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Abstract

In this thesis, a solar water pumpisigstem is designedd studied for drip irrigation
of a 14.7 hectare grape gardenlran. Firstly, two kinds of solapowered water pump
systems were designed and studied. The difference between the systems is the storage type.
One system uses a battegnk, and the other is with a water tank storage. The first system
is designed using Lorentz compass3 software and includésca 68.5 KW submersible
pump. HOMER Pro software was used to model the second system and resultéacim a 6
11 KW submersibl@ump, and 44.4kw PV modules rated capacity and 144 KWh Battery
Bank size. This research indicates using a storage system allows constant water flow for
irrigation in solar water pumping and comparing the results, the research shows that using

a battery bakis more economical than a water tank storage system.

SecondlyacosteffectiveloT-basedSCADA system for a solar water pumping system
was developedTheloT-basedSCADA iscomprised of a raspberry pi zero W, Arduino
nano, camera, SIM 5320A 3G module, voltage, current, and light sensors. We used Node
RED to design a graphical user interface and published it securely to the worldwide
internet. This allows a user to connecttite server via an IP address and monitor and
control the system. The implementation of the project resulted in arsopece server and

cost around CAD$ 162.38.
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Chapter 1 Introduction
1.1 Background

Iran is a developing country where most of the electricity is generated from its limited
fossil fuel resources. These resources are polluting the environment and causing global
warming, and they are also limitegigure 1.1 shows the graph faglectricity generation
from different types of sources in Irdbue to the ongoing increase in derddor electrical
energy, technologies that use clean resources need to be studied, implemented, improved
to support the demand and help protect our environment. Therefore, renewable energies,
especially solar energy, have become the main interest ofaleeesaworldwide, especially
in Iran. Nowadays, many applications of solar photovoltaic systems are being studied. One
important application of solar PV systems is in agriculture and for irrigation. It is essential
to expand these systems in agricultureabee it plays a vital role in the development of

Iran[1]7 [4]
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Figurel.1: Graph for electricity generation in Iran from different sources over 26 years
(Image from IEA)

As shown irFigurel.2, there is a huge ater crisis due to migse of water in irrigation
in Iran.Among all types of irrigation systems, migrogation is the most efficient way of
irrigating crops. In[5], the study shows that micigigation has 60% less water waste
comparing to the flood irrigation method. In this method, water is directly supplied into the
roots of the asps, which results in very little loss of water and higher crop yields. In this
irrigation type, a water pump supplies water with pressure into the pipes and drippers. That
being said, it is crucial to develop such a system in that area because thegztierap
environmental crisis is happening in Iran due to the misuse of water in irrigation, which is

mainly using traditional methods such as flood irrigatieigure 1.3 shows the general



schematic diagram of a solar water pumping system with all the components that are

implementable in if6], [7]

Figurel.2: The condiion of Urmia Lake over the course of 15 years (image from
Google)
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Figurel.3: Schematic diagram of a solar water pumping system

In this research, solar energy is used to power the pumping system. First, a complete
water requirement analysis of the garden was done using the Food and Agriculture
Organization (FAO) tools. Based on the results of the water analysis which presents the
load size of the project, three types of solar water pumping systems were designed and
analyzed using Lorentz Compass 3 and HOMER Pro software; it includes one system

without any storage, another with a battery bank, and last one with a water tank storage.

The case study in this project was a 14eédtare grape garden in Urmia, West

Azerbaijan, Ilran (37A 26617. HigureM. 45A 080633
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Figurel.4: A photograph of the site from google maps

1.2 Problem statement

The goal of this researdh to design asolar water pumping system for irrigationaf
14.7 ha grape gardeand design a low cost leased SCADA for monitoring and

controlling.

1.2.1 Technical difficulties

First,thenumber of researchego workedon thistopicis very limited in Iran which

makes it difficult tofind dataand use raw resourcascomplete the pregt.



Second,the load is an agriculturairop, grapes in this casand the supplys an
electrical entity. Therefore, thanalysisand sizing of the loadequires finding and using

combination otraditional methods and technical scientific methods

Last theselected site is a place in Iran and the siadjone in Canadia which case
there are a lot of major differencestween the places such as the type of the internet
connection for developing a communication systerherefore, it requires precise
simulations and assumptions to implem#rd project which can also be implementable in

Iran.

