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A B S T R A C T

In interconnected power systems, inadequate power generation relative to contracted load 
demand and continuously varying electrical loads can cause frequency instability and power 
imbalance. Therefore, effective monitoring and coordinated control strategies are essential to 
preserve system reliability and prevent potential disturbances. One widely adopted approach 
is tie-line bias control, which regulates scheduled system frequency and tie-line power flow by 
computing the area control error (ACE). ACE combines frequency deviation and tie-line power 
mismatch and is used to automatically optimize generator output, ensuring a continuous balance 
between generation and demand. This enables each control area to contribute fairly to overall grid 
stability while facilitating coordinated power exchange among interconnected regions. However, 
load variations in any area can propagate throughout the interconnected network, causing 
frequency deviations and tie-line power instabilities that must be minimized. Load frequency 
control (LFC) addresses this bottleneck by utilizing ACE as a feedback signal. Conventional LFC 
systems typically consist of turbine, generator, and governor dynamics and often exhibit backlash 
nonlinearities. These nonlinearities can generate self-sustained oscillations/limit cycles under 
autonomous operation, degrading frequency regulation performance and tie-line power control. 
To address this limitation, this study uses a signal stabilization technique employing Gaussian 
or deterministic signals to mitigate limit cycles. Subsequently, a digital deadbeat controller is 
applied to accomplish quick and accurate frequency regulation. The main objective is to drive 
ACE toward zero, thereby restoring frequency deviation and tie-line power errors to their desired 
values. 
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1. Introduction

The basic objective of an integrated multi-area power 
system is to supply electric power to every consumer 
with good quality, stability, and reliability at steady state. 
Load frequency control (LFC) faces major challenges from 

renewable energy integration, low system inertia, complex 
load variations, and stochastic load demands. These 
factors disrupt the balance between power generation 
and demand, causing severe frequency instabilities. The 
principal challenges are renewable intermittency and 
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stochastic load demands. Under such scenarios, LFC, or 
automatic generation control (AGC), is a vital operation 
used in power systems to maintain power balance between 
interconnected areas and control power flow in tie lines. The 
demand for electric power is increasing, threatening fossil 
fuel depletion and increasing environmental pollution; the 
shift toward green energy is inevitable and crucial.

In the current scenario, deploying renewable energy 
sources (RESs) is indispensable; they are now actively 
integrated into the power grid and regarded as a promising 
solution.1 Furthermore, power system interconnections 
continue to expand in both scale and complexity, extending 
from multi-grid integration to the development of regional, 
provincial, and even global energy networks.2,3

Electrical power cannot be stored in huge quantities.4 
Therefore, electricity production must continuously match 
consumption. Moreover, owing to their intermittent nature 
and limited inherent redundancy, RESs can introduce 
instability into the power system.5 The micro-grids are 
created by RESs and located in different areas. Therefore, 
the concepts of production and consumption mostly apply 
to RESs. 

We can consider the main grid, or national grid, as a 
single vast interconnected network. Several challenges and 
responsibilities must be addressed to ensure power system 
stability, reliability, and quality.5

To meet these objectives, the simple, easy-to-implement, 
robust, economical, and widely used decentralized 
control configuration is an age-old practice in LFC for 
interconnected power systems, aiming to achieve stable 
system frequency and power balance between areas.6

The TBC technique is extensively employed in LFC for 
multi-area interconnected systems. It maintains system 
frequency and tie-line power at their scheduled values.7 It 
calculates a control signal called area control error (ACE), 
which combines frequency deviation (Δf) and tie-line 
power flow deviation (ΔPL), and then uses this error to 
automatically adjust generator output. This ensures that 
each power system area contributes to maintaining grid 
stability without imposing an excessive regulating burden 
on its neighbors.8-16

Previous studies17-18 clearly state that limit cycle (LC)/
self-sustained oscillations due to backlash nonlinearity in 
the governor must be avoided for proper LFC performance. 
This indicates a basic requirement to mitigate/quench LC, 
which has been addressed in other studies.19-22

To capture the effect of RESs on the system, a first-order 
transfer function is adopted, where the transfer function 
gain corresponds to the RES penetration level.23 Changes in 
wind turbines, generators, solar irradiance, and solar power 
output have been taken into account.24 The increasing 
penetration of RESs may pose challenges to power system 
stability, thereby increasing the complexity of control and 
stabilization.25

Whether LFC or AGC, these operations occur 
continuously to maintain power system stability. Its 

fundamental function is to maintain the balance between 
interconnected areas by regulating Δfs and tie-line power 
flows. In distributed grid systems incorporating microgrids 
and RESs, LFC ensures effective power sharing and 
coordinated operation among interconnected areas, thereby 
enhancing overall system reliability and stability.26,27

This study explores recent developments in LFC 
and highlights prospective research directions for 
interconnected multi-area power systems (IMAPSs). 
Gulzar et al.28 conducted a comprehensive literature 
review and presented many noteworthy works. Khan 
et al.29 discuss and critically highlight how, over the past 
decade, the conventional power system has progressively 
transformed into a highly interconnected, digitally enabled, 
and renewable-rich energy ecosystem. They cite a few 
models with advanced controllers. Before discussing these 
two articles, we highlight key points from Gulzar et al.28 
The most recent advancement in LFC primarily aims to 
mitigate/quench frequency oscillations and ensure stable 
operation of IMAPSs. This work provides a comprehensive 
overview, covering both traditional control methods and 
recent advancements in technologies and methodologies. 
It evaluates various control strategies, including robustness 
and adaptive controller properties, fuzzy control 
techniques, and a range of optimization approaches—both 
classical and modern—applied to LFC in IMAPSs. The 
assessment emphasizes recent technological progress and 
advanced control tactics. Furthermore, the article delivers 
an in-depth analysis of the limitations and challenges of 
LFC in modern interconnected power systems. Finally, 
it thoroughly explores future strategies and solutions to 
address increasing system complexity and operational 
inefficiencies.    

