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ABSTRACT
Design and Implementation of a Renewable Energy Research Platform in
the Power Generation
Anthony Hill, M.S., Prairie View A&M University.
(August 2023)
M.S., Prairie View A&M University

Chair of Dissertation Committee: Dr. Penrose Cofie

Over the past century or two, the interest in energy efficiency, Renewable
Energy Generation in the power grid, energy cost, environmental protection,
cyber-security, and the development of electric vehicles (EV) technology have been
increasing. A research study on air pollution regulations in the USA, Asia, and
Europe, as well as other major countries, showed that fossil-fueled vehicles were
chosen as the significant source of emissions that created air pollution, leading to
the global warming crisis. The oil resources on the earth are decreasing, and the
new discoveries of these resources are at a more sluggish stride than the increase
in demand by the world population. Therefore, the need for an alternative source
of energy is becoming extremely critical. This research discussed the design and
implementation of a Renewable Energy (RE) generation platform, solar power
generation system. The design analysis and computations employed the Newton-
Raphson load flow method, curve fitting, and other heuristics approaches. The
design procedure is outlined in the body of the dissertation. The research study

defined a RE platform consisting of a network of interconnected devices
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collaborating to produce clean energy employing real-time measurements. The
important components of the designed platform are detailed in the dissertation.
These are various parallel and series combinations of solar cells, dc to dc converters
including Maximum Power Point Tracking (MPPT), that are required to fine tune
the dc output of the solar cells to charge the batteries and to activate the dc to ac
inverters, e-Gauge data loggers, communication networks, parallel and series
batteries configurations, buses, breakers, and 200 Amp panels. The partial
designed blueprint of the overall system is included in the dissertation. The
designed system minimized losses due to shading of the PV and overloads,
maintained voltage levels, increased reliability, decreased power outage
occurrences, and improved power management. The daily data collected on the
system through the designed communication network allows system operators to
rapidly identify the best power management and security strategy against cyber-
attacks rapidly. The study also includes a working prototype to analyze crises
condition, battery discharging and charging current, and implements a solution
for solar efficiency.

Index Terms: Photovoltaic, solar power generation and converters.
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1. INTRODUCTION

A. History of Fossil Fuel

Over the past decades, climate variations have been observed not only
across the US, but throughout the world. It has been discovered that a large
amount of renewable energy resources is needed to offset these changes and this
renewable energy resource will assist in minimizing the negative effects on the
ozonosphere. The Environmental Protection Agency (EPA), monitors and protects
the ecosystem and enforces regulations. The EPA suggested renewed procedures
for charcoal and natural gas-fired power factories. These standards seek to avoid
more than 500,000 metric tons of CO, greenhouse gasses, 300,000 asthma attacks
and loss of 1,300 early human lives by 2030 [1]. The proposed standards for 2030,
would attempt to avoid the following;:

« an estimate of 1,300 premature casualties

« more than 800 emergency visits and hospital care.

« 66,000 employees lost their workdays. and asthma cases.

EPA is attempting to reduce detrimental pollution that affects the US
residents, due to fossil fuel consumption [2]. The current proposed rule delivers
on President Biden’s and Congress's commitment to curtail the pollution resulting

from the Fossil fuel energy sector.

This dissertation follows IEEE.



New energy source performance standards could attain up to less than 500,000
metric tons of CO2 emission decrease. Section 111 of the Clean Air Protections Act
also outlines some upgraded regulations and emission procedures to reflect the
best emission reduction (BSER) system that will advance the emissions
performance of power generation sources, bearing in mind expenses, energy
requirements, and other factors.
1. Environmental Degradation

Fossil fuel-based pollutions are declining but as technology changes, fuel
costs have gripped consumer wallets, and luxury has come at an exceedingly high
price. Global warming is caused by the release of high fossil fuel by-products such
as Carbon dioxide (CO2) and Carbon monoxide (CO) into the air through the use
of many outdated machinery [3]. Health costs has increased across the country.
The country's healthcare dollars are spent on treating the environment and
cutting-edge research methods to reduce global air pollution. This study
introduces various power systems derived from clean and renewable energy
sources. The first system is the Photovoltaic or Solar power generation, which is
making major advancements in creating clean and renewable energy. Solar panels
can be set up to convert the sunlight into electrical power.

The second system is Wind power generation. This type of energy has been
around for many years. Across Texas, especially in the northeast, Wind turbine
towers have been installed to generate clean, renewable power. This type of

renewable source converts the wind's kinetic energy into electrical power.



The third system is the Hydroelectric power. This system produces power by
gravitational force using water by constructing concrete dams. And finally, the
fourth renewable energy power system to discuss is Biomass power generation.
The energy source for biomass is derived from organic matter. The process uses
waste materials, crops, and various types of wood to produce heat, which generates
electric power for daily use.

2. Encouraging Renewable Resources
As of 2023, the leading countries for Renewable Energy (RE) consumption
were:
e China,
e United States and
e Brazil

with Russia and Italy trailing behind (see Fig. 1) [3].

1,161

Fig. 1 Leading countries in Renewable Energy Wattages as of 2023 [4].



3. Photovoltaic (PV) Power Generation
Solar energy is the most available power that can provide a significant
amount of energy for residential, industrial, and commercial use. Even though
China is number one in solar power capacity generation, it is 30th in the world for
reduction in climate change efforts. China still relies heavily on non-renewable
sources of energy such as coal and natural gas for its electrical power production
[5]. The US also depends heavily on oil, coal, and natural gas for power production
[6]. The US is currently ranked number 40 for climate change efforts in the world
as seen in Fig. 2.
China Bl
Brazil 1.1m
United States BE 855,000
NG 719,000
Germany . 291,000
Japan e 267,000
United Kingdom Ef2 B 110,900
Malaysia B | 98,500
South Africa B | 66,000
Turkey Kl | 62,000

Australia 58 | 17,740

South Korea 7@}/ 11,650

Fig. 2 Renewable Energy by Country [7].

In an effort to be among the leading countries that are implementing

reduction strategies in global warming, the US government set an ambitious goal

4.1m



of deploying 30 gigawatts of renewable energy by the year 2030 [8]. Photovoltaic
(PV) power generation operation and maintenance cost are low, and it has a long
lifespan. The reliability of the panels is very good. The energy produced is not
seasonal like wind energy. PV energy can be used directly or stored in energy
storage components such as super-capacitors, lead acid, and lithium batteries.
Solar cell power generation uses series and parallel connections of the solar panels.
The series connection increases the total voltage to drive a DC-AC power inverter.
The two sources, solar and wind, can work together to complement each other to
produce electricity. The wind can produce its energy in the winter months, and
solar systems can produce power in the summer months.
4. Overview of Solar

As explained by the EPA, greenhouse fumes are causing the Earth to heat
and the heat travels into the atmosphere [9]. The emissions from Internal
Combustion (IC) engine vehicles cause impurities to be released into the
atmosphere, resulting in climate change. Solar systems on EVs are studied by
transportation manufacturers worldwide. In this report, it was recommended that
a fast off-grid solar array configuration be deployed to relieve the future charging
issues for EVs. Recently, quite a few doctoral study projects were centered on the
construction of appropriate educational platforms to enhance the training of
students in various academic fields [10]. Many higher education institutions are
challenged in designing or creating a power grid platform due to the rapid

development of



technology in renewable energy sources. This has resulted in only a few universities
actively involved in renewable energy research.

Renewable energy sources, such as solar with a remote laboratory, have
become widely accepted for conducting hands-on lab-type experiments in the
academic arena. The platform is suitable for renewable energy-based research on
the smart grid. In this study, a web-based access portal formed part of the Solar
Array Power system that included renewable energy sources application. Such
solutions will significantly increase student interest in PV power generation (see

Fig. 3).

Fig. 3 Renewable power-wind [11].



The platform will provide a facility for testing and tools to engage various
applications with vigorous research in solar energy. The overview and architecture

shown in Fig. 4, explains the main components of the platform as follows:

Fig. 4 The Impact on the grid [12].

a. An interface to the web with database
b. Two-factor log in systems

c. Solar Power Grid Tools

d. PV resources

e. Data application servers

f. Consumer Solar panels

g. Wind turbines

=

. Converters and Inverters

An instrumentation and data acquisition system are housed in a portable metal



building that will allow students to work on new or previous research

demonstrated in Fig. 5.

Fig. 5 Proposed Solution to Assist Power Grid [13].

A 45 Kw Solar panel system is placed on the roof and in the open field area of the

University landfill as seen in Fig. 6.
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4

Fig. 6 Proposed Off the Grid Solar Network Infrastructure [14].



A Web portal application will open other research developments in cyber security
protection for the grid. The key items and components of the platform are shown
in Table 1.

TABLE 1

SOLAR PLATFORM PROPOSED EQUIPMENT

No. Experiment Subject

Voltage and current of solar cells
Series and paralle]l connection of solar cells
Data acquisition for renewable energy systems
Maximum power point tracking (MPPT) for photovoltaic
systems
Buck converter
Closed-loop control of buck converters
Boost converter
Closed-loop control of boost converters
Battery charging and discharging
A Micrognid using Renewable Energy

ek B =

OO =) N LA

I
=

5. Renewable Energy Research

The proposed research was to study solar power and the EV impacts on the
power grid. Also, the study will focus on generating enough power to support the
University and surrounding communities’ future needs. The US must move
forward with other resources that can replace oil and gas. The US remains reliant
upon an unsustainable power source such as fossil fuel [15]. As fuel technology
advances for transportation and petroleum supplies reduce, it is crucial to discover
power sources that are sustainable and safe for the environment and society [16].
Fig. 7 breaks down the estimated time necessary to create various power and

renewable sources. The graph shows that between 1975 and 1980, oil production
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took a significantly increased in its daily production. Currently, gas has become the

fuel for energy needs [17].

10t

Waorld ol producton
{Thousand bamels daily)

Fig. 7 The World's Oil Production (consumption) [18].

6. The Hydroelectric Power

The Hydroelectric power was conceived in the US in the late 1800s.
Hydroelectric power development and deployment were not encouraged by the US
government and gas generation technology was actively pursued during the 1900s
[19]. Currently, to forestall the contribution of global warming due to fossil fuel use
in utility power generation, the US government allocated funds for research in
hydropower generation. Where possible, hydroelectric dams can replace the use of

fossil-fuel or coal power plants [20].
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The coal industry is becoming obsolete and could be one of the causes of the
country's global warning [21]. The Texas Water Development Board in 1968 had
many small hydroelectric power plants. The board terminated their facilities even
though local communities wanted to maintain operations for various important
reasons, such as jobs and control of their revenue intake [22]. Plants located in
the southern region of the state were also affected by shutdown. The initial settlers
used water energy to operate the grinding machines for their grain and a water
pump for the farms.

There are various power plants in the Colorado River region and in Travis

County (see Fig. 8).

Fig. 8 The Hydroelectric Powerplant and Austin Dam [23]
The city of Austin owns the power plant. The Lower Colorado River
Authority (LCRA) is one of the major hydroelectric power plants on the Colorado

River.
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The Hydroelectric powerplant listed in Table 2, in Austin, Texas, was

destroyed by flooding in the late 1900s, and LCRA listed it as discontinued. Other

plants not shown in the Table were also discontinued in 1965 [24].

TABLE 2

SUMMARY OF MAJOR HYDROELECTRIC POWERPLANTS

No. Hydroelectric Owner Reservoir Lake Stream Built | Completed | Generating Capacity-KW
1. Austin, Tx City McDonald Colorado 1890 | 1893 5,227(hp)

2. Austin, Tx LCRA * Austin Colorado 1937 | 1939 13,500(hp)

3. H-4-DAM GBRA H-4 Guadalupe 1929 1931 2,400

4. Dunlap (TP_1) GBRA Dunlap Discontinue 1927 | 1928 3600

5. Eagel Pass CPLC Canal Rio Grande 1931 1938 9,600

6. Marshall Ford Discontinue Lake Travis Discontinue 1937 1942 67,500

7. Dennison US Army-Corp of Eng. | Lake Texoma Red 1939 | 1943 70,000

8. Buchanan LCRA Inks Colorado 1931 1938 33,750

It was discovered that Lake Buchanan was built first in 1938 and was used

for storage so that the system could endure the water surge to generate power

downstream of the plants.

Lake Travis provided backup storage as needed. Establishing this storage

allowed the renovation process for the upstream dam and the powerplant. The

LCRA plant was a key power source of the South Texas interconnected water

system. The data in Table 2 was furnished by the LCRA. The blade propeller type

is a 200-rpm unit with a capacity of 10,500 hp at a 64.8-foot head. The combined

turbines are designed and equipped with mechanical metal blades. To receive the
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highest power, the system must provide an excellent power output for any
mechanical gate position. The powerhouse is water-sealed and the elevation is
476.0 feet above sea-level, which is elevated more than any known flood stage in
Texas [25].

The LCRA is essential to the unified network, containing restricted energy
and has a relationship with enormous metropolitan utility facilities in South Texas.
They also provide power for local consumption and peaking loads of
interconnected water systems. The prearranged total energy at the power plant was
supplied by LCRA for at least 23 years.

7. The Wind Turbine

The energy from wind is also increasing to help implement clean green

technologies, providing safe, renewable electricity generation. There are Scaled

Wind Power Generation Systems in Texas near Lubbock (see Fig. 9) [26].

