
Advances in Differential Equations and Control Processes 2026, 33(2), 4247.
doi: https://doi.org/10.59400/adecp4247

Article

State-space design and analysis of load frequency control with advanced
modeling and controller strategies for single, two, and three-area power
systems

Kartik Chandra Patra* , Asutosh Patnaik

Department of Electrical Engineering, C.V. Raman Global University, Bhubaneswar 752054, India
* Corresponding authors: Kartik Chandra Patra, kcpatra47@rediffmail.com or kcpatra47@gmail.com

CITATION

Patra KC, Patnaik A. State-space
design and analysis of load frequency
control with advanced modeling and
controller strategies for single, two,
and three-area power systems.
Advances in Differential Equations
and Control Processes. 2026; 33(2):
4247.
https://doi.org/10.59400/adecp4247

ARTICLE INFO

Received: 10 April 2026
Revised: 18 June 2026
Accepted: 23 June 2026
Available online: 25 June 2026

COPYRIGHT

Copyright © 2026 Author(s).
Advances in Differential Equations
and Control Processes is published by
Academic Publishing Pte Ltd. This
work is licensed under the Creative
Commons Attribution (CC BY)
license.
https://creativecommons.org/
licenses/by/4.0/

Abstract: Load Frequency Control (LFC) is a fundamental issue in modern power systems,
aimed at maintaining system frequency at its nominal value (50/60 Hz) while ensuring
accurate regulation of tie-line power exchanges in interconnected areas. This study develops
a comprehensive state-space modeling framework for single-area, two-area, and three-area
power systems to support dynamic analysis and controller design. Integral controllers
and optimal control strategies based on the Riccati equation—namely, Linear Quadratic
Regulator (LQR) and Linear Quadratic Gaussian (LQG)—are implemented to enhance system
performance. These controllers effectively minimize frequency and voltage deviations under
varying load conditions, thereby improving power quality. To achieve faster and more precise
control, a Digital Deadbeat Controller (DDC) is also proposed, ensuring rapid convergence
to steady-state conditions. A comparative analysis across different system configurations
highlights the steady-state frequency deviations and overall performance improvements. The
study also addresses persistent challenges caused by memory-dependent nonlinearities such as
backlash/deadband, which induce limit cycle (LC) oscillations and degrade system stability.
Backlash nonlinearity, inherent in speed governors used in LFC, plays a significant role in
these oscillations. Two methods are proposed to mitigate LC behavior: signal stabilization
using deterministic or random inputs. Simulation results obtained using MATLAB/Simulink
demonstrate the effectiveness of these approaches. The findings confirm that both DDC and
signal stabilization techniques achieve the desired performance (Δf = 0, t→0), indicating robust
and efficient control suitable for practical power system applications.

Keywords: load frequency control (LFC); signal stabilization; linear quadratic
regulator (LQR); digital deadbeat controller (DDC); limit cycles (LC); Linear
Quadratic Gaussian (LQG)

1. Introduction

In the present scenario, the deployment of renewable energy sources (RESs) is
indispensable and badly demanded; they are now deeply integrated into the power grid
and considered as a vital solution [1]. Besides, power system interconnections continue
to expand in both scale and complexity, extending from multigrid integration to the
development of regional, provincial, and even global energy networks [2,3].

Electrical power cannot be stored/stocked in huge quantities [4]. Which needs
production must be equal to consumption again due to their intermittent nature and
limited inherent redundancy, RESs likely to introduce instability into the power
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system [5].
The frequency of a power system must be preserved at 50 Hz or 60 Hz (nominal

value) to ensure reliable and satisfactory operation. Maintaining a stable frequency keeps
the speeds of both induction and synchronous machines constant. Deviations beyond
acceptable limits can lead to improper functioning of generating units and connected
loads, potentially resulting in performance degradation or operational failure [6].

Power system frequency is determined by the real-time balance among generated
and demanded active power, and any change in load demand results in two types
of deviations: a variation in system frequency within the local area and a change in
tie-lines linking interconnected areas. Primary control through the speed governors of
individual generating units alone is not sufficient to fully suppress these deviations. To
achieve coordinated regulation and optimization objectives.

The AGC system primarily consists of two functions: the automatic voltage
regulator (AVR) on LFC. The LFC is responsible for monitoring load demands
and regulating frequency deviations, ensuring zero steady-state error (SSE) while
maintaining the specified values for power interchange and frequency in interconnected
power systems [7–10]. Automatic Generation Control (AGC) performs two primary
tasks: (i) regulation of system frequency and maintenance of scheduled inter-area
power exchanges, collectively termed LFC, and (ii) optimal allocation of generation
among available units to achieve economic operation, known as Economic Dispatch
Control (EDC), or tertiary frequency control [11]. In the present work, the emphasis
is placed on secondary (supplementary) control. Any variation in generation or load
disturbs the active power balance and consequently affects the system frequency, which
must remain constant to ensure satisfactory power system operation. Therefore, LFC
is implemented for an interconnected system consisting of two or more independently
controlled areas. In an interconnected multi-area power system, a disturbance such as
a load change in one control area is initially distributed among all participating areas.
This results in coordinated generator response, deviations in inter-area tie-line power
transfers, and transient declines in system frequency [12]. Several classical control
strategies have been employed to implement supplementary (secondary) control to
restore frequency to its nominal value in the least time. Among the various control
strategies, proportional–integral (PI) controllers [13–15] are extensively employed due
to their simplicity and effectiveness. These controllers operate on the load reference
input, which regulates the governor speed set-point, thereby facilitating frequency
control. This regulation mechanism is also commonly known as LFC.

RESs can introduce instability into the power system, thereby increasing the
complexity of control and stabilization [16], may it be LFC or AGC is one of the
essential operations that takes place all the time to maintain the power system stable.
The modus operandi of LFC is to keep the balance between interconnected areas to
control/regulate the power flow in tie-lines connected with the microgrid with RESs
under a distributed grid system [17,18].

The research aims to investigate advancements in LFC and outline the future
direction for interconnected multi-area power systems (IMAPSs). The extensive
literature survey through 264 nos. of articles have been done [19] and presented the
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noteworthy works of many two key articles [20,21] drew our attention.
The integral action is introduced to increase the system type by one, thereby

ensuring zero steady-state Δf. The effectiveness of this control strategy depends
primarily on the speed regulation constant of the governor and the integral gain (Kᵢ)
of the controller. Although this approach is simple to implement, it often results in
comparatively large transient frequency deviations. To enhance dynamic performance
and achieve improved stability, optimal control techniques based on the state-feedback
controller have been idealized [22–24]. However, it has been observed that complete
knowledge of system states is often difficult to obtain in practice. To address this
limitation, alternative approaches based on adaptive neural networks (ANN) [25, 26]
have been explored to enhance dynamic performance. Despite their effectiveness,
thesemethods require extensive training data and significant computational time, which
limits their practical applicability.

