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Abstract: Load frequency control (LFC) plays a critical role in maintaining the stability and reliability
of the power system. With the increasing integration of renewable energy sources and the growth
of complex interconnected grids, efficient and robust LFC strategies are in high demand. In recent
years, the combination of particle swarm optimisation (PSO) and proportional-integral-derivative
(PID) controllers, known as PSP-PID, has been used as a promising approach to enhance the per-
formance of LFC systems. This article focuses on modelling, simulation, optimisation, advanced
control techniques, expert knowledge, and iterative refinement of the power system to help achieve
suitable PID settings that provide reliable control of the load frequency in the transmission line. The
performance indices of the proposed algorithm are measured by the integral time absolute error
(ITAE), which is 0.0005757 with 0.9994 Ki, 0.7741 Kp, and 0.1850 Kd. The model system dynamics
are tested by varying the load frequency from 300 MW to 350 MW at a load variation of 0.2. The
suggested controller algorithm is relatively reliable and accurate in power system management and
protection load frequency control compared to conventional methods. This work can be improved by
including more generating stations synchronised into a single network.

Keywords: load frequency; PID controller; particle swarm optimisation; transmission line

1. Introduction

Load frequency control (LFC) is used in electric power systems to maintain a com-
paratively consistent frequency, distribute the load among the generators, and manage
tie-line exchange schedules. The power system desperately needs load frequency control
because the transmitting frequency must correspond to the generating and load frequency,
which must synchronise to prevent faults on the transmission line. If the typical frequency
is 50 Hz or 60 Hz and the system frequency drops below 47.5 Hz or rises over 52.5 Hz on
a 50 Hz frequency band, the turbine blades will likely be harmed, and the generator may
stall [1]. The two main variables that vary when there is a transient power demand are area
frequency and tie-line power exchange [2].

The primary objective of LFC is to keep the power system’s frequency constant by
adjusting the power generation to match the power consumption. The LCF system consists
of the primary and the secondary control. The primary control is responsible for quick
response to sudden changes in power consumption by adjusting the power generation
to match it. It operates on a time scale of seconds. It is typically implemented using
governors on power generators. At the same time, the secondary control is responsible
for maintaining the balance between power generation and consumption over a longer
time scale of minutes to hours. It is typically implemented using automatic generation
control (AGC), which adjusts the power output of generators to meet the load demand [3,4].
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The LFC system can also be implemented using advanced control methods such as model
predictive control (MPC) and artificial intelligence-based methods [5].

A modest variation in load power in a single-area power system that runs at a fixed
frequency results in an imbalance of power between supply and demand. The first solution
to this mismatch issue is removing kinetic energy from the system, which leads to a decline
in system frequency. The old load’s power consumption reduces as the frequency steadily
drops. When the newly added load is diverted by lowering the power required by the
old load and power linked to kinetic energy is eliminated, substantial power systems may
achieve equilibrium at a single point. Without a doubt, a balance is reached at the expense
of frequency decrease. To maintain this balance, the system takes some control action;
governor activity is unnecessary. In such a situation, the frequency is significantly reduced.

The critical component of a power system that ensures continuous power delivery to
the customer is load frequency control. Automatic generation control (AGC) technically
accomplishes power system frequency control. To maintain sensible load and generation
balance, frequency control splits the load across generators and adjusts the tie-line power
to predetermined levels [1].

Different literature has discussed the LFC in transmission lines using conventional
methods to stabilise the load frequency of the power system. In [6], the authors suggest a
novel PSO-based multi-stage fuzzy controller for solving the LFC issue in a restructured
power system. This control technique was adopted because of power systems’ rising
complexity and changing structure. This newly developed control strategy combines the
fuzzy PD and integral controllers with a fuzzy switch to achieve the desired level of robust
performance, including frequency regulation, load demand tracking, and disturbance
attenuation. These occur under load fluctuation for various plant parameter changes and
system nonlinearities.

A PSO-based method automatically modifies membership functions to save design
effort and improve fuzzy system control. The PSO method suggested in this study is
simple to implement and requires no extra processing complexity. Experimenting with
this approach yields reasonably promising results. There is the capacity to avoid the local
optima, and convergence accuracy and speed are significantly improved, resulting in high
precision and efficiency. However, the settling time and the overshoot are high, reducing
the controller’s performance.