In recent years, electrical power has become an essential 
commodity, and an uninterrupted supply is critical to 
meeting societal needs, enabling industrial productivity, 
and supporting economic progress. A resilient power 
system can withstand and adapt to disruptions, 
fluctuations, and varying load demands. The stochastic 
and dynamic nature of power system loads causes demand 
fluctuations that directly affect system frequency and 
lead to deviations in tie-line power from nominal levels. 
To meet the rising power demand, power systems are 
increasingly interconnected across multiple generating 
regions, enabling them to serve high-demand areas more 
effectively. However, in such an interdependent network, 
system disturbances initiated in one area can disrupt the 
entire power supply. Therefore, maintaining frequency 
stability is paramount. AGC returns the system to its 
nominal steady-state condition by regulating generation 
levels and balancing power generation with load demand. 
This process stabilizes both frequency and tie-line power 
flows, a function known as LFC. LFC thus plays a critical 
role in safeguarding power system stability. 

In the current context, LFC can be viewed through 
a modern technological lens, alongside the traditional 
strategies discussed earlier. This study aims to provide 
a detailed examination to support future scholarly 
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investigations by incorporating the latest methods and 
technologies used in frequency control. We will present 
examples of innovative and feasible approaches to 
addressing LFC challenges in intelligent and interconnected 
power networks, including systems integrating thermal 
energy, RES, and IMAPSs. It subsequently provides a 
comprehensive assessment of the current status of LFC, 
highlights prevailing challenges and limitations, and 
suggests promising avenues for future research.28

In Tavakoli et al.30, a novel intelligent tilted integral 
derivative–intelligent controller for LFC in multi-area, 
multi-source interconnected power systems by integrating 
brain emotional learning with tilted integral derivative 
control is proposed for the first time, with controller 
parameters optimally tuned using the equilibrium optimizer 
(EO) to achieve enhanced dynamic performance and 
robustness under nonlinearities, parameter uncertainties, 
communication delays, load disturbances (ΔPLs), and 
renewable energy variability.

Simulation studies on a two-area multi-source power 
system comprising thermal, gas, hydro, wind, and solar 
generation demonstrate that the proposed tilted integral 
derivative–intelligent controller significantly outperforms 
conventional proportional–integral–derivative (PID) and 
other advanced controllers by reducing Δfs, improving 
robustness, lowering performance indices, and providing 
superior disturbance rejection, highlighting its potential 
for reliable and efficient operation of modern renewable-
integrated smart power grids.

The AGC framework consists of two fundamental 
control mechanisms: the automatic voltage regulator 
(AVR) and LFC. The AVR maintains voltage stability, 
whereas the LFC supervises load demand variations and 
mitigates Δfs. By balancing generation and demand, LFC 
ensures zero steady-state error (SSE) and preserves the 
scheduled frequency and tie-line power interchange among 
interconnected control areas.31-34

The AVR maintains voltage stability and enhances power 
system reliability by regulating generator excitation voltage 
in response to load fluctuations.35–39 LFC is implemented 
through three control layers, namely primary, secondary, 
and tertiary control. Primary control serves as the first 
line of defense against load perturbations by restoring 
the balance between generation and demand. This control 
action is primarily achieved through the turbine governor, 
which regulates generator speed and responds rapidly to 
frequency variations.40,41

When the primary control response is insufficient 
to correct Δfs, the secondary control system activates 
to restore frequency to its nominal operating point and 
maintain system stability. This system manages power 
flow among interconnected areas by adjusting the output 
of individual turbine units.42–44 When necessary, the tertiary 
control, also commonly termed the manual frequency 
restoration reserve, can be engaged by the operator. This 
level is typically used to replenish the secondary reserve in 
cases of severe generation or load drops.45,46

Many researchers have approached the LFC problem 
using linearized models,47,48 despite the inherently large-
scale and nonlinear nature of power systems. Subsequent 
studies developed power system models—both continuous 
and discrete—that incorporated generation rate 
constraints.49–51 These investigations also considered the 
dynamic behavior of power systems and employed optimal 
tracking methods to address the LFC challenge.52

Researchers have extensively studied nonlinearities in 
contemporary power networks, particularly the dynamic 
effects of governor deadband (GDB) or backlash on governor 
and supplementary-controller performance.53,54 It has been 
emphasized that the speed governor is a key component 
in maintaining effective system speed regulation. Studies 
have shown that GDB or backlash induces area frequency 
and tie-line power oscillations, negatively impacting system 
responsiveness.55