1.3 Expected contribtions

It aims firstly, to organize a complete water requirement anafgsithe grape garden

which makes it possible to execute the load sizing.

Secondly, designing solarater pumping systems that can supply to load. In this goal,
a comparison of using two types of storage systisne®nsidered to be done, such as a

battery storage system and a waaek.

Third,aMATLAB/Simulink dynamic and control model will be developed to study the

response of the solar water pumping sysiath battery storage.

Finally, alow-costloT-based SCADA system will be developedremotdy monitor

and control the solgrumping system in the field.



1.4 Thesis organization

Chapter 1is the introduction of the thesis and involves a background around the topic
and importance ddelecting he topic, a problem statement and technical difficutifethe

problem, and the expected contributions that will be ntlak@ighout the thesis.

Chapter 2s the literature review of the thesis and presentsmvbrks that has been

made until the date of the thesis

Chapter 3s the sizing and modellingf the project. In this chaptes, complete water
requirement analysis of the grape garden was deirgy scientific tools and then three
types ofsolar water pumping systerfsithout storage, with a batiestorage system, and

with a water tankare designednd optimized.

Chapter presents the dynamic modelling of a solar water pumping with battery storage
systemin MATLAB/Simulink and several controlling isnplemented over the dynamic
model. The model simulates the behavior of the solar water pumping system under different

solar irradiance conditions.

Chapter Joresents a communication systdrat was implemented to remotely monitor
and control thesolar water pumping system in the field. Tdm@nmunicatiorsystemis an
loT-based SCADAIsing Raspberry pi Zero, Arduino NaBG module SIM 5320Aand

several sensors

Finally, the conclusion and future work is explained.



Chapter 2  Literature Review

Parvaresh Rizi et a[8] presented a comprehensive financial comparison between
different water pumping systems for which the analysis was bas#tkdife cycle cost
(LCC) method. Their discussion involved gadnnected electrical and diesel pumps,
solarpowered pumps with a battery storage system, and without any storage system. The
LCC comparison between solar water pumping,-gadnected andielsel pumps showed
that they could be better than the other one based on different factors such as system size,
government policies, etc. Also, they argued that a gmarered pumping system in
irrigation is worth more studies and investment to be coreide Iran, where the main
source of energy is from limited fossil fuels mostly because it uses clean and renewable
energy. In their study, they showed that using battery storage in solar water pumping
reduces the size of the system, which consequersiytsein a lower cost. Overall, they
claimed they presented all the parameters that are effective in the financial analysis of a
pumping system though the details of cost
difficult to predict when it comet® using PV systems that are not manufactured inside the
country. Another existing problem in their research is using any analysis tool for sizing
their systems, such as for irrigation requirement analysis. Also, the types of components

are unknown in theresearch.



GhasemiMobtaker et al[9] did a comprehensive investigation on the applcatf
the photovoltaic system in irrigation and cultivation of a 100 ha barely field. They
considered 27 samples of researches on the systems used in the irrigation and cultivation
of various crops around the world and discussed that the use of traditietfads in
irrigation, such as flood irrigation using diesel pumps, causes severe environmental
damages. Afterward, they calculated the electrical demand for two types of irrigation of
barely, surface irrigation and sprinkler irrigation, and designed asystem using
TRANSYS software that supplies the demand and analyzed the energy, environmental life
cycle assessment, and cumulative exergy demand of those systems. Although their research
and its findings are remarkable, the data for water requiremehytsasnaf barely was
collected from the existing farmds traditi
of the consequent analyses and can result in a massive difference on a large scale field (i.e.,
100 ha). This critical problem can be resoluesing a trusted scientific method from
agricultural studies such as CROPWAT, a tool introduced by the Food and Agriculture
Organization (FAO) to calculate water requirement and irrigation of crops baseil,on
climate and crop dataAlso, the authors dcussed that there exists a significant lack of
studies that need to be done over different aspects of renewable energy systems application

in irrigation in Iran.

However, in the presented study, a complete water requirement analysis for irrigation

of thegrape garden was done using the FAO CROPWAT tool that results in high crop yield



and accurate load sizing. Afterward, the study discusses design and analysis and financial
comparison of three scenarios for solar water pumping, storage less systemtterth ba
storage system, and with a water tank system. Also, this research used and presented the

products that are available in the current market.

