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Renewable energy generation can help countries achieve the Sustainable Development Goals by providing
Received clean, safe, reliable and affordable energy. Conventional energy production is impractical due to shortages,
24 February 2025 high fuel prices and harmful emissions from fossil fuels. Convergence is the best way to address renewable
energy issues, because it combines multiple renewable sources simultaneously. This research proposed a
Accepted hybrid renewable energy system that combines energy from two or more locally accessible sources to meet
28 May 2025 demand in remote locations. A hybrid solar, wind and biogas grid system has been proposed, evaluated using
the homer Pro software and an artificial intelligence technique called the genetic algorithm. The proposed
Published in Journal strategy provided low cost, optimal volume, reduced emissions, high reliability. Comparing the results of
30 June 2025 GA-based optimization and Homer Pro, a clear trend emerged: GA-based optimization showed better
performance stability and lower energy costs, which indicates a more economically efficient system. The
GA-based optimization also proposed smaller sizes for Homer components, which reduced the net current
cost and proved that a system with the same efficiency and reliability could effectively meet the energy
requirements of the site.
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1. Introduction

By analyzing operational data and equipment conditions, this work proposed a way to balance capacity and cost in integrated wind and

hydrogen energy systems. To optimize the cost, he also created an improved multi-target algorithm for the gray wolf optimizer. However,
changes can occur due to uncertainty in real capacity [1]. The SSMMEA algorithm, presented an alternative assisted multi-objective
evolutionary technique to optimize a hybrid renewable energy system, in this study. It has been compared to current HR issues and uses a
Gaussian Process model combined with a unique environmental selection technique to enhance the diversity of solutions [2].
With an emphasis on unit commitment and economic dispatch, the paper investigates the application of a multi-objective whale-differential
evolution-genetic algorithm (WODEGA) to address environmental and economic dispatch problems in power plants. Algorithms inspired
by nature are hybridized to reduce expenses and emissions [3]. Here, renewable energy forces such as solar energy, wind and water are
used. For this reason, it is necessary to optimize the use of renewable energy, especially in hybrid systems that combine several energy
sources. Optimization systems for renewable energy systems are a combination of several very important reasons: [4, 5]

e Resource optimization: with the help of optimization of each unit, existing renewable energy resources were exploited and
used in the best possible way, reducing energy losses and increasing electricity production from these intermittent sources.

e  Energy certainty: by combining different renewable energy sources, hybrid systems can provide a stable and continuous
supply of electricity, reduced dependence on fossil fuels, and increased energy security.

e  Cost efficiency: optimization systems can significantly reduce the total cost of energy production, have made renewable
energy more economical for consumers, and helped countries move away from expensive and polluting fuels.

e  Environmental impact: by improving renewable energy systems, it is possible to reduce greenhouse gas emissions and
environmental impacts related to energy production.

e  Energy access: for areas with limited access to conventional power grids, hybrid renewable energy systems can provide a
stable and reliable source of electricity, improve the quality of life, and support economic development.

e  Energy mix: as the world seeks to transition to cleaner energy sources to combat climate change, optimization systems for
renewable energy mix systems have played a key role in this transition. Source delved into understanding how expert
systems and neural networks work by presenting a range of issues in various fields of solar energy engineering.

This study provided insights into the liberated environment of energy generation. The aim was to measure the advantages of radial
distribution feeding with concentrated load and distributed generation. The results showed a clear improvement in the missing lines, a
better power factor, and normal parameters. New and modern technologies for distributed generation were discussed, such as fuel cells.
Fuel cells can produce combined heat and power (CHP), thus increasing overall energy conversion efficiency and reducing fuel
consumption. Distributed generation (DG) can alleviate energy supply issues in certain areas (weak grids, remote locations) and enable
better utilization of local resources, enhancing sustainable development [6].
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The study published in the literature on modeling common renewable energy systems has provided that such models are commonly
used as a valuable tool for meeting specific energy needs. This paper examined grid-based penetration levels as the future of the generation
capacity of Combined-Cycle Power Systems. This paper also presents future developments that allow expanding the market, especially in
developed and developing countries [7- 8]. Various applications of expert systems and neural networks were used thematically, and not
chronologically or in any other sequence. The results presented in this paper provided evidence of the applicability of artificial intelligence
as a design tool in many areas of solar energy engineering [9]. Source presented a brief on a Spatial Decision Support System (SDSS) to
select the best locations for installing distributed generation facilities on the island of Lesvos, Greece, where diverse renewable energy
resources are available. A set of constraints and factors were identified that relate to environmental, energy, social, political, and economic
issues. The results can aid in creating a developmental perspective for sustainable energy systems based on local natural resources and
facilitate the translation of national energy and environmental policies toward sustainability [10].

2. Mathematical Modeling

Renewable energy conversion systems (HRES) must run design simulations under active operating conditions such as suitable weather
conditions, solar radiation, wind speed and electrical loads.

2.1. Solar Photovoltaic (PV) System

Photovoltaic system is a well-known method of converting solar energy directly into electrical energy using cells. Today, photovoltaic
cells are mainly made from a semiconductor material called crystalline silicon, which is abundant in the Earth's crust and is not a harmful
substance. Modules made from a combination of crystalline silicon cells last for decades and are used to generate electricity from noise-
free, fuel-free equipment. Solar energy is the only source for providing electrical energy through photovoltaic cells, which is endless [8-
11]. Solar light source data represents the amount of global solar radiation (radial radiation coming directly from the Sun, plus scattered
radiation from all over the sky) that hits the Earth's surface in a year. The data can be in one of three forms: hourly average global solar
radiation on the horizontal surface, monthly average global solar radiation on the horizontal surface, or monthly average transparency
index. The transparency index is the ratio of the solar radiation that hits the earth's surface to the solar radiation that is radiated to the top
of the atmosphere. It is a number between zero and one, and the transparency index is a measure of the transparency of the atmosphere.
Global horizontal radiation is the sum of solar radiation that occurs on a horizontal surface. This value is the sum of direct vertical radial
radiation, scattered horizontal radiation and reflected radiation from the ground [12-13]. Ambient temperature: as important information
for solar energy production calculations. Local temperatures have a significant effect on wind speeds, so hourly wind speeds are also
considered in this study.

2.2. Wind Turbines

There are machines that use wind power to generate electricity using an electric generator. These wind energy conversion devices
extract the wind's kinetic energy from the area covered by the turbine blades and create pressure differences across the blades that create
pressure and airflow and drive an electric generator to produce electricity. Wind turbines include components such as the tower, blades,
generation (the structure that controls the trigger) and the structure that controls the twist of the turbine blade. The tower is the most
important part of the wind turbine that supports the gearbox and electric generator that are located in the generation. The winding
mechanism is also an important component of wind turbines, which was used to guide the turbine trigger in the direction of the wind flow
to extract the kinetic energy of the wind. The torque developed by the wind turbine is transferred to the gearbox and then converted into
an electric generator. Electric generators produce electricity from converted mechanical energy [14-16]. Wind resources are identified
using NASA's surface methodology and wind atlas, where the wind direction is considered at a height of 50 meters above the ground.
Annual average wind speed is a good influencing factor for running a wind turbine at a particular location.

2.3. Biogas Generator

The electricity generated from the generator is usually used to meet the load demand. These biomass sources come in many forms
(such as wood waste, agricultural residues, and animal residues) and may be used to generate heat or electricity. Access to this resource
depends on human efforts to harvest, transport and store. Therefore, this resource is not usually intermittent, although it may be seasonal
[17].

2.4. Converters

A converter is a device that converts electrical energy from direct current to alternating current or from alternating current to direct
current. The energy produced by the solar panel system is direct current while the load is alternating current, so the energy converter
converts the direct current produced by the solar panels into alternating current [18].

2.5. Power Grid

In the settings connected to the power grid considered for the analysis, it is assumed that the power grid provides all the needs of the
system, and all the required energy is absorbed from it. A separate converter is also used to connect to the grid/utility [19].

2.6. Optimization Problem
Size optimization, economic operation, controller design, real and balanced power control, voltage and frequency, reliability control
are the main factors of the optimization problem in the field of renewable energy systems. The optimization problem includes the
knowledge of access to renewable sources for power generation, hybrid system design, connection of different sources with the help of a
converter, load diagram of the area to be supplied, optimal operation, optimized cost, battery life, voltage and frequency regulation [20-
24]. A large amount of research has been done into the optimal economic design of renewable systems using artificial intelligence
techniques and algorithms. The economic design of renewable systems means finding the best combination of renewable or conventional
generation sources with or without batteries that can meet the security of load demand. In this genetic algorithm research, Homer's
optimization software is used for optimization algorithms that are used to control and optimize systems based on renewable energy.
The objective function is a mathematical function of decision variables that reflects the goal to be achieved in an optimization problem.
In this research, the aim is to minimize the total energy cost, and the carbon emission emitted from the proposed renewable system. The
optimization parameters include the number of solar arrays, wind turbines, biogas generator size and power converter size. All these
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parameters are optimized in a certain range between the maximum and minimum value Bio [25-27]. The total annual cost (TAC) of the
system is considered, so the objective function is defined as:

Minimize (COE (x), Emission CO,(x)) (1)
where
COE =-14¢ )
Eseverd

The total annual cost is calculated by the following formula:

TAC =Y. Ceqp (PV/WT/BI0) +Cogn (PV/WT/Bio) + Crep (PV/WT/Bio) FC (Bi) — SV (PV/WT/B) + Gridost 3)

Where Ccqp is initial investment cost, Cy, is replacement cost, Cog is operation and maintenance cost, FC is fuel cost and SV is recycling
cost.

Ceon = (Ppy X Cpy + Pyr X Pyip +Cpig X Peon ) X CRF 4
, _ia+nT
CRF (i,T) = &5ts (5)

Where Ppy is Power or capacity of photovoltaic (solar) panels, Cpy is Cost associated with photovoltaic (solar) panels, Py is The power
or capacity of wind turbines, Pp;, is Power or capacity of biomass, Cp;, is cost associated with biomass energy, and F,,, is Power or
capacity of the construction project. The annual value of the present value equation is obtained by multiplying the present value by the
capital recovery factor (CRF). Here it represents the profit rate, and T represents the useful life of the system. In this study, the interest rate
is set to 6% per year and the useful life of the system is 20 years.

Setting the maximum and minimum values of the decision variables is highly dependent on the problem constraints (the complexity
of the search space and the number of variables). The maximum and minimum values of the decision variables should be set so that the
algorithm converges to the most optimal solution. These variables are usually adjusted to all possible values by trial and error, and finally
the values that produce the best results are chosen [28-32].

10 < Number of Photovoltaic Panels Ny, < 30 (6)
10 < Number of Wind Turbines N,,; < 20 ™
5 < Number of InvertersN;,,, < 10 ®)

3. Simulation Results

3.1. Components Information in Homer

Solar Panels (PV): The rated capacity of a solar panel array is the amount of power tested under standard test conditions of 1 kW/m2
irradiance and 25°C panel temperature. In HOMER software, PV array size measurements are always specified as rated capacity. The
capacity rating considers both the area and efficiency parameters of the PV module, so neither of these parameters appear explicitly in
HOMER. At each hour of the year, HOMER calculates the global solar radiation that falls on the PV array [37]. The technical characteristics
of the solar panels introduced in the homer program is shown in Table 1, where the nominal power reached 335 watts, which is a typical
value for commercial solar panels and expresses the maximum output under ideal conditions, while the oscillation range from 0 to 5 Watts
indicated minor changes in the generated power as a result of environmental factors such as shading or changing the radiation angle, the
efficiency of the listed panel of 88% is considered unusual and is likely to represent a partial efficiency within the system or a certain
performance coefficient in the program and not traditional photovoltaic efficiency, which required checking its intended interpretation
accurately within the simulation results.

TABLE 1: Solar panel specifications in Homer software.

Number Details

335 (w) rated power of the solar panel

0-5(w) output power fluctuation
88% solar panel efficiency

Wind turbine: HOMER models a wind turbine as a device that converts the kinetic energy of the wind into direct or alternating current
electricity. According to a plot of power output versus wind speed at axial height, HOMER assumes that the power curve applies at a
standard air density of 1.225 kg/m3, which corresponds to standard temperature and pressure conditions. The specifications of the wind
turbine in the homer program are shown in Table 2. It can be said that the important operational characteristics of this turbine were
summarized. The wind speed was set at 5 m/s, which is the speed at which energy starts to be generated by the turbine. A high wind speed
of 25 m/s was also shown as the cut-out speed, where the turbine stops to protect itself from damage. In addition, the table showed that the
nominal wind speed was 20 m/s, which is the speed where the turbine reaches its maximum productivity. Finally, the rotor diameter of 3.2
meters is mentioned, which is a measure of the size of the area through which the turbine can capture wind energy.

TABLE 2: Wind turbine specifications in Homer software.

Number Details

5 (m/s) wind speed cut down
25 (m/s) high cutting wind speed
20 (m/s) nominal wind speed
3.2 (m/s) rotor diameter
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Biogas generator: A one cubic meter biogas refinery can produce 40.04 liters (0.04 cubic meters) of biogas [20].

Power grid: The project can be modeled in three modes in HOMER software: grid-connected, stand-alone and stand-alone system
comparison with grid development. In grid-connected mode, electricity prices must be input to HOMER as real-time and scheduled rates.
In the case of comparing the independent system with network development, the network development cost sharing distance will be
calculated using three inputs including investment, operation and maintenance costs and network electricity price.

3.1.1. Economic Components

Each equipment in HRES has some cost data such as operation and maintenance cost, investment and replacement cost. Fuel price,
grid traded electricity price, real efficiency rate, project lifetime, fixed system investment cost, fixed system operation and maintenance
cost and economic emission penalty are other economic data that may be considered in HOMER. These costs are considered in the
simulation and optimization stages and based on them; the net present cost (NPC) of each plan is calculated.

Investment cost: The investment cost of the system is the cost that occurs at the beginning of the project, regardless of the size or
architecture of the system. The fixed investment cost of the system is added to the initial investment cost of the entire system, thereby
adding to the total net present cost.

Replacement cost: The replacement cost of a component at the end of its life in the component model. This cost may differ from the initial
investment cost for several reasons:

*  All components do not need to be replaced at the end of their life.

*  The initial investment cost may be reduced or eliminated by the donor organization, but the replacement cost may not be reduced.