The proposed work focuses on the latest advancements 
in LFC; the research aims to examine the current state and 
establish a framework for future progress in IMAPSs. LFC 
primarily aims to reduce frequency instabilities, improving 
system performance and ensuring stable IMAPS operation. 
This study presents a comprehensive comparison 
of conventional control schemes and state-of-the-art 
technologies, highlighting the evolution of modern control 
methodologies. It also examines different control strategies, 
robustness, and the adaptive properties of LFC controllers 
for IMAPSs. A vivid, comprehensive study has been made 
through four suitable models selected from Khan et al.29 and 
one most suitable model selected from Tavakoli et al.30

The rest of this article is structured as follows. Section 1 
introduces the topic and provides a comprehensive review 
of existing research. Section 2 describes and explains how 
TBC works. Section 3 selects an appropriate model that can 
achieve the goal proposed in the article and tests different 
models using a step response. Section 4 estimates LC in all 
models due to backlash nonlinearity. Section 5 presents a 
complete mitigation of LC by using a signal stabilization 
method that incorporates both deterministic and random 
excitation signals,22,56–58, where synchronization of 
the forcing signals is observed. Section 6 presents the 
application of digital control with a deadbeat approach.59–61 
As a result, all models exhibit transient-free and ripple-
free behavior while achieving zero steady-state error, with 
the response occurring in the least time. Thus, the study 
thoroughly investigates future strategies and approaches 
to enhance LFC performance and stability amid increasing 
system complexity and uncertainty.

The rapid integration of electric vehicles introduces 
substantial charging demand and vehicle-to-grid 
capabilities, posing new challenges for LFC due to 
increased variability and uncertainty in power system 
operation. Consequently, advanced LFC strategies must 
intelligently coordinate EV charging and discharging with 
conventional generation to maintain frequency stability, 
ensure real-time power balance, and enhance the reliability 
and resilience of modern power systems, making electric 
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vehicles a promising solution for addressing the operational 
challenges of future power distribution networks.62

2. Tie-line bias control applicable to load frequency 
control for multi-area interconnected systems

The conventional TBC framework method is widely 
employed in LFC for multi-area interconnected systems. 
This method helps maintain both system frequency 
and power flow across interconnecting tie lines at their 
scheduled values. It operates by calculating the ACE, 
defined as in Equation 1:

ACE = ΔPtie + BΔf	 (1)

where ΔPtie is the deviation in scheduled tie-line power 
interchange from its scheduled value, Δf is the deviation 
of the area’s frequency from its nominal value, and B is the 
area’s frequency bias constant, a factor representing the 
sensitivity of its frequency response to load changes. The 
ACE was used to generate control signals that adjust the 
outputs of generators in that area. The primary goal is to 
drive the ACE toward zero, which simultaneously returns 
both frequency and tie-line power flow to their desired, 
stable values. 

2.1. Analytical investigation of power loss changes under 
frequency deviation conditions

This section presents an analytical evaluation of power loss 
variation with respect to Δf. A non-zero Δf indicates an 
inherent imbalance in the interconnected system, which can 
manifest as additional losses in generation, transmission, 
or load components.7 Figure 1 depicts the relationship 
between the measured Δf and ΔPL. The model incorporates 
the output power deviations of multiple generating units, 
denoted by ΔPm1, ΔPm2, …, ΔPmn. The dynamic behavior 
of the system is represented through the equivalent 
inertia constant (Meq) and the damping coefficient (D). 
This modeling approach facilitates the design of robust 
LFC strategies and enhances overall system stability and 
performance.

Figure 1. Block diagram representation of the load frequency 
control (LFC) system showing the combined effect of load variation 
(ΔPL) and generator power output deviations (ΔPm1, ΔPm2, …, ΔPmn) 
on frequency deviation (Δf), modeled through the equivalent 
inertia (Meq) and damping (D) dynamics7

When the system load increases by ΔPL, generated 

power initially falls below demanded power, causing the 
system frequency to decrease. The turbine governors of 
all interconnected generating units detect this frequency 
reduction and increase their mechanical power output 
according to their respective speed regulation (droop) 
constants Ri7. Simultaneously, many electrical loads 
exhibit frequency-dependent characteristics, represented 
by the load damping coefficient, D, whereby a reduction 
in frequency naturally decreases the power consumed by 
certain loads (e.g., induction motors).

The steady-state Δf resulting from the combined effects 
of governor action and load damping is expressed as 
Equation 2:
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The parameter R, commonly known as the governor 
speed regulation or droop characteristic, quantifies the 
relationship between the change in system frequency (or 
speed) and the corresponding change in generator power 
output. It is defined as the percentage change in speed (or 
frequency) divided by the percentage change in power 
output and can be expressed as Equation 3:

Percentage change in frequency% 100
Percentage change in output power

R = ×

0

100NL FLω ω
ω
−

= ×

	 (3)

where ωNL is the steady-state speed at the no-load condition, 
ωFL is the steady-state speed at the full-load condition, and 
ω0 denotes the nominal (rated) speed of the generator. The 
droop characteristic plays a crucial role in load sharing 
among parallel generators and in maintaining system 
frequency stability. Equation 3 quantifies how much 
system frequency changes when generator output shifts 
from no-load to full-load conditions.

