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Abstract: - To maintain system stability, especially in interconnected grids, a dedicated control strategy is
required. This leads to the concept of Load Frequency Control (LFC). There is an ample choice of controllers
used in LFC. While PI/PID controllers are popularly used, modern systems increasingly rely on proficient
approaches like LQR and Fuzzy Logic Controllers (FLC) for improved control and optimization. We have
considered four models of LFC in order to conduct a comparative study based on the primary objective of
minimizing the deviation of frequency from its nominal value. Four models are selected. First, a single-area
load frequency control system is analyzed through a comparative evaluation of PI, optimal, and fuzzy logic
controllers. The second model is selected as an automatic LFC of two area systems using the LQR method,
where the controller selects the most advanced optimal solution, which uses the Riccati Equation. The third
model is selected, which is expected to render full satisfaction/fulfilment of the basic concept of LFC with the
full utilization of battery energy storage system (BESS), wind turbine (WT), photovoltaic (PV), high voltage
direct current (HVDC), and synchronous generator (SG). This promise guarantees frequency stability and
maintains balanced tie-line power, and proposes a new coordinated frequency control approach for the LFC two
area system to enhance frequency stability and address the concerns of low-inertia systems. In the selected
models, the primary components are speed governors, turbines, and synchronous generators. The governors
have inherent backlash nonlinearity, which is responsible for exhibiting self-sustained oscillations and is
otherwise known as Limit Cycles (LC) that needs to be completely mitigated/suppressed for proper functioning
of LFC. This has been given necessary weightage, and signal stabilization by Gaussian/ deterministic signal
have been adopted after estimation of LC in different models. In order to maintain frequency stability, the
challenges of low inertia have been resolved with an LFC hybrid model integrating SG, WT, PV, BESS, and
HVDC is proposed in the present work. This promises a guarantee for frequency stability and maintain
balanced tie-line power and proposes a new coordinated frequency control strategy for the LFC in two-area
systems to maintain the frequency stability and addresses of low inertia.

Our basic objective is to reach the goal of achieving the minimum deviation of frequency in the minimum time
with the use of a single controller in the four models selected for their specific performance characteristics,
used in a specific environment. We proposed four steps procedure which includes a preliminary test
appropriately obtained step response conducted on selected models with governors removing their backlash
nonlinearity; secondly the estimation of LC in all models with governors in presence of their backlash
nonlinearity, third step elimination of LC by signal stabilization with high frequency deterministic
signals/Gaussian (random) signals on the models finally application of digital deadbeat controllers on all
models. Besides a simple model included as a sample model which has undergone four steps procedures like
other models to achieve guaranteed frequency stability in terms of frequency deviation (Af=0, in time t=0). The
system is modeled and analyzed through simulations carried out in the Simulink environment of MATLAB,
yielding the anticipated performance outcomes.

Key-Words: - Estimation and suppression of limit cycles, load frequency control (LFC), Digital Deadbeat

Controller (DDC), Area Control Error (ACE), Renewable Energy Sources (RESs), Linear Quadratic Regulator
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1 Introduction

Within a locality, an isolated power generating units
sometimes witness instability due to sudden load
variations which consequently, lead to perturbations
in the system frequency. Numerous traditional
methods were developed to deliver auxiliary control
that rapidly re-establish the system frequency at its
nominal level. Among these approaches include use
of PI [1-3] are employed to regulate the load
reference through adjustments to the prescribed
speed value. This control objective is called LFC.
Supplementary control refers to high renewable
penetration and to extra mechanisms added to power
grid control, especially with high renewable energy
(like wind/solar), to quickly stabilize frequency
deviations beyond what standard controls (like
governors) offers, using resources like battery
storage to manage intermittency and inertia
reduction, ensuring grid stability.

The main objective of incorporating integral
action is to improve the system type, thereby
ensuring zero steady-state frequency deviation, Af.
The resulting control performance is influenced by
the governor speed regulation parameter R and the
KI (integral gain). Although this approach is
straightforward to implement, it often leads to
significant transient frequency excursions. To
address these shortcomings, optimal control
strategies employing state feedback have been
introduced [4—6]; however, complete knowledge of
all system states is not always readily available in
practice.

Adaptive neural network techniques [7-8] have
been explored to improve transient and dynamic
performance; however, their effectiveness is often
constrained by the extensive data requirements and
long training times. Fuzzy logic—based approaches
have also been widely applied in load frequency
control of power systems. For instance, Huge et al.
[9] proposed a fuzzy controller to reduce frequency
deviations, while Induka et al. [10] developed a
fuzzy-based LFC scheme aimed at minimizing the
ACE and its rate of change. Additionally, [11]
presents development and simulation based on FLC
for single-area LFC in an isolated power system
environment.

In a single or two-area interconnected power
systems, any load disturbance in one area is
accommodated collectively by all interconnected
areas through adjustments in generation, leading to
variations in tie-line power flows and a
corresponding drop in system frequency [12]. Under
normal operating conditions, the frequency is
maintained at its nominal value, tie-line power
exchanges remain at scheduled levels.
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The model presented in [13] is developed based
on the following principle. Frequency deviations are
sensed using a frequency sensor, while changes in
tie-line power are monitored through the LFC
mechanism, which reflects variations in the rotor
angle §. The Af and tie-line power deviation AP[Ji,
are processed and combined to form a real power
control signal, AP;.