*  Fixed costs are accounted for, for example the cost of travel to the site. At the time of initial construction, these costs are shared
by all components, but may not be shared at the time of replacement.

Operation and maintenance cost (O&M): The operation and maintenance cost of a component is the costs associated with the operation
and maintenance of that component. The total O&M cost of the system is the sum of the O&M costs of each system component. For a
generator, O&M costs are entered as an hourly value, and HOMER multiplies this value by the operating hours per year to calculate the
annual O&M cost.

Network Cost: Because the network is different from any other component, HOMER calculates network-related costs in a unique way.
Different types of network rates that can be used in HOMER are:
»  Simple rates: it is possible to specify fixed power price, return price and sales capacity.
*  Real Time Rates: Define hourly rates by importing a text file with time series data.
*  Timing rates: allow setting different prices in every hour of the day and month of the year.
*  Network development mode: compares the cost of network development with the cost of each independent system setup in the
model.

3.1.2. System Control

In HOMER, there are two strategies to control the performance of energy and storage resources: Cyclical charging strategy and load
tracking.

Cyclic charging: A dispatch strategy that operates at full output power whenever a generator needs to operate to serve the main load.
Cargo tracking strategy: A generator operates until it produces enough energy to supply the main load in a dispatch strategy.

3.1.3. View of the Proposed Combined Renewable Energy System

The view of the proposed hybrid renewable energy system is shown in Figure 1. The system consists of a solar photovoltaic system
(size 0 to 150 kW) connected to the DC grid, a wind turbine (size 1 to 10 kW) connected to the DC grid, and a biogas generator (size 1 to
25 kW) connected to the grid. AC is connected, formed. The public power grid is also connected to the same AC group and this AC group
supplies the load of the Faculty of Electrical Engineering, MPUAT University of Technology and Engineering, Odiapur. The load of this
college is 100% AC load. A converter is also connected between the AC-DC bundle to convert the DC power generated by the solar and
wind system into AC to supply the load. The system is also connected to the public power grid for support.

A DC

Bio Electric Load #1

= HA

315.08 kWh/d
41.00 kW peak

Grid ABB-MGS TrinTallM+

N e
[l £ =1 ]

Fig. 1. Schematic diagram of the proposed HRES.
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In Homer, specified the basic settings for optimizing the design of hybrid power systems is shown in Table 3. This included the
calculation interval, allowing the capacity of multiple components (generators and turbines), renewable energy contribution limits with
alerts for exceeding them, the accuracy of calculations, the maximum allowable power shortage, a mandatory percentage of renewable
energy, as well as operating reserve ratios to cover load fluctuations and renewable energy generation. These settings guide the search for
the best-balanced design solutions in terms of performance, cost and reliability.

TABLE 3: Homer optimization specification table.

Basic settings Details
Time step duration in minutes 60
Let be systems with multiple generators Yes
Let the systems have several types of wind turbines Yes
The maximum penetration threshold of renewable energy 55
Warning about penetration of renewable energy Yes
Maximum simulations 10000
Accuracy of system design 0.1
Accuracy of present gross cost 0.1
Maximum annual capacity shortage 10
At least part of renewable energy 50
Operating reservation as a percentage of hourly load 50
Operating reserve as a percentage of solar power generation 10
Operational reserve as a percentage of wind power generation 80

3.2. Homer Optimization Results

The monthly electricity production by each component is shown in Figure 2. From this graph, it is clear that the solar system produces
the highest amount of energy in all months, while the wind turbine produces the fewest units in all months except June, July and August.
The biogas generator also produces less electricity than the solar system, but it produces electricity throughout the year. The total electricity
produced by each component per year is shown in Table 3. Solar PV system generated 54.2% of total electricity; Biogas generator produces
23% while wind generation is limited to only 3.2%. The grid will supply deficient energy, which is 19.5% per year. Table 4. Shows the
total electricity consumption. The main AC load of the department consumes about 70% of the energy and 30% of the excess energy is
sold to the grid, as shown in Table 5. The proposed system has an excess energy of 1,505 kWh per year, which is equivalent to 0.869%,
and there is zero unnecessary load and zero capacity shortage. The renewable ratio of this system is 79.7% and the maximum renewable
penetration is 139%.

m PV
W Grid
Wind
20 Bio-gas

i EEEEEEEEE

1 2 3 4 5 6 7 8 S

1

(]

=}

n

11

Fig. 2. Energy production from each component in different months of the year.

The digital data of electricity production for each element during a year is shown in Table 4. It is noted that solar panels (solar
photovoltaics) are the main source of energy, producing 93,926 units of electricity, accounting for 54.2% of the total production. This was
followed by the biogas biogas generator, which contributed 39,874 units (23.0%). As for wind turbines, they produced a much smaller
amount of 5596 units (3.23%). Finally, 33,830 network purchase units were purchased, accounting for 19.5% of the total power consumed.
The total production and consumption of electricity during the year amounted to 173,226 units, that is, by 100%.

TABLE 4: Numerical data of electricity production of each element in one year.

Component Production Percentage (%)
Solar PV 93926 54.2
Biogas genset 39874 23.0
Wind turbine 5596 323
Grid purchase 33830 19.5
total 173226 100

Table 5 provides numerical information on the electricity demand in the region, he found that the basic AC consumption (ac base load)
is the largest, amounting to 115,003 units and accounting for 68.9% of the total power. There is no basic consumption of direct current
(DC basic load) or deferred loads (deferred load), the value of which is 0%. What is striking is the presence of network sales in a significant
amount of 51,817 units, such as 31.1% of the total produced or available capacity. The total power supplied or produced is 166,820 units
(100%).
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TABLE 5: Numerical information of electricity demand in the region.

Consumption Production Percentage (%)
AC primary load 115003 68.9
DC primary load 0 0
Deferrable load 0 0
Grid Sales 51817 31.1
total 166820 100

3.2.1. Solar Photovoltaic System Output

The rated capacity of the solar PV system is 58.2 kW with an average power of 10.7 kW and 257 kW per day. The capacity factor of
the solar system is 18.4% and this system produces 93,926 kWh per year. The minimum output power of the solar system at night or when
there is less solar radiation is 0 kW, and the maximum output power of the system at the time of high solar radiation is 60 kW. The
penetration percentage of PV in the system is 81.7% and it works for 4144 hours in the year. The production cost per unit with solar PV
system is Rs.2.16. Figure 3 shows that most electricity generation occurs during the time interval from 8 to 17 hours during the day, while
very little electricity generation takes place during the time intervals of 0-6 and 18-24. Figure 4 shows the department's AC load, solar
power generation for AC load and purchase of power from the grid in case of power shortage.

PV Power Output

% 70 KW
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1 90 180 0 365
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Fig. 3. Solar power during a year.
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Fig. 4. AC load supply by solar power.

3.2.2 Biogas Generator Power Output

The consumption capacity of the biogas generator is 18 kW. The generator in this system operates up to 2,588 hours per year, and the
number of annual start-ups is 425 times. The practical life of the generator is 7.73 years. The generator capacity factor is 25.3%, the fixed
production cost of the generator is 5.66 rupees per hour, and its marginal production cost is 4.29 rupees per kWh, while the electricity
production of the biogas generator is 39,874 kWh per year. The total fuel consumption by the generator is 121 tons per year. The average
daily fuel consumption is 33 kg/day and the average hourly consumption is 12.5 kg/h, which is shown in Figure 5. Figure 6 shows the
hourly fuel consumption of the generator during 365 days of the year. This figure shows that the minimum electric power of the generator
is 9 kW and its maximum power is 18 kW. Its average electric power is 15.4 kW. It also shows that the operating hours of the generator

6



S. M. Ferhan and H. Aghahi, Electrical Engineering Technical Journal, Vol. 2, No. 2, 2025

are often from 0-8 hours and 18-24 days, when solar power generation does not provide electrical power. Specific fuel consumption is 2.12
kg per kWh and the average electrical efficiency of the system is 30.9%. The input fuel energy consumption is 1, 28,953 kWh per year.
Figure 7 shows the hourly generator power for the whole year.
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Fig. 5. Average monthly consumption of biogas.

Fuel Consumption
& kglhe

J\( i

24 kylhe

Y bl [
m

70

Hour of Day

Day cf Year

Fig. 6. Biogas consumption during one year.

Generator Power Output
2 ' 'S TRARUAAL Y - 20kN

M' |

-
o

%‘-
(=]
% 12 '
‘g |\ 9.0 ki
T
1l 'ﬂ |
n‘ l\h"l[l‘lh | ] " 40KW
]
I *ull 1S
u r T — T - _I llllllll n‘ilﬁ.
1 %0 180 270 33
Day of Year

Fig. 7. Output power of biomass generator during one year.

3.2.3 Wind Turbine Output Power

Although the wind speed in the study location is not suitable for wind power generation, the wind turbines used in this study are
suitable for low-speed winds, for example, 3 m/s. Therefore, wind turbines with small capacity are considered in this study. Based on the
simulations and optimized system by HOMER, wind turbines with a capacity of 10 kW are considered. The average power of the turbine
is 639 W and its capacity is 6.39%. The minimum output power of the turbine is 0 kW, and its maximum power is 6.86 kW. The wind
penetration at HRES is 4.87% and the turbine operates during 6005 hours of the year. The cost of generating is always X 7.15 per kWh
with a wind turbine. Figure 8 shows the wind output power of the wind turbine hourly for the whole year. The figure shows that the
maximum power is less than 1.4 kW during most of the year, and the maximum power, more than 4.2 kW, is produced in May, June and

July.
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Fig. 8. Output power of wind turbine during one year.

3.2.4 Converter Output Power

The optimum size of the converter for HRES according to information obtained from HOMER is 44.2 kW. The converter used in this
system is an online grid-connected converter that can be used as a converter or a rectifier, but in this study the converter only acts as a
converter to convert the DC output power from the solar PV system to Convert AC power and supply the AC loads of the Faculty of
Electrical Engineering. The average power of the converter is 10.6 kW, its minimum output power is 0 kW and its maximum power is 44.2
kW. The converter has a capacity factor of 24.1% and operates for 7630 hours of the year. The energy consumption to the converter is
98,017 kWh per year and the energy output is 93,116 kWh per year, while the losses are 4901 kWh per year. Figure 9 shows the hourly
output power of the converter for the whole year.
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Fig. 9. Converter output power.

3.2.5 Grid Power System

In this proposed HRES, a grid-connected design is considered because the grid is used as a back-up power component and an additional
energy absorber. Although a biogas generator is also available, the output of the bio gasifier is still dependent on the consumption of the
feedstock input, which is again an intermittent renewable resource. The power grid supplies electricity at times when there are insufficient
renewable resources to meet load demand and consumes electricity at times when excess energy is available. Connecting the network to
the HRES system makes it more reliable and reduces LPSP. Table 6 indicates the monthly and annual exchange of energy with the electrical
network. Show fluctuations in the amounts of energy purchased and sold, where the surplus was sold in some months and the deficit was
bought in others. The table also recorded the peak monthly consumption, energy costs and grid-related demand. Annually, show the net
sale of energy at specific total costs.

TABLE 6: Buying and selling electricity from the grid.

Energy  Net Energy

Month Energy purchased sold purchased Peak Load Energy Charge Demand Charge
January 1,395 2,391 -996 43.12 %7,576.83 %120.00
February 1,044 3,487 -2,443 41.21 33,121.87 %135.76
March 1,832 2,692 -860 40.8 %10,619.19 3261.75
April 2,779 2,267 513 41.95 %18,836.06 %293.10
May 3,939 2,135 1,804 40.8 %28,310.46 3332.66
June 3,465 2,645 820 42.12 %23,750.76 3332.88
July 4,840 3,180 1,660 38.54 333,952.64 3542.95
August 4,122 4,476 -353 37.58 %26,264.37 3538.00
September 1,578 5,986 -4,407 39.8 33,647.59 %182.10
October 2,285 8,076 -5,791 42.5 %6,163.44 3270.00
November 3,510 7,624 -4,114 41.2 %16,644.76 331500
December 3,040 6,860 -3,820 40.3 %14,029.15 3291.10

Annual 33,830 51,817 -17,987 4541 %192,917.12 33,615.30
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Figure 10 and Figure 11 show that buying and selling energy from the network is done hourly. Figure 11 shows that the most purchases
from the grid occur during 0-6 hours of the day and 18-24 hours of the day when the solar PV system is not generating electricity. Figure
12 shows that the maximum sales to the grid occur during 6-18 hours of the day because during these hours, solar-wind generation systems
and biogas generators produce electricity, and the total renewable electricity generation is greater than load demand. Figure 13 shows a
summary of the electricity load of the entire studied location, purchase from the network and sale to the network.
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Fig. 10. Energy purchased from the grid.

Energy Purchased from Grid
T 40w

Wi

2w

2
=] W
B
g 16 kW
T
8.0k
u-I T T — T 1 U Ic”
1 0 180 20 385
Day of Year

Fig. 11. Energy sold to the grid.

Energy Sold to Grid

Hour of Day

o

! 5 150 ) 5
Day of Year

Fig. 12. Buying and selling electricity from the network with total demand.



S. M. Ferhan and H. Aghahi, Electrical Engineering Technical Journal, Vol. 2, No. 2, 2025

50

0 - o

— I Grid Purchases

'\ D Grid Sales
§

?
¢

“sg
Cre >y
S, o

Total Blectnical Load
Served

Fig. 13. Buying and selling electricity from the network with total demand.

3.2.6 Environmental Impact

Renewable energy sources cannot be the only source of electricity, but they can reduce the consumption of traditional energy sources.
In this study, the environmental benefits of the combined solar-wind-biogas system have been evaluated in terms of emission reduction.
To calculate the emissions of each pollutant associated with a net purchase from the grid, HOMER multiplies the net purchase from the
grid (in kilowatt-hours) by the emission factor value (in grams per kilowatt-hour) for each pollutant. Although there are many types of
emissions associated with power generation, emissions of CO2, sulfur dioxide, and nitrogen oxide are considered. CO2 is the largest part
of the emissions associated with power generation in a traditional power generation plant and can be considered the largest environmental
impact created by the power industry. The number of reduced emissions associated with meeting the load demand of the Faculty of
Electrical Engineering for one year with the proposed grid-connected solar-wind-biogas hybrid system. Table 7 views the calculations of
emissions of polluting gases in the homer program, we see annual estimates of various amounts of pollutants. Carbon dioxide (carbon
dioxide) appeared as the largest emission in the amount of 21,402 kg per year. This is followed by sulfur dioxide (sulfur dioxide) for 92.7
kg per year, and then nitrogen oxides (Nox) for 45.5 kg per year, and a very insignificant amount of carbon monoxide (carbon monoxide)
amounted to 0.241 kg per year. Remarkable is the absence of emissions of unburned hydrocarbons (unburned hydrocarbons) and fine
particles (particulates), the value of which reached zero.