Fig. 9 Brazos Wind Turbine Towers [27]

The key elements of a wind turbine include various systems such as yaw, pitch
blades, a hub, the base, and tower. Today, the installation of more wind power

generators impacts the wind farms across the state. Research for replacements for
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fossil fuels is urgently being pursued in most states in the US and other countries
around the world, however, this research in RE is still faces many political and
technological challenges.
8. The Biomass

Biomass fuel is obtained from agriculture feedstocks and plant residues,
domestic and biodegradable industrial waste. Biomass has its advantages as well
as disadvantages. There are some cost methods that are very expensive. The
process and quality of biomass production faces challenges. These challenges
include improvement in feedstock, conversion performances, and product
distribution to consumers. It is the appropriate and cost-effective option for
treating wet waste since very little energy is required [28]. A stand-alone smart
grid system usually contains solar, wind, biomass, and battery energy system. The
system is designed with Artificial Intelligence (AI). The AI diminishes the power
supply loss probability and supply for at least 30 minutes, which can be observed

in Fig. 10.
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Fig. 10 Grid-connected Microgrid System [29].

9. Motivation and Objective

The Industrial Revolution used Coal. Research has shown that humanity
has used fossil fuel and wood energy for approximately 10,000 years. Fossil fuels
are not renewable. Fig. 12 shows that US oil and gas usage skyrocketed and there
is a need to conserve energy to reduce pollution [30]. Oil production reached its
highest in 1970 in the US, and due to fracking technology, oil production in the US
has rapidly increased. The US produces 20 billion barrels of oil. This needs to be
reduced tremendously if the government wants to accomplish its ozone layer

pollutions concerns by going green to produce clean energy (see Fig. 11).
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Fig. 11 The World’s Crude Oil Consumption [31].

Other countries are ahead of the US. The barrels of oil production in the US
should decline as more EV systems take to the highways of this country. Solar
energy could facilitate, if the implementation and research is conducted
thoroughly and consistently. The US still has not solved the country’s air pollution
problems. As mentioned before, the crucial objective of this study is to design, and
build a platform through the development of algorithms to control the components
of a PV platform that will produce and generate clean power. The proposed project
is completed and will continue to phase two and three, in the future to assist with
local communities struggling with high utility bills. It is anticipated that from this
study and theoretical results, the PV Solar system can be integrated with the utility
grid that will improve the campus power reliability and reduce utility cost. Prairie
View A&M University has the opportunity to design and create a clean energy

system that could surpass some of the other leading entities in the area of creating
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renewable engineers. Table 3 also displays how other schools are producing power

using PV cells that generate DC voltages from the sun.

TABLE 3

TOP FIVE SCHOOLS WITH RENEWABLE SOURCES IN PLACE

The top five schools for percent of electricity that is generated by

energy projects that are owned and operated by the school

1 Butte College CA 79%
2 University of Minnesota, Morris MN 58%
3 Carleton College MN 22%
4 University of Missouri MO 20%
5 Luther College 1A 20%

Butte College in Oroville, California, is number one in the nation for renewable
energy installed systems. The college has about 75% of their school’s electricity

generated by solar projects. The campus is the first in the country to generate

more electricity than it uses. Prairie View A&M University wants to be on the map

of the Renewable Energy source consumers and aims to be a leading University in

that direction. It is worth noting from the Table that little attention is given by

the government to renewable energy curriculum in US Higher education

institutions [32].
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2. LITERATURE REVIEW

B. Introduction

The energy cell is a device that transforms light from the sun to electric
power energy using the PV effect. A large volume of solar cells is engineered from
silicon. Since silicon, which is basic sand, abounds everywhere, it lowers the cost
of solar cell manufacturing. There are different types of solar cells: amorphous
nanocrystalline, or single crystal silicon form. The PV cells do not require fossil
petroleum to generate energy, nor do the modules have moving parts. The solar
cells are put together in panels. These panels are then configured into thousands
of arrays, as shown in Fig. 12. Solar cells can also be installed on rooftops of homes

to supply power from the roof.

Fig. 12 International Space Station [33].

The PV cells also provide energy in many remote global areas where
powerlines are not implemented. The RE is inadequate for space probes when

using them for solar system's project in outer space due to the diffusion of radiant
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energy and by the sun being far away [34]. Fig. 13 displays a demo system that can

be implemented into cities across the country.

Fig. 13 Solar Cells Array [35].

Solar cells are used in customer related everyday items such as, calculators,
robots, and mobile radios. The solar panels used in devices utilize LED and serve
as secondary source by charging batteries to supply power when the sun is not
available. It has been documented that current solar cells operate at about 20
percent efficiency [36]. Engineers are researching how to improve the efficiency of
the panels to recover the 80% loss of energy. It has been discovered that silicon is
the second abundant component in the Earth. The PV cells allow the light to pass
through the device optical coating layer. This process uses reflection to reduce the
losses. The panels trap the light falling on it and is then converted to energy using

a spinning or vacuum process [37].
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1. The History of Photovoltaic (PV) Systems
Solar power was introduced in the 1800s. A scientist from France named
Edmund Becquerel performed experiments with wet cell batteries in 1839, which

led to his discovery of solar power [38] (see Fig. 14).

thin light
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Fig. 14 A diagram of apparatus by Becquerel (1839) [39].

The PV uses outdoor installation panels such as roof or ground mount systems.
When a Positive-Negative (P-N) junction begins to form inside the silicon material,
electrons are excited due to the self-built electric field. The holes of the electrons
move in opposite directions, especially those in the junction layer area [40]. When
this happens, it creates positive and negative poles. Therefore, if a load is
connected to the electrodes, the current flows through the cell. The solar cells
create positive and negative charges, when exposed to light from the Sun. The two

charges are then collected by a circuit, which converts the source into usable
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electricity. The photovoltaic effect mentioned in Chapter 1 results when a photon’s
energy is absorbed, producing some free-electron spillover from the panel's surface

(see Fig. 15). Fig. 15 also, displays the structure of cells.

Fig. 15 Structural Crystalline Silicon Solar Cell Copper cuprous oxide PV cell [41].

The design was based on the junction of copper-cuprous oxide. A coil of Pb wire is
used to give a grid contact to the irradiated surface of the PV-cell. This method was
afterward refined by spinning the metal on the outer surface and removing a part
of it to form a grid. The power can then be used to power items such as artificial
satellites in space, homes, factories, and city electricity [42]. Although other
materials comprise the panel, Silicon-based solar cells are favored and account for
95% of the PV production [43]. The batteries are used as an energy storage device

for the energy produced from the solar panels.
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The following are three generations of panels.

» Monocrystalline or polycrystalline silicon solar cells

« Thin Film Solar cells

« Organic Thin Film technology solar cells
The Monocrystalline is made from monocrystalline silicon that is commonly used
in the residential market. The panels have a life span of more than 25 years [44]

(see Fig. 16).

Monocrystalline Polycrystalline Thin Film

Fig. 16 Three Types of Solar Cells [45].

The thin film panels are extremely flexible, which makes the application highly

manageable. Table 4 displays the advantages and disadvantages of each cell type.
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TABLE 4
PANEL COMPARISON
Cell type Efficiency rate Lifespan Advantages Disadvantages
25 Highly efficient,

i ° ears i
Monocrystalline 20 % Y ik Expensive
Polycrystalline 16 % 25 years Lower cost Less efficient

: . Lower
Thin-film Less expensive, :
10 % 15-20 years . efficiency/
(Amorphous) easily produced :
shorter lifespan

The second generation comprises the amorphous silicon thin film solar cell mixed

with perovskite solar cell technology. The efficiency rate is lower than other types

of solar panels. The global industry of solar cell manufacturers has increased 17

times in 10 years. The production of these panels is mainly distributed in US,

Europe, and Japan. Twenty-two years ago, the installation scale of solar power was

1,744 MW, exceeding the ten-billion-dollar mark. Today, the scale has risen by

almost 120. Ten thousand plus companies have generated more than 33 billion

private investments through the US economy (see Fig. 17).
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Cumulative U.S. Solar Installations
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Fig. 17 Solar Installations in the US [46].

During the last century, the solar industry has an average growth rate of 24%. As
the federal government continues to provide funding for the increased demand
for clean, green energy, the 155 Gigawatt PV system was installed to provide
enough power to 27 million homes [47].
2, Solar Cell Power Energy Operations

Homeowners and industry demand that PV systems be implemented
cheaply. The challenging component of solar cell power generation with an
enormous cost is the storage sub- system. Today, utility companies recognize that
if they fully participate in the solar power producing industry, they can positively
affect their overall yearly revenue. California is pushing renewable energy projects

by 2030 (see Fig. 18).
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Fig. 18 Residential Solar Power Installation Cost [48].

The solar systems installation has diversified and impacted the market, creating
large pipelines in the near future (see Fig. 19 and Fig. 20).
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Fig. 19 Cumulative US Community Solar Capacity Installations [49].
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Commodity Consumption
Electricity 116513.4 kWh
Natural Gas 119964025.8 mmBtu
Water MNo Data

Fig. 20 Prairie View A&M University FY 2012 Energy Consumption [50].

The growth in renewable sources will influence other state renewable
community programs to accelerate the deployment of PV systems, allowing
residentials and industries to realize considerable savings in their power yearly
cost. As can be observed from the previous graphs, the renewable energy space
for the US overall is not bright. Here at Prairie View A&M University, the demand
for renewable energy sources is rising to reduce yearly electricity bills. The
University’s power consumption has increased tremendously over the past 10

years (see Fig. 21).

Commodity Consumption
Electricity 46,178,722 kWh
Natural Gas . 138,916 mmBtu
Water _ 272,290 kgal

Fig. 21 PVAMU FY 2022 Energy Consumption [51].
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The University should submit the proposals for future solar farm as part of utility
infrastructure for the entire Prairie View A&M system created a five-year master
plan which included several new building developments, such as, New Engineering
Research building, Business and Ag building, (ENCARB) four new student’s
housing complexes, and new police station. The university’s master plan aims to
aid in reducing and improving overall campus power consumption and
optimization over next five years. The university and Texas A&M University system
completed a capital plan investment encompassing the following to aid in
optimization and life cycle of HVAC and Central Plant equipment throughout the
campus, but it did not include any type of renewable energy concepts. The campus
has a contract with San Bernard Electric Company (SBEC) for its utility services
[49]. PVAMU has been a member since 1981 benefiting from $0.0026 per kWh
utility rate. The University currently uses around 76 MWh annually with a base
charge of $5,000 per month.
3. Solar Cell Specifications and Technical Data

The datasheets of the solar panels are furnished by JINKO Solar. The model
number for the solar panels that is to be used on the platform is JKM 300P-72(530
W) [51]. The solar panel technical data are displayed in Table 5 [52]. The

performance ratio is given by Equation 2.1.
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TABLE 5

TECHNICAL PROPERTIES (SOLAR PANEL JKM 300P-72 300W)

Electrical Characteristics

Module HT72-18X Transparent

Maximum Power at STC(Pmax) 530W 535W 540W 545\ 550W
Open-Circuit Voltage(Voc) 49.20V 49.35V 49,50V 49,65V 49.80V i
Short-Circuit Current(lsc) 13.76A 13.83A 13.90A 13.95A 14.00A I
Optimum Operating Voltage (Vmp) 41.35V 41.50V 41.65V 41.80V 41.95V
Optimum Operating Current(Imp) 12.83A 12.90A 12.97A 13.05A 13.12A I
Module Efficiency 20.5% 20.7% 20.9% 21.1% 21.2%
Power Tolerance 0~+5W

Maximum System Voltage 1500V DC(UL/IEC)

Maximum Series Fuse Rating 25A

Operating Temperature -40Ct 0+85C

*STC:Irradiance 1000W/m?, module temperature25, AM=1.5
Optional black frame or white frame module according to customer
requirements

This is derived by subtracting the highest performing rate of 100% from 15.6 %
of the deficits. The platform’s complete outcome is 84.4%. The simulation studies
done on this project displayed the detailed profit, the unit energy generation
needed for the platform. The final calculation for the load ratio result is 1.17 [53].
The load’s ratio can be derived by Equation 2.1 [54].

Load ratio= (DC POWER INSTALLED)/ (AC POWER) = 233.7KW/200Kw = 1.1
There are some disadvantages of Solar Cell panels that need to be considered
when designing off-grid systems:

 Orientation-Tilt shortfall
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 Shading
« Soil test for the PV foundation pads
« Mismatch loss due to environments, and apparatuses.
« Wiring Loss: due to resistance
« Clipping and Inverters.
4. Solar Cell Technology Detailed Overview

Solar panels have many different voltage specifications as listed in Fig. 22.
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Fig. 22 Solar Irradiance P-V and I-V Curves [55].

Voltage at Open Circuit (VOC), and Nominal Voltage (V.). During installation,

the field test will include measuring all parameters for the PV Panel. The V. is

measured with a volt-multimeter before the panel is connected to the load, as

shown in Fig. 23.
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Fig. 23 Solar Cell Electric Circuit [56].

Table 6 displays the breakdown of the solar panels dimensions that will be used
in this study,
TABLE 6

SOLAR PANELS DIMENSIONS WEIGHT WATTS & EFFICIENCY

Dimensions (mm) Number of Cells Weight /Watts Panel Efficiency
2285 x 1133 x 35mm-Tri 144 27.2kg /470 21.2%
752x446x6 - AltE 182 158.1 Ibs / 450 High Efficiency
79.96x39.69x1.57 -Aris 144 51.3 1bs / 500w 24.2%
1762x1134%30mm-Vertex 144 21.2 kg /435 21.2%
2278x1134x35mm- 144 27kg / 500w 22.8%
Jinko

5. Advantages and Disadvantages of Electric Power

The complex microgrid has several benefits. The power grid is a massive
and complex network. Electricity can be arranged and deployed throughout the

US [57]. The extensive transmission networks:
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« Allows microgrid users to deal with known and unknown losses while

providing the demands for more power;

« Provides flexibility. The smart-grid permits delivering power to locations

far away;

« Allows economic competition.