The transfer function (TF) of governor is
represented as :1/(1+sTg)

The TF of Turbine is modeled by : 1/(1+sTf)

The TF of generator is given by : 1/(1+sTp)

A controller operates by measuring the value of a
controlled variable and comparing it with the
desired input. It then determines the error or
deviation between the actual and desired values and
generates an appropriate control signal as an output.
This control signal acts on the system to reduce the
deviation, ideally bringing it to zero or to the
minimum possible level. In the model, a PI
controller in conjunction with the optimal controller
like linear LQR is used expecting the result sought.
In current applications, the increasing penetration of
RESs has reduced the overall inertia. As a result of
which the frequency stability becomes more volatile
and unpredictable. In order to power systems, the
increasing penetration of RESs has reduced the
overall system inertia. The reduced inertia yields the
frequency stability to become more volatile and
unpredictable. Contrary to traditional power plants,
using power electronic based/converter based RESs
results in their decoupling form the power system
making them incapable of directly responding to
any frequency disturbance to an AC system [14-15].
The rate of change of frequency (RoCoF) is a
crucial measure for assessing the inertia of power
system, particularly when RESs is high [16]. RoCoF
is becoming important in power systems due to
potential for a significant change in RoCoF, leading
to trigger load shedding controllers and even
causing a blackout [17]. RoCoF guides when to
trigger LOAD SHEDDING controllers. It is yet to
be established to guarantee the frequency stability
by the LFC because of the tie-line power
interchanges in the required limit in interconnected
power systems [18, 19].

The ACE is typically computed by combining
the Af with the AP[Ji. Specifically, it is obtained by
multiplying the Af by the area frequency bias factor
and then adding the net APTi.. This ACE signal
serves as the primary input to the LFC, whose
objective is to minimize both the ACE and the
deviations in system frequency.

To ensure frequency stability and maintain
scheduled tie-line power exchanges, recent studies
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have proposed advanced coordinated control
strategies for multi-area systems. For instance, a
novel approach for a two-area LFC system
integrates modern energy resources such as battery
BESS, WT, HVDC links, and conventional SG.
Commonly used methods include PI/PID controllers
[21-24], and advanced configurations such as PD-
PID cascade controllers [27].

The fuzzy approach has also been introduced to
counter face the challenges [28, 29]. Another
method of use is optimal controls [30, 31]. In [32],
and [33] a robust control has been used to address
certain uncertainties. However, there is a growing
level of interconnections between asynchronous
areas and a considerable distance between
generation and load centres. HVDC technology
emerges as a high suitable solution to address these
challenges. In [30], [34], [35], [36] and [37], the
authors have proposed an integrated hybrid HVAC-
HVDC system in the LFC model. The simplified
models for HVDC links are presented in [34], [35]
and [36], but could not support analytical
procedures and failed to consider rated capacity,
voltage level, converter impedance and HVDC
loading. In [38], a virtual inertia approach using
derivative control for the LFC model, which
integrates the HVDC system with the BESS model.
The integration of WT on the LFC is investigated in
[28], [30], [33], [39], [40], [41], [42] and [43].
Consequently, an LFC hybrid model integrating SG,
WT, PV, BESS and HVDC was proposed in [30],
[33], [41], [42] and [43]. These models are applied
to represent a high penetration of RES integrated
into power systems presently. In briefing the three
models selected appropriately for our studies: the
first is a simple model [11] which uses PI and fuzzy
controllers. The second model [13] emphasizes the
most advanced optimal LQR controller uses the
Riccati Equation i.e. similar as in [13]. This keeps
the frequency at nearly nominal value. The third
model [20] presents LFC integrating BESS, WT,
HVDC and SG, and guarantees frequency stability
and maintains balanced tie-line power. This offers a
new coordinated frequency control approach for the
LFC in two-area system. These three models have
been selected for our study and proposed to apply
the digital deadbeat controller, where we expect the
guaranteed frequency stability which is yet to be
achieved in any other control.

Following this section, the next section 2 gives
the step response analysis of the selected system
models, including the proposed model. Section 3
aims at the estimation of load changes for all models
in the presence of backlash nonlinearity in the
governing mechanisms. Section 4 examines the
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stabilization of system signals under both
deterministic and stochastic (Gaussian)
disturbances. Section 5 details the design and
implementation of the proposed DDC. Finally,
Section 6 concludes the paper by recapping the main
contributions, highlighting the originality and
practical value of the presented method, and
suggesting possible avenues for future work.

2 Development and Selection of LFC
Models for Interconnected Power
Systems

An  accurate and  realistic = mathematical
representation is fundamental for the analysis and
development of LFC in interconnected power
systems. Such a model effectively gives the
dynamic behavior and interactions amongst key
components, including the turbine, generator, and
governor. The continuous load fluctuations and
inherent nonlinearities further emphasize the need
for an appropriate and reliable modeling approach.
In this section, the step response characteristics of
the models presented in [11], [13], and [20] are
examined and compared with the proposed model,
which incorporates the complete dynamics of the
turbine, generator, and governor systems. Figure 1
shows the relationship between Af and the
corresponding variation in load demand. This
accounts for variations in the mechanical power
outputs of multiple generators, represented as
AP, AP0, , ..., APOO, to evaluate the
collective response of the system under frequency
disturbances.

Equation 1 states the steady-state frequency
deviation Af due to a load disturbance for a system
with n generators and an equivalent damping
coefficient D, [7]:

Af= _PLO
(4 o+ +=)+D
Ry ' R, ' Rs Ry
.............. 1

where, R,, =
e 1/R1+1/R2+"'+1/Rn

The factor R, is given by

% change in speed (or frequenc
Rop = L.change n speed (or frequency)
% change in power output

= ZNLo=BFLo » 10Q.............. )

Wo
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Where, onio and wrr, denotes the steady state speed
with absence of load and full load respectively, and
o corresponds to the nominal value.