LFC operates through three levels: primary, secondary, and tertiary control. The
primary control mechanism ensures a balance between overall generation and demand,
with the turbine governor serving as the main regulator of speed [27,28]. If the primary
control system cannot adequately correct frequency deviations, the secondary control
system is activated to restore frequency to its nominal value. This system manages
power flow among interconnected areas by adjusting the output of individual turbine
units [29–31]. When necessary, the tertiary control, also known as the manual frequency
restoration reserve, can be engaged by the operator. This level is typically used to
replenish the secondary reserve in case of severe generation or load drops [32,33].

Although fuzzy logic–based techniques have also been investigated for LFC in
power systems, their implementation remains an area of ongoing research. Sambariya
and Nath [34] proposed the use of Δf as inputs to the fuzzy controller, while Indulkar
and Raj [35] utilized area control error (ACE) and its rate of change as input variables.
Some literature [36, 37] narrated incorporating the deadband/backlash present in the
speed governor exhibits LC, leading to poor performance of LFC. To overcome
the problem, it is proposed to use DDC with the objective of achieving the best
performance/response at steady state in the least time through LFC using a speed
governor [38].

2. Controllers used in models of LFC control

2.1. PI controller used for LFC control
Figure 1 represents a single-area interconnected power system used for LFC

analysis, where the area is modeled using governor, turbine, and generator-load
dynamics represented through transfer functions. The governor block, characterized
by gain and time constant parameters, regulates the input to the turbine, which in
turn drives the generator and maintains system frequencies. A tie-line is included to
represent power exchange among the interconnected areas, and the presence of the
1/R block indicates the droop characteristic of the governor. The system operates in
a closed-loop configuration where frequency deviation is continuously fed back and
corrected. An integral control action, represented by the 1/s block, is incorporated to
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eliminate steady-state frequency error and improve system stability, while controller
gain K adjusts the dynamic response. Summing junctions combine signals such as load
disturbances, tie-line power deviations, and feedback signals, and the overall system
response, particularly frequency deviation over time, is monitored using a scope. This
configuration effectively demonstrates the principles of AGC, maintaining frequency
stability across interconnected power systems.

Figure 1. PI control of LFC of a single area system.

• The transfer function G1(s) =
Kp1

τp1s+1 where, Kp1 is the gain of the first-order
process, τp1 is the time constant for the first-order process, and s is the Laplace
transform.

• The transfer function G2(s) =
1

τ1s+1 where, τ1 is the time constant of the second
first-order lag element.

• The transfer function G3(s) =
Kp3

τp3s+1 where, Kp3 is the gain of the third process
stage, τp3 is the time constant associated with the third stage.

The integrator produces a real-power command signal ΔPc and is given by

∆Pc = −Ki

∫
∆fdt = −Ki

∫
(ACE)dt. (1)

Where, Pc = input of speed changer, Ki = integral gain constant.

2.2. Optimal control (LQR) design is used for LFC control against load
changes
The application of modern control theory (MCT) facilitates the development

of an optimal load frequency control strategy for interconnected two-area power
systems [39, 40]. Accordingly, in the MCT approach, single-area optimal LFCs are
also developed [40].

In modern control theory, the incremental reference power changes ΔPref1 and
ΔPref2 are treated as control inputs, denoted by u1 and u2. In conventional approaches,
these control signals are generated by integrating the area control errors (ACEs).
However, in modern control practice, u1 and u2 are formulated as linear combinations
of the system state in a state-feedback configuration or as linear combinations of selected
measurable (or controllable) states in an output-feedback configuration [40,41].
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A generalized linear representation (Figure 2) of the power system is formulated
in the state-space procedure as given below:

dx

dt
= Ax(t)+ Bu(t), with x(0) = x0, y = Cx(t), (2)

where, x(t) and u(t) are the n and m-dimensional vectors, and y(t) denotes the output
vector of the system.

Figure 2. System with state feedback.

ThematricesA, B, andC are constant systemmatrices with dimensions compatible
with the state-space formulation. The performance of the system is evaluated using
a predefined cost function, which is minimized through the synthesis of an optimal
control law.

J =
1

2

∫ ∞

0

(
x

′
(t)Qx(t) + u

′
(t)Ru(t)

)
dt. (3)

Where the positive semi-definite symmetric weighting matrixes Q, R ∈ Rn×n

and Rm×m are the state cost and control cost, respectively.
The optimal control input that minimizes the performance index is expressed in

state-feedback form as:
u(t) = −Kx(t). (4)

Where K ∈ R^(m × n) is the constant state-feedback gain matrix. The gain
matrix K is obtained by solving the Riccati Equation:

A
′
P + PA− PBR−1B

′
P +Q = 0, (5)

K = R−1B
′
P. (6)

An admissible gain matrix K must ensure system stability. This requires that all
eigenvalues of the matrix A–BK must have negative real parts.

In practice, however, measuring and obtaining real-time information for all state
variables in large power systems is both difficult and expensive. Typically, only a
limited number of state variables, or linear combinations of them, are accessible. Under
such conditions, an output feedback controller is employed, which is described as
follows.

u = −Ky. (7)

The linear model described by Equations (1) and (2) can be reorganized into a
suitable form for output-feedback controller design.

In case some states are not available, the controllability conditions show that the
rank of the controllable matrix is not n (the order of the system). In that case, taking
into account the observability conditions, the Riccati equation may be considered for
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the LQG formulation [42]:

AΣ + ΣAT + Q0 − ΣCT R−1
0 CΣ = 0 and L = ΣCTR−1

0 ,

dx

dt
= (A−BKC)x = ACx, (8)

J =
1

2

∫ ∞

0

(
xTQ+ CTK

T
RKC

)
xdt. (9)

The gain matrix K is such that the performance index J is minimized, subject to
the given dynamical constraints of the system.

dx

dt
= (A−BKC)x. (10)

Whereas dynamic optimization problems can be transformed into their equivalent
static optimization problems, which are comparatively easier to solve. With the
application of optimization techniques, the following equations are obtained w.r.t
optimal gain design.

0 = AT
c P + PAC − CTKTRKC +Q, (11)

0 = AcS + SAT
c +X, (12)

K = R−1BTPSCT(CSCT)−1. (13)

Where,
Ac = A−BKC and X = E

{
x(0)xT (0)

}
Assuming that the initial states are uniformly distributed over the surface of the

unit sphere, the matrix X = I becomes the identity matrix and is symmetric. In many
practical situations, the initial state vector x(0) is unknown, and this uncertainty is
a common characteristic of output feedback design problems. To address this issue,
it is customary to minimize not the performance index itself but rather its expected
value [42].