In [7], a hybrid generation system is described, consisting of solar photovoltaic, wind
turbine generators, a geothermal power plant, and electric vehicle aggregators to improve
the stability of the system by implying the genetic algorithm (GA) and the PID controller to
reduce the settling time and overshoot.

Large frequency oscillations occur when the load frequency controller (LFC) system
does not correct the imbalanced power [8]. To that purpose, an artificial neural network
(ANN) based on particle swarm optimisation (PSO) is proposed to modify the settings of the
PID controller in the MG structure. The simulation results show that using PSO-based ANN
makes the system stable in the minimum amount of time. Also, the amplitude of frequency
oscillations, overshoot, and settling time is minimised. These error values determine the
area control error input signal to the PID controller unit, the primary purpose of which is to
minimise the error at the output. As a consequence of the preceding explanation, the PSO
methodology produces much better results than the fuzzy and trial techniques because the
fuzzy approach takes a long time to execute many linguistic rules in a multi-area system
simultaneously. Second, obtaining the suitable language rule matrix to achieve the required
outcomes is time-consuming. A high number of iterations is necessary to get ideal values
of PID gains via a trial technique [9].

In [10], the authors advocate improving load frequency management using a PID
controller and a static synchronous series compensator (SSSC). Particle swarm optimi-
sation (PSO) determines the optimal parameters for the PID controller. Though it was
only used for one area of LFC, it is limited to specific algorithms. In addition, Ref. [11]
suggested an optimisation approach that combines the best aspects of three optimisation
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techniques—the firefly algorithm (FA), particle swarm optimisation (PSO), and the gravity
search algorithm (GSA)—to accomplish automated load frequency management of the
multi-source power system; the suggested technique was employed to set the parameters
of a proportional integral derivative (PID) controller. The integral time absolute error was
employed as the goal function. Moreover, the controller was calibrated to guarantee that
the multi-source power system’s tie-line power and frequency remained within acceptable
parameters. Recently, the multi-verse optimisation approach produced improved tuning of
the fractional order proportional derivative proportional integral (PDPI) controller for LFC,
both with and without the HVDC connection [12].

In [13], a nature-inspired stochastic evolutionary algorithm was presented to attain the
best LFC. An inter-phase power controller [14] or a flexible alternating current transmission
system (FACTS) controller can enhance the power quality of a two-area power system.

In [15], the viability of integrating wind turbines into conventional power production
is evaluated, and a PSO and model predictive control (MPC) technique is presented for
LFC with wind turbines. The particle swarm optimisation algorithm is integrated to lessen
the computational cost of executing the MPC strategy. The control quality is repeatedly
optimised using the cost function of MPC as the objective function of PSO. Moreover,
simulations confirmed the effects of physical restrictions like the generation rate constraint
(GRC) and the governor’s dead zone [16]. The results show that this approach performs
quickly and dynamically. However, the control strategy may result in slow iterative
operation or local optimal solution problems.

In [17], a PSO for a single-area power system based on load frequency control (LFC)
is described. The goal was to develop a PSO-optimised self-tuning PID controller for
controlling a specific region of linked power systems. According to the comparative study,
the suggested controller may provide the optimum dynamic response for a step load change
compared to a standard proportional-integral (PI) controller [18]. The PID controller was
selected instead of the PI controller because it has improved set-point tracking, faster
response to system disturbance, and improved robustness and stability. However, the PID-
PSO algorithm has some disadvantages, including computational complexity, noisy or
non-smooth optimisation landscape, and limited generalisability, which depends on the
characteristics and dynamics of the specific control system it is applied to. Although it may
work well for certain systems, it may not generalise effectively to different types of systems
or control problems, requiring modifications or adaptations for each specific application.

In [19], the type 2 fuzzy PID controller was used for frequency control of the power
system with distributed sources, and the accuracy of the system was 94.71%. Due to the
low inertia of the microgrid, the virtual inertia control was not considered in the paper.

Deep reinforcement learning has also been used for load control in a micro-grid where
a partially observable Markov decision process was used in privacy protection of load
control, as seen in [20].

The Main Contribution of the Proposed Model

The PSO-PID controller’s key contribution to load frequency control (LFC) enables
efficient real-time tweaking of PID parameters to keep system frequency and tie-line power
flow within acceptable bounds.

