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Abstract

This study presents the application of a Bird Swarm Algorithm optimised Integral minus Tilt Derivative
controller for a two area automatic generation control system. The objective is to enhance frequency
stability and tie line power regulation under sudden load disturbances and variable operating conditions.
A detailed mathematical model of the interconnected system is developed and the BSA technique is
employed to tune the controller parameters effectively. The proposed controller is compared with
conventional PID, TID and I TD structures using settling time and integral time absolute error as
performance indices. Simulation results confirm that the optimised controller provides faster damping of
oscillations, reduced frequency deviation and improved robustness against load variations. The method
demonstrates reliable dynamic performance and better adaptability to different loading scenarios in
comparison with existing approaches.

Keywords: Automatic Generation Control, Bird Swarm Algorithm, I-TD Controller, Frequency
Regulation, Two Area Power System, ITAE.

1. Introduction

The ongoing growth of the modern power system (PS) has resulted in a considerable increase in its
inherent complexity. Keeping the normal system frequency and balancing the production and demand
sides of megawatt electricity are both made more difficult by this expansion. These problems are
effectively handled by Automatic Generation Control (AGC). The fundamental objective of this
mechanism is to develop a reliable control system that can distribute power between the generator and
the load in a way that keeps the frequency profile constant throughout the whole linked system [1,2]. To
keep the system frequency and tie-line powers at their nominal levels, AGC is also crucial in large-scale,
linked power systems across several areas. A drop in the frequency of producing units is common when
the produced active power falls short of the power demand, whether as a result of unexpected
disruptions or any other cause [1,2]. Unwanted deviation from the nominal value of the

system frequency occurs as a result of this. Using the AGC idea, the frequency variation can be
promptly dampened and the tie-line power can be maintained at its planned value. But the speed
governor can't get the consistent frequency on his own. Therefore, a control mechanism is necessary to
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neutralize the impact of unexpected variations in load and maintain the frequency at its nominal value
[3].

Despite the dearth of data, experts from all over the globe have spent decades attempting to decipher the
AGC issue by using a variety of control schemes and optimization methodologies. For an AGC issue,
studies have utilized and compared the following concepts: “optimum control theory [4], integral [5],
proportional-integral, proportional-integral-derivative, fractional order PID, and proportional-integral-
double derivative [3].” Tuning PI controllers for multi-area power systems is suggested by Daneshfar
and Bervani [6] using the multi-objective optimization problem (MOP) method and the Genetic
Algorithm (GA) technology. In a two-area linked thermal power system, Gozde et al. [7] investigated
the AGC's dynamic performance using the Artificial Bee Colony (ABC) optimization method. After
comparing the BFOA method to GA and Ziegler Nichols (ZN), Ali and Abd Elazim [8] optimized the
gains of a PID controller for an LFC issue.

Over the last sixty years, several studies have documented various approaches to solving the AGC issue
in distributed power systems [9, 10]. The design of AGC controllers has made use of many control
methods to improve dynamic performance. The conventional proportional-integral (PID) controller and
the proportional-integral-derivative (PID) controller are the two most common kinds of AGC
controllers. Then, taking into account generation rate limits, [11] addressed AGC of a multi-area hydro-
thermal system. The electric governor and integral controller settings were optimized using the ISE
criteria. Prior research focused on determining an appropriate value for the governor speed control
parameter and investigating how the strength of the tie lines affected the dynamic response. However,
power system engineers were inspired to create new AGC tactics by the advent of fast digital computers,
advancements in optimal control theory, and the vast capabilities of these computers to handle massive
amounts of data with various types of interconnections.

Numerous research publications [9] on AGC controller designs have laid the groundwork for more
sophisticated controllers based on intelligent techniques (IT) for AGC applications in power systems,
building on the foundation of classical controllers. A five-area linked power system with reheat turbines
was the subject of Akanksha, et.al.'s [12] Automatic Generation Control (AGC]. In this case, the ANN
controller coordinates the inputs to the power supply across all areas. In contrast to the traditional
integral controller, the suggested controller uses the load perturbation as an input control signal to
enhance controller performance. The controller is shown to be practically relevant to power systems in
the real world, and a backpropagation algorithm is developed. The results show that when comparing the
two types of controllers, ANN performs better in terms of peak overshoot and settling time compared to
integral controller. “Whal [13], Grey Wolf [14], sine cosine [15], crow [16], particle swarm [17], hybrid
crow [18], genetic [19], ant lion [20], Cuckoo Search [21], firefly [22], crow search [23], moth fly [24],
tunicate swarm [25], reinforcement learning [26], and hawk optimization [27]” are some of the
optimization algorithms that have recently emerged as effective in AGC research. Among them, BSA
stands out for its ability to enhance controller performance in different AGC setups.