TABLE 7: Calculations of emission of polluting gases in Homer software.

Pollutant Amount
Carbon Dioxide 21,402 kg/yr
Carbon Monoxide 0.241 kg/yr
Sulfur Dioxide 92.7 kg/yr
Nitrogen Oxides 45.5 kg/yr
Unburned Hydrocarbons 0
Particulate Matter 0

3.3 Genetic Algorithm (GA) Optimization

GA is an optimization technique based on genetic aspects and natural selection. Nature has always been a great source of inspiration
for all humans. Genetic algorithms are considered a subset of a broader branch known as Evolutionary Computation. These algorithms are
commonly used to find optimal or near-optimal solutions for complex problems that would otherwise take a lifetime to solve. Genetic
algorithms are widely used in optimization problems, research, and machine learning. Genetic algorithms were developed by John Holland
and his colleagues at the University of Michigan and have been extensively tested in solving various optimization problems with a high
degree of success. The genetic algorithm is an optimization technique used to find solutions to complex optimization problems, with or
without constrained parameters. It is a stochastic global search approach. The most common approach in genetic algorithms is to create a
group of individuals randomly from a given population. Individuals are evaluated using a fitness function provided by the programmer. An
indirect measure called fitness value is then assigned to the individuals, reflecting their fitness status. The best two individuals are used to
produce one or more offspring, and random evolutions are performed on the offspring. Depending on the program's needs, the process
continues until an acceptable solution is found or until a certain number of generations have passed. The stages involved in the genetic
algorithm are as follows:

Step 1: Selecting a set of individuals as the initial population with random values for Nsol, Nwt, and Nbio.
Step 2: Defining the fitness function (objective function) and assigning a fitness value to each individual.
Step 3: Performing energy balance calculations and checking minimum and maximum values.

Step 4: Checking LPSP and RF constraints.

Step 5: Generating offspring until termination criteria are met.

Step 6: Selecting the top-performing individual to produce offspring.

Step 7: Generating new individuals through recombination and evolution.

Step 8: Calculating the fitness of the new individual.

Step 9: Terminating if termination criteria are met; otherwise, return to Step 4.

10
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3.3.1. Genetic Algorithm Results

To optimize the hybrid renewable energy system, the optimal design obtained from HOMER pro is re-examined by the artificial
intelligence technique, Genetic Algorithm (GA). To optimize each component, climate data and economic analysis are generated. This
multi-objective GA (MOGA) technique implements a hybrid solar-wind-biogas system connected to the grid. The simulation time step is
1 hour and runs on data for 1 year. The maximum number of courses is 92.

3.3.2. Optimized System Cost and Size

The genetic optimizer runs for up to 92 generations and produces optimal volume and cost optimization results with appropriate
selection, mutation, and combination. The result provided by this iterative technique is shown in Table 8. The optimized design by GA
output breakdown includes 52.36 kW solar PV system, 10 kW wind turbine system and a 20 kW biogas generator. The proposed system
is connected to the grid and the energy balance calculations are performed hourly (8760 hours). When the power calculated by renewable
sources is less than the load demand of the location, network purchases are made, and when the load demand is less than the power produced
by renewable sources, additional energy is sent to the network. The hourly load demand over a full year is shown in Figure 14 and Figure
15. Shows a zoomed-in view of the load profile for hours 70 to 160 years. The power produced by the selected system through solar energy
is shown in Figure 16. The hourly energy produced by the wind turbine for a whole year is shown in Figure 17. The energy produced by

the biogas generator is shown in Figure 18.
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The optimal solution for the hybrid power system and determined the sizes of the solar system (52.36 kW), wind turbine (10 kW),
biogas generator (20 kW) is presented in Table 8. Estimated annual energy production(92505 ¢ 41 « 585.6 < 5 < 270 « kWh, respectively),
as well as the annual costs of each of them and the costs of dealing with the network (purchase of 21,260 kWh, sale of 38,706 kWh).The
table also presented the total annual cost of the system (5, 86, 640 dollars), the net current cost (78, 64, 500 dollars), the cost of energy
production (3.5563 dollars per kWh).

TABLE 8: Optimal solution by GA.

Solar PV System 52.36 KW
Size Wind turbine 10 KW
Biogas genset 20 KW
Solar PV System 92,270 KWh
Energy Generated Wind turbine 5585.6 KWh
Biogas genset 41,505 KWh
Solar PV System %1,75,320
% 64,136
Annualized cost Biogas genset %2,28,740
Net grid cost %1,15,620
Inverter cost 320,552
Grid exchange Gn'd.purchase 21,260KWh
Grid Sales 38,706KWh
Annual Cost %5,86,640
Net Present Cost (NPC) ‘Wind turbine %78,64,500
Cost of Energy (COE) 33.5563

Figure 19 shows the amount of hourly energy purchased from the grid and sold to the grid for a full year, while Figure 20 shows the
grid sales for the first 0-180 days of the year. It is clear from Figure 19 that in the early days, the amount of buying from the network was
less than selling to the network. At that time, renewable energy sources produced more energy than the load demand. Figure 21 shows the
load demand with the blue line, while the red line shows the total power produced by renewable energy sources and power purchased from
the grid to meet the load demand.
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Fig. 19. Purchase and sale of electricity during one year and implementation by GOA algorithm.
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Fig. 20. Buying and selling electricity in a limited period of time.
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Fig. 21. Total power and demand graph in the time period 0-160.

Also, Figure 22 shows the load demand with a blue line, the red line shows the total energy produced by renewable energy sources
and purchased from the grid in orange. This figure shows that enough energy is produced by the renewable energy system to meet the load
demand and there is no need to buy from the grid for the first 180 days of the year. Figure 23 shows how the energy produced by renewable
energy sources is proportional to the demand for load. From this figure, it is clear that all load demand is provided by the proposed
renewable energy system and no-load demand remains.
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Fig. 22. Demand and total energy and purchase of electricity from the network in the period 0-160.
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4. Conclusion

The study highlights the effectiveness and potential superiority of a multi-objective genetic algorithm (GA) over HOMER Pro software
in optimizing combined energy systems. The findings reveal a clear trend where the GA demonstrates better stability performance, notably
achieving a lower Cost of Energy (COE), indicating a more economically viable system design. Furthermore, the GA-based optimization
suggests the feasibility of utilizing smaller-sized components within the Hybrid Renewable Energy System (HRES). This not only leads to
a reduction in the Net Present Cost (NPC) but also establishes that a right-sized, efficient system can effectively cater to the site's energy
demands. In terms of environmental impact, the evaluation of emissions calculated by both methods shows that the GA-based approach
could achieve emission reductions comparable to those calculated by HOMER Pro. This suggests that the proposed artificial intelligence
technique is not only effective in system optimization but also exhibits an edge over industry-standard software in this crucial aspect.
Overall, the research strongly supports the notion that the multi-objective genetic algorithm serves as a robust and valuable tool for
optimizing hybrid energy systems, primarily due to its capacity to yield designs that are more economical, propose smaller component
sizes, and deliver similar environmental benefits when compared to established software like HOMER Pro.

1. Comparison of Optimization Methods:
e The study used both GA optimization and Homer Pro software to analyze the hybrid renewable energy system.
e Akey finding was that GA-based optimization demonstrated superior performance stability compared to Homer Pro.
e GA optimization achieved lower energy costs, indicating that it leads to a more economically efficient system design.
2. System Sizing and Cost:
e The GA-based optimization proposed smaller component sizes for the hybrid system compared to Homer Pro.
e This reduction in component size directly contributed to a decrease in the net present cost of the system.
e The study emphasizes that the GA optimization achieved a system with the same energy efficiency and reliability as
Homer Pro's solution, but at a lower cost.
In essence, the conclusions highlight the effectiveness of using Genetic Algorithms to optimize hybrid renewable energy systems. The GA
method not only maintains system performance but also offers a more cost-effective design by optimizing the size of the system's
components.
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1. Introduction

Modern power grids experience unprecedented integration of renewable energy sources (RESs) and distributed generation (DG)
because of global low-carbon energy system transitions. The transition to renewable energy sources and distributed generation delivers
numerous environmental and economic benefits but produces complex operational obstacles because of how these sources produce energy
in an irregular fashion. Electrical systems experience their most severe issues through voltage instability and increased power oscillations
and damaged power quality which become worse during fast changes of load or when faults occur [1]. The wide adoption of Static VAR
Compensators (SVCs) as one of the main components under Flexible Alternating Current Transmission System (FACTS) addresses both
voltage regulation issues and reactive power requirements effectively. The devices use dynamic reactive power control to minimize voltage
fluctuations while improving power factor together with strengthening power grid stability [2]. The standard operation of SVCs occurs
through Proportional-Integral controller implementation providing basic control functionality under stable situations. PI controllers struggle
to effectively manage power grid conditions and uncertain operating environments because of rising power grid non-linearity and
complexity when renewable sources exceed specific thresholds [3].

Recent technological advancements in intelligent control methods achieve promising potential through the implementation of Artificial
Neural Networks (ANNs). ANNs demonstrate three key characteristics which include modeling ability of complex non-linear relationships
together with adaptive system dynamic response and operational data generalization without specific system models [4]. Power systems
benefit from their successful application in fault detection and load forecasting and dynamic control applications because of the
combination of fast response time and learning capability [5]. An ANN-based control strategy for SVCs serves to enhance voltage
regulation as well as power system stability when grid conditions change due to fault disturbances. The ANN controller learns system
behavior to automatically adjust reactive power compensation while changing the fixed parameter-based structure found in standard PI
control [5]. A complete simulation framework in MATLAB/Simulink analyzes the proposed method alongside conventional PI-controlled
SVCs when running simulations on three-phase faults. The controller’s effectiveness will be evaluated by examining the quantitative
performance metrics of overshooting as well as settling time and steady-state error.
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2. Materials and Methods
2.1. SVC Modelling

The Static VAR Compensator operates as a shunt-connected FACTS device with the capability to manage voltage regulation through
dynamic reactive power control functions. The fundamental structure of an SVC depends on thyristor-controlled reactors (TCRs), thyristor-
switched capacitors (TSCs) and harmonic filters. The SVC functions by changing the system-connected equivalent susceptance value
through the controlled thyristor firing angle modulation [6]. An SVC connected to a bus has the mathematical option to model as either a
variable admittance device or a controlled reactive power source. The SVC injects reactive power Q_SVC and SVC current I SVC to the
system according to the following formula.

Bus w

Isvae

L I

L C L %L
C C

TCR TSC J:PilteﬁJ:

Fig. 1. SVC schematic diagram.

In addition to the equivalent circuit representation shown in Figure 2, the SVC enhances power system performance in several key areas
[7]. These benefits encompass voltage regulation, power factor correction, improved dynamic and static security, increased system load
ability, reactive power management, reduced power losses, and the mitigation of power oscillations.

$ Isve

Bsvc Qsve

;\

Fig. 2. Equivalent circuit of SVC.

The Static VAR Compensator (SVC) is commonly described as a shunt-connected device designed to either generate or absorb reactive
power within a power system. A typical SVC configuration, as depicted in Figure 3 (left), consists of a capacitor bank in conjunction with
a thyristor-controlled reactor. The equivalent single-phase circuit representation of this configuration is shown in Figure (right). Due to
constraints imposed by the thyristor firing angle, the SVC effectively operates as a variable reactance [8], allowing for dynamic adjustment
of reactive power. The reactive power injected at bus k and the corresponding injected current can be calculated using Equations (1) and
(2), respectively, providing a quantitative understanding of the SVC's impact on the system.

Vi Isvc = jBsyc (D
Qsvc = Bsyc VI? 2)

I SvVC BSVC

Fig. 3. Equivalent circuit of SVC.

Here, ISVC and QSVC denote the reactive current and reactive power, respectively, that the SVC injects into or absorbs from the
power system [9]. The SVC's susceptance is given by BSVC, and Vk represents the voltage at the bus to which the SVC is connected [10].
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As a shunt-connected device, the SVC's primary role is voltage regulation, a critical function for ensuring voltage stability, especially near
the load end of transmission lines. While physically realized using a parallel combination of thyristor-controlled reactors and capacitor
bank, the SVC's effective behavior is that of a variable shunt reactance. This variable reactance characteristic, illustrated in Figure 4, allows
the SVC to control voltage by injecting or absorbing reactive power as needed [11].

Line B

Line A Line C
Bus .T.l_rl__

Qgyc

SVC

Fig. 4. SVC power injection model.

The amount of reactive power (QSVC) that the SVC can generate or absorb is governed by its available inductive and capacitive
susceptance. This functionality allows the SVC to be implemented as a component that provides a specific bus with a defined quantity of
reactive power, enabling voltage regulation and stability [12].

2.2. Static VAR Compensators (SVCs) based PI

In power systems, Static VAR Compensators (SVCs) play a vital role in reactive power compensation and voltage regulation Figure 5
illustrates the common practice of utilizing Proportional-Integral (PI) controllers to enable accurate and reliable control of these SVCs [13].

#I Kp

(1) =

Vimeas (pu) -+_\ . |- @
b = Blpu)
ref (pu)

X
num(s)
den(s)

Droop Break algebraic loop

Fig. 5. SVC-Based PI controller.

2.2.1. SVC Operational

Static VAR Compensators (SVCs) are power electronic devices characterized by their ability to dynamically generate or absorb reactive
power. This dynamic capability is crucial for their primary functions: regulating voltage levels and enhancing overall power system
stability. Unlike static compensation methods, SVCs can continuously adjust their reactive power output to meet the changing demands of
the system [14].

2.2.2. PI Controller Functionality within SVCs

A widely used feedback control method for SVCs is the Proportional-Integral (PI) controller, which consists of two key elements:

*  Proportional (P) Element: This element generates a control signal that is directly proportional to the error signal, which represents
the difference between the target voltage (typically a fixed value) and the actual system voltage. The benefit of the proportional
element is its fast response to voltage deviations, providing immediate corrective action.
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+ Integral (I) Element: The integral element continuously integrates the error signal over time. The output of this element is based
on the accumulated sum of past errors. The advantage of the integral element is its ability to eliminate steady-state errors, ensuring
the system ultimately achieves and maintains the desired voltage level. Together, the proportional and integral elements provide
both fast response and accurate tracking.

