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Abstract- The rapid growth in energy demand has
highlighted the need for efficient power distribution
systems to reduce losses and enhance stability. This
thesis presents an innovative approach to optimizing
power distribution through electric load modelling by
integrating hybrid Particle Swarm Optimization
(PSO) and Artificial Neural Network (ANN)
techniques. Traditional load forecasting and
distribution methods often struggle with dynamic
and non-linear energy demands, leading to
inefficiencies and increased operational costs. The
proposed methodology leverages the predictive
capabilities of ANN to model complex load behavior
accurately while utilizing PSO to optimize the
allocation of power resources. By combining these
techniques, the system dynamically adjusts power
distribution, addressing fluctuations in load demand
in real-time. The hybrid algorithm improves
convergence speed and enhances the precision of
load forecasts, resulting in reduced energy losses and
improved grid reliability. Extensive simulations on
benchmark power systems demonstrate that the
proposed  model  outperforms  conventional
techniques in terms of accuracy, efficiency, and
adaptability. The research also includes a sensitivity
analysis to evaluate the model's robustness under
varying load conditions. These findings underscore
the potential of integrating advanced computational
intelligence methods for achieving sustainable and
efficient energy management in modern power
systems. This work contributes to the field of smart
grid technologies, offering a scalable and adaptive
framework for optimizing power distribution in
diverse operational scenarios.

Indexed Terms- Alternating Current (AC), Artificial

Neural Network (ANN), Direct Current (DC), IEEE
9 — Bus, Particle Swam Optimization (PSO)

IRE 1706730

l. INTRODUCTION

Over the years, the Nigerian Electricity Supply
Industry has undergone significant reforms aimed at
improving the electricity services provision in Nigeria.
These reforms began with the rehabilitation of
government-owned electricity infrastructures
popularly known as National Electric Power Authority
(NEPA) in 1999 and the implementation of the 2010
Power Sector Reform. While some stakeholders have
observed the benefits of these reforms, others are yet
to see their positive impact. The reforms have been a
subject of debate, prompting the need for a
comprehensive modeling of the industry's past,
present, and future [1].

The Nigerian Electricity Regulatory Commission
(NERC) has been actively involved in initiatives to
improve the power sector. For instance, the
commission reported that about 980,000 electricity
customers were metered across the country under the
Phase Zero, with plans for the second phase (Phase
One) to begin in the first quarter of 2022. Additionally,
the government introduced a willing seller, willing
buyer electricity distribution policy to facilitate direct
transfer of electricity from generating companies to
willing consumers, aiming to enhance power
distribution across various sectors, including
communities, commercial clusters, industrial areas,
and hospitality sectors [2]. Despite Nigeria's
significant energy resources, including oil, gas, hydro,
and solar, the country needs help in fully harnessing
its potential. While it has the capacity to generate
12,522 MW of electric power from existing plants, it
often dispatches only around 4,000 MW, which is
insufficient for a population of over 195 million
people. The power sector experiences various
challenges related to electricity policy enforcement,
regulatory uncertainty, gas supply, transmission
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system constraints, and major power sector planning
shortfalls, hindering its commercial viability. [3].

Consequently, The Nigerian Power System has been
plagued by problems such as inadequate generation,
significant losses in the system, and inefficient use of
electricity. A study conducted on the Nigerian
distribution network highlighted the energy shortages
due to technical losses and their cost implications. The
modelling, based on network data collected over a
specific period, revealed substantial energy losses in
major industrial cities of Nigeria, emphasizing the
need for optimization and efficient power distribution

[4].

More so, The Nigerian Electricity Supply Industry has
also witnessed significant privatization initiatives,
including the Nigerian Power Sector privatization,
which is considered one of the boldest privatization
initiatives in the global power sector. This initiative
has been instrumental in addressing the challenges
faced by the Nigerian electricity system, which
previously failed to meet the country's power needs.
The privatization process seeks to expand the market
and attract more investors to the power sector,
promoting short-term and long-term solutions to the
problem of power failure [5]. In conclusion, the
Nigerian electricity supply industry has undergone
substantial reforms and initiatives to address the
challenges in power distribution and optimize the
electricity services in Nigeria. The industry's past,
present, and future state, along with the various
challenges and initiatives, provide a rich context for
conducting a case study on optimizing power
distribution through electric load modelling in the
power distribution network.

. LITERATURE REVIEW

In this Chapter, the available literature is reviewed in
line with the subject matter of the research project,
which is the optimization of electric load assessment
in a power network through the use of Newton-
Raphson, Fast decoupled, and Gauss-Seidel
optimization methods. The central themes to be
reviewed will include the basic fundamental principles
of power system operations and load flow analysis and
how the newton’s method can improve load flow
analysis.
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In general term, the electricity supply systems can be
categorically stated as the network which aids the
transfer of electricity from the source when it is
generated or produced to the final destination, which
is the consumer [6]. It consists of three major aspects
or components. First, we have the power generation
plants also called power stations, then medium for the
transfer of the power, which is the transmission lines,
and finally, the distribution system that aid in the
distribution of this transmitted power to the end users
or consumers. Hence, these three major components
are; power station, transmission lines, and distribution
system [7]. A depiction of this system is given in
figure 1 below. This diagram gives the basic
illustration of the generation, transmission and
distribution systems.
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Figure 2.1: Electrical Supply System

