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Abstract: The most rapid and efficient method to transport natural gas from its source to its desti-
nation 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 sav-
ings, 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 sys-
tem 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 vali-
dated using hardware in the loop (HIL) and OPAL-RT Technologies’ real-time OP5707XG simulator.

Keywords: hybrid power system; photovoltaic, HOMER Pro; dynamic modeling; gas pipeline;
control station

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 pro-
gressively intensify alongside the consumption of these conventional sources [1]. The re-
liability of energy resources is pivotal for sustaining modern life, and a consistent energy
supply is essential for fostering economic growth while promising solutions for address-
ing 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 pros-
perity 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, nat-
ural 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
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contributor to electricity generation [8]. Figure 1 shows Pakistan’s total energy supply
(TES) from 1990 to 2021.
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Figure 1. Total energy supply (TES) in Pakistan [9].

Due to challenges in storing natural gas, it must be promptly transported to its in-
tended destination once extracted from the reservoir. Several methods exist for transport-
ing 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 end-
users. Main energy sources are typically distant from end consumers in remote and un-
populated areas. Therefore, an energy transportation system becomes essential for deliv-
ering energy to end-users. Due to its extremely low density, economically transporting
natural gas is challenging; hence, it undergoes compression before being transported.
Weather conditions significantly impact the transportation of natural gas through pipe-
lines. 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].

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.

Table 1. Modes of NG transportation: capacity—distance comparison [12].

Mode of Transportation Capacity (bcm) Distance (km)
LNG (Liquefied Natural Gas) 1.0-10.0 1000-10,000
Gas to Liquid (GTL) 0.1-1.0 5000-10,000
CNG (Compressed Natural Gas) 0.1-1.0 100-5000
Pipeline 1.0-10.0 100-1000
NGH (Natural Gas Hydrates) 0.1-1.0 100-5000
GTW (Gas to Wire) 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 sta-
tions poses operational challenges, especially in remote locations, where maintaining and
operating high-pressure natural gas pipeline control stations can be difficult due to unre-
liable electricity supply and other logistical issues. At the same time, the smooth function-
ing of control stations depends on a range of electrically powered devices installed within
these control stations [13].
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Compared to rural and remote areas, metropolitan areas have a consistent and unin-
terrupted electricity supply throughout the year. Data from the World Bank for 2021 re-
veals 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 envi-
ronmental 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 percentage share
of different energy sources used for power generation in Pakistan is shown in Figure 2.
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= Thermal (RLNG 23.8%, NG 8.5%, Coal 12.8%, RFO 14.3%, Bagasse 0.9%)

= Hydel (24.7%)
Nuclear (8.8%)
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Figure 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 four-
fold [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 con-
tinued 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 shows the forecast for the annual average cost of
energy in Pakistan based on historical data.
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Figure 3. Cost of energy in Pakistan [19].
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When Sui Northern Gas Pipelines Limited (SNGPL) commenced its operations fol-
lowing 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 nat-
ural gas through natural gas generators for their electrical power needs, as reliable alter-
native power sources were not readily available in those areas. However, the continuous
and dependable power supply demanded by these control stations became a critical re-
quirement. 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 im-
ported LNG, the internal consumption of natural gas for power generation at these control
stations has become economically impractical due to the escalating LNG prices constitut-
ing both wastage and an economically inefficient practice. Therefore, exploring alternative
methods, such as harnessing renewable energy sources for power generation at these con-
trol 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 intermittent, hybrid power systems
that integrate both conventional and renewable energy sources are used to generate elec-
tricity [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 genera-
tors 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 cur-
rent electricity consumption. Pakistan has tremendous solar energy potential, with an av-
erage daily sun insolation of 5.30 kWh/m?, and the capacity to generate up to 10,000 GW.
The distribution of solar insolation throughout Pakistan is shown in Figure 4, which pro-
vides clear evidence that ample solar energy is available for utilization.

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 conserva-
tion 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 de-
sign of an optimal HPS. In particular, this research contributes to the existing research in
the following ways:

It designs and sizes the proposed HPS using HOMER Pro, which involves determin-
ing the optimal capacity and configuration of components to meet the energy de-
mands of a specific application. This process includes analyzing the load profile, as-
sessing 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 con-
trol 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’
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OP5707XG simulator (OPAL-RT, Montreal, QC, Canada) is used to confirm the sys-
tems’ robustness and overall performance.

