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Abstract

Access to electricity is a fundamental requirement for modern life and economic development. In
numerous global regions, especially in rural zones, there exists a significant deficit in electrical
accessibility, primarily attributed to the non-existence of grid infrastructure. Stand-alone solar
photovoltaic systems (SPS) offer a viable solution to off-grid electrification by providing reliable and
sustainable power for households, businesses, and communities.

This research paper aims to explore the design of stand-alone solar photovoltaic (PV) systems as a
viable solution for off-grid electrification in a remote area in a small town in Zambia. The study
employs a methodology to determine the required volume of the solar PV system to provide the
needed power for operation and, most importantly, simulate this instance in MATLAB. The research
presents the necessary technical considerations for assessing the load power demand per day and
sizing the different components of the solar system, including the inverter, charge controller, storage
batteries, PV panels, and other ancillary equipment such as cables.

Additionally, the study confirms that the stand-alone solar PV system is an effective and
environmentally friendly way of supplying electrical energy, resulting in minimal carbon emissions
and air pollution. The study focuses on Zambia, evaluating the current electrical situation and
applying the study's findings to the region of the Eastern Province, Chalochasowa. The findings of
this research indicate that independent solar PV systems may provide a dependable electricity
supply for rural populations, contributing to sustainable growth and enhancing the living standards
of the inhabitants.

Keywords: Solar PV, Off-grid Systems, Simulation, Simulink



1. Introduction

Access to reliable electricity is a fundamental prerequisite for social and economic development.
However, more than 700 million people worldwide still lack access to electricity [1], particularly in
rural and remote areas where the grid is either absent or unreliable.

A large portion of these communities lack sufficient, reasonably priced, and easily accessible energy
sources due to their remote locations, which makes it challenging to expand centralized energy
grids. Consequently, they are compelled to depend on conventional energy sources such as wood
fuel, dung, and agricultural waste for cooking purposes, and kerosene for illumination. However, the
use of these traditional fuels, particularly in arid and semi-arid regions, can result in environmental
degradation through the excessive deforestation and clearing of woodlands, as well as detrimental
health effects due to smoke inhalation leading to respiratory illnesses [2].

Off-grid electrification through independent solar PV systems offers many potential benefits beyond
simply providing access to electricity. It can improve health outcomes by reducing reliance on
kerosene lamps and other polluting sources of lighting and cooking, promote economic
development by enabling small businesses and productive uses of electricity, and enhance education
by providing reliable lighting for studying. Moreover, it has the potential to serve as a sustainable
alternative to fossil fuels, reducing greenhouse gas emissions and combating climate change [3].

This dissertation offers an exhaustive examination of the methodology applied to an isolated system;
thus, the technical challenges associated with stand-alone solar PV systems is the focus of this
research. Through a comprehensive examination of issues like system stability, component
compatibility, maintenance requirements, and potential grid interaction, the study aims to identify
and address the key technical hurdles that hinder the widespread adoption of such systems,
efficiency calculations of independent solar PV system-related to the system, analyse the technical
issues regarding independent solar PV system and finally use the system as a crisis case.

Ultimately, this study aims to enrich the expanding pool of information regarding off-grid
electrification, serving as a resource for decision-makers, practitioners, and academics by
highlighting the technology's role in enhancing energy availability and supporting sustainable
growth.



2. Problem Statement

2.1 Load Shedding in Zambia

Load shedding is a common occurrence in Zambia, especially during the dry season when there is a
decrease in water levels at the country's major hydroelectric power plants. The country relies heavily
on hydroelectric power, with about 85% of its electricity being generated from hydropower sources
[5].

Load shedding in Zambia occurs when the electricity demand exceeds the supply, resulting in the
power utility company, Zambia Electricity Supply Corporation (ZESCO), having to cut off power to
certain areas for several hours at a time. This is done on a rotational basis, with different areas
experiencing power outages at different times.

The impact of load shedding in Zambia is significant, with many households and businesses being
affected. Some of the effects of load shedding include:

1. Disruption of business operations: Load shedding can lead to disruptions in business
operations, especially those that require electricity to run, such as manufacturing and
processing industries.

2. Loss of income: Load shedding can also lead to loss of income for businesses and individuals
who are unable to operate during power outages.

3. Health risks: Load shedding can lead to health risks, especially for those who rely on
electricity for medical devices, such as oxygen machines and refrigerators for storing
medication.

4. Impact on education: Load shedding can also have an impact on education, with schools and
universities having to close or reduce their operating hours during power outages.

A study by Samboko et al. [6] investigated the link between load shedding and charcoal use in
Zambia. The study found that load shedding increased the demand for charcoal as a substitute for
electricity for cooking and heating purposes. This increased charcoal production, and consumption
had negative effects on forest resources and greenhouse gas emissions. The study estimated that
load shedding resulted in an additional loss of 127,000 hectares of forest land and an additional
emission of 4.5 million tons of carbon dioxide equivalent per year. Therefore, load shedding is a
serious challenge for Zambia that requires urgent and sustainable solutions.

2.2 Difficulties in scaling up renewable energy production.

Zambia has been facing a severe electricity supply crisis despite having over 2,500 MW of installed
capacity. The issue is largely attributed to droughts that have affected the hydro-based power
system. In response, the government has made efforts to address the problem by aiming to procure
600 MW of solar PV capacity through the World Bank's Scaling Solar program. The program is
designed to facilitate the development of privately owned solar PV projects in sub-Saharan Africa,
with a focus on completing projects [4].

The current situation of renewable energy in Zambia is promising but also challenging. Zambia faces
several barriers to scaling up renewable energy deployment, such as:
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1. The integration of variable renewable sources into the grid is limited by inadequate
transmission and distribution infrastructure.

2. The high cost of renewable energy technologies and equipment makes them unaffordable
for many consumers and investors.

3. The lack of clear and consistent policies and regulations creates uncertainty and confusion
for renewable energy stakeholders.

4. The absence of adequate financial access and credit provisions impedes the progress of
renewable energy initiatives and enterprises.

5. The lack of awareness and information on the benefits and opportunities of renewable
energy among the public and private sectors [35].

3 Energy in Zambia

Zambia is a landlocked country situated in the south-central region of Africa, with a total area of
752,618 square kilometers (slightly larger than France). It is positioned on an elevated plateau, with
its altitude ranging from 900 to 1,500 meters above sea level [48]. Zambia is bordered by eight
countries: Angola to the west, Namibia, Botswana, Zimbabwe, and Mozambique to the south, the
Democratic Republic of the Congo and Tanzania to the north, and Malawi to the east. Zambia’s
capital and largest city is Lusaka, located in the south-central part of the country. Zambia’s
population was estimated at 18.9 million in 2020 [34].

Figure 1: Location of Zambia in Africa with
respect to the Tropical of Cancer, Capricorn, and
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In 2018, the Republic of Zambia boasted an installed electricity generation capacity of approximately
3,000 megawatts (MW), predominantly harnessed from hydroelectric sources. The peak demand for
electricity during that year was observed to be approximately 650 MW lower than the installed
capacity. Notwithstanding, post-2018, there has been a discernible decline in available capacity,
culminating in a significant supply shortfall exceeding 810 MW by 2020. The access to electrical
power exhibits considerable disparity, being markedly deficient in rural areas compared to urban
locales, with electrification rates as low as below 5% in rural regions, in stark contrast to
approximately 80% in urban settings [43].

Despite the glaring lack of electricity access for over 2 million households and the supply deficit, the
per capita electricity consumption in Zambia is nearly double the average observed across the sub-
Saharan African region. This consumption is predominantly driven by industrial sectors, which are
responsible for more than half of the total electricity utilization.

Projected estimations indicate a substantial escalation in peak electricity demand in Zambia,
anticipated to reach approximately 4,247 megawatts (MW) by the year 2025, a significant increase
from the 2,194 MW recorded in 2018. Concurrently, the national objective is to achieve an
electrification rate encompassing 66% of the population by the year 2030 while also aspiring to
augment the installed electricity generation capacity to an estimated 6,000 MW, effectively doubling
the capacity figures of 2018. Despite the liberalization of the country's energy sector, which has
permitted private enterprise participation for over two decades, Independent Power Producers
(IPPs) have struggled to establish a substantial foothold or widespread adoption within the sector.

The IPP market in Zambia is predominantly dominated by a limited number of companies that
specialize in generating electricity from major hydroelectric and thermal sources, subsequently
distributing this energy to the national grid. In contrast, there are a number of smaller-scale
enterprises focusing on solar and hydroelectric power generation, primarily targeting rural areas
with their services. Notably, two expansive solar energy projects are slated to commence
construction in 2020, following the execution of a memorandum of understanding with the Zambian
government. These projects collectively contribute an additional 200 MW to the national electricity
grid, with a 135 MW installation planned for Northern Zambia and a 65 MW installation in the
Copperbelt region of the country [43].