Other notable classifications of the power supply
systems are; the alternating current (AC) system, and
the overhead and underground systems. The Direct
current (DC) systems are systems that use DC voltage
as their primary power source. These systems have
wide applications in telecom, automotive, aircraft,
low-voltage, and low-current settings. They also serve
as vital components in off-grid solar or wind power
systems, where accurate estimation of energy needs is
crucial to prevent battery damage and ensure
uninterrupted power supply [9], [10]. The
characteristics of this DC supply is illustrated in
Figure 2.2.
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Figure 2.2: DC Supply Characteristics

DC power systems offer advantages in terms of
efficiency, reliability, and compatibility with
renewable energy sources. They are also crucial in
applications where low-voltage, low-current power is
required, such as in telecommunications and
automotive systems. However, DC systems may not
always be compatible with existing AC infrastructure
or devices, and the equipment for DC systems can be
specific to the application and require expertise in
design and installation [12].

An AC power supply system utilizes alternating
current (AC) to distribute electricity to various loads
as shown in Figure 1.3, typically consisting of three
conductors carrying AC of the same frequency and
voltage amplitude, but with a relative phase difference
of 120 degrees. This configuration is well-suited for
delivering substantial power and is often employed in
heavy-duty industrial machinery with high power
demands. AC power supplies serve applications such
as power pumps, electric heaters, and motors, offering
cost-effective operation. Additionally, transformers
may be incorporated to reduce the AC voltage from
transmission lines to a standard level for domestic use.
Moreover, AC power supplies find utility in diverse
settings including aviation, lighting, laboratory
testing, military, and factory production for electrical
testing purposes [13], [15].

Furthermore, the AC electrical supply system has been
a cornerstone of modern electricity distribution,
powering homes, industries, and infrastructure across
the globe. This report delves into the history,
development, and current state of AC power systems,
synthesizing key points from various sources to
provide a thorough understanding of this essential
technology [16].

AC systems use a range of frequencies depending on
the type of load, with lighter systems employing
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higher frequencies and heavy-duty motor and traction
systems utilizing lower frequencies. The economics of
the central power plant improved dramatically when
standardized lighting and power systems were
developed to operate on a common frequency. The
same generation plant that feeds the large industrial
load during the day can then power railway systems
for passengers during rush hour and the lighting loads
in the evening. This enhances the system load factor
and reduces the overall cost of electrical energy as
generating stations are assigned to power or lighting
loads according to frequency [17], [18].
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Figure 2.3. AC Characteristics

AC power systems, which alternates direction multiple
times per second and can easily be converted to
different voltages using transformers is much popular
due to their efficiency and practicality. This system
was first practically demonstrated by William Stanley
in 1886, using transformers to adjust voltage levels for
electrical illumination in  Great Barrington,
Massachusetts [20]. The late 19th century witnessed a
fierce competition known as the "War of the
Currents," where Thomas Edison's direct current (DC)
systems were pitted against Nikola Tesla's alternating
current (AC) systems [15]. The first full AC power
system, which included all the basic features of
modern electric power systems, was demonstrated in
Great Barrington and marked a significant milestone
in the history of electricity. The Folsom Powerhouse
in California later became the first facility to send
high-voltage AC over long-distance transmission
lines, using newly invented AC generators and
hydroelectric power. This event underscored the
advantages of AC power for long-distance
transmission, which remains the standard today [15].
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Considering its standardization and efficiency, [21]
considered the standardization of lighting and power
systems to operate on a common frequency which
significantly improved the economics of central power
plants. This allowed the same generation plant to serve
various loads throughout the day, from industrial to
railway systems during rush hour, and lighting loads
in the evening

Recent developments in AC technology include
advanced heat exchangers, multipurpose units that
consolidate  cooling,  water  heating, and
dehumidification, and solid-state heat pumps that
could potentially replace standard refrigerant-based
AC units [22]

Electrical load refers to any device or equipment that
consumes electrical energy from a power source.
These loads are essential components of electrical
circuits and can be found in various forms such as
appliances, lights, and machinery within homes,
businesses, and industries. The nature of an electrical
load can be resistive, inductive, capacitive, or a
combination of these types, each with distinct
characteristics and applications [23]. Figure 2.4 shows
a simple diagram of how electrical load system is
connected in a simple circuit. This illustrates the
general principle of the load system.

Theses loads can be grouped under three main types,
namely [23];

Resistive loads: electrical energy is converted into heat
without altering the current or voltage phase as seen in
light bulbs and heaters

' |
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Voltage source  Load Practical Voltage Source at Load

Figure 2.4: Electrical Load
Capacitive loads: store energy in electric field and

releases it when there is change in voltage level as seen
also in cables and motor starters
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Inductive loads: these loads use a magnetic field to
operate and are typically found in electric motors,
transformers, and generators

Generally, electrical loads are often calculated using
ohm’s law which gives the relationship between
current, voltage, and resistance.