Motivated by the coordinated foraging actions of flocks of birds, Meng [28] presented the BSA
algorithm. Fast convergence, excellent precision, and fewer iterations are the hallmarks of this approach
to global optimization [29, 30]. However, a two-area AGC system has not yet investigated its feasibility
for optimizing an Integral minus Tilt Derivative (I-TD) controller. In order to study the dynamics of the
system, many secondary controllers, including TID and PID, are applied separately. The BSA is used,
which is a new metaheuristic optimization method.
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A. AGC Algorithm for Two-Area Power System

The popular AGC algorithm uses a linear equation called the area control error (ACE) to successfully
control the frequency using the equation as a signal for monitoring [31]. The frequency shift that occurs
during disturbance occurrences and the power transfer between one or more locations are the variables
that make up the ACE equation. If load or power variations induce frequency or power deviations on the
tie-line, the AGC will quickly restore stability. Because RES uncertainty is a constant source of power
imbalance in the power system, this AGC system is vital nowadays. When the system's generating
power and load balance changes, AGC uses ACE to set it to zero. System frequency variations and
exchange power between the two regions are components of the ACE signal. When a power outage
happens in one portion of the power grid, the algorithm will try to fix it as soon as possible in that same
part of the grid. In such region, AGC secondary control modifies things so that power balance is
restored. The following equations show the ACE and associated element expressions [32]:

ACE; = AP + BiAf

AP = )Z Pflow, — P flow,,
The variables ACE;, AP;, vi, and Af represent many variables in the power system, including the area
control error of area i, ‘the tie-line power flow error between bus i and j, the frequency bias coefficient
of area i, and the frequency error.” The second equation displays the deviation of the interchange power,
where “Puowk 1s the exchange power on tie-line k and K tie-lines link two locations in total.” When
talking about power flow in tie-lines, Pflow,.s is the standard. In the third equation, we can see the
system's frequency error, “where firis the nominal frequency and fieqs is the measurement frequency at
the rotor [32].”
In both locations, the AGC controller is used to get the “ACE; values, which are ACE1 = AP12 + BIAf
and ACE2 = AP21 + B2Af.” The generators in Area 1 have sufficient spinning reserves to restore the
frequency to its nominal value (ACE1l = 0), in the event that frequency deviation is caused by the
reduction in the producing capacity of the power source in Area 1. Area 2's production and tie-line f low
remain unchanged since the power adjustment at the generators is limited to Area 1. “Even if Area 1's
reserve capacity is insufficient, ACE1 will continue to exist due to the non-zero value of Af. Currently,
in order to offset Area 1, the surplus power from Area 2 is sent to the remaining AP12 and Af, bringing
ACEI down to 0. At fref, the frequency remains stable.” Area 2's power output more than makes up for
Area 1's power deficit. If the secondary control's reserve power is sufficient, this controller may
essentially return the frequency to a steady fref value. When enough electricity is supplied from one
location to support another, the frequency will be stabilized.
“Equation may be used to represent the proportional-integral (PI) of ACE; over a certain time period in
the Laplace domain [32]:”

' K;
Paccts) (Kr + ”.-) + ACE;(s)

“The Pacc signal, after passing through the PI controller, will be multiplied by each participation
coefficient of the generators in the AGC system 4%;, finally obtaining the dp®; signal sent to the governor
of the generator g in area [ [32]:”
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The typical way of finding the AGC system generators' participation coefficients, denoted as 4% ;, is
given by the equation above. Typically, “it is selected based on the ratio of the overall maximum power
of the generators involved in the secondary frequency modulation (3} g Pémax;) to the maximum power
of the generator g (P®max;).” On the other hand, when power imbalance events happen repeatedly in the
system, this strategy won't guarantee the quantity of frequency control capacity. Hence, in order to
decrease the generators' transients, the selected A%; coefficients should be more than the value computed
using the previous Equation but less than 1. Figure 1 depicts the AGC system's transfer function,
whereas Figure 2 shows the composite model.
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Figure 1: The transfer function of the AGC system.
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Figure 2: The composite model of the AGC system.
B. I-TD Controller
A novel secondary controller, denoted by TID, was created by Lurie et al. [15]. It combines the best
features of controllers with integer and fractional orders. The structure of TID is similar to that of PID,
with the exception that 1/s*(1/N) is multiplied by the proportional term of PID. The following equations
provide the transfer functions of PID and TID.
K LPID o