Figure 2 shows the speed regulation (droop) 
characteristics of generating units used in LFC. Curve 1 
represents the ideal linear frequency–power relationship 
assumed in theoretical analysis, whereas Curves 2 
and 3 illustrate the actual characteristics of steam and 
hydraulic generating units, respectively, which exhibit 
slight nonlinearities due to turbine-governor dynamics 
and practical operating constraints. The negative slope 
indicates that system frequency decreases as generator 
output increases. These droop characteristics enable 
automatic load sharing among interconnected generating 
units and form the basis of primary frequency control in 
power systems.
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Figure 2. Governor droop characteristics showing the relationship 
between system frequency and generator power output. Curve 1 
represents the ideal linear droop characteristic, Curve 2 illustrates 
the actual characteristic of steam turbine generating units, and 
Curve 3 depicts the actual characteristic of hydraulic generating 
units. The nonlinear nature of practical governor responses causes 
deviations from ideal linear behavior over the operating range.

3. Step response of different models

Figure 3 depicts the model structure and signal flow 
diagram reported in Khan et al.29, developed employing 
the MATLAB Simulink Toolbox (MATLAB 9.2.0.538062 
[R2017a]). The model includes the governor, turbine, and 
generator units interconnected in cascade. A PID-based LFC 
strategy, as stated in Khan et al.29, was employed to regulate 
the system frequency. Figure 4 illustrates the equivalent 
step response after a sudden ΔPL. The Δf steadily decreases 
over time and settles to its steady-state value (Δf = 0) 
within 20 s, demonstrating effective mitigation of transient 
oscillations and a successful return to nominal operating 
conditions. 

Figure 3. Block diagram of a single-area load frequency control 
(LFC) system incorporating governor, turbine, reheat stage, 
power system dynamics, and droop characteristics for frequency 
regulation under load disturbances

Figure 4. Frequency deviation (Δf) response of the single-area 
load frequency control system following a step load disturbance, 
showing an initial undershoot and gradual recovery to steady state 
within approximately 20 s

Figure 5 presents the model structure of the GDB and 
generation rate constraint reported in Khan et al.29 Figure 6 
shows the equivalent step response following the ΔPL. The 
result shows that Δf progressively diminishes and reaches 
its steady-state value (Δf = 0) within 20 s, indicating the end 
of the transient period and the system’s successful recovery 
to its nominal operating frequency.

Figure 5. Block diagram of single-area load frequency control 
(LFC) system incorporating a thermal generator with generation 
rate constraint (GRC) and governor deadband (GDB) nonlinearities

Figure 6. Results showing the system step response reaching 
steady state (Δf = 0) after 20 s, once the transients subside

The system’s dynamic behavior was assessed by 
investigating the step response in the developed model 
under a ΔPL. The model comprised governor, turbine, and 
generator elements and was initially developed without 
backlash nonlinearity to maintain linearity. A disturbance 
was introduced, and the resulting Δf was monitored. Key 
performance indices, including peak overshoot, rise time, 
steady-state error, and settling time, were analyzed to 
quantify the system’s ability to maintain stability during 
frequency changes. The results show that the proposed 
arrangement or model successfully returns the system to 
its nominal state (i.e., Δf = 0) while exhibiting improved 
transient characteristics compared with the benchmark 
models reported in previous studies.29,30

Figure 7 illustrates the Simulink model of a single-area 
gas turbine-based LFC system incorporating governor 
droop characteristics. The model consists of the valve 
positioner, governor, fuel system, compressor discharge 
volume, gas turbine, and power system blocks, which 
collectively represent the dynamic behavior of the gas 
turbine generating unit. The governor senses Δfs and adjusts 
the valve position based on the droop characteristic, while 
the fuel system and compressor discharge volume model 
fuel flow and combustion dynamics before the gas turbine 
delivers mechanical power. A ΔPL was applied to the 
power system to emulate sudden changes in load demand. 
The resulting Δf was fed back to the governor through the 
droop characteristic, enabling automatic adjustment of 
generator output. This closed-loop configuration represents 
the primary frequency control mechanism, ensuring that 
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the generation-load imbalance is minimized and system 
frequency is maintained within acceptable limits following 
ΔPLs. Figure 8 illustrates the response to a change in 
load demand through the corresponding step response. 
The Δf gradually diminishes and reaches its steady-state 
value within 18 s, indicating rapid damping of transient 
oscillations and superior dynamic performance compared 
with the reference models presented in previous studies.29,30

Figure 7. Block diagram of a single-area load frequency control 
system of a gas power generator

Figure 8. Results showing the step response of the system that 
reaches steady state (Δf = 0) after 18 s, once the transients subside.

Figure 9 depicts the model structure of the hydropower 
generator. Figure 10 illustrates the system’s corresponding 
step response following the ΔPL. The Δf gradually 
attenuates and reaches its steady-state value within 16 
s. This behavior indicates relatively faster damping of 
transient oscillations and enhanced dynamic stability 
compared with the previously investigated models.

Figure 9. Block diagram of a single-area load frequency control 
system incorporating a hydro power generator

Figure 10. Simulation results reveal that the system attains steady-
state operation with zero frequency error (Δf = 0) after nearly 16 s, 
once the transient oscillations have diminished

Figure 11. Simulink implementation of the two-area multi-source interconnected power system model used for load 
frequency control analysis
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Figure 11 illustrates the model structure of a dynamic 
formulation of an interconnected 2-area power network 
with multiple energy sources. Figure 12 illustrates the 
system’s response to a step input following the ΔPL. The 
Δf diminishes and reaches its steady-state value after 
about 30 s, showing attenuated oscillations and successful 
restoration of system frequency under minimal operating 
conditions.