In the realm of electrical engineering, Load Flow
Analysis (LFA) emerges as a cornerstone, a notion
underscored by [24], with significant implications for
power system planning and operation. [33] Confirms
its pivotal role, enabling engineers to conduct
assessments on voltage stability, optimize power
transmission and distribution, and uphold the
reliability of the electrical grid. LFA relies on
computational models, aiding in determining crucial
parameters like voltage magnitude, phase angles, real
and reactive power flows, and line losses within the
network. Among the techniques commonly utilized, as
referenced in [24], [30], [31], [33]-[40], the most
commonly used include the Newton-Raphson method,
Gauss-Seidel method, and the Fast Decoupled load
flow method. Particularly in the context of large-scale
power systems, the latter method, stands out for its
reduced computational complexity. The significance
of LFA, as outlined by [24], cannot be overstated,
given its pivotal role in maintaining voltage stability
and identifying potential bottlenecks or inefficiencies
within the network.

Furthermore, [41] underscores its importance in
guiding decisions concerning the placement of new
generation sources and transmission lines. Since the
capacity of the power plants and grids together with
the cost associated in running maintenance,
installation, and other energy losses are all very
important factor to put into consideration when
planning for power distribution network expansion
[41], [42], [24] opined that an optimization model can
reduce these energy losses and further facilitate the
transmission line design while also serving as a guide
for how the maintenance plans will be developed.

To achieve the required optimization, energy
consumption patterns has to be examined in order to
determine time when peak loads occur, and also the
state of the equipment [43]. If carried out
appropriately, [42] stated that it will show the areas
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that require improvement and upgrades. Therefore, to
optimize the power distribution network through load
modeling will involve a multifaceted approach that
includes load flow analysis, system upgrades, energy
efficiency measures, and the adoption of advanced
technologies [43].

Summary of Related Works.

1. A. Ranjan et al. in “Voltage Fluctuations and
Sensitivity Assessment of Load Flow Solutions for
the IEEE 9-bus System,” [59] conducted load flow
analysis for voltage-sensitive loads on an IEEE 9-
Bus test network and analyzed the impact of
voltage-sensitive loads on load flow and assessed
variations in initial voltages of load buses. He
further developed an iterative load flow model to
integrate various load concepts into system
parameters ~ while  conducting MATLAB
simulations for the IEEE 9 Bus system. An in-
depth study showed that the author did not delve
into the specific numerical results obtained from
the simulations nor discuss the detailed
methodology of the iterative load flow model
development. However, the gap identified is that
the research paper does not address the application
of the methodology to networks with a mix of the
three types of loads on each line.

2. R.Rahimoon, A. Gul, and R. Talani, in “Modelling
of IEEE 9-Bus System with Load Flow and Short
Circuit Analyses,” [60] described the performance
of Load Flow and Short Circuit Analyses on the
standard IEEE 9-Bus System and detailed how
these analyses were conducted and the results that
were achieved. The researcher analyses were also
performed after removing a voltage-controlled
generator from the system, showing a reduction in
short-circuit fault current magnitude compared to
when all generators were present. Surprisingly, the
paper did not delve into the specific technical
details of the mathematical models used for the
analyses and it did not also discuss the impact of
different fault types on the system beyond the
short-circuit fault scenario. Of all that, the gaps
identified are the lack of exploration into the
effects of other types of faults, such as open-circuit
or three-phase faults, on the IEEE 9-Bus System,
the lack of a detailed discussion on the study's
specific methodologies employed for Load Flow
and Short Circuit Analyses.

3.S. Tiwari, M. A. Ansari, K. Kumar, S. Chaturvedi,
M. Singh, and S. Kumar, in “Load Flow Analysis
of IEEE 14 Bus System Using ANN Technique,”
[61] successfully demonstrated the use of ANN
techniques through MATLAB simulations to
analyze the steady-state conditions of the power
system, including voltage, active and reactive
power, and load angle at each bus. Even so, the
paper does not delve into the specific details of the
learning algorithms used in the feed-forward back
propagation network or provide a comparative
analysis with other existing methods for load flow
analysis. Thorough research identified that the
research lacked discussion on the computational
efficiency and scalability of the ANN technique
compared to traditional load flow analysis
methods, which could be a valuable area for future
research to explore.

. Abhishek Kaunar et al. in the paper titled
“Comparison of Simulation Tools for Load Flow
Analysis,” [62] compared the efficacy of two
software; Electrical Transient and  Analysis
Program (ETAP), and Power System Computer-
Aided Design (PSCAD) in unbalanced load flow
analysis; conducted load flow analysis for voltage-
sensitive loads on an IEEE 9-Bus test network.
developed an iterative load flow model to integrate
various load concepts into system parameters and
carried out simulations in ETAP for the IEEE 9
Bus system. Extensive study revealed some
undone work which are the paper does not delve
into the specific numerical results obtained from
the simulations and could not discuss the detailed
methodology of the iterative load flow model
development. Nevertheless, the researcher failed to
address the application of the methodology to
networks with a mix of the three types of loads on
each line.