Figure 2 illustrates the relationship between the Af
(Hz) and output power (in MW).

AP,

ml
N’\
AP, + 1

Al'm [ 5}

) + Mqs+D
APy,

AP
Fig. 1 Equivalent System Model for LFC [7].

— Af= Ao,

Frequency in Hz
©
®

0 100
Percent power output

Curve 1: Ideal linear characteristics
Curve 2: Actual characteristics for steam units
Curve 3: Actual characteristics for hydraulic units

Fig. 2 Correlation Between Af (Hz) and output power (in MW)
[7].

2.1 Step Response Analysis of Model [11]

Figure 3(a) illustrates the control system schematic
of the model presented in [11]. It represents a
single-area power system composed of cascaded
turbine, governor, and generator units. The load
frequency control is implemented using a PID-based
strategy as proposed in [11] to regulate the system.

Figure 3(b) depicts the equivalent step response
analysis of the system under a rapid load
disturbance (AP[1). Following the disturbance, the
Af initially exhibits transient behavior but gradually
diminishes over time. The system ultimately reaches
a steady-state (Af = 0) after approximately 200
seconds.

0.2

1 1 - 1
J— 025+ 1 055+ 1 N 105+ 0.6

Af

‘ Governor1 Turbine1

PID[s}L
Fig. 3(a) Block diagram of a governor—turbine control system
incorporating a PID controller, illustrating the regulation of
frequency deviation (Af) through feedback of the speed signal

[11]
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Fig. 3(b) Time response of Af showing damped oscillations and

steady-state stabilization.

2.2 Step Response Analysis of Model [13]

Figure 4(a) illustrates the control system schematic
of the model described in [13]. Figure 4(b) shows
the equivalent step response analysis of the system
when undergoing with load. Following the
disturbance, the Af exhibits a transient response but
decreases progressively over time. The system
attains steady-state operation (Af = 0) within
approximately 15 seconds.

APD1

' 1 1 / 120
\ b N 00ds+1 05s+1 "\)_' 20s+1 "@
Af

Governor  Turbine Power System1

p
\

Governor1  Turbine 1 Power System3

Fig. 4(a) Schematic representation of a multi-area LFC system
with interconnected governors, turbines, and tie-line power

dynamics [13].

0 5 10 15 20 25 30
Time

Fig. 4(b) Time response of Af showing damped oscillations and
steady-state stabilization at 15 seconds.

2.3 Step Response Analysis of Model [20]

Figure 5(a) illustrates the control system schematic
of the sample model developed in [20]. Figure 5(b)
shows the equivalent step response of the system
under a sudden load disturbance. Following the
disturbance, the Af gradually decreases over time
and eventually reaches the steady-state condition
(Af = 0) after approximately 7500 seconds. This
response indicates a significantly slower transient
decay compared to other models, highlighting the
system’s limited dynamic performance in restoring
frequency stability.
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Fig. 5(a) Comprehensive diagram of a two-area LFC system
incorporating multiple turbines, governors, derivative units, and
area control error (ACE) dynamics [20].
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Fig. 5(b) Time response of Af showing damped oscillations and
steady-state stabilization at 7500 seconds.

2.4 LFC model for an interconnected power
system based on a modern optimal control
approach using a linear quadratic regulator

(LQR) [21].

Modern control theory is employed to design an
optimal LFC scheme for a SAPS [21]. Accordingly,
in the modern control theory approach, single-area
optimal LFCs are also developed.

U - X
X=AK+BU

-K

Fig. 6: System with state feedback

E-ISSN: 2769-2507

Kartik Chandra Patra, Asutosh Patnaik

In modern control theory, the incremental reference
power changes AP.pn, and APep are treated as
control inputs, denoted by u; and u.. In
conventional approaches, these control signals are
generated by integrating the area control errors
(ACEs). However, in modern control practice, u;
and u, are formulated as linear combinations of the
system states in a state-feedback configuration or as
linear combinations of selected measurable (or
controllable) states in an output-feedback
configuration.

The quadratic performance is defined as,
1 [ee]
W = Ef (x'Lx+v'Mu)dt........(3)
0

Here

L is n x n symmetric positive semi-definite state
weighting matrix, x’ is the transpose of x, v’ is the
transpose of v, and M is m X m symmetric positive
definite control weighting matrix.

Under autonomous condition the input is

K: is found solving the following equation:

BB pp +Q=0.co...... (5)

P 1A + A,P 1~ T
The optimal state-feedback gain is then computed
as:

Where A’ is the transpose of A, B’ is the transpose
of B.

An acceptable value of K, is one that ensures system
stability. Based on Equation (4), the optimal control
law can be obtained accordingly, assuming that all
system states are measurable and available for
feedback implementation. However, measuring and
obtaining real-time information for all state
variables in large power systems is both difficult
and expensive. Under such conditions, an output
feedback controller is employed, which is described
as follows.

uit) =-Ky(t).............. (7)

In case some states are not available, the
controllability conditions show the rank of the
controllable matrix is not n. In that case, taking into
the account the observability conditions, the Riccati
equation may be considered for LQG (Linear
Quadratic Gaussian) formulation [37]:

AT + ZAT + Q0 — XCT RyCZ =0 and L=
XCTRy?
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% =(A—BKC)x(t) = Acx(t)eeveeenn.. (8)
W =2 [7GL+K'C'KCM) x(t)d......... (9)

The control design objective is to determine the
optimal gain matrix K that minimizes the
performance index W while satisfying the system’s
state-space dynamics.

%=(A—=KBC)x(t).oovvven.... (10)

Through the application of suitable optimization
methods, the corresponding equations for
determining the optimal gain matrix are derived.