Figure 12. The step response of the model shows that the zero-
frequency deviation (Δf = 0) is reached after nearly 30 s, once the 
transient oscillations have diminished

4. Estimation/Characterization of limit cycles

The estimation/characterization of LCs investigates the 
dynamics of the LFC system under governor backlash 
nonlinearity. Because of the governor’s underlying 
nonlinear behavior, LC oscillations may arise even under 
stable operating conditions, adversely affecting system 
performance and frequency regulation. The turbine–
generator–governor framework, incorporating governor 
backlash effects, was simulated to assess nonlinear 
oscillations. Δf responses were recorded over time, and the 
resulting oscillatory patterns were analyzed for magnitude 
and periodicity to identify LCs and their impact on system 
performance.

To assess LCs, each model was investigated under 
autonomous operation with governor deadband/backlash 
nonlinearity included in the LFC loop. This nonlinearity 
generates oscillatory behavior in the system output, 
facilitating detection and characterization of LCs for each 
model.

The structure of the proposed model is presented in 
Figure 13, where governor nonlinearity in the form of 
backlash was included to reflect practical implementation 
conditions. This arrangement permits the investigation of 
the system’s nonlinear dynamic output. Figure 14 presents 
the equivalent simulation results, which demonstrate the 
occurrence of an LC in the system output. The observed 
oscillations clearly indicate an LC frequency of 2.0 rad/s, 
confirming nonlinear oscillations generated by governor 
backlash nonlinearity.

The structure of the proposed model is presented in 
Figure 15, where governor nonlinearity in the form of 
backlash was included to reflect practical implementation 
conditions.29 This arrangement facilitates the investigation 
of the nonlinear dynamic characteristics for the 
corresponding system. Figure 16 illustrates the equivalent 
Simulink response, revealing the occurrence of an LC. 

The system outputs sustained oscillations at 1.50 rad/s, 
confirming the nonlinear effects introduced by governor 
backlash and demonstrating their impact on the system’s 
overall performance and stability.

Figure 13. Block diagram of a single-area load frequency control 
system shown in Figure 3’s thermal generator with reheat system

Figure 14. Results show the limit cycle of the model shown in 
Figure 13 at a frequency of 2.0 rad/s

Figure 15. Block diagram of the model shown in Figure 5’s thermal 
generator with generation rate constraint and governor deadband 
nonlinearity

Figure 16. Results show the limit cycle excitation of the model 
shown in Figure 15 at a frequency of 1.50 rad/s

Figure 17 depicts the model structure of the proposed 
sample, where nonlinearity (backlash) was incorporated 
into the governor to emulate its practical implementation. 
Figure 18 shows the equivalent Simulink outputs, 
demonstrating the occurrence of an LC. The oscillations 
in Δf occurred at ω = 1.69 rad/s, confirming nonlinear 
dynamics induced by governor backlash in the proposed 
structure.

Figure 17. Block diagram of the model shown in Figure 7 of the gas 
power generator with deadband
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Figure 18. Results show the exposition of the limit cycle of the 
model shown in Figure 17 with ω = 1.69 rad/s

Figure 19 illustrates the model structure of the 
hydropower system, in which the governor has inherent 
backlash characteristics. Figure 20 illustrates the simulation 
output, exhibiting the LC, with a frequency of 0.5 rad/s.

Figure 21 depicts the model structure of the dynamic 
model of the two-area multi-source interconnected power 
system. Figure 22 illustrates the equivalent Simulink output, 
revealing the occurrence of LC. The observed oscillations 
occurred at ω = 2.03 rad/s, confirming nonlinear oscillations 
generated by governor backlash and demonstrating its 
influence on the stability of the interconnected power 
system.

Figure 19. Block diagram of a hydro power generator with a 
deadband

Figure 20. Results show the limit cycle with a frequency of 0.50 
rad/s in the hydro power generator model

Figure 22. Results show the limit cycle behavior of the model 
shown in Figure 21 at a frequency of 2.03 rad/s

5. Signal stabilization/output regulation using 
deterministic and Gaussian signals

The models investigated in Section 4 demonstrate self-
sustained oscillatory behavior, commonly referred to as 
LCs. These oscillations can be mitigated or eliminated 
by adding high-frequency dither signals. Frequencies 
are generally selected to be at least 10 times higher than 

Figure 21. Simulink arrangement of the dynamic model shown in Figure 11
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the LC frequencies determined for each model.22,57 These 
signals effectively quench LCs and mitigate undesirable 
oscillations without significantly degrading the overall 
system response.19–22

Figure 23 depicts the model structure presented in 
Khan et al.29, configured for oscillation mitigation using a 
deterministic dither signal (5 sin ωt, ω = 20 rad/s). Figure 24 
illustrates the model structure stabilized using a Gaussian 
random process with a mean of 100 and a variance of 
0.5. The signal shows small random deviations due to 
the system’s stochastic nature, which interfere with and 
mitigate LC-linked oscillations. Figure 25 shows that the 
model response aligns with the input deterministic signal, 
while Figure 26 confirms LC quenching and reestablished 
stability in the LFC model29, with Δf settling at 0.