X = E{J}

E {J} =
1

2
E
{
xT (0)Px(0)

}
=

1

2
tr(PX). (14)

The optimal cost can be given by,

J0 = tr(PX). (15)

To obtain K that minimizes J0, these three coupled equations must be solved
simultaneously, typically using an appropriate iterative technique [43].

3. Models for LFC control: Design and analysis in state space

Two mathematical models widely used in power systems, the transfer function
and the state space model, are considered to be modern and advanced [44]. A
transfer function is used only for linear systems, whereas a state-space model
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is used for linear and nonlinear systems. We opted for the state space model
for LFC with a speed governor, turbine, and generator in which the governor
has inherent backlash-type nonlinearity. Sivanagaraju and Sreenivasan [45] have
considered their three models—single-area power system (SAPS), two-area power
system (TwAPS), and three-area power system (ThAPS) linearized systems and
presented their state-space models. The same has also been presented in Azzam [44]
and Kakilli et al. [46]. Since the speed governor has inherent characteristics of backlash
nonlinearity, we have considered such nonlinearity in each of their models. The results
of simulations are presented in Section 4, where the results of these linear models are
along with the results of three other models also considered.

A substantial body of literature has investigated nonlinear characteristics
in control systems, including both non-memory nonlinearities and memory-type
nonlinearities such as backlash and rectangular hysteresis. These nonlinear effects,
when present in third-order or higher-order linear systems, can induce LC oscillations
under autonomous conditions [47–52]. It has been widely reported that the occurrence
of LCs degrades the performance of LFC. Furthermore, as highlighted in Tsay [53],
the mitigation/quenching of sustained oscillations is essential for the effective
implementation of LFC. In Sah et al. [54], a schema for power systems and optimized
its parameters using the Artificial Gorilla Troops Optimizer (GTO), demonstrating
improved frequency regulation and dynamic performance compared with conventional
approaches. In Hussain et al. [55], the authors developed a Walrus Optimization
Algorithm (WaOA)-based cascade controller for load frequency control of a multi-area
power system with renewable energy sources, achieving enhanced frequency stability
and superior dynamic performance under varying operating conditions.

3.1. Model with PI control design and analysis in the state space for SAPS
A schematic representation of LFC for a turbo-generator is illustrated in Figure 3.

In this configuration, a frequency sensing unit detects the frequency deviation Δf and
generates a corresponding control signal. The LFC mechanism adjusts the real power
exchange over the tie-line, which in turn regulates the position of the prime mover inlet
valve [45]. The state space equation of a single area can be developed from Figure 1
in conjunction with Figure 3 as:

Figure 3. Basic layout of LFC with a PI controller for SAPS.
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3.1.1. Unit step response of the SAPS (linearized model) with a PI controller

The linearized dynamic model of a SAPS under PI-based LFC is formulated
using small-signal analysis. The system consists of interconnected governor, turbine,
and power system blocks, each represented by first-order dynamics. The following
equations describe the evolution of frequency deviation, control valve position, and
generated power in response to load disturbances

d

dt
(∆f) =

1

τps
[−∆f +Kps∆PG −Kps∆PGD] , (16)

d

dt
(∆XE) =

1

τsg
[−∆XE +∆PC −∆f/R] , (17)

d

dt
(∆PG) =

1

τt
[−∆PG +∆XE ] .(18)

Where, ∆f is the frequency deviation, ∆XE is the governor valve position
deviation, and ∆PG is the turbine output power deviation.

From the above three equations, the state space matrix is obtained as under:∆XE

∆PG

∆f

 =

Ẋ1

Ẋ2

Ẋ3

 =


− 1

τsg
0 − 1

Rτsg
1
τt

− 1
τt

0

0
Kps

τps
− 1

τps


x1x2
x3

+


1
τsg

0

0

u+

 0

0

−Kps

τps

 p.

In the above matrix, u is the system input, and p is the disturbance.
Figure 4a illustrates a closed-loop LFC system comprising a governor, turbine,

and power system dynamics with integral control. The feedback structure regulates
frequency deviation Δf, ensuring zero steady-state error and improved dynamic
performance. The plot in Figure 4b illustrates an underdamped frequency response
with initial overshoot and decaying oscillations, eventually reaching steady state at 16
s with a small residual error, indicating stable but moderately damped system behavior.

(a) (b)

Figure 4. (a) Block diagram representation for determination of the unit step response of a
SAPS for LFC with a PI controller (Governor without Backlash nonlinearity); (b) Frequency
deviation in the SAPS for LFC with a PI controller.

3.1.2. Estimation of LC induced by speed governor backlash nonlinearity in
SAPS with a PI controller

Figure 5a illustrates a nonlinear LFC system incorporating governor, turbine,
and power system dynamics with integral control and a nonlinear element (backlash/
deadband). The feedback loop regulates frequency deviation while capturing practical
nonlinear effects that may induce oscillations. The plot in Figure 5b illustrates
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sustained periodic oscillations in Δf(t), confirming the existence of a limit cycle due
to system nonlinearities, resulting in degraded frequency regulation and poor dynamic
performance.

(a) (b)

Figure 5. (a) Block diagram representation for estimation of LC (incorporating backlash
nonlinearity) in speed governor for SAPS with PI controller; (b) Frequency deviation in
single-area LFC with limit cycle oscillations for SAPS with PI controller.

3.1.3. Signal stabilization by a high-frequency deterministic (at least 10 times of
LC frequency) signal for SAPS with a PI controller

Every model presented and examined in Section 3 demonstrates persistent
oscillatory behavior, known as LCs, induced by speed governor backlash nonlinearity.
These undesired oscillations are successfully quenched/mitigated by applying
high-frequency dither inputs, with frequencies chosen to be preferably/approximately
10 times [50, 51] greater than the respective LC frequencies observed in each case.
The applied dither signal, whether deterministic or stochastic (e.g., Gaussian),
suppresses the limit cycle behavior without significantly altering the overall system
dynamics [47–52].

The literature consistently reports that LCs degrade the performance of LFCs.
Furthermore, it is emphasized in Tsay [53] that the elimination of sustained oscillations
is essential for the reliable and effective operation of LFC.

