlighted in red borders shows different options that the

Cropwat software does, from supplying climatic data, scheduling the crop growing process

and even following the crop pattern. The Climwat software demonstrates how based on a

chosen location a database of different crop-related data is generated afterwards which could

be inserted later into Cropwat. In our case, Algeria is selected from the country list then

by choosing the display all stations within the selected country we get the following window

illustrated in figure 2.9 below
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Figure 2.9: List of stations within Algeria

From the displayed list of stations, we notice that Eloued region is missing, Touggourt which

is situated in ELoued is found instead, hence using the database from Climwat would make it

inaccurate that is why data is generated instead from online sources mentioned in Section 1.

Moving now to Cropwat software, data will be inserted manually from the tables presented

in previous Sections of this Chapter, figure 2.10 then shows a table taken from Cropwat with

all the data summarized in it, along with the calculated daily radiation and the reference

evapotranspiration ETo inserted in table 2.7

Figure 2.10: Different climatic data in the region of Hassi Khalifa, Eloued

Table 2.7: Daily radiation and reference evapotranspiration data

Rad
(MJ/m2/day)

13.4 16.7 21.1 25.3 28.1 29.2 28.6 26.4 22.7 18.2 14.2 12.3 21.4

ETo (mm/-
day)

2.55 3.78 5.40 7.48 9.46 11.11 12.90 10.48 8.24 5.75 3.70 6.94 6.94
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The figure 2.11 below illustrates the change in daily radiation and reference evapotranspira-

tion expressed in bars curve

Figure 2.11: Daily radiation and reference evapotranspiration changes in the region of
Hassi Khalifa, Eloued

It is well noticed from the bar curve above that both the radiation and reference evapotran-

spiration have peak values in July, with relatively small values for the rest of the months,

with an average daily radiation of 21.4 MJ/m2/day and an average reference evapotranspi-

ration ET0 of 6.94 mm/day. Crop coefficient (Kc) on the other hand, ranges typically from

0.30 to 1.20, depending on the crop type, variety, and developmental stage. These values are

essential for calculating the actual crop evapotranspiration ETc. Now, for our selected site

in Hassi Khalifa, potatoes are planted as the main crop in a 1-hectare rounded land, with

10cm between each crop, which makes a total of 10,000 potatoes harvested in every 2 main

seasons; autumn season (Sep-Dec) and spring season (Feb-May). In our case, the autumn

season is selected for potato growing which goes through 4 main stages:

1. Initial Stage: lasts from September to the beginning of October. Few amounts of water

are required in this stage since the potato crop is in its first growing state.

2. Developing Stage: lasts from October to the beginning of November. High amounts of

water are required in this stage since the potato crop is in its developing state.

3. Mid Stage: lasts from the middle of November to December. water demand starts

decreasing as we approach the final stage

4. Late Stage: lasts from December to January. smaller amounts of water are needed here

since the potato crop is almost ready to be harvested.

The crop coefficient Kc for potatoes then ranges between 0.5 to 1.15 with some tolerances

around the minimum and maximum values as shown in figure 2.12 below taken from Cropwat

software
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Figure 2.12: Crop coefficient curve for potatoes crop

We notice from the curve illustrated above in figure 2.12 that the crop coefficient has the

highest value around the mid-season stage where more water is demanded.

After finding both the crop coefficient and the reference evapotranspiration, which through

the use of equation 2.3 helps finding the actual evapotranspiration ETc. The figure 2.13 below

contains a table with all necessary data generated using Cropwat software, along with a curve

illustrated in figure 2.14 which shows the change in required irrigation in mm per decade for

the autumn season.

Figure 2.13: Seasonal irrigation data for potatoes crop management

As seen from figure 2.14 above, there are different water demand levels throughout the

autumn season, with a peak in November at 44.3 mm/dec, based on that and given that the

area being irrigated is 1 hectare (which is 10, 000 m2), the conversion from millimeters per

decade to cubic meters per day is calculated as follows:
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Figure 2.14: change in required irrigation in mm per decade for the autumn season

1. Convert millimeters to meters:

44.3 mm = 0.0443 m

2. Calculate the total volume of water per decade:

Volume per decade = Area×Height

Volume per decade = 10, 000 m2 × 0.0443 m = 443 m3

3. Convert the volume per decade to volume per day:

Volume per day = Volume per decade/10

Volume per day = 443 m3/10 = 44.3 m3/day

Thus, for an area of 1 hectare, the irrigation requirement of 44.3 mm per decade corresponds

to 44.3 cubic meters per day, we take it approximately 44 cubic meters per day. The peak

sun hours are illustrated in figure 2.15 below

From the curve above, a PSH (Peak Sun Hour) is defined as 10.8, taking the average of all

sun hours during 12 months.

To find the flow rate now, the following equation is used:

Q =
Q′

PSH
(m3/hr) (2.4)
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Figure 2.15: Peak sun hours bar chart

with Q’ equal to the peak required irrigation in m3/day which is 44 is divided on the PSH

at 10.8 to convert from cubic meter per day to cubic meter per hour which is the standard

unit for the flow rate, results are shown in the equation 2.5 below:

Q =
44

10.8
= 4.08m3/hr ≈ 4m3/hr (2.5)

From the results above we see that a 4 m3/hr is a sufficient water volume to meet our site

requirements, by producing a good amount of potatoes during the harvesting season, which

is the supreme goal of our stand-alone SWPS.

2.2.1.2 Total Dynamic Head (TDH):

The author in ? defines the total dynamic head (TDH) of a pump as the difference in

pressure in meters of water column between the suction and discharge ports. This height

can be calculated as shown in equation 2.6:

TDH = Hg + Pl (2.6)

Where

Hg = is the geometric height between the surface of our submersible pump and the top of

our tank (Hd+Ht) as shown in figure 2.16 below

Pl = is the pipe loss caused by the friction of water against the walls of the pipes. These

losses depend on the pipes’ length, diameter, and the pump’s flow rate (Q) and are expressed

in meters of water. Generally, these pressure losses correspond to no more than 10% of the

total geometric height (Hg).

Now, for the region of El Oued, the depth of underground water resources can vary signifi-

cantly. In urban areas like El Oued and Kouinine, the depth of shallow aquifers is generally
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Figure 2.16: Static and total dynamic head

between 0.65 and 17.4 meters. However, deeper aquifers in the wider region can be much

more substantial. This means groundwater sources can be found at depths exceeding 250

meters below the ground surface, sometimes making it difficult to extract it from such deeper

levels ?. For the site selected in our case, the water is found at depths ranging from 60 up to

80m, we take then 70m as a fixed depth. The tank height is also an important factor to take

while calculating for the TDH, as in our case a total of 4m is taken as a tank height divided

into 1m for the support and 3m for tank height, figure 2.17 shows a good illustration on the

tank’s height.

Figure 2.17: Water depth and tank height

For the pressure losses it is taken as 10% of the geometric height Hg, now by substituting in

equation 2.6 we get the following result for the TDH shown below:

TDH = (70 + 4)× (1 + 0.10) = 81.4m (2.7)
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So from equation 2.7 above, we got a TDH of 81.4m, which is needed for our next step; the

motor-pump system sizing. For the tank size, the following equation could be used:

Tank Size = Daily Water Needs×Number of Backup Days (2.8)

So the daily water need in our case is 44 m3 per day, for the number of backup days, and

based on the site selected we take it for 3 days, results are shown below:

Tank Size = 44× 3 = 132m3 (2.9)

Adding a 20% safety margin:

Tank Size = 132× 1.2 = 158.4m3 (2.10)

Hence our tank could save up to 158.4m3 of water, which could be used for different purposes;

irrigation, domestic, etc.