. A. Prasad and O. Singh, in “Analysis of Software
Tools Used for Load-Flow Studies,” [63] analyzed
the load flow of a 5-bus power system using three
different simulation tools specifically MATLAB
Simulink, ETAP, and Power-world Simulator. The
study compares the results and analyzes the
software tools in terms of accuracy and ease of use.
The Newton-Raphson (NR) load flow method is
utilized for the analysis due to its convergence
properties, making it suitable for complex power
systems with a large number of buses. The IEEE-5
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bus system is used for the analysis, and MATLAB
is employed to generate output data for comparison
with other tools. The undone work is that the study
is not explicitly mentioned in the provided
sections. With all these, the gap in the research
paper lies in the absence of explicit discussion on
the limitations or challenges faced during the load
flow analysis using different software tools.
Additionally, the paper does not delve into the
potential areas of improvement or future research
directions in the field of load-flow studies using
various simulation tools.

. P. V Rajesh Varma, M. K. Kar, and A. K. Singh,
in “Transient Analysis of a Standard IEEE-9 Bus
Power System Using Power World Simulator,”
[64] analyzed the system for different fault
conditions such as three-phase balanced, line to
ground, line to line, and double line to ground fault
using the standard IEEE 9 bus system and utilized
the Power World Simulator software to conduct
the analysis. More so, he studied the effects of
generator outage and bus outage on the system and
effectively discussed how the system retains its
stability after the outage. Finally, the researcher
conducted transient analysis of the power system
network to facilitate the design of a better smart
grid. The work undone or areas that could be
further explored based on the provided context
included: detailed discussion on the specific
methodologies used in the transient analysis
process and in-depth exploration of the impact of
various fault conditions on the power system
components. Nonetheless, the gap in the research
that could be addressed in future studies is the need
for a more comprehensive analysis of the system's
response to different fault scenarios to enhance the
understanding of power system stability and
reliability.

. R.Jena, S. Chirantan, S. C. Swain, and P. C. Panda,
in “Load flow analysis and optimal allocation of
Static Var Compensator (SVC) in nine bus power
system,” [65] focused on the analysis of a shunt
type Flexible AC Transmission System (FACTS)
controller, specifically a Static Var Compensator
(SVC), in a nine-bus power system. The researcher
conducted load flow studies for both an
uncompensated system and an SVC compensated
system by varying the installation location of the
SVC from bus 1 to bus 9 with the sole aim of
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enhancing voltage stability and minimize losses by
analyzing voltage magnitude variations and overall
real and reactive power losses at each bus
concerning the SVC installation location. All the
performance analyses were carried out using
MATLAB/SIMULINK software. However, the
author did not explicitly mention any specific work
that remains undone within the scope of the study.
Be it as it may, the potential gap in the study could
be the lack of detailed discussion on the specific
challenges or limitations encountered during the
implementation of the SVC in the nine-bus power
system. Another gap could be the absence of a
comparative analysis with other types of FACTS
devices or control strategies to highlight the unique
advantages of using an SVC in this particular
power system scenario.

. Ajith. M and D. Rajeswari, in “Load Flow

Analysis in  Hybrid AC-DC Transmission
Network,” [66] concentrated on constructing and
analyzing load flow and short circuit behavior in
an IEEE 14 bus power system with a DC link using
MATLAB software, parameters for converter
transformer, rectifier, inverter, and DC cable were
determined for modeling the DC link. The analysis
included the incorporation of a DC link at a weak
bus in the power system and the results of load
flow analysis, comparison of reactive power flow,
system losses, and voltage in both AC and AC-DC
systems are provided. A comprehensive review of
the work shows the paper did not explicitly
mention specific aspects of work that were left
undone or areas for further investigation. Despite
the above, the gap in the research lies in the lack of
discussion regarding the limitations or challenges
faced during the load flow analysis in the hybrid
AC-DC transmission network. Also, further
exploration could include addressing the impact of
different DC link configurations on system
stability and efficiency in hybrid transmission
networks.

. R. K. Pal and R. S. Lodhi, in “Optimal Load Flow

Analysis in Interconnected Network Using
MATLAB,” [67] interest was on presenting an
optimal load flow method for solving
Interconnected  Distribution ~ Systems.  He
successfully solved the load flow test case problem
for interconnected distribution systems using
methods like Newton-Raphson, Gauss-Seidel, and
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Fast-Decoupled. In comparing the results for the
IEEE 30 bus network, it showed that the Newton-
Raphson method efficiently obtained optimal
solutions for load flow problems. The power loss
was reduced via the implementation of remedial
actions through MATLAB programming. The
specific aspects of work left undone are not
explicitly mentioned in the provided sections. The
gap in the research paper highlights the
effectiveness of the Newton-Raphson method in
obtaining optimal solutions for load flow problems
in interconnected distribution systems. However, it
does not delve into potential limitations or
challenges faced when applying this method in
real-world scenarios.

