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Abstract: - The primary objective in a power system is to maintain a stable supply of both active and reactive
power during steady-state operation. This involves generating and delivering power reliably across an
interconnected network while ensuring economic efficiency, and keeping voltage and frequency within
acceptable limits.

To achieve the goals of minimizing frequency deviation, reducing steady-state error, and ensuring the
fastest response time, various models and controllers have been explored and tested in the context of Load
Frequency Control (LFC). After thorough evaluation, a suitable and relatively general model was selected,
and tests were conducted using this system model.

In practice, problems occur when power demand exceeds the generated power. Variations in real power
primarily impact the system frequency, which is also influenced by deviation in voltage magnitude. With the
expansion of interconnected power systems, LFC has become increasingly important. Controllers in these
interconnected systems play a important role in maintaining both frequency and voltage magnitude within
specified permissible limits in response to small changes in load demand.

Building on a clear understanding of various models—such as a two-area interconnected power system
using both conventional and intelligent controllers, a robust PID controller for a single-area reheat thermal
power plant optimized with Elephant Herding Optimization, and a two-area LFC system with graphical user
interface integration—these systems were tested in an autonomous state to evaluate their responses during
transient and steady-state oscillations. The steady-state oscillations were effectively stabilized using a high-
frequency, deterministic dither signal. Finally, stabilization through the high-frequency signal combined with
a digital deadbeat control approach was tested, aiming to achieve a transient-free, ripple-free response with
zero steady-state error in the shortest possible time.

Key-Words: Load Frequency Control (LFC), Interconnected Power System, Automatic Generation Control
(AGC), Area Control Error (ACE), Tie Lines (TL).
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1 Introduction

A power system can be defined by three key involved, as outlined above. One of the most popular
elements: voltage, load flow, and nominal control strategies that comes to mind is Load
frequency. Any disturbance in one of these, such as  Frequency Control (LFC), known for its simplicity,
changes in load flow configuration, can cause faults ease of implementation, low cost, robustness, and
and place the power system control in a critical state. ~ decentralized nature.
Active power is controlled/regulated and monitored LFC plays a vital role in power system operation
with Load Frequency Control (LFC), while reactive by sustaining a stable system frequency and ensuring
power is mainly controlled/regulated by the power balance between different areas [1]. The
Automatic Voltage Regulator (AVR), which adjusts primary frequency control is exercised by the
the generator excitation to maintain voltage levels governor, which responds immediately—within
and manage reactive power flow. Additional seconds. When the frequency drops, indicating a
methods  include  taking  reactive  power generation deficit, the speed governor increases the
compensation devices such as shunt capacitors and mechanical power input to the turbine.
reactors, as well as using regulating transformers. Automatic  Generation Control (AGC), or
This approach ensures the reliable and economical Secondary frequency control uses a centralized
generation and delivery of power within an controller to regulate the Area Control Error (ACE),
interconnected system while keeping voltage and which is calculated as ACE = AP (tie-line power
frequency within permissible limits. error) + B-Af (frequency deviation). The AGC sends
To achieve our goal, it is essential to have a clear  control signals to generators, typically by adjusting
knowledge of the various components and processes  the governor set points, to restore the frequency to
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its standard value (e.g., 50 or 60 Hz) and maintain
scheduled tie-line power exchanges between control
areas.

This process requires continuous monitoring of
system load and frequency, which serve as
indicators of the balance between generation and
demand. Generators synchronized to the grid
automatically adjust their fuel input or excitation to
increase or decrease power output in real time,
ensuring total generation matches the load.

AGC is a closed-loop control system that
implements Load Frequency Control (LFC) by
adjusting generator outputs to counteract frequency
deviations caused by alteration in load. The
feedback mechanism within AGC continuously
monitors tie-line power flow and system frequency.
Based on this feedback, AGC generates control
signals that are sent to generators to adjust their
power output accordingly.

An important element in this process is real-time
implementation. Accurate, real-time measurements
of system frequency, tie-line power, and other
relevant parameters are essential, making the quality
and reliability of sensors critical.

To process these measurements and generate
precise control signals, modern control algorithms
such as adaptive control, optimal control, and fuzzy
logic control are employed. These algorithms aim to
minimize errors and improve control accuracy, all of
which require real-time operation.

Additionally, fast and reliable communication
systems are necessary to transmit control signals
from the AGC to the generators without delay.

At the core of the system are the governor and
turbine controls. The control signals adjust these
mechanisms to regulate generator power output
effectively.

Finally, given the complexity of the system,
challenges inevitably arise, prompting the need for
effective solutions. As we embark on this
exploration, we focus on examining various models,
particularly considering the time required for
operation and execution, with an emphasis on
achieving the fastest possible response.