2.2.2 Motor-pump sizing:

In this section, we focus most on sizing the motor-pump system that would deliver the

required amount of water based on the data found in the previous section above. From ?

the author calculated the hydraulic power of the pump using the following equation:

Ph =
Q · ρ · g · TDH
3600× 1000

(2.11)

Where

Ph is the hydraulic power (Kw).

Q represents the flow rate (m3/hr).

ρ is the water density (1000 kg/m3)

g is the acceleration due to gravity (9.81 m/s2).

TDH is the total dynamic head.

The denominator 3600× 1000 converts the units appropriately, typically from cubic meters

per second to cubic meters per hour and from watts to kilowatts.

Now, by using the standard values for our flow rate and total dynamic head from Grandfos,

we get a 4.32 m3 and 81.4m standard values for both flow rate and TDH, substituting in

equation 2.11, we get the results shown below:

Ph =
4.32 · 1000 · 9.8 · 81.4

3600× 1000
= 0.957Kw (2.12)
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For the motor size, the same author from ? suggested the equation used below with an

assumed motor-pump efficiency equal to 75%:

Pm =
Ph
ηmp

(2.13)

where Pm is the motor power (electric power)

Ph is the hydraulic power

ηmp is the motor-pump efficiency

Another author at ? takes the motor-pump efficiency in a range between 30% to 45% based

on the type of pump and motor, which seems more logical compared to an efficiency of 75%,

therefore, a standard efficiency of 44.3% is taken -based on the flow rate and TDH- for the

motor-pump system used in our case, we get then the following results:

Pm =
0.957

44.3%
= 2.16Kw ≈ 2.2Kw (2.14)

We see from equation 2.14 that the required electrical power by the motor is 2.2Kw whereas

the hydraulic power found from equation 2.11 is 0.957Kw, this way the motor-pump system

is sized to deliver the needed amounts of water, additionally we could use the grandfos

catalogue to pick a submersible water pump based on the sized parameters found above.

For the inverter, it is sized based on the motor power, which is found to be 2.2Kw,

considering a small margin of about 30% to ensure the inverter’s ability to handle the power

sparks. The equation below illustrates the inverter sizing:

Pinv = Pm · (1 + 30%) = 2.86Kw ≈ 3Kw (2.15)

Now, for the Pv array, we do the same thing, only this time it would be sized based on the

inverter power instead of the motor power. From equation 2.15 the inverter power calculated

is 3Kw, adding a margin of 5% in this case, we get:

Ppv = Pinv · (1 + 5%) = 3.15Kw (2.16)

So, by choosing a PV module of 320W, the following number of modules is found:

Number of PV modules =
3.15

0.319
= 9.9 ≈ 10module (2.17)

In our case, we take 10 modules for our PV array, they are all installed in series to meet the

voltage and current requirements. for the DC bus voltage we take it as 680 v to meet the

input voltage for our inverter.
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2.3 Conclusion

In this chapter we have discussed the SWPS sizing, starting by identifying the fundamental

data needed for defining the motor-pump system, afterward, an inverter, PV array, and DC

bus voltage were selected based on the motor selected.

29



Chapter 3

Modeling and Design of the system

Introduction

In this chapter, a complete modeling of the stand-alone solar water pumping system will be

realized, including all the components necessary for the system’s performance under different

conditions. Starting with the PV array, which is considered as a main source of energy in

stand-alone systems, followed by a DC to DC boost converter used for stepping up the

voltage, incorporated with an Mppt controller for maximum power point tracking (MPPT)

of the PV. The DC-DC converter is connected to a three-phase inverter controlled by DTC

algorithm to drive the IM motor which in return is coupled with a centrifugal pump that

converts the mechanical energy to hydraulic energy.

3.1 Photovoltaic panel modeling:

3.1.1 The working principle of PV cells:

Since Solar energy is the most affordable and abundant of all long-term natural resources to

date ?, the use of Solar PV technology has become then one of the optimum ways to utilize

solar power in generating electricity for different applications. A PV cell is the essential

unit of a solar energy generation system where the sunlight photons falling on its surface

are directly converted to electrical energy or more specifically to direct current which is used

afterward to supply AC or DC loads. The solar cell is a p-n junction device based on electronic

semiconductors, particularly crystalline silicon (c-Si) or thin-film semiconductor materials ??.

The n-type refers to the negatively charged electrons donated by donor impurity atoms and

the p-type refers to the positively charged holes created by acceptor impurity atoms ???.
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The electricity generation starts When light photons hit a cluster of solar cells, as a result,

they excite electrons into a higher energy state, making them act as charge carriers in an

electrical current. In other words, solar energy impacts the cells, causing their atoms to

absorb photons from sunlight, which then excite and release electrons, that in return create

electron-hole pairs. These electrons travel through a conductor, creating an electrical current

that directly corresponds to the intensity of sunlight received by the collector ?. Figure 3.1

shows a p-n junction of PV cell

Figure 3.1: p-n junction of PV cell

So, as seen from figure 3.1 above, the photon’s absorption in the depletion region will lead to

the creation of electron-hole pairs, which results in direct current flowing in the conductor.

Usually PV cells are constructed from two essential types of crystalline materials, monocrys-

talline and multi-crystalline solar modules. Single-crystal semiconductors have superior elec-

trical characteristics (20% efficiency) comparable to polycrystalline materials. Nevertheless,

monocrystalline PV modules are non-economical as crystalline wafer-based technology is too

expensive ??. There exist also PV cells constructed from thin-film semiconductor materials.

All the types are shown in figure 3.2 below.

Figure 3.2: PV cells different construction types

A typical photovoltaic (PV) cell produces a voltage of approximately 0.5 to 0.6 volts under

open-circuit conditions. This voltage range is a standard feature of most silicon-based solar

cells today. Now to achieve useful voltages and currents suitable for real-world applications,

multiple PV cells are connected whether in series or parallel to form a PV module, which

when connected in series produces a string that has a stable current but a higher voltage.
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Multiple strings can be connected afterward in parallel to increase the current capacity of the

installation without increasing the voltage beyond the desired level, this gives a PV array,

which refers to the complete set of panels (both series and parallel connections) installed to

meet the energy requirements of a particular application. Figure 3.3 below shows the differ-

ent PV configurations, starting from a basic cell and going up to more complex installations;

PV array.

Figure 3.3: Different PV configurations

3.1.2 Mathematical equivalent circuit for photovoltaic cell:

A PV cell is the basic component of a PV generator, and it can be modeled using various

approaches based on how accurately it matches a real-world PV cell. There exist different

equivalent circuits, all used for modeling the output characteristic of a PV cell, in our case,

a single diode model is used since is the simplest one, and it has a good output efficiency

too. Additionally, the literature has mentioned other types of equivalent circuits for instance

the double-diode PV cell model which in ? seems to have better output efficiency compared

to a single-diode model, but still, the latter is much better due to its simplicity. figure 3.4

illustrates the equivalent circuits for both single and double-diode models.

Figure 3.4: PV cell equivalent circuit: (a) single-diode model (b) double-diode model
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Now, focusing on the single-diode equivalent circuit of the PV cell shown above, one could

notice that it contains a current source labeled as Iph which is the cell photocurrent in parallel

with a diode, these two represent an ideal PV cell model. For a practical PV cell model,

two resistances are added; Rsh and Rs which are the intrinsic shunt and series resistances of

the cell, respectively ?. Usually, the value of Rsh is very large and that of Rs is very small,

hence they may be neglected to simplify the analysis ?. Figure 3.5 below shows the ideal

and practical PV cell equivalent circuit.