10. S. Mishra and Y. S. Brar, in “Load Flow Analysis
Using MATLAB,” [34], the research paper
focused on performing load flow analysis using the
Newton Raphson method for both the IEEE 14 Bus
System and the IEEE 30 Bus System. It calculates
scheduled active power, scheduled reactive power
for each generating unit, active power injections,
reactive power injections, active power loss, and
reactive power loss in each branch for the
mentioned bus systems. Graphs were plotted to
visualize the active power loss and reactive power
loss for both the IEEE 14 Bus System and the IEEE
30 Bus System. Unfortunately, the specific aspects
of work left undone are not explicitly mentioned in
the provided sections. The potential gap in the
research could be the lack of discussion on the
impact of different load flow analysis methods on
the overall efficiency and stability of power
systems. More so, the absence of a comparative
analysis with other optimization techniques
commonly used in power system analysis.
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i.  METHODOLOGY

Figure 3.1: Generic Flowchart for conventional
methods

Proposed Hybrid PSO-ANN Method

The proposed hybrid PSO-ANN method leverages on
the combination of two important properties to
enhance the load flow analysis accuracy and
convergence speed. These two properties are the
predictive capabilities of a well-trained Artificial
Neural Networks (ANNs) and the optimization
efficiency of Particle Swarm Optimization (PSO).
The process is simply data collection, neural network
design, PSO optimization, training and validation as
shown in Figure 3.2
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Figure 3.2: The Proposed Hybrid PSO-ANN process
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Data Generation

To train the ANN, synthetic load flow data is

generated using the traditional methods described in

the Newton-Raphson method of load flow analysis in
section 3.3.2 above

- Load Flow Simulation:

0 Multiple load flow scenarios are simulated using
Gauss-Seidel,  Newton-Raphson, and Fast
Decoupled methods.

0 Load and generation values are perturbed within
realistic ranges to create a diverse dataset.

- Data Collection:

0 Collect input data (loads and generations) and
target data (voltage magnitudes and angles) from
each simulation.

0 Normalize the data to ensure effective ANN
training.

ANN Design

The ANN is designed to predict bus voltage

magnitudes and angles based on input power data.

- Architecture:

0 Input layer: Number of neurons equal to the
number of load and generation data points.

0 Hidden layers: One or more layers with sufficient
neurons to capture non-linear relationships.

o Output layer: Neurons corresponding to voltage
magnitudes and angles.

- Training:

0 Use back propagation for initial training to achieve
a reasonable starting point.

PSO Optimization

PSO optimizes the ANN's weights to minimize
prediction error. This is done by three processes; first
is the PSO initialization, which entails the generation
of an initial swarm particles representing potential
neural network weights. Furthermore, the fitness
function is defined based on the mean squared error
(MSE) between the neural net prediction and the
actual results. Finally, the particles velocities and
positions are updated iteratively to find the optimal
weights in the optimization process.

Training and Validation

The data set is divided into three set for training,
validation and testing according. Moreso, the initial
training is performed using back propagation for the
feedforward network. Then, the PSO is applied to
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fine-tune the neural network. All these are carried out
as three process which are grouped as data splitting,
initial training, and fine-tuning processes.

COMPARATIVE ANALYSIS

The comparative analysis of this work was done by
comparing the Hybrid PSO-ANN technique with other
methods for optimizing power distribution in the IEEE
9 bus system. Specific parameters or performance
metrics used for the comparison and the unique
contributions of the Hybrid PSO-ANN approach in the
context of your research are as below:

Performance Metrics

The performance of each load flow method that is, the

Newton-Raphson, Gauss-Siedel, and Fast decouple

method were evaluated based on:

- Convergence speed

- Accuracy of voltage magnitude and angle
predictions

- Computational efficiency

Subsequently plots and graphs gotten from the output

are recorded in the result sections.

Benchmarking

The results obtained from the traditional methods as

above and the proposed hybrid PSO-ANN method are

compared with published results from journals. This

comparative analysis involves:

- Extracting benchmark data from WSCC 9 data and
journal publications.

- Comparing the accuracy and efficiency of the
proposed method against these benchmarks.

- Discussing the findings and implications in the
result and the discussion of result section.

THE INSTRUMENT AND TOOLS USED IN THE
PROJECT

The experimental set up comprise of the following
both software and hardware items

- Trained network or dataset

- MatLab 2023a and simulation software

- Simulink

- Neural Network Toolbox

- Parallel Computing Toolbox

- MatPower toolbox

- Core i5 processor laptop
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IV. RESULTS

This chapter delves into the presentation of the
subsequent results obtained from the simulation of the
processes associated with the implementation of the
hybrid PSO-ANN Load Flow method. The results
representing the outcomes from the PSO algorithm,
ANN trainings, power flow implementations as
recorded are thus presented accordingly.

Outcome of the Neural Network from PSO algorithm
setup

This section presents the results obtained from
integrating the Neural Network with the Particle
Swarm Optimization (PSO) algorithm. The combined
approach aimed to optimize the power flow across the
system, focusing on minimizing power losses and
improving voltage profiles. The subsequent graphs
illustrate the active and reactive power flows, voltage
magnitude, and angle profiles, as well as the overall
system performance achieved through this hybrid
PSO-ANN setup.