S

+K s

D.PIDI™

(ié'lll(s) 1 KI'.I‘HM +

here “Kp pipi is proportional gain , Kipip; is integral gain and Kp pipi is derivative gain of PID controller.”
K K
G””(S)= : 11“7; + LTI i

+Koms

7= 2

where “Kr,ripi is tilt gain , Kiim; is integral gain , Kp ripi is derivative gain and N,tip; is real number
(N,tmpi # 0) of TID controller.”

One undesirable side effect of using derivative control in forward paths is the generation of derivative
kick, which may disrupt electronic circuits. Industrial engineers have rethought TID's structure as [-TD,
with the tilt and derivative terms in the forward route and the integral terms in the feedback path, to
circumvent this issue [15]. There has been no research on this I-TD controller for three-area multi-source
AGC studies as of yet. Figure 3 shows the [-TD controller's construction, and the equations below

describe its transfer function.
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“Figure 3: Transfer function model of I-TD controller
where, KT,I-TDi is tilt gain, KI,I-TDi is integral gain, KD,ITDi is derivative gain and N,I-TDi is real
number (N, TIDi # 0) of I-TD controller.” By applying a set of restrictions in the following equation and
minimizing the objective function, the FA, GWO, and GHA techniques maximize the I-TD controller
gains and other parameters all at once.
0 =Kppini / Ko / Ky S |
0 = Kypmpi/ Kyrmi / Kypmpi = 1

0 < Kppmi ' Kprmni ' Kppapi = |
2 = Nyppy; WNeqps 7

2. Related works

In [33], the authors compared the performance of “PID with a double derivative controller to that of
I/PI/PID controllers in an AGC system.” Also, in realistically restricted situations like “GRC, GDZ, TD,
and BD, conventional controllers may not always provide the best transient response. In the face of a
wide range of step load magnitudes, the fundamental methods used by traditional controllers fail to
provide satisfactory dynamic output.” In addition, “AGC using FLC and Artificial Neural Networks
(ANNSs) has been the subject of several studies [40].” When compared to conventional controllers, the
FLC-based AGC system's outputs are better optimized by adjusting the following parameters: “rule
base, membership feature selection, scaling factor, and defuzzification technique.” Nevertheless,
analyzing and training the database using FLC and ANN takes a lot of computing effort.

To address the problem of load frequency regulation in a multi-area linked multi-source power system,
Ahmed et al. (2021) [34] created an “integral derivative-tilted (ID-T) controller, which is a modified
version of the tilted integral derivative (TID) controller.” In addition, the suggested ID-T controller
settings were fine-tuned using a novel optimization approach called the Archimedes optimization
algorithm (AOA). A two-area linked power system was used to assess the performance of the proposed
ID-T controller based on AOA. “Each area had a variety of conventional generating units, including
thermal, gas, and hydraulic power plants, as well as renewable power sources, such as wind and solar
power. In addition, the suggested controller took system uncertainties, generation rate limits, governor
deadband, and communication time delays into account, as well as swings in demand and renewables.”
As shown in the simulation results, the proposed ID-T controller based on the AOA significantly
improved the frequency stability of the system under various scenarios involving various load
perturbations, uncertainties in the system, physical constraints, communication time delays, and high
penetration of renewable energy sources.

Electric vehicles (EVs) and high-voltage direct current (HVDC) links were investigated in a study by
Chiranjeevi et al. (2025) [24]. An HVDC-linked thermal unit was part of the proposed system that EVs
were a part of. As an auxiliary controller, a new controller called the integral minus tilt double derivative
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(I-TD2N) has been designed. By using the Mayfly optimization algorithm (MOA), the controller
parameters were successfully adjusted. After evaluating the system's dynamic responses with three
different controllers, “PID, TID, and I-TD2N”, it was determined that the latter provided the most
effective performance. Additionally, the best performance index was determined by comparing ISE,
ITSE, IAE, and ITAE. Research indicates that ISE converges more quickly than competing methods.
Research using an HVDC link shown that these connections improve the dynamic performance of the
system. The integration of the HVDC connection with the EVs also greatly enhanced the dynamic
reactions. To further assess the recommended I-TD2N controller's robustness under different loading
conditions, a sensitivity analysis was also conducted.

