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Power Systems

Load Frequency Control (LFC) and Automatic Voltage Regulation (AVR) are critical for
maintaining stability and reliable operation in interconnected power systems. Conventional
control methods, such as classical PID controllers, are widely used due to their simple
structure and ease of implementation; however, their performance degrades under varying
load conditions and system uncertainties. To improve system response, fuzzy PID
controllers have been introduced, where membership functions are used to map input
variables such as frequency deviation and its rate of change into fuzzy sets, enabling
rule-based linguistic control. Although fuzzy controllers enhance transient performance,
their effectiveness depends heavily on the proper design of membership functions and rule
base. Further improvements have been achieved using optimization-based techniques such
as NLTA, Modified Particle Swarm Optimization (MPSO), and Arithmetic Optimization
Algorithm (AOA), which help in reducing overshoot and settling time. However, these
methods lack real-time adaptability and struggle to handle highly nonlinear and dynamic
operating conditions. To overcome these limitations, this paper proposes an Artificial
Neural Network (ANN)-based controller for the LFC loop to provide adaptive and
intelligent frequency regulation. The ANN effectively captures nonlinear relationships
between system inputs and outputs, using frequency deviation and rate of change of
frequency as inputs to generate an adaptive control signal. The AVR loop operates in
coordination with the ANN-based LFC to ensure simultaneous voltage regulation.
Simulation results demonstrate that the proposed ANN controller significantly improves
system performance by enhancing dynamic response, reducing settling time, and
maintaining stability under varying operating conditions and uncertainties. The proposed
approach provides a robust and adaptive solution for modern LFC-AVR control.

444

International Journal for Modern Trends in Science and Technology


http://www.ijmtst.com/vol12issue05.html
https://doi.org/10.5281/zenodo.20567990
https://doi.org/10.5281/zenodo.20567990
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.5281/zenodo.20567990
http://www.ijmtst.com/

1. Introduction
The

interconnected power systems requires continuous

secure and reliable operation of modern
regulation of system frequency and terminal voltage
under varying load conditions and network disturbances
[1]. Frequency and voltage are the primary indicators of
power system stability, and any significant deviation
from their nominal values can adversely affect system
performance, power quality, and equipment lifespan [2].
With the increasing complexity of power networks due
to growing electricity demand, renewable energy
integration, distributed generation, and deregulated
market environments, maintaining stable frequency and
voltage has become a major challenge for power system
operators [3]. Load Frequency Control (LFC) plays a
crucial role in maintaining the balance between power
generation and load demand by regulating the active
power output of generating units [4]. Whenever a
sudden load change occurs, an imbalance between
generated and consumed power leads to frequency
If these deviations are not corrected

throughout the

deviations.

promptly,
interconnected network and threaten overall system

they may propagate

stability [5]. Therefore, the primary objective of LEC is to
restore system frequency to its nominal value while
minimizing tie-line power deviations between
interconnected areas [6]. Similarly, Automatic Voltage
Regulation (AVR) is

generator terminal voltage within acceptable limits by

responsible for =maintaining

controlling the excitation system [7]. The AVR system
regulates reactive power flow and improves voltage
stability during disturbances and load variations. Since
voltage and frequency dynamics are inherently coupled
in practical power systems, coordinated operation of
LFC and AVR is essential for achieving satisfactory
dynamic performance and overall system reliability [8].
Conventionally, proportional-integral-derivative (PID)
controllers have been widely used in LFC and AVR
applications because of their simple structure, ease of
implementation, and low computational requirements
[9]. Although PID controllers

performance under nominal operating conditions, their

provide acceptable

effectiveness deteriorates when system parameters vary
or nonlinear disturbances are introduced [10]. Large
overshoots, oscillations, and prolonged settling times are
commonly observed under heavy load changes and
uncertain operating conditions, limiting the applicability
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of classical controllers in modern power systems [11]. To
PID