Total installed capacity (MW)

2030 6,000

2018 2048385

Peak demand (MW)

2025 4247

2018 2194

Electricity consumption by sector (MWh), 2017

Commercial & Public Services 82573
Residential 414028

Industrial 6838 44

Per capita electricity consumption 6]
(kwh/person)

2016 674.67

SSA average (2016) 365.6

12
Figure 1: Total installed generation capacity by 2018 and predicted capacity in 2030 [43]



3.1 Renewable energy in Zambia

Renewable energy stands as a key focus in Zambia's efforts to broaden its energy mix and decrease
reliance on traditional energy sources, including hydropower and fossil fuels. Currently, hydropower
is the dominant source of electricity in Zambia, accounting for over 90% of the country's total
installed capacity [4]. Nonetheless, the nation possesses considerable potential for additional
renewable energy sources, including solar, wind, and geothermal power.

Solar energy is a particularly promising area for Zambia, as the country has abundant sunshine
throughout the year. In 2019, the government launched the Scaling Solar program, which aims to
facilitate the development of up to 54MW of solar power capacity in the country. The program
provides a comprehensive package of support to developers, including assistance with project
development, financing, and procurement [5].

By 2021, Zambia's renewable energy capacity amounted to approximately 2.7 gigawatts. In 2012,
the installed capacity was around 1.9 gigawatts, and since then, there has been a consistent upward
trend. Currently, renewable energy accounts for 83.7 percent of the country's electricity capacity
[12].

Total rer energy capacity in Zambia from 2012 to 2021 (in megawatts)

2,688

2431 2,441 2442

2012 2013 2014 2015 2016 2017 2018 2019 2020 2021

Source Additional Information:
IRENA Zambia; 2012 to 2021
Stat

Figure 1.1: Total renewable energy capacity in Zambia from 2012 to 2021

3.2 Solar Photovoltaic in Zambia

Solar PV power is a renewable energy source that provides dependable local energy production with
minimal greenhouse gas emissions. The sun's energy can be harnessed using different technologies
to produce useful forms of energy, including heat and electricity. The practicality and viability of
these technologies depend on the amount of solar energy available in a particular area [13].

The Earth's round shape and its orbit around the sun cause the sun's rays to strike the Earth at
various angles, ranging from just above the horizon to directly overhead, depending on the location.
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The Equator, Tropic of Cancer (23.50 degrees north of the Equator), and Tropic of Capricorn (23.50
degrees south of the Equator) are important latitude lines that help determine the sun's position
throughout the year. For instance, on June 21st, the sun aligns directly over the Tropic of Cancer,
leading to summer conditions in the northern hemisphere and winter in the southern hemisphere. In
contrast, on December 21st, the sun is positioned directly above the Tropic of Capricorn, which
brings about winter in the northern hemisphere and summer in the southern hemisphere.
Conversely, on December 21, the sun is directly above the Tropic of Capricorn, resulting in winter in
the northern hemisphere and summer in the southern hemisphere [48]. The regions bounded by the
Tropic of Cancer and the Tropic of Capricorn experience a tropical climate with two distinct seasons:
a rainy season and a dry season. Meanwhile, regions located north of the Tropic of Cancer and south
of the Tropic of Capricorn experience four seasons a year: winter, autumn, spring, and summer.
Figure 2 illustrates the Tropics of Cancer and Capricorn marked locations and where the rays of the
noon sun are perpendicular to the ground at the solstices [49].

e
gt
{'Eﬂs
Arctic Circle
Tropic of Cancer
Tropic of Capricom
Antarctic Circle —
2355 o
@u:ce"?? "
g

Figure 2: The Arctic and Antarctic Circles represent the northernmost and southernmost points, respectively, at which
the sun's rays reach during the solstices. On the other hand, the Tropics of Cancer and Capricorn indicate the locations
where the sun's rays are perpendicular to the ground at noon during the solstices. [14]

When the sun's rays are perpendicular to the Earth's surface, the Earth receives the highest amount
of energy. As the angle of the sun's rays increases, the distance they travel through the atmosphere
also increases. This causes the sunlight to spread out and become more scattered [15].

Zambia's location and the amount of solar radiation it receives make it highly conducive for solar
power generation. Research and analysis done in the past by Zambia's Meteorological Department
show that it has a sizable capacity for solar energy production and thermal usage. With an average
daily sunshine duration of 7 to 8 hours and a consistently high monthly average solar radiation rate
of 5.5kWh/m2 per day throughout the year, Zambia is located between latitudes of 8 to 18 degrees
south of the equator and longitudes of 22 to 34 degrees east of the prime meridian [16, 36].

A number of PV projects have been started by the Zambian government through the Rural
Electrification Authority (REA) with the goal of increasing access to energy. One such project is a
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60kW solar off-grid installation in Mpanta, Samfya district of Luapula Province, which currently
powers about 50 households. Furthermore, through the Energy Service Companies (ESCO) pilot
project, REA has installed 400 solar home systems in addition to nearly 250 solar PV systems in
schools and traditional authority buildings. However, a thorough analysis of the distribution and
capacity for solar energy generation across the nation has not yet been conducted [36]. Although
Zambia has one of the highest levels of annual solar radiation in the world, the country encounters
obstacles and difficulties in distributing and utilizing this energy potential as an alternative for
generating electricity. The majority of the installed systems are owned by individuals and are
considered "off-grid," consisting of a combination of a solar array, inverter, and battery storage [17].

| ZMB_Provinces
Solar Radiation

(kWh/m2/day)
[ ]s551-563
[ 1se63-589
[se9-574
02550 100 150 200 [ s574-578
- — — \iles
1cm = 44 miles N 5.78 - 5,82
) ) B 5.82-5.85
The map shows Solar Source distribution in Zambia. The solar
radiation were extracted from more than 260 location across - 5,85- 5,89
the country for thorough assessment of the solar source distribution
and potential in Zambia. The locations were located using - 5,89 -595
Photovoltaic GIS and analysis were done using ArcGIS spatial - 5.95 - 6.08
analysis. The data were extracted from NASA using Surface 3 &
Meteorology and Solar Energy and also from Photovoltaic GIS. - 6.08- 6,23

Figure 2.2: The Spatial Variation and Potential of Solar Energy in Zambia’s Regions in the figure above illustrate that
most Zambia's regions receive radiations higher than the national annual average radiations of 5.78kWh/m with
western, southern, northern, and part of Luapula regions exhibiting the most favourable annual average radiation
above 5.80kWh/m. It also indicates that the annual solar radiation in the country varies from 5.51 to 6.23kWh/m. [37]
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4. Solar PV Categorization

Solar PV systems represent a pivotal advancement in renewable energy technology, offering a
sustainable and increasingly cost-effective means of electricity generation by harnessing the natural
energy from the sun; these systems convert solar radiation into electrical energy through the
photovoltaic effect, a process whereby light energy induces the generation of voltage and current in
a material [50]. The core component of these systems is the solar panel, an assembly of PV cells
typically made from silicon, which exhibits semiconducting properties essential for this conversion
process.

The efficiency and viability of solar PV systems have seen remarkable improvements, which are
attributable to ongoing research and technological advancements. These systems are highly
scalable, ranging from small rooftop installations for individual household use to large, utility-scale
solar farms that contribute significantly to the electrical grid. The environmental benefits of Solar PV
systems are substantial, offering a reduction in greenhouse gas emissions and a decrease in
dependency on fossil fuels. As a cornerstone of renewable energy strategies, Solar PV systems are
integral to addressing global challenges of climate change and energy security, making their study
and development a key focus in the field of sustainable energy technology.

Solar PV systems in Zambia come in a variety of sizes, ranging from small applications like solar
lanterns and mobile phone chargers to solar home systems installed in private households. Despite
being categorized as a distinct type of technology, solar PV energy differs significantly in terms of
technological features, size, capital requirements, competing technologies, and target markets [18].
When setting up a PV system, it's essential to use maximum power point tracking (MPPT) for the
solar array. This technique not only boosts the power output of the solar PV system to the load, but
it also increases its lifespan. Rooftop PV-generated electricity can be utilized as a stand-alone system
or linked to the 220V, 50 Hz power grid to supplement its power [19].

4.1 Grid-Tied Solar PV Systems

The installation of grid-connected solar PV systems is fairly straightforward, requiring only a few
solar panels (modules) connected to an inverter, which is then linked to the building's electrical
distribution via switchgear and kWh metering. Figure 3 shows a simplified grid connected PV system.
However, despite its apparent simplicity, designing a system that is both safe and cost-effective can
be a challenging and sometimes poorly executed task. In addition, solar power systems can be
complemented with solar water heating, solar refrigeration, and solar water pumping systems.