Figure 6a represents an LFC system with nonlinear effects and deterministic
high-frequency signal injection. The dither input mitigates limit cycles, improves
damping, and enhances frequency regulation performance by incorporating governor
nonlinearities. Figure 6b shows the change in frequency (Δf ) over time, exhibiting a
damped oscillatory behavior where the amplitude of oscillations decreases gradually.
Initially, there is a large overshoot followed by oscillations above and below zero,
indicating an underdamped response. As time progresses, these oscillations decay
steadily, showing that the system is stable and moving toward equilibrium. Around
50–60 s, the response becomes nearly steady with minimal fluctuations, as highlighted
in the circled region. The inset graph indicates a higher-frequency oscillation with an
angular frequency of approximately 20.3 rad/s. Overall, the system eventually settles
at a steady-state condition where Δf approaches zero.

3.1.4. Signal stabilization by a high-frequency random (Gaussian) signal for
SAPS with a PI controller

Figure 7a represents a closed-loop control system that begins with a Gaussian
noise source (mean = 100, variance = 0.05), which is passed through a low-pass filter
to remove high-frequency components. The filtered signal enters a feedback loop
containing dynamic elements such as gain blocks and an integrator (1/s), all of which
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influence the system’s response. Feedback paths with gains regulate the behavior
of the system, helping maintain stability. The final output, labeled Δf, reflects the
combined effect of noise filtering and controlled dynamic response. Figure 7b shows
the corresponding response of Figure 7a.

(a) (b)

Figure 6. (a) Block diagram representation of a SAPS incorporating a proportional–integral
(PI) controller, with signal stabilization achieved through a deterministic dither input; (b)
Frequency deviation in single-area LFC for SAPS with a PI controller for signal stabilization.

(a) (b)

Figure 7. (a) Block diagram representation of a SAPS with a PI controller for signal
stabilization by a Gaussian signal; (b) Signal stabilization by a high-frequency random
(Gaussian) signal for a SAPS with a PI controller.

3.2. Model with optimal (LQR) controller: Design and analysis in state
space for SAPS

3.2.1. Unit step response of the SAPS (linearized model) with an optimal (LQR)
controller

Figure 8a illustrates a closed-loop LFC system comprising a governor, turbine,
and power system dynamics with an LQR controller. The feedback structure regulates
frequency deviation Δf, ensuring zero steady-state error and improved dynamic
performance. The plot in Figure 8b illustrates an underdamped frequency response
with initial overshoot and decaying oscillations, eventually reaching steady state at t
= 15 s with a small residual error, indicating stable but moderately damped system
behavior.

(a) (b)

Figure 8. (a) Block diagram of LFC SAPS using LQR controller (Governor without Backlash
nonlinearity); (b) Frequency deviation in SAPS for LFC with LQR controller.
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3.2.2. Estimation of LC incorporating backlash nonlinearity in speed governor
for SAPS with optimal (LQR) controller

Figure 9a illustrates a nonlinear LFC system incorporating a governor,
turbine, and power system dynamics with LQR control and a nonlinear element
(backlash/deadband). The feedback loop regulates frequency deviation while
capturing practical nonlinear effects that may induce oscillations. The given plot in
Figure 9b illustrates the frequency deviation Δf of the system over time, where an
initial sharp negative dip indicates a sudden disturbance such as a load increase. The
system responds quickly, showing a fast transient behavior as the frequency deviation
rises toward zero. The response is smooth and well-damped, with no significant
oscillations, demonstrating effective control action. The settling time is around 5 s,
and the steady-state value approaches zero, indicating that the steady-state error has
been eliminated. Overall, the response confirms that the system is stable and properly
tuned, with the control mechanism—likely involving LQR control—successfully
restoring to the nominal frequency after the disturbance.

(a) (b)

Figure 9. (a) Block diagram representation for mitigation of LC induced by backlash
nonlinearity, SAPS with LQR controller; (b) The frequency deviation Δf of the system over
time.

3.2.3. Signal stabilization by a high-frequency deterministic (at least 10 times of
LC frequency) signal for SAPS with a LQR controller

The given block diagram in Figure 10a represents a LFC system incorporating an
LQR controller to regulate frequency deviations in a power system. The input signal,
characterized by a stabilizing signal ω = 20 rad/s, is applied to the system, and multiple
summing junctions are used to combine control inputs, disturbances, and feedback
signals. The given plot in Figure 10b shows the frequency deviation Δf response of
the system under a sinusoidal disturbance with Δω = 20.3 rad/s. Initially, the system
exhibits oscillatory behavior with a noticeable overshoot and undershoot, indicating the
effect of the disturbance on system dynamics. These oscillations gradually decrease in
amplitude over time, demonstrating a damped response and effective control action.
As time progresses, the system stabilizes, and the frequency deviation converges close
to zero, indicating minimal steady-state error. The highlighted region toward the later
time interval shows that the system maintains a nearly constant value with very small
oscillations, confirming steady-state stability. Overall, the response indicates that the
controller successfully suppresses oscillations and ensures stable operation of the power
system despite periodic disturbances.
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(a) (b)

Figure 10. (a) Block diagram representation showing signal stabilization by a high-frequency
deterministic signal for SAPS with a LQR controller; (b) Signal stabilization by a
high-frequency deterministic signal for SAPS with a LQR controller.

3.2.4. Signal stabilization by high-frequency random (Gaussian) signal for SAPS
with LQR controller

The given block diagram in Figure 11a represents a LFC system operating under
stochastic disturbances modeled as Gaussian noise with a mean of 300 and a variance
of 0.05. The noise signal is first passed through a low-pass filter to smooth out
high-frequency components before being applied to the system, ensuring more realistic
disturbance characteristics. The graph in Figure 11b shows a response curve where
the system gradually settles into a steady state after approximately 100 s. Initially,
there is a rapid decrease in the value, which then slows as it approaches a stable
level. The response does not exhibit any oscillations, indicating a smooth transition
without overshooting or fluctuating around the final value. This behavior suggests a
well-damped system, and the absence of oscillations can be further ensured or improved
through the application of DDC, which helps maintain stability and precise control over
the system’s performance.

(a) (b)

Figure 11. (a) Simulink representation of signal stabilization in a standalone power system
(SAPS) using a linear quadratic regulator (LQR) controller with high-frequency stochastic
(Gaussian) signal injection; (b) Signal stabilization by high-frequency random (Gaussian) signal
for SAPS with an LQR controller.

3.3. Model with a PI controller: Design and analysis in state space for
TwAPS
The dynamic modeling of a TwAPS under LFC is formulated using a linearized

state-space approach. The model captures the interactions between two interconnected
control areas, each consisting of a governor, a turbine, and power system dynamics. A
PI controller is incorporated in each area to regulate Δf and maintain scheduled tie-line
power exchange.