Figure 3.5: Ideal and practical PV cell equivalent circuit

The development of this model is based on the equations in ? from 3.1 to 3.6 shown below,

extracted from the single-diode equivalent circuit shown above using some basic electrical

rules, taking into account the effects of solar irradiation and temperature changes.

Module photo-current Iph:

Iph = (Isc +Ki(T − 298))× Ir
1000

(3.1)

Here,

Iph: photo-current (A),

Isc: short circuit current (A),

Ki: short-circuit current of the cell at 25 °C and 1000 W/m2,

T: operating temperature (K),

Ir: solar irradiation (W/m2).

Module reverse saturation current Irs:

Irs =
Isc

exp
(
qVOC
NSkT

)
− 1

(3.2)

Here:

q, the electron charge, equals 1.6× 10−19 C,
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VOC : open-circuit voltage (V),

Ns: number of cells connected in series,

n: the ideality factor of the diode,

k: Boltzmann’s constant, equals 1.3805× 10−23 J/K.

The module saturation current I0 varies with the cell temperature, which is given by:

I0 = Irs

( T

Tr

)3

exp

q × Eg0

(
1− 1

Tr/T

)
nk

 (3.3)

Here:

Tr: nominal temperature = 298.15 K,

Eg0: band gap energy of the semiconductor, equals 1.1 eV,

The current output of the PV module is:

I = Np × Iph −Np × I0 ×
[
exp

(
V/Ns + I ×Rs/Np

n× Vt

)
− 1

]
− Ish (3.4)

with

Vt =
k × T

q
(3.5)

and

Ish =
V × Np

Ns
+ I ×Rs

Rsh
(3.6)

Here:

Np: number of PV modules connected in parallel,

Rs: series resistance (Ω),

Rsh: shunt resistance (Ω),

Vt: diode thermal voltage (V).

In order to make sure that the photovoltaic system meets the voltage and current require-

ments, a sufficient number of PV cells is connected in series or in parallel to form a PV

module. Figure 3.6 from ? presents the equivalent circuit model of a PV module, along with

some necessary changes in the PV cell equivalent circuit equations shown above.
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Figure 3.6: equivalent circuit model of a PV module

It is seen from the figure above that for Np cell in parallel and Ns cell in series, we get a

total shunt resistance Rsh,module and a total series resistance Rs,module as shown below:

Rsh,module =

(
Np

Ns

)
×Rsh,cell (3.7)

Rs,module =

(
Ns

Np

)
×Rs,cell (3.8)

Where:

Rsh,module: Total shunt resistance (Ω),

Rs,module: Total series resistance (Ω),

Rsh,cell: Shunt resistance (Ω),

Rs,cell: Series resistance (Ω),

Ns: Number of cells in series,

Np: Number of cells in parallel,

Hence equation 3.4 becomes [cite]:

I = IphNp − I0Np

exp
V + IRs

(
Ns
Np

)
aVTNs

− 1

−
V + IRs

(
Ns
Np

)
Rp

(
Ns
Np

) (3.9)

3.1.3 Temperature and irradiance effects:

In a direct current (DC) electrical circuit, the power is determined by multiplying voltage

and current. This relationship is shown in the following mathematical formula:

P = V × I (3.10)
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Where, P: Power (Watt), V: Voltage (Volt), I: Current (Ampere)

In the case of a PV cell, current and power vary to different values of voltage, giving what

is known as the PV cell electrical characteristics which are shown in figure 3.7 below:

Figure 3.7: Photovoltaic electrical characteristics

So, as seen from the figure above, we have two Mpp, an ideal one which appears to be the

multiplication of the short circuit current Ish and the open circuit voltage Voc, and another

one which is the result of multiplying the maximum point current Imp and the maximum

point voltage Vmp, hence the ideal Mpp is to be avoided, since in such conditions no current

flows in the circuit because it is open. To measure now the PV efficiency which is calculated

as the ratio between the power in Mpp (for a specific temperature) and the input power as

equation 3.11 shows below [?:

η =
Pmpp
Pin

(3.11)

Knowing that,

Pin = AcellG (3.12)

Where,

η: Efficiency

Pmpp: Power in Mpp (Watt)

Pin: Input power (Watt)
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Acell: Cell Area (m2)

G: Irradiance (W/m2)

Another important factor is the fill factor of a module, which is a crucial metric that sig-

nificantly influences its performance comparison among different photovoltaic modules. A

module with a high fill factor indicates superior quality, characterized by minimal internal

losses. fill factor can be calculated from equation 3.13 below:

FF =
Pmax

IscVoc
=
ImppVmpp
IscVoc

(3.13)

Where,

FF: Fill Factor,

Pmax: Maximum power at Mpp (Watt),

Ish: Short circuit current (Ampere),

Voc: Open circuit voltage (Volt),

Impp: Current at maximum power point (Ampere),

Vmpp: Voltage at maximum power point (Volt).

The performance of photovoltaic (PV) panels is significantly influenced by temperature

and irradiance. An increase in cell temperature typically reduces panel efficiency, primarily

due to a decrease in the semiconductor’s bandgap, which lowers the open-circuit voltage

(Voc) and, subsequently, the power output. Conversely, higher irradiance boosts the power

output by increasing the generated current, as more photon energy is converted into electrical

energy. However, the attendant rise in panel temperature might offset some gains in output

due to higher irradiance. Optimizing panel orientation and tilt is essential to maximize en-

ergy production, taking into account local sunlight and temperature conditions ?. Figures

3.8 and 3.9 below show the effect of varying temperature and irradiance on the PV module.

Figure 3.8: The effect of irradiance on (a) I-V curve of PV module, (b) P-V curve of PV
module
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Figure 3.9: The effect of temperature on I-V curve of PV module

3.2 Power converters:

Power converters are devices that manage and adjust electrical energy flow by altering

current and voltage characteristics to better suit specific applications. They can transform

power from AC to DC, DC to AC, DC to DC, and AC to AC. The primary function of power

converters is to make the electrical energy output compatible with the power requirements

of various loads ?. For our system, two types of power converters are used; the DC-DC boost

converter which is the primary purpose of extracting the Mpp through the use of an MPPT

controller, and a voltage source inverter (VSI) to control the operation of the IM.

3.2.1 DC-DC boost converter:

DC-DC power converters are widely used in PV systems as an intermediary between the

PV and the load to track the maximum power point (MPP). Different topologies and design

approaches could be used for the DC-DC converters. In this part, the DC-DC boost converter

is introduced since it is incorporated within our system ?.

The boost converter, also known as the step-up converter, and as its name implies, this

device converts a low unregulated DC voltage which is obtained by the PV array and therefore

it will fluctuate due to changes in radiation and temperature, to a highly regulated output

voltage, essentially functioning like a reversed buck converter ?. A graphical model of the

boost converter is shown in figure 3.10 below.

As seen from the figure above, the boost converter consists mainly of four components: an

Inductor, an Electronic switch, a Diode, and an output capacitor. The converter then can

operate in two different modes based on the capacity of the energy-storing device and how
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Figure 3.10: Circuit Schematic of Step-up DC/DC Converter

long the switching period takes. These two operating modes are known as the continuous

conduction mode (CCM), and discontinuous conduction mode (DCM).

3.2.1.1 continuous conduction mode:

Continuous Conduction Mode (CCM) is used for efficient power conversion, and it divides

in return to two modes:

• Mode 1: (0 < t ≤ ton)

In this mode, the switch is turned on at t=0 and terminates at t=ton. Figure 3.11a shows

the equivalent circuit for this mode

Figure 3.11: Equivalent Circuit for boost Converter in CCM

The inductor stores current iL(t) greater than zero, and ramp up linearly. The inductor

takes the same voltage as the source Vi.