PID controllers have traditionally been employed in LFC systems, but determining
proper PID settings may be difficult, particularly for large-scale power systems. Large-
scale power systems involve complex dynamics, multiple interconnected components,
and diverse operating conditions, making it challenging to find optimal PID settings that
provide stable and reliable control. System uncertainties like generator characteristics,
line parameters, and load variations can affect the output. In addition, system complexity
and interconnection and oscillation can affect the system. The PSO method optimises the
PID parameters effectively by leveraging on a group of potential solutions and repeatedly
refining them towards an optimum solution. However, modelling, simulation, optimisation,
advanced control techniques, expert knowledge, and iterative refinement can help achieve
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suitable PID settings that provide stable and reliable control in such systems as applied in
the proposed model.

The PSO-PID controller in LFC can also manage power system non-linearities and
uncertainties, which may impact system frequency and tie-line power flow. The PSO
algorithm enables real-time tuning of PID parameters, ensuring that the LFC system can
swiftly respond to changes in the power supply.

Compared to typical PID controllers, the PSO-PID controller in LFC provides a more
efficient and resilient solution for regulating system frequency and tie-line power flow
within acceptable limits in power systems.

The conventional controller is required to construct the automated load frequency
control system. The PID controller has several flaws. These flaws include requiring a long
time to restore the frequency and power deviation to their nominal values and experiencing
excessive frequency variation error.

The proposed model uses an isolated power system generation with the conventional
energy source. The model was designed using the PSO-PID controller to optimise the load
frequency using the ITAE cost function to determine the improved controller and the cost
function of the PSO-PID algorithm compared with the conventional approach.

2. Methodology

The proposed algorithm uses the PSO algorithm to determine the controller gain value
of Ki, Kp, and Kd, which are achieved by MATLAB simulation to eliminate the steady state
error, to decrease the rise time, and to reduce the overshoot and settling time, respectively.

The proposed system is modelled and simulated as shown in Figure 1. First, it was
modelled without the PID controller, and the PID controller was included to normalise the
load frequency. A two-area thermal energy network was added to the design to maintain
stability and control with good oscillation damping.

Figure 1. Complete simulated model with PID controller.

The PSO algorithm was introduced by initialising an array of particles with random
positions to normalise the inequality constraints of the different particles. It verified the
fulfillment of the equality criteria and, if necessary, revised the output and evaluated the
fitness function of each particle. It compared the current value of the fitness function to the
particle’s prior best value. If the current fitness value was smaller, it assigned the current
fitness value and the current positions. It determined the current global minimum fitness
value among the current positions to compare the present value with the previous value to
ascertain the best-fit value.
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3. Particle Swarm Optimisation

Particle swarm optimisation (PSO) is an intelligent evolutionary algorithm inspired by
the social behaviour of flocking birds or schooling fish. Kennedy and Eberhart presented
the PSO approach for the first time in 1997 [21,22]. The PSO algorithm can provide high-
quality solutions in less time and with more steady convergence characteristics than other
stochastic approaches, such as genetic algorithm [17,23].

In an n-dimensional space, let the position and individual i be represented as vectors
Xi = (xi, ..., xin) and Vi = (vi, ...vin) in a PSO algorithm. Let

Pbesti = (xi
pbest, ...xin

pbest) (1)

and
Gbesti = (xi

gbest, ...xn
gbest) (2)

Equations (1) and (2) are individual igbest positions so far and their neighbours’ best
position so far, respectively. Utilising this information, the PSO algorithm modifies the
updated velocity of individual i using Equation (3):

V − ik + 1 = ωVi
k + c1r1 × (Pbesti

k − Xi
k) + c2r2 × (Gbesti

k − Xi
k) (3)

where
Vi

k is the velocity of individual i at an iteration k;
ω is the inertia weight parameter;
c1, c2 is the acceleration coefficients;
r1, r2 represents the ransom numbers between 0 and 1;
Xi

k is the position of individual i until iteration k;
Pbesti

k is the best position of individual iteration and Gbesti
k is the position of the

group iteration.
The values of c1, c2, and ω are predetermined and, generally, the weight ω is shown

as in Equation (4):

ω = ωmax − (ωmax − ωmin)×
iter

Itermax
(4)

where
ωmax, ωmin are the initial and final weights;
Itermax is the maximum iteration number;
iter is the current iteration number.
The moves from the individual position of the current to the next velocity modified in

Equation (3) is shown in Equation (5):

Xi
k+1 = Xi

k + Vi
k+1 (5)