2.2.3. SVC Operation with a PI Controller

The PI controller of the System Voltage Controller stays active by tracking voltage levels at the selected power grid regulation point.
The controller evaluates a pre-defined reference voltage known as the set point to compare it with the voltage measurement. The PI
controller obtains its input from the calculated error value which results when measuring the voltage difference between target and actual
conditions. A proportional control action within the PI controller operates instantly by changing the firing angle settings of TCR or TSC
devices to control reactive power output of the SVC system. The integral component takes care of persistent steady-state error through
continuous error signal integration that produces refined output corrections for reactive power adjustments [15]. The SVC achieves quick
and effective voltage regulation through the coordinated operation of positional and integral controllers which work together to adjust the
thyristor-controlled reactor or thyristor-switched capacitor firing angles.

2.2.4. Advantages of PI-Controlled SVCs

The precise voltage regulation function of SVC systems relies on PI controllers to deliver control at desired points throughout the
power system. The system maintains operational boundaries for voltage stability through this control mechanism.
By using both proportional and integral control elements these systems respond quickly to voltage variations to produce immediate
adjustments as well as sustain any remaining errors until they disappear. The integrated proportional and integral control system enables
quick precise responses to disturbances in the power system.
The combination of PI controllers enables SVCs to enhance power quality through automatic reactive power adjustment resulting in
diminished voltage dips and surges as well as minimized harmonic disturbance.
The integration of PI controllers makes SVCs indispensable components within current power systems. SVCs support voltage stability and
play a leading role in preserving power quality through their operating mechanism. The combined proportional integral control system lets
SVC components quickly respond to disturbances while keeping the desired voltage output levels [16].

2.3. Neural Network-Based Controller

To enhance SVC performance under dynamic grid conditions, this study proposes an Artificial Neural Network (ANN)-based
controller. The neural network is trained to approximate the nonlinear mapping between the system’s voltage error and the required reactive
power adjustment.

The ANN structure includes:

- Input layer: voltage error e(t) =V _ref - V_meas

- Hidden layer(s): with sigmoid activation functions

- Output layer: control signal for SVC modulation
Training is conducted using the backpropagation algorithm. The loss function is defined as the mean squared error between the ANN output
and the optimal reactive power control value. The weight updates follow the delta rule:

Aw = -1 * OE/ow
where 1 is the learning rate and E is the error function. The ANN is trained offline using fault scenarios, and its performance is then tested
in real-time simulations within Simulink.

2.4. Simulation Setup

In neural networks, the backpropagation algorithm employs the chain rule to efficiently determine the gradient of the loss function
with respect to each weight. Rather than a single, direct computation, this process is carried out iteratively, calculating the gradient one
layer at a time. While the mechanics of gradient calculation are outlined, the subsequent utilization of this gradient for weight adjustment
is not explicitly detailed. The delta rule's calculation can be summarized in the following steps:

- The network receives input data, X, through its defined input channels.

- This input is then processed by a mathematical model that incorporates real-valued weights, represented by W.

- The initial values for these weights are typically assigned randomly.

- The algorithm proceeds by determining the output of each neuron throughout the network. This involves a forward pass, starting
at the input layer, traversing any hidden layers, and culminating in the output layer. Subsequently, the algorithm quantifies the
difference between the network's predicted outputs and the target or expected outputs. This difference, denoted as Error B, is
calculated as follows:

Error B = Actual Output - Desired Output 3)

To reduce this error, the algorithm adjusts the weights by propagating an error signal backwards through the network, from the output
layer towards the hidden layers [17]. This process is visually represented in Figure 6.
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Hidden layer(s)

Output layer

Fig. 6. Configuration (Back Propagation).

3. Results

The present study aims to conduct an analysis of a debate on the topic of Enhanced Transient Stability in Power Systems via Intelligent
Control of SVCs Using Neural Networks. in Figure 7, the power system distribution included the FACTS- devices, SVC, which are
controlled by a neural network controller. The model of the researched system is shown in Figure 8, using MATLAB/Simulink. To evaluate
the performance of the system, a 3-phase-to-ground short circuit fault is introduced at the location in close proximity to the wind energy,
the fault sites are situated at the wind bus (3). research was conducted to investigate the impact of SVC-based ANN on system situation
and stability in the presence of disturbances.

3.1. Static VAR Compensators (SVCs) based ANN

Figure 7 illustrates a sophisticated approach to voltage regulation and reactive power compensation in electrical power systems,
utilizing Static VAR Compensators (SVCs) in conjunction with Artificial Neural Networks (ANNs). SVCs, as dynamically controllable
reactive power sources, are capable of either generating or absorbing reactive power as needed to maintain voltage stability and improve
power quality in power grids. The integration with ANNs allows for intelligent and adaptive control of the SVCs, enhancing their
performance under varying system conditions.

The diagram illustrates a neural network-based control system, likely for an SVC (or a STATCOM), detailing how the neural network
integrates into the control of this power system component. The key components and their functions are:

*  Voltage Measurement (Vmeas): Function: Measures the actual voltage at the control point in per-unit (pu).

*  Reference Voltage (Vref): Function: Sets the desired target voltage level in per-unit (pu).

*  Error Calculation: Function: Compares the measured voltage (Vmeas) to the reference voltage (Vref) to produce an error
signal, representing the deviation from the desired voltage.

*  PI Controller: Function: Processes the error signal using proportional (Kp) and integral (Ki) gains to generate a control output
that minimizes the error and drives the system towards the target voltage.
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Fig. 7. Simulink/ Matlab SVC-based ANN.
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Controlling the SVC voltage, as defined by the following relationship, dictates the energy exchange between the SVC and the power
system.
Vi WVs

VE - ViV
Qc =% x. cos(6; — 6,) = # “4)

The following parameters are relevant to the operation of the SVC:

Qc: Reactive power, representing the amount of reactive power generated or absorbed by the SVC. This is a key control variable.

Vs: SVC output terminal voltage, indicating the voltage level at the point where the SVC connects to the power grid.

Xtr: Leakage reactance, representing the reactance of the transformer used to connect the SVC to the power grid. This parameter affects
the SVC's ability to control reactive power.

Figure 8 illustrates the temporal behavior of active and reactive power for the Static Var Compensator (SVC) Understanding how these
quantities change over time is crucial for analyzing SVC performance. The fault 3-phase to-ground short circuit fault is introduced at
location in close proximity to the wind energy.
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Fig. 8. Depicts the Simulink model representing the total system under study.

The time-domain response of voltage has been depicted alongside current and active power alongside reactive power in Table 1. as
Generator 1 experiences a disturbance. The Table compares the system's behavior with and without the application of FACTS devices.
When FACTS devices are removed the system first shows instability because the distance between the fault location and Generator 1 bus
is extensive. The system displays a double problem during instability which combines both a rapid voltage escalation (termed overshoot)
as well as continuous voltage fluctuations that create sustained oscillations before reaching a stable operating position. The deployment of
FACTS devices helps stabilize the system because it shortens the simulation time needed to achieve a steady state to about half of the
initial duration. FACTS devices display an effective capability to suppress power oscillations and enhance power system transient behavior.

TABLE 1: System Stability Comparison after Fault (Generator 1, with/without FACTS/SVC) - Bass ANN.

Voltage (Pu) Current (Pu) Active power (Pu) Reactive power (Pu)
No FACTS 1.14 1.35 1.37 1.38
SVC 1.1 1.28 1.29 1.25

The results presented in Table 1 demonstrate that the system's recovery to a stable operating condition (considering voltage, current,
active power, and reactive power) after a fault is significantly quicker when an SVC, governed by an ANN, is implemented. Conversely,
the system requires a longer stabilization time in the absence of FACTS devices. Table 2 demonstrates that the SVC-Bass ANN significantly
accelerates system recovery after a fault. Voltage, current, active power, and reactive power all stabilize more rapidly compared to scenarios
without FACTS devices. The prolonged stabilization time without FACTS highlights the critical role of the SVC-Bass ANN in enhancing
power system resilience.

TABLE 2: Compression the rate of system stability after the fault in the state of (no FACTS, SVC) related to generator (2) bass ANN.

Voltage (Pu) Current (Pu) Active power (Pu) Reactive power (Pu)
No FACTS 1.33 1.40 1.38 1.32
SvVC 1.23 1.33 1.25 1.24
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3.2. Statistical Analysis and Performance Metrics
Controller performance was assessed using these metrics as in Table 3.

TABLE 3: Metrics used to evaluate the performance of the control unit.

Metric Description
Overshoot (OS) Max deviation above the reference voltage (pu)
Settling Time (Ts) Time to stabilize within +5% of reference (s)
Rise Time (Tr) Time from 10% to 90% of final voltage (s)
Steady-State Error (Ess) Final error between Vmeas and Vref

Average results for Generators 1 and 2 are summarized below in Table 4.

TABLE 4: Average results for Generators 1 and 2 are summarized.

Controller Overshoot Settling Time (s) Rise Time (s) Steady-State Error
No FACTS 0.14 2.8 1.6 0.03

SVC + Pl 0.10 22 1.2 0.015
SVC + ANN 0.06 1.3 0.9 0.005

The ANN-based controller significantly outperformed the PI controller:
e  Reduced overshoot by 40%.
e Improved settling time by approximately 40%, leading to faster recovery.
e  Minimized steady-state error by 67%, enhancing voltage precision.

The ANN-controlled SVC demonstrated superior performance in all tested metrics, enabling quicker voltage regulation crucial for
dynamic power systems with high renewable penetration. Its adaptability allows better response under varied conditions. Higher voltage
instability and power oscillations without FACTS devices highlight the importance of advanced control.

4. Conclusion

This study showed that ANN-based controller for SVCs achieved better results for power system voltage regulation alongside transient
stability performance. The proposed controller reached higher performance levels than PI controllers using the adaptation features of
Artificial Neural Networks. Simulation outcomes demonstrated that an SVC controlled by ANN technology minimized voltage overshoot
to 0.06 pu when compared to 0.10 pu, achieved a settling time decrease from 2.2 seconds to 1.3 seconds and reduced steady-state voltage
error to 0.005 pu from 0.015 pu. Experimental tests confirmed that the neural network control method enhanced voltage accuracy by 67%
and reduced both settling time by 40% and overshoot by 60% thus demonstrating its superior performance. System recovery after faults
became more efficient when the SVC operated under ANN control. When utilized in a system lacking FACTS devices the ANN-based
SVC accelerated steady-state recovery while decreasing both power and voltage oscillations mainly during faults affecting remote bus
regions. Precise voltage and power stability became enhanced when Generator 1 operated under ANN control reaching 1.25 pu of reactive
power while ordinary operations without FACTS settled at 1.38 pu. The research demonstrates that ANN controllers in SVC systems create
an intelligent and resilient solution for voltage regulation in present-day power distribution systems. This method delivers optimal results
when applied to renewable integration systems experiencing irregular load fluctuations. Research into forthcoming periods should analyze
combinations between ANN and fuzzy logic and reinforcement learning to enhance system adaptability and resiliency against complex
grid behaviors.
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1. Introduction

The Internet of Things (IoT) is a field of technology that is growing very quickly. It links billions of devices all over the world and changes
how people talk to each other and work together in many areas. Connected devices such as in health care, agriculture, smart cities, industrial
automation, and even home automation, have become common loT applications that greatly enhance productivity, ease and effectiveness
of their respective operations. IoT technologies enable these systems to gather and interpret data instantaneously. This functionality
facilitates well-informed decision making and judicious allocation and use of resources. However, IoT devices have immense cybersecurity
challenges given the shear increase and inherent vulnerabilities of the connected devices [1].

The Internet of Things has gone from a promising idea to a part of everyday life for most people in just a few years. Many gadgets talk
to each other without even thinking about it in a modern home, on a factory floor, or even in a city traffic grid. In these situations, sensors,
short-range radios, tiny processors, and remote cloud servers all work together. This speeds up operations and makes everyday tasks much
easier. By the middle of the decade, some 30 billion widgets—most of which are out of sight and out of mind—will be keeping track of
their status somewhere and sending managers streams of new information [2].

Threat actors are now taking advantage of the wide range of attack surfaces that have opened up because of the quick rollout of Internet
of Things hardware. Researchers often say that most IoT endpoints are insecure by design because of things like shrinking memory
budgets, sporadic firmware patches, and a patchwork of wireless protocols. The Distributed Denial of Service (DDoS) attack is the most
dangerous of all. This old trick can still quickly overwhelm emergency call centers, shut down utility dashboards, and turn digital chaos
into real-world economic pain [3].

At present, the distributed denial-of-service attacks (DDoS) hold a unique and alarming position. DDoS attacks work by filling the
target's bandwidth or processing a stream of fake requests, thereby blocking servers. Any remaining requests are marked as collateral, and
the target company, once again, faces the deepest consequences. Companies like D-Gate and other sensors are constantly adding new
DDoS attack vectors as the IoT ecosystem continues to evolve. The size of the attack simply exceeds the capabilities of conventional
firewalls as well as rule-based intrusion detection systems [4,5].

The recent cyber attacks on well known industries have shown in particular how weaknesses in DDoS flooding have become worse.
Each case not only captures the outdated nature of the firewalls, but equally the incompetence of the protective mechanisms in use today
for the Internet of Things. Mirai is a piece of malware that employs brute force attacks against cheap grade routers, cameras, and even
fridges. Her repeat performances makes engineers feel that massive botnets are neither a thing of the past nor are they rare sights. Time
and time again the specialists say the same thing, cloaked beneath the blaring of these sirens, lack of defenses that are more complex and
advanced and far quicker and more flexible [6].

Attackers modify their codes which render rules and signatures useless and this is still referred to as traditional cybersecurity. It's
difficult to work with heavy-duty scanners due to batteries the size of buttons and chips that are mechanically inactive [oT sensors speak 6
languages and. Collectively, they work at a pace that feels agonizingly slow. Researchers have turned their attention to busy simulation
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labs, concentrating their efforts there. They teach their systems packets that have been labeled and classified. Simultaneously, machine
learning systems are attempting to extract meaning from the bulk of the data, and scanning for minor fluctuations in the traffic which would
be considered as the sign of the arrival of something important. The objective is for exercises like these to reduce the time needed for
detection from a full 60 seconds down to a simple heartbeat, and, in the process, provide the operators with an activity to do before the
actual mayhem breaks loose in the real world [7].