A power blackout in Texas in 2021 indicated why Renewable Energy sources
platforms are essential. In February of 2021, the largest blackout for the state of
Texas occurred due to low temperatures and an erroneous prediction of energy
demand that resulted in winter freeze throughout the state. The blackout spread
across every major city, including the deep south areas. The Electric Reliability
Council of Texas (ERCOT) allowed the events of forced outage of its generators for
fifteen consecutive days [58]. The load consumption request of 20,000 MW was
pushed through the system beyond its maximum limits. The request caused forced
outages that went across 90% of the state. During this time, the first for Texas,
EROCT of Texas, attempted to address the problem by implementing a process
called rolling blackouts [59]. The process was to ensure that power is supplied to

critical loads (see Fig. 24).
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Fig. 24 The Overload Request for Texas Outage [60].

The Federal Energy Regulatory Commission (FERC) investigated the rolling
blackouts from the nighttime light data from the sixth to the 15th of February 2021.

NASA'’s satellite imagery system provided the data for Fig. 25.

L
Feb 06 2021 . Feb 15 2021 .
dark ] Bright ark IS Bright

Fig. 25 Satellite Imagery power blackout (left). Satellite Imagery Power Restored (right)

[61].
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The outage ended on February 19th, and the power system returned to normal
operations, but by then, it was approximately 195 billion dollars’ worth of property
damage occurred and several people passed away. The satellite observation
revealed that the daily minimum temperatures in the major cities caused the
system to overload. The nighttime light (NTL) data was beneficial in showing dark
areas with no power. This disaster would not have occurred if the state of Texas
had adequate renewable energy supply [62]. ERCOT has suggested some major
changes to prevent future disasters:

« Execute an assessment worst winter condition;

» Engage RE engineers in the control room to monitor and make necessary

modifications to the Texas grid;

« Update the rules and procedures for previous severe weather.
This study presents in Chapter 3 three types of configurations of Solar Arrays: 1)
Ballasted Fixed tilt 100 Monofacial, 2) Fixed Tilt Monofacial 250, 3) Dual Axis

Tracker Bifacial, and 4) Flush mount rooftop Monofacial (see Fig. 26).

Fig. 26 Roof Top Monofacial Solar Cells - Off Grid [63].
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6. PV assisted EV charging

The prediction made by President Biden to build a US strong network of
500,000 EV chargers using PV generating stations along America’s highways and
in communities will bring relief to the power grid. A solar powered generating

station should be pursued in current and future research studies (see Fig. 27).

Fig. 27 Solar Charging Unit [64].

The kit is a solar chaining kit designed to provide 50W of power. It is used in an
off-grid application. The chaining feature allows the unit to connect multiple solar
panels for increasing power generation. The Sun produces a tremendous amount
of clean energy and this unit is a convenient and sustainable solution for powering

and charging off the grid. This unit can charge the batteries and supply energy to
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the local and commercial charging stations. Every community, company, and
commerce would do what is needed to save and produce power from a renewable
source. Although all these needs are fulfilled, choosing to go green with clean
resources will hopefully eliminate the concerns of the polluting the Earth
atmosphere [65]. The US needs to continue the research on RE to provide a
complete solution to the world’s environmental pollution problems. Fig. 28 is a
complete setup of the recommended solution to President Biden’s plan to instruct

charging units across the US.

Fig. 28 PV Solar Charging Stations [66].

Various types of devices can use this station to charge employing clean and

renewable energy. This type of units is setup to be environmentally conscious.
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7. Battery Energy Storage in PV Solar Power Station

Solar and wind power configurations, and the battery cost, are challenges.
Table 7 displays a comparison between Lead-Acid battery, NIMH battery, and Li-
ion battery.

TABLE 7

BATTERY COMPARISON

Nominal Cell Voltage V
Energy Density Wh/I
Specific Energy Wh/kg
Power Density w/l
Specific Power W/kg

Most renewable energy generation systems use lithium-ion batteries to cut back
acid vapor released into the atmosphere. Even though the Li-ion batteries are
costly, the Table indicates Li-ion has a better energy density and therefore most
RE generation system uses this type of battery [67]. The disadvantage of the Li-
ion battery is that it is combustible and has a history of catching on fire [68]. The
battery has power cells that can cause short-circuiting if it is damaged by water or

manufactory error [69].



37

3. METHODOLOGY

C. Design Simulation Implementation of the PV Generator

Prototype

The RE solar platform is designed to introduce graduates as well as
undergraduate students to RE applications and research. Students can conduct
experiments outside and inside the lab as well as in remote locations on campus.
The systems allow the students and graduate researchers to design a single and
three-phase power system with various testing points for data collection. Also, the
RE solar platform is implemented to counteract the negative impact of climate
change.
1. Mathematical Modeling and I-V Characteristics of PV Cell

Fig. 29 indicates the ideal PV cell model. This report details how to

simulate a PV cell's behavior.

\N\N\—0
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é

Fig. 29 PV Cell breakdown [70].



Equation 3.0 provides I-V basic characteristics for testing samples of the

prototype PV cells [71].

q(V+IRS) _ _ (V+IRS)
i 1] T Ray T (3.0)

I=1Ipy—1Is [exp
o [py = Sunlight generated current;
e [, = Diode satutation current;
e V., = Thermal votlage of the PV cell;
e N =Ideal Diode factor;
e k = Boltxman constant;
e T=operating temperature and;
e g = Electron Charge;
e [ —cell current (4);
e Ry -cell shunt resistance;
e V = output voltage;
e Rs-cell series resistance.
Fig. 30 shows how the testing of the cells is accomplished. This includes the

variable load and two meters for measurements of the voltage and current.

Variable Load

Device Under
Test

Voltage
Measurement

Current
Measurement

Fig. 30 PV Panel testing [72].
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Some of the basic required parameters are located on the back of the solar panel.
These parameters are:

e Maximum Power - (Pyax);

Voltage - Vimp;

Short Circuit Current - I,

Open Circuit Current - Vo,

Sun-Light Intensity - (So);
e Temperature - (Tref).

Normally the values of Rgy and Rs are given and the values represents
internal losses due to the current flow. Finding the two values require solving a
non-linear equation using Newton- Raphson, curve-fitting, and other trial and
error methods used in mathematical modeling [73].

Gauss-Seidel method was applied to the prototype. The research was
performed with power flows analysis using Fast-Decoupled method. The study
the efficiency of the prototype focusing on three main components:

1. The PV cell performance;

2. Battery Storage;

3. The algorithm that controls the Maximum Power Point Tracking
(MPPT).

Another method to obtain Rsu and Rg, is to measure the open circuit
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voltage Voc of the module, and the short circuit current, Isc [74] . The MPPT
operates at the maximum power point, which is the knee of the current -voltage

curves indicated in Fig. 31 [75].

3.5+
a Maximum power points
30— 6=1,000 wm® —— |\
- (I
< - \ i
S 2 I'G=s00w/m 1A%
c
g 204
3
o L5t
3 00 W/m
8 o+ ——16-%00W
= = .
05+ 1 G=200 W/m
0.0 } f
0 5 10
V Range
Module voltage (V)

Fig. 31 Power Curve and Irradiance Characteristics [76].

The MPP is key for optimizing the performance of the cell modules in a practical

application. The prototype used the data in Table 8 for the solar cells.

TABLE 8

PV MODULE PARAMETERS
Solar Module Value
Voltages at Pmax (Vi) 17.6V
Maximum Power (Ppax) 100W
Current at Pmax (Ipp) 5.69A
Voltage Open Circuit (V) 22.6V
Short Circuit Current () 5.90A
Number of cells (N) 36
Irradiance @ STC (T=25° C) 1000 W/m?
Material Type Monocrystalline silicon

A special design meter was used to obtain the values in Table 8. Power-Sim (PSIM)
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simulation software was used to obtain the PV cell characteristics.
2, The Off-Grid PV Prototype Design and Implementation

The off-grid solar prototype is a PV system that operates without local
utility power. The system is entirely stand-alone. When the sun is shining, the
solar cells can provide power to the load simultaneously as it charges the

batteries. Here are the essentials components for the off-grid prototype:

The PV Modules;

Charge Controller;

Off-Grid Inverter;
e Battery Bank.
3. Advantages and Disadvantages of an Off-Grid PV Power

Generation:

The main advantage of the Off-Grid PV Power generation system is that it
can function anywhere within the US. The system can be used for many
applications, such as:

e Agriculture - to power water pumps and irrigation sprinklers;

e Recreation use — to power boats, RVs, mobile devices, etc.;

e Industrial — to power hospitals, factories, ocean platforms and
satellites;

e Residentials — to power homes with no access to regular utility

services.
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A disadvantage of the off-grid systems is that the battery cost is 70% of the
total project cost. Another disadvantage is the short lifespan of the batteries. The
batteries need to be replaced at least every four to five years during the lifetime of

the PV system.

4. Off-grid PV Power Generation Energy Flow
A typical off-grid PV power generation is composed of the following
components:

1. The Production unit;

2. The Storage unit;
3. The Usage unit.

The production unit starts where the solar irradiance reaches the PV
module's surface to generate DC. The current flows through the connecting wires
into the storage unit. This unit uses a charge controller to manage and control the
power. In Fig. 32, the Charge controller protects the batteries by preventing them

from being overcharged or undercharged.
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Fig. 32 Charge Controller Battery Connection with Load.

The usage unit is made up of the inverter that converts DC to AC. The generated
current is clean enough to operate appliance and components. The off-grid system
can also send the DC directly from the charge controller to the outlets or ports

where DC loads exist (see Fig. 33).

CHARGE
CONTROLLER

SOLAR PV MODULES

INVERTER

Fig. 33 Energy Flow [77].
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5. The Off-Grid PV Power and Energy Production

A PV system supplies energy in kilowatts hours (kWh) to the various loads
[78]. One kilowatt hour equals 1000 watts of power used in one hour. The
maximum current (Imp) is the current below the short circuit current (Isc), and
(Vmp) is the maximum power point voltage just below the maximum power output
point (Pmax) of the I-V characteristics of the cell.
6. Sun Peak Hours and Energy Curve Productions (Summer)

The energy production curve in Fig. 34 for the off-grid PV system was used

to design and implement the prototype.

SOLAR ENERGY
PRODUCED BY THE PV
SYSTEM

SOLAR ENERGY

PRODUCTION

Energy Productions (kWh)

] ° 3 ” 24

Hours

Fig. 34 Solar Energy Production [79].

The curve consisted of the solar energy production and the battery energy

storage and usage. There was a 90 ° angle between the face of the solar panels and
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the sun's position as it approached its lowest point in the sky [80]. Energy
production decreased in direct proportion to the sun's position, clouds, and other
atmospheric conditions. Fig. 35 shows the total energy produced by an off-grid PV
system in a 24-hour time frame per day.

Energy generated by

PV panels
SOLAR ENERGY
PRODUCED BY THE PV
SYSTEM
ENERGY CONSUMED IN A
PROPERTY
BATTERY ENERGY USED TO
CHARGE CHARGE THE BATTERIES
DISCHARGE
BATTERIES CHARGE-
DISCHARGE
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)
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Fig. 35 Battery Charge and Discharge [81].

The blue curve represents the excess energy from the PV system stored in
the batteries for nighttime usage. The blue curve starts above zero on the Y-axis of
the energy production (kWh). The blue curve indicates the energy consumed by
the load began to decline around 18.5 hours, and the PV system recharged the

battery when sunlight returned. The yellow area under the curve is the energy
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generated by the PV panels, and the green area is the excess energy used to charge
the batteries. This process occurred around 10.5 hours to 15.5 hours. The red curve
represents the period when the PV panels were not producing energy, and the load
drew energy from the batteries.
7. Peak Sun Hours (PSH) Computations

The Peak Sun Hours (PSH) is a crucial factor in determining the number of
solar modules needed to build the prototype of the off-grid PV system [82]. If an
area on the solar panel has an irradiance of 1000 W/m?2 and the sun hits that area
consistently with the same value of irradiance for one hour then the PSH is the
same. Ten hours of sunlight per day, maybe five to six hours on average of PSH,
due to solar irradiance being inconsistent within the panel's area.

The location of the PV system in an area devoid of shading, must also be
carefully considered. A website is used to assist with the computation of the
parameters, and the components capacity ratings of the prototype. The PSH Web

site results are shown in Fig. 36 [83].
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SOLAR RESOURCE DATA

The latitude and longitude of the solar resource data site is shown below, along with the distance between your
location and the center of the site grid cell. Use this data unless you have a reason to change it.
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The blue rectangle on the map indicates the NREL National Solar Radiation Database (NSRDB) grid cell for your
location. If you want to use data for a different NSRDB grid cell, double-click the map to move the rectangle.
Dragging the rectangle will not move it

If your location is outside the NSRDB area, the map shows pins for the nearest alternate data sites instead of a
rectangle: Click a pin to choose the site you want fo use.

See Help for details.

Solar resource u

Map Satellite

\WyattiChape

Fig. 36 PV Watts Calculator [ 84]

The zip code of the location is entered and the site presents its latitude and
longitude. The site is displayed in two modes: 1) Map mode and 2) Satellite mode.
The view in Fig. 36 is the satellite mode. When the system info tab is selected, the
site provides various parameters to design and construct the prototype. A rooftop

size estimator, bifacial, and efficiency rating are also listed in Fig. 37.
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Fig. 37 PV Watts Calculator System Information (Info) [85].

When the Results tab is selected in the menu, the following parameters are

displayed:

e DC System size (kW);

o Tilt Angle of the Solar Panel;

e Model Type of the Solar Panel;

e Azimuth Degree (Placement of the Solar Panels).

The total average PSH of Prairie View A&M University location is 5.30
kWh/m2 per day[86]. The total energy from the sun for Prairie View A&M
University location is 5,872 kWh/m2 per year. The PV systems' solar radiation

can vary each month, as shown in Fig. 38.
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Fig. 38 PV Watts Calculator Site Parameters [87].

