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Abstract

The most efficient way to transport natural gas from its source to its destination is through a
pipeline network. The efficient operation of natural gas pipeline control stations relies on electrical
equipment such as data loggers, control systems, surveillance and communication devices, etc.
These stations are strategically located in remote areas, making it challenging to maintain a reliable
and continuous power supply. As a result, non-renewable energy sources like natural gas and diesel
are typically used for power generation due to the lack of reliable electrical infrastructure. This
thesis offers a comprehensive solution to replace high-cost energy sources with a cost-effective
and environmentally friendly alternative for remotely located natural gas pipeline control stations.
The first step involves designing a hybrid power system (HPS) using HOMER Pro software to
address the unique needs of a remote natural gas pipeline control station in Pakistan as a case
study. A detailed analysis of capital and energy costs shows that the proposed system is cost-
effective compared to the existing setup. The design is validated through dynamic modeling in
MATLAB/Simulink R2022 and experimental validation is conducted using hardware in the loop
(HIL) and OPAL-RT Technologies’ real-time OP5707XG simulator. The second step involves
assessing the output power quality of the designed hybrid power system. Since inverters play a
critical role in hybrid power systems, their impact on output power is significant. Various
multilevel inverter topologies are analyzed and compared with a conventional two-level inverter.
Simulations are performed in MATLAB/Simulink, showing that increasing output voltage levels
approximates a sinusoidal waveform, reducing Total Harmonic Distortion (THD) and improving
power quality. The experimental validation of the nine-level cascaded H-bridge Multilevel Inverter
(MLI) is conducted using Hardware-in-the-Loop (HIL) with OPAL-RT Technologies’ real-time

OP5707XG simulator. Finally, in the third and last step, an Internet of Things (IoT)-based, open-



source SCADA architecture is designed to monitor the designed hybrid power system, addressing
the limitations of existing proprietary and non-configurable SCADA architectures. The proposed
system includes voltage and current sensors for data collection, an ESP32-WROOM-32E
microcontroller as the Remote Terminal Unit (RTU) for processing, a Blynk IoT-based cloud
server serving as the Master Terminal Unit (MTU) for data storage and human-machine interaction
(HMI), and a GSM SIMS800OL module with a local Wi-Fi router for communication between the
RTU and MTU. The proposed system exhibited a low power consumption of 3.9 W and incurred
an overall cost of 40.1 CAD making it an extremely cost-effective solution for remote natural gas

pipeline control stations.
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Chapter 1: Introduction

1.1 Introduction

1.1.1 Background

Energy has become a fundamental element of modern life, playing a crucial role in enhancing
living standards and fostering economic growth. The pursuit of civilizations, urbanization,
population expansion, and industrialization have all contributed to a constant increase in the need
for energy throughout human history (UN population prediction). Currently, energy is used
globally in the transportation, power generation, industrial, commercial, and residential sector [1].
Reliable energy resources are essential for modern existence and ensuring an adequate energy
supply is pivotal for economic development. The use of fossil fuels as the primary energy source
is essential for sustainable progress in sectors such as industry, agriculture, infrastructure,
information technology, household applications, transportation, and more. However, with ongoing
economic advancement, the exploration and utilization of oil and gas reserves are intensifying,
alongside the growing consumption of these conventional resources. Addressing the depletion of
traditional energy sources remains a key challenge, necessitating innovative solutions [2].

The availability of energy at an affordable cost is another critical factor in driving a nation's
prosperity. It ensures that industries can operate efficiently, businesses can thrive, and households
can maintain a high quality of life, thereby supporting overall economic growth and development
[3]. Furthermore, energy has attained the status of a strategic asset globally. Recognizing its vital
role, the World Summit on Sustainable Development (WSSD) has highlighted how energy
contributes to fostering stable and socially inclusive development.

Energy can be derived from a variety of sources which are primarily categorized into renewable

1



and non-renewable types. Among these, non-renewable sources, particularly fossil fuels, are the
most widely utilized. Fossil fuels, including coal, natural gas, oil, and peat, are extensively used
across various sectors [4]. Fossil fuels are the dominant source of energy globally, accounting for
67.9% of the world's energy consumption. This is followed by nuclear energy at 10.9%, and
hydropower at 16.2%. Renewable energy sources make up the smallest portion of the energy mix
[5]. Natural gas is preferred over other fossil fuels, such as coal and oil because it has a lower
carbon intensity and produces less environmental harm during extraction and use [6]. The global
consumption of natural gas increased from 5353 trillion cubic feet (Tcf) in 1980 to 113 Tcf in
2010. This rapid increase was observed across various regions of the world. For example, in the
Middle East, the demand for natural gas increased from 3.1 Tcf in the 1980s to 51.7 Tef in 2017,
reflecting the region's rapid economic growth. A similar pattern of growing consumption of natural
gas in North America was recorded from 58.5 Tcfin 1980 to 91.2 Tef in 2017 [7]. Therefore, the
production and use of natural gas are crucial for driving economic prosperity in nations.

Natural gas significantly meets Pakistan's energy needs and plays a crucial role in the country's
electricity production. It is a major source of energy, contributing extensively to the generation of
electricity in Pakistan [8]. The year 1952 marked the discovery of extensive natural gas reserves,
approximately 12 trillion cubic feet in Sui, Balochistan province of Pakistan. In the wake of this
discovery, a vast gas infrastructure was established to generate electricity and meet domestic,
commercial, and industrial needs. Over time, the consumption of natural gas as a primary energy
source in Pakistan gradually increased. By 2005, natural gas use had reached a high, accounting
for about 50% of Pakistan's total energy consumption. However natural gas supplies began to
rapidly deplete in 2006 due to excessive usage, poor management, and a lack of exploration for

new gas reserves. Consequently, the production of natural gas has remained relatively stagnant in



comparison to the rising demand, resulting in a shortage. The rapid depletion of fossil fuel reserves
caused by the demand-supply gap and lack of exploration of new reserves has led to Pakistan
importing a significant portion of its petroleum products to meet roughly one-third of its energy
needs. To bridge this gap, Pakistan has turned to importing liquefied natural gas (LNG) mainly
from Qatar, following a similar pattern to fossil fuels such as petrol and diesel, rather than
harnessing domestic alternative energy sources [9]. Figure 1.1 shows the natural gas imports for

Pakistan from year 1975 to year 2022.

12000
10000
8000
6000

4000

Volume (Cub m mn)

2000

Figure 1.1. Pakistan's liquified natural gas (LNG) imports [10]
The price of LNG is influenced by the international market and several global factors. By the end
of 2021, the cost of LNG delivered to Pakistan had increased to almost US$16 per MMBtu, which
was over four times higher than the average domestic gas price. Figure 1.2 shows a comparison
between the weighted average prices of RLNG (Re-Gasified Liquified Natural Gas) and the current

average wellhead prices in Pakistan.
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Figure 1.2. Weighted avg. RLNG prices vs. current avg. domestic wellhead prices [11]
Moreover, conventional energy sources, mainly derived from fossil fuels, not only have a
significant impact on the environment and contribute to environmental pollution but are also facing
an impending crisis of depletion. Therefore, depending exclusively on fossil fuels for electricity
generation not only imposes a strain on the economy but can also have adverse effects on the
environment and the natural ecosystem. Other than hydro, electricity generation in Pakistan is
mostly based on natural gas, coal, or furnace oil, all of which are nonrenewable sources of energy
and imported from other nations.

Due to storage constraints, natural gas must be quickly transported to its destination after
extraction. There are several methods for transmitting natural gas from its source to its destination
[12]. There are two common methods for transporting natural gas: as Liquefied Natural Gas (LNG)
and Compressed Natural Gas (CNG). LNG is natural gas cooled to -162 degrees Celsius (-260

degrees Fahrenheit) to convert it into a liquid, significantly reducing its volume for economical



transport and storage, typically by ships. CNG, on the other hand, is natural gas compressed to
high pressure (around 3,600 psi or more) to decrease its volume, making it suitable for transport
via pipeline networks. Pipeline transport is mainly used for local distribution, while ships are used
for international transport [13].

Efficient management of natural gas transportation to various regions within Pakistan is carried
out by two leading companies namely Sui Northern Gas Pipelines Limited (SNGPL) and Sui
Southern Gas Company Limited (SSGCL). Numerous natural gas pipeline control stations manage
the operation and maintenance of high-pressure pipeline networks. These control stations are
strategically located in geographically remote and sparsely populated areas. Operation and
maintenance of these high-pressure natural gas pipeline control stations in such remote locations
pose substantial challenges, mainly due to the inconsistent electricity supply from nearby grid
stations, one of the reasons for the ongoing energy crisis while such sensitive control stations
require an uninterrupted and continuous power supply. The effective transportation of natural gas
through a pipeline network depends upon a variety of electrical equipment which includes gas
turbines, gas discharge cooling system, gas compressors, and various other electrically powered
equipment which is installed within such control stations. For this reason, fossil fuels like natural
gas and diesel continue to be the primary source of electrical power at control stations situated in
remote areas.

When SNGPL began operations after the discovery of significant natural gas reserves in Pakistan,
control stations were initially designed to operate on natural gas gen-sets by consuming natural
gas internally from the pipeline network for power generation, as alternative power sources were
either unavailable or unreliable. For this reason, fossil fuels like natural gas and diesel continue to

be the primary source of electrical power at control stations situated in remote areas. However,



future scenarios of natural gas depletion were not considered at their inception. Now, with
diminishing local natural gas reserves and increased dependence on costly imported LNG, using
natural gas for power generation at these stations is economically unfeasible. This reliance on
natural gas for electric power, despite resource depletion, is both wasteful and inefficient. Thus, a
consistent supply of electricity from conventional fossil fuels is threatened by rising fuel prices,
which are driven by ongoing global conflicts and increasing demands to reduce environmental
pollution. These factors make it challenging to rely solely on fossil fuels for power generation,
highlighting the need for alternative energy solutions. Therefore, it is crucial to shift to renewable
energy sources, particularly solar and wind power, due to their sustainability, environmental
benefits, and decreasing costs.

Due to the intermittent nature of renewable energy sources, hybrid power systems that combine
both conventional and renewable energy sources are preferred and employed for electricity
generation [ 14]. These systems are reliable and environmentally friendly, reducing dependence on
a single resource, which is essential in areas with limited natural resources [15].

Pakistan has significant potential for solar energy due to its geographic location and abundant
sunlight. Pakistan experiences some of the highest insolation levels globally, averaging 8.5 hours
of daylight per day. Balochistan has the highest solar PV potential at 5.8 kWh/day, followed by
Sindh and Southern Punjab with potentials of 4.5 to 5.4 kWh/day. Northern Punjab, Khyber
Pakhtunkhwa, and Gilgit Baltistan have a potential between 3.4 and 4.4 kWh/day. Studies indicate
that Pakistan's monthly mean daily Global Horizontal Irradiance (GHI) ranges from 4.44 to 5.83
kWh/m?, with an annual average of 5.27 kWh/m?. The lowest annual mean daily GHI is 4.44
kWh/m?, still higher than the global annual mean of 3.61 kWh/m?. Therefore, the solar energy

potential for power generation across various regions in Pakistan ranges from 2 to 8.5 kWh/m?/day



[16]. Given these facts, it is advisable to encourage the use of solar energy for power generation,
especially in rural and remote areas where these control stations are situated. Solar energy offers
a reliable and sustainable power source that can address the unique challenges of remote locations,
such as limited access to traditional power grids and the need for uninterrupted energy supply.
Promoting solar energy in these areas not only supports energy independence but also contributes

to environmental conservation by reducing reliance on fossil fuels.

1.1.2 Site Selection

Site selection is a crucial step when establishing, expanding, or relocating any project, especially
for large-scale solar photovoltaic systems. Given the significant long-term investment required,
the success of the system heavily depends on site selection. The goal is to find the best location
with optimal conditions for installation. Key factors to consider include solar irradiance, economic
metrics like internal rate of return (IRR), net present value (NPV), return on investment (ROI), as
well as carbon emission reductions and policy support.

Sui Northern Gas Pipelines Limited (SNGPL) is the leading integrated natural gas provider in
North Central Pakistan, serving over 7.22 million customers in Punjab, Khyber Pakhtunkhwa, and
Azad Jammu & Kashmir. Its transmission network comprises 9,239 kilometers of high-pressure
pipelines, while its distribution network includes 142,998 kilometers of low-pressure pipelines.
The company operates eleven compressor stations along the transmission network, which are
strategically located at remote and unpopulated locations and essential for the smooth operation of
the pipeline network. The selected site for this research is a natural gas compressor station owned
by Sui Northern Gas Pipelines Limited (SNGPL) in Pakistan. The site is located in the remote and
sparsely populated area of Gali Jagir, Fateh Jhang (33.427522, 72.625862). Figure 1.3 shows an

aerial view of the selected site along with its coordinates on Google Maps.



Figure 1.3. Aerial view of the selected site on Google Maps.

1.2 Hybrid Power System

A hybrid power system (HPS) combines various energy sources, both conventional and renewable,
to optimize energy production. The energy sources can be solar photovoltaic, wind, fuel cells
(FCs), internal combustion engines (ICEs), batteries, and supercapacitors (SCs) [17]. The output
from an HPS can be heat, electricity, or both (co-generation). Renewable energy resources (RERs)
are intermittent and can be unreliable on their own. By integrating different power sources, HPS
compensates for the variability of renewable energy outputs, resulting in more reliable energy
production. Additionally, HPS helps reduce the variability issues associated with renewable energy
and decreases emissions compared to solely using fossil-fuel generators.

Hybrid power systems combine various energy sources, including Solar photovoltaic and wind
turbines are widely used and researched renewable energy sources for electricity generation. Their

efficiency has improved over time, making them suitable for both modular and large-scale



applications where resources are abundant. Among the two, solar photovoltaic is most commonly
used for off-grid household applications due to its modular nature [18]. Hybrid power systems
(HPS) provide a reliable and continuous power supply to end users by combining multiple energy
sources. Some of these systems also incorporate battery storage to ensure a steady power supply

even when the primary energy sources are not available [14].

1.2.1 Solar Photovoltaic System

A solar photovoltaic (PV) system converts sunlight directly into electricity using solar cells. A
photovoltaic cell, also known as a solar cell, is used to convert solar energy into electrical energy.
These cells are made of semiconductor materials, such as silicon, which generate electric current
when exposed to sunlight and multiple solar cells are combined to form a PV solar panel. Solar
PV systems are a clean and renewable source of energy, widely used for both residential and
commercial electricity generation. They can be installed on rooftops, integrated into building
materials, or set up as large solar farms. There are various types of solar photovoltaic systems as
described below [19].

e Grid-Tied (On-Grid) Systems: Connected to the utility grid, this type of system does not
have a battery bank. However, it supplies electricity to the property and can feed excess
power back to the grid. They are cost-effective but do not function during grid outages
when there is no solar irradiance unless battery storage is available.

e Off-Grid Systems: Independent from the grid, these systems use batteries to store energy
for continuous power supply. They are ideal for remote areas but have higher initial costs
and require battery maintenance.

e Hybrid Systems: Combining solar PV with other energy sources like wind turbines or

natural gas/diesel generators, often with battery storage, these systems provide reliable



power even during low sunlight and grid outages but are more complex.

1.2.2 Types of Photovoltaic Modules

A photovoltaic (PV) module, or solar panel, comprises multiple solar cells that convert sunlight
into electrical energy. Common configurations include 60-cell modules for residential use, 72-cell
modules for commercial and industrial applications, and 96-cell modules for high-power needs.
These cells are arranged in series and parallel within the module to optimize power output, with
each cell made from semiconductor materials like silicon. The number of cells in a module affects
its size and power capacity, allowing for various applications and energy demands. PV modules
come in several structural types, each suited to different applications as described below.

e Monocrystalline Silicon Modules: These modules are made from a single crystal
structure, characterized by their dark color and rounded edges. They offer high efficiency
and are space-efficient, making them ideal for situations where space is limited. However,
they are more expensive to produce compared to other types.

e Polycrystalline Silicon Modules: Composed of multiple silicon crystals, these modules
have a bluish tint and are less expensive than monocrystalline modules. They provide good
efficiency but are slightly less efficient and space-efficient, making them a cost-effective
choice for many applications.

¢ Thin-Film Modules: These modules use layers of photovoltaic material deposited onto a
substrate. They are lightweight, flexible, and perform well in low light and high
temperatures. While they are versatile and can be integrated into various surfaces, they
generally have lower efficiency and require more space compared to crystalline silicon
modules.

e Bifacial Modules: Capable of capturing sunlight on both the front and rear sides, bifacial

10



modules utilize reflected light to enhance overall energy yield. They offer higher energy
production but come with higher costs and require specific installation to optimize reflected

sunlight.

1.2.3 Main Components of Photovoltaic System

The output power of a solar photovoltaic (PV) system primarily depends on solar irradiance and
temperature, both of which can fluctuate throughout the day and year. Solar irradiance, or the
intensity of sunlight, directly influences how much electricity the panels can generate. At the same
time, temperature affects the efficiency of the photovoltaic cells, with higher temperatures
typically reducing their performance. To achieve maximum output and efficiency, it is crucial to
have well-designed solar PV components, including high-quality panels, Maximum Power Point
Tracking (MPPT) or charge controller, DC-DC converters, and efficient inverters. These
components help optimize energy capture and conversion, ensuring the system performs
efficiently despite varying environmental conditions. Two of the main power electronics
components involved in photovoltaic system circuitry are the DC-DC converter along the
Maximum Power Point Tracking (MPPT) algorithm and the DC-AC inverter controlled by various
Pulse Width Modulation (PWM) techniques.
e DC-DC Converter: A DC-DC converter is an electronic device that converts direct current
(DC) from one voltage level to another. A DC-DC converter with an MPPT (Maximum
Power Point Tracking) controller is a critical component in solar power systems, designed
to optimize energy harvest from photovoltaic panels. The DC-DC converter adjusts the
voltage level between the solar panel and the load or battery to ensure efficient power
transfer. The MPPT controller dynamically tracks the Maximum Power Point of the solar

panel, compensating for variations in sunlight and temperature to maximize power output.
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This synergy enhances the overall efficiency of the solar energy system, ensuring that the
panels produce the highest possible power at all times, thereby increasing the system’s
reliability and energy yield. There are several types of DC-DC converters, each with
specific functions and applications. A buck converter, also known as a step-down
converter, reduces the input voltage to a lower output voltage. It is widely used in
applications where a stable and lower voltage is needed. The buck converter operates by
switching on and off a transistor to control the energy transferred to the output. A boost
converter, or step-up converter, increases the input voltage to a higher output voltage. This
type of converter is used when a higher voltage is required from a lower voltage source.
The boost converter works by storing energy in an inductor and releasing it at a higher
voltage. A buck-boost converter can either increase or decrease the input voltage, providing
an output voltage that can be either greater or less than the input voltage. This versatility
makes it suitable for applications where the input voltage can vary widely but a stable
output voltage is required. It combines the principles of both buck and boost converters.

DC-AC Inverter: The inverter is a crucial component in solar PV systems, ensuring that
the DC electricity generated by the panels is converted to AC electricity, compatible with
the grid and household appliances. Inverters typically employ transistors, MOSFETsS, or
IGBTs to create a series of on-off pulses that mimic an AC waveform. The resulting square
wave or modified sine wave is then processed through filters to produce a smooth sine
wave output, which closely matches the characteristics of standard AC power. They utilize
various modulation techniques to shape the AC output and ensure efficient power
conversion. Pulse Width Modulation (PWM) and Sinusoidal Pulse Width Modulation

(SPWM) are commonly used to create waveforms that approximate a sine wave, balancing
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efficiency and waveform quality. High-quality filtering, such as LC or LCL filters, smooths
the output reduces harmonic distortion, and optimizes performance and efficiency.

The use of multilevel inverters in photovoltaic (PV) systems enhances their performance
by improving power quality, efficiency, and reliability. By generating a near-sinusoidal AC
output with multiple voltage levels, multilevel inverters reduce harmonic distortion,
leading to better energy transfer and minimizing losses. They also operate at lower
switching frequencies, which reduces switching losses and increases overall system
efficiency. Additionally, the modular nature of these inverters allows for scalability and
easier maintenance in larger PV systems. The reduced voltage stress on components,
coupled with lower electromagnetic interference, further improves system longevity and
stability. Multilevel inverters also enable higher utilization of the DC output from solar
panels and offer better fault tolerance, ensuring continued operation even during
component failures. Altogether, these benefits make multilevel inverters an ideal choice
for optimizing energy conversion in modern photovoltaic systems and these combined
techniques result in more stable, high-quality AC power suitable for a range of applications

[20].