Neural Network Outcome

Using MATLAB, the GUI of the final result of the
neural network which shows the subsequent training
progress and the algorithms implemented is as
represented in Figure 4.1. The initial and stop value,
including the target value for the epoch, elapsed time,
performance, gradient, Mu, and validation checks as
gotten from the simulation/trainings are shown
inclusively.
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Training Results

Training finished: Met validation criterion @

Training Progress

‘Unit Initial Value | Stopped Value | Target Value
Epoch [0 ] 57 [ 1000
ElapsedTme | - | 000003 |

Performance 0.327 ‘ 0.00145 ' 0
Gradient 262 | 000693 | 1e07

My 0001 | 00001 | fe+10
VaidatonChecks | 0 | 6 | 6
Training Algorithms

Data Division: Random

Training Levenberg-Marquardt 1r
Performance: Mean Squared Error mse
Calculations: MEX

Figure 4.1: Neural Network Training Results

During the artificial neural network, the mean squared
error (MSE) metric evaluates how the model performs
based on the training data over several iterations,
which, in this case, took 57 epochs. In all, to assess
the neural network generalized ability, it is expected to
monitor the training, validation, and test errors to
ensure that overfitting or underfitting does not occur.
The performance plot, training state, and error
histogram are depicted in Figure 4.2, Figure 4.3, and
Figure 4.4.
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Figure 4.2: Performance Plot
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Figure 4.3: Training State
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Figure 4.4: Error Histogram

These figures from the plots shown in Figure 4.2,
Figure 4.3, and Figure 4.4 shows the MSE for training,
validation, and test datasets over epochs. Since the
training error decreases over time, it indicates that the
neural network model is learning effectively. Also,
since the validation error closely follows the training
error, it implies that the generalization is good and that
there is no over-fitting. Moreover, it is worthy of note
that spread of the data around the zero-point in Figure
4.4 depicts that it is a better fit.
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Another good indicator of the training performance is
the regression plots. It shows the relationship between
the predicted and the actual target values for the
training, validation, test, and overall dataset. These
regression plots gotten from the training are shown in
Figure 4.5.

Training: R=0.99418

Validation: R=0.98722
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PFigure 4.5: Neural Network Training Regression

In each subplot of Figure 4.5, the line represents the
ideal scenario that shows how the predicted values
relate to the actual values. A regression value R closer
to 1 indicates a strong predictive model, and looking
at each subplot, the R value is very close to 1, which
implies that there exists a very close relationship
between the output and the desired target or outcome.
Hence, the general R-value of approximately 0.99105
indicates the relationship is better.

Outcome from PSO algorithm setup

To measure how well a solution meets the
optimization objective the fitness function is
monitored over several iterations to determine whether
the implemented algorithm converges towards an
optimal solution as is expected of the PSO technique.
Figure 4.6 which is the plot of the fitness function vs.
iterations elaborates on the PSO convergence.
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Figure 4.6: Graph of Fitness Function against
iterations

Given that the fitness function’s value decreases over
successive iterations, it indicates that the PSO
algorithm is optimizing the solution accordingly and
also effectively. The notable reduction in the fitness
observed in Figure 4.6 suggests that the particles are
actually converging towards the solution that
minimizes the objective function, which in this case is
minimizing the power losses or mismatches.
Furthermore, to gain insights into the overall progress
of the PSO optimization algorithm, it is necessary to
consider tracking both best and mean fitness values.
While the best fitness represents the way the
performance of the top solution is faring, the mean
fitness shows the average performance across all
particles. This is as illustrated in Figure 4.7 where the
plot shows how both the best and mean fitness values
evolve over iterations.
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Figure 4.7: PSO Best and Mean Fitness over
Iterations
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Voltage Magnitude and Angle profile

Since in power system, each bus (node) should ideally
maintain a specified magnitude within its permissible
limits, it is thus a crucial point to maintain the voltage
levels thereby ensuring the overall reliability and
stability of the entire power network. Deviating from
this tends to inefficiencies, equipment damage, and
subsequently system failures. In addition, the voltage
angles reflect the phase difference across the buses and
determines the direction of flow of power in the
system. While Figure 4.8 specifies the magnitude of
the voltage pu at each bus, Figure 4.10 which depicts
the voltage angle assists in providing information
necessary for maintaining the systems stability and
synchronism.

Figure 4.8 shows the magnitude of the voltage across
all the buses after the power flow analysis is carried
out. Each bar represents the voltage magnitude (pu) at
that corresponding bus. Since it is pu the voltage
values are close to 1, indicating that the systems is
operating within acceptable limits. The deviations
above or below the set point shows the areas or buses
that potentially require voltage control or regulations
interventions. These interventions can be in form of
capacitor replacements or even transformer tap
adjustments amongst others.