various

overcome the limitations of conventional

controllers, researchers have proposed
intelligent control techniques. Among them, Fuzzy Logic
Controllers (FLCs) have attracted significant attention
because they can incorporate human expertise and
linguistic rules into the control process [12]. Fuzzy PID
controllers utilize membership functions to map system
variables such as frequency deviation and change in
frequency deviation into fuzzy sets, allowing rule-based
control actions to be generated without requiring an
accurate mathematical model [13]. These controllers
have demonstrated improved transient performance and
robustness compared with classical PID approaches [14].
Despite their advantages, the effectiveness of fuzzy
controllers largely depends on the appropriate design of
membership functions and rule bases [15]. Improper
selection of fuzzy parameters may lead to degraded
performance and increased computational complexity.
Furthermore, — determining optimal membership
functions for large-scale interconnected systems often
requires extensive trial-and-error procedures and expert
[16].  To further

performance, numerous optimization techniques have

knowledge enhance controller
been employed for tuning controller parameters.
Metaheuristic algorithms such as Genetic Algorithm
(GA), Particle Swarm Optimization (PSO), Differential
Evolution (DE), Artificial Bee Colony (ABC), and Ant
Colony Optimization (ACO) have shown promising
results in minimizing performance indices and
improving system response [17]. Recently, advanced
optimization approaches including Nonlinear Threshold
Accepting  (NLTA), Modified
Optimization (MPSO), and Arithmetic Optimization
Algorithm (AOA) have been successfully applied to LFC
and AVR problems [18]-[20]. These

effectively reduce overshoot, undershoot, and settling

Particle = Swarm

techniques

time while improving damping characteristics. Although
optimization-based controllers achieve better dynamic
performance, they are generally designed offline and
tuned for specific operating conditions [21]. As power
systems become increasingly nonlinear and uncertain
due to renewable energy penetration, fluctuating loads,
and changing operating scenarios, fixed-parameter
optimization techniques may fail to provide satisfactory
performance under all conditions [22]. Consequently,
there is a growing need for adaptive and intelligent




control strategies capable of learning system behavior
and adjusting control actions in real time. Artificial
Neural Networks (ANNs) have emerged as powerful
tools for modeling and controlling nonlinear dynamic
systems [23]. Inspired by the biological nervous system,
ANNSs possess learning, adaptation, and generalization
capabilities that enable them to capture complex
relationships between system inputs and outputs. Unlike
conventional controllers, ANN-based controllers do not
require precise mathematical models and can adapt their
control actions according to changing operating
conditions [24]. In power system applications, ANN
controllers have demonstrated excellent performance in
frequency regulation, voltage control, load forecasting,
fault diagnosis, and energy management. By utilizing
frequency deviation and rate of change of frequency as
input signals, ANN-based LFC schemes can generate
adaptive control actions that effectively suppress
oscillations and improve dynamic response. When
coordinated with the AVR system, ANN controllers
provide simultaneous frequency and voltage regulation,
thereby enhancing overall system stability and
robustness against disturbances and uncertainties [25].

Motivated by these advantages, this paper proposes an

ANN-based controller for coordinated LFC-AVR
operation in an interconnected power system. The ANN
controller utilizes frequency deviation and its derivative
as input variables to generate adaptive control signals
for frequency regulation, while the AVR loop maintains
the generator terminal voltage within desired limits. The
proposed approach aims to overcome the limitations of
conventional PID, fuzzy PID, NLTA, MPSO, and
AOA-based

adaptability, improved disturbance rejection capability,

controllers by  providing real-time
and enhanced robustness under varying operating
conditions. Simulation studies demonstrate that the
proposed ANN-based LFC-AVR strategy significantly
improves transient response, reduces settling time,
minimizes oscillations, and ensures stable operation of

the interconnected power system.