The state variables include Δf in both areas, governor valve positions, generated
powers, and tie-line power deviations. The coupling between the two areas is
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represented through the tie-line power dynamics, which depend on the Δf between
the areas. The model assumes small perturbations around the nominal operating
point, enabling linearization of the system equations. The resulting set of first-order
differential equations describes the dynamic response of the interconnected system to
load disturbances:

d

dt
(∆f1) =

1

τps1
[−∆f1 +Kps1∆PG1 −Kps1∆PD1 −Kps1∆PTL] , (19)

d

dt
(∆f2) =

1

τps2
[−∆f2 +Kps2∆PG2 −Kps2∆PD2 +Kps2∆PTL1] , (20)

d

dt
(∆XE1) =

1

τsg1
[−∆XE1 +∆PC1 −∆f1/R1] , (21)

d

dt
(∆XE2) =

1

τsg2
[−∆XE2 +∆PC2 −∆f2/R2] , (22)

d

dt
(∆PG1) =

1

τt1
[−∆PG1 +∆XE1] , (23)

d

dt
(∆PG2) =

1

τt2
[−∆PG2 +∆XE2] , (24)

d

dt
(∆PTL1) = 2πT 0

12 [∆f1 −∆f2] , (25)

3.3.1. Unit step response of TwAPS (linearized model) with a PI controller

The block diagram in Figure 12a represents a controlled dynamic system
composed of TwAPS for LFC with a PI controller. The plot in Figure 12b shows
the system response Δf(t) with initial oscillations that gradually decay over time.
Both curves converge to a stable steady-state value at 8 s, indicating a damped and
well-controlled system response.

3.3.2. Estimation of LC oscillations incorporating backlash nonlinearity and a PI
controller in a speed governor for TwAPS

The block diagram in Figure 13a represents a controlled dynamic system
composed of TwAPS for LFC incorporating backlash nonlinearity and a PI controller
in the governor. The plot in Figure 13b shows the system response showing the LC.
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(a) (b)

Figure 12. (a)Block diagram representation of TwAPS for LFCwith a PI controller (Governor
without Backlash nonlinearity); (b) Dynamic variation of system frequency and tie-line power
following a step load change in a TwAPS employing a PI controller.

(a) (b)

Figure 13. (a) Simulink representation of TwAPS with LFC (induced by backlash
nonlinearity); (b) Estimation of LC incorporating backlash nonlinearity in speed governor for
TwAPS with a PI controller.

3.3.3. Signal stabilization by high-frequency deterministic signal for TwAPS with
a PI controller

The block diagram in Figure 14a represents the signal stabilization composed of
TwAPS for LFC incorporating a high-frequency deterministic signal in the governor.
The plot in Figure 14b shows the system response showing the LC.

(a) (b)

Figure 14. (a) Simulink representation presenting signal stabilization by a high-frequency
deterministic signal for TwAPSwith a PI controller; (b) Signal stabilization by a high-frequency
deterministic signal for TwAPS with a PI controller.
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3.3.4. Signal stabilization by high-frequency random (Gaussian) signal for
TwAPS with a PI controller

The block diagram in Figure 15a represents a controlled dynamic system
composed of TwAPS for LFC incorporating a Gaussian signal and a PI controller
in the governor. The plot in Figure 15b shows the system response Δf(t) with
initial oscillations that gradually decay over time. Both curves converge to a stable
steady-state value after 8 s, indicating a damped and well-controlled system response.

(a) (b)

Figure 15. (a) Simulink representation presenting signal stabilization induced by a Gaussian
signal for TwAPS with a PI controller; (b) Signal stabilization by a high-frequency random
(Gaussian) signal for TwAPS with a PI controller.

3.4. Model with optimal (LQR) controller: Design and analysis in state
space of TwAPS

3.4.1. Unit step response of TwAPS (linearized model) with optimal (LQR)
controller

The block diagram in Figure 16a represents a controlled dynamic system
composed of TwAPS for LFC with an LQR controller. The plot in Figure 16b shows
the system response Δf(t) with initial oscillations that gradually decay over time. Both
curves converge to a stable steady-state value after 16 s, indicating a damped and
well-controlled system response.

(a) (b)

Figure 16. (a) Block diagram representation showing the unit-step response of TwAPS
(linearized model) with an optimal (LQR) controller (Governor without Backlash nonlinearity);
(b) Unit-step response of TwAPS (linearized model) with an optimal (LQR) controller.

15



Advances in Differential Equations and Control Processes 2026, 33(2), 4247.

3.4.2. Estimation of LC oscillations in TwAPS incorporating speed governor
backlash nonlinearity under optimal LQR control

Figure 17b shows the system response with the estimation of LC incorporating
the backlash nonlinearity in the speed governor for TwAPS with an optimal (LQR)
controller.

(a) (b)

Figure 17. (a) Block diagram of LC (induced by backlash nonlinearity) in speed governor for
TwAPS with optimal (LQR) controller; (b) System response with estimation of LC induced by
backlash nonlinearity in speed governor for TwAPS with optimal (LQR) controller.

3.4.3. Signal stabilization by high-frequency deterministic signal for TwAPS with
an optimal (LQR) controller

Figure 18a shows signal stabilization by a high-frequency deterministic signal for
TwAPS with an optimal (LQR) controller. Figure 18b shows the system response to
signal stabilization by a high-frequency deterministic signal for TwAPSwith an optimal
(LQR) controller as in Figure 18a.

(a) (b)

Figure 18. (a) Signal stabilization by high-frequency deterministic signal for TwAPS with an
optimal (LQR) controller; (b) The system response to Signal stabilization by high-frequency
deterministic signal for TwAPS with an optimal (LQR) controller.

3.4.4. Signal stabilization by high-frequency random (Gaussian) signal for
TwAPS with an optimal (LQR) controller

Figure 19a shows the signal stabilization by Gaussian signals for TwAPS with an
optimal (LQR) controller. Figure 19b shows the system response to signal stabilization
by a Gaussian signal for TwAPS with an optimal (LQR) controller as in Figure 19a.
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(a) (b)

Figure 19. (a) Simulink representation presenting signal stabilization induced by a
high-frequency Gaussian signal for TwAPS with an optimal (LQR) controller; (b) Signal
stabilization induced by a high-frequency Gaussian signal for TwAPS with an optimal (LQR)
controller.