=
™

Voltage Magnitude (p.u.)
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o
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Bus Number

Figure 4.8: Bus Voltage Magnitude

To compare the value before and after the power flow
analysis, Figure 4.9 gives an insight into the behavior
and notable changes in value of the voltage magnitude.
Note that for a start, the initial values of the voltages
are set to 1 before running the power flow analysis.
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Figure 4.10 illustrates how the voltage angles vary
across buses. Using a reference point of 0 degrees, the
other buses can be noted to have positive or negative
deviations. A clear deviation is seen from the standard
indicates the area where issues with power flow
requiring system adjustments. Such  system
adjustments can be in the form of changing the
generator dispatch.
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Figure 4.10: Voltage Angle Profile at Each Bus

Considering the value of the set voltage angles before
the simulation and the value after the power flow
analysis had been carried out is represented in Figure
4.11.
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Figure 4.11: Voltage Angle Characteristic across
Each Bus

Since all the initial voltage angles were set at 0 before
the analysis, figure 4.11 show the voltage angle
behavior after the analysis. Using bus 1 as the
reference bus, it can be noted that bus 2, 3, 7, 8, and 9
showed a positive deviation from the reference, while
three other buses (4, 5, and 6) indicated a negative
deviation. Thus, comparing the initial and optimized
voltage magnitude using the initial value set for the
IEEE 9 bus, and not just setting the values to 1 will
illustrate the behavior as expressed in Figure 4.12.
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Figure 4.12: Comparison of Initial vs.
Optimized Voltage Magnitudes

The power mismatch which occurs when there is a
difference between the power generated and the power
demanded at each bus is shown in Figure 4.12. It is
noteworthy that achieving minimal power mismatches
is vital for ensuring that the system meets the load
demands efficiently without excessive losses.
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Figure 4.13: Power Mismatch at Each Bus

Figure 4.13 displays the power mismatches across all
the buses. Since positive values indicates that
generation exceeds demand (i.e. surplus) and negative
values suggest that demand exceeds generation (i.e.
deficit). Hence, buses with high mismatches as shown
in figure 4.13 can be adjusted in the generation or load.

Figure 4.14 compares the total system load against the
total generation, showing how well the system’s
generation meets the overall demand.

== Total Lead 0
2195 H=—E— Total Generation

3155

315 Q
Total Load

Total Generation

Figure 4.14: Total Load vs. Total Generation

Line/Branch Power Flow Results

As explained earlier, the power flow through
transmission lines or branches is a critical aspect of
power system analysis. Also essential is the ability of
the power flows to remain within the thermal limits of
the transmission lines for stability and safety of the
system. To show the active power flow (in MW)
across each branch, Figure 4.15 illustrates its
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characteristics. Likewise, figure 4.16 represents the
reactive power flow through the lines or branches.

Real Power Flow (MW)

Branch Index

Figure 4.16: Real Power Flow Results

Reactive Power Flow (MVAr)

Branch Index

Figure 4.17: Reactive Power Flow Results

Considering Figure 4.15 which shows the results of the
real power flow (measured in MW) along each branch
of the network. From the legend P_from represents the
real power flowing from the sending end, while the
P_to is used to represent the real power at the receiving
end of each branch. It can be noted that the real power
flow exhibited a mixture of positive and negative
values across different branches, indicating the regions
of power injection and consumption present within the
network. Also, the P_to curve indicates that the power
that is received is generally less than what was sent
(represented by the corresponding point on the P_from
curve), this is consistent with the expected power
losses in the line. Furthermore, the branches 3 to 8
show noticeable difference in P_from and P_to
suggesting significant power losses or high power
consumption in those sections.
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In the case of the reactive power flow, Figure 4.17
show the reactive power flow (which is measured in
MVAR) along each branch of the power network
before and after optimization using the PSO-ANN.
Note that the curve labelled Q_from representing the
reactive power flowing from the sending end of each
branch, while the curve Q_to indicates the reactive
power at the receiving end. Hence, it can conclusively
mean that the Q_from and the Q_to represent the
reactive power flowing from the sending end bus to
the receiving end bus of each branch.

When the Q_from values start high and decrease
steadily, it indicates a reduction in reactive power
injection from the sending end of these branches as the
optimization process proceeds as seen in branches 1 to
5. In contrast, the Q_to values are generally lower
which indicates that there is lesser reactive power
absorbed or drawn by the receiving end buses. In the
case of branches 6 to 9, The reactive power flow
Q _from increases and peaks around Branch 7,
suggesting increased reactive power injection into this
branch, possibly due to voltage regulation
improvements by the hybrid PSO-ANN optimization.
The Q_to values exhibit similar patterns but with more
fluctuations, indicating a dynamic adjustment in
reactive power at these branches.

Moreover, to represent the active and reactive power
losses across the different transmission lines or
branches, figure 4.18 clearly presents the line losses.
This refers to the energy dissipated as heat due to the
transmission lines resistance. For the Active power
losses (measured in MW), there is a noticeable spike
in the active power losses as seen in Line 7, reaching
up to approximately 350 MW, which suggests
significant power dissipation in this particular branch.
Lines 2 and 8 exhibit the lowest active power losses,
indicating that these lines are more efficient in
transmitting power. There is a general trend where
active power losses increase from Line 1 to Line 7 and
then drop significantly afterward.
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Figure 4.18: Line Losses in Transmission Lines