8. PV Prototype Components Sizing

The steps for sizing and computation of the PV prototype components are

as follows:
1. Determine the Load;

2. Size the Solar Array;

3. Determine the Battery Size;

4. Determine the Charge Controller Capacity Rating;

5. Determine the Inverter Size.

The first step is to determine the energy demand of each load. A small

desktop fan, socket light bulb, and an oscilloscope are used to load the prototype.
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The power consumption is listed in Table 9. The total wattage and watt-hour
from the Table are 280W and 280 Wh.
TABLE 9

LOAD TOTALS FOR THE PV OFF-GRID SYSTEM

Load Hours/Day | Wattage(W) | Load (Wh)
Light bulb 1 hrs 80 80
Fan 1 hrs 100 100
Oscilloscope 1 hrs 100 100

The tool from the website for larger projects was created by Unbound solar.
This site is free, and computations are available for all electrical appliances and

components [88].

The solar panels power generations by string:
String one, power: = (80 W/day)/(5.30 KWh/m)2 x 96% = 15.97Watts
string two, power: = (100 W/day)/(5.30 KWh/m)z x 96% = 19.96Watts.
string three, power: = [(100 W/day)/(5.30 KWh/m) 2 x 96% = 19.96Watts.
Equation 3.2 is used to calculate the number of solar panels.

The power of the string
Wattage of the Panel

Number of solar panels =


https://unboundsolar.com/solar-information/offgrid-calculator
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15.97 Watts

For String one, the number of panels = ————
100 Watts

= 0.1597 (round up to one solar

19.96 Watts

panel). For Strings two and three, the number of panels =
100 Watts

= 0.1996

(round up to 1 solar panel). The proposed prototype needs one solar panel or one
panel per charge controller and inverter to generate 0.01996kWh of energy for
strings two and three and 0.01597kWh for string one. Three charge controllers and
three inverters are used for the prototype. The next step is to select the battery

bank. Here, there are three essential steps to consider:
1. Days of autonomy;
2. Total Load;
3. Maximum Depth of Charge (DoD).

The formula to size the battery bank is the following:

Battery Capacity (Ah) =

Total Watt-hours per day used by appliances x Days of autonomy............... (3.3)
(0.85 x 0.6 x nominal battery voltage)

The larger PV systems should have higher voltages and low Ampacity [89].
The calculations assume a 12V battery pack for use in the PV prototype. The
prototype's current Amps Hour (Ah) capacity remains unchanged. It all depends
on the voltage of the prototype. For example, a 24-volt solar module will need a
24-volt battery bank as well. The batteries can be connected in series or parallel

configurations. To understand this concept in detail, [90] two batteries connected
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in parallel, each with a rating of 6V at 45Ah, result in a voltage of 6V and an energy
of 90Ah. The battery selected for the prototype was an Ever-start with a rating of
12V and 230CCA. For practical purposes, due to not being able to convert Cold
Cranking Amps (CCA) to AH, it can be divided by 7.25 or use the data from Table
10.

TABLE 10

CONVERSION TABLE FOR THE BATTERIES

CCA Range Approximate Ah Range
200-400 CCA 20-40 Ah

400-600 CCA 40-60 Ah

600-800 CCA 60-80 Ah

800-1000 CCA 80-100 Ah

Above 1000 CCA Above 100 Ah

The Cold Cranking Current for the selected battery was equal to 230 CCA. From
Table 10, the amp hour rating by interpolation is 23.0 Ah.
The energy of the prototype battery at any number of hours was determined using
the Battery size calculator using Omni calculator web tool. The selected battery
bank should be adequate to operate and deliver power to the load without
sunshine. The environment will help a designer determine the size of the battery
bank, knowing that the battery bank might be larger due to the days of autonomy.
The Depth of Discharge (DoD) for Lead-Acid batteries is about 40% to 60%,

and the Lithium-ion is around 90% based on the manufacturer data [91]. Using
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formula 3.3, and assuming days of autonomy is equal to 2.5, the load is 80 watts,

and DoD for the systems is 40%, the Battery bank sizing in amp hours

__ (Total Watt—hours per day used by appliances)

xD f nom
(0.85 x 0.6 x nominal battery voltage) ays o autono y

_ 80
51x12

x 2 =156 Wh for string one.

100w
51x12

Similarity for strings two and three, each = X 2 =196 Wh.

The voltages for each battery in the bank are too equal to 80W/6.7A = 11.9 Volts,
and for strings two and three, = 100W/8.3A = 12.04 V. The current for all strings
was obtained from the online battery size calculator referenced above. A 12V
battery bank was then selected. The remaining energy from the panels assisted in
determining the number of prototype batteries. The solar charge controllers were
rated based on the size of the solar array current and voltage. The rating of most
MPPT charge controllers is 12,24 and 48 volts [92]. Twelve volts were used for this
prototype. The amperage rating is typically in the range of 1 to 80 amps. The
prototype had a 12-volt battery bank for a 140-watt system. The solar panel output

power was 100W.

The controller's output current was 8.3 Amps. To account for bad weather
conditions that might cause the PV module array to produce more power than its
standard rating, the value needed to be increased by 25%. This adjustment brought
the current value to 10.40 A. The selected charge controller for the prototype is

shown in Fig. 39.
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Fig. 39 Solar Charge Controller for the Prototype [93].

The rating was 12V/24V at 20A. It had multifunction features using the USB port.
For larger PV systems, the current is increased by 20% to cover all environmental
issues or concerns. The inverter supplied power directly to the load, and for future
growth, it should have a power rating of ten times that of the PV systems. For
example, if the size of the solar system is 200 watts, then the inverter should be
2000 watts or higher. Besides, if more panels are installed in the future, the extra
capacity of the inverter will handle the PV power increase. Also, a bigger inverter
can handle the following loads:

. Short-term overload;

. Loads that are 5 times higher than the rated continuous load.

Future load tests were performed to configure a three-phase circuit for a
single phase and the lower wattage inverters were able to handle the flow of current
due to the unbalanced loads produced by the tested equipment. The one that is
recommended in this research is the KISAE SW1210 for the prototype. It can
produce a very clean sinewave for PV array systems to generate clean power. The

MPPT charge controllers can be used in 400-watt systems, but it is recommended
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to use the hybrid that can perform both functions due to high voltage produced by
panels if set up in parallel-series configurations. It was also discovered during data
collection that the MPPT was designed to power on with the battery voltages only

(see Fig. 40).

Fig. 40 Various type of Inverters [94].

Further research is needed to review and create a controller that will operate when
it recognizes 12 volts applied. The prototype systems produced enough AC voltage
that an oscilloscope was used to measure the output data points after the utility
meter. The Power was reduced to 0.5 Watts after 30 minutes, and the inverters
sounded an alarm signal. The battery began to fail due to the power generated by
the solar panels being lower. The battery was about to reach its nominal charging
voltage threshold of 11.6V. Dropping below this value affected the SOC of the

battery. The final consumption during this period was 0.09 Watts.
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9. Simulation of Power Flow for the Photovoltaic Prototype

The power systems network is very complex. Because of this complexity, it
is additionally challenging to obtain valuable information on its hundreds of buses
and transmission links [95]. In addition, solving the steady-state solutions of the
power system network requires substantial mathematical computations. The load
flow (LF) study of the electrical power system is called Power Flow analysis. The
power companies and engineers use it for designing, controlling, planning, and
future improvement of the electrical power network. The process can derive the
voltage magnitude, phase angles, and reactive(Q) and active power (P) flows and
losses of the power system network under various loads and generation conditions
[06]. The Power-World Simulator software is used to determine and present
examples of software implementation of the approaches.

In recent years, numerous mathematical analysis approaches have been used
to solve power load analysis problems [97]. The continuous increase in power
demand leads to a vast increase in the dimension of the grid network [98]. This
abrupt increase makes it more challenging for numerical mathematical
approaches to converge to the correct answer without the iteration process. The
following sections review the Newton-Raphson method.

10. Simulation of Power Flow for the PV Solar Prototype
The prototype for a central station PV system with a working solar cell at

the point of interconnection that is available in the market consists of a customer
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node labeled as a bus, a 15KW Hybrid inverter, and a distribution line, as shown in

Fig. 41 [99].

Solar External Grid

Bus x R+jX Busy
- -

15Kw Hybrid Inverter Distribution Line Load (PQ) .

Fig. 41 Ideal Solar Cell [100].

The voltage control bus, known as the (PV) bus, is shown as bus x. A low
voltage exists the hybrid inverter and the load. The load apparent power is
presented as (SL) = PL + JQLuueeeoveeevueeeeieeeiiieeeieeeeieeeieeesstae e saeessaeessseeessaesnnnns (3.5)
P;, represents the active power and Q. is the reactive power of the load for the

system. The Line current is derived by:

S Pyy—Q
T=(320) BB (3.6)

Vy
Vyis the nodal voltage, and Sy is the complex power that flows through the

line from bus x to bus y. The complex power at bus (i) that corresponds to the

injection on the kth iteration is derived by:
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Si=Pi+JQiWhere (1= 1....N) oovoveeieieeeeeeeeeeeeeeeeee e seaens (3.7)
S; is the injection of the apparent power at the nth node. The current at that

injection of kth iteration is derived by:

PE+]Q s _ PI-jOf
Ik =( ;ii )" = (Vi,j)* ...................................................................................... (3.8)
The voltage at bus y is derived as Vyy = Vi — I (Rxy +JXxy) ceevveeeeeeeeveeereeeecrreennes (3.9)
The voltage at bus i at the kthiteration is given by Vik = Vi, -Ik(R; + j X)) .......... (3.10)

Now, V. is the voltage at bus x, and V}* is the voltage at bus-(7) at the kth iteration

and impedance of the line Z = Ri + jXi, 50 Vik= V- Z(IF) ovveeveeeeiciiee (3.11)
In a transmission system, the total power lossis Sjj= VI* ....cccceeeuvvecrvveecneennn. (3.12)
The active power loss is given by (%) 2 Rij teeerreeeerreeeereeste e reeeree e e srae e e aeeennaas (3.13)
The reactive power loss is given by (%) 2 XK veeeereeeenreenreeeeteesaraeesnaeeesaraeesaneas (3.14)

11. PV Load Flow Analysis using Newton Raphson - Power World
The Newton-Raphson method was used to analyze a three-bus system
shown in Fig. 42. The three-bus system consisted of three transmission lines, and

three sets of eight Solar panels connected in series.
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Fig. 42 Diagram of the PV Solar 3-bus system [101].

The relevant equations for the power network in polar coordinates at bus — (i) are

as follows:
Pi = Pg1 — Ppi- I]¥=1 IVLIVk I ( GikCOS5ik + BikSin5ik) ........................ (315)
Qi = Qa1 — Qoi=X¥_1 IVilVie | (GixSinSi + BigCOSEis)enearrnravarvaenrarrenas (3.16)

In Fig. 42 above, bus one is the slack bus, and the given line impedance is
0.1 per unit (p.u.). These equations are used to calculate bus 2 voltage, magnitude,
and angle [102]. Therefore, assume an initial flat start of V2,£0° p.u. and simplify
equation 3.10 by inserting the following values:

|Vi| =1, 6: = 0, Bik = 10, Bii= —10, and Gix = Gii = 0.
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The real power injections at bus 2 and an estimated value for |V.| and 6.
are obtained as:
Pocale = |Va| 10SIN85 wvieviiiriiieicieccttecetecee et ennees (3.17)
Qazcale = | V2| (-10)cosd2 + 10| V2|2
Now we can define the function:

_ fl (x) _ Panlc(x) -2
O e N S

Where (Pca— P) is the mismatch between the real and reactive power, this
above equation will calculate the estimated values of |V. | and 8.. To calculate the
roots of f(x), we will define the i iteration as:

X0+ = x@ — J1(f(x)) | XOF(XD ) Lo (3.18)

The Jacobian for this 3-bus system is as follows:

J(f(‘f)\] i) = |:filn?g‘r ?I;,il

d"ig d Vo |

For the first iteration, the study initially guessed x (0) = (7). The calculated

fx(0)) = ().

The inverse of the Jacobian matrix is:

"'1 . ds div
J(f('l‘)):.r”' = fg;:;:l fg}.:lz‘.‘)

f1(z) fl(u] -1
dso d Va|

(i)

The PowerWorld simulator is used for the simulation and analysis.
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Various cases for different PV systems give simulated output data. Table 11 is for

bus voltage, generation & load data for case one.

TABLE 11

FOR CASE ONE: BUS VOLTAGES & LOAD DATA

Bus No. | Bus Code | Voltage (P.U.) Generation Load
MW MVAR | MW MVAR
L (Slack) 1.04 0 0 0 0
2 (PQ) 1.025 0 0 5 0
3 (PQ) 1.025 0 0 25 0

The reactive power on the three buses is assumed to equal zero. This resulting

data was analyzed under contingencies such as shading and full sunlight

conditions [103].

Table 12 is the corresponding line data.

TABLE 12

LINE /BRANCH DATA THREE-BUS SYSTEM

Line From Line To R X
1 2 0.004700 0.0474
1 3 0.004700 0.0474
2 3 0.006200 0.0632

Table 12 tabulates the N-R method results for case 1. The results indicate the two

power values, reactive power and real power, for the slack bus, the line losses, and

the voltage magnitudes. The base results for Case 1 using Newton Raphson (N-R)

are displayed in Fig. 43.
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Fig. 43 Slack bus injection for Case one [104].
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0.00 MW
0.00 Mvar

300.60 MW
0.00 Mvar

The real power for the slack bus was 30.02 MW, and the reactive power was 0.23

MVAR. The line losses are shown in Table 13.