PSO’s improved PID controller is intended for LFC and tie-power control. The ob-
jectives are to manage the frequency and inter-area tie-power with adequate oscillation
damping while achieving good performance. The optimal values of the KP, KI , and Kd
parameters for a PID controller are quickly and precisely determined in this work utilising
a PSO. In a typical PSO run, an initial population is produced at random. The original
population is known as the 0th generation. Each member of the initial population has a
unique performance index value. The PSO then generates a new population based on the
performance index information. The system must be simulated to acquire the performance
index value for each person in the present population. The PSO then uses the reproduction
crossover and mutation operators to create the next generation of humans. These methods
are continued until the population has converged and the optimal parameter value has
been identified [24].

Figure 2 represents a flowchart model of the PSO step-by-step algorithm implemen-
tation. We set the parameters for the PSO algorithm, such as the number of particles,
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maximum iterations, and inertia weight. Then, we set the particle positions and speeds at
random inside the search space. We estimate the fitness function for each particle using the
LFC problem, and the fitness function should represent the system’s performance, such as
frequency deviation and tie-line power deviation. Then update each particle’s own best
position and fitness. We then update the swarm’s overall best position and fitness, and the
PSO method is used to update the velocity and location of each particle. The new velocity
and location should fall inside the scope of the search. This system is repeated until the
maximum number of iterations is achieved or a good solution is discovered by using the
best control action for the power system to keep frequency and tie-line power variations
within acceptable limits.

Figure 2. The flow chart model for the PSO-PID algorithm.

4. System Model

The load frequency control strategy’s primary goal is to offer consumers high-quality,
dependable electricity within an integrated system. Variations in active power cause the
system’s frequency to fluctuate. As a result, a control technique is developed to regulate
load frequency regulation using control loops. Two typical techniques, transfer function
and state variable, are used to convert the power system model into a mathematical model
by making appropriate assumptions [25–27].

A section of the transfer function model of the Delta power station Nigeria is designed
as shown in Figure 3, and the primary sections are explained below.

Figure 3. Transfer function model of the Delta power station.
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4.1. Generator Model

The Generator equation has been derived from the swing equation in [28] as shown in
Equation (6):

∆ω(s) =
1

2Hs
[∆Pm(s) + ∆Pgs(s)− ∆Pe(s)] (6)

where
∆Pm is the change in mechanical power;
∆Pgs is the power from the generating station;
∆Pe net change in the electrical load demand;
H is the generator inertia constant.

4.2. Load Model

The power system includes assistive and inductive loads that are frequency indepen-
dent and dependent. As a result, the net change in load power may be defined as the sum
of frequency-sensitive and frequency-insensitive load changes [29]. Some of the factors that
affect the electric load include:

Meteorological factors: weather, climate, temperature, humidity, and solar radiation.
Temporal or calendar factors: the hours of the day, the days of the week, the seasons,

and so forth.
Economic factors: industrial development, GDP, and so on.
Unexpected factors: sporting activities, festivals, etc.
Client factors: consumption type, building size, electric appliances, workforce count,

etc. This is represented in Equation (7) below:

∆Pe(s) = ∆PL + D∆ω (7)

where ∆PL is the frequency-independent load change, D∆ω is the sensitive load frequency
change, and D is the ratio of percentage change in load to the frequency. The interaction
between load variation and frequency fluctuation may be represented in Equation (8), as
expressed below:

∆PL( f req) = D∆ω =
∆PL( f req)

∆ω
(8)

4.3. Turbine or Prime Mover Model

The turbine is the source of mechanical power, which derives its energy from the
combustion of coal or gas or nuclear fission. The turbine’s transfer function may be
expressed as the ratio of the change in mechanical output power ∆Pm(s) to the change in
steam valve position ∆Pv(s) given in Equation (9):

GT(s) =
∆Pm(s)
∆Pv(s)

=
1

1 + sτt
(9)

where τt is the turbine time constant.

4.4. Governor Model

The speed governor operates as a comparator [30], as expressed in Equation (10) below:

∆Pg(s) = ∆Pre f (s)−
1
R

∆ω(s) (10)

where ∆Pg is the power output of the governor, ∆Pre f is the reference set power, and R is
the speed regulation. Equation (11) expresses the relationship between governor input and
valve opening, as shown below.

∆Pv(s) =
1

1 + sτg
∆Pg(s) (11)
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where τg is the governor time constant in seconds.