During the configuration of the NS-3 system , the innovation reaches new limits as new methods of traffic analysis and dynamic

machine learning are combined. This further enhances the security and integrity of IoTs of the next generation. It allows the detailed
design and analysis of the DDoS detection system for the peculiar and sophisticated behaviors of IoT systems [8].
The recent attacks on smart device networks that have resulted in service outages demonstrate primary security issues that need to be
defended against in a flexible and timely manner. A DDoS attack in [oT relies on older technologies such as supported by a firewall and
signature-based intrusion-detection systems that have little efficacy. The issue is that such older technologies mapped to technological
infrastructure and support legacy which is still cumbersome and rigid and thus, unable to deal with low power chipsets and edge-of-network
processing. There is a growing agreement among researchers and practitioners on the need to develop and adopt defense strategies that
consider real-time analytics on traffic streams. These would fuse real-time pattern recognition and data mining with powerful numerical
simulation models to craft new technologies [9,10].

This study employs fine-grained traffic analysis within the NS-3 environment which is considered a dependable method for carrying
out complex and repeatitive network analysis. The framework is designed for modeling volumetric Distributed Denial-of-Service (DDoS)
attacks using adaptive machine learning classifiers for realtime computation. The methodology achieves the equilibrium between machine
learning processes and the operational efficiency required for low power [oT devices. NS-3 serves the purpose of analyzing packet level
behaviors for IoT and the provided framework helps in understanding the DDoS attack and the random burst and erratic flow patterns the
attack creates. Modular design of NS-3 offers easy integration for swift testing of varioud IoT communication protocols coupled with
network topologies for useful setting replication. NS-3's extensive, dynamically adjustable, self-contained protocol libraries and traffic
generation tools for coherent design and seamless testing facilitates precise, flexible, and real-time analysis. Relative to competing
simulation tools OMNeT++, NS-2, and Mininet, NS-3 outperforms them in providing finer simulations, greater user capacity, and more
versatility in tailored modifications for operational requirements. This in turns facilitates the analysis of real IoT systems by studying the
interplay of the components within the loT security architectures for systems.

The structure of the paper is as follows. In Section 2, the most recent information concerning security issues in the Internet-of-Things
is reviewed, and the characteristic signatures of DDoS attacks are compiled and attempts at mitigation are analyzed and an overview of the
NS-3 is provided. In Section 3, the methods used to develop the topology, traffic profiles, and the model's assumptions are described. In
Section 4, the output of the simulation is analyzed and discussed in a sensible manner. The paper is finalized in Section 5, in which the
principal points are briefly discussed.

2. Related Works

Due to varying communication protocols, different computing capabilities, and the many types of devices that work differently, loT
environments tend to be heterogeneous in nature. Such traits and characteristics make the implementation of unified security solutions
more difficult. In the same light, unified security solutions make robust protections more difficult, thereby increasing the chances of a cyber
attack. IoT devices overwhelmingly utilize MQTT, CoAP, HTTP, and Zigbee protocols. Each protocol has its own set of vulnerabilities
and security weaknesses. Due to these traits, more advanced security features are difficult to implement, such as strong intrusion detection
systems and advanced encryption standards. Such features make devices in the [oT sphere more likely to be attacked by a Distributed
Denial of Service (DDoS) attack.

The Internet of Things refers to an expansive network of interconnected objects that encompasses everything from basic sensors and
devices to sophisticated cyber-physical systems interfacing with the cloud and edge networks. Most conventional diagrams still allocate
technology to three overarching tiers: the perception tier which includes all devices on the ‘edge’, the transport tier which consists of
networks, and the application tier which resides in the cloud. More recently, engineers have started incorporating edge and fog tiers into
their diagrams to perform real-time data processing and reduce latency by valuable milliseconds [11]. The applications of the Internet of
Things encompass areas like smart agriculture, smart transportation and logistics systems, and smart grids. The use of these technologies
leads to an increase in productivity, optimal use of resources, and an improved quality of life. DDoS assaults frequently pinpoint the
fundamental design weaknesses of widely-used network protocols and, more alarmingly, they tend to focus on the ‘out of the box’
configurations that users tend to neglect. This issue is particularly exacerbated in the domain of the Internet of Things, where systems are
haphazardly integrated, and systems where, more often than not, the need for a comprehensive security assessment is sacrificed for the
need for speed [12]. The alarming number of Internet of Things devices connecting to the public Internet without any form of configuration
or security, such as routers, video cameras, or even smart refrigrators, gives rise to numerous unaddressed security issues. Such devices
have become the part of botnets that are taking down critical services such as hospitals and payment processing systems, and these cases
are becoming part of the lore in the security community [13].

The literature in the area has yet to come up with any new concepts. It still suggests working on “adaptive security more than any other
theme. Without such paradigms, the defense is more reactive, and trying to guess the paradigms of unanticipated new attacks.” [14]. Since
the end of 2021, the discussions of the countermeasure debates have focused mostly on the machine-learning classifiers and real-time
traffic baselines.
Issues with IoT networks security — the Internet of Things offers levels of automation unparalleled to ever before, however, due to the
intrinsic vulnerabilities, the technology rests on thin ice, and is prone to imminent attacks [15].
1. Resource Constraints: The lack of significant processing capacity, memory, and battery life means that IoT devices will be unable
to employ more robust security functionalities, and this is the reason why manufacturers often do not implement high-grade
encryption or strong firewall defenses that are characteristic of the conventional computing space [16].
2. Different frameworks and standards — ZigBee, Bluetooth, LoRa and proprietary splinters — all correspond in their own dialects.
Thus, a blanket of security rhetoric comes apart at the seams before it is fully originated. Vendors take risks on outdated sub protools,
and with each new gamble, the fissures in the fabric grow [16].
3. Lack of proactive management and developmental lags: Unexplained gaps in the stepwise elbow and squeak the show and the
inability to deliver two entire firmware updates for a slew of devices after the first one. The second a weakness in a system is
uncovered, dark web operatives begin.
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4. The Quantities of Sensor Tags: The possession of sensor tags ranges from a minimum of 10 to a maximum of 100 per person.
Hence, it becomes physically impractical to keep track of all of them. As the designers of these systems attempts to solve the question
of how to rein in the hijacking of these control towers, the systems themselves are being rapidly constructed [17].

The effectiveness of scenario strategy based evaluation in the development and testing of advanced security tools is especially relevant
in light of recent findings. There is an increasing suite of simulation tools, the most well-known of which is NS-3, which constructs
simulated environments for the application of defenses to sanitized clouds of realistic traffic. These simulations, which are beyond what
has been attainable in laboratory contexts, expose gaps in defense stratagems. In these scaled simulations, NS-3 captures the envelope of
the problem space, calculating packet dynamics and control interlaced protocol timing with phenomenal levels of fidelity. This is what
distinguishes NS-3 in the defense perimeters which are closing on an increasing number of sophisticated attacks on Internet of Things
systems [18].

A significant body of literature has recently developed, examining the ways in which machine-learning methodologies can improve

cybersecurity within the Internet of Things. Scientists have looked at a wide range of classifiers, including Long Short-Term Memory
networks, deep neural networks, Support Vector Machines, and Random Forest. Most studies focus on three things: finding unusual
behavior, classifying traffic, and making predictions about future risks in order to stop new threats [19].
Since 2021, an increasing amount of study has been done on how deep learning architectures, especially LSTM networks, are capable of
discovering strange patterns in Internet-of-Things traffic. The long-short term memory design is great at finding hidden patterns in time,
which lets it flag strange data flows that could be indicative of a distributed denial-of-service attack. Numerous recent studies now assert
that validation must transpire in environments that replicate real-world conditions. The ns-3 network simulator has become popular for
this reason: it lets analysts stress-test defensive algorithms against a wide range of attack types by realistically modeling packet dynamics
[20].

The reason that IoT deployments are particularly weak in security is the attack systems having weak configured processing units that
require the hand of the manufacturer in completing varied conversation protocols, along with having readily guessable defualt pesword
systems. These flaws permit the easy DDoS attack array to cascade on big DDoS smarts, sensor grids and domestic units which disrupt the
standard functioning of the systems [21].

The current work deepens recent advances by conducting a set of simulations at scale in the NS-3 testbed. The results from the
experiments show on the one hand the capability of contemporary machine learning methodologies to effectively target DDoS attacks,
while on the other hand demonstrating their behavior in traffic models that mimic real life networking systems.

3. Methods and Materials

This work partitions the analysis of extensive traffic studies on the simulated Internet of Things networks and their interfaces with
advanced Machine Learning classifiers onto four steps. First, we design the packet routes. Second, we assess the device-level performance
metrics. Third, we conduct behavioral anomaly detection and subsequent classification. In the last step, we evaluate the framework with
respect to a diverse set of performance metrics.

3.1 NS-3 Simulation Setup
With the network simulator ns-3, we constructed an Internet of Things scenario with 100 IoT devices, a central gateway, and two
attacker nodes simulating traffic patterns of known DDoS attacks. To satisfy the rigor of the evaluation, we constructed the network
topology using an actual deployment case. Topology of an loT network which consisted of:

* IoT Nodes: Each of the one hundred IoT devices was a real device that had real limitations, such as smart home devices, environmental
monitoring devices, and control devices. Each of the nodes was built with the same level of computing technology constraints as smart [oT
devices are in real life.

* Central Gateway: This central gateway node synthesized IoT traffic and was able to do so at the ‘edge’ of the IoT deployment. The
gateway was strong enough to do a preliminary feature extraction and had enough computing power to carry out the first few crucial steps
of successful anomaly detection.

« Attacker Nodes: In order to better the simulation of the DDoS attacks, specific nodes for DDoS attacks were added to the simulation.
These avatars generated DDoS attack traffic which included UDP flood attacks, SYN flood attacks, and various amplification attacks.

* Supporting the previously mentioned observations of interactions of IoT networks and performing behavioral studies with respect to
the elements of the topology of the network utilized physical communication interfaces, such as Wi-Fi (IEEE 802.11) and the standard
IEEE 802.15.4.

The key parameters set for the simulation were as follows:

Table 1. Key parameters.

Parameter Value/Configuration

IoT Nodes 100

Attacker Nodes 10-20 (variable based on scenario)
Simulation Area 500m x 500m

Transmission Protocol IEEE 802.11/802.15.4

Gateway Processing Capacity Moderate (mimicking Raspberry Pi 4 capability)
Simulation Duration 600 seconds per scenario

Traffic Generation Normal and attack-generated

Packet Size (normal traffic) 64-512 bytes

Packet Size (attack traffic) 512-1500 bytes

Attack Traffic Types UDP flood, SYN flood, DNS amplification
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3.2 Traffic Analysis and Feature Extraction
Anomaly detection relies on uninterrupted traffic analysis and feature extraction. During simulation runs, we meticulously captured
and calculated intricate parameters for all network transmission packets. These are the underlying traffic parameters captured:
e  Packet Rate: The number of packets transmitted per second per node and gateway.
e Flow Duration: The temporal extent of specific communication sessions, particularly significant during sustained
DDoS events.
e Inter-packet Arrival Time: The interval between consecutive packet arrivals was recorded. This parameter is critical
for distinguishing between legitimate communication and abnormal bursty traffic indicative of attacks.
e  Normal Traffic Distribution: Normal IoT traffic typically exhibits small packet sizes (e.g., control messages, sensor
readings).
e  Attack Traffic Distribution: Malicious traffic often shows abnormal distributions, typically skewed towards large
packet sizes due to flooding behaviors.
e  Protocol distribution, especially distinguishing between legitimate IoT protocols (MQTT, CoAP, HTTP) and malicious
patterns (excessive UDP packets, incomplete TCP handshakes).
All features were systematically captured at the gateway node, aggregated, and prepared for subsequent machine learning-based detection
processes.
3.3 Machine Learning Algorithms

Employed RF, SVM, and LSTM algorithms for anomaly detection. Each algorithm was trained and tested on simulated datasets
representing both normal and DDoS traffic conditions.
Random Forest (RF)

Constructed using an ensemble methodology, Random Forest combines a set of decision trees to enhance generalization and protect the
data from noise. Additionally, it performs exceptionally well in various data accuracy and speed classification, and provides an interpretable
importance score which is vital in identifying the most relevant features of the traffic stream.

*  Training and Evaluation: RF was trained using datasets obtained from the simulation with both normal and attack scenarios, which
were appropriately labeled. Cross-validation was used to tune model hyper-parameters like the number of trees (100-500) and max depth
(10-50).

Support Vector Machine (SVM)

SVM appropriately manages high-dimensional data by splitting the traffic data into two classes: normal and anomalous, using the most
appropriate hyperplanes. SVM is also and therefore, advantageous in IoT settings.

» Kernel and Parameter Tuning. Tuning RBF kernels with gamma from 0.001-0.1 and range cost C = 1-100 was set in a grid search to
optimize detection effectiveness.
Long Short-Term Memory (LSTM) Networks

An LSTM model is a specific type of recurrent neural network that specializes in understanding the interrelations of time ordered

sequences, thus particularly applicable to the analysis of time-varying phenomena, such as IoT traffic.
. Architecture and Training: In designing an LSTM network model to be used for this specific inquiry, a two hidden layer LSTM
network model was developed for which each hidden layer contained a specific 50 or 100 neuron architecture. The sequence lengths of the
packets that made up the neural clusters were constrained to ranges between ten and fifty lengths. A learning rate and epochs set between
one hundred to two hundred, and a batch size between thirty-two and one hundred twenty-eight were used. These values were empirically
adjusted to assess the model performance in order to analyze time-space feasibility of the model.

3.4 Dataset Preparation and Training

The datasets used for evaluating the algorithm's performance were the result of deliberate simulations which kept the normal and attack
stages apart. Each dataset underwent a split of 70% training, 15% validation, and 15% testing for proper assessment. Ordinal and other
sampling methods were used to obtain representative data within attack scenarios.

3.5 Evaluation Metrics
The detection algorithms were rigorously evaluated using multiple metrics to provide comprehensive performance insights, including:
e  Accuracy: Overall correctness of anomaly classification.
e  Precision and Recall: Balancing false positives and missed detections.
e  F1 Score: Harmonic mean of precision and recall, particularly relevant for imbalanced datasets.
e  Computational Overhead: Evaluated by measuring resource usage (CPU, memory) during algorithm execution,
reflecting practical applicability in resource-limited IoT scenarios.