TABLE 13

LINE LOSS AND SLACK BUS RESULTS FOR CASE ONE

Bus Nodes Real Power (8) | Reactive Power (Q) Real Reactive
Losses Losses
(MW) (MVAR)
lto3 3IMW 31 MVAR 265 30
lto?2 1.99 MW 20 MVAR 213 20
2to3 0.0894 MW 1 MVAR 39 2
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The largest load of 26% was transmitted in the line between bus one and bus two.
This occurred because the generations on buses two and three were experiencing
full shading, and the slack bus supplied power to the entire system. The power
factor was assumed and set to be 0.9 and was leading. The voltages for buses two
and three were within 1.02 to 1.04 (p.u.) for case one. Case two again attempted
to perform a load study on when the generation on bus three was experiencing
shading during peak time. The PV source at bus 1 generated 150MW, as shown in
previous Fig. 43 and the data in Table 11. Bus one was the slack bus of case two,
shown in Table 14. The results for case two are shown in Table 14. In Case two,
the PV source at buses one, two, and three provided power for all three loads.
TABLE 14

LINE / BRANCH DATA OF THREE — BUS SYSTEM

Bus No. | Bus Code | Voltage (P.U.) Generation Load
MW MVAR | MW MVAR
1 (Slack) 1.040 0 0 0 0
2 (PV) 1.025 70 0 172 0
3 (PV) 1.025 38.50 0 300.60 0

The generation's partial shading was at bus two and bus three. The line losses for

case three are shown in Table 15.



TABLE 15

LINE LOSS AND SLACK BUS RESULTS FOR CASE 2

Bus Nodes Real Power (S) | Reactive Power Real Reactive
Losses (Q)
Losses (MW) (MVAR)
lto2 1.0014 MW 10 MVAR 151 10
lto3 2 MW 2IMVAR 216 20
2t03 0.1367 MW 1 MVAR 48 2

64

The line loads comparison in case one showed a decrease of six percent

transmission loss from bus one to two, and the supply to bus two was 150MW.

The remaining 48MW flowed to supplement the supply to the load of 300.60MW

at bus three.

The real power was 70 MW for bus two and 38.50 MW for bus three. The

reactive powers on the buses were set to zero. Fig. 44 shows case two in which

the real power and reactive power at the slack bus decreased to five percent and

seven percent, respectively.
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Fig. 44: Slack Bus injection at Bus one and two Case two [105].

In case three, the solar PVs at buses one, two, and three supplied power to all three

loads. Fig. 45 shows all the buses supplying the loads for cas3 three.
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Fig. 45 Case three Bus simulation for the Slack Bus injection at Bus one, two and

three Case two [106].

The data for case three is shown in Table 14. The Power Load Flow solutions was

obtained from all the case verified the capacity of the PV generation. The

generation was varied to determine its optimality and cost efficiency that

improved the congestion flow and to discover if there were any effects on the

transmission lines. The line data is shown in Table 16.

TABLE 16

LINE / BRANCH DATA OF NINE-BUS SYSTEM CASE THREE

Bus No. | Bus Code | Voltage (P.U.) Generation Load
MW MVAR | MW MVAR
1 (Slack) 1.04 0 0 0 0
2 (PV) 1.027 150 0 172 0
3 (PV) 1.027 80 0 300.6 0
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It was observed that the power losses in the line and the load flows can be
obtained through simulations. See Table 17.
TABLE 17

LINE /LOSS AND SLACK BUS RESULTS FOR CASE THREE

Bus Nodes | Real Power Reactive Power Real Reactive
(5) Q)
(MW) (MVAR)
lto2 0.2043 MW I MVAR 82 3
l1to3 1 MW 12 MVAR 162 11
2to3 2036 MW 2 MVAR 60 2

The scenarios of the cases were used to determine the risk factors for each section
of the PV arrays. The three-bus system detected the load bus with the minimum
voltage and the maximum reactive power demand. It was evident from each case
that the real and reactive power improved for each case, and power was produced
and generated on the grid. The load flows’ final results revealed the compensation
of both the real and reactive powers through the network.
12. AC and DC Power Converters

In power electronics, there are four types of converters: AC to AC, DC to DC,
ACto DC, and DC to AC. This study focused on DC to DC and DC to AC converters.

The PV system used MPPT or solar charge controller. This study focused on DC-
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to-DC voltages because the PV panels produced a higher DC voltage, and the
converter converted it to a lower voltage to charge the storage batteries [107].
13. The DC to DC Buck Converter

The Buck converter analysis as shown in Fig. 46, steps down the DC input

voltages.

lo= st ==>| |¢—r* —Dll—':;.f —r{

Load On

I..—.. One cycle .—.I

Pericd of wavelorm (100 %

Fig. 46. Duty Cycle Ratio with respect to time [108].

The buck converter is very popular in PV application. When a high frequency
of 10kHz or higher is used in the circuit, the switch turns on and off periodically.

The duty ratio (D) equation of the switch is:

time on T . .
D= eriod = % = T,n X SWitching frequency, f; .c..ccoeeeveeeervveeeennnns (3.18)

The MPPT charge controller will generate a large amount of power at

the highest point. The power equation can be derived by equation 3.19:
Power(P) = Voltage(V) * Current(I).......ccccceeevieeriieeniieeeciieeseieeecieeeeeeeeeenveenns (3.19)
The converter operated on time, as the switch was closed. When a high
frequency of 10kHz or higher was used in the circuit, the switch turned on and off

periodically. Equation 3.19 of the switch is

time on

.
DUty ratio D = e (3.20)

period
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T,
= % = T,, x switching frequency, f,

Fig. 46 shows the pulse width measured when the switch was on. The converter
was designed to decrease the DC bus voltage to the battery charge voltage.

The converter operated when the switch was closed. This is shown in Fig. 47.

MPPT Charge Controller

DC/DC Converter

————————

U / Induct U /
I J_ |
I |
I T 1
I |

+ + +

[/ [/ S/
[/ [/ [/
(777777 L
PV Panel Battery Load

Fig. 47 MPPT Charge Controller Diagram [109].

The PV dc source charged the inductor as well as the capacitor, then current
flowed throughout the circuit [110]. The diode allowed the current to charge the
capacitor and prevented the flow of current back into the inductor. The purpose
of this capacitor in the circuit is to maintain a relatively stable output voltage
across the load resistor [111]. The buck converter has some advantages. It reduced
the voltages at the input, but it stepped up the current. Unlike other circuits such

as voltage divider circuits that reduce the voltages and dissipate power as heat,
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the buck converter does the opposite. The inductor current is derived by equation
3.20:pplication [112].

A G ) T 1 () S SRS (3.21)
And when the average inductor voltage is zero:
V= 2 Ve Q)AL= 0 e (3.22)

The capacitor current average is zero,

Ie= 27 Q) QA= 0 e (3.23)

The power associated with source is the same as the load, plus the losses.

P, = P, which ideal P, = P, + losses non-ideal [113].
At the closed state of the switch, V, = V,,,; - V;,,. In this way proves that this type
of circuit reduces the voltage of the circuit (see Fig. 58).

diy,

Vs Vo= Vo = L s (3.24)

To solve for an _ Vs~ Vo

The positive current is derived by taking the derivative:

dip, _ Aip _ Aip VsV,

dt At DT L

And to solve for Ai,
. Vs—Vo
Aiy(closed) = (== ) DT et a e s (3.25)

The current across the capacitor will change (see Fig. 48).
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Fig. 48 Buck Converter Circuit and Switch Duty Ratio [114].

The voltage across the inductor is:

To solve for L—%= —2

When the inductor value was negative, this caused the current to

decrease, and that change is represented by equation 3.27:

Aip _ Aig Vo

At T IID)T T L e (3.27)
. Vo
Al oy = -7 (1-D)T
And to solve for V,, using the previous equations:
Vs—V, V,
(Z72)DT) =2 (L= DIT=0 e (.3.28)

Vo= Vs D
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The average current equation is:

I, = Iy = ‘2’ ................................................................................................... (3.29)
And the inductor minimum is:
(1-D)R
Lin T TR R TP R (3.30)

Where f is the frequency and L,,;,, is required minimum conditions. Now

the power from the source must be equal to output voltage across the load resistor:

P, = P,
Vils=V,1,
V, I
. I,

The formula for this converter is like a dc transformer equivalent circuit.

To determine the correct capacitance, the capacitor current is indicated in

Fig. 52. The equations are as follows:

The charge of the capacitance:
Q=Cl
AQ = CAV,

AV, = A

O

1-D

the required capacitance: C = W ................................................... (3.32)

The output voltages depend on two effects, the voltages going in the

circuit, and the duty cycle. The duty cycle is equal
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to: t"T" . Where t,, is when the switch is divide by the period, T.

If the circuit is on for 1 ms and off for 3 ms , then the Period T is time for

one complete cycle would be 4 ms and the

Duty Cycle (D) = t"T" D = ~™= s5=25

4 ms

Now that D is known, the output voltage can be calculated. The formula
for the output voltages is:

Voue = Vin x (D). Therefore:

The output voltage can be controlled by adjusting the duty cycle. The Buck
converter was implemented into the prototype designed to control the DC from
the PV panels, and the input voltage was assumed to be equal to 10 volts. A
current of 4 amps flowing through the buck converter and a 555 timer was added
to the circuit with a duty cycle of 50% [115]. The output voltages were calculated,
the current was assumed, and the buck converter had an efficiency of 80%. On
the first initial step, the Power was derived to be, P, = 105 = 50 W

Then the V,,;, = Vi, x (D).

Voue = 10x50%
Vour = 5v

Now that the efficiency of the circuit is given at 80%, output power can be
derived [116]. So, the output is

The output power, P,,; is equal to 0.8 x 50 W/;

Vour =24x .25and V,,, = 6v
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Now that the efficiency of the circuit is given at 80%, output power can be

derived [116]. So, the output is

P, is equal to 0.8 x 50 W;

P =40W
Then P,,, =V xI.

t

Ioyt = %

40W

foue = 5

Iyt = 8 amps
The Buck converter circuit's voltage decreased, but the current increased.
The voltage decreased by a factor of two, and the current increased by a factor of
two. The circuit was not rated at 100 % efficiency due to voltage loss across the
resistance of the circuit, and the voltage drops across the diodes [117].
14. Testing Conditions for PV Panels

The sunlight shined on a certain area of the solar panels. In Fig. 54, some

of the crucial points are as follows:

1. The Azimuth;
2. The altitude;
3. The panel is installed towards the south;

4. How long is that area covered by Solar irradiance.
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The solar panels manufactory ratings for the prototype is 200 W/mz2 at
17.6Volts. The PV module power was equal to the Total consumption average
daily divide by the irradiance*yieldfactor. This information was considered for
the prototype as the data was collected from the panels, and research will continue
for future studies. Testing was done using the panels at the site to verify the
parameters provided by the manufacturer that are located on the back of the
panels.

The first step was to collect the PV array datasheet specifications for the
Standard Testing Conditions and the Worst Testing Conditions. The conditions

for this study for the solar irradiance were:

e The Standard Testing Condition (STC) of 1000 W/m2 @ 25..

e The Worst Testing Condition (WTC) of 50 W/ m2 @ 25
The PV cells had multiple voltage ratings which were determined under the
standard test conditions (STC) or the worst-case condition (WTC) [118]. One of
the ratings was the maximum power voltage (V;,,) which was the operating
voltage of the solar panel. It dropped significantly at high temperatures (see Fig.

49) and will vary slightly depending on the amount of light from the sun.
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ELECTRICAL DATA (STC)

Peak Power Watts-Pwmax (Wp)* 470

Power Tolerance-Pwvax (W)

Maximum Power Voltage-Vwmer (V) 36.1
Maximum Power Current-Imee (A) 13.02
Open Circuit Voltage-Voc (V) 43.0
Short Circuit Current-Isc (A) 13.73
Module Efficiency nm (%) 20.0

STC: Irradiance 1000W/m?, Cell Temperature 25°C, Air Mass AM1.5.
*Measuring tolerance: +3%.

Fig. 49 PV Cell Datasheet [119].

For the tracking to operate smoothly, the cells (;,,) must always be several volts
greater than the battery charge voltage in every condition, including elevated
temperatures. The second rating was the open-circuit voltage (V,.), which is
always higher than the V},,,. The V. also decreased at a higher temperature but

significantly increased at a lower temperature.
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The data sheet for the PV array had the following settings:

Standard Testing Condition Worst Testing Condition
1000 W/, @25° ; 50 W/ 2 @25%

Pps = 1800 W; Pppw = 0.005;

Vinps = 1065V ; Vips = 106.5V ;

Inps = 169 4 . Lyps = 169 4.

15. Standard Testing Conditions (STC) of the PV Module
For standard testing conditions, the following steps are implemented:
a. Data from the Solar Panel module is added to the PSIM software;
b. Build the circuit using PSIM;
c. Run STC simulations;

d. Compare results

16. Worst Testing Condition (Shading & No sunlight) of PV Module
The procedures below are essential:
a. Adjust the S value for the Solar panel array, and choose any three.
b. Build the circuit.

¢. Run the WTC simulations.

Fig. 50 shows the current and voltage in the simulation situation. Fig. 50 is a

breakdown description of its PV energy conversion characteristics.
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Fig. 50 PSIM IV Characteristic Curve [120].
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The P, is critical in deriving the device’s performance results and the panels'

efficiency. The prototype project demonstrates the PV panel parameters using the

practical prototype in PSIM software. The entire process of modeling the solar

module prototype and setting up the PV array is even suited for anyone who has

a basic level of comprehension of the application. Once the final calculations were

done, the values were tested with simulations (see Fig. 51).