0=AJP+PAc—CTKTMKC+Q  (11)
0=AS+SAT+X (12)
K=R"'BTPSCT(CSCT)" '  (13)

In many practical situations, the initial state vector
x(0) is not known, a priori, and such uncertainty is a
typical feature of output feedback control design
problems. To account for this uncertainty, the
design objective is reformulated to minimize the
expected value of the performance index, thereby
ensuring robust optimal performance in the presence
of unknown initial states [22], X = E{J}

1 1
EU} =S E(x'(0Px(0)} = 5 Wo ... (14)

Where Wy is the optimal cost is given by
transpose of PX.

The value of the feedback, gain, K that minimizes
W, the three coupled equations must be solved
simultaneously. This is typically achieved using
suitable iterative numerical techniques [22].

2.4.1 Step response determination for model
[21]

Figure 7(a) represents of LFC for single area power
system (SAPS) employing LQR controller [21] with
a closed-loop control system implemented in
Simulink, consisting of cascaded first-order
dynamic blocks that model the governor, turbine,
and generator dynamics of a power system. The
feedback loop incorporates a gain —K, which acts as
a state-feedback controller to regulate the system
output. An integrator block (1/s) is included to
account for system state accumulation, while the
summation junctions combine reference input,
feedback signals, and disturbances. Figure 7(b)
shows the application of step input response of the
model shown in Fig. 7(a) [21]. The system initially
exhibits oscillatory behavior with a noticeable
overshoot, followed by progressively damped
oscillations. The response gradually converges to
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zero, indicating effective frequency regulation, and
a steady-state condition is achieved approximately
at 15 seconds.

1

i
% 1 @ 120 ]
0.08s+1 03s+1 20s+1
E’J AF
Qut1 In1

LQR controller

Fig. 7(a) Schematic representation of LFC SAPS
employing LQR controller [21]

Steady-state reached after 15 seconds |

Il Il Il Il Il Il Il
0 5 10 15 20 25 30 35 40 45 50
Time

Fig. 7(b) Result showing the response with the
application of step input of the model shown in Fig. 4(a)
[21]

2.5 Step response determination for Model:
(proposed)

Figure 8(a) presents the control system schematic of
the proposed model. Figure 8(b) shows the
equivalent step response under a sudden load
disturbance (APT). Following the disturbance, Af
reaches the steady-state condition in approximately
80 seconds. This result indicates a significantly
faster settling time and enhanced dynamic stability
when related to the models reported in [11], [13],
and [20].

\/_z\_‘m
@
[o2] IE
CD—' T }—’ aEeT }—' 1051.03}" ‘H
Governorl Turbine1
o ¢
C}? e o |
Governor2 Turbine2
(_\ﬂ
\/_z\_ﬂ

Fig. 8(a) Schematic representation of multi area LFC employing
PID controller
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3
0.02

0
0 50 100 150
Time
Fig. 8(b) Time response of Af showing damped oscillations and
steady-state stabilization at 80 seconds

3 Estimation of LC
3.1 LC estimation of the model [11]

Figure 9(a) presents the control system schematic of
the model proposed in [11]. Figure 9(b) shows the
equivalent simulation results, highlighting the
occurrence of LC. The system output Af undergoes
persistent oscillations at a frequency near 0.23 rad/s.

o |

0.2

1 1 - 1
. 02s+1 D5s+1 N 105 + 0.6 i

Af

‘ Governor1 Turbine1

oo

Fig. 9(a) Schematic representation of LFC employing PID
controller [11]

asl w = 0.23'rad/sec

0.5

0 50 100 1 50 200 250 300
Time
Fig. 9(b) Shows the exhibition of LC.

3.2 LC estimation of the model [13]

The control system schematic representation of the
model proposed of [13] is presented in Figure 10(a).
Figure 10(b) depicts the corresponding simulation
outcomes, which reveal the occurrence of LC
behavior in the system response. The Af shows self-
sustained oscillations at an approximate frequency
of 1.44 rad/s.
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Governor Turbine

Fig. 10(a) Schematic representation of multi area LFC
employing PID controller [13].

w = 1.44 rad/sec

Af
o v A o a N
I

0 10 20 30 40 50 60 70 80 90 100
Time
Fig. 10(b) Shows the exhibition of LC whose frequency is 1.44
rad/sec.

3.3 LC estimation of the model [20]

Figure 11(a) presents the control system schematic
of the model proposed in [20]. Figure 11(b) shows
the equivalent simulation results. The sustained
oscillations with a frequency of approximately 0.43
rad/s.

e 53

Turbine 6 an

51 T
67051 [*| 55541 b
Turbine1 Turbine Derivative

[}
Turbine 4 Q)
03

Turbine 5

1
105 + 06

Turbine 11
o

Fig. 11(a) Schematic representation of multi area LFC
employing PID controller with BESS [20].

w=0.43 radfsec

0 50 100 150 200 250 300
Time
Fig. 11(b) shows the exhibition of LC whose frequency is 0.43
rad/sec.
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3.4 Estimation of LC in a single-area power
system  (SAPS) considering  backlash
nonlinearity in the speed governor using an
optimal Linear Quadratic Regulator (LQR)
controller [21].