1.3 SCADA for Photovoltaic Systems

Supervisory Control and Data Acquisition (SCADA) systems are used for monitoring and

controlling industrial processes and infrastructure. They gather real-time data from sensors and

other devices, process this data, and provide operators with insights to manage and control

operations efficiently. SCADA systems are commonly used in various industries, including

energy, water treatment, manufacturing, and transportation, to oversee and manage operations

effectively [21].
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1.3.1 Generations of SCADA Systems

e First Generation (1970s-1980s) - Basic SCADA: The first generation of SCADA
systems, developed in the 1960s and 1970s, was primarily based on analog technology and
focused on centralizing control for large-scale industrial processes. These systems utilized
analog signals to monitor and control operations, with operators using physical controls
such as dials and gauges. Communication was often limited to point-to-point connections,
and data acquisition was mostly manual. The primary goal was to improve efficiency by
automating control tasks and providing a centralized view of operations.

e Second Generation (1980s-1990s) - Distributed SCADA: In the 1980s and 1990s, the
second generation of SCADA systems emerged with the introduction of digital technology
and computer-based control. These systems incorporated digital data acquisition and
processing, allowing for more sophisticated data handling and visualization. They utilized
personal computers and graphical user interfaces (GUIs) to provide operators with a more
intuitive and interactive experience. Communication protocols became more standardized,
enabling better integration with various field devices and systems. The focus of this
generation was on enhancing system reliability, flexibility, and the ability to handle larger
and more complex processes.

e Third Generation (1990s-2000s) - Networked SCADA: The third generation of SCADA
systems, which began in the 2000s, integrated advanced networking technologies,
including Ethernet and the Internet, to enhance connectivity and remote access. These
systems adopted modern software architectures and embraced distributed control
strategies, allowing for greater scalability and modularity. The incorporation of database

management systems and real-time data analytics improved decision-making and
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operational efficiency. Enhanced security features were introduced to protect against
emerging cyber threats, and systems became more user-friendly with improved graphical
displays and customizable dashboards.

Fourth Generation (2000s-Present) - Web-Based and Cloud SCADA: The fourth
generation of SCADA systems, emerging in the 2010s and beyond, utilizes the Internet of
Things (IoT), cloud computing, and advanced analytics to revolutionize process
management. These systems provide exceptional connectivity for real-time data collection
from numerous smart sensors and devices. Cloud-based platforms offer scalable data
storage and processing, while advanced analytics and machine learning deliver predictive
insights and automated decision-making. The integration of mobile and remote access

technologies allows operators to monitor and control systems from anywhere.

SCADA systems and IoT are complementary technologies that, when integrated, provide

powerful solutions for monitoring and controlling industrial processes. loT enhances SCADA

systems with advanced data collection, connectivity, analytics, and remote capabilities, leading

to more efficient and intelligent management of operations.

1.4 Research Objectives

Energy is crucial to modern life, driving economic growth, enhancing quality of life, and enabling

technological advancements. Reliable energy is essential for powering industrial activities,

improving household comfort, supporting healthcare, and facilitating the digital economy.

Historically, fossil fuels like coal, oil, and natural gas have been the main energy sources.

However, fossil fuel depletion, rising prices, and environmental impacts have become major

concerns. Hence the transition to renewable energy sources necessitates investments in new

technologies and infrastructure.
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Natural gas is widely used as a cleaner alternative to other fossil fuels due to its lower carbon
emissions. It is a crucial source of energy for electricity generation, heating, and as a raw material
in various industries. The transportation of natural gas typically involves extensive pipeline
networks, which are managed and monitored by control stations. These control stations ensure the
safe and efficient operation of the pipelines and are strategically located in remote areas where the
availability of reliable and consistent power is a challenge. Consequently, these stations primarily
rely on internal consumption of natural gas and diesel for electricity generation. This reliance is
both wasteful and inefficient, considering the critical need to conserve natural gas and reduce
environmental impact.
This research aims to design a hybrid power system for these remote control stations, integrating
solar photovoltaics, battery storage, and backup natural gas and diesel generators. The goal is to
provide a reliable, cost-effective, and sustainable energy solution that reduces dependence on fossil
fuels, conserves natural gas reserves, mitigates environmental impact, and ensures continuous
power supply for the control stations.
The key contributions of the proposed work are outlined as follows:
e Examine the potential of renewable energy in developing countries to lower per-unit
energy costs and address the global impact of climate change
e Design and size a hybrid power system using HOMER Pro, focusing on optimizing the
capacity and configuration of components to meet the energy needs of a specific remote
natural gas pipeline control station as a case study.
e Conduct dynamic modeling of the proposed hybrid power system using MATLAB
Simulink to evaluate the system’s response, voltage fluctuations, load effects, and power

quality under varying conditions.
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e The experimental validation of the designed hybrid power system using hardware in the
loop (HIL) to confirm the systems’ robustness and overall performance.

e Analysis and improvement of power quality of PV system by examining various inverter
topologies.

e Design of an IOT-based SCADA system for monitoring the proposed hybrid power system

for a remote natural gas pipeline control station.

1.5 Thesis Structure

The thesis consists of five separate chapters, each described as follows.

Chapter 1 begins with an overview of energy demand, discussing the historical reliance on fossil
fuels for power generation, rising costs, and environmental impact. It also covers using natural gas
as a cleaner energy source and transportation. The chapter underscores the need for hybrid power
systems incorporating renewable energy sources, describing photovoltaic (PV) systems and their
main components. Additionally, it introduces SCADA systems and their various generations. The
chapter includes a comprehensive literature review, identifies gaps in existing research, and
explains the motivation behind this study.

Chapter 2 describes the comprehensive design of a photovoltaic system for a remote natural gas
pipeline control station, accounting for monthly electricity usage and available solar resources. It
also covers the design of a power storage system that uses a natural gas generator for backup
power. The design and optimization analysis are performed using HOMERPRO software, and the
system's economic viability is evaluated. A version of this chapter has been accepted and presented
at the 2023 IEEE 32nd Annual Newfoundland Electrical and Computer Engineering Conference
(NECEC), and the paper is available in the MUN research repository.

Chapter 3 provides an overview of the photovoltaic system designed for a natural gas control
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station pipeline located in a remote area of Pakistan, serving as a case study. It comprehensively
analyzes the site's electrical load and available solar energy resources. The chapter also evaluates
the system's real-time response by performing dynamic modeling of the designed photovoltaic
system in MATLAB Simulink under varying conditions. The proposed system is experimentally
validated using hardware-in-the-loop (HIL) testing with the OPAL-RT Technologies OP5707XG
simulator to ensure its robustness and overall performance. A version of this chapter has been peer-
reviewed and published in "Energies - An Open Access Journal from MDPI" in April 2024.
(Energies 2024, 17, 1763. https://doi.org/10.3390/en17071763).

Chapter 4 focuses on a key component of photovoltaic systems: the DC-AC inverter. It explains
how the output power quality of photovoltaic systems can be enhanced using multilevel inverters,
describing various topologies. The chapter includes the design of different multilevel inverters and
compares them to conventional two-level inverters through THD analysis with resistive and
resistive-inductive loads. A version of this chapter has been accepted and presented at the 12th
International Conference on Smart Grid (icSmartGrid 2024) and is available on IEEE Xplore data
base. (DOI: 10.1109/icSmartGrid61824.2024.10578256)

Chapter 5 covers the design of an loT-based, open-source SCADA system to monitor a hybrid
power system at a remote natural gas pipeline control station, addressing the shortcomings of
existing proprietary and non-configurable SCADA systems. A version of this chapter has been
peer-reviewed and published in "Electronics - An Open Access Journal from MDPI" in August
2024. (Electronics 2024, 13, 3235. https://doi.org/ 10.3390/electronics13163235).

Chapter 6 of the thesis summarizes the conclusions from the preceding chapters and suggests

potential areas for future research that could build on this study.
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Abstract

The efficient operation of natural gas pipeline control stations relies on electrical equipment such
as data loggers, control systems, surveillance and communication devices, etc. These control
stations are often located in remote areas, where maintaining a reliable, uninterrupted, and
continuous power supply poses a significant challenge. In this paper, a hybrid power system (HPS)
is proposed to meet the unique requirements of a specific remote natural gas pipeline control
station as a case study. Based on the collected site data and load profile for a connected load of
275KW, the proposed system is designed using HOMER Pro software. To ensure continuous and
sustainable power supply to the control station, the proposed system combines solar photovoltaic
(PV) panels with conventional natural gas generators. The detailed analysis of the capital and
energy costs associated with the proposed system reveals that the system is suitable for selected

site and can reduce costs substantially.

23



2.1 Introduction

The sustained development of every country relies on energy, and the utilization of fossil fuels to
provide primary energy is indispensable for achieving sustainable development across a range of
sectors, including industry, transportation, infrastructure, information technology, agriculture,
household applications, and more [1]. Natural gas accounts for a significant portion of Pakistan’s
energy needs, and is also a major source of electricity generation. In 1952, Pakistan witnessed the
discovery of extensive natural gas reserves, approximately amounting to 12 trillion cubic feet, in
Sui, Baluchistan province of Pakistan. Following this discovery, an extensive gas infrastructure
was established to cater to domestic needs, electricity generation, and industrial applications. The
transportation of gas to different regions across the country has been efficiently managed by two
key entities, namely Sui Northern Gas Pipelines Limited (SNGPL) and Sui Southern Gas Company
Limited (SSGCL). Over time, the consumption of natural gas as a primary energy source in
Pakistan exhibited a gradual increase [2].

The transmission and distribution of natural gas via pipeline network rely on a range of
electrical equipment, including gas turbines, gas compressors, and various other electrically
powered equipment situated within control stations. These control stations are strategically located
in geographically remote and sparsely populated areas. Operation and maintenance of these high-
pressure natural gas pipeline control stations in such remote locations pose substantial challenges,
mainly due to the unreliable electricity supply from nearby grid stations, one the reason for ongoing
energy crisis. Metropolitan areas have an uninterrupted supply of electricity throughout the year
in contrast to many rural and remote areas. According to 2021 data from the World Bank,

approximately 15.5% of the world's rural population and remote areas did not have access to
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electrical power [3]. Thus, fossil fuels such as diesel and natural gas remain the predominant source
of electrical power at such control stations in remote areas.

In today's world, there is growing apprehension regarding environmental issues and society's
heavy reliance on fossil fuels [4]. Conventional energy sources, primarily based on fossil fuels,
not only contribute substantially to environmental pollution as well as in the midst of an impending
depletion crisis. Though, relying solely on fossil fuels for energy generation can have detrimental
effects on the environment and the natural world. In Pakistan, other than hydro, electricity
production predominantly relies on natural gas, coal, or furnace oil, all of which are non-renewable
sources and are imported from various countries. Approximately one-third of Pakistan's energy
demand is met through these imports. The heavy reliance on imported energy resources not only
burdens end-user with additional costs but also poses a significant challenge to Pakistan's
economy, which has consistently faced current account deficits for more than two decades, with
only rare exceptions. To cover these deficits, the country has mostly resorted to borrowing funds
from friendly nations, issuing international sovereign bonds, and seeking financial assistance from
multilateral banks. This approach has been necessary due to the limited flow of foreign direct
investments into Pakistan, primarily hindered by bureaucratic inefficiencies and the absence of a
conducive political and regulatory environment [5]. To confront these issues, it is imperative to
transition toward renewable energy sources, with solar and wind power taking center stage due to
their inexhaustible, environmentally friendly nature, and decreasing costs.

Given the intermittent nature of renewable energy sources, hybrid power systems that combine
renewable energy sources and conventional energy sources are used to generate electricity [6].
Solar energy is regarded as the most suitable renewable energy source for Pakistan. Pakistan's solar

energy potential stands at approximately 5500 terawatt-hours per year, surpassing its present
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electricity consumption by more than fivefold. With an average daily solar insolation of 5.30
kWh/m? and the potential for a solar energy output of up to 10,000 GW, Pakistan boasts substantial
solar energy prospects. Figure 2.1 illustrates the distribution of solar insolation across Pakistan,
providing clear evidence of the abundant solar resources available for utilization [7]. Hence the
use of solar energy to generate electricity particularly in remote areas is encouraged after

consideration of these facts.

Daily sum: < 3.6 a0 44 48 52 56 6.0 64 >
| J T KWhim?
Yearlysum: < 1314 1461 1607 1753 1899 2045 2191 2337 >

Figure 2.1. Solar insolation levels in Pakistan [7]
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2.2 Selected Site Details and Load Analysis

2.2.1 Site Selection

Sui Northern Gas Pipelines Limited (SNGPL) stands as the largest integrated natural gas company
providing natural gas to more than 7.22 million consumers in North Central Pakistan through an
extensive network that spans in Punjab, Khyber Pakhtunkhwa and Azad Jammu & Kashmir.
SNGPL transmission network comprises of 9,239 KM high-pressure gas pipelines. The
distribution network of company consists of 142,998 KM low pressure gas pipeline. The
transportation of natural gas from gas wells to end consumers involves compression and pressure
enhancement of natural gas at compressors stations, also known as control stations. These control
stations are strategically located at different remote locations along with the transmission network.
SNGPL operates 11 compressor stations to facilitate compression of natural gas so that it could be
delivered to doorsteps of end consumers.

The site selected as a part of this study is one of natural gas compressor stations of SNGPL located
in unpopulated and remote area of Pakistan known as Gali Jagir, Fateh Jhang
(33.427522,72.625862). As shown in chapter 1 of thesis, Figure 1.3 depicts the aerial view along
with the coordinates of selected site on google map.

Figure 2.2 shows the actual view of selected site which is a control station for high pressure natural
gas pipeline network in remote area of Pakistan. This site has a total area of 11 acre which consists
of 6-acre compressor station area and 5-acre residential block area. There is sufficient space
available at selected site (both rooftop and ground space) which can be utilized for installation of

solar PV panels.
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Figure 2.2. Actual view of selected site

2.2.2 Solar Global Horizontal Irradiance

Solar Global Horizontal Irradiance (GHI) is an important factor in assessing site feasibility. It
represents the amount of sunlight energy measured at a specific location. As shown in Figure 2.3,
it is evident that solar radiation is consistently available at the selected location throughout the
year, with values ranging from 3.19 kWh/m?*/day to 7.43 kWh/m?/day. Likewise, clearness index
is another important factor taken into account while evaluating site feasibility. It is measure of
clearness of atmosphere and it is an arbitrary, dimensionless number that ranges from 0 to 1 with
higher values occurring during clear and sunny conditions, and lower values during dusty or cloudy
conditions. For selected site its value varies between 0.552 to 0.689 as shown in Figure 2.3. Homer

Pro software is used to get solar GHI and clearness index data for selected site.
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-Monthly Average Solar Global Horizontal Irradiance (GHI) Data
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Figure 2.3. Solar GHI and clearness index of selected site

2.2.3 Electrical Load Analysis

The electrical load at the selected site is categorized into two major groups. First one is gas
compressor station load and second one is residential load (staff colony load). Station load mainly
consists of control equipment for natural gas turbines, air compressors, gas discharge cooling
system, fire suppression system, metering equipment and other related equipment. The residential
load consists of domestic load for approximately 30 quarters for staff which is operating the gas
compressor station. The hourly load data for year 2022 and corresponding load profile has been

shown in Figure 2.4.
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Figure 2.4. Monthly electrical consumption (Year 2022)

2.3 Proposed Hybrid Power System

The proposed hybrid system for selected site includes a DC power source which consists of PV
panels and battery bank and alongside an AC power source which is natural gas genset. Hence it
comprises of both AC bus and DC bus, while the bus configuration is designed for operational and
maintenance flexibility while ensuring uninterrupted power supply. Since a constant power supply
is required for the reliable operation of natural gas compressor stations, the proposed hybrid system
is effectively built with backup resources to deliver uninterrupted power. The block diagram of

proposed hybrid system is shown in Figure 2.5.
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Figure 2.5. Proposed hybrid power system
The current power generation source at the selected site relies solely on natural gas generators,
primarily due to the consistent availability of natural gas, regardless of the energy cost per kWh.
However, in the proposed hybrid power system PV panels and battery bank are incorporated which
will be optimally utilized at maximum and natural gas generator will be mainly utilized during
peak load demand, otherwise it will act as backup. The detailed structure for proposed hybrid

power system is discussed below:

2.3.1 Gas Generator

A natural gas generator is a device that generates electricity by burning natural gas as its fuel
source. It operates on the principle of converting the chemical energy stored in natural gas into
electrical energy. The equation (2.1) can be used to find heat content or energy value of fuels in
mmBTU.

3%
Hm” *GCV (2.1)
281.7385

mmBTU =

Considering a daily average load of 1172 kWh/day and a peak load of 180k, a 200kW gas generator
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has been selected for the proposed system. The relationship between natural gas engine efficiency
and electric load is influenced by specific operating conditions and the engine's design. Proper
load management, control systems, and maintenance are essential to ensure that the engine
operates at its optimal efficiency while meeting the variable demands of the electric load [8]. The

gas engine efficiency load curve is shown in Figure 2.6.
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Figure 2.6. Gas engine efficiency curve
2.3.2 PV Panels
The PV panel selected for this project is of Longi Solar, model no. LR6-72PH-365M. 1t is
monocrystalline solar panel having a maximum power rating of 365 watt and 18.80% efficiency.
A solar cell is a PN junction diode in which current flows in the reverse direction. PV modules are
constructed by combination of many solar cells. The diode current and voltage characteristics for

a single solar panel is given by equations (2.2) and (2.3) [9].

I, :I{,{exp[%]—l} (2.2)

T
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Ve =ﬁ*nl*Nm[ (23)
q

Where 14 and I, represent diode current and diode saturation current respectively. Vg is diode
voltage, ‘K’ is Boltzmann constant having a value of 1.380649x1072 J-K™!. T represents
temperature of cell, n/ represents ideality factor of diode and Necen is the total number of cells

connected in series in a PV module.

2.3.3 Battery Bank

The primary function of the battery bank within the proposed hybrid power system is to store
surplus electrical energy generated by the solar PV system and to supply this stored energy to the
electrical loads during periods when the PV system is not fully operational, such as at night or in
the absence of sunlight. A 12V lead acid battery having current rating of 201 Ah has been selected
for the proposed hybrid power system. To ensure high lifetime of battery during cyclic

applications, the depth of discharge for battery at 30% has been maintained.

2.3.4 DC to AC Converter (Inverter)

An inverter is an electrical device that converts direct current (DC) into alternating current (AC)
at the desired amplitude and frequency, making it symmetrical. To meet the peak load of 180 kW,
a 250-kW inverter, exceeding the peak load by at least 25%, has been chosen for the proposed
system. Multilevel inverters are widely employed in high-voltage applications, and their
performance surpasses that of conventional two-level inverters by exhibiting reduced harmonic

distortion, lower electromagnetic interference, and higher DC link voltages.
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2.4 Optimization of Proposed HPS using Homer Pro

For optimization of the proposed hybrid power system, a software tool called Hybrid Optimization
Model for Multiple Energy Sources (HOMER Pro), developed by the National Renewable Energy
Laboratory is utilized. It simulates every possible system configuration in a single execution and
subsequently arranges these systems based on the selected optimization variable. The

configuration of proposed HPS designed in Homer Pro is shown in Figure 2.7.
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—y -
172,30 kwhyid

18074 K peak
Sinexcel 250 |BAE12 V 3 PVS

HBHHEE|
@ BIE]«][

Figure 2.7. Configuration of proposed system in HOMER Pro

This configuration incorporates two separate buses: one for Alternating Current (AC) and the other
for Direct Current (DC). A 840V DC bus is used and interfaced with a 12-volt, 201 Ah lead-acid
battery bank and 365-watt flat plate solar modules from Longi Solar. A derating factor of 85% is
applied to account for the impact of dust and high temperatures. Gas genset and AC load are
connected with AC bus. Sinexcel 250kW inverter is used to interlink AC bus with DC bus. The
system is designed in such a way that there is no limitation on power generation through PV
modules and PV modules will be used at maximum to optimize the overall system performance.

HOMER Pro performs economic analysis by calculating the total lifecycle cost of a designed
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system, considering factors such as capital costs, operating and maintenance (O&M) costs, fuel
costs, replacement costs, and salvage value. It uses these costs to determine key metrics like Net
Present Cost (NPC) and Levelized Cost of Energy (LCOE). The software simulates each system
configuration to calculate energy production, fuel consumption, and unmet load, then uses these
results to calculate the total costs over the project’s lifetime. HOMER Pro optimizes the system by
simulating and comparing thousands of possible configurations, ranking them based on NPC or
other economic criteria, and selecting the most cost-effective solution. Additionally, it performs
sensitivity analysis to evaluate how changes in variables like fuel prices or solar radiation affect
the system’s performance and cost. This ensures that the selected system remains reliable and
economically viable over time.

The various system configurations evaluation and subsequently system sizing done by HOMER
Pro is shown in Figure 2.8. As it is evident from simulation results in Figure 2.8 that HOMER Pro
has provided different configurations by using different combination of available power sources
and the most optimum configuration selected is combination of PV panels, battery bank and gas
genset because the Net Present Cost (NPC) is $1.30M and Cost of Energy (COE) is $0.234 in this

case, which is minimum among all configurations.
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Figure 2.8. HOMER Pro optimization results for proposed HPS
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In this configuration, PV modules will generate 282 kW power, so a total of 773 solar panels,
along with 250 kW Sinexcel inverter and 280 12V batteries are required to meet the load demand
of selected site. As selected DC bus has a voltage rating of 840V and 280 batteries are required to
meet load demand so 4 battery strings having 70 batteries of 12V in each string will be used.