Facing these challenges, one promising solution
lies in LFC strategies for Renewable Energy-Based
Hybrid Power Systems. According to [1], where the
authors surveyed 110 relevant articles, a hybrid
power system combines renewable energy power
plants with conventional power plants. The
renewable side often generates non-sinusoidal
power, leading to power quality issues such as poor
settings and higher transient content. The main
challenge in such hybrid systems is managing
frequency variations caused by this integration.
Proper LFC design is essential to ensure the
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dependable and efficient operation of these power
systems.

With the expansion of interconnected systems,
LFC has become increasingly important. Controllers
in these networks are responsible for maintaining
frequency and voltage within permissible limits
despite small deviation in load demand [2]. Even
slight deviations from the standard frequency of 50
Hz or 60 Hz can damage appliances like AC motors
and electric clocks. For turbines specifically,
operating outside a strict frequency range—below
47.5 Hz or above 52.5 Hz—can lead to blade
damage, emphasizing the critical need to maintain
tight frequency limits [3].

Considering this perspective, we delve into the
vast complexity of interconnected power systems,
where hundreds of components must work in
synchronism. A minor disturbance in any parameter
can destabilize the system and potentially cause
catastrophic failure. In this context, the work titled
“Implementation of Graphical User Interface (GUI)
for Single Area Load Frequency Control” [4] is
notable, as it facilitates @ MATLAB-based
optimization for multi-area systems. Their model
includes turbine, governor, and load components
within the generator power system.

Given the system’s complexity, we have decided
to test several models and approaches to advance
towards the real-time application of LFC as
intended.

In [5], a two-area power system was proposed
where each area includes a turbine, generator, and
governor. The authors simulated parameters to
obtain steady-state responses for both single and
dual areas and developed a GUI to enhance
parameter control and time-based simulations. They
observed that to achieve zero frequency deviation,
the Automatic Generation Control (AGC) requires a
longer settling time, necessitating a higher AGC
gain [5].

Various controllers, including PI and fuzzy logic,
have been tested in two-area power systems. It was
found that fuzzy controllers outperform PI
controllers by offering shorter settling times and
reduced overshoot, thereby better maintaining
constant frequency [6].

In [7], a multi-area power system was simulated
to know the impact of disturbances in each area and
evaluate the performance of proposed controllers in
frequency regulation across the network. The case
studies highlighted that the distribution of active and
reactive power sources in each region greatly
influences frequency control. The proposed fuzzy
logic  controllers, with  optimized control
coefficients, demonstrated the ability to minimize
transient oscillations and stabilize the system in the
shortest possible time. Specifically, in a two-area
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power system case study, the fuzzy controller
showed superior performance in frequency recovery
compared to PID controllers.

In [8], the tuning of a PID controller for LFC in a

single-area reheat thermal power plant is presented
using Elephant Herding Optimization (EHO)
technique. The study highlights the superiority of
EHO-based PID tuning compared to other methods
such as Particle Swarm Optimization (PSO), Genetic
Algorithm (GA), and Differential Evolution (DE).
In [9], a robust LFC strategy for hybrid microgrids is
proposed using Type-3 Fuzzy Logic (T3-FL) to
handle stochastic variations. This approach
addresses challenges posed by renewable energy
sources like wind and solar, which introduce power
fluctuations and frequency deviations that can affect
system stability. The T3-FL controller employs
online adaptation of membership functions and
enhanced computational capacity to manage
uncertainties in renewable generation and load
variations. The results demonstrate that the T3-FL
controller outperforms traditional PID and other
conventional controllers. However, the study does
not address how Limit Cycles (LC) are avoided,
suppressed, or eliminated, nor does it report on
response time, transient behavior, or steady-state
ripple content. Due to these gaps, the scheme may
not be fully suitable for real-time applications
alongside AGC. In contrast, our proposed work aims
to tackle these issues in a two-area power system by
offering a method that quench limit cycles while
providing transient-free, ripple-free performance
with no steady-state error and faster response
through digital control based on a deadbeat
approach.

In [10], a comprehensive analysis of LFC in
multi-area power system networks is depicted,
exploring various control schemes including optimal
control, variable structure control, self-tuning, and
adaptive control under classical, robust, and soft
computing frameworks. The study concludes that
soft computing methods outperform other control
techniques in this context.

In [11], a specialized study examines the
influence of exciter and governor parameters on
forced oscillations in power systems. It highlights
that forced oscillations caused by control system
malfunctions or improper parameter settings have
increased in frequency. Proper tuning of exciter and
governor parameters is critical for sustaining system
stability. While simulation studies focus on small
transient disturbances or step changes to determine
optimal parameters, existing optimization algorithms
fall short in effectively fine-tuning parameters to
mitigate forced oscillations. Identifying the most
sensitive parameters within these control models is
vital to maintaining the stability during large,
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sustained disturbances. The research underscores the
complexity of this task, highlighting it as a
particularly challenging and demanding endeavor to
implement.