Figure 12(a) illustrates the complete control system
schematic of a SAPS incorporating backlash
nonlinearity in the control loop. The governor—
turbine—generator dynamics are modeled along with
the frequency deviation feedback path. The presence
of backlash introduces a dead-band type
nonlinearity, which leads to sustained LC in the
system response. To mitigate this effect, an LQR
controller is integrated into the loop, where optimal
state feedback gains are designed based on a
quadratic performance index. The diagram clearly
shows the interconnection of system components,
the location of the backlash element, and the control
input path, highlighting how the LQR strategy
stabilizes the system and eliminates limit cycles.

g E ! 11 1
i 02s+1 05s+1 [T\ 03s+1
4 i)

AF

Outt In1

LQR controller

Fig. 12(a): Schematic representation for suppression of
LC in SAPS with LQR controller [21]

0

-0.5
q
1.5

Af(t)

0 5 10 15 20 25 30 35 40 45 50
Time

Fig. 12(b) Frequency deviation in SAPS for LFC with
LQR controller [21]: The LC is eliminated by the LQR
controller.

It is observed in Fig. 12(b) that the LC is completely
eliminated due to the presence of the optimal
controller, but to reach steady-state, the response
takes 15 seconds. Since LC is completely
suppressed, the signal stabilization by deterministic
signal need not be applied. However, to reduce the
settling time signal stabilization by Gaussian signal
to be investigated further for this model [21].
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3.5 LC estimation in the Model (proposed)

Figure 13(a) illustrates the control system schematic
of the proposed sample model. Figure 13(b) shows
the equivalent output where Af exhibits sustained
self-oscillations with a frequency of approximately
2.24 rad/s.

Turbine1

1 1 1
02s+1 05s+1 105 +08

‘ Governor2 Turbine2

i}

Governor1

Fig. 13(a) Block diagram of a two-area load frequency control
(LFC) system with interconnected governor—turbine units and
PID controllers, illustrating the regulation of frequency
deviation and tie-line power through feedback control.

w = 2.24 rad/sec
0.05
g o

-0.05

0 10 20 30 4 50 6 70 8 90 100
Time

Fig. 13(b) Time-domain response of frequency deviation (Af),

showing sustained oscillations at an angular frequency of

approximately 2.24 rad/s.

4 Signal Stabilization

A substantial body of literature has investigated
nonlinear characteristics in dynamic systems,
including both memoryless nonlinearities (explicit
and implicit types) and memory-based nonlinearities
such as rectangular hysteresis and backlash effects.
It has been widely reported that higher-order linear
systems (third order and above), when combined
with such nonlinear elements, can exhibit LC
oscillations under autonomous operating conditions
[44]-[50]. It is emphasized in [55] that the
elimination or avoidance of sustained oscillations is
essential for the effective implementation of LFC.

The systems examined in Section 3 also exhibit
sustained oscillatory behavior, primarily caused by
the presence of backlash nonlinearity in the
governor mechanism. These oscillations can be
mitigated or entirely suppressed by introducing
high-frequency dither signals. In practice, the
frequency of the dither input is typically chosen to
be at least an order of magnitude higher than the
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limit cycle frequency observed in each model. Such
dither signals—whether deterministic or stochastic
in nature (e.g., Gaussian noise)—are effective in
removing or substantially attenuating these
undesirable oscillations while preserving the overall
dynamic performance of the system [44], [46], [51],
[52].

4.1 Signal Stabilization
4.1.1 Signal Stabilization of Model [11]

Figure 14(a) illustrates the control system schematic
of the model proposed in [11]. Figure 14(b) shows
that, under this deterministic excitation, the system
becomes synchronized with the applied signal,
leading to attenuation of oscillatory behavior. Figure
14(c) illustrates the schematic representation of the
same model after stabilization using a random
Gaussian signal with a mean value of 300 and a
variance of 0.25. The stochastic characteristics of
this input introduce minor random fluctuations that
suppress the periodic oscillations associated with
LC behavior. Figure 14(d) demonstrates the
successful quenching of LCs and the restoration of
stable system operation in the LFC model [11], with
the Af converging to zero.

Af

U=5 J Governor1 Turbine1
w = 2.5 rad/ses
PID(s)

Fig. 14(a) Block diagram of a closed-loop speed control system
featuring a governor, turbine dynamics, and PID feedback
regulating frequency deviation (Af).

0.05 w = 2.5 rad/sec

Af

-0.05

0 50 100 150 200 250 300
Time

Fig. 14(b) Time response of frequency deviation (Af) showing
an initial oscillatory transient followed by gradual damping and
stabilization over time.

Tk
0417

1 i 1
02s+1 05s+1 T05+06

‘ Governort Turbinet arf

o)

Gaussian
Mean =300
Variance = 0.25

Lowpass
Filter

Fig. 14(c) Block diagram of the closed-loop frequency control
system with Gaussian noise input passed through a low-pass
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filter, alongside governor, turbine, and PID controller regulating
the frequency deviation (Af).

0.5

0

3
0.5
= B
0.2 0.25 0.3 035 0.4 0.45 0.5
Time
Fig. 14(d) Shows the system is stable and Af = 0 at steady state
(t=0) to the Gaussian signal

4.1.2 Signal Stabilization of Model [13]

Figure 15(a) illustrates the control system schematic
of the model proposed in [13]. Figure 15(b) shows
that, under the application of this deterministic
signal, the system synchronizes with the external
excitation, resulting in the attenuation of oscillatory
behavior. Figure 15(c) shows the same model after
stabilization using a random Gaussian signal with a
mean value of 300 and a variance of 0.05. The
inherent randomness of this input introduces slight
stochastic disturbances that suppress the repetitive
oscillations linked to LCs. Figure 15(d)
demonstrates the successful suppression of limit
cycles and the restoration of stable system operation
in the LFC model [13], with the Af converging to

Zero.
.".\ ' I\‘.'"‘

[1]

L}_. " E ¥ APD1

\
\
n - !
s / p
- MMM b e A
e S
Governor  Turbine ar
1
e

\
\
7

w = 14 rad/sec t 1 N ~ -
(B

=5

Governor 1 Turbine 1

Fig. 15(a) Simulink block diagram of a two-area load frequency
control (LFC) system incorporating governor and turbine
dynamics, tie-line power exchange, and feedback loops for
frequency deviation regulation.