4.5. The Proportional Integral Derivative (PID) Controller

PID controllers are commonly used in industrial control systems as a control loop fed
back. It computes the difference between the measured process variable and the intended
set point. PID settings are fine-tuned to guarantee good closed-loop performance. They
are used to increase dynamic performance and lower steady-state error [31]. The gains are
automatically achieved by tuning the model in MATLAB simulations to obtain (Kp, Ki, Kd),
where Kp decreases the rise time, Kd reduces the overshoot and the setting time, and Ki
eliminates the steady-state error. In [32], the area control error theory associated with the
PID control system is as shown in Equations (12)–(14) below.

Pout = Kpe(t) (12)

Iout = Ki

∫ t

0
e(t)dt (13)

Dout = Kd
d
dt

e(t) (14)

where
Kp is the proportional gain;
Ki is the integral gain;
Kd is the derivative gain.
The transfer function of the controller is shown in Equation (15) below:

GPID(s) = Kp +
Ki
s
+ Kds (15)

and the control signal for maintaining the system frequency is shown in Equation (16).

U(s) = −GPID(s)× ACE(s) (16)

Here, ACE is the area control error of the system, and U is the governor’s input
signal for managing the valve output based on the power system’s load demand. The
ACE = B×∆ω and B are the bias factors, as B = 1

R + D, and Dω is the frequency deviation.
The PSO-PID (particle swarm optimisation–proportional integral derivative) controller

algorithm has several advantages over other conventional methods in load frequency
control (LFC), including:

• Better performance: The PSO-PID controller algorithm has been found to provide
better control performance than conventional PID controllers in LFC systems. This
is due to the ability of PSO to optimise the PID parameters to achieve the desired
control objective.

• Robustness: The PSO-PID controller algorithm is robust and can handle variations in
load and system parameters, which are common in power systems.

• Flexibility: The PSO-PID controller algorithm can be easily adapted to different power
system models and can be used to control different types of generators.

• Fast convergence: The PSO algorithm has fast convergence compared to other optimi-
sation techniques, which makes it suitable for real-time control applications.

• Easy to implement: The PSO-PID controller algorithm is easy to implement and does
not require complex mathematical models or sophisticated programming skills.

Overall, the PSO-PID controller algorithm has proven to be an effective and effi-
cient approach for load frequency control (LFC) in power systems, offering better control
performance, robustness, flexibility, fast convergence, and ease of implementation.
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5. Modelling of the Proposed Power System

The proposed model is the Delta thermal generating station, a part of the Nigeria
transmission line model with the following specifications, as shown in Table 1 below:

Table 1. System parameters.

Parameters Specification

Normal frequency (Hz) 50 Hz
Turbine-rated power (PL) 300 MW
The turbine time constant (Tt) 0.5 s
Governor time constant (Tg) 0.2 s
Governor speed regulation (R) 0.05 PU
Generator inertia constant (H) 5 s
Load variation (D) 0.8

The Simulink model for frequency control was generated using the transfer functions
of the modelled power network using the MATLAB/Simulink environment. The PID
controller gain value was optimised and implemented using a distinct PSO technique-
coding mfile in MATLAB. The nominal system parameter values were taken from Table 1
to normalise the frequency and modelled as shown in Figure 4 with the introduction of the
PID controller. The governor speed regulation R is 0.05 PU, so 1

R is 20.

Figure 4. System model with PID controller.

The controller gain value is determined by selecting the objective function in which
ITAE was used as a desired output. Then, a population of particles was initialised where
each particle represents a potential set of controller gain values of 0.9994, 0.7741, and
0.1858 for Kp, Ki, and Kd, respectively, with the velocity vector. Then, we evaluated the
fitness performance of each particle by calculating the objective function value based on
the controller gain values. We updated the particle velocity and position to determine its
best position and global best. These processes are repeated in multiple iterations to decide
the termination condition, extract the best solution, and implement the controller. It is
important to note that the success of the PSO algorithm in determining optimal controller
gain values depends on factors such as the complexity of the control problem, the choice of
the objective function, and the proper tuning of PSO parameters like swarm size, inertia
weight, acceleration coefficients, and termination criteria.