In [12], Load Frequency Controllers (LFC)
considering the integration of renewable energy into
power systems are presented. LFC, or AGC, remains
one of the fundamental daily operations in both
modern and traditional power systems. The primary
objectives of LFC are to maintain power balance
among interconnected areas and to regulate tie-line
power flows. Since electric power cannot be stored
in large quantities, production must continuously
match consumption, making this balance critical for
effective power system management. The growing
penetration of renewable energy sources has
introduced new challenges, necessitating the
development of more advanced and adaptive control
strategies. The literature reflects this shift,
presenting a range of  controllers—from
conventional approaches to hybrid models that
incorporate  artificial  intelligence  techniques
alongside traditional methods.

One such advanced technique is the Model
Predictive Control (MPC) strategy. MPC is an Al-
based algorithm that sequentially optimizes
manipulated variables by predicting the system’s
future behavior, making it one of the leading
advanced control methods [13, 14, 15].

Load frequency control has long addressed
challenges such as governor backlash nonlinearities.
In [16], LFC for interconnected power systems
considering governor backlash nonlinearity is
discussed, with the control goal of eliminating
frequency deviations and tie-line power errors at
steady state. Interconnected areas exchange power
through tie-lines, which support contractual energy
sharing and provide assistance during abnormal
conditions. When a load change occurs in one area,
it leads to imbalances in system frequency and
deviations from the scheduled tie-line power flow.
LFC corrects these imbalances using an error signal
known as the Area Control Error (ACE). The
conventional industry practice involves using the
integral of ACE as the primary control signal [17—
31].

Stability analysis and system design are often
performed using established methods such as the
Lyapunov stability method [32]. Harmonic balance
and characteristic equations are applied to evaluate
Limit Cycles (LC) [33-36]. In the design of Load
Frequency Control for interconnected power
systems, a variety of decentralized control schemes
have been implemented, including variable structure
control [21-23], traditional PI/PID controllers, and
fuzzy logic controllers [25-30].
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One notable decentralized approach is the
Decentralized Biased Controller for Load Frequency
Control of Interconnected Systems considering
governor dead-band/backlash nonlinearities [17],
which is regarded as an effective option. It is well
recognized that many LFC schemes fail to achieve
satisfactory control performance due to the presence
of dead-band/backlash nonlinearities in governors.
These nonlinearities are inherent to governors and
cause unexpected, self-sustained oscillations—Ilimit
cycles—in area frequency and tie-line power
responses during transients, which must be
suppressed [16, 17]. The need to quench or suppress
these limit cycles has been addressed in previous
works [34, 37]. The proposed work builds upon
these efforts with further refinement and
improvement to effectively handle these challenges.
As discussed clearly in [16,17], the dead
band/backlash nonlinearity present in the governor
causes self-sustained oscillations, known as limit
cycles (LC), which must be eliminated to ensure
stability in interconnected power systems through
Load Frequency Control (LFC). We propose a
method to quench or suppress these limit cycles,
enhanced further by a deadbeat control approach,
enabling real-time application.

Realizing real-time LFC with Automatic
Generation Control (AGC) requires a combination
of advanced control techniques, reliable
communication systems, and precise system
measurements to maintain stability and power
balance amid changing load demands and system
dynamics.

In [38], tie-line bias control is shown to facilitate
power exchange between interconnected areas to
manage load dynamics. However, this approach
presents challenges since load variations in one area
cause frequency deviations and power irregularities
in all interconnected areas, which is undesirable.

With the increasing demand for electrical power
and the alarming depletion of fossil fuels, the shift
toward green energy is crucial. Renewable Energy
Sources (RESs) integrated with the power grid are
seen as a promising solution [39]. Nevertheless, due
to their intermittent nature and lack of redundancy,
RESs can introduce instability into the power
system, making control and stabilization more
challenging [40, 41]. As RESs become an integral
part of the expansive power system, improving LFC
and enhancing its performance becomes imperative.
Several challenges threaten power system stability
when there is an imbalance between generation and
load demand [41]. To address these issues, advanced
control techniques such as Optimal Control, Robust
Control, Adaptive Control, Model Predictive
Control, Intelligent Control, Fuzzy Control, and
Type-3 Fuzzy Control are often employed.

E-ISSN: 2769-2507

203

Kartik Chandra Patra, Asutosh Patnaik

In this work, we adopt a digital control strategy
to tackle these challenges, including parameter
uncertainties in load characteristics and generator
dynamics. Specifically, we apply load frequency
control in a two-area power system using a digital
control method based on a deadbeat approach.