In [10], the authors presented a loast open source SCADA system to monitor and

control a solar system where a customer cafndg the dashboard and apply controlling

over their solar system. They used a raspberry pi, an ESP32, a WiFi router and a few
sensors. Also, they used thinger.io as their design hub. This system is only implementable
in places where a WiFi is available also they are using a paid lIoT hub named Thinger.io
which adds up to the total cost of the system. We are advancing their §ystetding a
cellular network modem to make it possible to implement such system in remote areas and
the designed project is programmed and secured completely on the local server using Node

RED.

In [11], the authors designed a hometoamation system which shares a lot of
similarities with the common IoT SCADA system. In their work, they made use of a
raspberry pi, Arduino uno, and relays to implement controlling and monitoring through a
dashboard. While this proposed system was sultdigsable to control the 10T devices, it
uses Dataplicity to secure and expose the server to the internet which is-gattyrd
application and puts a high risk over the server that data might be accessed through third

parties. Besides, their proposedtsyn is not able to connect through a cellular network

10



and is only available in urban areas. In our system, we are using NGINX to secure and

proxy pass the IP requests to the server and a 3G modem to connect to the cellular network.

Lastly, it should be rentioned that there is not enough research availabléhandhta

used in this area is not enougid full details of any systeare not known.

The objectives of this research are as follows
1 Site data collection

1 System design with and withostiorage

1 Dynamic modelling and simulation

1 loT-basedSCADA system design and demonstration

11



Chapter 3 System Sizing and Modelling

3.1 Irrigation Requirement and Analysis

3.1.1 Irrigation Requirement

Analysis of thegrape garden's water requiremesnthe most critical step in sizing such
a system for micrarrigation. A complete and correct analysis can result in higher crop
yields and water savisgln this project, a complete water requirement analysis was done
using Cropwat software introducey the Food and Agriculture Organization (FAO); it is
a tool for calculatingseveral crops' water and irrigation requirements based on several

factors such as sailimate and crop informatiofil 3]i [16]

Simulation settings in CROPWAT tool:

1 Climate data such as rain and irradiance were extracted using the FAO CLIMWAT

tool from Urmia station[17]

1 Crop info was selected table grapes, defrdifferent growing stages as the initial

(20 days), development (50 days), midseason (75 daysjsdasen (60 days),

12



which results in a total of 205 days. Also, the planting date in that area was selected

to be Mar 21.

1 Soil type was selected mediutogm).

After completing these steps and settings, the CROPWAT software calculated the
field's irrigation requirementsnd the results are presented’able3.1. FAO Irrigation
and Drainage Paper No. 56 can be used as a reference for a tdepghirexplanation of

the procedure of the analysis of crop evapotranspirdd&h.

3.1.2 Total Dynamic Head Calculation

The groundwater level in the area is 22 meters. Moreover, water pressure required at
the main pipeline for mickarrigation is considered 30 PSI, equal ta2in of the head.

Therefore, the total dynamic head to use in pump sizing was considered 43.1 m.

13



Table3.1: Irrigation requirement results of the garden

Crop Effective rain Irrigation.
Month | Decade| Evapotranspiration (Eff.) Requirement (Irr.
(ETc ) (mm/dec) (mm/dec) Req.) (mm/dec)