According to Figure 2.9 below, the optimal system suggested by HOMER pro only uses gas

generators for 15.5% of its total electricity and obtains 84.5% of its power from solar energy.

Simulation Results

System Architecture: BAE SECURA SOLAR 12V 3 Total NPC: $1,297,117.00
LONGi Solar LR6-T2PH (282 kW) Sinexcel 250kW (190 kW) Levelized COE: $0.2345
Generic 200kW Gas Microturbine (200 kW) HOMER Load Following Operating Cost: $63,252.93

Renewable Penetration BAE SECURA SOLAR 12V 3 PVS 210 LONGi Solar LR6-72PH  Sinexcel 250kW  Emissions

Cost Summary Cash Flow Compare Economics  Electrical | Fuel Summary Generic 200kW Gas Microturbine

Production kWh/yr | % Consumption kWhfyr | % Quantity kWhfyr | %
LONGi Solar LR6-72PH | 486,826 84.5 AC Primary Load 427,890 100 Excess Electricity . 114,043 . 19.8
Generic 200kW Gas Mi 89,049 155 DC Primary Lead 0 0 Unmet Electric Load 0 0
Total 575,875 100 Deferrable Load 0 0 Capacity Shortage 0 0
< [ | » Total 427,890 100
Quantity Value| Units
Renewable Fraction 792 %

Max. Renew. Penetration 937 %

Monthly Electric Production
FILR6-T2PH 60
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Figure 2.9. HOMER Pro simulation results for proposed HPS
HOMER Pro calculates the renewable energy fraction and total energy produced by both
renewable and non-renewable sources through detailed simulations. It first models the energy
production from renewable sources, such as solar or wind, based on input data like solar irradiance,
system capacity, and efficiency, while also simulating non-renewable generation, such as gas or

diesel generators, based on fuel consumption and load demand. The software matches energy
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production to system load on an hourly basis and sums it to calculate the total energy produced
annually in kWh/year for both renewable and non-renewable sources. The renewable energy
fraction is then determined by dividing the total renewable energy produced by the total energy
generated by all sources, providing insight into how much of the system’s energy demand is met
by renewables.

Also, the renewable energy fraction and total energy produced by both renewable and non-
renewable sources represent average values calculated over a specific period. This average
accounts for variations in energy production and load demand over time. HOMER Pro performs
hourly simulations across the entire year, accounting for seasonal variations in renewable resource
availability, such as solar irradiance or wind speed.

Table 2.1 shows information regarding rating and relative pricing of various components used in
proposed HPS.

Table 2.1. Rating and cost of components used in proposed HPS

Component PV Panel Inverter Battery Bank Gas Genset
Rating per unit 0.365 250kW 12V, 201Ah 200kW

kW
No. of units required. 773 1 280 1
Total rating 282kW 250kW 840V, 804Ah 200kW
Cost per unit $229 $38600 $385.32 $165300
Total cost $176788 $38600 $107890 $165300

The area of one PV panel which is selected for this project is 1.937m2. Thus, to install 773 PV
panels, a total of 1498m2 area is required. The total rooftop area available at selected site is

calculated using google earth and it is equivalent to 2525m2 which is sufficient for installation of
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required PV panels. Other than rooftop area, sufficient ground space is also available which can
be utilized for future expansion considering the total load requirement.

HOMER Pro also performs cost analysis to find the best optimum system. Based on per unit price
provided to HOMER Pro, it calculates total cost of the system and suggests the most optimum

solution. The cost analysis done by HOMER Pro is shown in Figure 2.10.

Simulation Results

System Architecture: BAE SECURA SOLAR 12'V 3 PVS 210 (4.00 strings) Total NPC: $1,297,117.00
LONGi Solar LR6-72PH (262 kW) Sinexcel 250kW (190 kW) Levelized COE: $0.2345
Generic 200kW Gas Microturbine (200 kW) HOMER Load Following Operating Cost: $63,252.93

BAE SECURA SOLAR 12 V 3 PVS 210 LONGI Solar LR6-72PH  Sinexcel 250kW  Emissions

Cost Summary Cash Flow Compare Economics Electrical Fuel Summary Generic 200kW Gas Microturbine  Renewable Penetration

Cost Type $500,000
® Net Present $400,000
O Annualized 300,000
$200,000
Categorize $100,000
'# By Component o
) By Cost Type : BAE SECURA Generic LONGi Solar Sinexcel
SCLAR12V 3 200kW Gas LR6-72PH 250kW
PVS 210 Microturbine
Component Capital ($) Replacement (§) Q&M (§) Fuel (§) Salvage (§) | Total ($)
BAE SECURA SOLAR 12V 3 PV5210 5107,889.60 $122,68543 §139467.22 $0.00  -5121420  $368,828.04
Generic 200kW Gas Microturbine $165,350.00 $0.00 92939336 $252,182.12  -$8,159.55  $438765.93
LONGi Solar LR6-72PH $176,812.13 3000 $228574.17 $0.00 S0.00  §405386.30
Sinexcel 250kW $29,362.02 §1945464  $37,957.80 8000 -52,637.71 $84,136,74
System $479413.75 $142,140.06 $435392.55 $252,182.12 -§12,011.47 $1,297,117.01

Figure 2.10. Cost summary of proposed HPS in HOMER Pro
Like cost analysis, cash flow analysis is also performed by HOMER Pro which is shown in Figure
2.11. Cash flow analysis considers capital cost, operating cost, fuel cost for gas genset, replacement
cost and salvage cost. The cash flow analysis has been done for 25 years. A capital investment of
$479,413.75 is required and there will be an operating cost of $33,679.52 and fuel cost of
$19,507.39 per year. Replacement cost will also incur at during year 7,10,13 and 20 and during

25th year the salvage value of system will be equivalent to $50,140.
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Simulation Results
System Architecture: BAE SECURA SOLAR 12V
LONGi Solar LR6-72PH (282 kW) Sinexcel 250kW (190 kW)
Generic 200kW Gas Microturbine (200 kW) HOMER Load Following

Total NPC: $1,297,117.00
$02345

$63,252.93

Levelized COE
Operating Cost:

Renewable Penetration BAE SECURA SOLAR 12V 3 PV5210 LONGI Solar LR6-72PH  Sinexcel 250kW  Emissions
Cost Summary | Cash Flow | Compare Economics  Electrical Fuel Summary Generic 200kW Gas Microturbine
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Figure 2.11. Cash flow analysis in HOMER Pro

2.5 Conclusion

Due to significant increase in prices of petroleum products over the recent years and to conserve
the fossil fuels, it is critical to use of renewable energy sources for power generation specially in
remote areas. But due to intermittent nature of renewable energy sources, hybrid power systems
are the most appealing and feasible solution. In this paper a hybrid power system is designed for a
remote natural gas pipeline facility which not only addresses the energy challenges faced by such
facilities but also emphasizes that the adoption of hybrid power systems can lead to significant
financial gains while aligning with broader energy sustainability goals. By reducing energy costs
by $0.148 in comparison to already existing conventional practices, this study paves the way for
more efficient, cost-effective, and environmentally responsible energy solutions in remote

industrial settings.
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Abstract

The most rapid and efficient method to transport natural gas from its source to its destination is
through a pipeline network. The optimal functioning of control stations for natural gas pipelines
depends on the use of electrical devices, including data loggers, communication devices, control
systems, surveillance equipment, and more. Ensuring a reliable and consistent power supply
proves to be challenging due to the remote locations of these control stations. This research article
presents a case study detailing the design and dynamic modeling of a hybrid power system (HPS)
to address the specific energy needs of a particular natural gas pipeline control station. The
HOMER Pro 3.17.1 software is used to design an optimal HPS for the specified location. The
designed system combines a photovoltaic (PV) system with natural gas generators as a backup to
ensure a reliable and consistent power supply for the control station. Furthermore, it provides
significant cost savings, reducing the cost of energy (COE) by USD 0.148 and the annual operating
costs by USD 87,321, all while integrating a renewable energy fraction of 79.2%. Dynamic
modeling of the designed system is performed in MATLAB/Simulink R2022a to analyze the
system’s response, including its power quality, harmonics, voltage transients, load impact, etc.
The experimental results are validated using hardware in the loop (HIL) and OPAL-RT

Technologies’ real-time OP5707XG simulator.
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3.1 Introduction

One of the most important necessities of modern living is energy. It plays a crucial role in
enhancing a nation’s economic development and raising the standard of living. As economic
progress continues, the exploration and exploitation of oil and gas reserves progressively intensify
alongside the consumption of these conventional sources [1]. The reliability of energy resources
is pivotal for sustaining modern life, and a consistent energy supply is essential for fostering
economic growth while promising solutions for addressing the depletion of traditional energy
sources, including using clean energy devices [2,3]. The availability of energy at an affordable
cost is a key determinant in fostering the prosperity of a nation [4].

In the present era, energy is pivotal in driving socio-economic advancement, with per capita energy
consumption closely linked to a nation’s development [5]. Energy can be derived from renewable
resources such as solar, geothermal, biomass, hydro, and wind power or fossil fuel reserves like
uranium, natural gas, coal, and oil [6]. Given its low carbon intensity and minimal environmental
impact in production and consumption, natural gas is preferred over other fossil fuel sources such
as oil and coal [7]. A substantial share of Pakistan’s energy requirements is fulfilled by natural
gas, making it a key contributor to electricity generation [8]. Figure 3.1 shows Pakistan’s total
energy supply (TES) from 1990 to 2021.

Due to challenges in storing natural gas, it must be promptly transported to its intended destination
once extracted from the reservoir. Several methods exist for transporting natural gas from oil and
gas fields to the end consumers [10]. Energy transportation refers to the transportation of various
forms of energy from production sources to endusers. Main energy sources are typically distant
from end consumers in remote and unpopulated areas. Therefore, an energy transportation system

becomes essential for delivering energy to end-users. Due to its extremely low density,
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economically transporting natural gas is challenging; hence, it undergoes compression before
being transported. Weather conditions significantly impact the transportation of natural gas
through pipelines. In regions where temperatures vary from -50 to +40 degrees Celsius annually,
the physical properties of the pipeline metal are affected. Therefore, it is crucial to maintain an

optimal temperature for efficient gas transportation through the main pipeline [11].
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Figure 3.1. Total energy supply (TES) in Pakistan [9]

Natural gas energy may be transported from its source to its destination in several ways. Table 1
displays various methods of transporting natural gas from its source to its destination, along with
the preferred transportation mode based on distance in kilometers (km) and capacity in billion

cubic meters (bcm) per year [12].
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Table 3.1. Modes of NG transportation: capacity—distance comparison.

Mode of transportation Capacity (bcm) Distance (Km)
LNG (Liquefied Natural Gas) 0.1-10.0 1000 — 10000
Gas to Liquid (GTL) 0.1-1.0 5000 — 10000
CNG (Compressed Natural Gas) 0.1-1.0 100 — 5000
Pipeline 0.1-10.0 100 — 1000
NGH (Natural Gas Hydrates) 0.1-1.0 100 — 5000
Gas to Wire (GTW) 0.1-1.0 100 — 5000

Various natural gas pipeline control stations oversee the operation and maintenance of high-
pressure natural gas pipelines. The geographic distribution of these control stations poses
operational challenges, especially in remote locations, where maintaining and operating high-
pressure natural gas pipeline control stations can be difficult due to unreliable electricity supply
and other logistical issues. At the same time, the smooth functioning of control stations depends
on a range of electrically powered devices installed within these control stations [13].

Compared to rural and remote areas, metropolitan areas have a consistent and uninterrupted
electricity supply throughout the year. Data from the World Bank for 2021 reveals that around
15.5% of the global population residing in remote and rural areas lack access to electricity [14]. In
the current era, there is also an increasing concern about environmental issues, and society has an
extensive dependence on fossil fuels [15]. Electricity production in Pakistan involves a mix of
thermal power plants, with a primary focus on utilizing natural gas and coal, hydroelectric power
stations, and nuclear power facilities, and there is an increasing emphasis on harnessing renewable

energy sources like wind and solar power, particularly in regions with favorable conditions. The
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percentage share of different energy sources used for power generation in Pakistan is shown in

>

Figure 3.2.

= Thermal (RLNG 23.8%, NG 8.5%, Coal 12.8%, RFO 14.3%, Bagasse 0.9%)

= Hydel (24.7%)

= Nuclear (8.8%)

= Renewable (Wind 4.8%, Solar 1.4%)

Figure 3.2. Sources of power generation in Pakistan [16].

The LNG price depends on the international market and is affected by various other global factors.
By late 2021, the ultimate cost of LNG delivered to Pakistan had risen to nearly USD 16 per
MMBtu, exceeding the average domestic gas price by more than fourfold [17]. Thus, a consistent
and reliable supply of electric power from conventional fossil fuels is at risk due to increased fuel
prices resulting from the ongoing conflicts and continued demands for environmental pollution
reduction [18]. Likewise, the cost of energy in Pakistan is mainly affected by imported energy

costs, transmission losses, economic conditions, and pricing policies. Figure 3.3 shows the forecast

for the annual average cost of energy in Pakistan based on historical data.
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Figure 3.3. Cost of energy in Pakistan [19].

When Sui Northern Gas Pipelines Limited (SNGPL) commenced its operations following the
discovery of substantial natural gas reserves in Pakistan, control stations were strategically
established in remote areas to facilitate natural gas transportation across the country. These stations
were initially designed to rely on the internal consumption of natural gas through natural gas
generators for their electrical power needs, as reliable alternative power sources were not readily
available in those areas. However, the continuous and dependable power supply demanded by
these control stations became a critical requirement. Unfortunately, at their inception, little
consideration was given to the future scenario when natural gas reserves might deplete.

With indigenous natural gas sources diminishing and a significant reliance on imported LNG, the
internal consumption of natural gas for power generation at these control stations has become
economically impractical due to the escalating LNG prices constituting both wastage and an
economically inefficient practice. Therefore, exploring alternative methods, such as harnessing
renewable energy sources for power generation at these control stations, is prudent. It is critical to
switch to renewable energy sources, which are the most promising options because of their endless

supply, low cost, and environmental friendliness. Because renewable energy sources are
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intermittent, hybrid power systems that integrate both conventional and renewable energy sources
are used to generate electricity [20]. HPSs are dependable, eco-friendly systems that efficiently
reduce reliance on a single renewable resource. This is particularly significant in regions with
scarce natural resources [21]. In most cases, a hybrid power system contains renewable energy
sources (solar, wind, and hydro), conventional energy sources (diesel and/or natural gas generators
and AC distribution systems), energy storage elements, power converters, and DC/AC loads.

Solar energy emerges as Pakistan’s most viable renewable energy option, boasting a potential of
about 5500 terawatt hours per year—which is over five times the nation’s current electricity
consumption. Pakistan has tremendous solar energy potential, with an average daily sun insolation
of 5.30 kWh/m2, and the capacity to generate up to 10,000 GW. The distribution of solar insolation
throughout Pakistan is shown in Figure 2.1 in Chapter 2, which provides clear evidence that ample

solar energy is available for utilization [22].

Considering these facts, it is recommended to encourage the production of electricity using solar
energy, especially in rural and remote areas where such control stations are located. Numerous
researchers have explored the potential of employing PV systems for domestic and commercial
structures, water pumps, reverse osmosis plants, and more. However, there is a notable absence of
relevant research on implementing HPSs for such natural gas pipeline control stations located
remotely. These stations require minimizing or ceasing the internal consumption of conventional
fossil fuels to enhance the conservation of depleting resources, mitigate environmental impact, and
reduce energy costs while ensuring a consistent and reliable power supply.

This research article addresses the challenges mentioned earlier by proposing the design of an
optimal HPS. In particular, this research contributes to the existing research in the following ways:

e [t designs and sizes the proposed HPS using HOMER Pro, which involves determining the
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optimal capacity and configuration of components to meet the energy demands of a specific
application. This process includes analyzing the load profile, assessing renewable resource
availability, incorporating energy storage, determining the generator capacity, and
implementing a control system.

It carries out dynamic modeling of the proposed hybrid power system using MATLAB
Simulink to analyze the system’s response, voltage transients, load impact, and power
quality under diverse conditions, which are specifically related to the control station under
consideration.

The experimental validation of the proposed hybrid power system (HPS) is carried out
using hardware in the loop (HIL), and the real-time OPAL-RT Technologies’ OP5707XG
simulator (OPAL-RT, Montreal, QC, Canada) is used to confirm the systems’ robustness

and overall performance.

3.2 Site Selection

One of the most fundamental choices made during any project’s establishment, expansion, or

relocation is the site selection. The installation of a solar photovoltaic system component in large-

scale hybrid power systems requires a significant long-term investment; therefore, choosing the

right site is crucial to the system’s success or failure. Hence, finding the best location with the

ideal circumstances for solar photovoltaic system installation is one of the primary goals in the site

selection process. The primary factors to consider when selecting a site for a solar photovoltaic

system are solar irradiance; economic performance metrics, such as the return on investment

(ROI), internal rate of return (IRR), and net present value (NPV); along with carbon emission

reductions and policy support [23].
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SNGPL is the biggest integrated natural gas provider in North Central Pakistan, serving over 7.22
million customers over a vast network spanning throughout Khyber Pakhtunkhwa (KPK), Punjab,
and Azad Jammu and Kashmir (AJ&K). SNGPL’s transmission network comprises 9239 km of
high-pressure gas pipelines, while the distribution network comprises 142,998 km of low-pressure
gas pipelines. Pipeline control stations play a crucial role in the compression and elevation of
natural gas pressure, facilitating transportation from gas wells to end consumers. SNGPL operates
eleven compressor stations to compress natural gas efficiently, ensuring its delivery to the

doorsteps of end consumers. The overall operation of the company’s business is shown in Figure

3.4.
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Figure 3.4. Schematic diagram of SNGPL’s overall operation.
The site selected to be a part of this research is one of the natural gas compressor stations operated
by Sui Northern Gas Pipelines Limited (SNGPL) in Pakistan. This selected site is located in a
remote and sparsely populated area named Gali Jagir, Fateh Jhang (33.427522, 72.625862). An

aerial view of the site on Google Maps is shown in Figure 1.3 in chapter 1 of thesis.
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Figure 3.5 shows several viewpoints of the selected natural gas pipeline control station. The site
covers a total area of 11 acres, with a designated 6-acre section for the compressor station and a 5-
acre area for residential blocks. Ample space is present at the selected site, encompassing both

rooftop and ground areas and providing opportunities for the installation of solar PV panels.

w

Figure 3.5. Real-life perspective of selected site.

3.2.1 Global Horizontal Irradiance (GHI)

Global horizontal irradiance (GHI), also known as solar global horizontal irradiance, is vital in
assessing site viability. It is a measurement of the solar radiation intensity in a particular place.
The solar global horizontal irradiance data for the selected site is obtained from the NASA Surface
Meteorology and Solar Energy Database using the HOMER Pro software, as depicted in Figure
3.6. Solar energy remains consistently available at the chosen location year-round, with values
varying between 3.19 kWh/m2/day and 7.43 kWh/m2/day, with an annual average of 5.19
kWh/m2/day. Similarly, the clearness index is another crucial factor considered during site
feasibility assessment. It quantifies the atmosphere’s clarity and is denoted by a unitless number
ranging from 0 to 1. The clearness index for the selected site ranges between 0.552 and 0.689, as

illustrated in Figure 3.6.
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Figure 3.6. Solar global horizontal irradiance and clearness index of selected site.
Apart from various factors, such as atmospheric conditions, air pollution, and cloud cover, the
angle at which sunlight strikes a solar cell affects how much solar energy reaches its surface. This
angle, known as the altitude or elevation angle, represents the sun’s vertical position relative to the
horizontal plane and varies throughout the day as the sun moves across the sky. This angle is
influenced by factors such as the observer’s geographical location, the time of day, and the time
of year [24]. The solar azimuth angle (z) represents the angle formed by the projection of sunlight
onto a line extending either north or south. This angle is determined within the horizontal plane
and can be measured using two different conventions, either clockwise or counterclockwise [25].
The solar elevation and the solar azimuth variation for the selected site throughout the year are

obtained using an online tool named ‘Solargis Prospect’, as shown in Figure 3.7.
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Figure 3.7. The solar azimuth and solar elevation for the selected site throughout the year [26].

3.2.2 Electrical Load Analysis

The overall electrical load is segmented into two primary categories: the gas compressor station
load and the staff colony’s residential load. The station load consists of air compressors, a
discharge gas cooling system, control equipment for gas turbines, a fire suppression system,

metering devices, etc. A breakdown of the total connected load is provided in Table 3.2.
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Table 3.2. Detail of total connected load at selected site.