Figure 23. Simulink diagram showing signal stabilization of the 
proposed model in Figure 3 using a deterministic signal-stabilized 
thermal generator with a reheat system

Figure 24. Simulink diagram of the signal-stabilized proposed 
model of Figure 3 using a Gaussian signal

Figure 25. Response exhibiting the signal stabilization of the model 
shown in Figure 23 using a deterministic signal

Figure 26. Response showing signal stabilization of the model 
shown in Figure 24 using a Gaussian signal

Figure 27 illustrates the model structure presented 
in Khan et al.29, configured for stabilization using a 
deterministic dither signal (5 sin ωt, ω = 15 rad/s). The 
selected excitation frequency was 10 times the limit cycle 
frequency of 1.5 rad/s, enabling effective mitigation of 
backlash-induced oscillations. Figure 28 depicts the system 
under Gaussian random excitation with a mean amplitude 
of 100 and a variance of 0.5. Figure 29 depicts the model 
output in sync with the applied deterministic excitation. 
Figure 30 depicts the stabilized response obtained using 
the Gaussian excitation. The results confirm successful 
elimination of oscillatory behavior and restoration of 
steady-state operation with a Δf.

Figure 27. Simulink diagram showing the stabilized thermal 
generator with generation rate constraint (GRC) and governor 
deadband (GDB) nonlinearities using a deterministic signal

Figure 28. Simulink diagram showing the signal stabilization using 
a random Gaussian signal

Figure 29. System shown in Figure 5 synchronized to the signal 
stabilization model shown in Figure 27

Figure 30. The stabilized system response of the model depicted in 
Figure 28 when subjected to a Gaussian input signal

Figure 31 illustrates the model structure presented 
in Khan et al.29, designed to achieve stabilization through 
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a deterministic dither signal (5 sin ωt, ω = 17 rad/s). The 
selected excitation frequency was 10 times the LC frequency 
of 1.67 rad/s, enabling effective mitigation of governor-
induced oscillations. Figure 32 depicts the equivalent model 
stabilized using a Gaussian random process with a mean 
amplitude of 100 and variance = 0.5. As shown in Figure 
33, the system output tracks and remains synchronized 
with the deterministic excitation, while Figure 34 shows 
the stabilized output corresponding to the Gaussian input 
signal. The response confirms the attenuation of oscillatory 
dynamics and the attainment of steady-state operation with 
Δf=0.

Figure 31. Simulink implementation of the nonlinear governor-
controlled power system, including deadband/backlash effects and 
associated turbine–generator dynamics

Figure 32. Simulink configuration illustrating system stabilization 
under Gaussian noise excitation having a mean of 100 and a 
variance of 0.5

Figure 33. Results showing the response characteristics of 
the stabilization framework presented in Khan et al.29 under a 
deterministic input signal

Figure 34. Results depicting the response characteristics of the 
controlled system in the presence of a Gaussian input signal. 

Figure 35 illustrates the model structure presented in 
Khan et al.29, designed to stabilize the system through a 
deterministic dither signal (5 sin ωt, ω=5 rad/s). The selected 
excitation frequency was 10 times the LC frequency of 0.5 

rad/s, ensuring effective mitigation of governor-induced 
oscillations. Figure 36 depicts the equivalent model 
stabilized using a Gaussian random process with a mean 
amplitude of 100 and variance = 0.5. Figure 37 illustrates 
the system output in sync with the applied deterministic 
excitation, while the stabilized output corresponding 
to the Gaussian input signal is shown in Figure 38. The 
response confirms attenuation of oscillatory dynamics and 
attainment of steady-state operation with Δf = 0.

Figure 35. Simulink-based model used to analyze the stabilization 
characteristics of the system under a sinusoidal deterministic 
excitation with ω = 5 rad/s

Figure 36. Simulink representation of the proposed system used 
for analyzing stability behavior under a Gaussian random process 
characterized by a mean of 100 and a variance of 0.5

Figure 37. System response illustrating signal stabilization under 
deterministic excitation, with synchronization achieved at an 
angular frequency of 5 rad/s

Figure 38. Response showing the signal stabilization using a 
Gaussian signal with no oscillations (mean of 100 and variance of 
0.5

Figure 39 illustrates the model structure presented in 
Tavakoli et al.30, designed to achieve stabilization through 
a deterministic dither signal (5 sin ωt, ω=20 rad/s). The 
excitation frequency was 10 times the LC frequency of 
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2.0 rad/s, enabling effective mitigation of the oscillations 
induced by the governor. Figure 40 depicts the equivalent 
model stabilized using a Gaussian random process 
characterized by a mean amplitude of 100 and variance = 
0.5. As depicted in Figure 41, the system output successfully 

tracks and remains synchronized with the deterministic 
excitation. The stabilized output corresponding to the 
Gaussian input signal is shown in Figure 42. The response 
confirms the attenuation of oscillatory dynamics and the 
attainment of steady-state operation with Δf = 0.

Figure 39. Simulink model of the interconnected power system used to investigate frequency stabilization and dynamic performance 
under external excitation signals using a deterministic signal of 5 sin ωt, where ω = 20 rad/s

Figure 40. Simulink model of the interconnected power system used to investigate frequency stabilization and dynamic performance 
under external excitation signals using a random Gaussian signal with a mean of 100 and variance of 0.5
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Figure 41. Frequency deviation response exhibiting sustained 
oscillations under autonomous operating conditions at an angular 
frequency of ω = 20 rad/s

Figure 42. Steady-state frequency deviation response showing 
convergence to Δf = 0, indicating stable system operation (Gaussian 
excitation)

6. Signal stabilization using a digital deadbeat 
controller

The digital deadbeat controller (DDC) was incorporated 
into every model, as discussed in previous sections, to 
achieve fast and accurate frequency stabilization over the 
course of the LFC scheme. The main aim is to eliminate 
steady-state error in the system response, attenuate 
oscillations, and provide a response free from transients 
and ripple, even in the presence of nonlinearities (backlash 
and deadband). Figure 43 presents the Simulink diagram 
of the DDC, illustrating its basic architecture and operation 
within the overall control system.