Mar 1 6.8 16.4 0
Apr 1 7.4 17.4 0

2 10.7 184 0

3 15.5 17.1 0
May 1 21 16 5

2 27.4 15.2 12.2

3 39.6 11.8 27.8
June 1 42.6 7.5 35.1

2 47.3 4.1 43.2

3 48.7 3.2 45.5
July 1 50.3 2.3 48

2 52.2 1 51.2

3 55.6 0.9 54.7
Aug 1 48.6 1 47.7

2 45.9 0.8 45.1

3 42.6 0.9 41.7
Sep 1 32.2 0.4 31.8

2 26.4 0.1 26.3

3 20.1 3.4 16.7
Oct 1 14.6 7.7 7

2 11 1.1 1.1
Total | Annual 656.6 146.7 540.1

14




3.2 SYSTEM DESIGN

Three types of systems were proposed and discussed in this figpez3.1, Figure
3.2, andFigure 3.3 show three schematic diagrams of different equipment used in solar
water pumping. These systems are discussed later in this papéguie 3.1, the solar
energy is directly converted to electricity usiay arrays and consumed by the motor to
pump water directly into the drippers without any storing option. Here in this Fig., the
controller block provides a feature to implement maximum power point tra@QiR@T),
scheduling the daily irrigation, etc. Figure 3.2, the generated electricity during a sunny
day can be stored in the battery bank and consumed over a xtemedesl period during
day and night for pumping water into the drippers. In this Fig., the controller block provides
the feature to implement MPPT, battery charge controller, scheduling daily irrigation, etc.
In Figure 3.3, the generated electricity is consumed directly by the water pump to store
pumped water into the elevated water tank used for gréedtyirrigation. Also, the

controller block actfike the one irFigure3.1.

15
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Figure3.3: Schematic diagram of the system with a water tank

3.2.1 System A: Solar Water Pump Without any Storage

In this design solar energy converted to electricity througd modulesis directly

consumed by the submersible pump.

Lorentz Compass Blanning and simulation to@as usedo designthe systemwhich
Lorentz introducedhat allows users tdesign solar pumpssing many different types of

PV and pump systems available initheompany{19]
Simulation settings in optimization with Lorentz Compass 3:
1 Location: Iran, Urmia (37° North, 45° East)

1 Total dynamic head: 43.1 meters

17



! Required daily output: 755 frand sized for July (max irrigation requirement

selected according fbable3.1)
9 Dirtloss: 5%; motor cable: 100m; water temperature: 20°C.

The recommended system design by Lorentz Compass3 software after optimization is

as follows:

V Submersible pump model: PSR3 GSJ954, including a 25 KW controller, 18.5

KW, 380Vac motor, and a pump. More information and datasheet avail4dB@.in

V PV system: 36.08 KW rated capacity (16 per string x 11 string in parallel) using

LC205M72 205w Highefficiency PV Module

V Accessories: Well Probe, Well Probe V2, Float Switch, Pressure Switch, Liquid
Level Sensor, Liquid Pressure Sensor, Water MeteP\B®Risconnect 100@10-5,
PV Combiner 10001254, PV Protect 1000125, Sacrificial Anodedr 6' motors,

SmartPSUK2, SmartStart, Surge Protector2

Figure 3.5 shows a photograph of the submersible pump systieom Lorentz
Compass3Figure 3.4 shows the detailed simulation results for system design A. It shows
daily and hourly variations of generated energy frBW panels, irradiation, rainfall,
ambient temperature. As it is clear from this figure, in Julysyiséem'’s maximum pumping

capacityis enough to support the irrigation requirement. The results shown in this figure

18



are thesystem's capabilitgnd can be ndified to program the pump controller based on

the irrigation requirement.

SunSwitch setting in PumpScanner

min. 200 W/m?

Daily output in custom season (July)

872 m?

Daily values Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Av.

796 872

728 774 708
609
523

Output [m*]
Energy [kWh] 172 195 192 198 212 210 212 207 166 137 119 210
Irradiation [kWh/m?] 4.0 48 56 57 6.1 6.6 6.6 6.7 6.4 49 39 3.3 6.6
Rainfall [mm] 1.1 0.93 1.6 19 1.3 0.23 0.13 0.033 0.10 0.63 1.1 0.97 0.83
Ambient temp. [°C] -4 -2 2 9 15 20 23 22 18 12 4 -1 10
Hourly values 6:00 7:00 8:00 9:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00

100+

98 98 98 98 98
91 89

80— 89 67
Output [m*/h] 60

40 35 33

20

0 0
14 19 23 26 26 25 23 19 14 78 22

Energy [kWh] 23 8.1
Irradiation [kWh/m?] 0.066 024 0.43 0.61 0.75 0.84 0.87 0.84 0.75 0.61 043 0.24  0.066
Ambient temp. [°C] 18 18 19 21 23 25 27 28 28 28 28 27 27

Figure3.4: Detailed simulation results from Lorentz Compass 3 for system design A
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Figure3.5: System diagram from Lorentz Compass 3

3.2.2 System B: Solar Water Pumpwith a Battery Bank

In this system, the use of a battery bank in designing a solar pumping was studied. Two
factors need to be considered to size the load and select a pump: total dynamic head, which
was calculated 43.1 meters, and water flow rate. It should be noted tlksiga of a
battery storage system should be such that it can, alongsié@/thanels input, support
the supply of one day worth of irrigation. Based on that, the waterfitewvas decided to
be 35 mA3uh. Moreover , t hAreusmonthawas dividedibyg at i o

this number to give the loadhours of operation. The results are shownhahle3.2.