}ahawal pur
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Yearly sum: < 1314 1461 1607 1753 1899 2045 2191 2337 >

Figure 4. Solar insolation levels in Pakistan [22].

2. Site Selection

One of the most fundamental choices made during any project’s establishment, ex-
pansion, 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 invest-
ment; 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 instal-
lation is one of the primary goals in the site selection process. The primary factors to con-
sider 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].

SNGPL is the biggest integrated natural gas provider in North Central Pakistan, serv-
ing over 7.22 million customers over a vast network spanning throughout Khyber Pakh-
tunkhwa (KPK), Punjab, and Azad Jammu and Kashmir (AJ&K). SNGPL’s transmission
network comprises 9239 km of high-pressure gas pipelines, while the distribution net-
work 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 trans-
portation from gas wells to end consumers. SNGPL operates eleven compressor stations
to compress natural gas efficiently, ensuring its delivery to the doorsteps of end consum-
ers. The overall operation of the company’s business is shown in Figure 5.
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Figure 5. 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 lo-
cated 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 6.

Figure 6. An aerial view of the selected site on Google Maps.

Figure 7 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 instal-
lation of solar PV panels.
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Figure 7. Real-life perspective of selected site.

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 8. Solar energy remains consistently available at the chosen
location year-round, with values varying between 297 kWh/m?/day and 7.43
kWh/m?/day, with an annual average of 5.19 kWh/m?/day. Similarly, the clearness index
is another crucial factor considered during site feasibility assessment. It quantifies the at-
mosphere’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 8.
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Figure 8. 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
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using two different conventions, either clockwise or counterclockwise [25]. The solar ele-
vation and the solar azimuth variation for the selected site throughout the year are ob-
tained using an online tool named ‘Solargis Prospect’, as shown in Figure 9.
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Figure 9. The solar azimuth and solar elevation for the selected site throughout the year [26].

2.2. Electrical Load Analysis

The overall electrical load is segmented into two primary categories: the gas com-
pressor 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 2.

Table 2. Detail of total connected load at selected site.

Number of Rated Power of Total Connected
System Description Units Unit Load Installed Load
hp kW hp kW
. Fan Motors 4 25 18.65 100 74.6
?:C};f;rg‘z:?;ssf:z Fan Motors 2 40 29.84 80  59.68
8 y Pump Motors 0 0 0 30 2238
Turbine Package Lube Oil Tank Heater 0 0 0 0 0
5 Evaporative Cooling Pump Motor 2 0.75 0.5595 1.5 1.119
Inlet Fan Motors 0 0 0 0 0
Turbi h
urbine Shed Exhaust Fan Motor 0 0 0 0 0
Raw Water Pump Pump Motor #1 2 15 11.19 30 22.38
Air system Air Compressor Motors 2 15 11.19 30 22.38
Power House Radiator Fan Motor 1 0.75 0.5595 0.75 0.5595
Water Circulating Pump Motor 1 1 0.746 1 0.746
Auxiliary Load Residential Load 75 0 75

Total Connected Load 278.84 KW
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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:

. = X (O) + max(ly (1) +... + max(l, (1)
T Sup () + () + et (1, (1)) (1)

where the various connected loads are I3, I, ..., I, and the numerator represents the cu-
mulative 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 sug-
gested HPS will be designed accordingly.

Figure 10 displays the monthly power consumption and corresponding load profile
for 2022 based on the total connected load.
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Figure 10. Monthly electrical consumption of selected site (year of 2022).

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 re-
sources to ensure reliable and consistent power delivery for the smooth operation of nat-

ural gas control stations. Figure 11 shows the block diagram of the proposed hybrid power
system.



Energies 2024, 17, 1763

10 of 24

PV Array

Battery
Bank
DC-DC Converter DC-AC Converter , LCL Filter
(Buck Converter) (Inverter)
_>

V&I
Measurement

MPPT Controller " *<zf Inverter
(Incremental Control
Conductance) v,

Figure 11. Schematic diagram of proposed hybrid power system.