Prior to installing solar systems, a thorough analysis of consumption requirements, solar irradiation,
pitch, orientation, and temperature is typically conducted to enable solar installers to choose solar
modules with the appropriate specifications. The installation can be completed on the client's
rooftop or ground mount [18].
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Figure 3: Simplified Grid-Connected PV System [20]

The grid-connected system fulfils two critical functions: firstly, it engages in the pursuit of optimal
power extraction from the solar panels, facilitated through an appropriate MPPT converter.
Secondly, it ensures that the voltage at the Point of Common Coupling (PCC) is sinusoidal and
commensurate with the grid voltage. Additionally, various international societies establish specific
norms that guide power utilities globally. The IEEE 1547 standard delineates stringent limitations on
the maximum permissible current injected into the grid, setting it at a notably low threshold (less
than 0.5% of the rated current). Enhancements in this parameter can be achieved through galvanic
isolation between the PV system and the grid. However, this poses a significant challenge in the
context of transformerless inverters, necessitating precise calibration of the DC current value. The
EN 50106 standard specifically addresses permissible voltage deviations at the PCC. Uniquely, the
German VDE-0126 standard focuses on the range of leakage current in transformerless systems. This
standard also specifies the required disconnection interval for inverters from the grid, triggered
when the leakage current exceeds 30 mA [44].

4.2 Stand-alone Solar PV System

A standalone solar power system presents an optimal choice for individuals aiming to diminish their
carbon footprint and enhance energy efficiency, serving as a viable alternative to conventional
power sources. The system comprises various critical elements, including a PV panel array for solar
energy capture, a charge controller to manage battery charging and discharging, and a battery bank
for power storage (see Figure 4). One critical feature of the stand-alone solar power system is the
charge controller, which prevents overcharging or undercharging of the battery. This function helps
prolong the battery's lifespan, reduces maintenance costs, and ensures optimal performance.

Another key component of the system is the inverter, which converts DC power to AC power,
making it suitable for operating AC appliances [21]. This optional component allows for greater
flexibility and convenience when using the solar power system to power household appliances and
electronics. Stand-alone solar systems are preferred because of their simplicity, ease of use, and
hassle-free nature. The basic operating procedure of a stand-alone solar system involves the
conversion of sunlight into electricity using angled PV panels, which varies depending on the
location. The charge controller regulates the electricity generated by the solar system, and any
surplus power can be stored in batteries for backup use when sunlight is unavailable.
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Sun-Light/ Solar Stand-Alone Solar PV System
Radiation

PV Modules i

Charge Controller Battery Bank

Figure 4: Configuration of stand-alone solar PV energy system [21].
The stand-alone solar PV system has two main pathways;

a) Systems designed for single households typically serve as an initial step in technological
advancement. This classification encompasses devices like solar lanterns and solar home systems.
While their capabilities are confined to a restricted range of functions, their compact and modular
nature renders them financially accessible to consumers at the lower end of the economic spectrum.

b) Centralized local systems, known as collective systems, supply power to a cluster of users
comprising both residential and commercial entities. This group encompasses mini and micro grids
operating in either alternating current or direct current modes. These smaller-scale utilities facilitate
a broader spectrum of activities, including energy for productive purposes. Recently, there has been
a heightened focus on these systems as supplementary to grid-based electrification. They are
considered a viable option for enhancing electrification rates in the rural regions of developing
nations.

While both individual devices and collective systems have experienced growth recently, the former
holds a larger share of the market. Solar lanterns, known for their portability, ease of use, inherent
safety, cleanliness, and affordability, are gaining popularity. Some modern versions even include
additional features like mobile charging and radios, enhancing their utility. However, solar home
systems (SHS) are predominant in off-grid solar PV-based electrification. They provide a broader
range of services than solar lanterns due to their higher power capacity, enabling households to use
a variety of appliances such as lights, fans, televisions, and radios. Initially, SHS was large (50-150
Wp) and only affordable for wealthier households, limiting their market size.

Over time, smaller systems have been introduced to the market, making them more accessible to
lower-income households. Systems of 10 or 20 Wp are now widely available in many countries. The
advent of LED lighting has further facilitated this miniaturization, as it significantly lowers power
requirements. Additionally, the development of efficient DC appliances has expanded the range of
services available to rural households. Portable solar kits have become increasingly popular due to
the advancements that have been made in the technology. These kits, which require neither
installation nor extensive maintenance and are more cost-effective than fixed SHS, are becoming
both affordable and well-received products [44].
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5. Basic Calculation Relationships and Assumptions
5.1 The Solar Cell

The solar PV cells used in grid-connected systems worldwide can be classified into two categories:

crystalline (Figure 6) and thin film (Figure 7). Crystalline cells are the predominant type, comprising
more than 90% of the PV systems in use, which includes those on solar farms and building rooftops

[23, 24]. Although crystalline cells are pricier, they usually have higher efficiency rates and longer
warranties for performance. To manufacture silicon cells, a thin top layer is doped with Boron, wh
a thicker lower layer is doped with Phosphorus. The doped layers generate a "depletion zone" in
between them, creating an electric field [24]. In PV modelling, solar energy is directly transformed
into electricity through the use of a PV cell. The panel used in PV modelling operates based on the
photoelectric effect. To model a PV system, an inverted diode is connected in parallel with a curre
source, as well as a series and parallel resistance [25].
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Figure 5: Crystalline solar cell [26].
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5.1.1 Single Diode Model

B
g 1 - . [Je

O O

Figure 7: Solar cell modelling using one diode. [29]

A single diode mode refers to the operating state of a diode where it is forward-biased, allowing
current to flow through it in one direction while blocking current flow in the opposite direction [51].
In this mode, the diode acts like a one-way valve for electric current. When a diode is forward-
biased, it means that the voltage across the diode is such that the positive end of the voltage source
is connected to the diode's anode (positive terminal), and the negative end is connected to the
diode's cathode (negative terminal). This causes the diode to conduct electricity and allow current to
flow through it. On the other hand, when the voltage polarity is reversed, the negative end of the
voltage source is connected to the diode's anode, and the positive end is connected to the diode's
cathode, the diode becomes reverse-biased and blocks current flow [28].

The behaviour of a diode in the forward-biased mode is governed by the diode's current-voltage
characteristic, which is nonlinear and can be approximated as an exponential function. The current
through the diode increases exponentially with increasing forward voltage while the voltage drop
across the diode remains roughly constant.

The single-diode mode is used in a wide range of electronic circuits, including rectifiers, voltage
regulators, and signal detectors. In rectifiers, diodes are used to convert AC voltage into DC voltage
by allowing current to flow only in one direction. In voltage regulators, diodes are used to maintain a
constant voltage by dropping a fixed amount of voltage across the diode. In signal detectors, diodes
are used to demodulate amplitude-modulated radio signals by allowing only the positive half of the
signal waveform to pass through the diode [28].

The single diode can be represented by the parameters Irs, T, Isc, loh, Ir, and ki, where |5 stands for the
reverse saturation current of the module, T is the temperature at which it operates, I is the short
circuit current, Ip, represents the photocurrent, I, is the solar irradiation, and ki represents the short
circuit of the cell under certain temperature and radiation conditions.

I
1000

Iph = (ISC + kl(T - 298)) (1.1)
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exp (N(:%rfT) -1 -

II‘S -

Where q is electron charge (1.6 x 10-19C),

The solar module's open circuit voltage, denoted as V., is measured at 21.24 volts, with N; indicating
the number of cells linked in series. The Boltzmann constant, k, is equal to 1.3805x10-23 J/K, and the
Ideality factor is represented by n and has a value of (1.6).

The temperature is subject to changes due to variations in altitude and seasonal conditions, such as

the rainy or dry season. The saturation current of the module, lo, is affected by fluctuations in the
temperature of the cell. This is given by:

T\® 9%Ego /1 1
Iy = Ly <T_n> exp nk <?—T—n) (1.3)

Here, Tn: nominal temperature is 298.15 K, Ego: band gap energy of the semiconductoris 1.1 eV.

The electrical current generated by the PV module is expressed as:

V  Rg
N_S+ IN_p

[=Nplph — Nyl [ exp Moo —1 | =1, (1.4)

The values Ny, Rs, Rsh, and V: correspond to the number of PV modules connected in parallel, the
series resistance, the shunt resistance, and the diode thermal voltage, respectively.

V. = —
= (1.5)
Np
(VN_S> IR, (1.6)
Igh = T
S

5.1.2 The Two Diode Model

In the single-diode equation, the ideality factor, represented by "n," is dependent on the voltage
applied to the device. At higher voltages, recombination is mainly influenced by the bulk and surface
regions, resulting in an ideality factor that is approximately equal to one. In contrast, when operating
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at reduced voltages, the junction primarily dictates the recombination process, resulting in the
ideality factor escalating to a value of two.

It should be emphasized that the ideality factor is not a static value; rather, it is a dynamic
parameter subject to variation in accordance with the diode's operating conditions. The accurate
determination of the ideality factor is essential for the proper modelling and analysis of PV systems.