20



Table3.2: Daily operaton hours of the pump

Month Average hours Round Hours
May 5.81 6.00
June 17.36 17.00
July 20.89 21.00

August 18.32 18.00

September 10.50 10.00
October 3.47 3.00

Based on the two factors mentioned earlier inghigion, using pump charts of various
submersible pumps in the Lorentz Compass3 tooljrel 11KW pump named Lorentz
PSk215 GSJ426 was selected. As shownhingure3.6, the pump charthis submersible
pump modelconsumes about 8.2 KW power to supply the irrigation requirements with
proper flowrate and total dynamic head. It also shows that the efficiency of the pump is
about 52 percenEigure3.7 shows aliagramof the pump systerintom Lorentz Compass3

More information on this pump is available[&1].
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Figure3.7: System diagram from Lorentz Compass 3

The system was optimized using HOMER Pro, software for hylptidnization of
multiple energy resources, and the system diagram is shokigure3.8. This software

analyses the system and considers different combinations pboemt sizes that meet the
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project's electrical constrainesnd proposes the most economical model based on the

component cost?2]

AC DC

51.63 kKWh/d
8.32 kW peak

PSk2-15 C-5J42-6| Suntech Power 3

—®) [

ABB10 AzarBatt 200Ah

—{

QK]0 8C

&

G

Figure3.8: Schematic of system B in HOMER

Simulation settings in HOMER Pro:

9 Location was selected Urmia, and the climate and irradiance data was extracted

from NASA Surface meteorology ai®blar Energy resource

1 AC electrical load profile is presented Trable 3.3, and its dayto-day random

variability was entered to be 0.5%.
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Table3.3: AC electrical load profile used in HOMER Pro optimization

Month Total operation hours (h) | Start time End | Load size
time (KW)
May 6.00 11 AM 5PM 8.2
June 17.00 4 AM 9 PM 8.2
July 21.00 2 AM 11 PM 8.2
August 18.00 3 AM 9PM 8.2
September 10.00 9 AM 7PM 8.2
October 3.00 12 PM 3 PM 8.2

Battery bank: Azar Battery 12 V 200 Ah, cost (81 C/I3])
Bus voltage: 360 V

PV panels: Suntech Power315, cost (177 CAD), derating factor (85%), and with

DC output[24]

Inverter: ABB PVI10.0 | OUTDx-US-480, cost (5,096 CAD), efficiency 190),

lifetime (15 years)

Other inputs (projeclifetime: 20 years; discount rate: 13%; inflation rate: 17%;

annual capacity shortage: 0%)

Constraints (maximum annual capacity shortage: 0%; minimum renewable fraction:
0%) and operating reserves (load inreat time step%: [0, 1, 5]; annual load

peak%: [0, 20, 50, 100]; solar power output %: [0, 5, 10]; wind power output%: 0)
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As mentioned above, the Homer Pro optimization method was selected for sizing
the system with the simulation settingster the simiation, it was reported that 4,720
solutions were simulated, among which 1,862 were feasible, and 2,858 were infeasible due
to the capacity shortage constraint. Also, 1,296 solutions were omitted due to infeasibility
and no sources of power generation.affin the system architecture shownTable 3.4

was selected based on the final minimum cost in HOMER Pro.

Table3.4: System architecture resulting from the optimization

Component Name Size
PV SuntechiPower315STP3184/Vdx 44 4 KW
Storage Azar Batteryl2v 200A 60 units
(2 strings)
System converter ABB 10 KW
PVI-10.01-OUTD-x-US-480y-z
Load HOMER load following

Besides theystem's sizingthe simulation results as presentefigure3.9 andFigure
3.10 clearly show that the system operates correctly to supply the irrigation requirements
mentioned in table 1 throughout a year. AccordingFigure 3.9, the battery storage
systen's state of charge variestimeday of the month, depending on the monthly hours of

operation. It remains constant during the months with no irrigation, and tieensyan be
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completely turned off. AlsoFigure 3.10 shows the inverté&s output power, which is

connected to the pump.
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Figure3.9: Daily profiles for various months of operation showing the stateharfgeof
the battery storage (Azar Battery 200 Ah)
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Figure3.10: ABB PVI-10.01-OUTD-x-US-480y-z inverter output (kW) throughout 365
days