1 w = 13.4 rad/sec’
. /"\
- \<
4
-1 AAANAANANANAN
2 30 32
0 5 10 15 20 25 30 35 40 45 50
Time

Fig. 15(b) Time-domain response of frequency deviation (Af)
showing transient oscillations and convergence to steady state;
inset highlights sustained limit cycle behavior with angular
frequency ® = 13.4 rad/s.
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Fig. 15(c) Block diagram of the closed-loop frequency control
system (two-area) with Gaussian noise input passed through a
low-pass filter, alongside governor, turbine, and PID controller
regulating the frequency deviation (Af) [13]

100

g 0

-100

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Time
Fig. 15(d) Shows the system is stable and Af = 0 at steady state
(t=0) to the Gaussian signal

4.1.3 Signal Stabilization of Model [20]

Figure 16(a) illustrates the control system schematic
of the model proposed in [20]. Figure 16(b) shows
that, under this deterministic excitation, the system
synchronizes with the applied signal, leading to
attenuation of oscillatory behavior. Figure 16(c)
depicts the same model under stabilization using a
random Gaussian signal with a mean value of 300
and a variance of 0.025. The inherent stochasticity
of this input introduces minor perturbations that
effectively suppress the periodic oscillations
associated with LC Dbehavior. Figure 16(d)
demonstrates the successful quenching of LCs and
the restoration of stable operation in the LFC model
[20], with the Af converging to zero.

|
)15

Turbine 3 Turbing2  Turbine 1 Turbine Derivative Turbine 6 an

o |

i
L=_T S
) 1Y

Turbine §

BPD2

Turbine 8  Turbine 7 Derivative1

P

Turbine 11

4PD3

Fig. 16(a) Schematic representation of signal stabilization the
model [20] using deterministic signal of 5 sin @t, where ® = 1
rad/sec
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w=43radfsec VWA

o8 220 230
-0.8
0 50 100 150 200 250 300
Time
Fig. 16(b) Shows the system are synchronized to the
deterministic signal of Fig. 13(a)
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Fig. 16(c) Schematic representation for signal stabilization of
the proposed sample model using Gaussian signal of mean —
300 and variance 0.025 [20]

100

Af

-100

-200

0.5 1 1.5 2 25
Time
Fig. 16(d) Shows the system is stable and Af = 0 at steady state
(t=0) to the Gaussian signal

4.1.4 Signal Stabilization of Model [21]

Figure 17(a) is a control system schematic showing
a Gaussian signal (mean 300, variance 0.05) passed
through a low-pass filter (LPF) and supplied to a
feedback control loop. It includes a controller and
dynamic blocks (transfer functions), which regulate
the output AF by minimizing disturbances and
filtering noise.

Figure 17(b) is a graph showing how Af varies over
time. The curve starts near zero at time zero, drops
rapidly into negative values in the first ~40 sec., and
then gradually levels off, approaching a steady value
around —110. The annotation indicates that a steady
state is reached after about 100 seconds, and there
are no oscillations because they are eliminated using
signal stabilization with Gaussian signals.
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Fig. 17(a) Simulink control system schematic of High-
Frequency Gaussian Signal-Based Stabilization for a
Single-Area Power System (SAPS) with LQR Controller
[21].

I T T T T T T T
0 Steady statc reached after 100 seconds but there is no |
oscillations which are eliminated by the signal stabilization
< 50 using Gaussian signals.
b
-100

0 20 40 60 80 100 120 140 160 180 200
Time

Fig. 17(b) Signal stabilization by high frequency random
(Gaussian) signal for SAPS with LQR controller [21]

4.1.5 Signal Stabilization of proposed Model

Figure 18(a) illustrates the control system schematic
of the proposed model. Figure 18(b) shows that,
under the application of this deterministic signal, the
system synchronizes with the external excitation,
resulting in the attenuation of oscillatory behavior.
Figure 18(c) presents the same model when
stabilized using a random Gaussian signal
characterized by a mean value of 500 and a variance
of 0.25. The stochastic nature of this input
introduces small random perturbations that disrupt
the periodic oscillations associated with LC
behavior. Figure 18(d) demonstrates the successful
quenching of limit cycles and restoration of stable
operation in the proposed LFC model, with the Af
converging to zero.

— "'L

|
TE ir-
H e e 2

ok

Governorl

Turbine1

u=5
w =22 radisec

Fig. 18(a) Schematic representation for signal stabilization the
sample model using deterministic signal of 5 sin wt, where ® =
22 rad/sec.
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Fig. 18(b) Shows the system are synchronized to the
deterministic signal of Fig. 18(a)
<}
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Fig. 18(c) Schematic representation for signal stabilization the
proposed sample model using Gaussian signal of mean — 500
and variance 0.025

0.1

Af

0.1

002 004 006 0.08 0.1 0.12
Time

014 016 0.8

Fig. 18(d) Shows the system is stable and Af = 0 at steady state
(t=0) to the Gaussian signal

5 Comparison of Performances

5.1 Performance Criteria Comparison of
Different Controllers

In comparison with other mentioned controllers viz.,
PI, Optimal and Fuzzy Controller [11], advanced
optimal LQR using Riccati equation and using the
low inertia RESs [20], the performance of Digital
Deadbeat Controller has the following better
characteristics.