3.5. Model with a PI controller: Design and analysis in state space for
ThAPS

− 1
τps1

0 0 0 0 0
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(
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12 + T 0

23

)
2πT 0

23 0 0 0 0 0 0 0 0 0

2πT 0
13 2πT 0

23 −2π
(
T 0
13 + T 0

23

)
0 0 0 0 0 0 0 0 0

,

d

dt
(∆f1) =

1

τps1
[−∆f1 +Kps1∆PG1 −Kps1∆PD1 −Kps1∆PTL1] , (26)

d

dt
(∆f2) =

1

τps2
[−∆f2 +Kps2∆PG2 −Kps2∆PD2 +Kps2∆PTL2] , (27)

d

dt
(∆f3) =

1

τps3
[−∆f3 +Kps3∆PG3 −Kps3∆PD3 +Kps3∆PTL3] , (28)

d

dt
(∆XE1) =

1

τsg1
[−∆XE1 +∆PC1 −∆f1/R1] , (29)

d

dt
(∆XE2) =

1

τsg2
[−∆XE2 +∆PC2 −∆f2/R2] , (30)

d

dt
(∆XE3) =

1

τsg3
[−∆XE3 +∆PC3 −∆f3/R3] , (31)

d

dt
(∆PG1) =

1

τt1
[−∆PG1 +∆XE1] , (32)
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d

dt
(∆PG2) =

1

τt2
[−∆PG2 +∆XE2] , (33)

d

dt
(∆PG3) =

1

τt3
[−∆PG3 +∆XE3] , (34)

d

dt
(∆PTL1) = 2πT 0

12 [∆f1 −∆f2] + 2πT 0
13 [∆f1 −∆f3] , (35)

d

dt
(∆PTL2) = 2πT 0

12 [∆f1 −∆f2] + 2πT 0
23 [∆f2 −∆f3] , (36)

d

dt
(∆PTL3) = 2πT 0

13 [∆f1 −∆f3] + 2πT 0
23 [∆f2 −∆f3] , (37)

3.5.1. Unit step response of ThAPS (linearized model) with PI controller

Figure 20a shows the block diagram representation for the unit step response of
ThAPS (linearizedmodel) with a PI controller. Figure 20b shows the unit step response
of ThAPS with a PI controller as in Figure 20a, where the steady state is reached at
30 s.

(a) (b)

Figure 20. (a) Block diagram representation for the unit-step response of ThAPS (linearized
model) with a PI controller (Governor without Backlash nonlinearity); (b) Unit-step response
of ThAPS (linearized model) with a PI controller.

3.5.2. Estimation of LC oscillations in ThAPS incorporating speed governor
backlash nonlinearity under a PI controller

Figure 21a shows the Simulink representation showing the estimation of LC
in the presence of backlash nonlinearity in the speed governor for ThAPS with a
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PI controller. Figure 21b shows the system response and the estimation of LC
oscillations incorporating backlash nonlinearity in the speed governor for ThAPS with
a PI controller.

(a) (b)

Figure 21. (a) Block diagram representation showing the estimation of LC (induced by
backlash nonlinearity) in the speed governor for ThAPS with a PI controller; (b) Estimation
of LC oscillations incorporating backlash nonlinearity in the speed governor for ThAPS with a
PI controller.

3.5.3. Signal stabilization by high-frequency deterministic signal for ThAPS with
a PI controller

Figure 22a represents the Simulink, presenting the signal stabilization by a
high-frequency deterministic signal for ThAPS with a PI controller. Figure 22b shows
the system response of ThAPS with a PI controller for ThAPS as in Figure 22a.

(a) (b)

Figure 22. (a) Simulink representation presenting signal stabilization by a high-frequency
deterministic signal for ThAPS with a PI controller; (b) Signal stabilization by a high-frequency
deterministic signal for ThAPS with a PI controller.

3.5.4. Signal stabilization by high-frequency random (Gaussian) signal for
ThAPS with a PI controller

Figure 23a shows the Simulink representation presenting signal stabilization
by a high-frequency Gaussian signal for ThAPS with a PI controller. Figure 23b
represents the system response of Figure 23a, which shows the signal stabilization
by a high-frequency random (Gaussian) signal for ThAPS with a PI controller.
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(a) (b)

Figure 23. (a) Simulink representation presenting signal stabilization by a high-frequency
Gaussian signal for ThAPS with a PI controller; (b) Signal stabilization by a high-frequency
random (Gaussian) signal for ThAPS with a PI controller.

3.6. Model with optimal (LQR) controller: Design and analysis in state
space of ThAPS

3.6.1. Unit step response of ThAPS (linearized model) with optimal (LQR)
controller

Figure 24a represents the block diagram for the unit step response of ThAPS
(linearized model) with an optimal (LQR) controller. Figure 24b shows the system
response of Figure 24a, depicting the unit-step response of ThAPS (linearized model)
with an optimal (LQR) controller reaching the steady state at 15 s.

(a) (b)

Figure 24. (a) Block diagram representation for the unit-step response of ThAPS (linearized
model) with an optimal (LQR) controller (Governor without Backlash nonlinearity); (b)
Unit-step response of ThAPS (linearized model) with an optimal (LQR) controller.

3.6.2. Estimation of LC oscillations incorporating backlash nonlinearity in a
speed governor for ThAPS with an optimal (LQR) controller

Figure 25a shows the block diagram representation for estimation of LC
oscillations incorporating backlash nonlinearity in the speed governor for ThAPS with
an optimal (LQR) controller. Figure 25b shows the system response of Figure 25a
and the estimation of LC oscillations incorporating backlash nonlinearity in the speed
governor for ThAPS with an optimal (LQR) controller.
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(a) (b)

Figure 25. (a) Block diagram representation for estimation of LC oscillations (incorporating
backlash nonlinearity) in the speed governor for ThAPS with an optimal (LQR) controller; (b)
Estimation of LC oscillations incorporating backlash nonlinearity in the speed governor for
ThAPS with an optimal (LQR) controller.

3.6.3. Signal stabilization by high-frequency deterministic signal for ThAPS with
LQR controller

Figure 26a shows the block diagram representation showing signal stabilization
by a high-frequency deterministic signal [50, 51] for ThAPS with a LQR controller.
Figure 26b shows the system response of Figure 26a and signal stabilization by a
high-frequency deterministic signal (at least 10 times of LC frequency) [50, 51] for
ThAPS with a LQR controller.

(a) (b)

Figure 26. (a) Block diagram representation showing signal stabilization by high-frequency
deterministic (at least 10 times of LC frequency) signal [50,51] for ThAPSwith LQR controller;
(b) Signal stabilization by high-frequency deterministic (at least 10 times of LC frequency)
signal [50,51] for ThAPS with LQR controller.