For the Maglev system, Sain et al. (2016) [35] suggested an [-TD controller architecture and compared
its performance to that of a traditional TID controller. This research used a genetic algorithm (GA) to
optimize the TID controller settings, and the resulting set of values was used to create an I-TD
controller. After that, we looked at how well the TID controller and the I-TD controller performed.
Results for maximum overshoot, gain margin, and phase margin demonstrate that the I-TD controller is
better than the TID controller. Both examples had about the same settling time.

The request for an integral minus tilt derivative controller (I-TD) in a three-area AGC system that
incorporated renewable energy sources (RES) was studied by Babu et al. (2025) [36]. Methods based on
the Mayfly optimization algorithm (MOA) were used to improve the system and controller settings. The
proposed I-TD controller demonstrated its efficacy by outperforming traditional TID and PID controllers
in terms of settling time (ST), overshoots (OS) (by 53%), and undershoots (US) (by 50%). Additionally,
the benefits of integrating HVDC and RES lines into the system's dynamics were investigated. By
integrating RES by 23% and HVDC linkages by 45%, it was shown that dynamics in terms of OS, US,
and ST much improve.

When it comes to improving the load frequency management mechanism of interconnected power
systems, Raj and Shankar (2023) [37] addressed the intermittent nature of renewable energy sources and
electric cars. A secondary focus of this study was the effect of communication delay on the long-term
viability of the system. A thermal plant, hydro plant, and gas plant were all components of the two-area
linked hybrid power system that was the subject of the mathematical modeling and analysis that was
conducted. In addition, for the sake of the case study, both control zones additionally included electric
cars and intermittent solar and wind power facilities. The examined system contains a unique tilt
controller that is a cascade of fractional-order integral-derivatives. To further optimize the various
controller settings, a modified Quasi-Opposition Reptile Search Algorithm (QORSA) is also suggested.
A number of well-known meta-heuristic algorithms over the last several years were compared to the
QORSA in order to prove its superiority.

3. Present Work and Methods

A "two-area interconnected power system" is one in which the two control areas are linked by a tie line.
The tie line allows electricity to travel across sections in this system, while each area supplies power to
its own region. “The Two Area Interconnected Power System is a small system that incorporates models
of the turbine, governor, synchronous generator (mass spinning), and load into each of its areas.
Commonly used in mathematical modeling of this system for control system analysis and design, the
transfer function (Fig. 4) is one of the most prominent approaches.” First, using the swing equation
based on a thin incremental change, one may construct the model of the generating unit. After that, we'll
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use Eq. [27] as is for the Laplace transform:

AQ(s) = — (AP, — AP,)

ZHy
“where the variables €(s) for generation speed, H for generation inertia, APm for mechanical power
variation, and APe for electrical power fluctuation are represented.” There are two kind of loads: “those
that are independent of frequency (such as a resistive load) and those that are sensitive to frequency
variation (such as motors).”

AP, = AP, + Daw

Areal
AP, | Load Disturbance 1
I lavs [ 1 |ars A Ky Afy
Controller 1
141,58 1+ 1145 - 14 7,5
Governor Turbine Rotating mass and Load
+
Tie Line AP s
APwe, K Af:
O\ @ O\ APw 1 AP I |aPe<H 2 i
QAQ Controller 2 (:»6 T T T
Governor Turbine Rotating mass and Load|
A E AP: | Load Disturbance 2
Area2 )

Figure 4: “The proposed two area interconnected AGC power system”

When the sensitive-load is denoted by DAT and the constant sensitive load is represented by PL. Lastly,
the generator (the mass that rotates) and the load are represented by a gain K and a time constant BP,
respectively, as shown below:

Af) _ K
APy (§)=AP.(s) ~ 1+Tps

Modifying the location of the steam valve causes the turbine to generate mechanical power in a
proportionate manner, as shown by

APp(sy _ _1

AP,(s) 1trps
In this case, tT stands for the standard speed turbine time constant. “A speed governor's primary
function in a turbine is to change the output power Pg by adjusting the system's power AQ/R and the
reference power Pref.”