• Mode 2: (ton < t ≤ Ts)

This mode begins when the switch is turned off at t=ton and terminates at t=Ts. the

equivalent circuit for this mode is shown in figure 3.11b above. The inductor current starts

decreasing till it reaches zero at t=Ts, then, it starts increasing once again after the switch

is turned on during the next cycle. The voltage across the inductor in this mode becomes

Vi-Vo. Figure 3.12 below illustrates the inductor current changes during one period cycle.
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Figure 3.12: changes in inductor current through one cycle period for CCM

Now, the time integral of the inductor voltage in steady state over one cycle must equal zero,

based on that, equation 3.14 is developed:

Viton + (Vi − Vo)toff = 0 (3.14)

Where:

Vi The input voltage, (V).

Vo The average output voltage, (V).

ton The switching on time, (s).

toff The switching off time, (s).

Dividing both sides by Ts and rearranging items yield:

Vo
Vi

=
Ts
toff

=
1

1−D
(3.15)

Where:

Ts The switching period, (s).

D The duty cycle.

From equation 3.15, we get the following relation from which it is seen that as the duty cycle

varies from 0 to 1 our input voltage value is increased to reach a certain output voltage based

on the load requirements:

Vout =
1

1−D
Vin (3.16)

Assuming a lossless circuit where Pi=Po, then

IiVi = IoVo (3.17)
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We get:
Io
Ii

= 1−D (3.18)

Where:

Io : The average output current, Amp.

Ii : The average input current, Amp.

3.2.1.2 Discontinuons conduction mode:

If the current flowing through the inductor falls to zero before reaching Ts, then the boost

converter is said to be operating in the discontinuous conduction mode which is mainly used

for low power or stand-by operation, the equivalent circuit for this mode along with the

change in inductor current through one period cycle is shown in figure 3.13 below.

Figure 3.13: Equivalent Circuit for boost Converter in DCM: (a) Mode 1, (b) Mode 2,
and (c) Mode 3 [Cite paper]

If we equate the integral of the inductor voltage over one time period to zero, we get:

ViDTs + (Vi − Vo)DT1s = 0 (3.19)

Then,

Vo =
D1 +D

ViD1
(3.20)

Io
Ii

=
D1

D1 +D
(since Pi = Po) (3.21)
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3.2.2 Voltage source inverter (VSI):

Inverters in general convert The DC input to an AC output suitable for different load

applications. They are classified mainly into two types; voltage source inverters (VSIs)

and current source inverters (CSIs)?. The main difference lies in the output impedance

characteristics. In a voltage source inverter, the output impedance is low, while in a current

source inverter, the output impedance is high.

A voltage source inverter is an electronic device that converts a DC (direct current) input

voltage into a variable AC (alternating current) output voltage. A VSI is commonly used

in various applications, such as adjustable speed drives for electric motors, renewable energy

systems (such as solar and wind power), and uninterruptible power supplies (UPS), addition-

ally, it is used for medium to high power applications in contrary to single phase VSI which

could be used only in low power applications. Figure 3.14 below demonstrates the electrical

circuit of a typical three-phase voltage source inverter

Figure 3.14: Power circuit of a three-phase VSI

As seen from the figure above, the VSI has six switches (S1, S2, S3, S4, S5, and S6) which typ-

ically are power semiconductor devices (such as MOSFETs or IGBTs). Every two switches in

one leg can not be turned ON simultaneously, as this might lead to a short circuit. Hence, the

nature of every two switches in the same leg is complementary as equation 3.22 demonstrates:
S11 + S12 = 1

S21 + S22 = 1

S31 + S32 = 1

(3.22)

This VSI has eight valid switch states, which are shown in Table 3.1, of these eight states

two of them (states 1 and 8) produce zero AC line voltages. The remaining states (states

2 to 7) make a non-zero AC output voltage. The inverter moves from one state to another

to generate a given voltage waveform. Thus the resulting AC output line voltages consist

of discrete values of Vdc, 0, and −Vdc. The process of choosing specific states to create the
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desired waveform involves a modulation technique that ensures only valid states are utilized

?.

Table 3.1: The switching states in a three-phase inverter.

State S11 S12 S31 Vab Vbc Vca
1 0 0 0 0 0 0

2 0 0 1 0 −Vdc Vdc
3 0 1 0 −Vdc Vdc 0

4 0 1 1 −Vdc 0 Vdc
5 1 0 0 Vdc 0 −Vdc
6 1 0 1 Vdc −Vdc 0

7 1 1 0 0 Vdc −Vdc
8 1 1 1 0 0 0

Thus, the line-to-line voltages depend on the switching signals, and the input DC bus voltage

are found as shown in equation 3.23 below:


Vsab = VDC(S11 − S21)

Vsbc = VDC(S21 − S31)

Vsca = VDC(S31 − S11)

(3.23)

knowing that the stator voltage ensures the following equation

Vsa + Vsb + Vsc = 0 (3.24)

Hence, we get the following matrix:
Vsa

Vsb

Vsc

 =
VDC
3


2 −1 −1

−1 2 −1

−1 −1 2



S11

S21

S31

 (3.25)

3.3 Induction motor Model:

3.3.0.1 Design and operation of Induction Motor:

The induction motor (IM) is an alternating current machine that is extensively utilized in

different industrial applications due to its low cost, high torque density, simple construction,

less maintenance, and robustness ?. Induction motors are of two types; Squirrel Cage which

uses a simple rotor structure resembling a squirrel cage, and Wound Rotor (or Slip Ring),

which has a rotor with windings that are connected through slip rings to external resistances

for starting and control purposes. Moreover, Induction motors e have the armature winding
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on the stator, and the field winding on the rotor as Figure 3.15 shows below.

Figure 3.15: Induction motor cross section

When a three-phase voltage is applied to the stator winding terminals which might be con-

nected in star or delta, as a result, three-phase balanced currents flow in the armature

windings and consequently a rotating magnetic motive force (MMF) field is yielded. This

field created in the stator winding rotates at synchronous speed (Ns) in revolution per minute

(RPM) such that:

Ns =
120f

P
(3.26)

where,

f : Supply frequency and

P : Number of poles.

Based on faraday’s law, the rotating stator magnetic field induces voltages in the rotor wind-

ings causing balanced currents to flow in the short-circuited rotor. As a result, a rotor MMF

is formed, where it rotates with a speed Nr. An electromagnetic torque (Te) is produced due

to the interaction between the stator and rotor rotating magnetic fields. The difference of

speed between Nr and Ns creates what is called the slip ( s ) which is defined as:

s =
ωs − ωr
ωs

(3.27)

where

ωs : Synchronous speed in radians per second,
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ωr : Rotor shaft speed in radians per second.

At zero rotor speed (relaxed condition), a unity slip is produced. At synchronous rotor

speed, a nil slip is obtained and hence no torque is produced. The motoring operation of IM

is typically in the region of 0 < s < 1 ?. A typical torque-speed characteristic of an induction

motor is shown in Figure 3.16 below.

Figure 3.16: Typical torque-speed characteristic of IM

3.3.0.2 Mathematical model of Induction Motor:

The winding of the three stator phases and the three rotor phases in space for a symmetrical

induction machine can be represented as shown in Figure 3.17. The windings of the stator

are identical, sinusoidal distributed, and displaced 120◦ apart. Similarly, the rotor windings

are three identical sinusoidal distributed winding displaced 120◦ apart. The rotor phases

are short-circuited on themselves. There is an electrical angle between the axis of the stator

phase (a) and the rotor phase (a).

The following assumptions should be valid to design the mathematical model for IM [cite

paper].

1. The stator and rotor windings are represented by stator and rotor resistances (Rs, Rr)

respectively.

2. The flux in the stator and rotor are represented by stator and rotor inductances (Ls, Lr)

respectively.