3.1. Mathematical Modeling of Proposed HPS Components
3.1.1. Photovoltaic System

A photovoltaic panel, also called a solar panel, transforms sunlight directly into elec-
tricity using the photovoltaic effect. This phenomenon involves the generation of an elec-
tric 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 12 illustrates the equivalent circuit of the PV cell.

A0 gV Ly R v,

Figure 12. Equivalent circuit of 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 (Rs1) and a series resistance (Rs) are included in the circuit. Shunt resistance rep-
resents unintended parallel paths for the current flow within the solar cell, caused by ma-
terial 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 charac-
teristics, minimizing losses and maintaining efficiency in the solar cell’s operation. Mean-
while, 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

V. +IR,
I—IL—ID—(T) 2)
I =g +K (T —T})] 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 ‘T and ‘Tr’ represent the solar ref-
erence temperature and operating temperature. The equation for the diode current is
given below.
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V.
1,=1, {exp[j{—;]—l} (4)

where ‘I’ represents the diode’s leakage or saturation current, and ‘k’ is the Boltzmann
constant. So, the solar cell equation is derived as follows:

=1, {exp[%] -1, 5)

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

Vo, = VOC X NS (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, X1, xG

pv

p o= e
= )

where Kirepresents the derating factor.

3.1.2. 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 I-V (current-voltage) and
P-V (power voltage) is also nonlinear in 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 maxi-
mum power point (MPP), such as Hill Climbing, incremental conductance (INC), Perturb
& Observe (P&0O), 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 13 illustrates the incremental
conductance MPPT algorithm.

The INC method relies on the fundamental idea that the PV module’s P-V curve has

dP dl
a zero slope at MPP (W =0). The algorithm compares the incremental conductance (W

1
) with the array conductivity (7) to determine the MPP. The following is the basic equa-

tion that powers the INC’s operations:

P _dUn) v di L ©
v dv v dv dv
1 X ﬁ:i.}.ﬂ (9)

av v dv
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The incremental conductance is obtained by differentiating the PV module’s output
dpP
power with respect to the voltage and equating it to zero. As W 0 at the maximum

power point (MPP), the important relationships that determine how the INC algorithm
functions are listed below in Table 3.

== P-V Curve

MPP. %:0 = I-V Curve
|
e |
|
wp————---—-—-————--—-—- - /- — — — — —
|
|
2 dP | dP
< —>0 —<0 ~
z av | v %
£ | 2
é | =
|
|
|
|
|
|
1
Voltage (V) Vwmer Voc
Figure 13. Incremental conductance MPPT algorithm.
Table 3. Maximum power point tracking conditions.
Condition Constraint Description
dl 1
—=-= If P=MPP MPP achieved
dv vV
/A . o
VT > 7 If P<MPP Operating point is left to MPP
d 1 . C
v < v If P> MPP Operating point is right to MPP

The I-V and P-V characteristics of the PV array used in this project under different
temperature and solar GHI levels are shown in Figure 14.

or 400 [ Cell temp=25°C

350 | ——Incident Irrad.=1000W/m?
—— Incident [rrad =800W/m?

——Incident Irrad.=600W/m?
300 L ——Incident Irrad.=400W/m?*
——Incident Irrad.=200W/m?

26 —— Cell Temp=25°C s 250
g |l —— Cell Temp=35°C *5 200
3 4 — Cell Temp=45°C Dg_ 55
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0 L L L 1 . L . | 0 - ¢ |
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Voltage (V) Voltage (V)

Figure 14. Current-voltage and power-voltage characteristics of PV panel used [29].
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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 cur-
rent 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
the current, while higher irradiance levels result in a higher output power.

3.1.3. 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 mul-
tistage system, providing flexibility in operating the PV voltage over a broad range. Ad-
ditionally, 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, uncompli-
cated 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 15.

L

Figure 15. 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:

V.