3.2.3 System C: Solar water pumping with the water tank

In this design, a watdank is considered as the primary storage. First, the flowrate for

irrigation is considered constant, 3% and it is calculated based on the average irrigation
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requirement. Two factors are essential: the reservoir must contain at least 'snecatty

of water, and it must be elevated to add constant pressure to the distribution line. Based on
these two factorghewater tank capacity was calculated 80Damd elevated 20 meters to
ensure 15 to 30 PSI water pressure over the dripbignste 3.11 shows the design of the

tank system. In this design, teelar pumping system's designthe same as the system
without any storage to convert all the solar energy intoged water stored in the tank
during a sunny day. In the analysis of this design, a corbested cistern is considered

the base for creating the water tank, d@he concretecosts a total of 4,288.32 CAD.
However, there are some high hills aroundftéelel and the tank is tbe built on top of a

20m+high hill. [25]

5m

20m

Figure3.11: Water tank design
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3.3 COST ANALYSIS

The cost of the three systems are discussed in this section and are compared to show
the advantages of each systdmble3.5 shows the list of components dsa each system
design and their cost. As presented able 3.5, the total cost of a system with a battery
storage system is the minimum comparing to others. Itigwmeentioning that theipeline
system's codt also minimum when using a storage system because the water flowrate is
35 n/h in both types, which is much less than the ftate in the system without a storage
system. Therefore, it sBconomical to use a storage system with solar water pumping. Note

that the cenponents' cds are acquired from the companies, local or international, of the

original items.

Table3.5: Cost of three differergolar water pumping systems ($CAD)

Component* Without Storage With Battery With Water
(A) Bank (B) Tank (C)

Pump system 19,934.99 15,284.68 19,934.99

Pump Controller 10,826.51 5,096.00 10,826.51

PV Panels 24,937.25 24,937.25 24,937.25
Battery Storage N\A 4,860.00 N\A

Cistern (Concrete) N\A N\A 4,288.32

Total 55,698.75 50,177.93 59,987.07
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3.4 CONCLUSION

In this project, three types of solar water pumping systems were designed and discussed.
The study aims to improve crop yield by providing proper irrigation for the grape garden.
For this approach, the importance of using two types of storage systems; battk, and
water tank reservoir, were discussed, and their costs were analyzed. It was shown that a
system with a battery storage system is econonticaiouldbenoted that the total energy,
electrical or mechanical, produced in these three systetims same amount but at different
rates for supplying thgarden's irrigation requiremeritherefore, the return on investment

factor is mainly dependent upon the initial cost.
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Chapter 4 Dynamic Modeling &
Control SystemDesign

Using dynamic modelallows us to simulate the reabrld experiments in a computer
based program or software and extract part of their results we intend to study. Computation
and mathematics are used to analyze these models and produce results of experiments. In
contrast withstatic models which give the results at a specific time of simulation, dynamic
models also allow to run the experiment and observe how the results change over time; it
can be a voltage difference across a load resistor, state of charge of the batterypesat

variation with time

DC-DC Converters

DC to DC converters used to convert voltage levels of a dc infausuit the required
voltage of a dc load or dc linkhey are highly efficient convertettsatuse highfrequency
switchingin the circuitto convert voltage level¥here are several methodsitorease or
decrease the voltage level in dc voltag8sandardmethods are using simpleuck

converters, boost converters, and bbolost converter$26], [27]
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A buck convertershown inFigure4.1, decreasethe voltage level across the converter

inputs and outputd he ratio of the Vout and Vin is defined Bguationl. [28], [29]

wé 0002z w0t (1)

Vout is the converter's output voltagén is theconverter's input voltagend Dis the
duty cycle of the converter and is a value from O to 1. As it is,dlearoutput voltage is

usually less than or equal to the input voltage consideringotfiverter's duty cycle

Figure4.1: Buck converter design

A boost converter shown irigure4.2 is used to step up the input volteayed convert
it to ahigher output voltage. The ratio of the Vout and Vin is define&dpyation2. [30],

[31]

cbééc‘)p—, )

Voutis the output voltage, Vin is the converter's input voltagel D is the duty cycle
of the converter and is a value between 0 a1t is clear, the output voltage is usually

greater than or equal to the input voltage.
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Figure4.2: Boost converter design

A buckboost converteshown in Figure4.3 is used to convert a positive dc input
voltage to a negative output voltage tbhah be greater or less thtmat. The ratio of the

output voltage and thepuit voltage is defined bgquation3.