3. The interaction between stator and rotor fluxes is represented by mutual inductance

(Lm).

4. The air gap between the stator and rotor is uniformly distributed and hence stator and

rotor windings are in sinusoidal distribution.
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Figure 3.17: Representation of stator and rotor windings for an induction motor

5. The motor is running at steady state constant speed. (i.e., dωr
dt = 0).

6. The motor is initially relaxed.

3.3.0.3 Electrical equations:

Based on Kirchoff’s voltage law, we get the following voltage equations for both stator

and rotor windings:

v = Ri+
dΦ

dt
(3.28)

we get then the voltage equation for stator windings as follows:
Vsa

Vsb

Vsc

 =


Rs 0 0

0 Rs 0

0 0 Rs



Isa

Isb

Isc

+
d

dt


Φsa

Φsb

Φsc

 (3.29)

And since resistance Rs is the same for all phases, hence we could write the matrix form

shown above in this format:

[Vs] = [Rs][Is] +
d

dt
[Φs] (3.30)

The same goes for the rotor voltages:
Vra

Vrb

Vrc

 =


Rr 0 0

0 Rr 0

0 0 Rr



Ira

Irb

Irc

+
d

dt


Φra

Φrb

Φrc

 =


0

0

0

 (3.31)
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where:

[Vr] = [Rr][Ir] +
d

dt
[Φr] = [0] (3.32)

The rotor being short-circuited, its voltages are null.

• Vs: The matrix of phase voltages at the stator.

• Vr: The matrix of phase voltages at the rotor.

• Is: The matrix of currents at the stator.

• Ir: The matrix of currents at the rotor.

3.3.0.4 Magnetic equations:

Each flux involves an interaction with the currents of all phases, including its own (notion

of self-inductance):

[
Φs

Φr

]
=

[
[Ls] [Msr]

[Mrs] [Lr]

][
[Is]

[Ir]

]
(3.33)

Where:

[Ls] =


Ls Ms Ms

Ms Ls Ms

Ms Ms Ls


[Ls] = Matrix of stator windings,

Ls = Self-inductance of a single stator winding,

Ms = Mutual inductance of coupling between stator windings.

[Lr] =


Lr Mr Mr

Mr Lr Mr

Mr Mr Lr



[Lr] = Matrix of rotor windings,

Lr = Self-inductance of a single rotor winding,
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Mr = Mutual inductance of coupling between rotor windings.

[Msr] = [Mrs]
T =Msr


cos θ cos

(
θ + 2π

3

)
cos

(
θ − 2π

3

)
cos

(
θ − 2π

3

)
cos θ cos

(
θ + 2π

3

)
cos

(
θ + 2π

3

)
cos

(
θ − 2π

3

)
cos θ



Where θ: The electrical angle defines the instantaneous relative position between the rotor

axes and the stator axes, which are chosen as reference axes.

Finally, by substituting equation 3.33 into 3.30 and 3.32 we get the following:

[Vsabc] = [Rs][Isabc] +
d

dt
([Ls][Isabc] + [Msr][Irabc]) (3.34)

[Vrabc] = [Rr][Irabc] +
d

dt
([Lr][Irabc] + [Mrs][Isabc]) (3.35)

3.3.0.5 Mechanical equation:

The study of the dynamic characteristics of asynchronous machines introduces variations

not only in electrical parameters (voltage, current, EMF) but also in mechanical parameters

(torque, speed). The equation of motion for the machine is written as:

Tem − TL = J
dΩ

dt
+ frΩ (3.36)

Where:

• Tem: Electromagnetic torque of the machine. [Nm]

• TL: torque of the mechanical load. [Nm]

• J : Moment of inertia. [Kg m2]

• Ω: Angular velocity of the rotor, or the mechanical speed of the rotor.

• fr: Friction coefficient [Nm / rad/s].

The electrical speed of the rotor:

ω = pΩ (3.37)

Where p is the number of pole pairs. By substituting in equation 3.36 we get:

Thus:

Tem − TL =
J

P

dω

dt
+
f

P
ω (3.38)
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3.3.0.6 Three-phase to two-phase transformation using PARK’s transformation:

The condition for transitioning from a three-phase system to a two-phase system is the

creation of a rotating electromagnetic field with equal magnetomotive forces.

The three-phase to two-phase transformation leads to a family of models of the asyn-

chronous machine, where stator and rotor magnitudes are projected onto two quadrature

axes. The idea behind this transformation is based on the fact that a balanced rotating field

created by a three-phase system can equally be achieved by a two-phase system consisting

of two coils offset by π
2 in space, and fed by currents phase-shifted by π

2 in time. The ob-

jective is to ensure that the magnetomotive forces and instantaneous power are conserved.

For simplicity in our study, we first establish a model where the magnitudes are in a frame

linked to the stator.

Thus, the winding equivalent to the three phases of the stator consists of two windings on

the direct axes, αs, and in quadrature, βs. The direct axis αs is aligned with the axis of

the first phase a, static. Similarly, on the rotor, the two windings, αs and βs replace the

equivalent three-phase windings.

Now, The Park transformation consists of a three-phase to two-phase transformation fol-

lowed by a rotation. This transformation allows for moving from a three-phase frame (abc)

to a two-phase orthogonal frame (αβ), and then to a rotating frame (dq). The αβ frame

remains fixed relative to the stator’s abc frame, whereas the dq frame is mobile. It aligns

with the αβ frame by an angle referred to as the Park angle. This setup is essential for

simplifying the control of AC motors by decoupling the flux and torque components. Figure

3.18 shows the park transformation vector diagram.

In the Park transformation, the reference frames for stator and rotor magnitudes must

coincide to simplify their equations. This is achieved by linking the angles θs and θr as

follows:

θs = θ + θr

Hence, Park transformation can be applied to transforming voltages, currents, and fluxes as

follows:


xd

xq

x0

 = [P ]


xa

xb

xc

 (3.39)

Where, The variable x represents voltage, current, or flux. The following indices are used

for identification:
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Figure 3.18: Representation of reference frames

• o: Index for the zero sequence axis.

• d: Index for the direct axis.

• q: Index for the quadrature axis.

Also, we have,

[P ] =

√
3

2


cos θ cos

(
θ − 2π

3

)
cos

(
θ + 2π

3

)
− sin θ − sin

(
θ − 2π

3

)
− sin

(
θ + 2π

3

)
1√
2

1√
2

1√
2

 (3.40)

where [P] is an orthogonal matrix; meaning that [P (θ)]t = [P (θ)]−1. This matrix is called

the passing matrix and it is crucial for achieving Park’s transformation. Its inverse is as

follows:

[P (θ)]−1 =


cos θ sin θ 1√

2

cos
(
θ − 2π

3

)
sin

(
θ − 2π

3

)
1√
2

cos
(
θ − 4π

3

)
sin

(
θ − 4π

3

)
1√
2

 (3.41)

Therefore, by considering the following:
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[P ]

(
d[P ]−1

dt

)
=
dθ

dt


0 −1 0

1 0 0

0 0 0

 (3.42)

We get for voltage in the dq axis:

Vds = RsIds +
dϕds
dt

− dθs
dt
ϕqs,

Vqs = RsIqs +
dϕqs
dt

+
dθs
dt
ϕds,

Vdr = RrIdr +
dϕdr
dt

− dθr
dt
ϕqr = 0,

Vqr = RrIqr +
dϕqr
dt

+
dθr
dt
ϕdr = 0.

(3.43)

And since the angular speed in dq axis is equal to ωs =
dθs
dt , we get:



Vds = RsIds +
dϕds
dt − ωsϕqs,

Vqs = RsIqs +
dϕqs
dt + ωsϕds,

RrIdr +
dϕdr
dt − (ωs − ω)ϕqr = 0,

RrIqr +
dϕqr
dt + (ωs − ω)ϕdr = 0.