2. Mathematical Representation of AVR System

The AVR system is responsible for maintaining the
generator terminal voltage within acceptable limits. It
consists of four main components: amplifier, exciter,
generator, and sensor, each represented by a first-order

transfer function as shown in Fig.1.
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Fig.1 Proposed Single-area LFC-AVR combined model.

The overall transfer function of the AVR system is given

by:

v _ M(o4s+1)
TEavr(s) = V() M+(015+1)(025+1)(035+1) (gas+1) @
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Where:1"H
e  M: Amplifier gain
e 0l: Amplifier time constant

e (02: Exciter time constant




e 03: Generator time constant

e 04: Sensor time constant
The time-domain representation of the AVR system can
be expressed as:

(H?i:g 0; D* + (i< j<k) 0: 0j0x D* + X<y 0; 0;,D% +
Yoo D+ (1+ M)) v(t) = M(a,D + DAv(®) (2)
Where:

e vv(t): Output voltage
e  Av(t): Error in reference voltage

¢ D: Differential operator

The characteristic equation of the AVR system is:

(H?i:g 0; $* + Yi<jck) 01 00k S® + N(i<jy 01 0;S% +
Shonois+(1+M))=0 (30

This equation is used to analyze the stability of the AVR

system.

3. Mathematical Representation of LFC System
The LFC system

maintaining the balance between generation and load

regulates system frequency by
demand. The mathematical model is developed for both
single-area and two-area interconnected systems.
Two-Area LFC System Equations

The frequency dynamics of Area 1 and Area 2 are given
by:

d Kgen

S (F©) = T2 APecns (8) + APyens(©) = APy (6)

BPratr O ~=0FO] @)
% (Afz (t)) = I;j:_: [APmechZ )+ APgenz ) - APy, ®) —
BPsgaaa®) = =450 6)

Governor Dynamics

%(Apgovi(t)) = T; [APrefl(t) - %Afl(t) - APgovl(t)]

(6)
% (Apgovz (t)) = Tg_(l)vz [Aprefz @) - %Afz(t) - Apgovz(t)]
@)

Tie-line Power Exchange
= (8P (D) = T[A£(6) — Af,(0)] ®)
Area Control Error (ACE)
ACE,(t) = =P (t) — BAS1 (D) ©)
ACE;(t) = APy (t) — BAf,(1) (10)
Parameters Description

e Afl,Af2: Frequency deviations

e APtie: Tie-line power deviation

e APmech: Mechanical power change
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e APgen: Generator power change
e APgov: Governor output

e APLoad: Load change

e R:Speed regulation (droop)

e B: Frequency bias factor

e T: Synchronizing coefficient

4. Combined LFC-AVR System
The overall system considered in this work is a
combined LFC-AVR system, which integrates both
frequency and voltage control loops.
LFC System Parameters

¢ Governor time constant: 0.2 s

e Turbine time constant: 0.5 s

e Load inertia time constant: 10 s

e Speed regulation (R): 2.4 Hz/pu MW

e Bias factor (B): 0.425 pu MW/Hz
AVR System Parameters

e Amplifier time constant: 0.1 s

e  Exciter time constant: 0.4 s

e Generator time constant: 1.4 s

e Gains: 10 (amplifier), 1 (exciter), 0.8 (generator)
In the conventional approach:

e The LFC loop is controlled using a fuzzy PID

controller
e The AVR

trial-and-error tuned PID controller

loop is controlled wusing a
In the proposed work, these control strategies can be
enhanced using advanced techniques such as ANN to
improve system performance.

The combined LFC-AVR model enables simultaneous
regulation of frequency and voltage, providing a more

realistic representation of practical power systems.

5. Proposed ANN controller for Double-area LFC-AVR
combined model.

An Artificial Neural Network (ANN) controller is
developed for the Load Frequency Control (LFC) loop to
enhance frequency stability in interconnected power
systems as shown in Fig.2. The ANN controller replaces
the conventional PID/PI controller to provide faster
dynamic response, improved adaptability to nonlinear
system behavior, and better handling of uncertainties
load variations and

such as renewable energy

fluctuations.




o

Area 1

Area 2

Fig.2 Proposed Two-area LFC-AVR combined model.