I R,
»{ 10—

- - ] 1]

IO 1 _[02

Figure 8: Equivalent circuit of a two-diode model solar cell
(30]

A common way to represent the main characteristics of PV devices is the two-diode model. This
model has an electrical equivalent circuit, which is shown in Figure 8. The circuit configuration
includes a light-sensitive current source, two diodes connected in parallel, a parallel resistor, and a

series resistor. The terminal voltage and current of the PV cell can be mathematically described by
the following equation:

V+ Ryl
I =1l —Ipg —Ipp — —RShS (1.7)
This can be expressed using Shockley’s diode equation as follows:
q(V+ Rgl q(V+ Ryl V + Ryl
=T —1 (—)—1]—1 [ (—)_1]_— (1.8)
ph 701 [exp n, kT 0z | €XP n, kT sh

The thermal voltage can be expressed as a simplified version of equation (1.8), which includes I, as
the photocurrent, lo: and lo; as the saturation currents of the diodes, ni1and n; as their ideality
factors, g as the electron charge, k as the Boltzmann constant, T represents the temperature of the

p-n junction measured in Kelvin, while Rs and R, denote the series and shunt resistances,
respectively.

v, = — (1.8.1)
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To increase the power of PV devices, they often have many PV cells that are connected in different
ways. Some cells are connected in a series to raise the voltage, and some cells are connected in
parallel to raise the current. This can be included in the model with this equation.

= [ [ (V+Rsl) 1] i [ (V+Rsl) 1] V+ Rl (1.9)
IR A VWA S VN A7 Ren '

In this context, the symbol N; signifies the count of PV cells that are linked in a series connection.
The electrical currents of multiple cells operating in parallel are denoted by Iy, lo1, and lo2. The
parameters Rs and Rqy describe the electrical resistances that arise from the practical
implementation of the device. Specifically, Rs incorporates resistive losses that stem from both
contact resistances and deviations from ideal semiconductor behaviour, while R¢, characterizes the
leakage losses that occur in the p-n junctions. For optimal enhancement of the fill factor, it is
advantageous to reduce the value of R while concurrently increasing Rs.

Manufacturers of devices do not usually provide information on the seven unspecified parameters of
the two-diode model, namely I, lo1, loz2, N1, N2, Rs, and Rqh, in the device datasheet. As a result, these
parameters have to be estimated through analytical or experimental means.

5.2 System Parameters

5.2.1 Sun Hours in Chalochasowa

Chalochasowa is situated within the Muchinga region, with the regional capital, Chinsali, being
roughly 160 kilometers or 99 miles distant in a direct line. Moreover, the linear distance separating
Chalochasowa from Zambia's capital, Lusaka, is about 773 kilometers or 480 miles. Chalochasowa
experiences an annual average of 4400 hours of sunlight, with a daily average of 11.5 hours of
sunlight. From June to November, the average daily sunlight hours are close to 12 hours, while from
December to April, it's 11 hours per day. The average radiation is 4.2 kWh/m? per day [47]. The
calculation of Insolation on an Inclined Plane was done using Lid and Jordan's equation.

K H
T — Ho
24 360n Tw
H, = ?ISC (1 + 0.033 cos %) (cos @ cos d sin wg + F(s)sin @ sin 6) (2.0)
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The location of a particular point can be determined using specific variables. These variables include
Ise, which represents the solar constant at 1367W/m2; n, which represents the day number of the
year, @ which represents the latitude; 6 represents the solar declination; and ws represents the
sunset hour angle.

- 360(n + 284) (2.1)
23.5 SIHT
ws = cos~1(—tan § tan @) (2.2)

Chalochasowa

Figure 9: Satellite imagery delineating the study area within Chalochasowa. [30]
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Figure 10: Monthly average solar insolation in Chalochasowa (kWh/m?). [30]
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Figure 11: Sunpath diagram for Chalochasowa region, indicating solar azimuth and elevation
throughout the year with terrain horizon overlay, providing critical data for solar energy studies and
architectural design in relation to sunlight exposure. [30]
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Figure 12: Average hourly profiles (Direct normal irradiation) in
Chalochasowa (Wh/m?). [30]

5.2.1.1 The ideal angle for positioning solar panels (Optimal tilt angle)

To optimize the performance of solar panels, one should align them in a way that maximizes sunlight
exposure. However, identifying the optimal orientation involves several factors. It's presumed that
the panel is either stationary or capable of seasonal tilt adjustments. In the northern hemisphere,
the ideal orientation is true south, and in the southern hemisphere, it's true north. For this study,
the focus is on true north orientation. Notably, true north differs from magnetic north, necessitating
a correction when using a compass for panel alignment, as the discrepancy varies by location. Key
terms in this context include tilt angle, azimuth, and zenith angle. Tilt angle refers to the panel's
inclination relative to the ground, affecting how sharply it's angled toward the horizon. The Azimuth
angle represents the direction of incoming sunlight, and the Zenith angle is the measure of the sun's
rays' deviation from the vertical axis [46]. Achieving the optimal tilt angle is vital for enhancing solar
panel efficiency and energy output [45].

26



Direction & Angle of Installation

JUNE/ \DEC

South - = Qg North
E ‘\»
DEC JUNE
[ \
| Northern ‘ Southern
Hemisphere Hemisphere |

Figure 13: Illustrative diagram depicting the ideal angles and orientations for installing solar panels
year-round in both the Northern and Southern Hemispheres, highlighting the necessary seasonal
modifications to optimize solar energy absorption. [45]
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Figure 14: Azimuth angle, solar zenith angle, and geometry of the tilted surface. [46]

The ideal inclination (optimal tilt angle) of solar panels necessitates seasonal adjustments to
maximize efficiency. The tilt angle should be increased by 15° during winters and reduced by 15°
during summers. For this case, the angle of the latitude of Chalochasowa is taken (Chalochasowa
latitude is 10.66 °). The calculated optimum tilt of PV modules from globalsolaratlas.info for the
entire year of this region is 15°

5.2.2 Estimating Energy Consumption

When designing a stand-alone solar PV system, it's important to determine the total amount of

energy needed each day. To estimate this, you must calculate the energy required by each appliance

by measuring its power usage in watts and the number of hours it will be in operation. It's also
necessary to consider the individual operating times for each load. After determining the daily
energy needs, this data can be employed to ascertain the necessary dimensions of the solar panel
array and the capacity of the battery storage system.
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It's important to note that the energy consumption of appliances can vary depending on factors
such as weather conditions and usage patterns. As such, it's recommended to add a safety margin to
your energy estimates to ensure that your system can handle unexpected surges in energy
consumption.

Additionally, the design of a stand-alone solar PV system should also take into account the location
and orientation of the solar panels. Factors such as the latitude and longitude of the site, the angle
of the sun, and any potential shading from nearby buildings or trees can all affect the efficiency of
the system. It's important to carefully consider these factors during the design phase to maximize
the system's performance. To determine the energy required by each appliance, you'll need to use
its rating and the average number of hours it's used per day. The energy consumed by each load is
measured in watt-hours (Wh), which can be calculated using the following equation:

Ei = Pi * Tu (23)

The equation for calculating the energy demand per day of an individual load is based on three
variables. The first variable, Ei, represents the energy demand in watt-hours. The second variable, Pi,
refers to the rating of the load in watts. Lastly, Tu represents the time of use of the load per day,
measured in hours. By plugging these variables into the equation, you can determine the energy
demand of the load on a daily basis [22].

To determine the total amount of energy required on a daily basis, you must add up the individual
energy demands for each appliance. This calculation will yield the daily total energy required for the
system, as shown in Table 1. According to the figure, the total energy required each day is 7406
watt-hours (Wh) or 7.406 kilowatt-hours (kWh).

Around 23% of the required energy, which is equivalent to 1703.38 Wh, can be obtained directly
from the solar panels. However, the remaining 77%, which is around 5702.62 Wh, will require
energy storage for use during periods when solar energy is not available.

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Now Dec
0-1
1-2
2-3
3-4
4-5
5-6
6-7
7-8 | 137 57 124 148 453 | 553 | 349
a-¢ 276 201 400 | 540 |NGETESEINGSTNETENGETINGEEINGESN 450
9-10 354 376 452 550 |4 NNEENN - 6oa SEEEOEN S0 ea] | 481
10-11 356 400 444 475 (6800 NSSRN 703 USENNNEON 671 601 @ 454
11-12 353 383 379 391 | 587 | 648 665 | 681 677 | S51 463 361
12-13 285 309 290 317  S0B | 694 606  G12 594 | 442 348 264
13-14 261 269 239 257 443 562 556 548 498 368 297 251
14-15 246 248 278 239 371 505 496 481 434 328 285 269
15-16 229 237 225 210 308 435 424 406 371 315 282 261
16-17 181 196 193 188 209 288 288 312 288 285 283 242
17-18 100 94 71 33 17 24 20 &7 59 55 69 98
18-19
19-20
20-21
21-22
22-23
23-24

Sum 2778 2861 2970 3323 4525 5326 5123 5261 5196 4883 4557 3479
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5.2.2.1 Load Profile of Generic Residence in the Area

Table 1: The load profile of household appliances over a 24-hour period

Appliance Quantity Rating (Watts) | Usage per Day (Hours) | Total Energy per Day (Watt-hours)

vV 1 100 5 500
Cell Phone 3 4 6 72

Pressing Iron 1 1100 0.3 330
Incandescent Light Bulb 10 75 6 4500
Water Heating Element 1 1500 0.7 1050
Computer 1 50 2 100
Radio 1 5 4 20

Refrigerator 1 100 6 600
Mp3 player 2 1.5 2 6

Fan 1 54 2 108
Fluorescent Light 2 12 5 120
Total 7406

The load profile of a residence can be determined by itemizing all of the appliances in the residence
and their corresponding wattage. In this case, the load profile of the residence is 7406 watt-hours
per day. This information can be used to determine the size of the stand-alone PV power system
needed to meet the residents' electricity needs.