Rated Power of Total
System Description Number Unit Load Installed Connected
y p of Units Load
HP. KW. HP. KW
Discharge Gas Fan Motors 4 25 18.65 100 74.6
Cooling (DGC) Fan Motors 2 40 29.84 80 59.68
System Pump Motors 0 0 0 30 22.38
. Lube Oil Tank Heater 0 0 0 0 0
Turbine E rative Cooling Pum
Package vaporafive Looling fump 0.75 0.5595 1.5 1.119
Motor
. Inlet Fan Motors 0 0 0 0 0
Turbine Shed Exhaust Fan Motor 0 0 0 0 0
Raw Water Pump Motor #1 2 15 11.19 30 22.38
Pump
Air system Air Compressor Motors 2 15 11.19 30 22.38
Radiator Fan Motor 1 0.75 0.5595 0.75 0.5595
Power House = Water Circulating Pump 1 1 0.746 1 0.746
Motor
Auxiliary Load Residential Load 75 0 75
Total Connected Load 278.84 KW

3.2.3 Diversity Factor

In power distribution engineering, analyzing loads involves integrating the diversity factor to

accommodate the probabilistic and temporal characteristics of multiple loads connected to a

distribution feeder. The concept of ‘load diversity’ pertains to the idea that not all combined loads

are simultaneously active at their maximum capacities.

Therefore, considering the temporal and probabilistic aspects of the loads allows for the sizing of

power generation and distribution assets to be smaller than what would be required if all loads

were activated simultaneously [27]. The diversity factor (DF) is given as follows:

D.F

_ max(/, (t)) + max(/, (¢)) +......+max(/, (¢))

Sup(L, () + (L () +..cc.. + (14 (1))
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where the various connected loads are /1, b, ..., Iy, and the numerator represents the cumulative
non-simultaneous peak values of these loads, while the denominator employs the supremum
function to denote the sum of the overall load. Therefore, the peak load for the selected is taken as
180.74 kW after accounting for the diversity factor, and the suggested HPS will be designed
accordingly.

Figure 2.4 in Chapter 2 of the thesis displays the monthly power consumption and corresponding

load profile for 2022 based on the total connected load.

3.3 Proposed Hybrid Power System (HPS)

The HPS suggested for the selected site incorporates a DC power source comprising a PV system,
MPPT controller, battery bank, DC-DC buck converter, DC-AC inverter, LCL filter, AC power
source, and natural gas generator. Therefore, this system incorporates AC and DC buses,
configured to offer operational flexibility and facilitate maintenance, ensuring uninterrupted power
supply. The proposed HPS is engineered with backup resources to ensure reliable and consistent
power delivery for the smooth operation of natural gas control stations. Figure 3.8 shows the block

diagram of the proposed hybrid power system.
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Figure 3.8. Schematic diagram of proposed hybrid power system.
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3.3.1 Mathematical Modeling of Proposed HPS Components

Photovoltaic System: A photovoltaic panel, also called a solar panel, transforms sunlight
directly into electricity using the photovoltaic effect. This phenomenon involves the
generation of an electric current and voltage in a material when exposed to sunlight. PV
panels are made of multiple solar cells interconnected in a specific arrangement to achieve
the desired voltage and current output. Figure 3.9 illustrates the equivalent circuit of the

PV cell.

'\/\/\/—.-l-
R

ILT ID¢Y Ish¢ Rsh V,

Figure 3.9.Equivalent circuit of a solar cell.

The diode represents the solar cell’s nonlinear behavior, permitting a current in one
direction while blocking reverse flow. Given that solar cells do not operate ideally, a shunt
resistance (Rsh) and a series resistance (Rs) are included in the circuit. Shunt resistance
represents unintended parallel paths for the current flow within the solar cell, caused by
material imperfections. When no load is connected, it allows the current to bypass the load,
mitigating the effects of leakage currents. This ensures stable voltage and current
characteristics, minimizing losses and maintaining efficiency in the solar cell’s operation.
Meanwhile, series resistance accounts for internal resistance and interconnections between
the solar cells within a module. The equations for the solar cell output current ‘I’ and light-

generated current ‘I;’ are
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V. +IR,
R

sh

I=1,-1,—( ) (3.2)

I, =[I+K,(T.-T,)] (3.3)
Here, ‘Ip’ is the diode current, ‘ISC’ is the short circuit current, ‘K;’ specifies the solar
cell’s short circuit current temperature coefficient, and ‘Tc’ and ‘Tr’ represent the solar
reference temperature and operating temperature. The equation for the diode current is

given below.
1, =1, fexplS 411, (34)

where ‘lo’ represents the diode’s leakage or saturation current, and ‘k’ is the Boltzmann

constant. So, the solar cell equation is derived as follows:
el
I1=1 -1 -1 3.5
] {eXp[ kT ] } L ( )

A solar cell operates like a diode, with the current flowing in the opposite direction. Thus,
the PV panel voltage, VPV, is

Ver =Voc X N (3.6)

where ‘Voc’ represents the open-circuit voltage and NS is the number of cells connected in

series. And the power generated by the solar panels is given as follows:

V xI. xG
P = pv sc

3.
= (3.7

Where Ky represents the derating factor.

Maximum Power Point Tracking (MPPT) Control: The position of the sun and the
direction of sun rays significantly impact the solar cells’ ability to produce electricity, and
any changes in these factors directly impact the electricity generated by the solar cells. The

relationship between -V (current-voltage) and P—V (power voltage) is also nonlinear in
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the case of PV cells. As a result, the PV cells’ output varies continuously. A PV module’s
output power is mostly affected by variations in the line and the load measured at its
production without additional electrical control being needed [28]. The I-V and P-V
curves of the PV module indicate that the PV module achieves its most optimized power
output at a specific point, known as the maximum power point (MPP), since the power
generated by the module on either side of the MPP is always less. Therefore, to enhance
the conversion efficiency of the PV installation, it is important to track and ensure that PV
modules operate at MPP.

An MPPT, or maximum power point tracker, is a DC-DC converter with an intelligent
algorithm that tracks the output power of a PV array. Its role is to identify and maintain the
optimum power output point for the PV cells, improving the overall efficiency of the solar
installation process. Numerous techniques/algorithms exist for tracking the maximum
power point (MPP), such as Hill Climbing, incremental conductance (INC), Perturb &
Observe (P&O), and Neural Network Control. In this research article, the INC algorithm
is used due to its superior performance in adapting to changing weather conditions, its
accuracy in MPP tracking, and reliable robustness. Figure 3.10 illustrates the incremental

conductance MPPT algorithm.
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Figure 3.10. Incremental conductance MPPT algorithm.

The INC method relies on the fundamental idea that the PV module's P-V curve has a zero
slope at MPP (Z_I}; =0). The algorithm compares the incremental conductance (j—;) with

the array conductivity (é) to determine the MPP. The following is the basic equation that

powers INC's operations:

dap _dvn _dv_ dl _ . dl (3.8)
dv dv dav dav dav
(9L _1L d (3.9)
arv v dv

The incremental conductance is obtained by differentiating the PV module's output power

with respect to voltage and equating it to zero. As Z—l; =0 at maximum power point (MPP),

the important relationships that determine how the INC algorithm functions are listed

below in Table 3.3.

60



Current (A)

e

L. —— Cell Temp=25°C 250

| — Cell Temp=65°C 100

Table 3.3. Maximum power point tracking conditions.

Condition Constraint Description
da _ 1 If P = MPP .
ST MPP Achieved
j—{/ > é IfP < MPP Operating point is left to MPP
d 1 . e
- <7 IfP>MPP Operating point is right to MPP

The -V and P-V characteristics of the PV array used in this project under different

temperature and solar GHI levels are shown in Figure 3.11.
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Figure 3.11. Current—voltage and power—voltage characteristics of PV panel used [29].

Several factors affect the solar PV module’s performance, such as temperature and
irradiance. The open-circuit voltage of a PV module changes with the cell temperature; as
the temperature rises, the open-circuit voltage (Voc) decreases while the short-circuit
current increases, consequently lowering the power output [30]. Solar panels operate most
efficiently at approximately 25 °C (77 °F), as efficiency tends to decrease in both higher
and lower temperature ranges. Similarly, temperature and irradiance influence the P—V
curves of solar panels by affecting the voltage, current, and maximum power point of the

panels. Higher temperatures typically lead to a decrease in the voltage and an increase in
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the current, while higher irradiance levels result in a higher output power.

DC-DC Buck Converter: The proposed HPS incorporates a DC-DC converter as an
integral multistage power processing system component. The converter is critical in
achieving the maximum power point (MPP) of PV modules, generating a DC voltage, and
is designed to handle power variations. Together with the DC-AC inverter, the DC-DC
converter constitutes the multistage system, providing flexibility in operating the PV
voltage over a broad range. Additionally, this configuration eliminates the direct link
between the AC output and PV modules, preventing the induction of double-line-frequency
ripple in a PV voltage caused by AC power fluctuations. The DC-DC converter is a buck
converter chosen for its high efficiency, uncomplicated configuration, and minimal voltage
ripple. In this specific case, it plays an important role in maintaining the DC output voltage
level by the inverter DC link, set at 360V DC. A buck converter steps down the voltage
from its input (Vi) to produce a lower output voltage (Vo). The output voltage is controlled
by regulating switch S’s duty cycle (D) and can be implemented using an IGBT, MOSFET,

or transistor, as illustrated in Figure 3.12.

i M ® +

Figure 3.12. DC—DC buck converter.

The duty cycle (D) is a scalar quantity with a value ranging from 0 to 1. The following

are the key equations that describe the functioning and design of a buck converter:
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p=_"o (3.10
V;(max) X77 )

ALUA, (3.11)
ALXS XV,

where ‘7’ is the efficiency of an inductor, ‘L’ is the selected inductor value for the buck
converter, f; is the switching frequency of the converter, and A/} is the inductor ripple
current, which can be calculated as

Al, =(0.210 0.4)x I

o(max)

(3.12)

Using the above expressions, the inductor value is calculated as 0.346 mH. Similarly, a
capacitor is used in a buck converter, and its purpose is to reduce the ripples in the output
voltage. Its value is calculated as 1.2 mF using the expression given below.

Al
_ L 1
8xf, x AV, (3 3)

s

DC-AC Inverter: An inverter transforms direct (DC) electricity into symmetrical
alternating (AC) electricity at the required voltage and frequency level using appropriate
switching patterns and a control strategy. The buck converter provides a steady DC output,
which is then supplied to the three-phase Voltage Source Inverter (VSI). The VSI
transforms it into the desired AC voltage of 230 V (single phase). The sinusoidal pulse
width modulation technique (SPWM) is selected from various PWM techniques to achieve
suitable switching patterns and control strategies. This selection is based on its distinct
advantages, such as simplicity, low Total Harmonic Distortion (THD), and better control
schemes. By controlling the duty cycle of the SPWM pulses, the required output voltage
waveform and a reduced THD can be achieved. The THD becomes an important factor to

consider when dealing with nonlinear components, and most semiconductor devices, which
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are at the cores of renewable energy systems, exhibit nonlinear behavior. Integrating
sinusoidal pulse width modulation (SPWM) with an LCL filter is a powerful approach to
reduce the Total Harmonic Distortion (THD). SPWM ensures precise control of the output
voltage, while the LCL filter, with its inductors, capacitors, and resistors, effectively acts
as a lowpass filter to suppress higher-order harmonics. This combination results in a
cleaner and sinusoidal output waveform, making it particularly valuable in applications
with low distortion, such as renewable energy systems and power electronics. The circuit

diagram of the three-phase inverter is shown in Figure 3.13.
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Figure 3.13. Three-phase multi-level inverter.

LCL Filter: The LCL filter has been extensively applied in renewable energy systems due
to its excellent high-frequency (HF) attenuation properties, compact size, and cost-
effectiveness [31]. The LCL filter, shown in Figure 3.14, effectively attenuates harmonics,
dampens resonance, enhances system performance, complies with grid standards,
contributes to stability, offers flexibility in design, and ensures the reliability of renewable
energy systems. It provides improved filtering compared to simpler LC filters, offering
better damping of resonance peaks and enhancing the system’s overall efficiency.
Moreover, the use of lowrated inductors and capacitors in LCL filters makes it more cost-
effective and affordable. Hence, the LCL filter addresses power quality challenges in the
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context of renewable energy generation.
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Figure 3.14. Configuration of LCL Filter.

The design process for an LCL filter begins by calculating the inductor on the inverter
(L;) side using the following equation:

[ (3.14)
6xf. XAl

where Vi’ denotes the DC bus voltage and ‘fs’ is the system frequency, while the inductor

ripple current, ‘AIL’, is 10% of the maximum current and computed as

AI — 01 X })nominal X ﬁ

L

(3.15)

Similarly, the value of the inductor on the generator side is calculated using the equation

given below.

by =rxl, (3.16)

where the value of ‘r’ is the ratio of Lg and Li, and a value of r = 0.6 results in a 5%
reduction in the power factor [32].

L,=0.6x1L, (3.17)

Ultimately, the objective is to design the filter capacitor (Cf) to limit inverter output voltage

oscillations to a maximum of 5%, ensuring the stable operation of the hybrid power system.
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This involves calculating the capacitance using specific formulas.

C, =0.05x — Lomnt (3.18)

w, xV?, .
Similarly, it is important to analyze the resonance frequency (wys) of the filter. Equation

(19) is used to calculate the resonance frequency in radians

Wy = ,/—L’ L (3.19)
L ng X Cf

1 L +L,

- 3.20
27 Lt.ngxC/ ( )

f;‘es

In the last step, the value of the damping resistor (Ry), connected in series with the filter
capacitor to prevent resonance issues, is determined using equation (21).

1

3xC, xw,

(3.21)

R,

Using the above-given equations, values of L;, Lg, Cj; fres, and Ryare calculated as 519uH,

312uH, 66 uF, 1.41MHz and 0.0573Q respectively.

3.4 Optimization of Proposed HPS Using HOMER Pro

HPS optimization involves numerous factors, including system configurations, component sizing,

project economics considering variable loads and component expenses, system lifespan, end-user

energy expenditures, net present cost, annual operating costs, maintenance expenses, and the

availability of renewable energy resources in the region. These factors are crucial for the overall

design and functionality of the system and help decision makers pinpoint the most economically

viable solutions customized to accommodate the specific electrical loads for which the hybrid

system is being developed [33].

A ‘Hybrid Optimization Model for Multiple Energy Sources (HOMER Pro)’ is used to optimize
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the proposed hybrid power system for cost-effective solutions. This software simulates systems
integrating one or more power sources like photovoltaics and wind turbines. It facilitates the design
of both grid-connected and off-grid systems in the most economically efficient way by considering
the mentioned factors. It explores various configurations to pinpoint the most economically
efficient combinations that meet the specified electrical load requirements. The optimization
analysis of HOMER is pivotal in addressing important design considerations, such as identifying
the most cost-effective technologies, evaluating the impact on project economics caused by
variations in costs or loads, optimal component sizing, and assessing the adequacy of renewable
energy resources.

After analyzing the total connected electrical load of the selected site using the data from Table
3.2, a corresponding load profile was generated and exported to the HOMER Pro software, which
facilitated the sizing of a PV system and natural gas generator and optimized the design of the
proposed hybrid power system. The simulation incorporated solar global horizontal irradiance
(GHI) data for the selected site (Figure 3.6) and specific PV modules, batteries, and converters.

Figure 3.15 illustrates the schematic diagram of HOMER Pro’s optimized hybrid power system.

SCHEMATIC _

AC DC D
GasGen | Electric Load #1 LREFr.
analil
=~ .Q |
ile 7 9 :

17230 Bwhid
12074 I pea ke

Sinexcel 250 | BAET2 Y 3PS

HEHHEI
Qe BE«E

Figure 3.15. HOMER Pro-optimized HPS configuration.
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The system is designed to enable unlimited power generation using PV modules, aiming to
optimize the system’s overall performance. HOMER Pro performed a total of 892 simulations, and
the simulation results demonstrate that HOMER Pro presented different configurations using
various combinations of available power sources. Table 3.4 presents the evaluation of optimized
system configurations conducted by HOMER Pro. The optimal configuration selected includes PV
panels, a converter, an energy storage system (ESS), which is a battery bank, and a natural gas
genset, as it yields the least Net Present Cost (NPC) of USD 1.30 M and a cost of energy (COE)
of USD 0.234, among all configurations. At the same time, the current actual cost of energy using
only natural gas generators stands at USD 0.382. The optimal system also has the lowest annual
operating cost of USD 63,253, which, in the present and actual cases, is USD 150,574, thus
providing annual cost savings of USD 87,321.

Table 3.4. System optimization results in HOMER Pro.

. PV Gas  ESS (No. Converter NPC COE Operating Init.ial

System Architecture (kW) Genset of (kW) (USD) (USD) Cost Capital
(kW) Batteries) (USD/Year) (USD)

PV-Genset-ESS-Converter 282 200 280 190 1.30M 0.234 63,253 479,414
Genset-ESS-Converter 200 140 66.8 1.85M 0.335 125,403 229,611
Genset 200 2.11M 0382 150,574 165,350
PV-ESS-Converter 582 1260 201 2.12M 0383 95,462 881,476
PV-Genset-Converter  6.11 200 1.42 2.12M 0.383 150,989 169,402

The optimized system, designed for a 25-year life cycle in HOMER Pro, is projected to have a net
present cost (NPC) of USD 1.30 million. It would yield a levelized energy (COE) cost of USD
0.2345 per kWh and incur an annual operating cost of USD 63,252.93, as depicted in Table 4. The
optimal system design achieves a 79.2% renewable energy fraction, significantly reducing the non-
renewable fraction from 100% to just 20.8%. This addresses cost inefficiencies, as illustrated in

Figure 3.16, which also depicts monthly electrical energy generation.
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Simulation Results
System Architecture: BAE SECURA SOLAR 12 V 3 PVS 210 (4.00 strings) Total NPC: $1.297.117.00

LONGi Solar LRG-7T2PH (282 kW) Sinexcel 250kW (190 kW) Levelized COE $0.2345
Generic 200kW Gas Microturbine {200 kW) HOMER Load Following Operating Cost: 36325293

BAE SECURA SOLAR 12V 3 PV5 210 LONGI Solar LR6-72PH  Sinexcel 250kW  Emissions

Cost Summary Cash Flow Compare Economics | Electrical | Fuel Summary  Generic 200kW Gas Microturbine  Renewable Penetration

‘ Production kWh/yr | % Consumption kKWhiyr | % Quantity | kKWhyr | %
| LONGi Solar LR6-72PH 486,826 845 AC Primary Load 427,890 100 Excess Electricity 114,043 198
Generic 200kW Gas Microturbine 89,049 15.5 DC Primary Load 0 1] Unmet Electric Load 0 4]
Total 575875 100 Deferrable Load 0 o Capacity Shortage 0 0
Total 427,890 100
Quantity | Value| Units
Renewable Fraction 792 %
Max. Renew. Penetration 937 %
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Figure 3.16. Electrical energy production results from optimal system.
The primary purpose of the natural gas generator is to serve as a backup power source when the
primary PV system and battery bank cannot meet the load demands, primarily due to fluctuations
in solar global horizontal irradiance (GHI) or during prolonged and severe weather conditions. The
rest of this research paper focuses on dynamic modeling and analyzing the dynamic behavior of

the proposed HPS using MATLAB.

3.5 Dynamic Modeling of Proposed HPS in MATLAB/SIMULINK

Dynamic modeling and simulation are necessary steps in analyzing the performance and behavior
of any system. To examine the dynamic performance of the proposed hybrid power system, with
a specific emphasis on power quality, voltage transients, and load impact, simulations are
conducted using MATLAB/Simulink. Simulating a hybrid power system in MATLAB involves
modeling key components like solar PV, generators, and batteries using Simulink and Simscape.
Load profiles and renewable resource data are input to simulate real-world conditions. At the same

time, control strategies manage the energy flow between renewable sources, conventional
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generators, and storage to ensure balanced power delivery. Reliability and stability are tested by
simulating different scenarios like load fluctuations and generator failures, and MATLAB’s
visualization tools track the system’s performance over time.

To simulate the entire system for stable output, MATLAB ensures that energy from renewable
sources and storage is optimally used to meet the load demand. The control algorithms balance
generation and consumption, maintaining stability even when renewable input fluctuates or
generators fail. By simulating the entire system under various conditions, the output is tested for
consistency, ensuring the system can reliably meet the power needs of remote stations.