The designed ANN is a multi-layer feed forward neural
network, consisting of:

¢ Input layer: 3 neurons

e Hidden layer: 5 neurons

e  Output layer: 1 neuron
Thus, the ANN architecture is represented as [3, 5, 1].
The network is trained using the Levenberg-Marquardt
(LM) algorithm, which ensures fast convergence and
minimal error.
A. Input and Output Selection

The ANN controller receives three normalized input

parameters:

1= (e(t), é(t), eme (1)) (11)
Where:

e(t) = Afrer — Af (1) (12)

is the frequency error,

é(t) = d‘;—(t” (13)

is the rate of change of frequency error, and
eme(t) = [ e(t) dt (14)

is the accumulated error.

ANN Output
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The ANN produces a control signal u(t)u(t)u(t), which is
used to regulate the governor system:
u(t) = fann (D (15)
This control signal is used to:
e  Adjust the governor reference input
e Regulate turbine mechanical power
e Maintain system frequency within permissible

limits

B. Network Structure and Transfer Function
The ANN output is mathematically expressed as:
u() = fo(T3=1woj - fu(Zawji I + b;) + b,)
(16)
Where:
e wiji, woj: Connection weights
e Dj, bo: Bias terms
e fh(x)=tanh(x): Hidden layer activation function
e fo(x)=x: Output layer (linear function)
Input Normalization
To improve training efficiency, inputs are normalized as:

I=Imin
Lorm =—","— (17)

Imax—Imin




C. Training Process
The ANN is trained using input-output datasets
obtained from system simulations under various
operating conditions such as:

¢ Load disturbances

¢ Generation variations

¢ Tie-line power fluctuations
The objective is to minimize the Mean Squared Error

(MSE):

1\ 32
E= ;z (T — T)
k=1
Where:
e Tk: Target output

(18)

e T”k: ANN predicted output

Weight Update (LM Algorithm)

W1 = 0 = T +pI]™Y e (19)
Where:
e ]:Jacobian matrix
e w: Damping factor
e e: Error vector
Training Parameters
e Epochs: 1000
e Performance goal: 1x10-121 \times
10M-12}1x10-12
e Training algorithm: LM (trainlm)
e Activation functions:
o Hidden layer: tansig / logsig
o Output layer: purelin
D. Integration with LFC System
Once trained, the ANN controller replaces the

conventional PID controller in the LFC loop.
LFC Control Action
The ANN output is used to regulate the governor input:
APror (8 = faun(e(0),6(), e () (20)
This control signal:
e Adjusts turbine mechanical power
¢  Minimizes frequency deviations
e Improves system stability
Multi-Area System Application
In multi-area systems, the ANN controller also helps
regulate:
e Tie-line power deviation
e Area Control Error (ACE)
ACE = APy, + B - Af 1)
The ANN dynamically adjusts control signals to

maintain:
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¢ Scheduled power exchange

e Frequency balance across areas

&

STATA

SR>
XX XL XKL

KELEZIESEe
~ECL NN

LAYER

—_

Fig.3 Design of a backpropagation network to provide a
standard reference signal.

6. Simulation Results and Discussion

The performance of the proposed ANN-based LFC-AVR

evaluated and the

Fuzzy PID load

disturbance conditions. The comparison is carried out in

controller is compared with

conventional controller under
terms of frequency deviations in Area 1 and Area 2, as
well as tie-line power response. The obtained simulation
results demonstrate the effectiveness of the ANN
controller in enhancing the dynamic performance and
stability of the interconnected power system.