(3.44)

Now, for the flux in dq axis we have:



Φds = LsIds +MIdr,

Φqs = LsIqs +MIqr,

Φdr = LrIdr +MIds,

Φqr = LrIqr +MIqs.

The equations for torque and motion are given by:

Tem = pM(IqsIdr − IdsIqr) (3.45)

Where:
J

p

dω

dt
= Tem − TL − f

p
ω (3.46)

• J : Moment of inertia of the rotor.

• f : Viscous friction coefficient.
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• p: Number of pole pairs.

• Tem: Electromagnetic torque.

• TL: torque of the mechanical load.

Until now, we have expressed the equations and quantities of the machine in a dq frame,

which forms an electrical angle θs with the stator and also an electrical angle θr with the

rotor, though it is not defined elsewhere, meaning it is free. Hence, there exist commonly

three particular reference frames used in the modeling of the IM; model referred to the stator

frame, the rotor frame, or the frame rotating at synchronous speed. In our case, we consider

an induction motor model referred to the stator frame where the following assumptions for

θs and θr are made:

θs = 0, θr = −θ

dθs
dt

= 0,
dθr
dt

= −dθ
dt

ωs = 0, ωr = −ω

The electrical equations take the form:

Vds = RsIds +
dϕds
dt

,

Vqs = RsIqs +
dϕqs
dt

,

0 = RrIdr +
dϕdr
dt

+ ωϕqr,

0 = RrIqr +
dϕqr
dt

− ωϕdr.

(3.47)

After rearranging the equations with Ids, Iqs, Idr, Iqr, we obtain:

dIds
dt

= − 1

Tsσ
Ids +

M2

LsLrσ
ωIqs +

M

LsTrσ
Idr +

M

Lsσ
ωIqr +

Vds
Lsσ

,

dIqs
dt

= − M2

LsLrσ
ωIds −

1

Tsσ
Iqs −

M

Lsσ
ωIdr +

M

LsTrσ
Iqr +

Vqs
Lsσ

,

dIdr
dt

=
M

LrTsσ
Ids −

M

Lrσ
ωIqs −

1

Trσ
Idr −

ω

σ
Iqr −

VdsM

LsLrσ
,

dIqr
dt

=
M

Lrσ
ωIds +

M

LrTsσ
Iqs +

ω

σ
Idr −

1

Trσ
Iqr −

VqsM

LsLrσ
.

(3.48)

With:

σ = 1− M2

LsLr
: The total leakage coefficient.

Ts =
Ls
rs
: Stator time constant.

Tr =
Lr
rr
: Rotor time constant.

The dq equivalent circuit of IM is shown in Figure 3.19 below:
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Figure 3.19: dq equivalent circuit of IM

These two circuits may be described in state space format as a linear time-invariant (LTI)

system [Paper space], where we can write it as the following matrix form.

d

dt
[x] = [A][x] + [B][V]

Along with the closed-loop control system representing the matrix:

Figure 3.20: closed-loop control system representing the state space matrix

where,

[A]: The fundamental matrix that characterizes the system.

[B]: The input matrix.

[C]: The output matrix.

[D]: The direct transmission matrix.

[X]: The state vector.
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We take for [x]:

[x] =


Ids

Iqs

Idr

Iqr


Also, the matrix [A] is set as follows:

[A] =


− 1
Tsσ

(ωr +
1
σω)

M
LsTrσ

M
Lsσ

ω

(ωr +
1
σω) − 1

Tsσ
− M
Lsσ

ω M
LsTrσ

M
LrTsσ

− M
Lrσ

ω − 1
Trσ

(ωr − M2

LsLrσ
ω)

M
Lrσ

ω M
LrTsσ

(−ωr + M2

LsLrσ
ω) − 1

Trσ


The matrix A could be split further into three sub-matrices A1, A2 and A3 as shown:

[A] = [A1] + ω[A2] + ωr[A3]

Hence,

[A] =


− 1
Tsσ

0 M
LsTrσ

0

0 − 1
Tsσ

0 M
LsTrσ

M
LrTsσ

0 − 1
Trσ

0

0 M
LrTsσ

0 − 1
Trσ

+ω

0 −1 0 0

1 0 0 0

0 0 0 −1

0 0 1 0

+ωr


0 1
σ 0 M

Lsσ

− 1
σ 0 − M

Lsσ
0

0 − M
Lrσ

0 − M2

LsLrσ
M
Lrσ

0 M2

LsLrσ
0


Where,

[A1] =


− 1
Tsσ

0 M
LsTrσ

0

0 − 1
Tsσ

0 M
LsTrσ

M
LrTsσ

0 − 1
Trσ

0

0 M
LrTsσ

0 − 1
Trσ



[A2] =


0 1 0 0

−1 0 0 0

0 0 0 1

0 0 −1 0



[A3] =


0 1

σ 0 M
Lsσ

− 1
σ 0 − M

Lsσ
0

0 − M
Lrσ

0 − M2

LsLrσ
M
Lrσ

0 M2

LsLrσ
0


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For [U] and [B] we have:

[U ] = [V ] =
[
Vds Vqs 0

]

[B] =


1
Lsσ

0

0 1
Lsσ

− M
LsLrσ

0

0 − M
LsLrσ



3.4 Pump Model:

Water pumps mainly fall into two categories based on the operating principle: dynamic

pumps and positive displacement pumps, each of which has its own advantages and disad-

vantages depending on the application they are used in. A vast majority of irrigation pumps

are centrifugal pumps which make part of the first category, and that is because of developing

a high liquid velocity and pressure in diffusing flow passage, lower maintenance requirements,

and cheaper which make them suitable for different irrigation applications. This particular

solar pump uses an impeller (rotating part that transmits motion in a device) which spins

the water rapidly in a casing, chamber, or housing. The spinning action is known as cen-

trifugal force. This force is responsible for moving the water through the centrifugal pump.

These solar centrifugal pumps may have several stages, in which the water passes through

increasing pressure [44]. A centrifugal pump design is shown in Figure 3.21.

Figure 3.21: Centrifugal pump design

Each centrifugal pump applies a load torque proportional to the square of the rotor speed

??.

TL = KpΩ
2
r (3.49)
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Where Kp is the proportionality constant and it is given by

Kp =
Pnp
Ω3
rn

(3.50)

The water rate and pressure of the pump depend on the available mechanical power at the

rotating impeller and the total head. The determination of the pump’s output parameters

can be simplified using affinity laws [109, 111] which require only pump ratings and actual

input parameters; rotor speed and torque.



H ′ =

(
Ωr
Ωrn

)2

·H

Q′ =

(
Ωr
Ωrn

)
·Q

P ′ =

(
Ωr
Ωrn

)3

· P

(3.51)

Where H, Q and P are the rated parameters of the pump at speed Ωrn, and H
′, Q′ and P ′

are the parameters of pump at speed Ωr different than the rated speed.

3.5 System design:

3.5.1 Design of PV array:

Our 2.2Kw motor-pump system is powered by a 3.19Kw PV array which consists of 10

modules in series. A PV module from AU Optronics PM300P00 315 with a peak voltage of

38.16V and a peak current of 8.36A is chosen. Both the power with respect to voltage (P-V)

and the current versus voltage (I-V) curves characteristics of the PV model under STC are

shown in Figure 3.22 along with all the PV specifications included within the table shown

below.