6. Results and Discussion

The system was modelled using the design parameters in Table 1 to design the model
in Figure 1, the system was implemented using MATLAB, and the mfile code was executed
for the PSO algorithm. The PID controller was tuned by minimising the ITAE for optimal
performance. The optimised parameters were used to determine the effectiveness of the
proposed technique.
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Figure 5 represents the base frequency of the base load without the PID controller and
when the PSO parameters have not been fine-tuned. There was an overshoot of 49.6 Hz,
which later changed to 49.55 Hz, causing a variation in the load frequency.

In Figure 6, the PID controller was applied to the model without the PSO algorithm. The fre-
quency reluctantly moved to 50 Hz, and the settling time was 5 to 10 s before normalising.

The time delay affects the power system and can lead to power loss; therefore, there is
a need for a fast and accurate settling time of the load frequency.

In Figure 7, the base load was also affected by a drop from 300 MW to 299 MW,
and about 1 MW of electricity was lost due to a fault in the load frequency.

When the total load frequency was increased to 350 MW, there was an overshoot due
to overcurrent, as seen in Figure 8.

The frequency variation deviated rapidly, as seen in Figure 9 without the PID controller,
and normalised with the introduction of the PID controller, as seen in Figure 10.

Figure 5. Load frequency without PID controller.

Figure 6. Load frequency with PID controller.

To maintain the load frequency with minimum time delay and overshoot, the PSO
algorithm is introduced to the model.
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Figure 7. Base load without PID controller.

Figure 8. Total load frequency with PID controller.

Figure 9. Frequency variation without PID controller.
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Figure 10. Frequency variation using PID controller.

6.1. Frequency Control Using the PSO Algorithm

The PSO algorithm was applied using MATLAB Code to Figure 1, increasing the load
to 360 MW for the changes. In addition, the combined frequency changes, as explained in
the results.

In Figure 11, the change in base load was changed due to load frequency variation,
but this was normalised using the proposed algorithm from 0.19 PU to 0.2 PU, as seen in
Figure 12.

In addition, the variation in load changes from 0.5 s in Figure 11 to 0.2 s in Figure 12.
The change in the settling time made the proposed model more reliable than the PID
controller, hence, faster in fault clearing time.

In Figure 13, the combined frequency response of the PID controller and the PSO
algorithm shows that the proposed algorithm’s performance is better based on the settling
time and fault clearing time of zero seconds using the PSO algorithm.

The frequency variation in PU was reduced from 0.8 s in Figure 10 to zero seconds
using the PSO and the PID controller in Figure 14.

Figure 11. Change in load (PU) without PID controller.

The performance indices of the proposed model are measured by the ITAE, which
is 0.0005757. This is minimal as compared to [33] with 0.7741 for Kp, 0.9994 for Ki,
and 0.1850 for Kd. In addition, the model’s system dynamic response is tested by varying
the load from 300 MW to 350 MW at a load variation of 0.2 PU.
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Figure 12. Change in load (PU) with PSO-PID controller.

Figure 13. Combined frequency response using PSO-PID controller.

Figure 14. Frequency variation in PU using PSO-PID controller.

6.2. Comparing the PSO-PID Controller Algorithm with Other LFC Techniques

The PSO-PID controller algorithm was compared to other techniques, as shown in
Table 2. The algorithm was compared with the fuzzy controller with a settling time of
15.4 s [34] as compared with the proposed algorithm of 0.00 s settling time and a perfor-
mance index of 0.0005757 ITAE. In addition, the settling times of the ANN SVM, ANFI,
and ANN-PID controllers are higher than for the proposed algorithm, as shown in Table 2.
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Compared to PI and PID controllers, the PSO-PID controller shows superior quick settling
time, reduced overshoot and undershoot, and fewer oscillations.

Table 2. Comparing the proposed model and the other algorithms used.

Controller Used Settling
Time (s)

Controller
Error Overshoot Reference

FUZZY Controller 7.20 0.2% 0.027 [34]
Fuzzy Controller 15.4 2.5% 2.33 [35]
PID Controller 16.58 0.732 0.0206 [36]
ANN-PID Controller 6.5 0.04% 0.1090 [30]
Optimal ANN 50.0 0.06% 3.4 [37]
ANFIS Controller 8.5 - −0.45 [38,39]
SVM Controller 10.5 7.09% 0.25 [40]
GA-PID Controller 21.8 0.0075% 0.04 [7]
GA-PID Controller 5.0 0.50025% 0.0 [41]
BESSO-PID Controller 10.4767 - 0.0001 [42]
DE-PID Controller 11.1892 - 0.001 [43]
PID-PSO Controller 2.93 0.055% 0.052 [44]
Proposed Algorithm with PID 5.0 0.0005757 0.45
Proposed Algorithm with PSO-PID 0.0 0.0005757 0.0