4. Results and Discussion

In this scenario, undertook model performance analysis via k-fold cross validation and determined that LSTM was the most successful
model. It achieved an accuracy of 98.5%, compared to the 94.2% and 91.8% accuracy of the random forest and the support vector machine,
respectively, which further cements the gap in performance. Most IoT systems which are time-sensitive, LSTM dominated the latency
metrics.
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Fig. 1. Accuracy Comparison of ML Algorithms.

This figure illustrates the comparison of accuracy in the classification results of the three different machine learning methods used in
this study: Random Fogrest (RF), Support Vector Machine (SVM) and Long Short Term Memory (LSTM) networks. The documentation
from the NS-3 simulation of standard and DDoS traffic labeled the traffic data and calculated accuracy which was defined as the number
of true outcomes divided by the number of total outcomes predicted. The figure shows that LSTM was able to correctly discriminate
between benign and malicious traffic at an accuracy of 98.5%. It demonstrates that LSTM was able to fingerprint this type of traffic better
than the other two models, which is critical in IoT security. LSTM's better performance means that it is better able to restrict the number
of false positives which disrupt legitimate services and false negatives which permit undetected attacks.

TABLE 2. Numerical table summarizing the accuracy metrics.

Algorithm Accuracy (%)
RF 94.2
SVM 91.8
LSTM 98.5

As presented in the table, the Random Forest (RF) classifies performed DDoS attack detection alongside Support Vector Machine
(SVM) and Long Short Term Memory (LSTM) class of algorithms, and the results delineate the accuracy each of them attained while
classifying IoT network traffic between normal and DDoS attack traffic. Out of the classified algorithms, the LSTM had the greatest
accuracy among the three algorithms presented, indicating it is the most capable in the context of precise traffic identification in IoT
Frameworks.
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Fig. 2. Precision and recall of ML algorithms.

Random Forest (RF), Support Vector Machine (SVM), and Long Short-Term Memory (LSTM) were evaluated side by side on precision
and recall in the DDoS experiment. Precision answers this question: of the alerts the model issued, how many really were hostilities. Recall
flips that around; it records the share of actual attacks that the algorithm managed to spot, regardless of whether it cried wolf. A system
that fires too many false alarms, has bad precision, can jam streaming traffic, and one that misses too many real hits, has weak recall, allows
botnets to roam free. Secure IoT operations, therefore, require both numbers to be on the right side of the fence, although the sweet spot
between them often shrinks under pressure. The results plot, displayed in the appendix, shows that LSTM outperforms both figures, leaving
little doubt about its readiness for round-the-clock anomaly detection in intelligent networks.
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Fig. 3. Detection latency of ML algorithms.

The graph compares the average latency of three classifiers: Random Forest, Support Vector Machine, and Long Short-Term Memory,
in identifying an incoming DDoS flood once the malicious pattern first appears. Latency is crucial for IoT security because many deployed
sensors and gateways must process events nearly instantly to prevent service interruptions. A detection delay that shrinks toward zero gives
operators that much more time to throttle, reroute, or otherwise neutralize the threat before users notice outages. In the experiment, LSTM
leads the pack with the fastest response time, confirming its reputation as the go-to model in environments where milliseconds count and
continuity depends on immediate action.
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Fig. 4. ROC curves for ML algorithms.

In Figure 4, Receiver Operating Characteristic (ROC) graphs for Random Forest, Support Vector Machine, and Long Short-Term
Memory classifiers are plotted with their corresponding curves for True Positive Rate versus False Positive Rate (sensitivity versus cost of
false positive interaction). Each curve illustrates interdependencies between various sensitivity metrics and false positive costs. The Area
Under the Curve provides a single-number summary of this entire footprint, and Ideally, values, such as 1.0 indicate near perfect
discrimination. With regard, the LSTM classifiers having the MSD area under the curve LSTMs which reliably perform DDoS signal
detection within IoT traffic, tend to perform much better than the other classifiers. These classifiers' capabilities to observe dynamically
evolving scenarios, as illustrated with NS-3 simulations, further highlight the rigor of this DDoS classifier.
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Fig. 5. Confusion matrix for LSTM algorithm.

This image illustrates the classification results achieved by the LSTM model on the task of detecting DDoS attacks. Within the
boundaries of a confusion matrix, the model results are divided into four classes. True Positives (TP) are the attack instances that were
identified and correctly classified; True Negatives (TN) are the normal traffic instances that were correctly identified; False Positives (FP)
are the incorrect classifications that identify normal traffic as an attack; and False Negatives (FN) are the attacks that were
undetected. Within the framework of loT networks, reducing FP below a critical threshold is a must, as interference with genuine traffic is
disruptive; even more critical is limiting FN, since not detecting attacks is tantamount to inviting a breach of the system’s integrity. The
LSTM algorithm DDoS attack detection model represented in the image shows the model retains a large count of TP and TN with very
limited FP and FN, facilitating the claim that the model is trustworthy and performs proficiently in detecting DDoS attacks in IoT devices
under limited-resource scenarios
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Fig. 6. Traffic Analysis During DDoS Attack.

The graph illustrates how packets are recorded and flow on the university testbed, showing a comparison of clean background traffic
and a wave of a DDoS attack. The packet flow has a stead blue color and shows the communication of [oT. IoT communication has a blue
trace and a slope of 15%. The communication IoT flows regularly. On the other hand, the attack flow has an orange color, and a dashed
outline. It shows an explosive and vertical flow. It levels off and is only controlled or effective when throttled. This time series, splits the
data with a sharp line and gives operators a clear view of the graph. It shows when the normal elements of the graph curve and the flood
starts. That time capture, though short, is ideal for real time detection. It is the only time when detection is accurate. The color coded
pattern, however, is shifted and put far behind the rate limiting engines and other filtration devices. The recorded data, along with the
spikes, provide the best information for the engineers so they can customize the baseline models. The thresholds can be lowered so extreme
alerts will spare the monitoring consoles when they are working on routine operations.

5. Conclusion

This paper proposed a comprehensive and resilient strategy to fortify the security of IoT networks against Distributed Denial-of-
Service (DDoS) attacks through enhanced traffic examination. Advanced Long Short-Term Memory (LSTM) algorithms machine learned
attack patterns useful for discerning the possibility of DDoS attacks on specially configured network topologies devised on the NS-3
network simulator. Compared with Random Forest or Support Vector Machines, the detection accuracy of the advanced methods employed
improved as much as 98.5% faster than the legacy methods leaned on for DDoS detection. The conclusions drew forth highlight the
importance of advanced techniques in machine learning, and the necessity of exhaustive network emulations in the design of effective and
adaptable security strategies that, with high confidence, reflect the intricacies of IoT systems. Such systems, of course, store and process
data, give users control over devices and systems, and integrate with cloud services or external sharing services, which offer increased
security. The application of hybrid machine learning frameworks with LSTMs, particularly reinforced and federated learning, and the
inquiry on LSTMs application to broaden the hybrid frameworks to machine learning with lenses on accuracy amplification or false
detection diminishment will be advantageous.
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Article history:
Biomedical sensors and implants are regarded as a significant technology for improving the quality of healthcare, as
Received they enable proactive illness management and ongoing monitoring of the patient vital signs. Like many other devices,
19 May 2025 they are restricted to a limited amount of energy, and this leads to a challenge in terms of the lifespan of the device.
This study aims to address this issue by designing and implementing a wireless energy transmission system
Accepted specifically designed for such devices. The proposed design is based on utilizing spider-web and the series—parallel
29 June 2025 configuration to provide sufficient energy transmission for the device. The model has been examined under various
conditions, including changes to the transmission distance between coils, the source voltage level, and operating
Published in Journal frequency. Examined performance metrics including the output DC voltage and power transfer, as well as the overall
30 June 2025 efficiency of power transfer, proving that the strategy is feasible. As many biomedical implants such as pacemakers

required 5 volts to operate, the study target voltage was 5 V. Two source voltages (10, and 20 V) were demonstrated.
The design was examined at six operating frequencies, ranging from 1.78 MHz to 6.78 MHz. The most acceptable
results were achieved at 1.78 MHz. Power transfer efficiencies at a 10 mm transmission distance were 91.5% and
91.15% for source voltages of 10 V and 20V, respectively. The proposed design demonstrates high efficiency which
is appropriate for powering BMI wirelessly.

This is an open-access article under the CC BY 4.0 license (http://creativecommons.org/licenses/by/4.0/) Publisher: Middle Technical University

Keywords: Biomedical Implant; Magnetic Resonance Coupling; Spider Web Coil; Near-field Transmission.

1. Introduction

The spectrum of applications for wireless power transfer (WPT) technologies is growing and now includes consumer-grade electronics,
electric vehicles, and drones [1, 2] and even biomedical sensors as well as biomedical implants [3]. One of the foremost difficulties with
biomedical implants (BMIs), rest in the dependency on batteries, which pose risks of chemical leakage within the body as well as being
limited in capacity, lifespan, and posing potential battery surgical replacement risks [4]. So not only do these batteries put patients at risk
of suffering repeated life-threatening infections and enduring complications—such as bleeding—and add to the growing health care
expenditure, they also undergo the risk of needing numerous healthcare interventions [5]. These issues underscore the growing importance
of WPT as a viable alternative to conventional battery reliance. In general, WPT involves the transmission of electrical energy from one
point (i.e., transmitter) to another (i.e., the receiver) without the use of physical connectors or wires [6]. The general classification of WPT
systems can be subdivided into two broad categories, including a far-field radiative techniques and near-field non-radiative techniques.
Far-field techniques focus on the use of electromagnetic radiation, such as microwaves or radio frequencies, that propagate through space
[7, 8]. In contrast near-field methods deliver power wirelessly through a tight coupled fields and woks on short ranges mainly based on
magnetic induction and capacitive coupling [9]. As pointed out in several related studies [10], BMI and BMS systems are based on near-
field wireless power transfer techniques for energy harvesting and transmission. Mahmood et al. [11] focused on developing an MRC WPT
system specifically designed for wireless powering of a heart rate monitoring sensor. The focus of the study was on the performance
evaluation of different coil configurations, which included spiral coil as both transmitter and receiver, spider as both transmitter and
receiver, and spiral coil on the transmitter side with spider topology as a receiver. System-level integration was aimed not only at the
transmitter and receiver coils but also included an Arduino, wireless transceiver module, and a dedicated monitoring unit for real-time data
acquisition and transmission. Among the examined setups, the spiral-spider configuration proved the most dominant, with 87% power
transfer efficiency achieved over a 5 cm transmission distance of 10 watts output power. These results clearly demonstrate that optimal
coil topology design markedly improves the efficiency and effectiveness of WPT systems, especially when deployed for biomedical sensing
applications. Ahire et al.[12] presented a new WPT system design based on MRC technology for BMI applications. The design proposed
a ferrite core coil and was focused on achieving maximum power transfer efficiency with minimum electromagnetic interference. The main
aspects of their proposed design were on the optimization of the coil material and magnetic shielding techniques. Comparative analysis of
coil materials, including copper, aluminum, and gold, were conducted to enhance the overall system performance. Moreover, an
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examination of the magnetic shielding role in boosting transfer efficiency was conducted. The results showed that the highest power transfer
efficiency was obtained from gold coils. Our earlier research [13] introduced a WPT system capable of delivering efficient and stable
energy suitable for charging BMIs, particularly cardiac pacemakers based on series—parallel configuration was employed due to its ability
to maintain a consistent output voltage across a practical transmission distance—an essential requirement for implantable device
applications. The system design further incorporates a spider-web coil structure, implemented using MRC techniques, to enhance energy
transfer efficiency and stability within the biological environment. To facilitate effective power transfer over a realistic distance, the
transmitter side implemented the topological pattern.

2. Materials and Methods

This study introduced the design and implementation of a wireless power transfer system based on MRC, termed as WPT based SP-
SWC, specifically for BMI, such as cardiac pacemakers. The chosen design is based on spider-web coil and S—P topology. To facilitate
effective power transfer over a realistic distance, the transmitter side implemented the series topological pattern [14] However, due to its
current-source behavior, which makes it especially well-suited for secure and reliable battery charging in BMI applications, a parallel
design was employed on the receiver side. The system delivers a stable DC output voltage suitable for safe and efficient wireless charging.
The employed spider-web coil design is known for its low parasitic capacitance and high inductance, making it suitable for implantable
devices [15, 16]. The outer diameter of the proposed transmitter SWC- coil was 8.5 cm, while the inner diameter was 6 cm with fourteen
turns. While the outer diameter of the proposed receiver SWC- coil was 3 cm, while the inner diameter was 2.8 cm with four turns. Table
1 shows the main parameters of the proposed design. In addition to the transmitter coil, the transmitter-side equipment consists of zero-
voltage switching (ZVS) Class-D differential-mode power amplifier within EPC9065 board, and operating voltage source. A digital
function generator is used as a source of controlling the signal input by driving a spider-web transmitter coil and a tuned compensation
capacitor. Figure 1 shows the main component of the proposed work. Although the receiving module includes a spider-web coil with an
equivalent inductance, a resonance-providing compensation capacitor, diodes to rectify AC to DC, a filter capacitor, and a 1.12 kQ resistive
load. To ensure thermal stability during operation, a cooling fan was incorporated into the test platform. Resonant frequency capacitors
were precisely determined for each operating frequency to achieve maximum energy transfer on both sides. A range of power supply
voltages 10 V, and 20 V—were tested to determine the optimal performance conditions.

Resonator Resonator AC'D(_:
e capacitor capacitor Conversion
High power ZVS Class-D
development board EPC9065
Digital
function Gate drive and Voltage supply | — — H | :
generator control supply 8 | source (5,15,25) — — T BMI
(1.78-5.78) vDC v |
MHz
_/ Capacitor
. . filter
Transmitter Receiver
coil coil
Fig. 1. The main component of the proposed setup.
TABLE 2: Key parameters of the proposed design.
Transmitter coil Pr(()l}}z?f)d value Receiver coil Proposed value (Unit)
Outer diameter 8.5 (cm) Outer diameter 3 (cm)
Inner diameter 6 (cm) Inner diameter 2.8 (cm)
Number of turns 14 (turns) Number of turns 4 (turns)
Operating frequency 1.78-6.78 (MHz) Operating frequency 1.78-6.78 (MHz)

The performance parameters were studied under various source voltages, transfer distance, and operating frequencies to achieve optimal
performance parameters, including output voltage, delivered power, and power transfer efficiency. The resulting data revealed that the
system delivers a 5 V DC output voltage in experimental conditions suitable for charging BMIs. These findings validate the suggested
strategy and its effectiveness in improving the durability and safety of battery-powered BMIs. Additionally, several operating frequencies
were explored, with one MHz steps between 1.78 and 6.78 MHz. The results demonstrated that power transfer efficiency improved
significantly at intermediate frequencies within the 10 kHz to 10 MHz range, consistent with prior research indicating this frequency band
is both effective for near-field coupling and biologically safe [17]. Frequencies below 1 MHz were avoided due to the risk of excessive
heat generation in close proximity, while the upper frequency limit of 6.78 MHz was selected based on the supported range of the
development board, aligning with the lowest industrial, scientific, and medical (ISM) frequency band.