Electrical Characteristics

POLY-CRYSTALLINE 156 = 156 MM 72 PCS. (6x12) - 4 BUS BARS

SOLAR CELLS
Maximum Power (Pmax) 300 Wp 305 Wp 310Wp
Voltage at Pmax (Vmp) 37.23V 3724V 37.32V
Current at Pmax (Imp) BOGA 8.19A 831A
Open-Circuit Voltage (Voc) 4471V 4472V 44.T6V
Shor-Circuit Current (Isc) BS4TA S0%4A 9.234A
Maximum System Voltage (V DC) 1000 V fiec), 00 V (UL)
Cell Efficiency 17.46% 17.75% 18.05%
Module Efficiency 15.46 % 15.72% 1598%
Number of By-pass Diodes 6
Maximum Series Fuse 15A

| Temperature Coefficient of Pmax -0.45% /*C
Temperature Coefficient of Voc -0.34%/°C

(lemperatune Coefficient of Isc -0.05%/°C )

L al Operating Cell Temp 4T22°C

315Wp
3746V
8414
44.82vV
9.371A

1834%
16.23%

320 Wp
3762V
B51A
4488V
9.515A

1863%
16.49%

Fig. 51 Solar Panel PSIM configurations [121].
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17. PSIM I-V Curve of a PV CELL Characteristics

The cells are designed to be placed outdoors to generate electric power from
the sun. When there is a load, the current flows within the cells. The output voltage
cannot go beyond the value of the forward bias voltage of the diode. The actual
value of this diode is between 0.5 to 0.7 volts. The panels consisted of several
modules fastened to a common metal frame. Fig. 52 shows the panels set up in

series.

1000 ' v
S E . . - . .
[ T+ A
(R *
5 o5 =~ 30n Vet )
| T.I:‘ - | o8 7
‘ Ve
42

Fig. 52 Solar cell PSIM schematic [122].
PSIM was used to create the schematic. All values from the datasheet were entered.

For this physical module, the temperature is rated at 25 ° C and the standard
testing condition is 1000 W/ 2 [123].
18. PSIM Thin File Models

Fig. 53 shows the solar cell array module for the i-v characteristics. The

module is simple to use because a user inserts any manufacturer’s data from the

datasheet.
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Fig. 53 PSIM Thin File Model [124].

This study focused on the Physical prototype due to the environment of the

designed area. There are terminal nodes, positive and negative. "S" is the light

concentration input (in W/m2), and “T" is the ambient temperature input (in °C).

Pmax is the operating conditions, as shown in Fig. 54.

Fig. 54 Solar Array Configured in Series [125].

The PSIM Simulation of Solar Panel Characteristics

19.
This study used PSIM software to pull the characteristics components and

generated an I-V curve waveform to compare the results with rated parameters.
The curves study was very critical so that the prototype could generate the

maximum power using the PV cell characteristics. A prototype model of the PV cell

is shown in Fig. 55.
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Fig. 55 I-V Solar Panel Characteristics using PSIM [126].

The schematic is used to study the proposed prototype and the model design so
that the system can be optimized for the maximum power point to ensure that the
design systems will run efficiently. All components and behaviors were monitored

during operation in the land field. There are some key functions that must be

considered:
. The total irradiance environment on the PV Cell;
. The temperature of PV cell;
. The spectral content of the irradiance;
. The input parameters and Cell Array setup: Series or Parallel.

The results present the values of both the series equivalent and parallel resistances.
PV cell IV characteristics were done with a standard light source and temperature
controller. The test was done in PSIM and used the sunlight as well. The results are

shown in Fig. 56.
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Fig. 56 IV Characteristics Results using PSIM [127].

The reading 200 is when the system is about to turn on and the concept is to run
the systems so that it reaches its maximum point from the sunlight as it approaches
its highest peak. The components of the circuit were set with proportional blocks
to vary the irradiance and an initiative point using a constant value. A voltage
sensor and a multiplier were used to calculate the power flow through the system.
The results for the String A of the system were very controversial. The results can

turn out to be a modified sine wave (see Fig. 57).
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Fig. 57 Prototype Modified Sine Wave [128].

When purchasing the inverters, consider that the output of the inverter must be a
pure sine wave to operate electronics properly. An inductor and capacitor (LC)
filter were added to clean up the sine wave, which is discussed in the next sections.
Most inverters are classified as pure sinewave. The demand for sinewave inverters
is increasing rapidly [129]. The modified sine wave results in Fig. 58 were
unsatisfactory and did not transition directly from positive to negative maxima.
The output results displayed a zero level at a period of the graph with respect to
time, which gives dead spots between the positive and negative cycles. There are
many techniques to correct this output and to generate a pure sinewave in
alternating current. However, in this project, SPWM was employed to regulate the
switching of the MOSFET full bridge. This provided clean power AC output after

incorporating an LC filter, which resulted in a full sinewave, as shown in Fig. 58.
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Fig. 58 Filtered output with an LC Load [130].
20. The Effect of Partial Shading on PV Panel Operation

When a single solar panel was shaded, it no longer provided full power at its

output (see Fig. 59).

Cell 3

Cell1 Cell2

- Output Voltage ® +
Vri=Vi+Va+Va

>

Lower Maximum

<~ Power Point
\Cell 1 \Cell 2 NCEII 3

String Voltage

1L.I8.IJI’IO L

Fig. 59 Partial Shading [131].
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The current produced was affected when the shading occurred. In other words,
this shading caused a slight drop in PV module output. Partial shading occurs
during poor sunlight or cloudy days. The result voltages of each panel are
different. The negative effect of shading was solved satisfactorily by inserting a
bypass diode in parallel with each solar module. This allowed the current to move
within the cells, and the voltage at the cell terminals equaled the applied voltage,
as shown in Fig. 60 [132].

Measure

X1 ‘ X2 ‘ A 1/ Average Average [X| RMS

Time 68.33038m 84.54242m 16.21204ma 61.68256
VAB 6.61838 -5.93114 -12.54952 -16.24938 96.26370 107.99008
VBC -80.97769 -156.01841 -75.04073 14.23751 92.33304 103.27963

Fig. 60 Simulations results at 200 W/mz2 Irradiance [133].

As the sun rotates, a partial shading effect occurred. The installation had an
uneven impact on its power production. This proposed study presents an
experimental result from an off-grid renewable energy solar system covering all
types of solar conditions. A shadow reduced the power production by the solar
panels as shown in Fig. 61, and shows the relationship between shading and power

reduction.
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Fig. 61 Shading example [134].
As shade is produced by clouds or some obstacles, the current decreases through

each string. The PSIM software used the datasheet parameters to research the

solar panel output results for future studies (see Fig. 62).

cl2ER[xY|(EE2A2 RO @] a]RT

i Wrray 1.7285024e+001
i PAmay 1.8754568e-003

Fig. 62 Partial shading and Power Results [135].



87

21. Solar Irradiance and Panel Configurations

The device’s main operation was to control the voltages produced from the
panels. The voltage controller also controlled the current flow in the solar cell array
and was selected to withstand maximum flow. Sizing the inverter included the
configuration of the power usage applied to the prototype. All the current sources
flowed through the cell output terminals, and the cell output voltage was zero

Amps, as shown in Fig. 63.

35-
: : Maximum power points
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=
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= = = |
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0 5 ] : 25
V Range
Module voltage (V)

Fig. 63 Worst case conditions and I-V Curves Results [136].

22, Partial Shading Awareness
The prototypes can be partially shaded by houses, light poles, or buildings
at any time of the day, which impacts their power performance output. Consumers

can obtain an efficiency of around 22% [137]. Efficiencies of 46% have been
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demonstrated in laboratories for the most advanced concentrator applications,
and efficiencies continue to rise for various categories of RE panels, as well [138].
23. Panel Configurations

To meet the goals of designing high-power systems, the N-number
modules was configured in series and parallel, which are called strings. The series
configuration of the cells increased the system voltage, as shown in Fig. 63.
For example: V; = Vyppios = 12+ 12+ 12+ 12 =36 Volts

It = ILseries =8 A

36V / 8A

NAE

12V / 8A

e I U |

Fig. 64 Series Configurations [139].

The cells configured in parallel added the output currents, and the voltages
remained the same. For example: It = lygrque; = 8 +8+ 8 +8 = 24A

Fig. 64 Parallel connected PV modules.
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Fig. 65 Shading Examples [140].

VT = Vparallel T VA /Ut (3.35)

12V/8A  12V/8A  12V/8A 12V / 24A
N
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i

i

-|+ -l+

Fig. 66 Parallel Configurations [141].
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For example, 14.4 volts is required for the lithium batteries to operate and charge.
It will take at least 100 watts to produce a 18-26 volts for a solar module. To
receive 14.4 volts and for the batteries to charge, solar panels were connected in

parallel in order to reach at least 75% capacity as shown in Fig. 66.

k
3 modules
I=h+ bt l
& & * 3
| [ T R
. Z modules ! h h
5
is ] t } v
[id
8
1 module
1 \ —p

VOLTAGE

Fig. 67 I-V Characteristics for 3 Parallel and Series [142].

A string is when N-number of cells are configured in series. Fig. 67 shows
a diagram of combination of parallel and series parallel (2S2P) connected PV

modules.


https://battlebornbatteries.com/product-category/all-batteries/lifepo4-batteries/
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ToTAL OuTrPuT
Power: 720w
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FUSES MAY BE REQLIRED
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Fig. 68 Parallel and Series Combination (2S2P) [143].

A Special plug was needed to complete this configuration. This allowed the voltage
to increase and to maintain a stable current as well. The configuration also
assisted in the partial shading issue as well. The power remained without losing
the entire system that was connected parallel.
24. Battery Types and Specifications

When freezing temperature is taken into consideration, the irreversible
plating happens on the anode of the cells for the Li-ion. A lead acid battery costs
$150 to $200 and the Li-ion cost is $40 to $100 per kWh. Now in a PV system, to
attain the 12VDC to 120/230VAC system, both the solar panels and batteries
storage must be connected in parallel. The two types of storage batteries that are
widely used are lead acid and lithium batteries. The Li-ion also performs better but
the cost analysis goes to Lead-Acid batteries. The lead-acid batteries have two

electrodes and can be classified as follows [144]:
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1. Flooded;

2. Sealed;

3. internal structure with removable plugs. Since photovoltaic applications
demand deep.

The flooded lead-acid or ventilated lead-acid batteries have a small,
ventilated access to their charges and discharges cycles, suitable for RE storage.
There are also storage battery array’s that are somewhat sealed to avoid
evaporation and leakage of vapors. Another type is the valve regulated lead-acid
(VRLA) battery. The VRLA comes in two types:

e Gel;
e AGM.

In the Gel type the electrolytes is in the form of gel and AGM type has a
special glass mat separator as electrolytes. The batteries have low self-discharging
rates with a high energy density, which means lesser sizes. The performing
characteristics are higher than the lead-acid arrays. The characteristics allow the
units to charge at a rapid speed.

25. Battery Architecture and RE Prototype:

A major disadvantage of lithium batteries is their price compared to lead-
acid batteries. However, for solar power applications, lithium is the most powerful,
efficient, and long-lasting solution [142]. Lithium batteries can be connected in

series as needed.



93

The 300-watt prototype unit, as the sunlight activates the panels, was able
to produce power. The batteries ensured a constant and dependable energy
supply. The energy was stored in the batteries during the sunny periods and used
during cloudy times and night hours [143]. It is recommended to use marine-type

sealed lead acid batteries and to avoid acid fumes (see Fig. 68).
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Fig. 69 Discharging Lead vs Li-ion Battery @ 25°C [144].

The batteries should be fully charged and should never be totally drained
of their power. If this occurs, it will affect and deteriorate and shorten the life span
of the unit. This is known as a flat process. The battery has three charging stages:

Stage 1: Bulk charging: a method of charging where the battery is
supplied with the maximum current. The current is extremely high. This is the
initial charging phase because the Battery capacity is quickly filled.

Stage 2: Absorbing charging: in this stage, the current is reduced to a
lesser but very steady level. This stage prevents the battery from overheating and

also stops the liquid inside the battery from boiling and giving off explosive gases.
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If this process occurs, it will take the battery longer to charge, but safety is a
concern for the end user.

Stage 3: Trickle charge: Also known as floating charging. As was
observed during the testing of the prototype unit, the storage batteries reached
charge.

The power’s charging current was reduced to a mere trickle to maintain the
battery at 100%. At times it could take a full day to charge the batteries. The Amp-
hours (AH) were used to calculate how long the battery would provide power to
the load and to supply power to devices such as, Lights, Laptops, phones, TVs.
Suppose the rate is 125AH, the system should not use more than half of this, which
would be 62AH. At this point, the battery recharged. During the testing of the
prototype unit, it was noticed that the current was extremely high during charging
time. The data showed that the battery's voltage decreased gradually at a
discharge rate of 80%. When lithium-ion was compared to the lead acid battery,
the constant flattened at a lower rate. For a non-permanent solar power
installation, the Lead acid vs Lithium in the previous Table 17.0 displayed that
the Lead-acid battery is the right choice for the prototype. It discovered that
cloudy and sunny days has an effect the on the PV array’s energy for the system,

as shown in Table 18.
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TABLE 18

SOLAR PROTOTYPE BATTERY RESULTS

Voltage (V) Current (A) Time of the Day Sunny / Cloudy
12.6 3.2 9:25 AM Sunny
12.1 3.5 9:45 AM Partial Sunny
11.9 3.7 9:46 AM Sunny
11.7 4.25 9:50 AM Cloudy

If the prototype has future plans to implement a more efficient battery energy

arrangement system, see Table 19.

TABLE 19

LEAD-ACID VS LITHIUM STORAGE ARRAY

Battery ‘Weight Discharge Rate Maintenance Efficiency Cost /Venting
Lead Acid Heavy 50% Self-discharge 80% Low / gases
Lithium Y2 of Lead Acid | 80% Longer storage 95% 4x / sealed

The cost/venting was discovered for cycling the lithium battery and a lead-acid

battery.
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26. Series and Parallel Configurations for Batteries

The flooded lead acid and sealed AGM storage system can be configured for
series or parallel. The systems in the series have a rating of 100 Ah, and the total
voltage is 24 volts. Three batteries can be configured with the results of 36 volts,

with the current remains the same (see Fig. 69).