The PSO algorithm has a potential for premature coverage because the algorithm has
several parameters, such as the population size, inertia weight, and acceleration coefficients,
which must be appropriately selected to achieve optimal performance. The performance of
the PSO-PID controller in LFC may be sensitive to the values chosen for these parameters,
and sub-optimal parameter settings could result in reduced controller performance or
convergence to local optima. Therefore, the proposed algorithm increases the iteration
value to reduce premature convergence for optimal results, as seen in Figure 15.

Figure 15. Iteration of the PSO algorithm.

Other methods can be used to reduce frequency variation or control power system
and frequency stability, and these include

• Automatic generation control (AGC): AGC is a control system that adjusts the output
of generators in response to variations in frequency to maintain the balance between
generation and load. When the frequency falls, AGC may automatically boost the out-
put of other generators to compensate for the lost generation, restoring the frequency
to its usual range.
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• Load shedding: Load shedding is a control method used to minimise power system
demand during times of low generation or high demand. Load shedding may be used
to lower the load on the system and assist in restoring the frequency to its normal
range in the case of a frequency deviation. This may include disconnecting individual
loads or lowering the electricity usage of specific consumers or areas.

• Reserve capacity: The generating capacity available to the system beyond the predicted
demand is called reserve capacity. Reserve capacity is crucial because it acts as a buffer
to absorb unforeseen occurrences like the abrupt loss of a generator. By ensuring that
the system has appropriate reserve capacity, the frequency variation may be corrected
rapidly without jeopardising system stability.

• Interconnection with surrounding systems: Interconnection with neighbouring power
systems may offer new generation sources while also assisting in balancing energy
supply and demand across a larger region. Interconnection with surrounding systems
may give extra assistance to help restore the frequency to its normal range in the case
of a frequency deviation.

• Energy storage: Energy storage technologies, such as batteries or pumped hydro
storage, may be utilised to store surplus generating capacity and release it as required,
therefore assisting in maintaining system stability. Frequency variation may be swiftly
rectified and system stability maintained by deploying energy storage to offer extra
assistance to the system during times of low generation.
Power system operators may use these steps to guarantee that the frequency stays
within a small range, reducing the danger of power outages or equipment damage.

7. Conclusions

A novel particle swarm optimised LFC was examined in this work for autonomous
load frequency regulation of the Delta thermal generating station, a part of the Nigeria
transmission line model. The network was modelled without the PID controller using the
system parameters generated through a mathematical model, and then the PID controller
was introduced for parameter tuning. The mfile of the PSO algorithm code was generated
using MATLAB to generate the Kp, Ki, and Kd parameters. First, more adaptive tuning
mechanisms for the PID controller settings were obtained, and the system’s sensitivity was
raised. It was shown that the suggested control algorithm is effective and improves system
performance significantly. As a result, the suggested PSO-PID controller is recommended
for producing high-quality, dependable electricity. Moreover, the PSO-PID algorithm
produces 0.00 s settling time and 0.0005757 ITAE. It is essential to carefully consider
potential drawbacks like complexity and computational overhead, sensitivity to algorithm
parameters, potential parameter convergence, and limited interpretability and assess their
impact on the specific LFC application before implementing a PSO-PID controller in a
power system. Proper parameter tuning, robustness analysis, and performance evaluation
are crucial to ensure the effective and reliable operation of the controller. Compared to
conventional methods, the suggested controller algorithm is relatively reliable and accurate
in power system management and protection load frequency control. This work can be
improved by including more generating stations synchronised into a single network.

Overall, the PSO-PID controller algorithm has proven to be an effective and effi-
cient approach for load frequency control (LFC) in power systems, offering better control
performance, robustness, flexibility, fast convergence, and ease of implementation.
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Abbreviations
The following abbreviations are used in this manuscript:

LFC Load Frequency Control
PSO Particle Swarm Optimisation
PDPI Proportional Derivative Proportional Integral
PID Proportional Integral Derivative
DWT Discrete Wavelet Transform
ITAE Integral Time Absolute Error
GRC Generation Rate Constraint
AGC Automatic Generation Control
MPC Model Predictive Control
GA Genetic Algorithm
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