After configuring the system, measurements began with a 10 mm transmission distance between the transmitter and receiver coils, a 10 V
source, and a 1.78 MHz operating frequency. The DC output voltage, delivered power, and power transfer efficiency were calculated based
on the measured voltage and current. The transmission distance was then increased in 10 mm steps up to 100 mm, repeating the
measurements at each distance. This process was repeated for source voltages of 10 V, and then across operating frequencies up to 6.78
MHz, to evaluate the impact of distance, voltage, and frequency on system performance. Figure 2 shows the experimental setup of the
proposed design.
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Gate drive and Voltage Digital Transmitter 8 Receiver
supply function \ coil
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D power amplifier : Multimeter
EPC9065 )

Fig. 2. Experimental setup of the proposed design.

3. Results

DC output voltages were measured using a multimeter for source voltages of 10, and 20 V across operating frequencies from 1.78 MHz to
6.78 MHz, and transmission distances ranging from 10 to 100 mm increments. Results showed that for a fixed frequency and distance,
increasing the source voltage led to higher output DC voltages. The highest output voltages were observed at the shortest transmission
distances, while increasing frequency generally caused a decline in output voltage. For example, at 1.78 MHz and a 10 mm transmission
distance, the output voltages were 15.43 V, and 24.7V for source voltages of 10, and 20 V, respectively. At 2.78 MHz, output voltages
dropped to 12.62V, and 19.43V for the same settings. As frequency increased to 6.78 MHz, a consistent decrease in output was observed,
confirming that lower frequencies and shorter gaps yield better performance. Notably, 5 V output—targeted for biomedical implant
charging—was achieved under specific low-frequency and low-gap conditions. When the transmission distance was 50 mm and the source
voltage 10 V, the required voltage (i.e., 5V) was achieved. At the same time, when the transmission distance is 60 mm and the voltage
source is 20 V, it can also be obtained. Figure 3. shows the performance metrics of the achieved result for the system, using the proposed
design for various operating frequencies and various transmission distances. When the source voltages were 10, and 20 V. While the
system's class-D amplifier offered high efficiency, it requires careful thermal and current management, especially at near distances. Future
work may explore class-E amplifiers to optimize performance across wider frequency ranges and utilizing a hybrid coil in the setup.

* Vs=10 V
N - *- F=1.78 MHz

145 % —v—F=2.78 MHz

F=3.78 MHz
st F=4.78 MHz
- -0~ F=5.78 MHz

N —v—F=6.78 MHz

.
10 20 30 40 50 60 70 80 90 100
Distance (mm)

(@

Vs=20V
- *-F=1.78 MHz
—v—F=2.78 MHz
F=3.78 MHz
..... - F=4.78 MHz
- - F=5.78 MHz
—v—F=6.78 MHz

10 20 30 40 50 60 70 80 90 100
Distance (mm)

Fig. 3. Performance metrics of output DC voltage for the proposed system for all examined frequencies and transmission distances. Voltage source: (a) 10
V, and (b) 20 V.
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However, corresponding to their use, BMI requires specific power requirement ranging from few microwatts to tens of milliwatts [18]. For
this design the delivered output power was demonstrated according to the measured voltage and current. Figure 4 shows the delivered
power against the transmission distance between the transmitter and receiver for the examined frequency.
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Fig. 4. Performance metrics of delivered output power for the proposed system for all examined frequencies and transmission distances. Voltage source:
(a) 10 V, and (b) 20 V.

Besides the delivered power, efficiency is considered the most effective performance metrics of the medical application. Therefore, it was

examined at all the tested frequencies and for the examined voltage source (i.e., 10, and 20 V). Figure 5 illustrates the efficiency of the
proposed metrics for each examined parameter.
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Fig. 5. Performance metrics for power transfer efficiency using for the proposed system for all examined frequencies and transmission distances. Voltage
source voltages: (a) 10 V, and (b) 20 V.

4. Conclusion

This study presented the design, implementation, and evaluation of a wireless power transfer (WPT) system based on magnetic
resonance coupling, aimed at wirelessly charging biomedical implants—specifically, cardiac pacemakers. The proposed SP-SWC system
was experimentally tested under various conditions, including six operating frequencies, two input voltage levels (10, and 20 V), two coil
designs, and ten transmission distance distances ranging from 10 mm to 100 mm. A fixed load of 1120 Q, representative of typical
pacemaker electrode resistance, was used throughout the experiments. Results demonstrated that the system successfully delivered the
target 5 V output under several conditions, with shorter transmission distances and lower operating frequencies yielding the most efficient
performance. For example, at 1.78 MHz, the required voltage was achieved at 10-50 mm (10 V), and up to 60 mm (20 V). However, as
the transmission distance and frequency increased, a gradual decline in output voltage and transfer efficiency was observed. While the
prototype was tested in air, future research will focus on evaluating performance in biological tissue, examining specific absorption rate
(SAR), thermal effects, and safety compliance. In addition, future work will address the effects of coil misalignment—a common challenge
in practical implant applications—on system reliability and power delivery. These findings contribute to the development of more reliable
and efficient WPT systems for next-generation biomedical implants.
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Article history:
Tongue diagnosis is an important method in both Traditional Chinese Medicine (TCM) and Western Medicine
Received (WM), as the tongue's appearance can reflect a person’s overall health. Among the key features observed, tongue
27 May 2025 shape and color play a major role in identifying certain diseases and tracking their progression. This study focuses
on the tongue image analysis method of artificial intelligence (Al) to detect shapes and colors of tongue for fast
Accepted health screening without any need for human intervention. The proposed system firstly used the You Only Look
29 June 2025 Once version 10 model (YLOVv10) a deep learning object detection system on 750 tongue images in four tasks. The
first task used the YOLOv10 model to detect and isolate the entire tongue region from the input image to ensure that
Published in Journal the following tasks focus only on the tongue region. The second task was to accurately classify the tongue into seven
30 June 2025 shape categories, including normal, geographic, fissured, scalloped, thin, swollen, and deviated tongues. Thirdly the

system detected crack types associated with fissured tongue, including side cracks, vertical cracks, deep cracks and
irregular cracks. Lastly, the system detected whether the tongue contains ulcers or spots or not. The study also used
the machine learning CatBoost model to train 5550 color images captured at different color saturations and under
different light conditions and classified into seven classes (red, yellow, green, blue, gray, white, and pink) using
several color space models, including (RGB, YcbCr, HSV, LAB, and YIQ) as input features to analyze and extract
tongue color. The WebApp was developed using Streamlit to offer an easy-to-use graphical interface and provides
an automatic tongue shape and color detection tool and compares results based on both TCM and WM perspectives,
thus supporting early screening and medical analysis in a fast and reliable way (https://ai-linguasense-
version2025.streamlit.app/).

This is an open-access article under the CC BY 4.0 license (http://creativecommons.org/licenses/by/4.0/) Publisher: Middle Technical University

Keywords: Tongue diagnosis; Artificial intelligence; Computer vision systems; YOLO deep learning; CatBoost Machine learning.

1. Introduction

Diagnosing diseases through the tongue is an important method in both TCM and WM. The tongue provides clear indications of
internal organ functions and reflects internal health conditions based on its shape, color, and texture [1-3]. Tongue shape and color, in
particular, have received increasing attention from scientists and researchers because they provide important diagnostic information
about related diseases and nutritional deficiencies [4]. Despite its diagnostic potential, traditional tongue examinations are still mostly
performed manually by medical staff, making the process inaccurate, inconsistent, and prone to errors [5]. Furthermore, the diagnostic
process requires time and requires highly trained and experienced medical staff [6]. Al techniques can help reduce diagnostic time and
automate the process, thus providing more accurate and quick results and addressing the problems associated with human intervention,
leading to smart healthcare systems that are easy to access, fast, and accurate.

In the field of tongue diagnosis, two studies [7, 8] used image processing to classify tongue images under fixed light conditions to
detect tongue color related to specific health conditions using a predefined condition range; however, they were limited when results fell
outside that range. A later study [9] further developed the above studies by involving machine learning algorithms, including naive Bayes
(NB), support vector machine (SVM), k-nearest neighbors (KNN), decision trees (DTs), random forest (RF), and Extreme Gradient
Boost (XGBoost) to classify tongue colors from 5,260 images captured under different lighting conditions and color saturations.
Although the study demonstrated that the system could support real-time diagnosis with high performance, its limitation was the reliance
on color features alone without considering other tongue characteristics. As deep learning became more accessible and outperforms
traditional methods in medical image analysis, Yang et al. (2022) [10] developed an intelligent tongue diagnosis system based on deep
learning models, including YOLOVS5 for tongue detection, U-Net for segmentation, and MobileNetV3 for tongue feature classification
(tooth marks, spots and fissured tongues). Their study achieved high classification accuracy with 93.33%, 89.60%, and 97.67% for tooth
marks, spots and fissures, respectively. Although their system offered strong performance, a limitation was its dependence on predefined
feature categories without considering the tongue color and without including any disease classification.
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Okawa et al. (2024) [11] developed two deep learning models, including YOLOv2 with ResNet-50 for tongue detection and ResNet-
18 for tongue coating classification. The study performed manual annotation on 443 images using the MATLAB computer vision
toolbox and manually drawing the entire tongue region. The detection model achieved high accuracy, resulting in a reliable tongue
coating assessment system despite relying on manually labeled data and the lack of tongue color analysis. Another study by Kang et al.
(2024) [12] proposed a two-stage tongue image segmentation to accurately detect and segment the tongue region despite background
interference using YOLOVS5 for coarse detection and LA-UNet for fine segmentation images. Their results showed that the proposed
model achieved high performance with an accuracy of approximately 97%, whereas a limitation was the focus on segmentation only
without considering tongue characteristics (shape or color) or direct disease classification. Chen et al. (2025) [13] proposed an automated
tongue analysis system based on deep learning techniques to improve the accuracy of TCM diagnosis. They used a semi-supervised
U2Net model for tongue segmentation, a gated shape CNN model for coating and a Vision Transformer (ViT) model for classifying
tooth marks, cracks, and moisture levels. The system achieved high performance in segmentation and classification and addressed
challenges of lighting conditions variations and coating texture complexity; however, it needs a high-quality image acquisition hardware
and the complexity of handling background tongue conditions. All the abovementioned studies were promising as computerized tongue
analysis systems. However, these studies often used small datasets, lacked generalization across a wide range of tongue shapes and
colors, or required manual preprocessing steps. In addition, many of the existing tools were not user-friendly or suitable for non-technical
users, which limited their use in clinical or community health settings and without provided a comparative analysis of diagnostic results
from TCM and WM. There is still a gap in developing a fully automated, accessible, and high-performing WebApp that combines tongue
region detection with detailed shape/color classification and comparison between TCM and WM diagnostic interpretations. This study
addresses this gap by creating a complete Al framework tongue shape/color classification using Streamlit.

The remainder of this paper is summarized as follows. Section 2 explains the materials and methods used in this study, including the
tongue image dataset and the classification categories. It also describes preprocessing steps, and labeling process used to train and
validate the deep learning models, the proposed framework that covers the YOLOv10 and CatBoost model training process, and
Streamlit Platform. Section 3 presents the results, including detection accuracy, classification performance, and visualization outputs
from the WebApp and discusses the significance of the results and the diagnostic interpretations from both TCM and WM perspectives.
Finally, Section 4 concludes the paper by summarizing the contributions and potential future directions.

2. Materials and Methods
2.1. Tongue Image Datasets

The study was conducted in accordance with the Declaration of Helsinki and approved by the Human Research Ethics Committee at
the Ministry of Health and Environment, Training and Human Development Centre, Iraq (Protocol ID 201/21) for studies involving
humans. This study used two groups of datasets. The first group contained 750 tongue images, collected to represent various tongue
shapes commonly observed in both clinical and traditional diagnostic practices. All images were collected from publicly available
sources (Roboflow datasets) or captured with a digital camera under controlled light conditions, when the tongue was fully visible and in
focus. No personal identifiers were included during images capture to ensure privacy and ethical considerations. Each collected image
was then annotated using a free online tool for labeling image datasets, called MakeSense Al platform (https://www.makesense.ai/).
Image annotation and labeling were manually drawn around the tongue region to define the ROI that corresponds to tongue shape
category. To ensure effective training of YOLO models, each image was assigned to different categories, including the entire tongue
region, tongue shapes (normal, geographic, fissured, scalloped, thin, swollen, and deviated tongues), crack types (side crack, vertical
crack, deep crack and irregular crack) and ulcers or spots existing, as shown in Figure 1.

~
Geographic Tongue Fissured Tongue Scalloped Tongue Ulcer

Thin Tongue Swollen Tongue

Deviated Tongue Spots

Fig. 1. An example of the tongue shapes, ulcers and spots.
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The second group contains a dataset of 5,550 color images to support tongue color classification [9, 14]. These images were captured

under various lighting conditions and color saturations, and analyzed using five color space models (RGB, YCbCr, HSV, LAB, and
YIQ), as shown in Figure 2.

Red . Yéllow Green

Blue Black White

Fig. 2. An example of tongue colors.

2.2. Pre-processing

Before training the models, several preprocessing steps were performed to improve the quality and consistency of the dataset:

e  Resizing: All images were resized to a uniform dimension of 640 x 640 pixels to match the input requirements of the
YOLOvV10 model.

e Normalization: Pixel values were scaled between 0 and 1 to reduce computational complexity and ensure stable learning.

e Data Augmentation: To increase the robustness of the model and prevent overfitting, augmentation techniques such as
horizontal flipping, brightness adjustment, and rotation were applied. This process generated additional training examples and
helped simulate real-world variations in tongue position and lighting conditions.