Pos. load Neg. load

#----= (k-

2 BATTERIES IN SERIES = 24V 3 BATTERIES IN SERIES = 36V
BETWEEN POSITIVE AND NEGATIVE BETWEEN POSITIVE AND NEGATIVE

Fig. 70 Two and Three Batteries in Series [145].

The current increases but the voltages remained the same in a parallel battery

configuration (see Fig. 70).

pi‘d/x\ufd Ky o
Sommels  Sasmes _WM_
+ - + E
B . + . 1 1

Fig. 71 Two and Three Batteries in Parallel [146].
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27. Advantages / Disadvantages of Series vs Parallel Configuration

The advantage of having batteries in parallel configuration was that the
current increased. The amp-hour capacities were stabilized, and two parallel
doubled the runtime, and so on. Another advantage was when one battery had an
issue, the remaining batteries in the system could still perform. The disadvantage
of parallel configuration was that the system voltage remained the same, and the
current was higher. Higher current requires a larger AWG size and more
resistance that will cause a larger voltage to drop [147]. The limit on how many
batteries are in a series is contingent on the battery manufacturer's system voltage
requirements, but there are constraints with the parallel configurations. The more
batteries in parallel, the more capacity and longer runtime the system has
available. The only disadvantage in the parallel battery configurations is that the
charge time will increase for the system. For overall cost consideration for this
prototype project, lead acid batteries were used.
28. Building of an Off-Grid Solar Power Prototype

To design an Off-Grid Solar system, the operation of load that will be
applied to the PV array must be considered. The daily operating hours of each
appliance, through estimation and calculation, should be around 100 watts, as

shown in Fig. 71.
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Fig. 72 Section: Lead Acid battery (100-watt PV Testing Prototype) [148].

The estimated average daily irradiance is 0.54 using Table 14. The yield factor can
be considered as well, with the calculation of the total power can start the
installation of the PV modules for each string. The amount of solar radiation is
studied after the site survey. The Sun covers the Earth’s surface with angles that
are consistent on Earth. The angles can start at 0° and go up to 90°. As the Sun's
irradiance becomes upright, the surface of the Earth is considered to be the
maximum power point. A small PV system prototype with three circuit breakers
and three strings of modules, AC meters, AC appliances, and safety breakers was

able to deliver up to 9A and was created and implemented (see Fig. 72).
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Fig. 73 Prototype Components: CT’s, DC Switches, MPPT, and Inverters.

The installation wire two to eight AWG size was considered, and multiple bus bars
were implemented. The AWG size was considered to induce fire. The fuses acted
as a precaution-protection device that detached the schematic from the rest by
cutting off the power source from reaching the fuse internally when a specific
current passed through the fuse to the network. These fuses are generally installed
in line with the AC and DC combiner railing systems. As mentioned in previous
sections, for small or bigger applications, consider using 12v and 24v battery
designs, but the over-solid choice is 48V. A 1000-, 1100-, and 200-watt inverter

are other options as well. It was calculated using the formula below:

12 VDC X 40 AMPS = 480 WaALLS ..ccuviiieiiiieieiieeeieeeeeeereeeeiiee e (3.38)
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It is vital to know the consequences of choosing a specific voltage for the
renewable system, but there are some advantages and disadvantages that are
covered later. There are three types of systems that can be considered: 1) 12 volts,
2) 24 volts, and 3) 48 volts systems. A single charge controller can handle a
maximum of 80 Amps, equaling 960 watts of solar at 12 volts.

12v x 80A = 960 watts

The following components are shown in Fig. 73 and listed below.

Fig. 74 PV Off-Grid Prototype [149].

1. 100-W inverter x 2;

2. 1000-w inverter x 3;

3. 3 MPPT controllers rated at 50V input and 12.6 volts output;
4. 3 Solar panels rated at 100-W V. 22.6 Volts;

5. Various type of bus bars;
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AC /DC Breakers;
312V 260 AH Batteries;
Single Phase Meter;

Three Phase Meter;

10. Three AC Voltage Phase Shifters.

When the battery voltage is increased to 24 volts, the calculated power required for

the prototype was 1920 watts. Using the current of 80 amps, the power is equal

to:

24v x 80A = 1920 watts

Or even more with a 48-volt battery system

48v x 80A = 3840 watts

The conclusion is that the charge controller was less expensive with a higher

voltage PV system.

The prototype used was a 2000 watts prototype.12v x 24A = 288 watts.

The prototype system was able to display load current as well as the wattage and

the consummation (kWh) (see Fig. 74).
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Fig. 75 Solar Prototype Load Results [150].

The prototype systems were able to provide a single phase and a three-phase line
for various types of applications. If a lead-acid storage array is implemented, the
capacity needs to be doubled, because the lead-acid storage array has a 50%
dischargeable rate. Testing was done outside near the proposed site to evaluate
all types of situations that could occur on the prototype. The simulation data
matched the practical data, due to the modified sine wave output results were
noticed on the prototype measurements also. The solar array specifications, along
with the rated parameters that were used are as follows:

e Solar panel Voltage: 22.6V,

e Current: 5.21A;

e Rp.=22.6v/5.86A=3.866Q;

e Power Supply Load = 22.6 x 5.21=117.75 W.
The PV Module Load voltage (Rsh = 313.40 Q (From Simulink Module). The
power supplied to load decreased significantly when cells were shaded. The

voltage produced by only 35 cells was calculated to be: 35 over 36 x24.3 v=23.63
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V. It was observed with the prototype that when the solar voltage increased, so
did the current throughout the circuit. The Tables show that the three systems
performed very well and were able to remain stable 95% of the time with a load of
36.5 watts and 60 watts. The system’s three MPPT set off an alarm if the batteries

dropped below its nominal operation voltage threshold (see Fig. 75).

Fig. 76 Prototype Modified Sinewave and Measurements [151].

The output for two inverters did not deliver clean power. Those units were
replaced. The inverters set-off an alarm if the batteries dropped below its nominal
operation voltage threshold. It was noticed that the MPPT shut down without the

battery's input voltages of 12 volts (see Tables 20).
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TABLE 20

DATA FOR PV SYSTEM PROTOTYPE (SUNNY)

RE Solar Voltage RE Solar current RE Solar No load Battery Voltages Qutput Sine Wave
W (A) W) (4)] AC
20.2 53 107 12.9 noise
20.2 24 48 12.8 noise
19.8 34 67.3 12.9 noise

The output for two inverters did not deliver clean power. Those units were
replaced. The Ever-start Lawn/Garden battery, with model number U1R was not
designed to handle the energy supply for the prototype. See the Ever-start battery
amp hour rating in Table 21.

TABLE 21

DATA FOR PV SYSTEM PROTOTYPE (PARTIALLY CLOUDY)

RE Solar Voltage

RE Solar current

RE Solar No load

Battery Voltages

Output Sine Wave

A A W v AC
20.2 5.3 107 12.9 noise
20.2 5.5 48 12.8 noise
19.8 6.0 67.3 12.9 noise

This battery was designed with a 30-minute Reserve Capacity (RC). During the
testing of the prototype, a few batteries were damaged when the voltage dropped

from 12.5 volts to 10.5 volts. See Table 22.
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TABLE 22

DATA PV SYSTEM PROTOTYPE (SUNNY)

RE Solar Voltages RE Solar current RE Solar load | Battery Voltages | Output Sine Wave
v A W Ay AC

13.1 2.0 107 13.1 108.6 Modified

13.0 2.0 48 13.5 118.2 Pure

112.9 61.6 67.3 12.9 97.8 Pure /ripples

Performance of Selected Components for Prototype
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The batteries performed well. The testing results provided valuable insights

on how the batteries performed during various cases with the sun light. The results

assisted in assessing the overall efficiency of the PV platform and ensuring that the

stored energy was available when needed. It was noticed that when the sunlight

obscured by clouds, the current rose after the batteries carried the load of the

system for about 15 to 20 minutes. The results are shown in Table 23.

TABLE 23

PROTOTYPE PERFORMANCE TEST DATA

RE PV Panels Battery Voltages Inverter Output
Volts Amps Watts 12.6 108.6 Modified
12. 2.0 107 12.9 118.2 Pure
12. 2.0 48 12.6 97.8 Pure / ripples
12. 61.6 67.3 12.6 108.6 Modifiad
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When fully charged, the prototype operated at 100%. Field test was done with
300-watt and 2000-watt prototypes to analyze full sunlight, partial shading, the

effect on the battery, and the charging rate. See Table 24.

TABLE 24

DATA SOLAR SYSTEM PROTOTYPE (PARTIAL SHADY)

RE Solar RE Solar RE Solar Battery Output Inverter
Voltage current load Voltages Sine Wave

v A W v AC

124 2.0 107 126 108.6 Modified
121 2.0 48 129 118.2 Pure

126 616 673 126 97.8 Pure / ripples

The power generated reached 14.038 volts to operate the system loads (see Fig.

76).

Fig. 77 Solar Panels Prototype Site Assessment [152].
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The panels were placed where sunlight could illuminate the unit. This study
proposed installing a hybrid inverter in this prototype to test future on-grid
applications.
30. DC and AC Fuse Protection for Prototype

The fuse switches were installed to prevent an overload and to protect the
system [153]. The switch will prevent damage to the inverter by cutting off the
power source before it reaches the load. The switches were installed in line with

the AC and DC combiner railing systems, as shown in Fig. 77.

Fig. 78 AC / DC Switches [154].

The prototype has an ambient temperature sensor and a module temperature

sensor for each type of inverter. An instrument voltage and current transformer
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assisted in collecting the data for each inverter and battery [155]. The data
collected was analyzed for the solar panels, inverters, and batteries with the help
of the e-Gauge.
31. Testing Prototype Components Efficiency

The efficiency of a RE solar panel is defined as the amount of electrical
power coming out of the solar panel compared to the power produced by the
sunlight [156]. All the energy produced from this panel depends on the intensity
and wavelengths of the light available and multiple performance attributes of the
cell,

as shown in Fig. 78 and Fig.79.

Fig. 79 Prototype Wattage Consumptions [157].
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Fig. 80 Oscilloscope 60 and 100-watt Loads on the Prototype [158].



4. THE PLATFORM DESIGN

D. Introduction
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The design of the RE platform will follow the same steps as the prototype

described in Chapter 3.

The platform consisted of three types of panel installations:

1. Ballasted Fixed Tilt 10° Monofacial,

2. Dual Axis Tracker combination of Monofacial and Bifacial

3. Fixed Tilt 25° Monofacial

The load, MPPT, battery size, and number of solar panels were considered in the

platform's design (see Fig. 80).

AC Appliances

Wh

Wh

Wh

Wh

Wh

Wh

Device Watts Hours Watt Hours
AC-Heating l 1000 w 6 h l 6,000
Laptop [ 60 w |6 h [ 360
Lights-Cameras-EMS [ 860 w 24 h [ 20,640
Printer-Gate l l 1050 w 6 h l 6,300
PC - Microwave ‘ ‘ 1270 w 6 h [ 7,620
Total Watt Hours
l 40,920
Future load expansion 30 % of the Total Watt Hours 53.196

kWh
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Fig. 81 Projected energy demand for the Platform [160].

Based on the same procedure used in the design and implementation of the
prototype, The platform needed an estimated total energy of 40,920 kWh that will
also supply future load growth.
1. Platform Solar Array Sizing

To calculate the wattage per string of the PV panels for the platform, using
the PSH value and efficiency, the formula below from Chapter 3 section 3.1.11 was
considered;
Power = (53.196 kWh/day)/ (5.65 kWh/m2 = 9415.22 Watts.
Power = (9415.22 Wh/day)/ 14.08% = 66869.5 Watts
Watts hour = 66869.5 Watts x 30 days
Watts hour = 2006.kWh /month
Now to calculate Wattage of the Solar Panels
The number panels = 66869.5 Watts / 470W = 142.275 (150 Panels of 470 watts)

(see Fig. 81).

ELECTRICAL DATA (STC)

Peak Power Watts-Pmax (Wp)* 470

Power Tolerance-Pwuax (W)

Maximum Power Voltage-Vwep (V) 36.1
Maximum Power Current-Ivee (A) 13.02
Open Circuit Voltage-Voc (V) 43.0
Short Circuit Current-lsc (A) 13.73
Module Efficiency nm (%) 20.0

STC: Irradiance 1000W/m?, Cell Temperature 25°C, Air Mass AM1.5.
*Measuring tolerance: £3%.



112

Fig. 82 Trina Solar Specifications for the Platform [161].

The suggested panel is the Trina-Solar, has the maximum power of 470W, and the

maximum current is 13.02A. This satisfied the calculations. A satellite land survey

was performed for the suitability of the selected platform construction site. The

energy that can be derived from the Sun for that site was 83,145,475 kWh/Year,

and the annual solar radiation (PSH) was 5.65 kWh / m2 per day, as shown in Fig.

82 and Fig. 83.

RESULTS
@ Print Results

Month

January
February
March
April
May
June
July
August
September
October
November

December

Annual

....83,145,475 tniear

Click HERE for more information.
Solar Radiation AC Energy
(kWh I m?/ day) (kwh)

3.88 5,329,969
4.32 5,205,012
5.72 7,520,596
6.56 8,073,856
7.01 8,602,306
7.63 8,681,224
6.97 8,051,021
6.47 7,660,897
6.28 7,284,199
5.38 6,830,964
4.26 5,434,319
3.29 4,471,112
5.65 83,145,475

Fig. 83 PV Watts Calculator for 45kW Platform System information [162].