These results are summarized in Table 1, which
compares the LFC performance of different models.
The corresponding responses are also illustrated in
Fig. 3(b) [11], Fig. 4(b) [13], Fig. 5(b) [20], Fig.
7(b) [21], and for the proposed new model in Fig.
8(b).
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5.2 Digital Deadbeat Controller

If the objective is that the output response should
reach the desired reference values as quickly as
possible and without exhibiting any overshoot. The
resulting behavior is generally known as a deadbeat
response [53, 54, 56] as shown in Fig. 20(b) [11],
Fig. 21(b) [13], Fig. and 22(b) [20].

In order to realize a deadbeat response C(z) must be
1/z" which indicates all the poles must be at origin.
Let the z transfer of the cascaded controller shown
in Fig. 19(c). For a digital controller system

D(z) =

z—1 % Gp(2)

where D(z) represents controller transfer function
and Gp(z) plant transfer function. Hence D(z) of the
open loop system = D(z) * Gy(z) = 1/z-1 * 1/Gy(z) *
Gp(z) = 1/z-1. The closed loop system of z transfer
function is M(z) = C(z) / R(z) = G(z) /1+ G(z).

For step input: R(z) = Z(1) = z/z-1.

Hence
c G 1/z—-1 1
My —C@_ 6@ 1z-1 1
R(z) 14+G(=) 1+/z—-1) =z
1
7t
Hence,
1 Z 1
C(z) = M(z)R(z) = - X =
z z—1 z-1
1.5+
1.0 4
g
0.5
0.0 T T T T 1

T 2T 3T 47

Fig. 19(a) A deadbeat-like response of a continuous-time
system to a unit-step input (hypothetical, as an exact
deadbeat response is not achievable in continuous-time
systems).

1.5 4

1.0 4

c*(t)

0.5 4

B'D T T L] L] L]
T 21 3T at

Fig. 19(b) Deadbeat response of a discrete-time system in
response to a unit-step input.
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For a discrete-time system, achieving a deadbeat
response at the sampling instants requires the
closed-loop transfer function to be expressed in the
following form

€@ _ L where C(z) =Z "+ Z 14724
R(z) zm
“The concept of deadbeat response is inherently
associated with discrete-time control systems, and
such behavior does not exist in continuous-time
control systems [54]. A deadbeat response is
achieved when the closed-loop system response to a
step input reaches its steady-state value in the
minimum possible time, without overshoot,
oscillations, or residual ripple between sampling
instants. In other words, it represents the fastest
possible settling behavior with zero steady-state
error and no intermediate fluctuations [54].

Figure 19(c) presents the simplified representation
of the DDC-based model, illustrating its basic
blocks and the overall control flow within the
system.

A 4

Riz) Dd2) [ 6,2) [T ()

Fig. 19 (c): A simple structure of a Digital Controller

The closed-loop transfer function of the DDC is
given by

Y(2) 1
ﬁ = Z_" to
reach a deadbeat response [52]. During signal
stabilization, the input is given at the reference point
R(z) (as shown in Figure 15 (c)) that is expressed as

U sin ot. The corresponding Z-transform of the
UzsinwfT

X(z) = Closed loop transfer function =

input is given by , where n=1.

Hence in = il =z1
m oz

z~ 1 is multiplied with the stabilized or synchronized
output signal, as illustrated in Figures 20(a), 21(a),
22(a) and 23(a). The corresponding simulation
results and responses are presented in Figures 20(b),
21(b), 22(b) and 23(b), showing the usefulness of
the DDC in achieving stable and transient-free

performance.
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5.3 Application of direct digital control
(DDC) in the load frequency control (LFC)
model presented in [11].

Figure 20(a) illustrates the control system schematic
of the DDC applied to the model presented in [11].
Figure 20(b) shows the corresponding system
response, which is characterized by a transient-free
and ripple-free behavior, with the frequency
deviation converging to zero steady-state error in
the minimum possible time. This indicates a near-
instantaneous response, signifying the usefulness of
the DDC in achieving rapid and precise control.

0417 L

I ' 1 'z
W2s+1 W5s+1 105+05
+ + + A

U5 J Governorl  Turbinet
w=2.5radlse
PID(s)

]

Fig. 20(a) Schematic representation of signal stabilization of the
model [11] by DDC

05~

Af

057

01 02 03 04 05 06 07 08 09
Time
Fig. 20(b) Signal stabilization by DDC of Fig. 20(a)

5.4 Application of DDC in the LFC model
presented in [13].

Figure 21(a) illustrates the control system schematic
of the DDC applied to the model presented in [13].
Figure 21(b) shows the equivalent system response,
which exhibits transient-free and ripple-free
behavior, with the frequency deviation converging
to zero steady-state error in the minimum possible
time. This response demonstrates the high-speed
performance of the DDC in achieving rapid and
precise regulation within the system.
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Fig. 21(a) Schematic diagram of signal stabilization for the
model in [13] using a digital deadbeat controller implemented in

the SIMULINK toolbox with a deterministic input signal.
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Af
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02 03 04 05 06 07 08 09 1 11 12
Time

Fig. 21(b) Signal stabilization of Fig. 21(a) using digital
deadbeat controller (DDC).
5.5 Application of direct digital control
(DDC) in the load frequency control (LFC)
model presented in [20].
Figure 22(a) illustrates the control system schematic
of the DDC applied to the model presented in [20].
Figure 22(b) shows the equivalent system response,
which exhibits transient-free and ripple-free
characteristics, with the frequency deviation
converging to zero steady-state error in the
minimum possible time. This result demonstrates
the effectiveness of the DDC in achieving rapid and
precise control performance.
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Fig. 22(a) Schematic representation of signal stabilization of the
model [20] by digital deadbeat controller using SIMULINK
Tool Box with deterministic signal
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Fig. 22(b) Signal stabilization by digital deadbeat controller of
Fig. 22(a)

5.6 Application of DDC in the LFC model
presented in [21]

Figure 23(a) illustrates the control system schematic
of the DDC applied to the model [21], implemented
using the MATLAB environment along with a
deterministic stabilizing signal. Figure 23(b) shows
the corresponding system response.