The PV power system should be sized to generate enough electricity to meet the daily load profile,
plus a margin of safety to account for days with cloudy weather or high electricity demand.

5.2.3 Sizing of the PV Array

Solar PV panels have varying power output depending on their ratings. The ratings are typically given
in peak watts and are determined by the size of the module and the weather conditions of the
location where they are installed. As a result, when calculating the number and size of PV panels
needed to meet specific energy needs, it is important to consider the rated peak watts of the panels.
This information is necessary to determine the appropriate number of panels needed to generate
the required power output.

Et

Py = X 1.3
t-pv Tpeak—hours

Where P:py is the complete size of the PV array in watts, Tyeak-hours is the lowest daily average peak-
sun hours of a month in a year, and 1.5 represents the scaling factor. The system accounts for
various losses, such as 77% panel efficiency, 85% storage battery efficiency, and 0.97% wiring system
losses. Based on Figure 10, it was observed that the location experiences a minimum of 10 hours of
sunshine per day during April, May, June, and July. As a result, the total peak power required for the
location will be calculated.

(3.2)
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7406Wh x 1.3 (3.1)
Popy = ——gp = 962.78W -

Hence, the number of PV modules or panels required for the PV system is computed using the peak
watts obtained in equation (3.3):

Pe_pv
Nmodules = \;Vsi (3.3)

The equation uses two variables: Nmodules, Which represent the total number of modules, and Wy,

which is the power rating in peak watts of the chosen panel or module, measured in watts.

Or equation 3.4 can used,

Watt hours per day

)/System Losses))/250 (3.4)

N =
modules Sun Hours per day

7406Wh

Nmodules = ((W)/O-S)/ZSO

Nimodules = 3-703 (4 Solar panels 250watts)

5.2.4 Battery system

5.2.4.1 Capacity of the Charge Controller

A charge controller, commonly referred to as a solar regulator, plays a vital role in a solar PV system,
as it is essential for the appropriate charging of the batteries linked to the system. The fundamental
function of a charge controller is to control the electrical charge flowing from the solar panels to the
batteries, thereby averting scenarios of overcharging or excessive discharge of the batteries. In off-
grid and hybrid solar PV systems, charge controllers serve a crucial role in orchestrating the
distribution of electrical energy among solar panels, batteries, and loads. These controllers
continuously monitor battery voltage and current, fine-tuning the charging process for optimal
efficiency and safety.
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They safeguard batteries against potential harm from overcharging or excessive discharging. Charge
controllers are categorized into two types: PWM (Pulse-Width Modulation) and MPPT. PWM
controllers, simpler in design, are typically employed in smaller systems. They manage battery
charging by intermittently switching the solar panel output on and off, thereby maintaining a steady
voltage. On the other hand, MPPT controllers are more advanced, enhancing solar panel power
output by adjusting voltage and current in alignment with the battery's needs. This adjustment leads
to more effective charging and improves overall performance of the solar PV system. [33].

The solar charge controller's rating is determined by its current and voltage. To calculate the current
rating, one should use the short circuit current rating of the chosen PV modules, while the voltage
should match the nominal voltage of the battery or batteries. Therefore, the ampere current rating
for the solar charge controller can be determined through mathematical calculation as follows:

Isce = Isc X 1.25 (3.5)

The amperage of the solar charge controller is denoted as ls, while the short circuit current rating of
the chosen PV unit is represented by Is.. The value 1.3 signifies the safety margin. For our case, since
the MTTP controller is recommended, we divide the total array wattage (1000W) by the battery
bank nominal voltage (12V) to determine the charge controller's expected max output Amps.

For this scenario, the Outback Power System FLEXmax 60/80 was chosen as the suggested charge
controller because it is very efficient.

QutBack

Power Systems

Figure 16: FLEXmax 60/80 Charge Controller [42]
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Models*:
Nominal Battery Voltages:
Maximum Output Current:

NEC Recommended Solar
Maximum Array STC Nameplate:

PV Open Cirwit Voltage (VOO):
Standby Power Consumpfion:
Power Conversion Efficiency:

Peak Efficiency:

CEC Weighted Efficiency:

Charging Regulation:

Voltage Regulation Set Poinis:
Equalization Charging:

Battery Temperature Compensation:

Voltage Step-Down Capability:

Status Display:

Remote Display and Controller:
Network Cabling:

Data Logging:

Operating Temperature Range:
Environmental Rating:

Conduit Knockouts:

Warranty:

Weight (Ib/kg):

Dimensions H x W x D (in/m):

Programmable Auxiliary Control Output:

Table 2: FLEXmax 60/80 Charge Controller Specifications [42]

‘ FLEXmax 80 (FM80 to 150VDC)
12, 24, 36, 48, or 6OVDC (Single modal, salecrable via field programming ar srarr-up)
804 @ 104°F (40°C) with odjustoble current limir

12VDC systems: 1000W / 24VDC systems: 2000W
48VDC systems: 4000W / 60VDC systems: S000W

150VDC absolure maximum coldest condirions / 145VDC starr-up and operating maximum
Less than TW typical

97.5% @ 80ADC in 0 48VDC system (rypical)

SOVDC input w/48 battery of 53.1VDC (98.44%)

97.3% (ot 48VDC)

Bulk, obsorprion, floar, silenr and equalizotion

13 10 8OVDC user adjustable with password profection

Programmable volroge sempoint and durarian, auromaric rerminarion whan completed

Auromatic with optional RTS installed / 5.0mV per °C par 2V bartery cell

‘ FLEXmax 60 (FM60 to 150VDC)
12, 24, 36, 48, or 6OVDC (Single madel, selacrable via field programming ar starr-up)
60A @ 104°F (40°C) with adjustable current limir

12VDC systems: 750W / 24YDC systems: 1500W
48VDC systems: 3000W / 60VDC systems: 3750W

150¥DC absolure maximum coldesr conditions / 145VDC siarr-up and operaring maximum
Less than TW typical

98.1% @ 60ADC in 0 4BVOC system (typical)

68V input w748V buttery ar 52.8YDC (98.31%)

7.3% (ar 48V0C)

Bulk, absorprion, float, silent and equolizarion

13 1o 8OVDC usar adjustable with possword profection

Programmabla volrage sempoint and duration, auromaric rerminarion when complerad

Auromaric with oprional RIS installed / 5.0mV per °C per 2V barrery cell

Down converr fiom any acceprable armay voltoge fo any bartery voltage. Example: 72VDC amay ro 24VDC bartery; 60VDC aniay 1o 48VDC barrery

12VDC ourput signal which can be programmed for diffarent conmol applications (maximum of 0.2ADC)
3.Tin (Bem) bodkit LCD screen, 4 lines with 80 alphanumeric characters total
Oprioncl MATE3s, MATE or MATEZ

Propristory network system using RJ-45 modulor conneciors with CATS coble (8 wires)

12V0C ovipu signal which con be progrommed for differenr conmol applicorions (maximum of 0.240C)
3.1in (8cm) backlit LCD saeen, 4 lines with 80 alphanumeric charocters rorol
Optional MATE3s, MATE or MATEZ

Fropriatary network system using RI-45 modulor connectors with CATS cable (8 wires)

Last 128 days of operation: amp-hours, warr-hours, rima in floar, peak warrs, amps, solar array volroge, maximum bartery voltage, minimum bartery voltage and absorb ime, accumulared amp-hours,

and kiwh of producrion

—40 1o 60°C (power auiomatically derated above 40°C)

Indoor Type 1

Ong Tin (25.4mm) on the back; One Tin (25.4mm) on the lefr side; Two in (25.4mm) on the borrom
Srandord 5 year, extended 10 year available

Unir: 1220 / 5.53  Shipping: 155 /7

Unit: 16.25 < 575 < 45/ 413 % 146 x 114 Shipping: 19 x 9.5 < 85 / 483 x 241 < 2.6

—40 10 60°C (power uromatically derored chove 40°C)

Indoor Type 1

0One Tin (25.4mm) on the beck; One Tin (25 4mm) on the lefi sids; Two Tin (25.4mm) en the borom
Srandard 5 yenr, exrended 10 year ovailoble

Unit: 11.65 / 5.3 Shipping: 145 / 6.8

Unit: 1375 = 575 x 45/ 35 % 146 < 114 Shipping: 17 = 9.5 < 8.5 / 43.2 x 241 = 71.6

5.2.5.2 Sizing of the Battery Bank

Sizing the battery bank of a stand-alone solar PV system is a crucial aspect that requires careful
consideration to ensure optimal performance and longevity of the system. The battery bank is
responsible for storing excess energy generated by the PV panels during periods of peak solar
irradiation and supplying this energy to loads during periods of low solar irradiation or no sunlight.
The sizing of the battery bank is influenced by several factors, including the system's power demand,
the daily load profile, the solar radiation availability, the battery technology, and the depth of
discharge (DOD) required for the batteries [40]. The main factors are listed as follows.

a) The total energy required by the appliances during the absence of sun.
b) Days of autonomy

c) Discharge depth of battery and

d) The battery's nominal voltage

In this context, "days" refer to a consecutive number of cloudy days that may happen, during which
the battery is responsible for providing energy to the load. It is common to consider a standard of 3
days for the duration of autonomy (D,,;)- As a result, the battery capacity should be 1.5-3 times the
calculated rating to ensure enough energy compensation during cloudy or rainy periods.