The primary objective of LFC is to maintain a
stable and consistent system frequency and tie-line
power exchange by adjusting generator output to
meet real power load changes. Ideally, LFC achieves
a steady-state system where power generation
matches load demand, ensuring power quality,
system stability, and uninterrupted electricity
delivery within acceptable frequency and phase
limits.

Dead band/backlash nonlinearities in governors
tend to cause unexpected, sustained oscillations in
area frequency and tie-line power transient
responses [16]. These sustained oscillations, known
as limit cycles, can be quenched by signal
stabilization techniques [34], or suppressed via pole
placement methods using state feedback—either
through arbitrary pole selection or optimal feedback
gain design [37].

The work is organized as follows: Section 1
introduces the topic and provides a comprehensive
review of existing research. Section 2 selects an
appropriate mathematical model and validates it
through preliminary testing. Section 3 focuses on
predicting and analyzing limit cycles caused by dead
band/backlash nonlinearities in an autonomous state.
Section 4 presents methods for signal stabilization or
suppression of limit cycles using high-frequency
deterministic signals—preferably at frequencies
more than ten times that of the limit cycles [34, 37,
42, 43, 44, 46]—implemented with the MATLAB
SIMULINK toolbox. Section 5 details the digital
control strategy based on the deadbeat approach
[45]. Finally, Section 6 offers concluding remarks,
highlighting the novelty of the work and suggesting
directions for future research.

2 Selection of a suitable model for load
frequency control (LFO) of
interconnected power system with
governor backlash nonlinearities

During literature survey a few models caught our
attention to examine and test by simulation with the
use of SIMULINK Tool Box of MATLAB software.
The test is conducted for all selected models keeping
the models without backlash nonlinearity, so that the
sustained oscillations (LC) can be avoided and the
performance of LFC can be tested to ensure right
performance.

If the preliminary test indicates that Af
(frequency deviation) or Aw (angular frequency
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deviation) has a non-zero value, a follow-up test [38]
may be conducted to assess any resulting power loss.
Fig. 1 illustrates the block diagram used to evaluate
the correlation between frequency deviation (Af) and
power loss deviation (APL).

5,604
0.8 x .
Af Square_ Gain Block Output APL

Fig. 1 Block Diagram representation of finding the
correlation between Af (deviation in frequency) and APL
(deviation in power loss).

In this setup, the system first measures or
receives the frequency deviation signal (Af),
representing the deviation from the nominal system
frequency. This signal is then squared (Af?) to reflect
the assumed quadratic relationship between
frequency deviation and power loss. This
assumption is based on the principle that power loss,
like that in transmission lines, often varies with the
square of a dependent variable—in this case,
frequency deviation. The squared value is multiplied
by a constant gain factor, a, which determines the
sensitivity of the power loss to the frequency
deviation. The resulting output, APL—typically
expressed in megawatts (MW)—quantifies the
change in power loss due to the frequency deviation.
The relationship is modeled mathematically as:

APL=ax(Af)?

Here, a is a system-specific constant that defines
how strongly frequency deviations influence power
losses, potentially due to changes in system loading,
generator performance, or power flows. Fig. 2
presents a graphical representation of the
relationship between Af and APL.

APL vs Af

10

Change in Power Loss APL (MW)

—0.25 000 025 050 075 100
Frequency Deviation Af (Hz)

-0.75 -0.50

Fig. 2 Graphical plot showing the relation between Af and
APL

Numerical Example:
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Consider a scenario of a power system operates at a
nominal frequency (fo) of 50 Hz. A disturbance (e.g.,
load change or generator outage) causes a frequency
drop (f) to 49.6 Hz. To assess the associated power
loss using a known sensitivity relationship between
frequency deviation and power loss, the following
method is used.

The frequency deviation is given by

Af=f—f=-49.6 Hz— 50Hz=-0.4 Hz.

Let the sensitivity constant a to be 10 MW/Hz?.

APL =10 MW/HZ* x (- 0.4 Hz)%.
=10%0.16 = 1.6MW

2.1 Model of “Implementation of Graphical User
Interface for Single Area Load Frequency Control”,
[4] is considered. Fig. 3(a) shows the block diagram
representation with the use of SIMULINK Tool
Box. Fig. 3(b) shows output (Af) of Fig. 3(a) [4], the
response shows a transient continues up to 400
seconds and the steady state value is zero which
implies proper of LFC so that the frequency remains
at its nominal value:

-0.025"
Speed Regulation 3
_1 1 ! 1
008s+1 [ —* G3531 . 2s+1 !
Governor 3 Turbine 5 Rereser AFt
APL
<k sk
> [
Speed Regulation4  Integrator 5

Fig. 3(a) Block Diagram representation of Single Area
with SIMULINK Tool Box [4]

guing| - ' :

I I |
P 0 0 o ) ] w0 100

Fig. 3(b) Output/Images of Fig. 3(a) [4]: Deviation/Drop
of frequency during power flow
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2.1.1. Fig. 4(a) shows the block diagram
representation of another model [4] with the use of
SIMULINK Tool Box. Fig. 4(b) shows the output
(Af) of Fig. 4(a), the response shows transients
continue up to 350 seconds and the steady state
value is zero which implies proper control of LFC so
that the frequency remains at its nominal value.