Figure 43. Discrete-time closed-loop control system with unity 
feedback, showing the controller D(z), plant Gp(z), reference input 
R(z), and output response Y(z)

The closed-loop transfer function in Figure 43 was 
calculated by comparing the reference input R(z) (=U sin 
ωft) with the output Y(z) to produce the error. This error 
was passed through the controller D(z), which generates 
the control action. The plant Gp(z) then processes this 
signal to produce the output Y(z). The output was fed back 
directly (unity feedback) and subtracted from the reference 
to continuously reduce the error (Equation 4):59

CLTF = 
( )
( )

1
n

Y z
R z Z

= 	 (4)

where n is the relative degree of the system, i.e., the number 
of poles minus the number of zeros. 

The corresponding Z-transform is shown in Equation 5:

Z[U sin ωft] = 
2

U z sin T
2 cos T 1

f

fz z
ω

− ω +
	 (5)

where n = 1.

Hence,

1
1

1 1
n z

Z Z
−= = 	 (6)

Within the Simulink environment, a unit-delay block 
represented by 1z−  was incorporated and applied to the 
stabilized signal, as shown in Figures 44, 46, 48, 50, and 
52. The response profiles in Figures 45, 47, 49, 51, and 
53 validate the effectiveness of the proposed DDC. The 
controller rapidly damps transient dynamics, prevents 
sustained oscillations, and maintains a stable steady-state 
response across a range of operating conditions.

The Simulink representation of the reference model 
adopted from Khan et al.29 is shown in Figure 44 with a 
DDC and a deterministic excitation. Figure 45 illustrates 
the equivalent system output, free from transients and 
ripples, achieving steady-state error = 0, and restoring the 
nominal frequency in the least time, thereby demonstrating 
the superior dynamic performance of the proposed control 
strategy.

Figure 44. Block diagram of the digital deadbeat controller applied 
to the thermal generator with reheat system shown in Figure 3 in 
the presence of a deterministic signal (forced signal stabilization)

Figure 45. Simulation result shown in Figure 3 using a digital 
deadbeat controller in the presence of a deterministic signal (forced 
signal stabilization)

Figure 46Figure 46 illustrates the model structure presented 
in Khan et al.29, incorporating a DDC using deterministic 
excitation. Figure 47Figure 47 illustrates the equivalent frequency 
response, which is free from transient oscillations and 
ripples, exhibits zero steady-state error, and reaches the 
desired operating point within the minimum achievable 
settling time, demonstrating near-optimal regulation.
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Figure 46. Simulink diagram of signal stabilization of the model 
shown in Figure 5 with the application of a digital deadbeat 
controller in the presence of a deterministic signal (signal 
stabilization)

Figure 47. Simulation result shown in Figure 5 using a digital 
deadbeat controller in the presence of a deterministic signal (for 
signal stabilization)

The model configuration shown in Figure 48 
incorporates a DDC and a deterministic excitation signal 
to stabilize the system. Figure 49 illustrates the equivalent 
system output, which is free from transient oscillations 
and ripples, exhibits zero steady-state error, and attains 
the desired operating condition within the minimum 
achievable settling time, demonstrating virtually the fastest 
frequency regulation.

Figure 48. Simulink diagram of the model shown in Figure 7 using 
a digital deadbeat controller with a deterministic excitation signal

The model configuration shown in Figure 50  Figure 50  
incorporates a DDC and a deterministic excitation signal 
to stabilize the system. Figure 51Figure 51 illustrates the equivalent 

system output, which is free from transient oscillations and 
ripples, exhibits zero steady-state error, and attains the 
desired operating condition within the minimum achievable 
settling time, demonstrating virtually the fastest frequency 
regulation. Figures 52Figures 52 and 5353 show the model incorporating 
DDC and its corresponding output, respectively. 

Figure 49. Stabilization performance of the digital deadbeat 
controller-controlled system in the presence of a deterministic 
forcing signal

Figure 50. Simulink diagram of the model shown in Figure 9 with 
the digital deadbeat controller and deterministic signal (for signal 
stabilization)

Figure 51. Simulation result shown in Figure 9 with the application 
of the digital deadbeat controller in the presence of deterministic /
forcing signal (for signal stabilization)

Table 1Table 1 summarizes the LFC performance comparison 
among the models reported in previous studies29,30, the 
proposed system model, and the corresponding control 
Table 1Table 1. Performance comparison of conventional and 
advanced controllers in load frequency control systems

Models

Performance in load frequency control

Step response Estimation of 
limit cycles (LCs)

Signal 
stabilization by 
deterministic 
signal

Signal 
stabilization by 
Gaussian signal

Application of 
digital deadbeat
controller

Thermal 
generator with 
reheat system in 
Figure 329

Steady state Δf 
= 0; transient 
continuous up to 
20 s in Figure 4

LC observed: ω = 
2.0 rad/s in Figure 
14

Synchronized to 
ω = 19.8 rad/s in 
Figure 25

Stabilized fully at 
steady state; time 
taken in the least 
time s at Δf = 0 in 
Figure 26