D=——rt 10
I/;'(max) X 77 ( )
V x W, -V
=2 (1 0) (11)
Al X f. XV,

where ‘i’ 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 AlL is the inductor ripple
current, which can be calculated as

Al =(0.2t0 0.4) X 1,0 (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.
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C=——L
8 X f. X AV, (13

3.1.4. DC-AC Inverter

An inverter transforms direct (DC) electricity into symmetrical alternating (AC) elec-
tricity 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 tech-
nique (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 control-
ling the duty cycle of the SPWM pulses, the required output voltage waveform and a re-
duced THD can be achieved. The THD becomes an important factor to consider when
dealing with nonlinear components, and most semiconductor devices, which 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 low-
pass filter to suppress higher-order harmonics. This combination results in a cleaner and
sinusoidal output waveform, making it particularly valuable in applications with low dis-
tortion, such as renewable energy systems and power electronics. The circuit diagram of
the three-phase inverter is shown in Figure 16.

$31

® 4
®

T T
D @a

Figure 16. Three-phase multi-level inverter.

3.1.5. 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 17, effectively attenuates harmonics, dampens reso-
nance, enhances system performance, complies with grid standards, contributes to stabil-
ity, 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 low-
rated inductors and capacitors in LCL filters makes it more cost-effective and affordable.
Hence, the LCL filter addresses power quality challenges in the context of renewable en-
ergy generation.
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Figure 17. Configuration of LCL Filter.

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

V
[ =— "d
"6 xf XAl (14)

where “Va’ denotes the DC bus voltage and ‘fs" is the system frequency, while the inductor
ripple current, ‘Ali’, is 10% of the maximum current and computed as

P, 2
Al =0.1 X —;/X V2 (15)

Similarly, the value of the inductor on the generator side is calculated using the equa-
tion given below.

L,=r xL (16)

where the value of ‘7’ 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,=0.6 XL (17)

Ultimately, the objective is to design the filter capacitor (Cy) to limit inverter output
voltage oscillations to a maximum of 5%, ensuring the stable operation of the hybrid
power system. This involves calculating the capacitance using specific formulas.

P__
C = 005 X nominal
/ — (18)
w, XV, .

Similarly, it is important to analyze the resonance frequency (wrs) of the filter. Equa-
tion (19) is used to calculate the resonance frequency in radians.

L+1L,
@, = |——F—
h L xL, xC, (19)

1 L +L,

Jro Tor L xL, xC,

(20)

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
/’_3><Cf X @

res

21)

Using the above-given equations, the values of Li, Ly, Cj, frs, and Ry are calculated as
519 uH, 312 pH, 66 pF, and 1.41 MHz and 0.0573 Q, respectively.
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4. Optimization of Proposed HPS Using HOMER Pro

HPS optimization involves numerous factors, including system configurations, com-
ponent 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 accom-
modate 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 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 con-
figurations to pinpoint the most economically efficient combinations that meet the speci-
fied electrical load requirements. The optimization analysis of HOMER is pivotal in ad-
dressing important design considerations, such as identifying the most cost-effective tech-
nologies, evaluating the impact on project economics caused by variations in costs or
loads, optimal component sizing, and assessing the adequacy of renewable energy re-
sources.

After analyzing the total connected electrical load of the selected site using the data
from Table 1, 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 8) and specific
PV modules, batteries, and converters. Figure 18 illustrates the schematic diagram of
HOMER Pro’s optimized hybrid power system.

Schematic
AC DC
GasGerj Electric Load #1 LR6-72PH
i F’—* 9 — o \
\ ' 172,30 KWhid \ /
18074 KW peak

Sinexcel 250 |BAE12V 3 PVS 210

P e

Figure 18. HOMER Pro-optimized HPS configuration.

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 dif-
ferent configurations using various combinations of available power sources. Table 4 pre-
sents 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 configura-
tions. 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
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63,253, which, in the present and actual cases, is USD 150,574, thus providing annual cost
savings of USD 87,321.

Table 4. System optimization results in HOMER Pro.

. —
. PV Gas Genset ESS (No.of Converter NPC COE COperating  Initia
System Architecture

. Cost Capital

(kW) (kW) Batteries) (kW) (USD) (USD) (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 200 211 M  0.382 150,574 165,350
PV-ESS-Converter 582 1260 201 212M  0.383 95,462 881,476
PV-Genset-Converter 6.11 200 1.42 212M  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 frac-
tion, significantly reducing the non-renewable fraction from 100% to just 20.8%. This ad-
dresses cost inefficiencies, as illustrated in Figure 19, which also depicts monthly electrical
energy generation.