2.2. Model of “Load Frequency Control of single
area/two area power system using Conventional and
Intelligent Control”, [6] is considered. Fig. 5(a)
shows the block diagram representation using
SIMULINK Tool Box. Fig. 5(b) shows the output
(Af) of Fig. 5(a) [6], the response shows a transient
continues up to 6 seconds and the steady state value
is zero which implies proper control of LFC so that
the frequency remains at its nominal value.

Speed Regulation 3

N 1 1
0.08s+1 03s+1 20s+1

Governor 3 Turbine 5 Reneater
APL

Speed Regulation 4 Integrator §

20.020
1 3

Turbine 1 Reheater! AF2

_1
008s+1

Governor 1

Speed Regulation 2 Integrator 1

Fig. 4(a) Model of Implementation of GUI for Double
Area LFC with SIMULINK Tool Box [4]

Fig. 4(b) Results / Images of Fig. 4(a) [4]: Deviation/Drop
of frequency during power flow
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Constan|

1 1
. 008s+1 | ] 03s+1 —>

TransferFent  Transfer Fen

120
20s+1 |
¢l

Transfer Fend

e
)

Gain

Fig. 5(a) Load Frequency Control of single area power
system using conventional and Intelligent Control [6]

I 05
0

g
4=
<

Fig. 5(b) Output of Fig. 5(a): Deviation/Drop of
frequency during power flow

221 Model of two area power system [6] is
shown in Fig. 6(a) with SIMULINK Tool Box. Fig
6(b) shows the output (Af) of Fig. 6(a), the response
shows transients continue up to 50 seconds and the
steady state value is zero which implies proper
control of LFC, so that the frequency remains at its
nominal value.

Constant1

Gain2

Fig. 6(a) Load Frequency Control of two area power
system using conventional and Intelligent Control [6]
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5 10 15 20 25 30 35
Time

Fig. 6(b) Output of Fig. 6(a): Deviation/Drop of
frequency during power flow

2.3. Model of “Robust PID controller for Load
Frequency Control of Single Area, Re-heat Thermal
Power Plant using Elephant Herding Optimization
Techniques”, [8] is considered. Fig. 7(a) shows the
block diagram representation using SIMULINK
Tool Box. Fig. 7(b) shows the output (Af) of Fig.
7(a), the response shows a transient continues up to
8 seconds and the steady state value is zero, which
implies proper control of LFC so that the frequency
remains at its nominal value without drop.

2.3.1 Fig. 8(a) shows the Double area model [8].
Fig. 8(b) shows the output (Af) of Fig. 8(a), the
response shows the transients continue up to 18
seconds and the steady state value is zero which
implies the proper control of LFC, so that the
frequency remains at nominal value without drop.

'h

Constant

[ 1 1 1. -
i L1 147541 ‘ 0]
F T s iy ‘ s+1 I
I TP frsetfa Transer Fed TranglerFerd “
‘ ]
AN
Gan
@L

PID Conlroler

Fig. 7(a) Robust PID Controller for LFC of Single Area
Reheat Thermal Power Plant using Elephant Herding
Optimization Technique [8]

I I I I I I
2 4 6 8 10 12 14 16 18 20
Time

Fig. 7(b) Results / Images of Fig. 7(a) [8]: Deviation/Drop
of frequency during power flow
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e
147s+1 120
4251 Q 205+1 ".
EEEEEEEE Power System ar

Fig. 8(a) Robust PID Controller for LFC of Double Area
Reheat Thermal Power Plant using Elephant Herding
Optimization Technique [8]

T T T T T

= 0 o ) - n ) )
Tim

of frequency during power flow

24, Model of “Load Frequency control of inter
connected power system with governor backlash
nonlinearities”, [16] is considered. Fig. 9(a) shows
the block diagram representation using SIMULINK
Tool Box. Fig. 9(b) shows the output (Af) of Fig.
9(a), the response shows the transients continue up
to 18 seconds and the steady state value is zero,
which implies proper control of LFC so that the
frequency remains at its nominal value without drop.

2]

—8
8

iz

Fig. 9(a) Model for LFC of Interconnected Power System
with Governor Backlash Nonlinearities [16]
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Fig. 9(b) Results / Images of Fig. 9(a)
Deviation/Drop of frequency during power flow

3 Determination of Limit Cycles (LC)

The exhibition of LCs are determined for all models
considered in section 2. Now the governor with
Dead band/Backlash along with turbine and
generator are tested.