A. Frequency Response of Area 1

Fig. 4 shows the frequency response of Area 1 for both
the Fuzzy PID and ANN controllers. Following the
disturbance, the Fuzzy PID controller exhibits noticeable
oscillations and a longer settling period before reaching
the nominal frequency of 50 Hz. In contrast, the ANN
controller rapidly restores the frequency with negligible
overshoot and significantly reduced oscillations. The
frequency reaches its steady-state value much faster,
indicating superior disturbance rejection capability and

improved dynamic performance.

500 =
(—Fuzzy PID
—ANN

49.95

49.85

Frequency Area 1 (Hz)
&
-
-

49.8

0 5 10 15 20 25 30 35 40 45
Time (sec)

Fig.4 Area-1 Frequency Deviation Response (Af1)
B. Frequency Response of Area 2
The frequency deviation in Area 2 is illustrated in Fig.
Fig.5. it can be observed that the Fuzzy PID controller

experiences larger undershoot and oscillatory behavior

50



the The ANN

effectively suppresses these oscillations and quickly

following disturbance. controller
returns the frequency deviation to zero. The reduced
settling time and improved damping characteristics
confirm the robustness of the proposed ANN-based

control strategy under varying operating conditions.

= Iy
o) —Fuzzy PID
: —ANN
= -0.05
it
£
<
Z -0.1
=
o
=
Z-0.15
=
=

-0.2

0 5 10 15 20 25 30 35 40 45 50

Time (sec)

Fig.5 Area-2 Frequency Deviation Response (Af2)

C. Tie-Line Power Response

Fig. Fig.6 presents the tie-line power deviation between
the interconnected areas. The Fuzzy PID controller
produces considerable oscillations and a slow decay rate,
resulting in prolonged power exchange fluctuations
between the two areas. Conversely, the ANN controller
maintains the tie-line power deviation very close to zero
throughout the simulation period. The rapid damping of
oscillations demonstrates the ability of the ANN
controller to effectively coordinate power sharing and

maintain system stability.

0.05

=Fuzzy PID

==ANN
0.04
E 0.03
-E 0.02
0.01
0
0 5 10 15 20 25 30 35 40 45 50
Time (sec)

Fig.6 Inter-Area Tie-Line Power Deviation (APtie)
The simulation results clearly indicate that the proposed
ANN-based LFC-AVR controller the
conventional Fuzzy PID controller. The ANN controller

outperforms

provides faster frequency restoration, lower overshoot,
reduced oscillations, and shorter settling times in both
control areas. Furthermore, tie-line power deviations are
significantly = minimized, leading to improved
These

improvements are achieved due to the adaptive learning

coordination between interconnected areas.
capability of the ANN, which effectively captures the
nonlinear dynamics of the power system and generates
appropriate control actions under varying operating
the proposed ANN-based

conditions. Therefore,
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LFC-AVR strategy offers a robust and efficient solution
for maintaining frequency and voltage stability in

modern interconnected power systems.

6. Conclusion

This paper presented an enhanced ANN-based Load
Frequency Control (LFC) and Automatic Voltage
Regulation (AVR) strategy for interconnected power
systems. The proposed controller utilizes the adaptive
learning capability of Artificial Neural Networks to
effectively regulate system frequency while operating in
coordination with the AVR loop to maintain voltage
stability under varying operating conditions and load
disturbances. Simulation results demonstrated that the
ANN-based controller provides superior dynamic
performance compared with the conventional Fuzzy PID
controller. The proposed approach significantly reduced
frequency deviations in both control areas, minimized
tie-line power oscillations, and achieved faster settling
times with —improved damping characteristics.
Furthermore, the ANN controller exhibited excellent
and
the
interconnected power system. The results confirm that
the proposed ANN-based LFC-AVR strategy enhances

overall system stability, improves disturbance rejection

robustness  against system  nonlinearities

uncertainties, ensuring stable operation of

capability, and maintains reliable frequency and voltage
regulation. Therefore, the proposed method offers an
effective and intelligent control solution for modern
interconnected power systems characterized by dynamic

operating conditions and increasing complexity.
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