E
Ahpnk = ——— X Dy X 1.25

Vdc—sys (4.0)
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Based on Table 1 appliances, given that the area receives an abundant amount of sun, we may not
require energy storage for most of the time except the nights. Instead, appliances can be directly
powered by the solar panel, which helps reduce the cost of the battery bank. Therefore, when
calculating the storage battery bank's required energy capacity, the total energy taken into
consideration in the design can be taken into account a little less, depending on the economic
situation. In this case, the full capacity was considered. From the formula (4.0), Ahy .,k represents
the capacity of the battery bank in Ah, and Vy._sys represents solar voltage in DC. In the calculation
below, it was found that approximately 580Ah of battery capacity is required for the system.

7406 X 3 X 1.25 (4.1)
Ahbank = 48V = 580 Ah :

5.2.7 Inverter Sizing

The sizing of an inverter for a stand-alone solar PV system is an important stage in the design
process. The inverter assumes responsibility for the conversion of direct current electrical energy
emanating from solar panels into alternating current electrical energy, rendering it suitable for
consumption by various electrical loads.

If the inverter is too small, it will not be able to give adequate power to the loads and may overheat
or fail. If the inverter is too huge, it will be inefficient and waste energy.

As a result, the inverter must be capable of handling around 1kW at 220 volts. The inverter's input
rating should be greater than the total wattage required of the appliance, plus a 25% safety buffer to
accommodate for surge requirements, which are equal to 1.25 x 962.78W = 1.2kW as the precise
number or 1.25kW as the approximate amount. The Inverex Aerox 1.2kW inverter was chosen for
this application.

5.2.8 Calculation of Cable Size

In a stand-alone solar PV system, the sizing of cables is critical for optimal performance and system
safety. Cable sizing is influenced by the system voltage, distance between the PV panels, battery
bank, loads, and current capacity. The initial step in ascertaining the suitable cable size involves
calculating the peak current produced by the system. This is determined by considering the total
power output of the PV panels and the voltage of the system. The cable required for solar PV
systems must be able to withstand exposure to both UV light and water and be suitable for use both
indoors and outdoors. Low voltage systems, which often involve high current, have experienced
issues with high voltage.

Additionally, since low-voltage systems typically involve high currents, it is important to use cables
that are designed to handle these conditions. If the cables are not rated for the high currents, they
can overheat and potentially cause a fire or damage the equipment. On the other hand, if the cables
are not rated for the voltage levels that may be present, they can become damaged or degrade over
time, leading to reduced efficiency or even system failure. As a result, it is necessary to determine
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the size of the system appropriately to keep voltage drops below 2%. The calculation for voltage
drops in a conductor carrying current is as follows:

_ pLImax (4.2)
Vg = n

The formula involves four variables: p, which represents the resistivity of the wire material in
ohmmeters; L, the length of the cable; V4, the maximum allowed voltage drops in the cable; and Imax,
the maximum current that the cable can carry.

6. MATLAB Simulation of Designed PV System

MATLAB simulation is a powerful tool that can be used to analyse the performance of the designed
off-grid PV system under different conditions. It can also be used to optimize the design of the
system to improve its performance. Figure 12 shows the overall design of the system in Simulink.

Off-Grid Solar PV Battery System for Chalochasowa
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Figure 17: Overall designed simulation system in Simulink MATLAB for an
off-grid solar PV battery system for Chalochasowa
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Figure 18: IV and PV curve of the solar PV panel. The peak power of solar panels varies with
changes in irradiation.

The simulation model of this designed off-grid solar battery system consists of solar panels with a
rating of 1000W. In the array of modules, every single panel has a rating of 250W in a four-series
model and 1 parallel string, consequently giving a maximum power point voltage of 30.9V and
corresponding current at the max of power point to be 8.1A.

With reference to Figure 12, the Solar PV output is connected to two components. The single-phase
DC-AC Converter and the bidirectional DC-DC converter. The output connected to the single-phase
DC-AC Converter is for the AC load (home load), while the output is connected to the battery
through the bidirectional DC-DC converter for is used for charging the battery. For this condition, the
implemented concept is that the Solar PV array first powers the AC load, and any access power is
used to charge the battery. In the event that the solar PV output is zero, this means that the battery
supplies the power to the AC load via the single-phrase DC-AC converter. In the event that neither
the solar PV panel nor the battery can provide enough power for the load, a Genset (backup
generation) can be used.
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6.1 Simulation Battery Parameters

The type of battery used in the simulation is a Lead-Acid Battery. Simulink implements a generic
battery model for the most popular battery types; therefore, the effects of temperature and aging
(due to cycling) are already taken into consideration.

Type: Lead-Acid
Nominal voltage: 48V
Rated capacity: 250Ah

Initial state-of-charge: 50%
Battery response time: 30s

6.2 Inverter (Single Phase DC-AC Conversion)

The single-phase DC-AC converter is controlled by means of voltage current control. The “Voltage PI
controller in Unbalance d-q control” applies the voltage control concepts, while the “Current inner
loop Pl control” applies the current control concepts. PWM generator and Half-Bridge (H-Bridge)
inverter circuit.

The inverter from the block diagram, the converter starts with a DC power source either from the
batteries or solar panels. The input DC is fed into a DC link or a DC bus capacitor (L1). This
component smoothens the incoming DC voltage and helps maintain a stable DC voltage level,
reducing voltage fluctuations and providing a continuous source of energy. The DC power is then
applied to the inverter. The inverter uses pulse-width modulation (PWM) to generate an AC
waveform. The output of the inverter is then filtered to remove any residual PWM noise.

LR 1 ——
L1 n a

“

| | LWJ
T <L H-Bridge Inverter Circuit =+

Inverter output Voltage peak reference generation in unbalance d-g form

Ve P
vt
Voltage P1 Contrler in Unbalance .q control -
-

Current lanet loop PI cantrol

Figure 19: Overall Inverter (Single Phase DC-AC Conversion) Simulation
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A clearer view of the H-Bridge inverter circuit, PIWM generator, voltage, and current controller are
shown in Figure 19.1-19.5

q
4 vl

de_rect

= H-Bridge Inverter Circuit

Figure 19.1: H-Bridge Inverter Circuit

The control method of the H-bridge's two parallel legs with two switches defines how it is used. The
input to an H-bridge is a DC voltage source, and the output is also a DC voltage, but its magnitude
and polarity can be regulated. The converter can be used to generate a square wave output voltage
by closing switches PWMH1 and PWML2 at the same time while leaving PWMH2 and PWML1 open
and then opening PWMH1 and PWML2 while closing PWMH2 and PWML1. If the duty cycle of both
switch pairs is 50% and they are switched at the same time, the pulsed voltage waveform will be a
perfect square wave of positive and negative polarity of the input DC voltage. Note that in this
description, the PWMH1, PWMH2, PWML1, PWML2 are referring to the MOSFET transistors they are
connected to in Figure 14.1.

Maintaining the same duty cycle for each switch pair but using a value other than 50% results in a
pulse train with a value other than +Vdc for half of the cycle and Vdc for the other. Changing the
duty cycle of one or both pairs of switches results in a variety of three-level output waveforms with 0
V output voltage for a portion of the cycle. This can also be accomplished by toggling PWMH1 and
PWMH?2 as a pair, as well as PWML2 and PWML1. To avoid a potentially dangerous short circuit of
the input, also known as "shoot-through," switches in the same leg (PWMH1/ PWML1, PWMML2/
PWMH2) are typically not turned on and off at the same time in practice. To avoid this from
happening, a short period of time known as "dead time" is employed to delay the activation of the
opposing switches.
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6.3 PSO MPPT

Particle swarm optimization (PSO) is a metaheuristic algorithm inspired by the swarming behaviour
of birds and fish. In PSO, a swarm of particles is initialized with random positions and velocities [52].
Each particle represents a candidate solution to the optimization problem [53]. The particles then
move through the search space according to their velocities, which are updated based on the
positions of the best-performing particles in the swarm. The algorithm terminates when a
predefined stopping criterion is met or when a satisfactory solution is found. A PSO-based MPPT
algorithm works by iteratively updating the duty cycle of the PV system's DC-DC converter to track
the MPP. The duty cycle is the percentage of time that the DC-DC converter is turned on. By
adjusting the duty cycle, the DC-DC converter can change the operating voltage of the PV array.