Simulation Results n
System Architecture: BAE SECURA SOLAR 12 V 3 PVS 210 (4.00 strings) Total NPC: $1,297,117.00
LONGi Solar LR6-72PH (282 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 V3 PVS 210 LONGiI 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 kWh/yr | % Quantity kWh/yr | %
LONGi Solar LR6-72PH 486826 845 AC Primary Load 427,890 100 Excess Electricity 114,043 198
Generic 200kW Gas Microturbine 89,043 155 DC Primary Load 0 0 Unmet Electric Load 0 0
Total 575875 100 | Deferrable Load 0 0 | Capacity Shortage 0 0
Total 427,890 100 ) ;
Quantty | Value| Unis|
Renewable Fraction 792 %

Max. Renew. Penetration 937 %

Monthly Electric Production
I LR6-72PH 60
M GasGen 50

g
© I — — ‘ . ]
s | i | |
230 I ‘ |

2 | |

10 ‘ I

0 I k | i i L |
T T T T T T T T T T T T 1
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Figure 19. 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 pro-
longed 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.

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
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impact, simulations are conducted using MATLAB/Simulink. During this modeling pro-
cess, 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 dy-
namic 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 approxi-
mately 1000 watts per square meter (W/m?), 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 sim-
ulations covers 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, temper-
ature, fluctuations in connected load, etc. Figure 20 displays the entire MATLAB/Simulink
model, which is simulated to analyze the dynamic behavior of the proposed HPS.
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Figure 20. Dynamic model of proposed HPS in MATLAB/Simulink.

Figure 21 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/m? 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/m? to 400 W/m?, 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 typi-
cally lead to a decrease in voltage, while higher irradiance levels result in a greater output
voltage from the PV array.

Figure 22 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.



Energies 2024, 17, 1763 19 of 24

However, in instances of a decreased solar GHI, the battery bank ceases charging and as-
sumes a backup role, supplying power to the load.
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Figure 21. (a) Variable solar GHI. (b) Variable temperature. (c,d) PV panel output voltage and cur-
rent due to varying input variables.
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Figure 22. (a) Battery bank % state of charge. (b) Battery bank voltage. (c) Battery bank current.
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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 23 shows the stable phase-
to-ground voltage and current delivered to the connected load by the designed HPS.
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Figure 23. (a) Three-phase voltage (Vpeak) delivered to load. (b) Three-phase current delivered to
load.

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 Hardware-in-the-Loop (HIL) testing, which integrates physical hardware
components with simulation models. OPAL-RT Technologies’ high-performance real-
time OP5707XG simulator plays a key role in this process by emulating real-world condi-
tions and interactions. The OP5707XG is a comprehensive simulation system that operates
on Virtex-7 FPGA platforms. As shown in Figure 24, it utilizes a combination of Intel pro-
cessors 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 sce-
narios. Additionally, the simulator provides tools for fault injection, real-time
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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 system, as shown in
Figure 11.

Oscilloscope

=N
OPAL-RT ‘OP5707XG’
HIL Module

o]

/
Figure 24. OPAL-RT real-time experimental setup.

The experimental results obtained from OPAL-RT Technologies’ real-time OP5707XG
simulator are displayed in Figures 25 and 26, which involve testing and validating a Sim-
ulink 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 re-
sults 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 en-
ergy 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.

---------------------------------------------------------------------------------------
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'
'

120 ms / div]

Figure 25. OPAL-RT experimental result for three-phase output voltage delivered to load.
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Figure 26. OPAL-RT experimental result for three-phase output current delivered to load.

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 solu-
tions in remote locations and highlights the potential of hybrid power systems to provide
a reliable and sustainable electricity supply for critical infrastructure. The proposed hy-
brid 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 soft-
ware, while the system’s dynamic modeling is performed in the MATLAB/Simulink envi-
ronment 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:

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 sustaina-
bility 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, present-
ing 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 de-
mands of control stations in remote areas, promising environmentally friendly and
economical energy while contributing to the enhanced sustainability of energy infra-
structure.
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