2.3. The Proposed Framework

The proposed framework of Al-based system for automated tongue analysis is shown in Figure 3. The proposed system combines
deep learning and machine learning techniques. A YOLOv10 deep learning model [15, 16] is used to perform four sequential tasks: Task
(TO) detects and isolates the entire tongue region as the main region of interest (ROI) from the input image, removing background
elements, such as face, lips and teeth to improve analysis accuracy. Next, Task (T1) classifies the tongue shape into seven categories,
including normal, geographic, fissured, scalloped, thin, swollen, or deviated tongue. For fissured tongues, T2 identifies the specific crack
type, including vertical, side, deep, or irregular cracks. T3 then detects the presence of ulcers or spots, which may indicate infections or
systemic diseases. In parallel, the system uses a machine learning algorithm based on the CatBoost model [17, 18] to perform Task (T4),

which classifies tongue color under various lighting conditions based on color features from RGB, YCbCr, HSV, LAB, and YIQ to
extract detailed color features.
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Input Tongue Image

Image Processing

Seltg.'i on RGB Color Space Features

Conversion Extraction
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Deep Learning

Annotation and
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O O
.—~ 0-0-0 (2]
— oo (T4 T o
MACHINE

RGB, YCbCr, HSV, LAB and YIQ

Fig. 3. The proposed framework for Al-based system for automated tongue analysis.

2.4. Streamlit Platform

Streamlit is an open source user-friendly interface platform designed to help researchers create and share their Web-apps based
on a Python programming environment [19, 20]. Streamlit supports user interface elements, such as multi-page app support, a
dropdown menu, a sidebar, and input widgets. The proposed system was developed using Streamlit, as shown in Figure 4. The
proposed WebApp is called Al LinguaSense that enables users to analyze the shape/color of their tongue in images immediately. The
WebApp allows users to select an indicator type "Shape or Color" from a dropdown menu and then uploads an image of a tongue
using a drag-and-drop panel or browse image files in different formats, including PNG, JPG, JPEG, AVIF, WEBP, BMP, TIFF and
TIF. Once an image is uploaded, the system processes it immediately and displays the detected tongue region with a highlighted
bounding box. After detecting the tongue, the system performs shape/color classification using the trained models (T0-T4) and
presents medical insights from both TCM and WM. The processed image with the annotated detection is shown below the result,
enabling users to visually verify the classification. This WebApp inferences visual output and comparative medical interpretation
which makes the application useful for educational, diagnostic, and research purposes. To provide a deeper understanding of each
detected tongue shape/color, a predefined dictionary was created to map each shape/color to descriptions from both TCM and WM.
For instance, a scalloped tongue is interpreted in TCM as a sign of “qi deficiency or stagnation,” while WM may relate it to “pressure
from teeth or swelling”. These explanations are shown alongside the detection result to support medical understanding for both
practitioners and users.

~ W Smart Tongue Features Indicatc X +

c 25 ai-linguasense-version2025 streamlitapp T a %

Share r

Al LinguaSense

Select the Indicator type:

Shape ~
Drag and select tongue image:

Drag and drop file here
g P ! Browse files
MB per file « P G, JPEG, AVIF, WEBP, BMP, TIF

Fig. 4. Screen capture of the proposed Streamlit WebApp for detecting tongue shape and color.

3. Results
3.1. Training and Validation for YOLO (T0)

The YOLO models were trained and validated on a computer with Windows 11, 16 GB of DDRS RAM, and an Nvidia RTX 4060
GPU with 6 GB of memory. The annotated images, along with their corresponding labels in YOLO format, were divided into training,
validation, and testing sets. Approximately 80% of the images were used for training, 10% for validation, and 10% for testing. This split
ensured that the model was trained on a large portion of the data while still being tested on unseen examples to measure generalization
performance. The performance results of the TO, which was used to detect and isolate the tongue region from input images, is shown in
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Figure 5. The TO model was trained for 300 epochs to achieve these results. The bar chart in the top-left corner shows that more than 700
tongue instances were detected. The Precision-Recall curve in the top-right indicates a high detection accuracy, with an average precision
(mAP@0.5) of 0.995. The two lower scatter plots in Figure 5 provide further insight, including the bottom-left chart that shows the
density of object centers (X, y), mostly concentrated around the middle of the images, while the bottom-right chart illustrates the
correlation between bounding box width and height. These patterns confirm that the labeled data is well-centered and consistently
annotated, supporting robust model training.
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Fig. 5. Performance metrics of the YOLOv10 (T0) model trained for 300 epochs to detect tongue regions, showing high precision (mAP@0.5 = 0.995),
for 750 labeled instances and well-distributed bounding box positions and sizes.
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Fig. 6. Detected tongue regions using TO with high confidence across various tongue images.
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Figure 6 shows the visual performance of the TO model in detecting and isolating the tongue region from various input images
during the training process. This demonstrates the system's ability to detect tongues of various shapes, sizes, and lighting conditions in
various scenarios. These results reflect the model's effectiveness after training over 300 epochs, making it a reliable step in detecting and
isolating the tongue from background noise before engaging in subsequent training models that focus solely on the tongue region.

3.2. Training and Validation for YOLO (T1)

Figure 7 shows the performance results of the trained model (T1), which was used to classify the tongue into seven shape
categories, including normal, geographic, fissured, scalloped, thin, swollen, and deviated tongues. The Trained T1 provides an average
precision for all classes of 0.832 with good correlation between bounding box width and height. Figure 8 shows the visual performance
of the T1 model in detecting tongue shapes during the training process (300 epochs) under different scenarios.
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Fig. 7. Performance metrics of the T1 model trained for 300 epochs to detect tongue shapes, showing high precision (mnAP@0.5 = 0.832), for 750 labeled
instances.
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Fig. 8. Detected tongue shapes using T1 with high confidence across various tongues.
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3.3. Training and Validation for YOLO (T2)

Figure 9 shows the performance results of the T2 model, which was used to classify tongue cracks into four categories, including
side crack, vertical crack, deep crack and irregular crack. The trained T2 model achieved an average accuracy of 0.756 for all categories,
with a good correlation between the width and height of the bounding box. Figure 10 shows the visual performance of the T2 model in
detecting cracks during the training process (300 epochs) under different scenarios.
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Fig. 9. Performance metrics of the T2 model trained for 300 epochs to detect cracks, showing moderate precision (mAP@0.5 = 0.756).

cracksb0004.jpg 0007 .jpg

vertical_cracks

Fig. 10. Detected tongue cracks using T2.
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3.4. Training and Validation for YOLO (T3)

Figure 11 shows the performance results of the T3 model, which was used to detect ulcers and spots in the tongue. The trained T3 model
achieved an average accuracy of 0.859 for all categories, with a good correlation between the width and height of the bounding box.
Figure 12 shows the visual performance of the T3 model in detecting ulcers and spots during the training process (300 epochs) under
different scenarios.
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Fig. 11. Performance metrics of the YOLOV10 (T3) model trained for 300 epochs to detect ulcers and spots, showing high precision (mAP@0.5 = 0.859).
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Fig. 12. Detected tongue ulcers and spots using YOLOv10 (T3).
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3.5. Training and Validation for CatBoost (T4)

For training CatBoost (T4), 80% of the dataset was employed to train the model, and 20% of the remaining dataset was employed for
testing. Figure 13 (a) illustrated number of instances per class, with pink as class 1 with 337, green as class 2 with 959 images, yellow as
class 3 with 1046, blue as class 4 with 1032, red as class 5 with 1153, black as class 6 with 742, and white as class 7 with 284 images to
cover the abnormal tongue colors. Figure 13 (b) shows the confusion matrix for tongue color classification with a weighted average

accuracy of 0.97.

1200
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Fig. 13. (a) Number of instances per class and (b) the confusion matrix for tongue color classification.

3.5. Results from Streamlit

The Streamlit WebApp of the proposed system (Al LinguaSense) will be available to the public by accessing the following link:
(https://ai-linguasense-version2025.streamlit.app/). The user can take an image of his/her tongue and upload it to the website to detect
health problems related to his/her tongue shape and color. For example, Figure 14 shows a normal tongue, without any cracks or ulcers
or spots when the shape indicator is selected. However, when the color indicator is selected, the WebApp shows a greenish color in the
middle of the tongue and a pinkish color at the tip. This suggests that this tongue may be related to liver or gallbladder problems
according to TCM, or it may indicate a problem with bile pigmentation, liver dysfunction, or infection, according to WM.

v W Smart Tongue Features Indicatc X +

&« c %5 ai-linguasense-version2025 streamlit.app Bt a
Share I'd
.
Al LinguaSense
Select the Indicater type: Select the Indicator type:
Shape v Color ~
Drag and select tongue image: Drag and select tongue image:
Drag and drorpjilre h-er’e S Browse files D”agf‘”ﬁjl‘f'épfnrg hfrf Browse files
image00084.jpg 29.2KB x image00084.jpg 29.2KE x
Detected Tongue Shape: Normal Central Region Color: Green O

Normal: Green:

TCM: No TCM description available. TCM: Indicates potential liver issues or stagnation, often due to emotional stress or dietary imbalances. May also reflect gallbladder problems,

WM: No WM description available. pointing to liver or gallbladder dysfunction.

Detected Cracks: None
Detected Ulcers: None Tip Region Color: pink ]

'WM: May point to bile pigment issues, liver dysfunction, or infections (e.g., hepatitis), suggesting hepatic or biliary issues.

Fig. 14. Screenshot of the Al LinguaSense Webapp analyzing tongue shape and color, indicating a normal shape with no cracks or ulcers, and identifying
green and pink regions.

47



A. Al-Naji and J. Chahl, Electrical Engineering Technical Journal, Vol. 2, No. 2, 2025

Another example shows a swollen tongue with no cracks, but with ulcers when the shape indicator is selected, as shown in Figure
15. This may indicate dampness or a deficiency in spleen energy, often due to poor digestion or fluid metabolism according to TCM, or it
may be related to inflammation, fluid retention, or allergic reactions according to WM. As for the detected ulcer, it may be the result of
heat or toxicity in the body, often linked to stomach or heart fire according to TCM, and often due to infection (viral or bacterial),
deficiency (such as vitamin B12 and iron), or trauma (such as biting or irritation) according to WM. When the color indicator is selected,
the color appears pink in both the middle and tip regions.

v W Smart Tongue Features Indicatc X +

« > C 25 ai-linguasense-version2025.streamlit.app B2y S

Share s i

Al LinguaSense

Select the Indicator type: Select the Indicator type:
Shape v Color v
Drag and select tongue image: Drag and select toengue image:
@ Drag and drop file here B tiles @ Drag and drop file here Brouatias
Limit 200MB per file - PNG, JPG, JPEG, AVIF, WEEP, BMP, TIFF, TIF Limit 200MB perfile - PNG, JPG, JPEG, AVIF, WEBP, BMP, TIFF, TIF
D spots_ulcers058.jpg 78.4KB x D spots_ulcers058.jpg 75 4KB x
Detected Tongue Shape: Swollen Central Region Color: Pink [_]

Swollen:

May stzar yngacen,  11P Re€gion Color: Pink D

TCM: Indicates dampness or spleen gi deficiency, often due to poor di fluid I

pointing to spleen or kidney dysfunction.
WM: Linked to inflammation, fluid retention (edema), or allergic reactions. Can also be a sign of hypothyroidism or infections, suggesting

thyroid orimmune system issues.

Detected Cracks: None

Detected Ulcers: Ulcers

Ulcers:

TCM: Result of heat or toxicity in the body, often linked to stomach or heart fire. May also reflect emotional stress or dietary excess, pointing to
stomach or heart dysfunction.

WM: Often due to infections (viral or bacterial), deficiencies {e.g., vitamin B12, iron), or trauma {e.g., biting, irritation), suggesting immune or

nutritional issues.

Fig. 15. Screenshot of the Al LinguaSense WebApp analyzing a swollen tongue with ulcers and pink coloration at both middle and tip regions.

As a last example, Figure 16 shows a thin tongue with no cracks, ulcers, or spots when the shape indicator is selected. This shape
may indicate blood deficiency and dehydration, often associated with heart or spleen dysfunction according to TCM, and anemia,
malnutrition, or chronic dehydration when the WM is taken into account. When the color indicator is selected, the WebApp shows a
white color in the middle of the tongue, reflecting cold or dampness in the body, often associated with an imbalance of the spleen or lung
according to TCM, or associated with dehydration, a fungal infection (such as oral thrush), or anemia according to WM. The WebApp
also shows a white color at the tip of the tongue, which may indicate cold or dampness in the lungs or heart, often associated with poor
circulation or chronic colds according to TCM, or associated with dehydration, a fungal infection, or anemia when the WM is taken into
account.
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nourishment, pointing to heart or spleen issues. conditions, pointing to spleen or lung dysfunction.

W May signal anemia, or ehronic ion. Often seen in p i i Wh: Linked ion, fungalinfections (e.g,, oral thrush, or anemia, suggestingimmune or hematological issues.

suggesting hematological or gastrointestinal issues.

Tip Region Color: White [ |

White:

Detected Cracks: None

TCM: Reflects cold or dampness in the lungs or heart, often linked to poor circulation or chranic cold conditions.

Detected Ulcers: None

Wh: Linked to dehydration, fungal infections, or anemia, suggesting immune or hematological issues.

Fig. 16. Screenshot of the Al LinguaSense WebApp analyzing a thin tongue without cracks, ulcers and spots and white coloration at both middle and tip
regions.

4. Conclusion

The main contribution of this research paper is the design of an Al WebApp that can quickly detect tongue shape and color and
predict related health problems according to both traditional Chinese medicine and Western medicine without any human intervention. In
the proposed system, the tongue region was first detected using a trained YOLO model T0O, which identified only the tongue area and
removed background noise to ensure that the tongue region was the main ROI for subsequent Al models. The proposed system then
trained three YOLO models (T1, T2, and T3) to detect tongue shapes, cracks, and ulcers/spots. The proposed system also used T4 as a
machine learning model to examine tongue color and diagnose related diseases. The Al WebApp allows rapid and rolling deployment of
research techniques into fieldable prototypes. Furthermore, by integrating clinical knowledge from both traditional and modern medicine,
the system provides more useful feedback, making it a reliable and effective tool for examining and diagnosing tongue health. This
proposed system is expected to be integrated into fixed and mobile computer-aided tongue diagnosis systems in the future.
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