[16]:

3.1. The Fig. 3(a) [4] is considered and the
existence of LC is determined under the autonomous
state using SIMULINK Tool Box as shown in Fig.
10 (a) and the results / images of LC are shown in
Fig. 10(b). The frequency of LC is 0.16 rad/sec
noted.

3.1.1. The Fig. 4(a) [4] is considered and the
existence of LC is determined under the autonomous
state using SIMULINK Tool Box as shown in Fig.
11(a) and the results / images of LC are shown in
Fig. 11(b). The frequency of LC is 0.16 rad/sec
noted.

Dead Band / Speed Regulation 3
Backlash
By g e | ) O 5= B
: 008s+1 331 . 0s+1
Governor 3 Turbine 5 Generator 4R
o
APL
<k s
~J =
Speed Regulation4  Integrator 5

Fig. 10(a) Model of Implementation of GUI for Single
Area LFC [4]
' - w=0.16 rad)se: - i

w0 E™ s e P - o
Time.

Fig. 10(b) Result/Image of 10(a) [4]: Prediction of LC
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Speed Regulation 3

1
208+ 1

Governor 3 Turbine 5 u Generatar AF1
o

ik tisfe
- [kl
Speed Regulation 4 Integrator 5 .

0, ars
<0.025|
Dead Band / Speed Regulation 1
Backlash
& T B 1

Turbine 1 |, Generator1
T

<1k 15k
] L==F
Speed Regulation 2

Governor 1

Integrator 1

Fig. 11(a) Model of Implementation of GUI for Double
Area LFC [4]

w=0.16 rad/ ec bl

Fig. 11(b) Result/Image of 11(a) [4]: Prediction of LC

3.2. The Fig. 6(a) is considered and exhibition of
LC is determined under autonomous state, using the
SIMULINK Tool Box as shown in Fig. 12(a) and
results/images of LC are shown in Fig. 12(b), the
frequency of which is noted as 2.4 rad/sec.

3.2.1 The Fig. 6(a) is considered and exhibition of
LC is determined under autonomous state, using the
SIMULINK Tool Box as shown in Fig. 13(a) and
results/images of LC are shown in Fig. 13(b), the
frequency of which is noted as 2.4 rad/sec.

i
U

cain
1
—_ 120
. 03s+1 Q 20s+ 1
Turbine Generator AF1

Fig. 12(a) Prediction of LC for Load Frequency Control
of single area power system using conventional and
Intelligent Control [6]

Dead Band /
Backlash

A pr

—1
0.08s+1

Governor

LC. w=3.1rad/sec

0 10 2-0 36 4b 56 ﬁb 0 GO 9-0 1ﬁﬂ
Time
Fig. 12(b) Result/Image of 12(a) [6]: Prediction of LC
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Fig. 13(a) Model for Load Frequency Control of two area
power system using conventional and Intelligent Control

[6]

LC, w = 2.40 rad/sec

Fig. 13(b) Result/Image of Fig. 13(a) [6]: Prediction of
LC

3.3 The Fig. 7(a) [8] is considered and the
exhibition of LC is determined under autonomous
state, using the SIMULINK Tool Box as shown in
Fig. 14(a) and the results/images of LC are shown in
Fig. 14(b), the frequency of which is noted as 2.2
rad/sec.

3.3.1 The Fig. 7(a) [8] is considered and the
exhibition of LC is determined under autonomous
state, using the SIMULINK Tool Box as shown in
Fig. 15(a) and the results/images of LC are shown in
Fig. 15(b), the frequency of which is noted as 1.58
rad/sec.

. APU

E Govemorl Th‘ Reheater!

Spes dReg ationt
PIDis) Lr

PID Caniroller

Fower System1 art

Fig. 14(a) Block Diagram Representation of Robust PID
controller for LFC single area Reheat Thermal Power
Plant using Elephant Herding Optimization Technique,
Governor with Backlash Nonlinearity [8]
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Fig. 14(b) Results / Images of Fig. 14(a)[8]: Prediction of
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Fig. 15(a) Block Diagram Representation of Robust PID
controller for LFC double area Reheat Thermal Power
Plant using Elephant Herding Optimization Technique,
Governor with Backlash Nonlinearity [8]
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Fig. 15(b) Results / Images of Fig. 15(a) [8]: Prediction of
LC

3.4 The Fig. 9(a) [16] is considered and the
exhibition of LC is determined under autonomous
state, using the SIMULINK Tool Box as shown in
Fig. 16(a) and the results/images at LC are shown in
Fig. 16(b), the frequency of which is noted as 0.90
rad/sec.
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Fig. 16(b) Results/Images of Fig. 16(a) [16]: Prediction of
LC

4 Signal Stabilization

All the models tested in section 3 exhibits LC/self-

sustained  oscillations. Quenching of such
oscillations can be done by a method of signal
stabilization [34, 37, 42, 44, 46], where a high
frequency signal preferably at least 10 times the
frequency of LC is injected at any point of the

system.