During this modeling process, careful consideration is given to the AM 1.5 spectrum, which is also
known as Air Mass 1.5. It represents the average solar radiation reaching the earth’s surface under
standard conditions and accounts for the absorption and scattering of sunlight as it passes through
the earth’s atmosphere, providing a standardized reference for evaluating solar energy
technologies. By incorporating the AM 1.5 spectrum into the simulation, the dynamic behavior of
the hybrid power system can be accurately analyzed and optimized under realistic solar conditions.
Hence, the initial value for irradiance is set at approximately 1000 watts per square meter (W/m2),
reflecting standard solar radiation conditions. As for temperature, solar cell temperatures in the
simulation may range from around 25 °C to 60 °C, representing typical operating conditions under
sunlight exposure. The simulations cover a range of conditions tailored to the specific
characteristics of the selected natural gas control station under discussion. The Simulink blocks
used also incorporate the influence of real-time conditions, encompassing variations in solar
irradiance, temperature, fluctuations in connected load, etc. Figure 3.17 displays the entire
MATLAB/Simulink model, which is simulated to analyze the dynamic behavior of the proposed

HPS.
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Figure 3.17. Dynamic model of proposed HPS in MATLAB/Simulink.

Figure 3.18 demonstrates how changes in the temperature and solar GHI affect the output voltage
and current of the PV array, providing insight into the dynamic response of the PV component
within the proposed HPS. Initially, the solar GHI value is set at 1000 W/m2 in accordance with
the AM 1.5 spectrum, concurrently setting the temperature at 25 °C. This serves as the baseline
condition. Subsequently, the solar GHI value is reduced from 1000 W/m2 to 400 W/m2, indicating
a dip in GHI, and its impact on the PV output is observed. Likewise, the temperature gradually
increases from 25 °C to 55 °C to evaluate its effect on the PV voltage and current. It is worth
noting that higher temperatures typically lead to a decrease in voltage, while higher irradiance
levels result in a greater output voltage from the PV array.

Figure 3.19 illustrates that the primary focus is prioritizing power flow from the PV system to the
load, with any excess power being used to charge the battery bank. Initially, under a constant solar
GHI and temperature in the simulation, the battery bank charges. However, in instances of a
decreased solar GHI, the battery bank ceases charging and assumes a backup role, supplying power

to the load.
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Figure 3.18. (a) Variable solar GHI. (b) Variable temperature. (c,d) PV panel output voltage and
current due to varying input variables.
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When the PV system output falls short of meeting the load requirement, the natural gas genset is
used to supply the deficit, and any excess power is once again utilized to charge the battery bank.
A phase-lock loop (PLL) is used to synchronize the natural gas genset and solar PV system, and it
is sensitive to both frequency and phase. It operates as an electronic circuit incorporating a voltage
or voltage-driven oscillator, continuously adapting to align with the frequency of an input signal.
Hence, a stable three-phase output voltage and current are delivered to the connected load. Figure
3.20 shows the stable phase-to-ground voltage and current delivered to the connected load by the

designed HPS.

Voltage (V)

Phase 1| ]
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Figure 3.20. (a) Three-phase voltage (Vpeak) delivered to load. (b) Three-phase current
delivered to load.

3.6 Experimental Results and Discussion
The real-time validation of a proposed hybrid power system is crucial for ensuring its reliability
and efficiency in real-world applications. This validation process is facilitated by employing
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Hardware-in-the-Loop (HIL) testing, which integrates physical hardware components with
simulation models. OPAL-RT Technologies’ high-performance realtime OP5707XG simulator
plays a key role in this process by emulating real-world conditions and interactions. The
OP5707XG is a comprehensive simulation system that operates on Virtex-7 FPGA platforms. As
shown in Figure 3.21, it utilizes a combination of Intel processors to facilitate real-time
computation to handle extensive models. Additionally, an FPGA is employed to achieve an ultra-
fast loop time, enabling swift switching frequency in real-time simulations [34]. It enables closed-
loop testing by continuously exchanging data between the simulation model and the hardware
components, allowing engineers to evaluate the system’s performance under various operating
conditions and dynamic scenarios. Additionally, the simulator provides tools for fault injection,
real-time visualization, and data analysis, empowering engineers to validate the system’s designs
and implement appropriate control strategies for optimal performance and reliability. This process

confirms the robustness and proper functioning of the proposed system, as shown in Figure 3.8.

Oscilloscope

Figure 3.21. OPAL-RT real-time experimental setup.
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The experimental results obtained from OPAL-RT Technologies’ real-time OP5707XG simulator
are displayed in Figures 3.22 and 3.23, which involve testing and validating a Simulink model.
Running a Simulink model on OPAL-RT Technologies’ OP5707XG simulator allows for the real-
time validation of three-phase voltage and current waveforms. The results demonstrate the
designed system’s ability to maintain a stable three-phase power supply even amidst variations in
the input parameters, such as the solar global horizontal irradiance, temperature, and changes in
the output load. The stability exhibited by the system under diverse operating conditions
underscores its robustness and suitability for powering a critical infrastructure, ensuring
uninterrupted operation and reliability in energy supply. The results show that the load receives a
steady three-phase voltage and current, validating the system’s capability to supply reliable and

consistent power to the selected control station for a natural gas pipeline as a case study.

o
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Figure 3.22. OPAL-RT experimental result for three-phase output voltage delivered to load.
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Figure 3.23. OPAL-RT experimental result for three-phase output current delivered to load.

3.7 Conclusions

In conclusion, this research article presents a novel approach to address the energy needs of remote
natural gas pipeline control stations by designing and implementing a hybrid power system. This
study underscores the importance of innovative energy solutions in remote locations and highlights
the potential of hybrid power systems to provide a reliable and sustainable electricity supply for
critical infrastructure. The proposed hybrid power system primarily comprises photovoltaic panels,
a maximum power point tracking controller, a DC-AC inverter, a buck converter, a natural gas
generator, a battery bank, and an electrical load. The optimal design is obtained using the HOMER
Pro software, while the system’s dynamic modeling is performed in the MATLAB/Simulink
environment to evaluate its response. Subsequently, experimental validation is executed through

Hardware-in-the-Loop simulation utilizing the real-time OPAL-RT Technologies’ OP5707XG

simulator. The main conclusions are as follows:
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Given the abundant solar global horizontal irradiance resource in Pakistan, solar photovoltaic
systems play a predominant role in contributing to the hybrid power system’s electricity
supply. It addresses the unique energy demands of these facilities and underscores the
financial benefits while aligning with broader energy sustainability goals.

HOMER Pro performed a total of 892 simulations, and the designed optimal system features
a 79.2% renewable energy fraction, reducing the non-renewable fraction from the prior 100%
to only 20.8%, thereby addressing cost inefficiencies.

The designed hybrid power system provides a cost of energy of USD 0.234, presenting
noteworthy cost savings of USD 0.148 when compared to the current actual cost of energy,
which stands at USD 0.382. Likewise, with an annual operating cost of USD 63,253, the
system achieves significant savings of USD 87,321 compared to the current actual cost of
USD 150,574.

The dynamic modeling of an HPS coupled with experimental validation through Hardware-
in-the-Loop and OPAL-RT Technologies’ high-performance real-time OP5707XG simulator
substantiates the comprehensive performance of the proposed system. This validation
confirms the designed system’s capability to supply reliable and consistent power and affirms
the HPS’s capability to fully satisfy the energy demands of control stations in remote areas,
promising environmentally friendly and economical energy while contributing to the

enhanced sustainability of energy infrastructure.
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Abstract

Multilevel Inverters (MLI) are widely embraced in renewable energy applications such as
photovoltaic (PV) solar systems and wind due to their compatibility with distributed generation.
This article focuses on designing symmetrical cascaded H-Bridge Voltage Source Inverter (VSI)
topologies, with up to nine levels, using Sinusoidal Pulse Width Modulation (SPWM). A
comparison is made with a conventional two-level inverter under resistive and resistive-inductive
load conditions. The simulation of multilevel inverter topologies is performed in the
MATLAB/Simulink environment. As the number of voltage levels increases, the generated
waveform gradually approximates a sinusoidal shape, which leads to a reduction in Total
Harmonic Distortion (THD) and improved power quality. The experimental validation of the

designed multilevel inverter is conducted using Hardware-in-the-Loop (HIL) testing.
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4.1 Introduction

Fossil fuels have been the primary source of global energy demand for an extended duration.
Nonetheless, their fast depletion and environmentally detrimental characteristics have prompted
the emergence of renewable energy sources like wind, solar, biomass, and others. These renewable
alternatives have gained popularity as they offer both environmental benefits and a limitless
supply, making them a highly desirable solution. With a few exceptions, most existing renewable
energy technologies produce direct current (DC) electricity. Electrical energy generation through
photovoltaic technology has witnessed steady growth in the past few decades. Solar energy is the
renewable energy source experiencing a surge in adoption due to its numerous benefits, including
cleanliness, lack of pollution, lower maintenance cost, durability, and wide accessibility.
Nevertheless, our power usage primarily relies on an alternating current (AC) supply system, while
solar energy produces direct current (DC) output. Thus, to bridge this gap, a dependable conversion
mechanism becomes necessary [1]. Power electronic converters regulate power flow and transform
it into the appropriate DC or AC form as needed. Within solar photovoltaic (PV) systems, the
relatively low output voltage produced by PV panels is elevated to a higher level through the
implementation of a DC-DC boost converter. The elevated DC-link voltage is subsequently
directed to an inverter, which produces the necessary alternating current (AC) voltage with the
desired magnitude and frequency [2]. An inverter is an electronic device that converts DC power
into AC power at the required voltage and frequency level making use of appropriate switching
patterns and control strategy. A two-level inverter is a conventional power electronic device that
generates an output voltage or current at two different ( £ ) levels. In the past, a two-level
conventional inverter was used to provide an output that was almost square and had both lower-

and higher-order harmonics. Passive filters might be used to reduce these harmonics. However,
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because the required inductors and capacitors are expensive and huge, it is not desirable to employ
passive filters to remove the lower-order harmonics. This two-level conventional inverter has large
switching losses, runs at a high switching frequency, and is limited in terms of its rating for high
power and voltage applications. It also experiences significant stress, Electromagnetic interference
(EMI), and harmonic distortion. By employing a new architecture of multi-level inverter, these
issues can be solved.

In the evolving landscape of inverter development, the concept of multi-level inverter was initially
introduced in 1975 by R. H. Baker and L. H. Bannister [3]. It is possible to increase the power
rating of the inverter while lowering the device rating by adding a greater number of voltage levels.
A multi-level inverter generates a continuous sinusoidal waveform by utilizing multiple DC
voltage levels as its input. MLIs are becoming increasingly popular as an alternative to two-level
inverters due to their numerous benefits. These advantages encompass reduced harmonic
distortion, simplified filters, improved waveform capabilities resulting in sinusoidal outputs, and
decreased voltage stress (dv/dt) on switches. Owing to their ability to ensure exceptional power
quality, MLIs find extensive utility across diverse areas of electrical engineering. These areas
include but are not limited to high voltage DC transmission, renewable energy conversion,
distributed generation (DG) systems, uninterruptible power supplies, and more [4]. Multilevel
Inverters (MLIs) are divided into two categories: Current Source Inverters (CSI) and Voltage-
Source Inverters (VSI). Current source inverters can lead to a substantial fault current in case of a
short circuit within the circuit, potentially causing damage to other connected equipment. As a

result, multilevel voltage source inverters are favored due to their advantages [5].

4.2 System Overview

A photovoltaic system primarily consists of a PV array, DC-DC converter, and DC-AC inverter.
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A typical structure of a two-stage single-phase PV system is shown in Figure 4.1. A photovoltaic
(PV) panel operates by converting sunlight into electricity through the photovoltaic effect, which
encompasses the generation of electric current and voltage within a material upon sunlight
exposure. A PV panel consists of numerous solar cells that are interconnected in a particular

configuration to attain the targeted voltage and current output.

MPPT
| Controller
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A
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Converter Inverter Load
v
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Figure 4.1. Single phase two-stage PV system
4.3 Multilevel Inverter Topologies

There are 3 main topologies for conventional multilevel inverters which are diode clamped/neutral

point clamped (NPC), flying capacitor (FC), and cascade H-bridge (CHB) multilevel inverter as

Multilevel
Inverter

shown in Figure 4.2.

Separate DC Common
Source DC Source

Cascaded H Flying Diode
Bridge Capacitor Clamped

Inverter Inverter Inverter

Figure 4.2. Classification of Multilevel Inverter Topologies
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The NPC-MLI utilizes an array of diodes, with the quantity increasing as the desired output voltage
level rises, resulting in higher costs. Similarly, in the FC-MLI, a higher output voltage level
necessitates more storage capacitors. Conventional MLIs have found widespread use in various
applications for generating specific output voltage levels, typically up to five levels. However,
achieving a higher-level output voltage waveform entails an increase in the number of required
components. Furthermore, to achieve capacitor voltage balancing in diode clamped and FC-MLIs,
a sophisticated control algorithm is required [6].

The Cascaded H-Bridge Multi-Level Inverter (CHB-MLI) is the multilevel inverter topology that
involves connecting multiple H-bridge cells in series, each with isolated DC voltage sources. The
number of cascading cells required depends on the desired number of voltage levels or the
acceptable percentage of voltage Total Harmonic Distortion (THD). Among the three conventional
MLI types, the CHBMLI stands out with the fewest number of elements, resulting in lower overall
cost. However, a notable drawback of the CHB-MLI is the necessity to add a new voltage source

as the required level increases.

4.4 Cascaded H-Bridge Multilevel Inverter

Cascaded inverters utilize an isolated Direct Current (DC) source, which enables integration with
diverse nonconventional energy sources like PV cells and fuel cells. In comparison to other
multilevel inverter designs, they attain an equivalent number of voltage levels while utilizing a
minimal number of components. Clamping diodes or voltagebalancing capacitors are unnecessary
in cascaded inverters. Each level employs the same construction plan and packaging, facilitating
optimization. Furthermore, due to the utilization of soft-switching techniques, cascaded inverters
can significantly reduce switching losses and device stresses. A single H bridge inverter consisting

of four semiconductor switches is shown in Figure 4.3.
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Figure 4.3. Single Phase Two and Three Level H-Bridge Inverter

This specific cell, consisting of one H bridge can produce an output voltage of two and three levels
and is also known as a single-phase voltage source inverter. The cascaded H-bridge multilevel
inverter (CHB- MLI) is formed by connecting a series of 'n' H-bridges or single-phase full-bridge
inverters. Each of these H-bridge structures has its own distinct DC source. Cascaded Multilevel
Inverters (MLI) can be configured to operate in symmetrical or asymmetrical configurations. In a
symmetrical setup, the input DC source for each H-bridge has equal magnitude while in the case
of an asymmetrical setup, the magnitude of input DC sources for H-bridges used is unequal. In the
case of asymmetrical configuration, the input DC sources for H-bridges can be used either in 1:2
configuration or 1:3 configuration to generate different voltage levels and by combining different
voltage levels more output levels can be generated as compared to symmetrical configuration [7].
The primary drawback of an asymmetrical configuration is that it compromises the modularity of
the inverter, as the input DC sources have different magnitudes. Consequently, when the input DC
source rating for H-bridge is increased, the power rating of the control switches in H-bridge must
also be elevated. This necessitates several alterations in the design, which may not be appealing to

industries that prioritize mass-scale production.
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4.4.1 Symmetrical Cascaded H-Bridge MLI

In the symmetrical configuration of MLI, all the input DC sources have equal magnitude. The
inverter's output is the sum of each H-bridge's output voltage, interconnected in a cascading
arrangement. Hence, to generate an n-level output voltage from cascaded H-bridge VSI, the n-
number of H-bridges with separate DC sources are connected in a series manner as shown in Figure
4.4. All Voltage Source Inverters (VSIs) can generate voltage levels of 0, +Vdc, and -Vdc. Hence,
in a proportional relationship, if there are 'N,,' counts of bifurcated DC sources, the number of
levels in inverter output ‘N’ is given as
N, =2N, +1 @.1)

The expressions for number of switches ‘N;’, number of Direct Current (DC) sources ‘N’

required, output voltage of inverter ‘V,.;" and peak voltage ‘(Vous)max’ are given as

NS = (Nlev * 2) - 2 (4‘2)
N, =D (4.3)
2
Vow =Vist ¥ Vigs T Vigs +eoveene +V s 4.4)
(Vout )max = Vdv z k :er (I/dL ) (4’5)
k=1

As Symmetrical MLIs consist of multiple H-bridge inverters connected in a cascaded or series
configuration, each H-bridge is responsible for generating a portion of the output voltage, and by
combining the outputs of all the H-bridges, a high-quality symmetrical AC output voltage is
achieved. According to the above-given expressions, the circuit diagrams for five-level, seven-

level, and nine-level inverters are shown in Figure 4.4, Figure 4.5, and Figure 4.6 respectively.
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The selection of switches for a Multilevel Inverter (MLI) is a critical aspect of its design, and it
depends on several factors including the desired output voltage levels, the power rating of the
inverter, switching frequency, cost considerations, and the specific application requirements. The
most used switches for multilevel inverters are Metal Oxide-Semiconductor Field-Effect
Transistors (MOSFET) and Insulated Gate Bipolar Transistors (IGBT). Although an Insulated
Gate Bipolar Transistor (IGBT) offers a high-power rating and can handle high voltage stress, its
complex gate driver design renders it unsuitable for high-frequency operations. Conversely, a
MOSFET is well-suited for high-frequency operation but falls short in terms of power rating when
compared to an IGBT [8].

MOSFETs have bidirectional current conduction inherent to their design, while IGBTs require
anti-parallel diodes to allow current flow in the reverse direction. Compared to diodes, MOSFETs
exhibit lower conduction losses. Consequently, in a MOSFET-based configuration, the antiparallel
diode operates solely during dead-time to prevent shoot-through currents. In contrast, in an IGBT-
based system, the anti-parallel diode serves as the negative current path for the IGBT. Because of
this difference, an inverter based on MOSFETSs has a lower total conduction loss than one based
on IGBTs. Recent advancements in GaN devices and SiC transistors have broadened the selection
of transistors available for high voltage and high current applications. [9]. SiC and GaN MOSFETs
available in the market typically have voltage ratings of 1700V and 650V, respectively. While it's
feasible to increase the voltage rating by connecting multiple GaN MOSFETs and SiC in series,
this method leads to increased complexity, power loss, costs, and decreased reliability. Despite
GaN devices offering higher efficiency, the ability for higher switching frequencies and increased
power density, commercially available GaN MOSFETs currently have a limitation of 60A.

Consequently, using multiple switches in parallel becomes essential to accomplish a higher
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current-handling capability [10]. In this research article, a conventional 2-level is compared with
S-level, 7-level, and 9-level symmetrical cascaded H-bridge inverter topologies for both resistive
(R) loads and resistive-inductive (RL) loads. The analysis includes an examination of the Total

Harmonic Distortion (THD) of the output voltage obtained.

4.5 Control And Modulation System

The control and modulation system for inverters plays a pivotal role in ensuring efficient and
reliable operation. Different modulation techniques are used by the multilevel inverter to produce
the required sinusoidal output. To obtain a regulated inverter output voltage, modulation is the
process of adjusting the on and off time of inverter switches while keeping a constant input DC
voltage. The control circuitry diagram for the multilevel inverters is shown in Figure 4.7.

LY
)

DC Source [- ' | -
lVoItage sensing
PWM signals ~ IGBTs Voltage
PWM i
'y Gate Driver Detector

L9
Figure 4.7. Control circuit block diagram of the MLI.

To obtain the desired output voltage level, a proper switching sequence is required which will
switch on specific switches for a specific interval to achieve the desired voltage level. Besides the
switching sequence, the pulse generator parameters for switches, which define the delay and pulse
width for each switch are another important aspect of achieving the desired voltage level [11].

To obtain switching sequence and pulse generator parameters, various techniques are used. Pulse
width modulation (PWM) is the most often utilized modulation technology for inverters. This

method requires comparing the carrier signal and reference waveform. Sinusoidal Pulse Width
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Modulation (SPWM) is extensively used for its numerous advantages, such as ease of
understanding, straightforward implementation, lower switching losses, and reduced harmonic
content in the output. In SPWM, two primary signals are utilized: the modulating signal and the
carrier signal. Since the modulating signal is typically a pure sinusoidal waveform, it allows for
the application of techniques like selective harmonic injection, dead band, and others to further
enhance the performance [12].

mf = L (4.6)

f modulation
Where fearmier 1s carrier wave frequency and fmodulation 1S the frequency of modulation wave.

In this technique, the modulating wave and the carrier wave are compared using a relational
operator. This comparison creates a gating signal known as the parent signal. This general
approach makes it possible to get the needed pulse. The working of the PWM modulation

technique is shown in Figure 4.8.
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Figure 4.8. PWM Technique (a) Comparison of carrier signal and reference signal (b) Generated
modulated signal.
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At each instant in time, the instantaneous value of the reference sinusoidal signal is compared to
the value of the carrier signal. The width (duration) of the pulses in the carrier signal is modulated
based on the comparison between the carrier signal and the reference sinusoidal signal. When the
instantaneous value of the carrier signal is higher than the reference value, the pulse is turned on.

When the carrier signal value is lower, the pulse is turned off.