3.6.4. Signal stabilization by high-frequency random (Gaussian) signal for
ThAPS with LQR controller

Figure 27a shows the Simulink representation presenting signal stabilization by a
high-frequency Gaussian signal for ThAPS with a LQR controller. Figure 27b shows
the system response of Figure 27a and the signal stabilization by a high-frequency
random (Gaussian) signal for ThAPS with a LQR controller.
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(a) (b)

Figure 27. (a) Block diagram for signal stabilization by high-frequency random (Gaussian)
signal for ThAPS with LQR controller; (b) Signal stabilization by high-frequency random
(Gaussian) signal for ThAPS with LQR controller.

3.7. Application of digital deadbeat controller (DDC)
“Control systems are often designed with the objective that the output response

should reach the desired reference value as quickly as possible and without any
overshoot. This type of response is generally referred to as a “deadbeat response” [56].

Deadbeat control relies on a reliable discrete-time representation and often results
in aggressive control action. However, practical implementation issues— namely,
sampling delays and quantization errors, and actuator saturation—are not addressed
in the manuscript. A deadbeat response is defined as a system output that reaches
the desired reference value in the minimum number of sampling intervals without
overshoot [56], as illustrated in Figure 28.

(a) (b)

Figure 28. (a) Conceptual depiction of a deadbeat response for a continuous-time system
subjected to a unit-step input, noting that exact deadbeat performance is unattainable in
continuous-time systems [56]; (b) Output response of a discrete-time system exhibiting
deadbeat behavior for a unit-step input [56].

For a discrete-data system, a deadbeat response at the sampling instants is obtained
when the closed-loop transfer function satisfies the following:

C(z)

R(z)
=

1

Zn
,

which guarantees that the output settles to the reference input in exactly n sampling
intervals. The resulting response is of finite duration in the z−1 domain. It is important
to note that deadbeat response is a property exclusive to discrete-time control systems
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and is not attainable in continuous-time frameworks [57].
In this study, the DDC is deployed in all developed models to realize high-speed

and precise frequency control in the LFC scheme. The control objective aims to achieve
finite-time convergence with negligible oscillatory behavior. Its effectiveness is further
evaluated under governor nonlinearities, such as backlash and deadband, which are
known to degrade system performance and induce sustained oscillations.

A simplified block diagram of the DDC is presented in Figure 29, illustrating
its core structure and the corresponding signal flow within the overall load frequency
control framework.

Figure 29. A simple model of a digital controller.

The closed-loop transfer function of the DDC is defined as:
M(z) = Y (z)

R(z) = z−n to achieve a deadbeat response [38], where n represents
the number of excess poles over zeros in the system. This transfer function implies
that the output reproduces the input after exactly (n) sampling intervals, thereby
ensuring finite-settling-time behavior. Consequently, the closed-loop system exhibits
zero steady-state error and eliminates the oscillatory transients commonly associated
with conventional feedback controllers. For the present system, the excess pole-zero
order is unity (n = 1); hence, the desired deadbeat response is obtained within a single
sampling period. The deadbeat characteristic is particularly advantageous for load
frequency control applications, as it enables rapid attenuation of frequency deviations
and suppression of limit-cycle oscillations induced by nonlinear elements such as
governor backlash and deadband.

During signal stabilization, the reference input applied at R(z) (as depicted in
Figure 24) is given by U sin ωft. The corresponding Z-transform of the sampled input
signal is [56]:

Z[U sin ωft] =
U z sinωfT

z2 − 2z cosωfT+ 1
,

where n = 1, the difference of the order of z in the denominator (pole)—the order of z
in the numerator (zero) [42].

Hence, 1
Zn = 1

Z1 = z−1.

Within the SIMULINK framework, this delay is realized using a unit delay block
applied to the stabilized output signal. The associated responses verify that the DDC
achieves stable, ripple-free, and finite-time settling performance.

3.7.1. Application of DDC in SAPS incorporating a PI controller and a
deterministic stabilizing signal

Figure 30a illustrates the block diagram representation of a single-area system
with LFC with a deadbeat approach. Figure 30b shows the system response of Figure
30a and the frequency deviation in a single area LFC with the deadbeat approach.
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(a) (b)

Figure 30. (a) Block diagram representation of a single-area system with LFC with the
deadbeat approach; (b) Frequency deviation in single-area LFC with the deadbeat approach.

3.7.2. Application of DDC in SAPS incorporating an optimal (LQR) controller
and a deterministic stabilizing signal

Figure 31a shows the block diagram representation of SAPS with LFC. It uses
an LQR controller to maintain frequency stability despite the non-linearity and time
constants inherent in the turbine-governor-generator chain. Figure 31b shows the
dynamic response of the system presented in Figure 31a for a single-area LFC using a
deadbeat control approach. The deadbeat controller quickly drives the deviation back
to zero within a finite time. The response demonstrates fast settling with negligible
oscillations. This indicates effective control action and improved system stability.

(a) (b)

Figure 31. (a) Block diagram representation of SAPS with LFC with deadbeat approach and
LQR controller; (b) Frequency deviation in single-area LFC with deadbeat control approach.

3.7.3. Application of DDC in TwAPS incorporating a PI controller and a
deterministic stabilizing signal

Figure 32a shows the Simulink representation with the employment of DDC in
TwAPS incorporating a PI controller and a deterministic stabilizing signal. Figure 32b
represents the results showing the application of DDC in TwAPS in the presence of a
PI controller and a deterministic stabilizing signal.

(a) (b)

Figure 32. (a) Block diagram showing the application of DDC in TwAPS incorporating a PI
controller and a deterministic stabilizing signal; (b) Results showing the application of DDC in
TwAPS in the presence of a PI controller and a deterministic stabilizing signal.
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3.7.4. Application of DDC in TwAPS incorporating an optimal (LQR) controller
and a deterministic stabilizing signal

Figure 33a represents the Simulink showing the employment of DDC in
TwAPS incorporating an optimal (LQR) controller and a deterministic stabilizing
signal. Figure 33b illustrates the application of DDC in a TwAPS. The system
incorporates an optimal controller based on LQRdesign. The combined control strategy
effectively suppresses oscillations and improves dynamic performance. The response
demonstrates fast convergence and reduced frequency deviations in both areas.

(a) (b)

Figure 33. (a) Simulink representation showing the employment of DDC in TwAPS
incorporating an optimal (LQR) controller and a deterministic stabilizing signal; (b)Application
of DDC in TwAPS incorporating an optimal (LQR) controller and a deterministic stabilizing
signal.

3.7.5. Application of DDC in ThAPS incorporating a PI controller and a
deterministic stabilizing signal

Figure 34a shows the Simulink with the employment of DDC in ThAPS
incorporating a PI controller and a deterministic stabilizing signal. The system response
system response of Figure 34a is shown in Figure 34b, and the application of DDC in
ThAPS incorporating a PI controller and a deterministic stabilizing signal.