]
s 1 1 120 r!
il 008s+1 "] 03s-1 ’Q* ms.1 [T B
ot i
U:5 Out! Int
w=20 rad/sec L

LQR controller

Fig. 23(a) Block diagram representation of SAPS with
LFC with deadbeat approach and LQR controller

1 T T
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]

AT(t)

0.5

4 | I |
0 01 02 03 04 05 06 07 08 09 1

Time

Fig. 23 (b) Frequency deviation in single area LFC with
deadbeat approach

5.7 Use of Digital deadbeat controller in the
model for LFC (proposed Model)

Figure 24(a) illustrates the control system schematic
of the DDC applied to the proposed model,
implemented using the MATLAB environment
along with a deterministic stabilizing signal. Figure
24(b) shows the corresponding system response,
which exhibits transient-free and ripple-free
behavior, with the frequency deviation rapidly
converging to zero steady-state error in the
minimum possible time. This result highlights the
superior performance of the proposed control
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scheme in achieving fast and precise system
regulation.
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Fig. 24(a) Schematic representation of signal stabilization of the
model [20] by digital deadbeat controller using SIMULINK
Tool Box with deterministic signal
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Fig. 24(b) Signal stabilization by digital deadbeat controller of
Fig. 24(a)
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5.8 Comparison of Results and Discussions
Table 1: Comparison of LFC Performances Using Different Controllers

*ss — steady state

Kartik Chandra Patra, Asutosh Patnaik

Performance in LFC
Controllers Signal Stabilization Signal
SN | Models | UsedinLFC Sten Response Estimation g deterministic Stabiligation b Application of Remark
Applications P P of LC Y dete - n by DDC
Signal Gaussian Signal
PI, Optimal | ss Af=0; transient LC . Stablhz.ed fully | 'ss  value —Af Satisfactory
. observed Synchronized to | at ss time taken | equals zero
1 [11] and  Fuzzy | continuous up to - ° _ : (as
®»=0.23 ®=2.5 rad/s = 0 seconds Time to reach ss .
Controllers 200 s _ anticipated)
rad/s Af equals zero =0s
Adv.anced ss Af=0; transient LC ' Stablthd fully | ss value Af Satisfactory
5 [13] Optimal continuous up to observed Synchronized to | at ss time taken | equals zero (as
LQR 155 o=1.44 ®=13.4 rad/s = 0 seconds time to reach ss anticipated)
Controller rad/s Af equals zero =0s P
ss Af=0; transient Lc . Stablhz.ed fully | s value —Af Satisfactory
3 [20] Uses the Low continuous up to observed Synchronized to | at ss time taken | equals zero (as
Inertia RESs ®»=0.43 ®=4.3 rad/s = 0 seconds time to reach ss .
7500 s _ anticipated)
rad/s Af equals zero =0s
Optimal ss Af=0; transient Stablh;ed fully | s value Af Satisfactory
[21] . at ss time taken | equals zero
4 LOR & LQG | continuous up to - . (as
controller 15 =100 seconds time to reach ss anticipated)
Af=0 =0s
Proposed | Digital ss _Af = 0| LC ) Stablll_zed fully | ss value Af satisfactory
transient observed Synchronized to | at ss time taken | equals zero
4 sample | Deadbeat - — & -0 d . h (as
model Controller continuous up to | ®w=2.24 ®=21.1 rad/s =0 seconds time to reach ss anticipated)
80s rad/s Af equals zero =0s
It has been observed the proper selection of the

From the above table, it is observed that signal
stabilization by Gaussian (random) the results
almost equal to that of DDC. The reason may be
stabilizing Gaussian signal uses the frequency
component up to the maximum possible value
(tends to infinity), which may be due to the low
frequency components are filtered by LPF.

6 Conclusion

It is the responsibility of the electricity supply
agency/authority to  supply the electrical
energy/electrical power at nominal frequency

(50Hz/60Hz) to every consumer. In the event of
sudden demand of load, the generation fails to meet
the demand in a reasonable time because of the
inertia in main synchronous power generation units
which is controlled by the speed governors.

Besides the backlash, nonlinearity present in the
governor exhibits LC which deteriorates the
performance of the governor. As a result of which
grid maintenance is affected due to frequency
deviation. It is mandatory to mitigate/totally
suppress/quench  the LC  for  appropriate
performance of the governor in LFC for stable
operation [53]. Further, the problem due to inertia
generation can be tackled by the integration of low
inertia units such as SG, WT, PV, BESS, and
HVDC. The performance of the selected and the
proposed sample model have been tested through
four steps sequential procedures. The performance
of all the models has been concisely presented in
Table 1.
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controllers in the LFC scheme. The present study
has shown the deviation in frequency (Aw=0, in
time t=0s). The present findings of realizing zero
deviation of frequency within least possible time
(t=0) with the digital deadbeat controllers facilitate
real time operations and encourages researchers to
implement the methodology in real time operation.
The specific models [11], [13], and [20] have been
selected considering their specific remarkable use of
controllers for our study in addition to a simple
sample model (proposed).
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