4.6 Simulation Results and Analysis

To affirm the theoretical analysis, all inverter configurations under discussion, coupled with
SPWM control technique, are simulated using MATLAB/Simulink, validating the operational
effectiveness of various multilevel inverters. Simulation studies are carried out using IGBT
switches-based multilevel inverters to analyze the effect on the efficiency of inverters. The four
inverter topologies including conventional TLI, 5-level, 7-level, and 9-level symmetric CHB MLIs
are simulated with the same resistive (R) and resistive inductive (RL) load conditions to judge the
performance of the inverter using THD analysis. Total Harmonic Distortion (THD) quantifies the
level of distortion present in an electrical parameter, such as voltage or current, in relation to the
ideal, desired output. It reflects the presence of different frequency components within the voltage
or current waveform. Figure 4.9, Figure 4.10, Figure 4.11, and Figure 4.12 present simulation
results for conventional TLI, 5-level, 7-level, and 9-level symmetrical CHB MLI respectively.

In their research, Mehlmann et al. [13] introduced a mathematical equation for theoretically
computing voltage Total Harmonic Distortion (THD) without the requirement of complex Fourier
Analysis. The resulting % THD value is presented by equation (10)

%IHD = — 4.7)

\/g(Nlev - l)mz
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Table 4.1 summarizes the simulation results of % THD for four inverter topologies being

examined.

Table 4.1. % THD analysis of Conventional TLI and CHB MLI

Parameter Conventional 2-level 5-level 7-level 9-level
inverter inverter inverter inverter
‘R’ load 37.38 27.92 21.59 17.75
‘RL’ load 47.85 29.04 21.67 18.21

It can be analyzed from the above-given table that the influence of resistive loads and resistive-
inductive (RL) loads on inverter THD levels varies notably. Inverters linked to purely resistive
loads usually display reduced THD because they avoid introducing phase shifts between voltage
and current, thereby minimizing harmonic distortion. Conversely, RL loads, featuring an inductive
element, tend to elevate THD levels due to the phase disparities between voltage and current.
Ensuring the effective operation of inverters in practical applications when dealing with RL loads
necessitates careful design and sizing, as well as the incorporation of filters or advanced control

techniques to counteract THD effects.

mental (50Hz) = 125.4, THD= 37.38% F t2)= 1211, THD= 47.85%
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Figure 4.9. Simulation results for 2-level inverter (a) 2-level output voltage (b) % THD analysis
for resistive load (c) % THD analysis for resistive inductive load.
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Figure 4.10. Simulation results for 5-level inverter (a) 5-level output voltage (b) % THD analysis
for resistive load (c) % THD analysis for resistive inductive load.
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Figure 4.11. Simulation results for 7-level inverter (a) 7-level output voltage (b) % THD analysis
for resistive load (c) % THD analysis for resistive inductive load.
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Figure 4.12. Simulation results for 9-level inverter (a) 9-level output voltage (b) % THD analysis
for resistive load (c) % THD analysis for resistive inductive load.

It is evident that as the number of levels in MLI output voltage increases, THD decreases. Hence,
MLIs outperform conventional inverters by delivering stepped voltage waveforms that mimic

sinusoidal shapes, resulting in lower harmonic distortion and better voltage regulation. Their
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capacity to generate higher output voltages, coupled with reduced switching losses and improved
efficiency, proves advantageous for applications requiring stable power supply and efficient

energy conversion.

4.7 Experimental Validation

To confirm the simulation results, real-time validation of a 9-level CHB inverter is performed.
This validation utilizes Hardware-in-the-Loop (HIL) testing, which involves integration of
MATLAB Simulink models with physical hardware. The process relies on OPAL-RT
Technologies’ OP5707XG simulator, operating on Virtex-7 FPGA platforms. In this system, as
depicted in Figure 4.13, real-time computation is handled by Intel processors, while an FPGA
ensures ultra-fast loop time, facilitating rapid switching frequency in simulations. This setup
facilitates experimental testing through a continuous exchange of data between the simulation

model and hardware components. [14].

| OPAL
Host PC f o OP5

Figure 4.13.0PAL-RT Real-Time Experimental Setup
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The experimental outcomes derived from OPAL-RT Technologies’ real-time OP5707XG

simulator are showcased in Figure 4.14.

______________________________________________________________________________________________________

[20ms / div]

Figure 4.14. 9-level output voltage experimental result obtained from HIL

A steady output voltage of 400 volts from the 9-level inverter demonstrates its effectiveness in
converting DC input into AC power at the desired level. This highlights its applicability in sectors
requiring precise voltage control, like renewable energy, motor drives, and power grids.
Furthermore, maintaining a consistent 400-volt output reflects the efficacy of the inverter's control
algorithms, ensuring smooth operation and accurate voltage regulation across different loads,

thereby boosting system performance and reliability.

4.8 Conclusion

In conclusion, this article has presented a comprehensive comparison of the design and analysis of
a conventional two-level inverter with voltage source CHB MLIs up to nine levels. The
investigation into multilevel inverter topologies highlighted their significance in addressing
challenges associated with harmonic distortion, voltage quality, and energy efficiency. Through

simulation studies and performance evaluations conducted based on THD using Fast Fourier
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Transform (FFT) in MATLAB/Simulink, the viability and advantages of the multilevel inverter
were established. Additionally, the experimental validation of nine-level CHB-MLI is performed
using HIL and OPAL-RT real-time OP5707XG simulator. The results highlight the capability of
Multilevel Inverters (MLI) to improve power conversion across a range of applications, including

photovoltaic (PV) systems, renewable energy integration, and grid-connected systems.
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Abstract

A pipeline network is the most efficient and rapid way to transmit natural gas from source to
destination. The smooth operation of natural gas pipeline control stations depends on electrical
equipment such as data loggers, control systems, surveillance, and communication devices.
Besides having a reliable and consistent power source, such control stations must also have cost-
effective and intelligent monitoring and control systems. Distributed processes are monitored and
controlled using supervisory control and data acquisition (SCADA) technology. This paper
presents an Internet of Things (IoT)-based, open-source SCADA architecture designed to monitor
a Hybrid Power System (HPS) at a remote natural gas pipeline control station, addressing the
limitations of existing proprietary and non-configurable SCADA architectures. The proposed
system comprises voltage and current sensors acting as Field Instrumentation Devices for required
data collection, an ESP32-WROOM-32E microcontroller that functions as the Remote Terminal
Unit (RTU) for processing sensor data, a Blynk IoT-based cloud server functioning as the Master
Terminal Unit (MTU) for historical data storage and human—machine interactions (HMI), and a
GSM SIM800L module and a local WiFi router for data communication between the RTU and
MTU. Considering the remote locations of such control stations and the potential lack of 3G, 4G,
or Wi-Fi networks, two configurations that use the GSM SIM800OL and a local Wi-Fi router are
proposed for hardware integration. The proposed system exhibited a low power consumption of
3.9 W and incurred an overall cost of 40.1 CAD, making it an extremely cost-effective solution

for remote natural gas pipeline control stations.
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5.1 Introduction

Global energy demand and consumption have increased in the current era, resulting in a
widespread reliance on fossil fuels that are detrimental to humanity and the environment. This
situation, combined with the growing and impending shortage of fossil fuels, has prompted the
scientific community to seek alternative electricity generation methods through renewable energy
sources [1]. Recently, there has been a substantial increase in the development and adoption of
renewable energy sources (RESs). As energy specialists endeavor to utilize environmentally
friendly and sustainable energy for society’s benefit, renewable energy sources are progressively
being incorporated into existing power networks. Notably, solar energy and wind energy have
received significant attention [2,3].

Over time, Pakistan has increasingly depended on natural gas as its main energy source. Natural
gas fulfills a substantial portion of Pakistan’s energy needs, making it a major contributor to
electric power generation. Because of the difficulties associated with storing natural gas, it must
be quickly transmitted to its ultimate destination after being extracted from the gas wells. High-
pressure natural gas pipelines are operated and maintained by several control stations. However,
their dispersed strategic locations, particularly in remote areas, present operational hurdles due to
challenges such as unreliable electricity supply and logistical constraints. Additionally, the
efficient operation of these control stations relies on various electrically powered devices installed
within them [4]. Therefore, an uninterrupted and reliable power supply and a monitoring system
for such control stations have become necessary.

As renewable energy sources such as solar and wind are subject to intermittent conditions dictated
by the environment, traditional energy generation methods are combined with renewable power

sources to form a Hybrid Power System (HPS). Hybrid power systems typically require energy
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storage systems to maintain stability in system operations and power supply. These storage
systems play a crucial role in mitigating fluctuations in energy output, ensuring frequency
regulation and facilitating load balancing, among other essential roles. Hybrid power systems
typically combine conventional energy sources such as fossil fuels with one or more renewable
sources such as wind and solar, alongside energy storage systems, power electronic converters
such as inverters, and additional power system devices such as communication systems. These
systems are often deployed across expansive geographical regions, including different situations,
such as offshore locations and wetlands. Given their distributed nature, interconnecting these
systems for power generation and supply poses several challenges. These include addressing
power quality, controlling frequency, managing voltage tolerances, synchronizing the grid,
facilitating data exchange and communication between components, and ensuring safety and
security protocols [5]. Hence, modern systems must incorporate advanced digital and high-tech
equipment that enable bidirectional communication between the supply and demand sides. They
offer features such as real-time monitoring, communication, and control between generation and
demand, which lowers energy consumption, improves efficiency, and enhances system resilience.
This results in secure, adaptable, and intelligent operation [6].

To address these challenges and maintain smooth power system operations, a range of sensors,
microprocessors, microcontrollers, pumps, actuators, valves, and other devices are typically
interconnected throughout the entire HPS. They gather crucial data such as voltage, current,
temperature, pressure, etc., enabling live monitoring and remote coordinated control. Supervisory
Control and Data Acquisition (SCADA) serves as the ideal solution for these tasks. SCADA
systems are the foundation of industrial automation. The automation pyramid, or automation

hierarchy, is a conceptual model that organizes industrial automation systems into different levels,
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from the physical devices on the plant floor to higher-level management systems. At the lower
levels of the automation pyramid, SCADA is responsible for monitoring, controlling, and
coordinating operations across all industrial devices. At the higher levels, SCADA serves as an
interface for human supervision and Manufacturing Execution Systems (MES), facilitating
decision making and the management of industrial processes [7].

SCADA is a widely recognized and proven technology used in various systems for remote
monitoring, offering control and oversight capabilities for distant devices [8]. A SCADA system
comprises of two parts: a hardware part for data collection, communication, operation, and control,
and a software part for data storage, visualization, data processing, optimization, and alert
management. A master terminal unit (MTU), remote terminal units (RTUs), and field
instrumentation devices (FIDs) make up a SCADA system’s hardware. An RTU is a
microcontroller or programmable logic controller (PLC) that connects to FIDs such as sensors,
transmitters, pumps, etc. RTUs and MTU exchange data over a communication network using a
designated protocol. The MTU acts as the central unit of the SCADA system, processing data and
displaying it on the human—machine interface (HMI) for the operator to easily monitor and operate.
The HMI, which is a software component of SCADA, is a valuable feature that provides users or
operators with an informative display for plant monitoring. Developers often utilize SCADA
software that includes HMI design tools to build the SCADA user interface because of its
convenience and rapid development capabilities [9].

Over the last three decades, SCADA technology has advanced to monitor and control distributed
processes. Before SCADA, plant personnel used push buttons and selector switches for monitoring
and controlling industrial processes, requiring many on-site workers. As industrial operations

expanded and sites got increasingly remote, timers and relays were introduced to aid in supervision
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and control, reducing the need for on-site personnel. Although timers and relays offered a
reasonable level of automation, significant resources were still needed for management. To address
the demand for greater process automation and the limitations of earlier monitoring and control
systems, the first generation of SCADA systems, known as Monolithic SCADA, was developed
in the 1970s as standalone units. The second generation, called Distributed SCADA, emerged in
the 1980s and 1990s due to the development of Local Area Networks (LAN) and HMI software,
along with advancements and miniaturization in computer systems. However, most
communications then were proprietary, restricting access to third-party suppliers of a particular
SCADA system [10]. Wide-area network (WAN) connectivity increased as SCADA systems
adopted open-source architectures and non-proprietary communication protocols in the 1990s and
2000s. This resulted in the third generation, known as Networked SCADA. However, rapid
advancements in computer technologies soon made these systems outdated. SCADA
manufacturers responded by developing the fourth generation, known as IoT SCADA, which
integrates classic SCADA with cloud services to improve monitoring and control. This enables
real-time access to plant information from anywhere, across multiple platforms. The IoT concept
involves connecting physical objects with sensors, embedded electronics, software, and
networking to allow devices and operators to exchange data over a shared platform or the internet
[11,12].

There are two methods for transitioning to an loT-based SCADA system. The first method includes
designing a new SCADA system from scratch using loT or cloud technology. The second approach
focuses on transitioning the current SCADA system to the cloud or integrating it with IoT-
compatible components [13]. Despite the IoT technology having been available for some time,

experts are still unable to agree on a common IoT architecture. Various scholars have suggested
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distinct architectural designs, with the three-layer and five-layer models being the most common,
as discussed extensively in [14]. Regardless of which architecture is implemented, reliable
communication is crucial in [oT-based systems due to the widespread distribution of IoT devices.
IoT technologies typically utilize the four layers of the basic TCP/IP model [15].

Research indicates that key design factors for IoT-based real-time applications such as SCADA
include message encoding formats, communication protocols, and the chosen web-based or IoT
platform. The TCP/IP model provides a framework for communication over the internet, with each
layer performing specific tasks to ensure data is transmitted efficiently and accurately from one
device to another. It comprises four layers, namely the Network Interface Layer, the Internet Layer,
the Transport Layer, and the Application Layer. Consequently, selecting the appropriate protocol
at each layer of the IoT protocol stack is crucial for a specific application. For instance, in the
Application Layer, choices include MQTT, HTTP, and CoAP, while suitable protocols must also

be chosen for the Internet, Transport, and Network Access Layer [16].

5.2 Literature Review

The site selection process is integral to designing a hybrid power system, playing a pivotal role in
determining its performance and effectiveness. Key considerations include assessing the readiness
of renewable resources, for instance, solar irradiation, wind speed, and hydro potential.
Understanding the site-specific load profile is essential for appropriately sizing and configuring
system components to meet energy demand. Environmental factors, including terrain, climate
conditions, and regulatory requirements, also influence system design. Economic viability hinges
on factors such as installation costs, potential energy savings, and payback periods, all of which

are influenced by site selection. Ultimately, a well-chosen site maximizes energy generation
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potential while minimizing environmental impact and operational costs, laying a strong foundation
for the hybrid power system’s success [17].

Research communities worldwide have significantly developed and enhanced SCADA systems
for various applications. Sufficient research has been done to tackle the high costs and
compatibility challenges of commercial SCADA systems by creating a range of open-source
SCADA solutions that offer varying functionalities and price points.

A comprehensive literature survey reveals that SCADA systems are widely employed across
various applications and sectors. In the industrial sector, SCADA systems are extensively used for
monitoring and controlling manufacturing processes, ensuring efficiency and safety. The adoption
of SCADA in these diverse applications highlights its versatility and critical importance in
ensuring operational excellence and safety. Table 5.1 provides a brief overview of how SCADA
systems are utilized across different applications and sectors.

Table 5.1. Overview of SCADA System Applications

Reference  Design Parameter

[5] Design of low-cost SCADA system for distributed assets

[9] Monitoring of Plant Leaf Temperature and Air and Soil Parameters

[18] Monitoring and control of solar-powered water pumping system

[19] Lightning damage detection on wind turbine blade

[20] Remote control and monitoring of grid-connected inverters

[21] Monitoring and control of reverse osmosis desalination system

[22] Remote monitoring of PV system

[23] Monitoring of HPS for Renewable Energy Laboratory

[24] Secure cloud monitoring and control of high-power machines

[25] A low-cost remote monitoring system for PV system

[26] Local data logging and monitoring of the PV system for industrial plant
[27] Monitoring and control of hybrid power systems

[28] Remote control of motors and sensors deployed for oil and gas facilities
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[29] Monitoring of hybrid renewable systems in offshore and remote areas

[30] Configuration and reconfiguration of an autonomous assembly system

[31] Monitoring of power consumption using Fog computing

[32] Vulnerability analysis of SCADA systems and security measures for a standard
wastewater treatment plant.

[33] A traffic control system

[34] Detection of antenna and microphone problems in the telecommunication sector

[35] Monitoring and control of renewable energy systems

A substantial amount of literature has been reviewed throughout this study, with pertinent findings
summarized in the preceding section of this article. It has been noted that IoT-based remote
monitoring and control systems have targeted a range of sectors and applications. These include
electric power plants [5,12], plant monitoring [9,29], industrial applications [30], electric power
distribution [23,31], education [24], wastewater treatment [32], traffic control [33],
telecommunications [34], oil production [28], and so on.

As natural gas pipeline control stations are strategically placed in remote areas that often lack a
reliable and consistent power supply, resulting in power generation through conventional fossil
fuels or the internal use of natural gas. To conserve the depleting natural gas resource, minimizing
or eliminating its internal use for power generation is essential, which can be achieved through
using renewable energy sources. Therefore, a hybrid power system along with a cost-effective and
efficient SCADA system 1is essential to ensure efficiency and safety. The SCADA system will
collect data and remotely monitor and coordinate control from various field instrument devices
spread across different locations, ensuring the optimal operation of these remote stations with a
reliable power supply. To the best of the author’s knowledge and based on the reviewed literature,
there are currently no SCADA systems specifically designed for hybrid power monitoring at

remote natural gas pipeline control stations that minimize internal natural gas consumption for
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enhanced efficiency, use both GSM and Wi-Fi communication, are low-cost and power-efficient,

and utilize IoT-based open-source platforms instead of proprietary vendor-specific network

protocols. These facts inspired us to create an loT-based SCADA system for such control stations.

It is important to note that the research presented in this paper builds upon our previous work

published in [4]. Our primary goals were to design a cost-effective solution for remote natural gas

pipeline control stations that facilitates fast and easy development while being capable of

measuring various parameters. Table 5.2 compares the proposed SCADA system with some prior

research, emphasizing its distinct features and capabilities that are not present in other systems.

Table 5.2. Comparison of SCADA systems

SCADA System Features
Ref. SCADA Open GSM Wi-Fi Micro- Protocol  Total Cost
Platform Source Controller ()
[9] Haiwell IoT X X v Raspberry Pi TCP 200
Cloud Zero
[18] Node-RED v v X Arduino Uno MQTT Not
Mentioned
[21] Node-RED v X v Arduino Firmata Not
Mentioned
[22] Node-RED v X v ESP32-E MQTT 94.5
[26] Emoncms v X Serial port Arduino Mega  MQTT 761.72
Comm. 2586
[27] Node-Red v X v Arduino Firmata 93
Mega2560
[28] Node-Red v X v Arduino Uno HTTP Not
Arduino Mega  Firmata Mentioned
[29] Raspberry Pi v X UART+  Arduino Uno  TCP/IP Not
(Raspbian WiFi Arduino Mega Mentioned
0S)

114



[35] Wonderware v X v Arduino Not Not

Intouch + Mega2560 Mentione Mentioned
ThingSpeak d
Proposed Blynk v v v ESP32-E HTTP 40.1
SCADA TCP/IP

This research introduces a cost-effective, energy-efficient, open-source SCADA system utilizing
the latest loT-based SCADA architecture. This proposed design integrates web services with
traditional SCADA for enhanced supervisory control and monitoring. The proposed SCADA
system employs robust, widely accessible components to perform the four fundamental functions
of a commercial SCADA system: remote monitoring, data collection and presentation, networked
data transmission, and supervisory control [12]. This study aims to design a SCADA system

featuring the following elements:

The proposed system is a cost-effective SCADA solution with a user-friendly HMI interface
that can be accessed remotely, uses minimal power, and incorporates the most recent loT
architecture.

o The proposed system's scalability is enhanced by using Blynk, an open-source platform, along
with commercially available components. This approach allows flexibility in selecting
communication channels and the number of sensors.

e The proposed system's configuration is set up on a local host using the Blynk visual
programming language, which is accessible via a web browser for convenient control.

e Web-based system offers intuitive dashboards and robust data analytics capabilities for live
monitoring and control.

o Considering the remote locations of natural gas pipeline control stations and the potential lack

of access to 3G, 4G, or Wi-Fi networks, the proposed SCADA system is designed and tested
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using both GSM and Wi-Fi modules for communication. This approach enhances the system's

adaptability, enabling users to remotely check the system status.

5.3 System Description

The proposed SCADA system, intended to be both cost-effective and open-source, employs the
IoT SCADA architecture, recognized as the latest development in SCADA technology. SCADA
enables the real-time exchange of data among central control and field devices associated with
distributed operations.