(a) (b)

Figure 34. (a) Simulink representation showing the employment of DDC in ThAPS
incorporating a PI controller and the deterministic stabilizing signal; (b) Application of DDC
in ThAPS incorporating a PI controller and the deterministic stabilizing signal.

3.7.6. Application of DDC in ThAPS incorporating an optimal (LQR) controller
and a deterministic stabilizing signal

Figure 35a shows the Simulink with the employment of DDC in ThAPS
incorporating an optimal (LQR) controller and a deterministic stabilizing signal.
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Figure 35b illustrates the application of DDC in a ThAPS. The system incorporates an
optimal controller designed using the LQR approach. A deterministic stabilizing signal
is employed to enhance system performance. The combined control strategy effectively
suppresses oscillations and improves dynamic response. The results demonstrate
instantaneous achievement of zero frequency deviation with improved stability across
all areas.

(a) (b)

Figure 35. (a) Simulink representation showing the employment of DDC in ThAPS
incorporating an optimal (LQR) controller and a deterministic stabilizing signal; (b)Application
of DDC in ThAPS incorporating an optimal (LQR) controller and a deterministic stabilizing
signal.

4. The comprehensive results and discussion

Table 1 shows the comprehensive and comparative results of all three models
(SAPS, TwAPS, and ThAPS) of LFC using two types of controllers (PI and LQR).

The objective is to propose a method/scheme to achieve zero deviation of
frequency (Δf = 0) at steady state instantly (t → 0) under load changes. All three
models with PI controllers fail to yield such expected results, whereas improvement is
observed through signal stabilization using Gaussian and deterministic signals. From
the perspective of signal stabilization, the presence of high-frequency components is
essential for mitigating limit-cycle oscillations. However, the practical realization of
an ideal high-pass filter (HPF) is challenging. Therefore, a Gaussian random signal is
first generated, and its low-frequency components are attenuated using a low-pass filter
(LPF)-based configuration to obtain the desired high-frequency stabilizing signal [58].
In LC suppression using state-feedback pole placement [59], the arbitrary assignment
of closed-loop poles requires the system to satisfy the controllability condition. With
the LQR controller in SAPS, zero frequency deviation is achieved, but the settling time
remains around 5 s; however, with DDC, the settling time reduces to zero as shown
in Figure 31b. For TwAPS and ThAPS, LQR alone does not satisfy the objective
(Figures 17b and 25b), while DDC successfully achieves Δf = 0 at t → 0 (Figure 33b),
validating the proposed scheme.

Additionally, the results emphasize the robustness of DDC in handling multi-area
system complexities. The integration of deterministic stabilizing signals further
enhances control precision and response speed. The proposed scheme ensures superior
damping characteristics compared to conventional methods. It also demonstrates
scalability across different system configurations without performance degradation.
Overall, the approach establishes an effective and reliable solution for instantaneous
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frequency regulation in LFC systems.

Table 1. Comprehensive and comparative results of all three models (SAPS, TwAPS, and
ThAPS) of LFC using two types of controllers (PI and LQR).

Sl. No. Models
Controllers
used in LFC
applications

Performance in LFC

Remarks
Step response Estimation of LC

Signal stabilization by
deterministic signal

Signal stabilization by
Gaussian signal

Application of digital
deadbeat

1 SAPS

PI

Figure 4b
zero steady-state frequency
deviation with a transient
lasting up to 16 s.

Figure 5b
Limit cycle observed
at ω = 2.02 rad/s.

Figure 6b
Synchronized at ω =
20.3 rad/s.

Figure 7b
stabilization at steady state
(t → 0) with Δf = 0.

Steady value Δf = 0 and
duration to attain steady
state → 0 s.
Figure 30b

Satisfactory (as
anticipated)

2 TwAPS

Figure 12b
zero steady-state frequency
deviation with a transient
lasting up to 8 s.

Figure 13b
Limit cycle observed
at ω = 3.4 rad/s.

Figure 14b
Synchronized at ω =
34.6 rad/s.

Figure 15b
stabilization at steady state
(t → 8).

Steady state Δf = 0, and
duration to attain steady
state → 0 s.
Figure 32b

Satisfactory (as
anticipated)

3 ThAPS

Figure 20b
zero steady-state frequency
deviation with a transient
lasting up to 30 s.

Figure 21b
Limit cycle observed
at ω = 2.38 rad/s.

Figure 22b
Synchronized at ω =
24.9 rad/s.

Figure 23b
stabilization at steady state
(t → 0) with Δf = 0.7.

Steady state Δf = 0 and
duration to attain steady
state → 0 s.
Figure 34b

Satisfactory (as
anticipated)

4 SAPS

LQR

Figure 8b
zero steady-state frequency
deviation with a transient
lasting up to 15 s.

Figure 9b
Limit cycle observed
at ω = 5 rad/s.

Figure 10b
Synchronized

Figure 11b
stabilization at steady state
(t → 60) s.

Steady value Δf = 0, and
duration to attain steady
state → 0 s.
Figure 31b

Satisfactory (as
anticipated)

5 TwAPS

Figure 16b
zero steady-state frequency
deviation with a transient
lasting up to 16 s.

Figure 17b
Limit cycle observed
at ω = 1.35 rad/s.

Figure 18b
Synchronized to ω =
13.1 rad/s.

Figure 19b
stabilization at steady state
(t → 35) with Δf = 15.

Steady state Δf = 0, and
duration to attain steady
state → 0 s. Figure 33b

Satisfactory (as
anticipated)

6 ThAPS

Figure 24b
zero steady-state frequency
deviation with a transient
lasting up to 15 s.

Figure 25b
Limit cycle observed
at ω = 40 rad/s.

Figure 26b
Synchronized to ω =
24.9 rad/s.

Figure 27b
stabilization at steady state
(t → 35) with Δf = 1.

Steady state Δf = 0, and
duration to attain steady
state → 0 s.
Figure 35b

Satisfactory (as
anticipated)

5. Conclusion

As summarized in Table 1 and illustrated in Figures 30b–35b, the application of
the Digital Deadbeat Controller (DDC) results in the complete mitigation/quenching
of limit cycle oscillations for all considered models. The system responses exhibit
instantaneous settling (t → 0) with zero frequency deviation (Δf = 0), indicating ideal
regulation performance. These results underscore the effectiveness of the proposed
method and its potential for real-time implementation in practical power systems.

The final evaluation indicates that the proposed DDC is robust and effective
across various LFC models, achieving transient-free operation, negligible ripple,
zero steady-state error, and near-instantaneous response. These results demonstrate
its applicability to real-time systems and establish a strong foundation for future
advancements in power system control methodologies.
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