As a result, the LC is completely quenched and the
system will be synchronized to the frequency of
forcing stabilizing signal.

4.1 Fig. 17(a) shows the signal stabilization of
the model shown Fig. 2.1[4] using the stabilizing
signal U sin ot, where U =6, © = 2 rad/sec.

Fig. 17(b) shows the results/images of Fig. 17(a)
where the frequency of synchronized signal is noted
as © = 1.98 rad/sec.
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Fig. 17(a) Block Diagram representation of Signal
Stabilization of the model shown in Fig. 3(a) [4]

Synchronized to w = 1.98 rad/sec

Fig. 17(b) Results/Images of Fig. 17(a) [4]: Prediction of
LC

4.1.1 Fig. 18(b) shows the results/images of Fig.
18(a) where the frequency of synchronized signal is
noted as ® = 2.01 rad/sec.
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[4]

18(a) Block Diagram representation of Signal

Synchronized to w = 2.01 rad/sec
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Fig. 18(b) Results/Images of Fig.
Stabilization

18(a) [4]: Signal
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4.2 Fig. 19(a) shows the signal stabilization of
the model shown in Fig. 6 [6] using the stabilizing
signal U sin ot, where U=6, ®=31 rad/sec. Fig. 19(b)
shows the results/images of Fig. 19(a), where the
frequency of synchronized signal is noted as ® =
30.6 rad/sec.

421 Fig. 20(a) shows the signal stabilization of
the model shown in Fig. 6 [6] using the stabilizing
signal U sin ot, where U=5, ®=24 rad/sec. Fig. 20(b)
shows the results/images of Fig. 20(a), where the
frequency of synchronized signal is noted as @ =
23.01 rad/sec.

4.3 Fig. 21 shows the signal stabilization of the
model in Fig. 7 [8] the stabilizing signal is U sin ot,
U=6, ®=23 rad/sec. Fig. 21(b) Shows the
results/images of Fig. 21(a), where the frequency of
synchronized signal in 22.8 rad/sec.

4.3.1 Fig. 22 shows the signal stabilization of the
model in Fig. 7 [8] the stabilizing signal is U sin ot,
U=6, =16 rad/sec. Fig. 22(b) Shows the
results/images of Fig. 22(a), where the frequency of
synchronized signal in 16.3 rad/sec.

4.4.  Fig. 23(a) shows the signal stabilization of
the Model shown in Fig. 9 [16]. The stabilizing
signal is using, where U=5, ®=10 rad/sec. Fig. 23(b)
shows the results/images of Fig. 23(a) where the
frequency of the synchronized signal is 9.38 rad/sec.
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Governor Generator
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Fig. 19(a) Block Diagram representation of Signal
Stabilization of the Model shown in Fig. 6(a) [6]
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Fig. 19(b) Results/Images of Fig. 19(a) [6]: Signal
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Fig. 21(b) Results/Images of Fig. 21(a) [8]: Signal
Stabilization
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Fig. 22(a) Signal Stabilization of Robust PID controller
for LFC double area Reheat Thermal Power Plant using
Elephant Herding Optimization Technique, Governor
with Backlash Nonlinearity [8]
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Fig. 22(b) Results/Images of Fig. 22(a) [8]: Signal
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w =9.38 rad/sec

Fig. 23(b) Results/Images of Fig. 23(a) [16]: Signal
Stabilization

5 Digital Controller with Deadbeat
Approach

R(z) D(2) > > Y(z)

G (2)

Fig. 24: A simple model of a Digital Controller

) .o _ Y@ _ 1
M(z) = Closed loop transfer function = = 2=~ = -%

in order to have deadbeat response [47].
where n=No. of excess poles than zeroes.

In the signal stabilization the input is U sin ot as
shown in Fig. 24 at the point R(z).

. . U zsin u)fT _
Z[U sin o] = 77—22c05 0, THT’ here n=1.
Hence Zi” = Z—ll = z 1.In the use of SIMULINK

Toolbox a z~! signal to be multiplied with the
stabilized / synchronized output as shown in Fig.
25(a) and 26(a). The results/images are shown in

Fig. 25(b) and Fig. 26(b).

5.1 Fig. 25(a) is the block diagram representation of
signal stabilization with deadbeat control [4]. Fig.
25(b) shows the results /images of Fig. 25(a) which
shows the transient free, ripple free, with zero steady
state error and within the least time response is
obtained. So it is highly suitable for real time
applications.