3.5.2 Design of boost converter:

For the boost converter design, we start by finding the duty cycle for a DC bus voltage of

680V, as follows:

D =
Vdc − Vpv

Vdc
=

680− 381.6

680
= 0.44 (3.52)

L =
D × Vpv
fsw × Imp

=
0.44× 381.6

10000× (8.36× 0.2)
≈ 10.2mH (3.53)
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Figure 3.22: P-V and I-V characteristics forAU Optronics PM300P00 315 PV module

Table 3.2: AU Optronics PM300P00 315 Module Data

Parameter Value

Module AU Optronics PM300P00 315
Maximum Power (W) 319.0176
Open circuit voltage Voc (V) 45
Voltage at maximum power point Vmp (V) 38.16
Temperature coefficient of Voc (%/deg.C) -0.33151
Cells per module (Ncell) 72
Short-circuit current Isc (A) 8.92
Current at maximum power point Imp (A) 8.36
Temperature coefficient of Isc (%/deg.C) 0.062601

Where:

Vdc = 680V is the dc-bus voltage of the VSI.

fsw = 10000Hz is the switching frequency of the boost converter.

IL is the ripple in the current through L, IL = Imp.

C =
Idc

2ωL ·∆Vdc
=

3190
680

·2 · (2π · 50) · (680 · 0.053)
≈ 207µF (3.54)

Where:

Idc: is an average current flowing through the dc-bus.

ω: is the line frequency in rad/s.

∆Vdc: is the ripple in the dc-bus voltage.
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3.5.3 Design of motor-pump system:

The following parameters shown in table 3.3 are chosen for our motor-pump system based

on the requirements of our stand-alone SWPS.

Table 3.3: Pump-motor parameters

Parameter Value

Power 2.2 (kW)
Speed 1480 (rpm)
TDH 81.4 (m)
Q 4.2 (m3/hr)
Rs 0.4125 (ω)
LS 0.0154 (H)
Msr 0.2845 (H)
Rr 2.486 (ω)
Lr 0.018 (H)
J 0.0132 (Kg.m2)
Fr 0.00219 (N.m.s)
P 2

3.6 Conclusion:

At the end of this chapter, one could have a general idea of all the different components

this Stand-alone SWPS consists of. Starting by giving a brief explanation of how solar cells

work along with modeling the PV generator. Then, power converters were discussed through

exploring their power circuits and characteristics. Moreover, a complete explanation of the

IM model along with all the necessary transformations was done. In addition to a general

description of the centrifugal pump showing its efficiency, torque equation, and the affinity

laws that allow the estimation of changes in pump performance due to changes in shaft

speed. Finally, we covered the design of the overall system by choosing the appropriate PV

generator suitable for our motor pump system, boost converter, and the common DC-link

capacitor.

58



Chapter 4

Simulation of the stand-alone

SWPS

Introduction

In this chapter, A complete explanation on how the proposed stand-alone solar water pump-

ing system’s SIMULINK model was implemented to test and verify its different functionalities

under various operating conditions. This chapter starts first by covering the control strategies

used in our system mainly the DTC and the different MPPTs used in controlling both the

DC boost converter and the IM. The stand-alone SWPS will be simulated using SIMULINK

and based on the results different discussions will be made to clarify the well-behaving of our

system.

4.1 Control Strategies

Here in this section we will cover the control strategies incorporated within our stand-

alone SWPS. Starting with the Maximum Power Point Tracking (MPPT) which is crucial

for optimizing the energy harvested from the solar panels. It ensures that the solar panels

operate at their most efficient point, which is the maximum power point (MPP), under

varying metrological conditions. By doing so, MPPT maximizes the use of available solar

energy, enhancing the overall efficiency of the solar pumping system. This is especially

beneficial in applications where it is essential to maximize the water volume pumped while

using solar energy efficiently, such as in remote or off-grid locations where traditional power

sources are unavailable or unreliable. For this system, two types of MPPT were used: classic

p&o and a proposed p&o.
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For the speed control of IM using VSI, the direct torque control technique (DTC) is used

to drive the IM, focusing on controlling the amount of current needed to generate a certain

torque. Figure 4.1 below illustrates the different control blocks used within our system.

Figure 4.1: Control system components

4.1.1 Direct Torque Control:

Direct Torque Control (DTC) was introduced by Takahashi in 1986. Unlike vector Control,

this technique doesn’t need Park transformation, PI regulators, and any speed or position

sensors which make it easy to implement with IMs. The principle of DTC is to control the

electromagnetic torque of the motor independently of the flux and that is by adjusting the

torque angle while keeping the magnitude of the stator flux constant, the rotor then will be

almost constant over a wide variation of torque ?. as shown in equation 4.1 below.

Te =
3

2

P

2

Lm
δLsLr

ψsψr sin(θT ) (4.1)

where,

σ = 1− L2
m

LsLr
(4.2)

ψs, ψr are known as the rated magnitudes of stator flux and rotor flux ψ̃s, ψ̃r, respectively.

Whereas θT is the angle between the two flux vectors, called also Torque angle.

The basic functional blocks used to implement the DTC scheme are represented in figure

4.2. The instantaneous values of the stator flux and torque are calculated from the stator
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variable by using a closed-loop estimator. Stator flux and torque can be controlled directly

and independently by properly selecting the inverter switching configuration [14].

Figure 4.2: Basic DTC scheme for IM drives

As seen above, the DTC block diagram has a flux sector selector block that is used based on

the following set of equations. First recalling from equation 3.28 in Chapter 3 we get:

v⃗s = Rs⃗is +
dψ⃗s
dt

=⇒ ψ⃗s(t) = ψ⃗s(t−∆T ) +

∫ t

t−∆T

(
v⃗s −Rs⃗is

)
dt (4.3)

The equation above shows that the stator flux changes instantly in response to the vari-

ations in stator voltage, which is an output of the PWM inverter and regulated via space

vector modulation. During this brief interval, the stator current, typically dependent on load

fluctuations, remains constant. Thus, we have:

ψs(t) = ψs(t−∆T ) + V⃗s∆T ⇒ ∆ψs = V⃗s∆T (4.4)

If we consider ∆T as a sampling interval of [0, Ts], during which the switching states of the

inverter are constant, and since Ts is constant, then equation 4.4 becomes:

∆ψs = V⃗sTs (4.5)

Thus, the stator flux position is divided into six distinct sectors, each spanning 60 degrees

as shown in figure 4.3 below.
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Figure 4.3: Active vectors of stator voltages and corresponding sectors

as a result, the variations of the stator flux and torque angle are controlled independently by

selecting the appropriate stator voltage vector based on the look up table illustrated below.

Table 4.1: Classical DTC switching table

Comparator output Sector

xψ xT 1 2 3 4 5 6

+1
+1 V⃗2 V⃗3 V⃗4 V⃗5 V⃗6 V⃗1
0 V⃗7 V⃗0 V⃗7 V⃗0 V⃗7 V⃗0
-1 V⃗6 V⃗1 V⃗2 V⃗3 V⃗4 V⃗5

-1
+1 V⃗3 V⃗4 V⃗5 V⃗6 V⃗1 V⃗2
0 V⃗0 V⃗7 V⃗0 V⃗7 V⃗0 V⃗7
-1 V⃗5 V⃗6 V⃗1 V⃗2 V⃗3 V⃗4

Therefore, based on the result of the hysteresis comparator, a certain sector is selected which

may affect both torque and flux either by increasing or decreasing.

4.1.2 The speed selector

In this section the algorithm used for selecting the reference speed is explained through the

use of the following equations. The load torque is relevant to speed as shown in equation 4.6

below.