P 3)
WE 0 0——ZwNe
p O

Voutis the output voltage, Vin is the input voltage, and D is the converter's duty cycle
and is a value between 0 and 1. As it is clearathplitude of the output voltage can be

less tharor greater than the input voltagensidering the value of the dutyate.
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vinT  — — Txruut

Figure4.3: Buck-boost converter
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4.1 Dynamic SystemModel

The generalschematic diagram of the dynamic system is showFigure 4.4. It
consists of a photovoltaidy) arrayrepresenting?V panelsarrangement; a load aise
representation of thiwad used in the design; a battery storage system bépcksenting
the storge systers dynamics; and a control blotikatcontains all the controlling entities

of the design. It should be noted that thgaire is the general schematic diagraiha

dynamic systenn a very simplified method.

PV Array

Figure4.4: General schematic diagram of the dynamic model used in the project

A Simulink modelwas designed to study the presented system and is shéwgune
4.5. In thismodel, aPV array isconnected to a buck converteand afterward to the load.
Besides, the battery storage system is connected to the dé limeasurementnit is

designedto monita the simulation results of the systess shown in this figure, a

Controller

I

Load

Battery Storage System
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controller subsystem unit ialso designed toarrange themodel's controlling entities

Specificationsand configurationsf the systenarediscussedater inthis section.

PV array

In the previous chagr, thesizing of the solar water pumpingvith a battery storage
system wastudied entirelyand HOMER Pro based results wesdracted According to
the results and the arrangement presentdalie 3.4: System architecture resulting from
the optimizatiol, the PV array was selecte®untech Power STB1524/Vdx, and its
characteristics are shown kigure4.6. We need to consider two factors to decide about
thearray data where the number of parakeingsand seles-connected modules per string

is input:the voltage of the dousandthe powerof thearray.

From the previous chapteit was known that the voltage of the douswas 360 v.
Besides that, théVV modules are 7Zcell, which is nominally called a24 v module
Thereforejt was requiredo consided5 modules connected in seribat sum up a voltage

of 360 v.[32], [33]

Also, thePV array sizevas optimized using HOMER Pro in the previous chapter and
was calcuhted to bet4.4 KW.If we divide this value byach string's sizeve can get the
number ofstrings connected in parallel. 44.4 KW divided 4y25 KW equal®.397.
Therefore, it was decided thin strings needo be connected in paralléb providethe

system’'s minimum power requirement
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DC-DC Buck Converter for MPPT

As described in tils chapter's background sectidhree types of dc to dc converters can
be used to control the dc voltagied connect thBV arrays to the dc linkA buck converter
steps down the input voltage, a boost converter steps up the input voltage, anthadstick

converterallows both features of the buck and boost converter to be implemented.

Todecide thaype of converter, we need to consider two fattredc bus voltagand
thePV array's output voltage rangéne dcbusvoltage was decided in the previous chapter
to be 360 voltsMoreover,the output voltage range of tR&/ array can bevaluated from
the PV arrays characteristics shown Figure4.6. As shown in this figure, the maximum
power point voltage ig5.5v. If we consider 15 modules connected in setiss,output
voltage of thePV array adds up t682.5v. Besidesit is known that thd®V modules are
24 v modules and considering 15 of them in series, adds up an output voltage of 360 v

Therefore, the output voltage of the arcayvary from 360 v t0682.5v.

From whatis mentioned aboveysing a buck converter is the best way to control the
output voltage of th@V array andink it to the dc bus because the output voltage of the

PV array is usualhhigher than the bus voltage duriregularoperation.

Figure4.5 showsthe buck converter connectbdtween the output of the PV array and

the dc bus where the battery storage system is connected
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Figure4.5: Dynamic system design in MATLAB/Simulink

Figure4.6: Characteristics of the selecte¥ array in MATLAB Simulink
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