PV System Specifications

DC System Size
Module Type

Array Type

System Losses

Array Tilt

Array Azimuth

DC to AC Size Ratio
Inverter Efficiency
Ground Coverage Ratio
Albedo

Bifacial

Monthly Irradiance Loss

Performance Metrics

DC Capacity Factor

53196 kW

Standard

Fixed (open rack)

14.08%

20°

180°

1.2

96%

0.4

From weather file

No (0)

Jan Feb Mar Apr May June
0% 0% 0% 0% 0% 0%

July Aug Sept Oct Nov Dec
0% 0% 0% 0% 0% 0%

17.8%
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Fig. 84 PV Platform Specifications [163].
2, Determining the Battery Bank Size
There were three fundamentals steps to consider:

1. Days of Autonomy (DoA);

2. Total Load;

3. Battery maximum Depth of Discharge (DoD).
The formula to size the battery bank from Chapter 3 section 3.1.11 was the
following:

Battery Capacity (Ah) =

Total Watt-hours per day used by load x Days of autonomy

(0.85 x 0.6 x nominal battery voltage)

The suggested platform had a load of 53,196 watts. The platform was designed to
use a 55.6-volt solar module, rated at 470 watts. The batteries were connected in
series, then parallel to obtain the required system voltage. It is recommended to
connect the batteries for most systems in parallel to increase the system's capacity
[164]. The platform battery sizing was determined by using the battery size online
Omni calculator. For most systems, two to three days of DoA is sufficient. The
manufacturer data showed that the Lithium-ion's DoD was around 90% [164]. The
days of autonomy was calculated to be 5.65, which is typical for winter

environment for the state of Texas. For the platform design, total energy was
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40.920kWh, DoD is 90%, and the DoA was taken as one day. The Battery capacity
formula is repeated here for convenience.
Battery capacity (Ah) =

Total Watt-hours per day used by appliances x  Days of autonomy
(0.85 x 0.6 x nominal battery voltage)

53.196 kWh
= x Days of autonomy
(0.14085 x 0.96 x 40.96

(9604.86) x 5 (DoA)

= 38.4194 kWh
A total of 38.4194 kWh Battery capacity was required for the platform. A Storz

power battery bank, shown in Fig. 84, was selected.

Fig. 85 Storz Power Battery for the Platform [164].

The battery had an energy capacity of 5.12 kWh. Therefore, the battery

configuration was two sets of four in series to parallel combination as shown in Fig.

85.
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STORZ STORZ
5.12KWH 5.12KWH

Fig. 86 Storz series to parallel configuration [165].

The selected battery for the platform was a Lithium-Iron Phosphate (LFP) 51.2 V
Storz Power battery, which has a 100% depth of discharge (at 1C Rate at 77°F),
98% and a round trip efficiency — 100 (Ah). The battery current is designed to be
continuous and the current charge is at 100 A. The nominal voltage of 51.2 volts
for each battery pack was measured to confirm the DC required for the platform.
The Storz power battery module has two batteries that were connected in series in
one module which added up to 51.2 volts.
3. The Sol-Ark DC - DC and DC - AC Converter for the Platform
Proper selection of the converter will safeguard the battery bank, which is
also the key to the longevity and efficiency of the entire PV platform. The battery
bank capacity was calculated to be 38 kWh from the previous section. The

converter voltage must therefore be larger than the battery bank voltage for the
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converter to be able to charge the batteries. The Sol-Arki5k-P converter was the
suggested device for the platform. It is to be noted that the Sol-Ark converter had
both an MPPT and inverter incorporated in the unit. A software program
controlled the phase shift for each of the three inverters AC output voltages to give

a three phase AC supply, as shown in Fig. 86.

Fig. 87 AC Output Voltages from the Sol-Ark Inverter [166].

The converter is also capable for its high performance and reliability in converting
the solar energy into electricity and supply the backup power. The Sol-Ark
converter maximized the solar energy usage and reduced total reliance on the

power grid as shown in Fig. 87.
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Fig. 88 Solar Charge Controller for the Prototype [167].

The voltage level of the system was 120V / 208V and the maximum current was

200 A. Most PV platforms have their panels set at10 degrees or 25 degrees.

4. Fixed 10° and 25° Tilted Monofacial - Dual Axis Bifacial Tracker
A research study done in 2017, found approximately 40% of utility scale

RE platforms operating in the US have fixed or tilted PV panels [196] (see Fig.

88).

Fig. 89 Platform Solar Mount process [168].



The amount of electricity generated by the tilted PV system hinged on the

alignment of the PV panels [117], as shown in Fig. 89.

U.S. utility-scale fixed-tilt solar photovoltaic operating capacity by tilt angle (2017)
gigawatts
5

eia

0%5° 5100 10°5 15200 200257 25°-30F 30F-350 35407 4D+

Fig. 90 US Scale for Fixed Title Angles of 20° to 40° [169].

The PV system's panels, when set at a 30 ° angle, maintained the

manufacturer-rated panel efficiency (see Fig. 90).

Fig. 91 Fixed PV Degree Installation [170].

118
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The azimuth stipulated the correct angle at which the panels should face the sun.

Most panels face south (see Fig. 91).

solar photovoltaic
- panel (side view) @ tilt /
20° it ) e G

Fig. 92 Fixed Titled Solar PV System [171].

Zero degrees would locate the panel on the ground and 90° will align it
perpendicular to the ground. At lower latitudes, it is noticed that the sun peaks at
its highest point and the solar modules do not demand much of the fixed angle as
shown in Fig. 91. But at higher altitudes, the sun is lower in the sky and PV panels
are often installed at a greater tilt angle as viewed in Fig. 91 than 20°. The essential
component that assisted in deciding the tilted angle was the coordinates. Over the
recent decades, utility and RE power plants pressed towards installing tracking
systems [172]. The advantages are that the system can rotate on a single axis,
typically east to west to follow the sun, or on a dual axis. Even though these types

of systems are expensive, the returns are very desirable (see Fig. 92).
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Morning : At noo'ni Afternoon

Fig. 93 Dual Axis Solar Tracking System [173].

The Chassis used to mount and tilt the solar panel 10 ® was very strong, and
light, and able to support any type of installation. This polyamides material is
exceptionally hard plastic that is durable and has the strength for mounting in any
angle. The mounting device as shown in Fig. 93, comes in 5° and 10° options with

a 25-year warranty [174].

Fig. 93 Platform Ballasted mount [175].
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The surface of the 10-degree mount has a secure mounting device fixed with two
large patio bricks. The brackets, circled is located on the mount. The platform
ballasted mount are secured by patio bricks [176]. The back side of the PV module
is connected to another mounting bracket. This area is used as a secondary
installation rack for other PV panels. The converters and batteries for the PV
platform are installed in a temperature-controlled environment inside the
platform building. The symbols in Fig. 94 are explained as follows:

e E,e =network energy from the storage and grid;

e E;=dcinput to the converter (efficiency n);

e E. = energy delivered by the converter;

e E, =energy generated by the PV panels;

e Ep, =power stored in the batteries;

e FE; = energy demand by the load.

Sun Sun Rays

Solar /

Panel
Y Ep +Enet

+Eo W

Battery Converter Load

Fig. 94 Control Center Components [177].
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The site satellite image layout is shown in Fig. 95.

TAMUPY SOLAR FARM
PV EQUIPMENT BUILDING

Fig. 95 An Overview of the Proposed PV Site [178].

The facility platform construction is shown in Fig. 96.

Fig. 96 PV Platform under construction [179].
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A custom designed gate is installed and is operating fully on solar energy, as

shown in Fig. 96.

T ot

.
By

Fig. 97 The Entry Gate [180].

The Sol-Ark components consisted of the following items:
e Load connection;
e DC Breakers;
e AC Breakers;
e Battery connection;
e Internet Ports / Neutral bar;
e 6 lines output for the A and b leg.
The wiring scheme for the Sol-Ark converter was AC, BA and CA (see Fig.

98).
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Fig. 98 Sol-Ark 3-Phase Wiring Configuration for the Platform [181].

The line—to-neutral voltage measured results is equal 120V AC, while the line-to-
line voltage results is equal to 208V AC.
5. Electronic Gauge Smart Meters and Sensors

The PV platform has internet capability, with a composite smart meter and
an E-gauge datalogger. There are two E-gauge meters. The WLAN port direct
option allows users to connect to the campus network. A wireless modem was also
installed with cellular cloud services. The students can access the logger using the
built-in web application (see Fig. 99). The E-gauge records the current, wattages,

VA, VAR, kWh, temperature, and wind speed, among other things [182].
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USB Ports + Ethernet

LCD Screen

AC Voltage Input
DC Voltage Input 30 Sensor Ports

Fig. 99 E-Gauge Smart Meter [183].

6. The PV Platform — Partial Blueprint and Implementation
Each PV cell string in Fig. 100 produced around 425 V at 12.5 A [192]. All

designed PV panel strings had the same voltages.

[

‘ 15kW Inverter

Fixed Tilt 25° Monofacial

| T

Dual Axis Tracker Bifacial

= w 5

Fig. 100 PV One Line Diagram [184].

The Solar Panels, 15kW Inverter, sensors, DC disconnect, pyranometer, the

ballasted fixed Tilt 10, the Fixed Tilt 25 Monofacial and the Dual Axis Tracker
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Bifacial are all shown in Fig. 101. Also included on the blueprint are voltage sensors

and current transformers. Fig. 101 is a block diagram of the entire PV platform.

Ballasted Fixed Fimed Tilt 25° Dual Axis Single Axis Dual Axis Flush Roof Fixed Tilg 25° Single Axis Ballasted Fixed
Tile 10® Ground Mount Tracker Tracker Tracker Mount Ground Mount Tracker Tilt 10° I
Monofacial Monofacial Bifacial Monafacial Monofacial honofacial Bifacial Bifacial Bifacial
PV PV Py PV Py PV PV PV PV 150A MB
Modules Modules Modules Modules Modules Modules Modules Modules Modules b AC
[ ] I ] ] I Combiner
o
§ i E i E
Sal-Ark 15K Sal-Ark 15K Sal-Ark 15K
INV 1 INV 2 INV 3 150A MLO
Phase BC Phase AC £
[ I E
TTE wor

Phase AB
EE BT [ [ O
o | o] o oo o | ol o o

Ta Building
Battery Loads & Test
Buss Bar (4) Battery (4) Battery Outlets
Units in 180 Units in 18U
Rack Rack

Fig. 101 Preliminary Concept Online Drawing of PV Solar Platform [185].

Fig. 102 is a constructed 10 ° PV array for the platform.

Fig. 102 Platform’s Fixed 10 °® Monofacial and Bifacial Array [186].

This array has a mixture of bifacial and monofacial panels. Each bifacial panel

captured light on both sides. The sunlight hit the panel and the environment and
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it dispersed, thus suppling energy to both sides of the panel. The purpose of this
10° PV array tilt was to further capture more energy. Fig. 103 is a 25 ° tilt PV fixed

array system for the platform.

P O T R G, A e K e B

Fig. 103 Platform’s Fixed 25° Tilt Monofacial Array [187].

This tilt pointed the PV array toward the sun’s average yearly path. The goal was
to ensure the maximum yield of annual energy that can be adjusted slightly based
on latitude to achieve optimization of power. The ability to dynamically track the
sun’s position makes the PV array a highly efficient renewable energy technology.
This system ensures the panels are always angled in the correct position to produce

maximum power output, as shown in Fig. 104.
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Fig. 104 Platform’s Dual Axis Array [188].

The ability to continuously rotate and adjust the PV array orientation ensures
capturing the maximum amount of energy from the sun. The advanced dual and
rotating technology ensures the panels are always at the best angle for maximum

power output, as shown in Fig. 105.

Fig. 105 Platform’s Rotating Axis Array [189].
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The Polar Axis Rotation Unit (PARU) solar tracker of the platform shown in

Fig. 106 allows the PV system to dynamically adjust the panels to the sun.

Fig. 106 Platform’s PARU Solar Tracker [190].

The unit offers an optimal balance of simplicity, versatility, and energy
production.
7. Platform Cellular Services

Cellular services are another key component of the network. It requires a
dedicated power source and, of course, an active data plan. The system will
connect to an e-Gauge meter using the TCP/IPv4 network capabilities. The
meters are only compatible with one cellular modem called the In-Hand IR315,

as shown in Fig. 107, to access the network.
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Fig. 107 In-Hand cellular modems (left). Wi-fi Switch (right) [191].

The device connects to the local router, and the built in Wi-Fi will handle the

WAN area.
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5 CONCLUSIONS
E. Conclusion and Future Work

The future direction of Renewable Energy systems such as photovoltaic,
wind turbine, hydro, and Biomass is well defined. Fossil fuel obsolescence
imminent. This is evident in the massive deployment of solar and wind power
systems in China, Europe, Brazil, India, and the US.

In the US, the previous President, Barack Obama, proposed the Department
of Energy RE task initiative. The goal of this task was to form a collaboration of
America’s top scientists, engineers, and businesses to advance Renewable Energy
systems and offset the effect of climate change by 2030 [192]. Meanwhile, the
Department’s Joint Center for Energy Storage Research at Argonne National
Laboratory has been performing research to overcome barriers and improve lead-
acid batteries for Renewable Energy storage.

This study researched, designed, and constructed an Off-grid PV platform
that will assist in producing RE research engineers and building future
infrastructure to reduce local utility power consumption. Most university
programs do not implement efforts to train RE engineers, and this problem needs
to be addressed if the US plans to lead the world in RE efforts. This study was

intended to help address this challenge.
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1. Future Work

The opportunity is for university research to continue with renewable
energy through proposals and grants. Prairie View A&M University has the
opportunity to embark on:

« Developing microgrids; and;

« Increasing energy efficiency;

« Assist in energy burden in low-income communities;

« Continue to research clean energy technology (solar, storage) access;

« Implement and create a center for clean energy, and job training;

« Construct Solar-EV charging stations for Electric Buses;
Additional future work projects include:

« Install standalone microgrids in critical facilities or resilience centers to
ensure continuation of services during natural disasters;

« Upgrade transmission and distribution lines, grid stability, and resilience
with substation or other electrical infrastructure improvements.

The plan is to develop a larger renewable power generation system, and
researchers will continue to observe the impact of the university utility

consumption and the cost to the university.
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