Steady value Δf 
= 0; time to reach 
steady state in 
the least time in 
Figure 45

(Cont’d...)
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Models

Performance in load frequency control

Step response Estimation of 
limit cycles (LCs)

Signal 
stabilization by 

deterministic 
signal

Signal 
stabilization by 
Gaussian signal

Application of 
digital deadbeat

controller

Thermal 
generator with 
GRC & GDB 
nonlinearities 
(Backlash) in 
Figure 529

Steady state Δf 
= 0; transient 
continuous up to 
20 s in Figure 6

LC observed: ω = 
1.5 rad/s in
Figure 16

Synchronized to 
ω = 14.7 rad/s in 
Figure 29

Stabilized fully at 
steady state; time 
taken in the least 
time s at Δf = 0 in 
Figure 30

Steady state Δf = 
0; time to reach 
steady state in 
the least time in 
Figure 47

Gas power 
generator in 
Figure 729

Steady state Δf 
= 0; transient 
continuous up to 
18 s in Figure 8

LC observed: ω 
= 1.69 rad/s in 
Figure 18

Synchronized to 
ω = 16.7 rad/s in 
Figure 33

Stabilized fully at 
steady state; time 
taken in the least 
time s at Δf = 0 in 
Figure 34

Steady state Δf = 
0; time to reach 
steady state in 
the least time in 
Figure 49

Hydro power 
generator in 
Figure 929

Steady state Δf 
= 0; transient 
continuous up to 
16 s in Figure 10

LC observed: ω = 
0.5 rad/s in Figure 
20

Synchronized to 
ω = 5.0 rad/s in 
Figure 37

Stabilized fully at 
steady state; time 
taken in the least 
time s at Δf = 0 in 
Figure 38

Steady state Δf = 
0; time to reach 
steady state in 
the least time in 
Figure 51

Dynamic model 
of two-area 
multi-source 
interconnected 
power system in 
Figure 1130

Steady state Δf 
= 0; transient 
continuous up to 
30 s in Figure 12

LC observed: ω 
= 2.03 rad/s in 
Figure 22

Synchronized to 
ω = 20 rad/s in 
Figure 41

Stabilized fully at 
steady state; time 
taken in the least 
time s at Δf = 0 in 
Figure 42

Steady state Δf = 
0; time to reach 
steady state in 
the least time in 
Figure 53

Figure 52. Simulink diagram of the model shown in Figure 11 with the application of a digital deadbeat controller in the presence of a 
deterministic forcing signal (for signal stabilization)

Table 1. (Continued)
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strategies, including robust PID, proportional-integral 
and proportional-derivative, and the proposed DDC. The 
parameters used in all the figures are shown in Table A1Table A1. 

Figure 53. Simulation result of the model shown in Figure 11 with 
the application of a digital deadbeat controller in the presence of a 
deterministic/forcing signal (for signal stabilization)

7. Conclusion

A major technical contribution of the present work is 
integrating signal stabilization via high-frequency dither 
signals (deterministic/random [Gaussian]) with a DDC to 
mitigate self-sustained nonlinear oscillations (LC) arising 
from governor backlash in the least time.

The proposed framework offers a practical and scalable 
solution for enhancing frequency stability and reliability 
in future intelligent interconnected power systems with 
high penetration of renewable energy sources, distributed 
generation, energy storage, and electric vehicles. These 
findings, and the rapid response in particular, establish 
a strong foundation for future research on real-time 
implementation, adaptive and artificial intelligence-driven 
controllers, and next-generation resilient power system 
operation.

The present work considers the most vital models such 
as: (i) a thermal generator with reheat system (Figure 3)29, 
(ii) a thermal generator with GRC and GDB nonlinearities 
(Backlash) (Figure 5)29, (iii) a gas power generator (Figure 
7)29, (iv) a hydropower generator (Figure 9)29, and (v) a 
dynamic model of a two-area multi-source interconnected 
power system (Figure 11).30

The LFC simulation study faces major challenges from 
renewable energy integration, low system inertia, complex 
load variations, and stochastic load demands. 

In addition to a high-frequency deterministic dither 
signal, a random (Gaussian) signal was used to eliminate 
or mitigate LC oscillations, providing robust uncertainty 
handling when additional DDC may not be required.   

Signal stabilization, implemented using deterministic 
and Gaussian excitation signals, effectively quenches 
or mitigates LC oscillations and significantly enhances 
system stability. Comparative analyses show that the DDC 
consistently provides superior dynamic performance by 
achieving rapid frequency restoration with negligible 
transient oscillations, ripple-free operation, and zero 
steady-state error in the least time. Notably, Gaussian 
signal stabilization alone can also produce a fast, transient-
free, ripple-free response while effectively mitigating 
oscillations, although a small steady-state Δf may persist. 

Combining signal stabilization and DDC eliminates 
this residual error, yielding the best overall dynamic 
performance among the investigated approaches.
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Appendix
Table A1. Model parameters used for the load frequency control system

Parameters Value

Governor speed regulation parameter 0.417

Power system gain 0.01–1

Steam turbine time constant 0.3–0.5 s

Steam turbine reheat time constant 10 s

Governor time constant 0.08 s

Droop compensation time constant 28.75 s