The PSO-based MPPT algorithm has several advantages over other MPPT algorithms, such as the
perturb-and-observe (P&O) algorithm. The PSO algorithm is more robust to noise and partial shading
conditions. It is also able to track the MPP more quickly and accurately than the P&O algorithm. This
is why it was used in this simulation. The algorithm shown below (figure 20) works the following
way:

I Initialize a swarm of particles, with each particle representing a candidate duty cycle for the
PV system's DC-DC converter.
Il. Evaluate the fitness of each particle by measuring the current and voltage of the solar panel
at that duty cycle and then calculating the output power of the PV system.
Il Update the velocity of each particle based on the positions of the best-performing particles
in the swarm and the current and voltage of the solar panel.
V. Update the position of each particle.
V. Repeat steps 2-4 until a predefined stopping criterion is met or when a satisfactory solution
is found.
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Figure 20: PSO MPPT and Charge Controller Simulation

6.4 Charge Controller

The battery charge controller uses the three-stage charging method, which consists of the constant
current charging, constant voltage charging, and float charging stages. During the constant current
phase of charging, the battery is subjected to a steady current flow until it attains a specified voltage
level. This stage typically accounts for about 70% of the charging time. In the constant voltage
charging phase, the battery undergoes charging at a stable voltage until it reaches full charge.

This stage typically accounts for the remaining 30% of the charging time. The charge controller
simulation (Figure 15) begins by first measuring the voltage of the battery and the state of charge,
then comparing it with the value of the float condition (<100) and the constant voltage. Based on
this comparison, the algorithm will accept the duty cycle, or else it will block it.

6.5 Solar System Modes Simulation Results

6.5.1 Solar Power Mode (Full irradiation Mode Functionality)

In this instance, we make the irradiation to 1000 W/m?so as to simulate some irradiation to be
experienced by the solar panel. This will be the normal working mode. The current, voltage, and
power are referenced with regard to the PV, battery, Rectifier, and Inverter scope (Figure 21-21.3).
Referencing Figure 21.1 (Battery Scope), it shows that the current and power are negative.
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During this time of the simulation, the battery is undergoing charging (battery is in charging mode)
as the solar panels are generating access power (The AC load continuously gets the power from the
PV panel, and any excess charge is charging the battery). Lastly, backup power is not used; therefore,
the rectifier current and voltage are zero (Figure 21.3). The scope simulation time used is 2 seconds
for all the simulations.
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Figure 21: Simulated PV Voltage, Current and Power in Solar
Power Mode
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Figure 21.2: Simulated AC Load Voltage and Current in Solar Power Mode
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Figure 21.3: Simulated Rectifier Voltage, Current, and Power in Solar Power Mode

6.5.2 Battery Power Mode (No irradiation Mode Functionality)

In this instance, a simulation where there is no irradiation is done. This is done after 1 second of full
irradiation. The solar panel value is set to zero; hence no, power has been generated, as seen in
Figure 22. Theoretically, this scenario replicates conditions of dense cloud cover and foggy days or
extreme solar heat, which could lead to overheating and inhibit power generation by the solar
panels.

It is noticeable that the battery current shifts from negative to positive (as illustrated in Figure 22.2),
transitioning from charging mode to active supply mode. It can also be observed that the AC load is
continuously getting power from the battery. Rectifier output remains 0 as there is no direct AC
input yet.
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It can be observed in Figure 22 that the voltage goes a little below zero. This is caused by reverse
bias. When a solar panel is connected to a load that is generating its own voltage, the solar panel can
be forced into reverse bias. This means that the voltage applied to the solar panel is greater than the

voltage that the solar panel is trying to produce. This happens when the solar panel is connected to a
battery that is fully charged.

6.5.3 Genset Power Mode (No irradiation and No Battery Mode Functionality)

In this instance, we consider no irradiation and no battery power from the system. A backup
generator is connected to the system. It can be observed that the generator is supplying the power
to the system. (rectifier voltage is registered). The power generated from the generator directly
powers the AC load; therefore, battery power will remain constant (Figure 23-23.2). A peak voltage
amplitude of 123.6V is given from the generator.

It can also be observed that when we turn on both the backup generator and power from the solar
panels for the system, the overall contribution of the generator is reduced.
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7. System Efficiency Calculations

The efficiency of an off-grid PV system is a measure of how effectively it converts solar energy into
usable electricity. This factor is of paramount importance in the design and operation of these
systems, as it directly influences the electricity generation capacity and the overall economic
efficiency of the system.

The overall efficiency of an off-grid PV system is the product of the efficiencies of its individual
components, including solar panels, charge controllers, inverters, and batteries. Solar panel
efficiency is typically the highest of these components, ranging from 15 to 20%. Charge controller
and inverter efficiencies typically range from 75% to 98%, while battery efficiency can range from 70
to 96%.
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To assess the effectiveness of a solar panel, quantified as a percentage, one should utilize the
subsequent computation for estimation.

Pmax

Effici = 100
lciency Panel Area x Irradiance at STC X

250W 100
1.3761m? x 1000W/m?

Efficiency =

Efficiency = 18.17

e Pmax pertains to the solar module's electrical rating, measured in watts.

e Panel area specifies the physical dimensions of the solar module in meters. This step
involves the computation of the module's surface area, expressed in square meters (m?).

e The value of 1000 W/m? represents the commonly employed standard for the maximum
solar irradiance, which serves as a reference when evaluating the power output of solar
modules.

The operational effectiveness of a solar PV module is markedly contingent upon its exposed surface
area, a determinant of its capacity to convert incident solar radiation into electrical power. The
assessment of PV module efficiency necessitates a comparative scrutiny encompassing the solar
irradiance absorbed from the sun and the ensuing electricity generation realized by the module. It is
infeasible for a solar PV module to achieve the conversion of the entire incident solar irradiance into
electricity, as such an outcome would imply an impractically idealized efficiency rate of 100%.

7.1 Charge Controller Efficiency

The efficacy of the charge controller holds significant importance as it delineates the quantum of
solar energy transmuted into battery replenishment. MPPT charge controllers exhibit the potential
to attain a charging efficiency exceeding 95%, albeit at a higher cost. In contrast, PWM charge
controllers generally exhibit an efficiency of less than 80%, but they are relatively more cost-
effective.

7.2 Battery Efficiency

Lithium-ion solar batteries exhibit rapid recharging capabilities and demonstrate superior efficiency
in comparison to alternative battery chemistries, notably surpassing lead-acid and nickel-cadmium
variants. They achieve a round-trip efficiency exceeding 96%, signifying that the proportion of
electrical energy expended for the internal charging process is less than 4% of its total stored energy
capacity. This characteristic presents dual advantages to end-users by diminishing costs and space
requirements, as fewer solar panels are needed for power generation, and a reduced quantity of
solar batteries is essential to provide requisite support, both in residential and commercial settings.
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7.3 Inverter Efficiency

Inverter efficiency is conventionally quantified as the proportion of the functional AC output power
relative to the aggregate of DC input power and any supplemental AC input power. Efficiencies of
standard grid-connected inverters typically surpass 95% under a majority of operational conditions.
This efficiency metric is subject to variations contingent upon factors such as AC output power, DC
input voltage, and, occasionally, the temperature of the inverter itself.

The efficacy of an inverter is generally delineated as the quotient of the AC output power to the DC
input power. Elevated levels of inverter efficiency are imperative for the optimization of energy
extraction from solar PV systems. During this energy conversion process, certain losses are
inevitable, manifesting primarily in two forms:

- Thermal dissipation (heat loss).

- Consumptive standby power is utilized to maintain the inverter in an operational state, also
referred to as the inverter's no-load power consumption.

Accordingly, inverter efficiency can be represented by the equation efficiency= Pac/Poc, Where Pac
denotes the AC output power in watts, and Ppc signifies the DC input power in watts. The typical
range of inverter efficiency spans from 75% to 95%. This metric of power inverter efficiency is
contingent on variations in inverter load capacity, with efficiency generally escalating and potentially
reaching a peak at higher load capacities compared to lower ones, provided that the output power
capacity of the inverter is not exceeded. It is noteworthy that at loading levels below 15%, the
inverter efficiency is markedly reduced. Consequently, an optimal alignment between the inverter’s
capacity and its load can lead to enhanced efficiency, thereby yielding greater AC output power for
the equivalent DC input.

7.4 Approximate Efficiency of the System.

Additional losses may occur due to wiring, which can collectively account for an additional 5% to
10% loss. This was taken as 5%. The approximate efficiency of the stand-alone system using the main
components will be as follows:

Overall Efficiency = Efficiency of PV module x Efficiency of Charge Controller x Efficiency of Batteries
x Efficiency of Inverter x Other losses.

Overall Efficiency = 0.18.17 x 0.85 x 0.96 x 0.80 x 0.95

Overall System Efficiency = 11.27%

Therefore, the approximate overall efficiency of a stand-alone PV system, considering average
efficiencies for solar panels, charge controller, inverter, battery, and additional system losses, is
about 11.2%. This value reflects the cumulative efficiency of converting sunlight into usable electrical
energy in a stand-alone solar PV system.