TL = Kω2 (4.6)

Where,

Tl: Is the load torque in N/m,

K: Load gain,

ω: Speed in rad/s
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And it is known that power is written as follows:

P = TLω (4.7)

Substituting 4.6 in 4.7 we get:

P = Kω3 (4.8)

For the rated power we also have:

Prated = Kω3
rated (4.9)

Dividing 4.7 on 4.9 we get:
P

Prated
=

(
ω

ωrated

)3

(4.10)

Solving for ω we get:

ω = ωrated
3

√
P

Prated
(4.11)

Equation 4.11 produces the reference speed, which subsequently serves as an input for the

direct torque control (DTC) algorithm to facilitate torque generation.

4.1.3 Maximum power point tracker:

Even though PV panels seem to be good electricity generators, their efficiency is relatively

low, with conversion efficiency typically in the range of 12 up to 20%. This range of efficiency

can drop to some lower values during different irradiances, temperatures, and load conditions

?. Hence, PV systems need to operate around the maximum power point, or as near to it

as possible for maximum efficiency, therefore, the use of electronic maximum power point

tracker (MPPT) systems is employed. A typical MPPT system consists of a switch mode

power converter inserted between the PV source and the load, for the duty ratio of the

converter an algorithm controls it to enable continuous tracking of the MPP ?. In ? many

MPPTs were developed with variations in the degree of simplicity, sensor requirement, cost,

tracking speed, the hardware used for implementation, popularity, and many other aspects.

Many Maximum power point tracking algorithms were proposed in the literature. Some

methods are based on perturbation such as the Perturb and Observe (P&O), hill climbing

(HC), and Incremental Conductance (IC) MPPT techniques ??, ??. Though simple and

cost-effective, many times they lead to oscillations around the MPP, which results in energy

waste. Hence, other techniques were developed to reduce the power losses caused by dynamic

tracking errors under rapid weather-changing conditions such as Constant Voltage Control

(CVC) applied in ?, The fuzzy logic controllers also have been introduced in the tracking of
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the MPP in PV systems ?, and ANN-based MPPT, which once been well-fitted to the training

data, exhibits superior dynamic performance in comparison to PO and InCond MPPTs.

Even though Many algorithms were suggested in the literature to cope with P&O issues,

it is still one of the commonly used techniques nowadays due to its ease of implementation in

a low-cost controller, and it has relatively good MPP tracking performance when compared

to the other techniques ?. This is why working on enhancing the P&O algorithm is a

better choice, that is what has been proposed in our thesis through the use of a new P&O

technique that retains the same characteristics of a classical P&O but additionally, it tracks

much faster and has fewer oscillations around the MPP which contributes positively to the

overall conversion efficiency of the PV system. The next sections will discuss the comparison

between these two MPPTs under different climate conditions.

4.1.3.1 Perturb and Observe MPPT:

Solar PV array has nonlinear bell-shaped PP V versus VP V characteristics as shown in

previous Chapters above. At any moment, the operating point depends on the impedance of

the load connected to the array terminals. A maximum power point tracker (MPPT) then

is used to track the point of operation on the PV curve. There have been many algorithms

proposed in the literature used for tracking the maximum power point in PV systems, the

most basic one of all is the perturb and observe algorithm (P&O). The P&O algorithm is

one of the most commonly used methods in practice, it operates by periodically perturbing,

i.e. incrementing or decrementing, the array terminal voltage and comparing the PV out-

put power with that of the previous perturbation cycle. If the PV array operating voltage

changes and power increases, the control system moves the PV array operating point in

that direction. Otherwise, the operating point is moved in the opposite direction, figure 4.4

demonstrates the principle of the P&O algorithm ?.

Figure 4.4: Conventional P&O MPPT algorithm
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The DC-DC controller adjusts slightly the voltage from the PV array and measures power,

then it varies the terminal voltage of the PV and takes a second measurement of the power,

if the difference between the current power measurement and the previous one is positive,

hence, voltage is incremented in that same direction, otherwise, we decrement till reaching

the maximum power point where the difference in power is zero ∆P = 0. Figure 4.5 shows

the flowchart of the P&O technique.

Figure 4.5: Flowchart of P&O MPPT algorithm

4.1.4 Stand-alone SWPS performance using classical P&O algorithm:

In this section, a comprehensive performance analysis of the system is conducted using the

classical Perturb and Observe (P&O) algorithm, with evaluation based on several parameters

including output photovoltaic (PV) power, voltage, current, as well as motor speed, torque,

and flow rate all that will be under different irradiance levels.
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Our Perturb and Observe (P&O) technique is implemented using Simulink blocks, chosen

for their simplicity and the algorithm’s efficiency in run mode. This approach is favored over

coding with M-files, which occasionally present challenges in interfacing with the Simulink

model.

This algorithm generates duty cycles and interacts with the Boost converter through the use

of a PWM as shown in Figure 4.6 below.

Figure 4.6: Block diagram of classical P&O MPPT with the direct control

4.1.4.1 Fixed irradiance condition:

For this section, our system is operating under the STC (1000 w/m2), using the classical

P&O algorithm. The results are illustrated in Figures from 4.7 to 4.12 shown below.

Figure 4.7: PV output power under fixed irradiance condition
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Figure 4.8: PV output current under fixed irradiance condition

Figure 4.9: PV output voltage under fixed irradiance condition

Figure 4.10: IM speed under fixed irradiance condition
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Figure 4.11: IM torque under fixed irradiance condition

Figure 4.12: Pump flow rate under fixed irradiance condition

We notice from the curve shown above, that the classical P&O algorithm even under fixed

irradiance results in high oscillations around the MPP, which converts to energy less, as a
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result, the PV efficiency will drop due to this phenomenon. Moreover, the tracking time is a

bit slow, which in the case of fast irradiance changes may cause a loss track of MPP.

4.1.4.2 Variable irradiance condition:

To test for the system’s stability and tracking response, we need to operate under variable

irradiances also, which is a common case in real-world setups. Figure below shows 4.13

different irradiance levels used for our Simulink model.

Figure 4.13: Irradiance levels used for our Simulink model

Hence, we get the following results shown below.

Figure 4.14: PV output power under different irradiance conditions
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Figure 4.15: PV output current under different irradiance conditions

Figure 4.16: PV output voltage under different irradiance conditions

Figure 4.17: IM speed under different irradiance conditions

70



Chapter 4. Simulation of the stand-alone SWPS

Figure 4.18: IM torque under different irradiance conditions

Figure 4.19: Pump flow rate under different irradiance conditions

Figures from 4.14 to 4.19 show how under different irradiance conditions the system behaves

differently, such that at an irradiance of 600 w/m2 power delivered by the PV is at 1.9kw,

and this value will keep increasing till reaching the rated power 3.19kw for 1000 w/m2.

This affects in return the motor-pump system’s operation, as seen in Figure 4.19 the flow

rate starts approximately at 3.4 m3/hr at 600 w/m2 and starts increasing until reaching

the rated flow rate at 1000 w/m2. The same patterns of variation are observed with both

torque and speed, indicating that this system exhibits changes in operational parameters in

response to fluctuating irradiance levels. Such variability mirrors real-world conditions to

which our stand-alone Solar Water Pumping System (SWPS) would be subjected over a day,

across diverse meteorological environments. Table 4.2 below illustrates the numerical results

obtained under different irradiance levels for MPP from PV and MPP from the classical

P&O algorithm.
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Table 4.2: Performance parameters of the PV system at different irradiance levels

Irradiance (W/m2) MPP from PV array (W) MPP (W)

1000 3190 3189
800 2543 2540
600 1895 1894

4.1.4.3 Variable temperature condition

Now, a variable temperature condition is applied on our PV array following the pattern

shown in Figure 4.20, results are illustrated in Figures below.

Figure 4.20: Temprature levels used for our Simulink model

Figure 4.21: PV output power under variable temprature conditions using classical P&O
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Figure 4.22: PV output voltage under variable temprature conditions using proposed P&O
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