5.1.1 Fig. 26(a) is the block diagram representation
of signal stabilization with deadbeat control [4]. Fig.
26(b) shows the results/images of Fig. 26(a) which
shows the transient free, ripple free, with zero steady
state error and within the least time response is
obtained. So, it is the highly suitable for real time
applications.
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5.2 Fig. 27(a) is block diagram representation of
signal stabilization of Fig. 6(a) with dead beat
control [6]. Fig. 27(b) shows the results/images of
Fig. 27(b) which shows the transient free, ripple
free, with zero steady state error and within least
time (almost zero time) response is obtained so it is
highly suitable for real time applications.

5.2.1 Fig. 28(a) is block diagram representation of
signal stabilization of Fig. 6(a) with deadbeat control
[6]. Fig. 28(b) shows the results/images of Fig. 28(a)
which shows the transient free, ripple free, with zero
steady state error and within least time (almost zero
time) response is obtained so it is highly suitable for
real time applications.
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Fig. 27(a) Block Diagram Representation for Signal
Stabilization with Deadbeat Approach [6]
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Fig. 27(b) Results/Images for Fig. 27(a) [6]: Deadbeat
Controller
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Fig. 28(b) Results/Images for Fig. 28(a) [6]: Deadbeat
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5.3 Fig. 7(a) is block diagram representation of
signal stabilization of Fig. 29(a) with deadbeat
control, [8], Fig. 29(b) shows the results/images of
Fig. 29(a) where the transient free, ripple free, with
no steady state error and within least time (almost
zero time) response is obtained. So it is highly
suitable for real time applications.

U=6
w =23 rad/sec

=
T
‘Speed Regulation
FIDs) rL

Fig. 29(a) Block Diagram Representation for Signal
Stabilization with Deadbeat Approach [8]
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Fig. 29(b) Results/Images for Fig. 29(a) [8]: Deadbeat
Controller

5.3.1 Fig. 7(a) is block diagram representation of
signal stabilization of Fig. 30(a) with dead beat
control, [8], Fig. 30(b) shows the results/images of
Fig. 30(a) where the transient free, ripple free, with
no steady state error and within least time (almost
zero time) response is obtained. So it is highly
suitable for real time applications.

54 Fig. 31(a) is block diagram representation of
signal stabilization with deadbeat control of the
model of Fig. 9(a) [16]. Fig. 31(b) shows the
results/images of 31(a) where the transient free
ripple free, with no steady state error, response is
obtained. So it is highly suitable for real time
applications.
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Fig. 30(a) Block Diagram Representation for Signal
Stabilization with Deadbeat Approach [§]
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Fig. 31(b) Results/Images of Fig. 31(a) [16]: Deadbea  After examining and testing several models, we
Controller reached the conclusive decision to focus on a two-

) ) ) area interconnected power system, where each area
A comparative table showing the response time for stead

state value of Af using different approaches from differen consists of a turbine, generator, and governor. Using

cases with the present work simulations with the SIMULINK Toolbox, we
analyzed the steady-state responses for both single-
area and two-area systems. By implementing a

digital controller combined with a deadbeat
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approach, we demonstrated that the limit cycles
(LC) caused by the inherent dead band/backlash
nonlinearity in governors can be effectively
quenched through signal stabilization using a high-
frequency signal—specifically, at least 10 times the
LC frequency. This enables precise and effective
Load Frequency Control (LFC), maintaining system
frequency at its nominal value.

The application of the digital controller with the
deadbeat approach achieves a transient-free, ripple-
free response with zero steady-state error and an
almost instantaneous (near-zero time) response,
making real-time control feasible.

Based on a thorough literature survey, it became
clear that selected models comprising turbine,
generator, and governor should be examined and
tested systematically. Four sequential tests were
conducted on all selected models.

First test has been conducted with the models
comprising of Turbine, Generator, Governor without
the nonlinearity. This was conducted only steady
state response were observed to ensure the
performance capability of LFC. Second test was
conducted under an autonomous state on all models.

In the 2™ test the exhibition of LC was detected and
their frequencies were noted so that in the 3™ test the
frequency stabilizing signal to be taken at least 10
times the frequency LC. Third test of signal
stabilization taking at least 10 times the frequency of
LC have been conducted on the model and observed
the systems were synchronized to their respective
forcing stabilizing signal frequency.

Fourth test have been conducted on models having
nonlinearity present, the stabilizing signal with
digital deadbeat control. The results of all the
models show, transient free, ripple free with no
steady state error, the least time (almost zero time)
response which facilitates the real time application.

The novelty of this work lies in the complete
elimination of  sustained  oscillations, the
achievement of the fastest response times, and the
practical implementation of a deadbeat digital
controller that enables real-time LFC applications.
The proposed four-step procedure can be extended
to more complex power system models
incorporating Load Frequency Control in future.
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