Given the remote locations of natural gas pipeline control stations and the potential lack of access
to 3G, 4G, or Wi-Fi networks, two configurations are considered for integrating the hardware
components. In the first configuration, Field Instrumentation Devices (FIDs), such as voltage and
current sensors used to measure various site parameters, interface with a Remote Terminal Unit
(RTU). An ESP32 microcontroller serves as the RTU and is responsible for receiving, processing,
and transmitting data collected from the FIDs. Considering the unavailability of 3G, 4G, or Wi-Fi
networks in this configuration due to the remote location of natural gas pipeline control stations,
the data collected by the ESP32 microcontroller in this configuration is transmitted to the Master
Terminal Unit (MTU) via a GSM SIM800L module. The MTU plays a pivotal role in data
acquisition, programming, visualization, and storage. In this configuration, the MTU is Blynk, a
versatile software suite that facilitates the prototyping, deployment, and remote management of
connected electronic devices at any scale. Blynk allows users to connect their hardware to the
cloud and develop mobile and web applications for remote control. It provides real-time and
historical data analysis capabilities, remote device control, alerts, and more. Blynk features an
intuitive drag-and-drop interface for constructing custom dashboards and interfaces without

necessitating coding skills, supporting a wide range of microcontrollers and single-board
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computers [36]. A mobile device can be used as an HMI to monitor and analyze real-time data via
TCP/IP communication protocol in this configuration.
In the second configuration, assuming the availability of 3G, 4G, or Wi-Fi networks, data collected
by the ESP32 are transmitted via its integrated Wi-Fi module to the Master Terminal Unit (MTU).
The MTU can be categorized into hardware and software components in this configuration. A
DELL laptop (11th Generation Intel(R) Core(TM) 15) serves as the primary hardware for the MTU.
As for the software component, the system utilizes Windows 10 Pro as an operating system
alongside Blynk, an IoT-based platform. Communication between the RTU and MTU in this
configuration is facilitated through the HTTP protocol. Figure 5.1 illustrates the configuration of
the proposed SCADA system.
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Figure 5.1. Proposed SCADA system schematic diagram.
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5.3.1 Components of the Designed SCADA System

This research article section provides a brief overview of the cost-effective hardware components
and software utilized to implement the proposed SCADA system architecture. The hardware
components include voltage and current sensors to acquire site parameters; the versatile ESP32
microcontroller, which functions as an RTU for collecting, processing and transmitting FIDs data;
an LCD; an SIMS80OOL GSM module, which provides GSM functionality to the ESP32
microcontroller when 3G, 4G, or Wi-Fi networks are unavailable; the LM2596 voltage regulator,
which serves as a buck converter to step down voltage; and a 5 V single-channel relay. The
software components feature Blynk, an IoT-based platform that functions as an MTU and is
employed to develop a user interface that can be accessed locally for the proposed SCADA system.
The suggested SCADA system employs current and voltage sensors as FIDs to collect the
necessary site data. The system utilizes ACS 712 Hall Effect Current Sensors and ZMPT101B
Voltage Sensor as the analog sensors. The analog sensors operate at a signal voltage (VCC) of 5V,
while the ESP32-WROOM-32E microcontroller operates between 0 V and 3.3 V. Due to the
voltage difference, the current sensor cannot be connected directly to the ESP32-WROOM-32E’s
analog-to-digital converter (ADC) pins. To ensure compatibility, level shifting is achieved through
a step-down resistor configuration, aligning the sensor’s output with the 3.3 V input requirement
of the ESP32-WROOM-32E, thus preserving measurement accuracy. The characteristics and
usage of these sensors in this system are outlined below.
e Hall Effect Current Sensor (ACS 712): The ACS 712 Hall Effect Current Sensor,
designed and manufactured by Allegro MicroSystems in Manchester, NH, USA, is a cost-
effective, fully integrated linear current sensor IC utilizing Hall Effect technology. It

features 2.1 KVRMS isolation and offers a current path with minimal resistance. Operating
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with a low-noise analog signal pathway and powered by a 5V single supply, it offers an
output sensitivity ranging from 66 to 185 mV/A with minimal magnetic hysteresis. In
operation, the sensor detects the magnetic field generated by current flowing through its
copper conductor, converting this field into a corresponding output voltage [37].

The ACS712 sensor comes in three different models, optimized for various current
measurement ranges £5 A, £20 A, and £30 A. For our research, we utilized the ACS712
current sensors rated at £30 A to monitor the current in our designed PV system. This
module outputs 2.5V when there is 0A current and 5V when there is 30A current. For the
physical connections, a voltage divider circuit is used to adapt the 5V signal required by
the Current Sensor to the 3.3V signal level supported by the pins of ESP32 microcontroller.
Figure 5.2 illustrates the setup with step-down resistors connecting the sensor to the ESP32,

and Equation (1) defines the formula for voltage division.

ACS 712
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Figure 5.2. ESP32 voltage divider connection.
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Vispsr = R+R, ><VCC(ACS712) (5.1)
|

Voltage Sensor (ZMPT101B): The Voltage Sensor ZMPT101B is a widely used module
for measuring AC voltage, ideal for applications in power monitoring and energy
management. It features a high-precision voltage transformer with a voltage ratio of 1:1
and an operational amplifier circuit, enabling accurate voltage measurements by
amplifying the signal for analog-to-digital conversion [38].

The sensor provides electrical isolation between the high-voltage AC side and the low-
voltage DC side, ensuring safety and protecting microcontrollers from voltage spikes. The
Voltage Sensor ZMPT101B provides an output signal ranging from 0-5V analog, operates
within a voltage range of DC 5V-30V, and is capable of measuring up to 250V AC. It has
a rated input current of 2mA and dimensions of 49.5mm in length and 19.4mm in width.
The sensor functions effectively within an operating temperature range of -40°C to +70°C
[39]. While the module is specifically designed for AC voltage and requires calibration for
precise readings, its integration in microcontroller-based systems makes it suitable for
smart meters, home automation, and industrial automation applications. Figure 5.3 shows

the internal schematic diagram of ZMPT101B voltage sensor.
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Figure 5.3. Internal schematic diagram of ZMPT101B voltage sensor.

ESP32-WROOM-32E Microcontroller (RTU): The ESP32 series includes a range of
microcontroller models such as ESP32-WROOM and ESP32-WROVER, developed by
Espressif Systems. ESP32-WROOM-32E is a versatile and powerful microcontroller
module from Espressif Systems, ideal for IoT applications featuring integrated Wi-Fi and
Bluetooth capabilities [40]. The ESP32-WROOM-32E is a specific module within the
ESP32 series, containing the ESP32-DOWD-V3 chip. It is designed for a wide range of
applications, providing robust performance with its dual-core processor, integrated Wi-Fi,
and Bluetooth. It features a dual-core Tensilica LX6 processor running up to 240 MHz, 520
KB of SRAM, 4 MB of flash memory, and supports both 2.4 GHz and 5 GHz Wi-Fi as well
as Bluetooth v4.2.

The ESP32-WROOM-32E features numerous input and output pins, along with ample
processing power, allowing it to handle additional sensors and energy equipment. With 34
programmable GPIO pins, 18 ADC channels, 2 DAC channels, and numerous peripheral
interfaces (SD card, SPI, 12C, UART, 12S, CAN, SDIO, GPIO, IR), it offers extensive
connectivity options. Operating at 3.3 V, it boasts low power consumption, with deep sleep

mode drawing only 10 pA. Security features include hardware encryption, secure boot, and
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flash encryption. The module also includes a real-time clock, touch sensors, and built-in
hall and temperature sensors, making it suitable for smart home devices, industrial
automation, and wireless sensor networks. It can be programmed using various
environments, such as Arduino IDE and ESP-IDF, supporting multiple languages, such as

C and Python [41]. Figure 5.4 illustrates the pin layout of the ESP32 module with the

ESP32-WROOM-32 chip.
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Figure 5.4. Pin layout of ESP32 module with the ESP32-WROOM-32 chip.

e GSM SIMS800L Module: GSM, or Global System for Mobile Communications, is a
widely adopted standard for 2G digital cellular networks, developed by the European
Telecommunications Standards Institute (ETSI) in 1989. It employs digital transmission
for voice and data services, enhancing call quality and enabling features such as SMS and
internet access. Operating in various frequency bands (900 MHz and 1800 MHz in Europe,
850 MHz and 1900 MHz in North America), GSM uses SIM cards for user identification

and facilitates easy switching between devices.
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The SIM800OL module is a compact and versatile GSM/GPRS module designed for
embedded applications, enabling devices to connect to GSM networks for voice, SMS, and
data services. It supports quad-band frequencies (850/900/1800/1900 MHz), ensuring
global usability. Measuring about 25 mm x 23 mm, it is easy to integrate into various
projects [42]. The module requires a 3.4 V to 4.4 V power supply and features low power
consumption, typically drawing 1.1 mA in sleep mode. The SIM80OL module functions
within a temperature range of —40 to +85 °C and includes a microSIM card socket, UART
interface, and IPX antenna connector. When powered, the module automatically searches
for and connects to cellular networks, with an onboard LED indicating connection status.
With features such as auto baud rate detection, power-saving mode, and an integrated LDO
voltage regulator, the SIM8OOL supports GPRS multi-slot class 12/10, CS-1, CS-2, CS-3,
and CS-4 coding schemes, and offers a maximum data rate of 85.6 kbps for uploading and
downloading. These specifications make the SIM80OL ideal for IoT applications, remote
monitoring, and GSM-based communication projects due to its affordability and reliability
[43].

LM2596 Buck Converter: The LM2596 is a versatile and efficient step-down (buck)
voltage regulator designed by Texas Instruments, ideal for converting a higher DC input
voltage (4.5V to 40V) to a lower DC output voltage, adjustable between 1.23V and 37V. It
can deliver up to 3A of continuous output current with high efficiency, typically around 80-
90%, minimizing heat generation and power loss. Operating at a fixed switching frequency
of 150 kHz, the LM2596 includes built-in thermal shutdown and current limit protection,
ensuring reliable performance. With a low standby current, it enhances efficiency during

idle periods. Due to its robust design and protective features, this regulator is widely used
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in power supplies for electronic devices, battery chargers, distributed power systems,
automotive, and industrial applications [44].

In our proposed system, the LM2596 effectively lowers the higher DC voltage generated
by PV panels to a steady lower voltage, necessary for charging batteries or operating
devices. By fine-tuning the output voltage to meet the needs of the charge controller and
connected loads, the LM2596 improves the overall efficiency and dependability of the PV
system. Its adjustable output voltage and current limits provide versatility in system setup
and enhancement. In essence, the LM2596 buck converter is pivotal in ensuring the
effectiveness and longevity of PV systems by efficiently managing voltage from solar
panels.

Liquid Crystal Display (LCD): Liquid Crystal Display (LCD) is a flat-panel display
technology that utilizes liquid crystals sandwiched between polarized glass layers to create
images or text. It operates using two main types: Passive Matrix LCDs, which are cost-
effective with simpler electrode patterns but have slower response times and limited
viewing angles, and Active Matrix LCDs (TFT-LCDs), featuring thin-film transistors
(TFTs) per pixel for faster response times, better image quality, and wider viewing angles.
Operating typically between 4.7V to 5.3V, LCDs have a low current consumption of about
ImA without backlight. They are commonly used in alphanumeric modules capable of
displaying letters and numbers, with typical configurations featuring two rows of 16
characters each. Each character is composed of a 5x8 pixel matrix. LCDs can operate in
both 8-bit and 4-bit modes, allowing flexible interfacing with microcontrollers.

Additionally, they support custom character generation and are available with green and
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blue backlight options, making them versatile for various applications in consumer
electronics and industrial devices [45].

5V Single Channel Relay: A 5V single-channel relay is an electromechanical switch
triggered by a 5V DC signal, compatible with microcontrollers and digital circuits. It can
handle loads up to 10A at 250V AC or 30V DC, making it ideal for controlling high-power
devices in home automation, industrial systems, automotive electronics, and DIY projects.
The relay features normally open (NO) and normally closed (NC) contacts, providing
flexible switching options. It offers electrical isolation between the low-voltage control and
high-voltage load circuits, enhancing safety and preventing interference. A 5V single-
channel relay is a crucial component in electronic circuits, enabling the control of high-
power devices with a low-power signal. Its ease of integration, safety features, and
versatility make it widely used in home automation, industrial control, automotive
electronics, and various DIY projects [46].

Master Terminal Unit (MTU): In SCADA systems, the Master Terminal Unit (MTU)
serves as the central hub for data collection, processing, monitoring, and controlling
operations. It collects data from Remote Terminal Units (RTUs) and Programmable Logic
Controllers (PLCs), processes and stores these data, and provides live monitoring and
system control. The MTU manages communication between the central control room and
remote sites, ensuring reliable and secure data transfer using various communication
protocols. Additionally, it often includes or interfaces with human—machine interface
(HMI) software, allowing operators to interact with the system via graphical displays and

dashboards. The MTU’s reliability, scalability, and real-time processing capabilities make
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it essential for managing infrastructure in utilities, manufacturing, oil and gas, and
transportation sectors.

The MTU can be categorized into hardware and software components. Our proposed
SCADA system features two configurations. In the first configuration, Blynk, an IoT-based
platform, is the MTU. The GSM SIM800L module facilitates communication between the
RTU and MTU through the Blynk cloud server. Data transmission can occur either via text
messages using 2G technology or through the TCP/IP communication protocol. A mobile
device along with the Blynk app is used as HMI. In the case of the second configuration,
A DELL laptop (11th Generation Intel(R) Core (TM) 15) serves as the primary hardware
for the MTU. As for the software component, the system utilizes Windows 10 Pro as an
operating system alongside Blynk, an IoT-based platform. Communication between the
RTU and MTU in this configuration is facilitated through the HTTP protocol. In our
proposed SCADA system, the MTU is Blynk, a versatile software that makes it easier to
prototype, install, and remotely manage linked electronic devices of any size. Blynk
enables users to link the hardware to the cloud and develop mobile and web applications
for remote control. It offers real-time and historical data analysis, remote device control,
alerts, and more. Featuring an intuitive drag-and-drop interface, Blynk allows for the
development of custom dashboards and interfaces without requiring coding skills and
supports a wide range of microcontrollers and single-board computers.

Designing an open-source SCADA system involves implementing robust security
protocols to protect data and ensure system integrity, especially in remote locations [47].
The Blynk platform involves implementing robust security protocols to protect data and

ensure system integrity, particularly in remote locations. Data are secured through
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SSL/TLS encryption during transmission and end-to-end encryption to prevent
unauthorized access. Secure authentication mechanisms and role-based access control
ensure only authorized users can access the system. Network security is enhanced with
firewalls, VPNs, and strong WiFi security measures such as WPA3 encryption. Regular
firmware updates, secure boot, and code signing protect the device itself, while physical
security measures prevent unauthorized access. Real-time monitoring, logging, and
auditing help detect and address security breaches, while checksums, hashing, redundancy,
and backups ensure data integrity. Secure remote updates and two-factor authentication for
remote access further enhance the system’s security, making it resilient against evolving

threats [36].

5.4 Implementation Methodology
While deploying the proposed SCADA system, analog sensors act as FIDs and are connected to
the previously designed hybrid power system for collecting the required data. The ESP32-
WROOM-32E microcontroller acts as an RTU, receiving data from FIDs and transmitting it
through the local set-up Wi-Fi network to Blynk, an IoT-based server designed for monitoring
remotely and supervisory control. Current sensors for monitoring current levels are connected in
series with these components. Voltage sensors for monitoring voltage levels in a hybrid power
system are connected in parallel to the load and battery bank. Additionally, the relay is connected
in series with the load to control the power supply, whether from the PV system or a standby AC
generator operating on natural gas. All system components are properly grounded.
The SCADA system under consideration is deployed using two different approaches:

e An open-source IoT platform is built which features the ESP32-WROOM-32E

microcontroller paired with a SIM80OL GSM module. It interfaces with the Blynk app and
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its cloud server through the TCP/IP protocol. This approach addresses scenarios where
access to 3G, 4G, or Wi-Fi networks might be unavailable.
e An IoT-based open-source platform is designed using an ESP32-WROOM-32E
microcontroller directly interfaced with the Blynk app and its cloud server through a local
Wi-Fi router and HTTP protocol, providing a web console-based HMI.
To implement the proposed SCADA system, the process begins with designing a schematic
diagram to illustrate the connections of the various hardware components. This design is created
using EasyEDA software (V6.5.44). EasyEDA is a web-based software tool for electronic design
automation (EDA). It allows users to design schematics, simulate circuits, and create PCB layouts
in a user-friendly interface. The software supports importing and exporting various file formats,
integrates with popular component libraries, and offers real-time collaboration features [48]. The
next step involves soldering the hardware components such as the ESP32-WROOM-32E, GSM
SIMS8O0OL, current sensors, voltage sensors, relay, buck converters, and LCD onto the zero PCB.
The Blynk app, an open-source IoT platform, is configured for the software setup. Then, code is
developed for the ESP32 to manage all SCADA system parameters. Finally, the ESP32 is
programmed using Arduino IDE software (Version 2.3.2), and its functionality is tested and
verified with the Arduino IDE serial monitor. Figure 5.5 shows the schematic diagram of the

proposed SCADA system designed using EasyEDA software.
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Figure 5.5. Proposed SCADA system schematic diagram.

As depicted in the schematic diagram, the solar panel connects to a solar charge controller,
commonly referred to as an MPPT controller, which then connects to a 12-volt, 5S-ampere battery.
The output from the charge controller feeds into two LM2596 buck converters, which step down
the higher voltage from the PV panel to a stable lower voltage (from 12V to 5V). Furthermore, a
basic inverter is incorporated to convert DC to AC, which is crucial for the selected site, where the
standard operating voltage is 220V AC. Table 5.3 illustrates the connections of current and voltage

sensors, to the ESP32 microcontroller.
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Table 5.3. ESP32-WROOM-32E interconnections with FIDs and other components.

Coml\[I)(()).nent Description Analog/Digital ESP?;?;F Pin
1 ACS 712 Current Sensors Analog 23,25
2 ZMPT101 Voltage Sensor Analog 24
3 GSM SIM800OL Digital 34,35
4 5V Relays Digital 16, 14
5 LCD Display Analog 21,22

Algorithm 1 presents the pseudocode utilized in the ESP32-WROOM-32E and GSM SIMS00L,
programmed with Arduino IDE software (Version 2.3.2), to demonstrate the implementation
methodology.

Algorithm 1: GSM, Voltage and Current Sensor Data Reading Algorithm

Start
1. Initialization
1.1. Include necessary libraries (ZMPT101B, Arduino JSON, Software Serial,
LiquidCrystal 12C).
1.2. Initialize the LCD and define the RX, TX, sensors, and relay pins.
1.3. Initialize ‘software serial’ for communication with ESP-32.
1.4. Initialize variables for storing sensor reading and calibration values.
1.5. Set the sensitivity for the AC voltage sensor and set the pins for sensor inputs and
relay output.
2. Setup Function
2.1. Begin serial communication for debugging and ESP-32 communication.
2.2. Initialize the LCD and set pin modes for the sensor and relay.
2.3. Set the initial state of the relay to low; Print “initializing” on the LCD.
2.4. Initialize the Wi-Fi connection and SIMSOOL.
3. Main Loop (Loop Function)
3.1. Continuously check for incoming data from ESP-32:
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3.1.2 If data is received, read the value; turn the relay ON or OFF based on the
received value.
3.2. Read and process sensor data.
3.2.1 ‘take DC vol ()’-Read and calculate DC voltage; ‘take DC cur ()’-Read and
calculate DC.
3.2.2 ‘take AC vol ()’-Read and calculate AC voltage; ‘take AC cur ()’-Read and
calculate DC.
3.3. Check if AC voltage is below the threshold:
3.3.1 If AC voltage is below the threshold, turn ON the generator by setting the relay
HIGH
3.3.2 Otherwise, turn OFF the generator by using the relay LOW.
3.3.3 Update the LCD with the latest sensor readings.
3.3.4 Send the sensor data to ESP-32 in JSON format.
4. Functions for sensor readings:
4.1. ‘takeDCvol( )’
4.1.1. Read analog value from the DC voltage pin; Calculate the DC voltage value of
the serial monitor
4.2. ‘takeDCcur( )’
4.2.1. Read the analog value from the DC pin; Calculate the DC using the calibration
formula.
4.2.2. Print the DC value to the serial monitor.
4.3. ‘takeACvol( )’
4.3.1. Use the ZMPT101B library to get the RMS voltage for AC.
4.3.2. Ensure the AC voltage is within a specific range; Print the AC voltage value to
the serial monitor.
4.4, ‘takeACcur( )’
4.4.1. Calculate peak-to-peak voltage from the AC sensor.
4.4.2. Convert the peak-to-peak voltage to RMS voltage; Calculate the RMS current
using the calibration formula; Print the AC value to the serial monitor.
5. LCD update function
5.1. ‘LCD update( )’
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5.1.1. Clear the LCD.
5.1.2. Set the cursor positions and print DC and AC voltage and current on the LCD.
6. Data sending function:
6.1. ‘send data( )’
6.1.1. Create a JSON document and populate it with sensor data.
6.1.2. Serialize the JSON document to a string; Send the JSON string via Wi-Fi.
6.1.3. Send the JSON string via GSM using SIM80OL.
6.1.4. Delay for 2 seconds before sending the next set of data.
7. Help function:
7.1. ‘getVPP1( )
7.2. Measure the peak-to-peak voltage from the AC sensor.
7.3. Return the calculated peak to peak voltage.
End

The designed system can positively impact the environment by reducing reliance on fossil fuels
through solar energy, minimizing greenhouse gas emissions, and decreasing the need for frequent
site visits, which lowers vehicle emissions. Continuous monitoring enhances resource
management and reduces the risk of environmental contamination. Overall, the deployment of this
SCADA system can be environmentally sustainable with proper planning and adherence to

environmental protection protocols.