Performance Evaluation and System Summary

System Summary
How many? How much? P Q
(MW) | (MVAr)
Buses 9 Total Gen  820.0 -900.0
Capacity to -
900.0
Generators 3 On-line 820.0 -900.0
Capacity to -
900.0
Committed 3 Generation 319.6 22.8
Gens (actual)
Loads 3  Load 315.0 115.0
Fixed 3 Fixed 315.0 115.0
0 -0.0 of -0.0
Dispatchable Dispatchable -0.0
Shunts 0  Shunt (inj) -0.0 0.0
Branches 9 Losses(I?*2) - 52.66
147.94
Transformers 0 Branch - 140.5
Charging
(inj)
Inter-ties 0 Total Inter-tie 0.0 0.0
Flow
Areas 1
| Minimum | Maximum
Voltage 0.996 p.u. @ bus5 1,040 p.u. @ bus 1
Magnitude
Voltage Angle  -3.99deg @ bus5  9.28 deg @ bus 2
P Losses (1> *  -147.94 MW
R)
Q Losses (I2*  52.66 MW
X)

Table 4.1 System Summary

For the reactive power losses (which is measured in
MVAR), it remains relatively stable and low across all
lines, ranging between 20 to 50 MVAr. This suggests
that the reactive components of the power system are
managed efficiently by the hybrid PSO-ANN
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algorithm. Unlike active power losses, there are no
extreme spikes, and the reactive losses exhibit a
consistent pattern across the different lines.

Generally, Figure 4.1 provides a comprehensive
visualization of how voltage magnitudes vary across
different buses. It illustrates the voltage distribution
across all buses, with color intensity representing the
voltage magnitude. Buses with voltage values outside
the acceptable range (that is, below 0.95 p.u. or above
1.05 p.u.) can be identified, aiding in pinpointing areas
requiring voltage regulation.

104 1025 1025 1.026 Ll

Voltage Magnitude (p.u.)

1 2 3 4 5 ] 7 -] ]
Bus Numbser

Figure 4.19: Heat map of the Bus Voltages.
Data information (Generator, Bus, and Branch)

Table 4.2 Generator Data

3 1.025 466 0.00 0.00
4 1.0258 -2.22 0.00 0.00
5 0.9956 -3.99 125.00 50.00
6 1.0127 -3.69 90.00 30.00
7 1.0258 3.72  0.00 0.00
8 1.0159 0.73  100.00 35.00
9 1.0324 197 0.00 0.00

Table 4.4 Convergence Time Comparison

Technique Number of Convergence
Employed Iterations time (s)
Newton’s 4 — iterations 0.05

Method

Gauss-Siedel’s 211 iterations  0.16

Method

Fast 6-P iterations 0.33
Decoupled and 6-Q

Method iterations

Hybrid PSO- 57 iterations 0.186
ANN Method

Ge Bu PG QG Qmax Qmin Vse
n S M MV (MV  (MV  t
W) Ar) Ar) Ar) (p.u

)
1 1 716 2705 3000 - 1.0
4 3000 4
0
2 2 163. 6.65 3000 - 1.0
00 3000 2
0
3 3 8.0 - 300.0 - 1.0
0 10.86 300.0 2
0

Table 4.5 Branch Data
Fro T Pfrom Qfrom Pto Qto

m 0 (MwW)  (MVAr (MW) (MVAr
) )

1 4 7164 27.05 -71.64 -23.92
4 5 4094 22.89 -40.68 -38.69
4 6 30.70 1.03 -30.54 -16.54
6 9 -59.46 -13.46 60.82 -18.07
5 7 -8432 -11.31 86.62 -8.38
9 3 -85.00 14.96 85.00 -10.86
7 2 - 9.18 163.0 6.65

163.0 0

0

2418 3.12 -24.10 -24.30

7 8 7638 -0.80 -75.90 -10.70

Table 4.3 Bus Data
Bus Vm Va Pd Qd
(p.u.) (deg) (MW) (MVAr)

1 1.04 0.00 0.00 0.00
2 1.025 928 0.00 0.00
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CONCLUSION

A hybrid PSO-ANN (Particle Swarm Optimization -
Artificial Neural Network) approach was successfully
developed and implemented for power flow analysis,
with the aim of optimizing voltage magnitudes in an
electrical power system. The study employed the
MATPOWER 'case9_1' file as the test system, where
the PSO and ANN worked in tandem to enhance the

ICONIC RESEARCH AND ENGINEERING JOURNALS 1036



© DEC 2024 | IRE Journals | Volume 8 Issue 6 | ISSN: 2456-8880

convergence speed and accuracy of power flow
solutions. The PSO algorithm optimized voltage
magnitudes, while the ANN predicted power flow
mismatches, thereby reducing computational time and
improving performance. This approach demonstrated
effective convergence, with accurate voltage profiles,
minimized power losses, and efficient handling of
non-linearities inherent in power systems. The method
not only proved to be robust but also offered a
significant improvement over conventional techniques
in terms of accuracy and computational efficiency.

The results from the various analyses, including
voltage magnitude profiles, power mismatches, ANN
training performance, PSO fitness evaluations, branch
power flow, line losses, voltage angle profiles, and
load distribution, validated the efficacy of the
proposed hybrid model. The solution maintained a
balanced trade-off between exploration and
exploitation by integrating PSO with ANN, leading to
optimized power flow solutions. This advancement in
hybrid power flow analysis presents a valuable tool for
researchers and practitioners in the field of electrical
power systems, especially in complex and dynamic
networks.
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