Aig)
K

Al = Ay —

where the variable speed regulator is represented by R. As the connected load increases, the turbine's
rotational speed decreases. “We may assume that it follows a straight line from the specified transfer
function to the time constant Bg.”

Al 1

AFy 14T,

The three inputs identified in Fig. 5, which represent a single control region, are the following: 1”oad
disturbance AP, tie line power APtie, and the power reference APref.” The output of these systems is
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represented by “the area control area e error and the frequency error Af. Here is the formula for the area
control area e:”

B==+D
1.06 v
1.04 + S e ‘Qikl""P.‘
m§1 T~ 12"’
1.02 + '7’1’4,06 e
2 It SO
3 1 e
|Aw
098 o= o= o o s — —— —— —
.- AP
0.96 + + + -+ 4
0 0.25 0.5 0.75 1 1.25
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Figure S: “Steady state speed characteristics of the governor”

In their proposal, Meng et al. [28] put forward the BSA. Based on the cooperative nature of bird swarms,
it operates on the notion of swarm intelligence. Several things contribute to the birds' intelligence, such
as their foraging skills, flying ability, and vigilant behavior. There are primarily three ways to navigate
the BSA: (i) by hunting for food, (ii) by being vigilant when threatened, and (iii) by fleeing from the
predator. According to [28], BSA's foraging behavior is described.

X = X, + (Ppy — X5') X D X rand,(0, 1)

+ (g, — X;U') X t X rand;(0, 1)
in where p, i=1, 2,..., D-dimension, Pp,q denotes the previous position, gp is the swim position, and t
denotes the step time. The vigilance and flight behaviors of BSA are also represented by Equations.

Xl = X!+ A, (mean, = X ) X rand, (0, 1)
+As(Pyg =X ) x rand, (=1,1)

.\"’,:,_'?' « X" & randn, (0, DxX: ]

Xol =X (X - X0 ) X iU rand, (0, 1)

“where 0<(A1l, A2)<2, randi (0/1), 0<fllI<2. The Fig. 1(b) shows the flow chart of BSA and Fig 1(a)
shows the optimised proposed BSEI-TD Controller.”
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Figure 6: The Optimised BSEI-TD controller structure.
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Both the traditional I-TD and the suggested BSEI-TD controllers have their tuned parameters shown in
Table 1. The BSEI-TD controller has a proportional gain of 0.0260, which indicates more control
flexibility, compared to the I-TD structure, which does not have the proportional gain. An improvement
in the balance between steady-state precision and transient responsiveness is seen in the proposed BSEI-
TD's somewhat lower value of 0.2997 for integral gain compared to the I-TD controller's 0.3215. Better
dynamic control and improved damping capabilities are shown by the slightly greater double derivative

gain of BSEI-TD compared to I-TD.

Table 1: Tuned I-TD/BSEI-TD controller parameters

Controller parameters I-TD | BSEI-TD
Proportional gain (KP) - 0.0260
Integral gain (KI) 0.3215 ] 0.2997
Double derivative gain (KDD) | 0.1704 | 0.1819

The two-area automated generation control system's settling time and ITAE performance were compared
in Table 2. Both the settling time and the error index are greatest for the conventional BFOA based PID,
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suggesting that it responds slowly and rejects disturbances poorly. Notable improvements have been
made by the firefly optimized PID and hybrid firefly pattern search PID. However, when compared to
advanced structures, their dynamic regulation is still restricted. Traditional PID and TID controllers
further exhibit the benefit of modified derivative and tilt operations by reducing frequency deviation and
tie line power oscillations. By moving the integral action to the feedback route, the I-TD controller is
able to achieve reduced ITAE and quicker settling. A considerable decrease in the value of ITAE and the
minimal settling time in both area frequencies are recorded by the suggested BSEI-TD controller. We
can affirm that our load correction capacity is accurate and that our transient stability is greater. The
BSEI-TD method guarantees a quicker recovery to nominal operating conditions and increases the AGC
system's resilience during step load disruption, as shown by the comparison findings.