5.5 Prototype Design and Setup of the Blynk IoT Platform

The design of hardware is crucial in research dealing with physical systems. It allows for testing,
prototyping, and real-world validation, ensuring that the proposed system functions correctly and
performs well. Additionally, it enables customization, improves hands-on skills, and provides a
tangible proof of concept. This section provides an overview of the hardware setup for the
proposed loT-based open-source SCADA system, which uses a single 10-watt PV panel and a 12V

battery exclusively for testing. Figure 5.5 illustrates the connection of the analog voltage and
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current sensors to the ESP32-WROOM-32E microcontroller on a zero PCB, with step-down
resistors arranged for the current sensor. The sensor inputs are wired to key points in the PV System
to measure and acquire the necessary current and voltage ratings. Section 3 outlines the power
supplies for each component. The designed circuit is powered by the DC voltage generated by the
PV panel and stored in the 12V DC battery connected via the MPPT. A basic inverter is used to
convert this DC power to AC power. ESP32-WROOM-32E WiFi module and the GSM SIM800L
module are used to form the two previously described configurations of the proposed SCADA

system. Figure 5.6 shows prototype design of the proposed SCADA system.

Current
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Figure 5.6. Prototype design of the proposed SCADA system.

For software part, Blynk, a versatile [oT platform that facilitates the development of mobile and

web applications for controlling hardware remotely is used. It supports a wide range of
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microcontrollers and single-board computers, making it highly adaptable for various IoT projects.
The platform operates on a client-server model, where the Blynk app acts as the client running on
a mobile device or web browser, and the Blynk cloud server serves as the backend infrastructure.

For setting up Blynk IoT platform, users begin by creating an account and project within the Blynk
app, specifying the hardware type (such as ESP32) and connection method (Wi-Fi or GSM).
Setting up the Blynk app involves creating a user interface (UI) by dragging and dropping widgets,
such as buttons, sliders, and graphs, onto a virtual canvas. These widgets are then linked to specific
hardware components or sensors connected to the microcontroller via interfaces such as UART or
Wi-Fi. The Blynk app communicates with the cloud server using the MQTT or HTTP protocols,
allowing for seamless data exchange and control commands between the user interface and the
hardware.

On the backend, the Blynk cloud server manages authentication, data storage, and communication
between multiple Blynk apps and connected devices. It provides secure access to the IoT devices
through tokens and APIs, ensuring data privacy and integrity. This setup enables real-time
monitoring, control, and data logging from anywhere with an internet connection, making Blynk
a powerful tool for IoT applications in research and beyond.

To ensure the system remains operational and effective over time, it is crucial to perform regular
physical inspections of hardware components, such as the ESP32 microcontroller, sensors, and
solar panels, to promptly identify and address any issues. Routine maintenance tasks include
updating firmware to fix security vulnerabilities, conducting real-time monitoring with Blynk to
detect anomalies, and periodically reviewing collected data for trends that may signal the need for
maintenance. Preventive measures, such as cleaning, calibrating sensors, and keeping a stock of

spare parts, are vital for minimizing downtime and maintaining system accuracy. Additionally,

134



setting up a replacement schedule for components with limited lifespans and utilizing technical
support from the open-source community and manufacturers will further enhance the system's
reliability.

5.6 Experimental Setup and Results

To assess the real-time performance of the designed open-source SCADA system, it has been set
up to analyze solar PV parameters such as current and voltage of PV installation on the rooftop of
the core science building at Memorial University of Newfoundland. The system description
outlined in Section 3 served as the basis for the hardware connections. Figure 5.7 shows the
experimental setup of the proposed SCADA system. The PV installation is shown in Figure 5.8. It
consists of 12 solar panels with a combined surface area of 14 square meters and each solar panel
can produce up to 130 W and 7.6 A at maximum. The system includes six maximum power point
tracking (MPPT) controllers and a battery bank comprising four lead-acid batteries to maximize
and sustain energy efficiency, as shown in Figure 5.9. For this test, the SCADA system was
connected to two panels, providing a maximum output of 260 W and 15.2 A, to focus on the

system’s data collection and control capabilities.
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The voltage and current sensors gather data and transmit it to the analog pins of the ESP32
microcontroller, as depicted in the system's schematic diagram shown in Figure 5.3. The ESP32
then processes these analog signals, applying the necessary conversion factors to determine the
actual voltage and current values. Using this data, the ESP32 manages load switching via a 5V
single-channel relay. The processed information is subsequently transmitted to the Blynk cloud
server using one of the two proposed configurations of the SCADA system. A digital multimeter
was used at different points during the system testing phase to measure the required values. In both
setups, the sensor data collected corresponded closely with the locally measured values from the
multimeter, showing only slight differences. Moreover, during testing, an electric light bulb was
used as a load to the battery, ensuring a substantial current to flow from the PV system through the
MPPT for recharging the battery.

In the first configuration of proposed SCADA system, considering the possibility of no local Wi-
Fi access, the GSM SIM80OL module is employed to transmit data collected by the ESP32-
WROOM-32E microcontroller from FIDs. The GSM SIM800L module connects to the internet
using the cellular network, utilizing APN credentials provided by the SIM card carrier. The
microcontroller and the SIM80OL module are managed through AT commands communicated over
a serial interface. Once an internet connection is established, the microcontroller firmware utilizes
the Blynk library to transfer data to the Blynk cloud server via the TCP/IP protocol over the GSM
network, ensuring reliable communication. The Blynk app then displays real-time data from the
PV system, including DC and AC voltage readings and current measurements, offering a detailed
overview of the system's performance. Figure 5.10 shows the DC and AC voltage and current

parameters with AC load OFF and ON. Similarly, Figure 5.11 shows a graphical representation of
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DC and AC voltage and current parameters recorded at different points and times within the PV

system, as displayed on the Blynk mobile app.
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When there is no load connected to the power source, the terminal DC voltage reaches its
maximum known as the open-circuit voltage (Voc), while the current remains zero due to the
absence of a closed circuit for current flow. When no load is connected and in the "OFF" state, the
system registers DC voltage at 13V and current at 0A, while AC voltage stands at 220V with a

minimal current of OA. as shown in Figure 5.12.

Figure 5.12. FID voltage and current display on the LCD when the load is off.

Once a load is connected, the terminal voltage decreases from its open-circuit level due to internal
source resistance and voltage drop across the load. Simultaneously, current begins to flow through
the circuit, its magnitude determined by the load's resistance and the applied voltage as per Ohm's
Law. Upon connecting a load, the AC voltage decreases due to the inverter's internal impedance
and wiring resistance. Figure 5.13 illustrates the display of FIDs parameters on an LCD screen
when the load is on.

Moreover, to validate the supervisory control capabilities of our system, the Blynk app facilitates
remote control of the load connected to the PV system. Through the app, users can toggle the
connected load between "ON" and "OFF" states using virtual pins that correspond to specific
digital pins on the microcontroller controlling relays or switches linked to the load. The
microcontroller processes commands using the Serial2.write(val); command within the

BLYNK_ WRITE(V4) function, which receives input from the Blynk application and transmits it
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to the relay to switch the load accordingly. This integration facilitates efficient remote monitoring

and management of the PV system via the Blynk app, enhancing system usability and functionality.
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Figure 5.13. FID voltage and current display on the LCD.

In the second configuration, the ESP32 collects data and transmits it through its integrated Wi-Fi
module to the Master Terminal Unit (MTU) using a local WiFi router. The MTU in this setup
comprises both hardware and software components. A DELL laptop equipped with an 11th
Generation Intel(R) Core(TM) i5 processor serves as the primary hardware for the MTU. On the
software side, the system runs Windows 10 Pro and utilizes Blynk, an IoT-based platform.
Communication among the RTU and MTU is facilitated via the HTTP protocol. The system
connects to the Blynk cloud server using HTTP over port 80, facilitated by the
BlynkSimpleEsp32.h library. Network credentials are configured for WiFi access, and data
communication with external hardware is managed through SoftwareSerial (Serial2). The primary
functionality involves parsing JSON data received from Serial2, which includes measurements for
DC voltage (DCvol), DC (DCcur), AC voltage (ACvol), and AC (ACcur). These values are
processed, displayed on the serial monitor for debugging, and simultaneously updated on the Blynk
web console using Blynk.virtualWrite() within the blynkupdate() function. The Blynk web
interface presents live voltage and current measurements from various points in the PV system,

allowing remote monitoring and control to detect operational irregularities. Figures 5.14 and

140



Figure 5.15 illustrate the Blynk console dashboard in both "OFF" and "ON" states, while Figure

5.16 depict real-time PV data monitoring on the Blynk console.
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Figure 5.15. Blynk console dashboard when the load is ON.
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Figure 5.16. Real-time data monitoring on Blynk web console.

5.7 Discussion

This section describes the salient characteristics and advantages of the open-source, low-cost

SCADA system designed for a remote natural gas pipeline control station in Pakistan.

142

System Architecture: The proposed system is built on the fourth and latest [oT SCADA
architecture, incorporating the four fundamental components of a SCADA system
previously discussed. It features Field Instrumentation Devices (FIDs), an ESP32-E-based

Remote Terminal Unit (RTU), a GSM SIM80OL module, and a Master Terminal Unit



(MTU) set up on the Blynk IoT platform. The system utilizes both TCP/IP and HTTP
communication protocols for two distinct configurations, enabling efficient data processing
and facilitating human-machine interactions.

User-Friendly Interface: The primary Blynk IoT server platform handles data processing
and user interactions efficiently, requiring minimal customer training for ongoing use. This
stands in contrast to typical commercial SCADA systems, where complex MTU platforms
necessitate extensive training and experience to operate effectively.

Remote Monitoring, and Automated Control: The required data is gathered locally
through the RTU using FIDs and can be monitored and managed via a mobile app or web-
based interface for efficient operation. Operators of the SCADA system can remotely
deactivate the load as needed. Moreover, the load will be automatically deactivated when
the voltage of the battery falls below a set value, ensuring battery safety.

System Versatility: In both proposed configurations, the RTU wirelessly connects to the
MTU using the GSM SIM800OL module and the integrated Wi-Fi module, eliminating the
restriction on the physical locations of the RTU and MTU.

System Availability and Reliability: In the designed system, due to the use of open-source
components and a locally installed, self-managed cloud server, system operators or
administrators can easily ensure continuous reliability and availability. This stands in
contrast to proprietary SCADA systems, where reliance on a single vendor may lead to
delays in addressing customer concerns, as continuous on-site operator availability is often

impractical.
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e Open-Source System: The system utilizes the open-source Blynk software, accessible on
any operating system without the need for licensing or annual fees, thereby eliminating
ongoing operational expenses.

e Energy-Efficient and Cost-Effective System: All components utilized in the designed
system are sourced from various manufacturers, making them easily accessible and cost-
effective. Each component's power consumption and cost breakdown are detailed in Table

5.4, outlining the specifics of price and energy usage for transparency.

Table 5.4. Power rating and price of components used in the proposed SCADA system.

Total Price

Sr. No. Component QTY Power (Watt)
(CAD)

1 ACS 712 Current Sensors 2 0.128 4.84
2 ZMPT101B Voltage Sensor 1 0.025 1.38
3 GSM SIM800L 1 1.4 5

4 5V Relay 2 0.9 3.38
5 LCD Display 1 0.25 4.16
6 ESP32-WROOM-32E 1 0.528 7.76
7 LM2596 2 0.48 3.58
q Miscellaneous (Zero PCB, | 03 0

jumper wires, resistors, etc.)

5.8 Conclusion
High-pressure natural gas pipeline control stations are strategically located in remote, challenging
terrains and increasingly rely on traditional and renewable energy sources, such as solar PV

systems and wind turbines, due to unreliable power supply for smooth operations. Ensuring a
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reliable and consistent power supply along with a cost-efficient and advanced monitoring and
control system is crucial for such control stations.

This research addresses the need for a low-power, cost-effective, and open-source SCADA system
to enhance the efficient operation of remotely located natural gas pipeline control stations. The
proposed solution utilizes an IoT-based SCADA architecture, the latest evolution in SCADA
systems. The design includes the five essential elements of a SCADA system: Field
Instrumentation Devices (voltage and current sensors), Remote Terminal Units (ESP32-WROOM-
32E microcontroller), Master Terminal Units (Blynk IoT Server Platform), and SCADA
Communication Channels (GSM SIM800L module and local Wi-Fi network). Two configurations
were devised considering the potential lack of access to 3G, 4G, or Wi-Fi networks in such remote
locations. The first configuration uses the GSM SIM800OL module to communicate data from the
RTU to the MTU (Blynk cloud server) via the TCP/IP protocol, while the second configuration
employs the ESP32's integrated Wi-Fi module and a local Wi-Fi network using HTTP protocol.
The designed SCADA system's functionality was validated in a laboratory at the Core Science
Building of Memorial University, NL, Canada. It successfully acquired and remotely monitored
data from a 260 W, 12 V Solar PV System and performed necessary supervisory control activities.
The SCADA system demonstrated capabilities in data acquisition, networked data communication,
data presentation, remote monitoring, and supervisory control. The entire system operated with a
low power consumption of 3.9 W, and incurred an overall cost of CAD 40.1, making it an

extremely cost-effective solution for such critical applications.
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Abbreviations:

The following abbreviations are used in this manuscript.
FIDs  Field Instrument Devices

GSM  Global System for Mobile Communications
HPS Hybrid Power System

HTTP  Hypertext Transfer Protocol

IoT Internet of Things

LCD  Liquid Crystal Display

MTU  Master Terminal Units

PV Photo Voltaic

PLCs Programmable Logic Controllers

RTU  Remote Terminal Unit

RESs Renewable energy sources

SCADA Supervisory Control and Data Acquisition

Ul User Interface
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Chapter 6: Conclusion and Future Work

6.1 Conclusion

In light of the significant rise in petroleum product prices and the urgent need to conserve fossil
fuels, the utilization of renewable energy sources for power generation, especially in remote areas,
has become imperative. However, due to their intermittent nature, hybrid power systems (HPS)
have emerged as the most practical and effective solution. This thesis addresses the energy
challenges of remote natural gas pipeline facilities by designing and implementing a hybrid power
system, highlighting both financial benefits and alignment with broader energy sustainability
goals.

The proposed hybrid power system comprises photovoltaic (PV) panels, a maximum power point
tracking (MPPT) controller, a DC-AC inverter, a buck converter, a natural gas generator, a battery
bank, and an electrical load. Using HOMER Pro software, 892 simulations were conducted to
achieve an optimal design with a 79.2% renewable energy fraction, significantly reducing the non-
renewable fraction from 100% to 20.8%. This addresses both cost inefficiencies and environmental
concerns. Dynamic modeling in MATLAB/Simulink and experimental validation through
Hardware-in-the-Loop (HIL) simulation with the OPAL-RT Technologies’ OP5707XG simulator
demonstrated the system's reliability and consistency in meeting the energy demands of remote
control stations. The proposed system reduced energy costs to USD 0.234 per kWh, yielding
significant savings of USD 0.148 per kWh compared to the current cost of USD 0.382 per kWh.
Additionally, it achieved annual operating cost savings of USD 87,321, with total annual operating
costs reduced to USD 63,253 from the current USD 150,574.

Inverters are indispensable components of hybrid power systems, enabling the effective integration

and utilization of diverse energy sources. They play a crucial role in managing and converting
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electrical power from various sources to provide a stable and reliable energy supply. This thesis
also includes a comprehensive comparison of conventional two-level inverters with voltage source
cascaded H-bridge multilevel inverters (CHB-MLI) up to nine levels. The study highlights the
importance of multilevel inverter topologies in addressing challenges related to harmonic
distortion, voltage quality, and energy efficiency. Multilevel inverters can eliminate the need for
filters by generating smoother, near-sinusoidal waveforms through multiple voltage levels, which
significantly reduces harmonic distortion. Unlike traditional inverters that rely on filters to clean
up their output, multilevel inverters inherently produce high-quality AC power with minimal
harmonics, making them more efficient and ideal for improving power quality in systems like
photovoltaic installations. Simulations and performance evaluations using Fast Fourier Transform
(FFT) in MATLAB/Simulink confirmed the advantages of multilevel inverters. Experimental
validation with HIL and the OPAL-RT real-time OP5707XG simulator demonstrated the nine-
level CHB-MLI's effectiveness in improving power conversion for applications such as PV
systems, renewable energy integration, and grid-connected systems.

Furthermore, this research addresses the need for a reliable, cost-effective, and advanced
monitoring and control system for high-pressure natural gas pipeline control stations in remote and
challenging terrains. These stations increasingly depend on traditional and renewable energy
sources, such as solar PV systems and wind turbines, due to unreliable power supplies. Ensuring
a consistent power supply and an efficient monitoring and control system is crucial. The proposed
IoT-based SCADA system incorporates the latest SCADA technologies, including Field
Instrumentation Devices (voltage and current sensors), Remote Terminal Units (ESP32-WROOM-
32E microcontroller), Master Terminal Units (Blynk IoT Server Platform), and SCADA

Communication Channels (GSM SIM800L module and local Wi-Fi network). Two configurations
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were devised to ensure robust data communication and control in remote locations.

The SCADA system's functionality was validated in a laboratory at the Core Science Building of
Memorial University, NL, Canada. It successfully acquired and remotely monitored data from a
260 W, 12 V Solar PV System, performing necessary supervisory control activities. The system
demonstrated effective data acquisition, networked data communication, data presentation, remote
monitoring, and supervisory control, all with a low power consumption of 3.9 W and a total cost
of 40.1 CAD, making it a highly cost-effective solution for critical applications.

In conclusion, the integration of hybrid power systems and advanced control technologies provides
a promising approach to enhancing energy efficiency, reliability, and sustainability for remote
natural gas pipeline control stations. This thesis not only offers a comprehensive solution to energy
challenges but also paves the way for more efficient, cost-effective, and environmentally
responsible energy solutions, significantly contributing to broader goals of energy sustainability

and infrastructure resilience.

6.2 Research Contributions
The contribution of this research work to enhance the operational efficiency of remotely located
natural gas pipeline control stations is summarised below:

o Evaluating the daily energy needs of remotely located natural gas pipeline control stations
in Pakistan.

e Designing and sizing a hybrid power system in HOMER Pro to reduce reliance on fossil
fuels by integrating renewable energy sources, minimizing natural gas consumption, and
selecting reliable, compatible system components.

e (Conducting an economic analysis of the designed hybrid power system compared to the

existing power infrastructure at the selected site.
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Performing dynamic modeling of the hybrid power system under varying conditions to
ensure real-life response and stability using hardware-in-the-loop OPAL-RT technology.
Analyzing inverter designs and various multi-level inverter topologies to enhance power
quality.

Developing a cost-effective, low-power IoT-based SCADA system for monitoring the

hybrid power system at natural gas pipeline control stations.

6.3 Future Work

The work presented in this thesis outlines the development of a hybrid power system for a remote

natural gas pipeline control station, combining a photovoltaic system with a conventional

generator. It demonstrates the system's potential for improving energy reliability and sustainability

in remote applications. However, as energy technologies evolve, there are several opportunities to

enhance the system’s performance in terms of efficiency, reliability, and adaptability. The

following future work suggestions build on the current design and incorporate advanced

innovations to address emerging challenges and optimize performance in practical applications:

This research was based on actual load data from the site. Implementing the designed
system on-site to study real-time system dynamics will be a key next step.

Further research into advanced energy storage technologies, such as lithium-ion and flow
batteries, could increase storage capacity and efficiency. Additionally, integrating
hydrogen-based energy storage or fuel cells as backup power could help reduce the
system's carbon footprint and improve energy reliability during periods of low solar
availability.

The incorporation of a solar tracking system should be explored, as it can significantly

enhance the photovoltaic system’s efficiency by optimizing solar energy capture
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throughout the day.

The study of multilevel inverter topologies in this thesis emphasized their potential to
mitigate challenges related to harmonic distortion, voltage quality, and energy efficiency.
Implementing a multilevel inverter on-site would allow for an analysis of its real-world
impact on system performance.

A comprehensive hybrid design incorporating solar, wind, natural gas, and fuel cell
technologies should be considered to increase the penetration of renewable energy at the
site.

Enhancing the security of the open-source SCADA system used in this design is critical.
Implementing data encryption for communication channels would safeguard system

integrity and prevent unauthorized access.

These areas of future research and development will further improve the system’s efficiency,

sustainability, and security, making it more robust and adaptable to real-world conditions.
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