47



8. Technical Issues Regarding Stand-Alone Solar Photovoltaic System

8.1 Intermittent PV Power Output

The principal challenge encountered in the application of PV systems pertains to the intermittency of
power output. The integration of PV systems within the feeder infrastructure can introduce
complications, manifesting as oscillations in power output, commonly referred to as voltage
fluctuation within the electrical power system. Consequently, the electrical energy generated
exhibits characteristics of inconsistency and instability. Power fluctuation is a phenomenon
characterized by the erratic nature of the generated power, which arises due to obstacles impeding
the reception of solar irradiance, thereby inducing variations in power production. Obstructions such
as the transient passage of clouds contribute to the fluctuations in voltage.

The geographical placement and depth of integration of the PV system, along with the specific
topological configurations adopted, exert discernible influences on the attributes of power output.
Furthermore, suboptimal sizing of PV systems represents one of the primary causal factors
contributing to the issue of voltage fluctuation [39]. PV systems characterized by diminished power
absorption capacities inevitably reduce the quantity of power that can be effectively stored.

8.2 Variable Shading Conditions

Intermittently, the PV system experiences diminished power output due to factors such as mismatch
and partial shading conditions. This phenomenon arises from dynamic elements such as drifting
cloud cover, the obstruction of sunlight by natural and man-made objects, and overcast weather
conditions, leading to non-uniform solar irradiance distribution across the PV array. As a
consequence of these conditions, partial shading emerges, giving rise to local and global extrema
within the system's power-output profile, thereby impacting the overall reliability of power
generation. The power-versus-voltage characteristics of the PV array during partial shading
conditions are depicted in the figure below.

Notwithstanding these challenges, the amelioration of partial shading conditions can be pursued
through various means, including reconfiguring the arrangement of PV panels, employing structural
frameworks, optimizing converter circuit topologies, or adopting MPPT techniques. Among these
strategies, improving MPPT methods is particularly attractive owing to its inherent benefits,
including straightforward implementation, cost efficiency, and smooth integration with existing
systems. This rationale underscores the motivation for the simulation of MPPT algorithms using
MATLAB Simulink, as elucidated in the preceding chapter [40].
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Figure 24: PV array's power characteristic under partial shading
circumstances [40]

8.3 Photovoltaic Cells' Inability to Function at Elevated Temperatures

The thermal management of PV panel systems represents a pivotal concern in both their design and
operational phases, as the overall efficacy of solar panels is profoundly contingent upon the thermal
conditions experienced by PV cells. The manifestation of issues such as current mismatching and hot
spots can be attributed to the presence of elevated and non-uniform cell temperatures, thereby
precipitating a reduction in the efficiency of PV panels. Of particular consequence, the open-circuit
voltage is notably affected by temperature escalation. The heightened thermal profile of PV cells
stands as a detriment to their performance. In practical terms, only a limited portion, approximately
15-20%, of incident solar irradiation can be successfully converted into electrical energy, with the
remaining portion dissipating as thermal energy. Moreover, this temperature-induced rise in
electrical resistance within the circuitry exerts an adverse impact on the electron conversion rate,
leading to diminished efficiency. Furthermore, the increase in PV cell temperatures can potentially
have detrimental impacts on the properties of the materials used in the construction of solar cells
[41]. Thus, it becomes evident that the establishment of a uniform and effective cooling system is
imperative not only to optimize the operational performance of PV panels but also to extend their
operational lifespan.

49



Conclusion

For a typical house in a rural area in Chalochasowa, the complete modelling, sizing, and optimization
of an off-grid independent or stand-alone solar PV system was presented in this thesis. The designed
system consists of 1000W PV, three batteries of 250 Ah, and a 1.5kW inverter. This thesis further
presented an important simulation model to be implemented in Chalochasowa and anywhere else
with similar solar conditions. The simulation was conducted using MATLAB/Simulink, version
R2023a.

The experimental model underwent evaluation in three distinct scenarios. Initially, it was assessed
under standard operational parameters of the PV system, focusing on its power generation
capabilities. Subsequently, the model was examined in a scenario devoid of irradiation, where
neither solar energy nor battery power was available to supply the load. In this instance, the
system's performance was observed when either a generator set (Genset) or an AC power source
was integrated into the system.

The simulation of the stand-alone PV solar system in MATLAB Simulink was successful in all three
conditions. The system successfully tracked the maximum power point of the PV array, maintained
the DC bus voltage, and supplied power to the load, adapting to varying conditions of solar
irradiation and load demands. The simulation results also showed that the system was stable and
robust to disturbances. These findings indicate that the proposed simulation model is applicable for
designing and analysing stand-alone PV solar systems across a diverse range of applications. The
model can also be used to evaluate the performance of different MPPT algorithms and converter
control strategies. Furthermore, efficiency calculations of the system based on overall efficiencies
were carried out. It is important to note that the efficiency of the stand-alone PV solar system is
influenced by various factors, including the design and quality of PV modules, the capacity of the
energy storage system, and the overall system architecture. This analysis underscores the
significance of optimizing these components to maximize system efficiency and, consequently, the
return on investment for such systems.

The implementation of stand-alone PV systems in remote areas of developing countries like Zambia
is an important strategy for addressing the challenges of energy poverty and environmental
sustainability. These systems are capable of delivering dependable and environmentally friendly
electricity to communities off the grid, diminishing dependency on fossil fuels, generating
employment opportunities, and enhancing the local economy.
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Appendices

Appendix A.
Implementation of a MPPT controller using Particle Swarm Optimization.

function DutyCycle = OptimizePSO(Voltage, Current)

% DutyCycle output = Value for the duty cycle of the boost converter (0 to 1)

% Voltage input = Terminal voltage of PV array (V)

% Current input = Current of PV array (A)

% Param inputs:

% InitialDuty = Param(1); % Starting value for DutyCycle

% MaxDuty = Param(2); % Upper limit for DutyCycle

% MinDuty = Param(3); % Lower limit for DutyCycle

% StepSize = Param(4); % Step size for adjusting DutyCycle
DutyCycle = 0.001; % Starting value for DutyCycle
MaxDuty = 0.59; % Upper limit for DutyCycle

MinDuty = 0; % Lower limit for DutyCycle

StepSize = 0.01; % Step size for adjusting DutyCycle

inertiaWeight = 0.9;

persistent CurrentDutyMatrix PrevPower Velocity CurrentMaxPower PrevMaxPower NewPower
BestGlobalDuty BestPersonalDuty NewDutyMatrix

VelocityRange = [-StepSize, StepSize];

Population = 100;

% Inertia weight range

LearningFactors = [1.2, 1.2];

if isempty(PrevPower)



% Initialize matrices

PrevPower = zeros(1, Population);
NewPower = zeros(1, Population);
Velocity = zeros(1, Population);
NewDutyMatrix = zeros(1, Population);
CurrentDutyMatrix = rand(1, Population);

Velocity = rand(1, Population) * (VelocityRange(2) - VelocityRange(1)) + VelocityRange(1);

% Enforce boundaries
fori=1:Population
CurrentDutyMatrix(i) = min(max(CurrentDutyMatrix(i), MinDuty), MaxDuty);

end

% Calculate initial power
for i = 1:Population

DutyCycle = CurrentDutyMatrix(i);

PrevPower(i) = Voltage * Current;
end
[PrevMaxPower, globallndex] = max(PrevPower);
BestPersonalDuty = CurrentDutyMatrix;
BestGlobalDuty = CurrentDutyMatrix(globallndex);

end

iteration = 0; Maxlterations = 10;

while iteration < MaxIterations
iteration = iteration + 1;
% Power calculation
for i = 1:Population
DutyCycle = CurrentDutyMatrix(i);

NewPower(i) = Voltage * Current;



end

% Update best duties
for i = 1:Population
if NewPower(i) > PrevPower(i)
PrevPower(i) = NewPower(i);
BestPersonalDuty(i) = CurrentDutyMatrix(i);
end

end

% Update global best duty

[CurrentMaxPower, index] = max(PrevPower);

if CurrentMaxPower > PrevMaxPower
PrevMaxPower = CurrentMaxPower;
BestGlobalDuty = CurrentDutyMatrix(index);

end

inertiaWeight = 0.8;
% Velocity matrix calculation
for i = 1:Population

Velocity(i) = (inertiaWeight * Velocity(i) + LearningFactors(1) * rand * (BestPersonalDuty(i) -
CurrentDutyMatrix(i)) + LearningFactors(2) * rand * (BestGlobalDuty - CurrentDutyMatrix(i)));

end
% Update positions

NewDutyMatrix = CurrentDutyMatrix + Velocity;
% Enforce limits

NewDutyMatrix = min(max(NewDutyMatrix, MinDuty), MaxDuty);
CurrentDutyMatrix = NewDutyMatrix;

end

[~, globallndex] = max(NewPower);

DutyCycle = CurrentDutyMatrix(globallndex);

end