Table 2: “Comparative performance of error and settling time for two area power system”

Techniques/Controller | AF:1 T, (s) | AF2 T (s) | APTie T, (s) | ITAE
BFOA:PID [39] 14.2 13.0 14.2 2.3972
FA:PID [40] 10.0 10.1 9.9 1.3668
hFA-PS:PID [40] 7.9 6.8 7.2 1.078

PID 6.7 5.2 6.8 0.8977
TID 5.8 4.1 6.4 0.8595
I-TD 6.2 3.8 54 0.7600
Proposed BSEI-TD 5.7 2.8 6.4 0.6202

Figure 4 illustrates the dynamic responses of frequency and tie line power deviation for a two area
system under a one percent step load disturbance in area one. The response in part (a) shows that the
proposed BSEI-TD controller achieves faster damping of frequency oscillations in area one compared
with BFOA-PID, FA-PID, hFA-PS-PID and conventional I-TD controllers. In part (b), the frequency
deviation of area two follows a similar pattern where the proposed controller reaches steady condition in
a shorter time with lower peak magnitude. Part (c) presents the tie line power deviation, indicating that
the BSEI-TD approach effectively minimizes power exchange oscillations between the areas. The
comparative curves confirm improved transient stability, reduced settling time and better suppression of
overshoot through the optimized controller action.

| I
| | BFOAPID
| | | wmmeee FAPID
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Figure 4: “Dynamic responses of two-area multi-source power system for 1% step load increase in
area-1. (a) Frequency deviation of area-1. (b) Frequency deviation of area-2. (c¢) Tie-line power
deviation.”

Table 3: “Optimum gains and parameter of BSEI-TD controller at various loadings”

Loading Condition | Area | Krtp | Kii-rp | Kp,i-tp | Ni-tp

30% Loading Area-1 | 0.4125 | 0.1484 | 0.9936 | 2.1475
30% Loading Area-2 | 0.9760 | 0.1374 | 0.9979 | 5.4764
70% Loading Area-1 | 0.8915 | 0.2424 | 0.3698 | 2.6291
70% Loading Area-2 | 0.9992 | 0.0954 | 0.8942 | 3.8405

Optimal gains and settings of the BSEI-TD controller for two area systems under various loading
situations are shown in Table 3. Area two has larger adaptation factor values and a steeper tilt,
suggesting more robust corrective action, at thirty percent loading, in contrast to Area one's modest tilt
and integral gains (with a derivative gain near to unity). Area one shows enhanced integral gain and
decreased derivative component with 70% loading, whereas Area two requires various parameter
choices to maintain frequency management. Confirming that the controller tuning adjusts well to
different operating situations, area two with increased loading shows an increase in tilt gain with
balanced derivative effects.

Figure 5 demonstrates the dynamic response of the two area system under different loading scenarios in
comparison with the nominal fifty percent operating condition. Parts (a) and (b) present the frequency
deviations of area one at thirty percent and seventy percent loading respectively. The curves show that
the controller tuned for each specific loading condition provides quicker damping and smaller oscillatory
magnitude than the parameters corresponding to nominal loading. Parts (c) and (d) illustrate the tie
power deviation between the two areas for the same operating cases. The response with optimally tuned
values for thirty percent and seventy percent loading exhibits faster convergence to zero with reduced
peak variation. The results confirm that parameter adaptation according to operating point improves
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transient stability and control accuracy. The comparison indicates that the BSEI-TD controller maintains
effective regulation even when system loading changes significantly from the nominal condition.
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Figure 5: “Dynamic response comparison of the system at varied with nominal condition vs. time (a)
Frequency deviation in area-1 at 30% loading condition, (b) Frequency deviation in area-1 at 70%
loading condition, (c) Tie-power deviation among area-1 and area-2 at 30% loading condition and (d)
Tie-power deviation among area-1 and area-2 at 70% loading condition.”
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5. Conclusion

The present work investigated the design of a Bird Swarm Algorithm based I-TD controller for a two
area automatic generation control system. A comprehensive dynamic model of the interconnected power
system was developed and the secondary controller parameters were optimised using the bio inspired
BSA technique. Comparative analysis with PID, TID and other metaheuristic tuned controllers
demonstrated the superiority of the proposed approach in terms of settling time, tie line power regulation
and ITAE index. The optimised controller effectively reduced frequency oscillations in both areas and
maintained scheduled power interchange under step load disturbances. Performance evaluation at thirty
percent and seventy percent loading conditions verified the adaptability of the controller to different
operating points. The results confirmed that appropriate tuning of tilt, integral and derivative
components through BSA strengthens transient stability and enhances robustness of the AGC
mechanism. The study establishes that the proposed BSEI-TD structure is a reliable solution for modern
interconnected power systems with varying demand profiles.
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